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Abstract

Immunocytochemical analyses have demonstrated that the Calvin cyele
enzyme ribulose 1,5-bisphosphate carboxylase/oxvgenase (Rublsco) 1s
predominantly localized in the pyrenoid region of chloroplasts of
evolutionarily diverse algae. That Rubisco remains pyrenoid-localired
at photosynthetically-saturating irradiance in the green alga Chlorella
pyrenoidosa 1ndicates a catalytic, rather than storage function foi
pyrenoid-localized Rubisco. This is further supported by the
immunolocalization of Rubisco activase to the pyrenoids of two species
of green algae. The exclusion of phosphoribulokinase from the pyrenoids
of a red and a green alga indicates that pyrenocids do not possess the
full complement of Calvin cycle enzymes.

Thylakoid lamellae traverse the pyrenoids of many algae. The
absence of light-harvesting phycoerythrin and of photosystem (PS) 1l
activity, but not PSI activity, from the intrapyrenoid thylakoids of the
red alga Porphyridium cruentum indicates a structural and functional
heterogeneity between these lamellae and those located 1n the
chloroplast stroma. In contrast, the intrapyrenoid thylakoids of
cryptomonads, algae whose chloroplast 1s thought to have evolved from
red algae, possess both PSI and PSII protein complexes. These results
are discussed with reference to Rubisco being mainly pyrenoid-localized

in these algae.
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Résumé

Des études immunocytochimiques ont démontré que 1l'enzym: rilkulose
1, 5-biphosphate carboxylase/oxygénase (Rubisco), impligute dans
le cycle de Calvin, est localisée de facon prédominante cuns la
région pyrénoide des chloroplastes de plusieurs algues
phylogénétiquement différentes. Le fait que l'enzyme Rubisco
demeure localisée dans la région pyrénoide lors d'une
illumination photosynthétiquement saturante chez l'algue
Chlorella pyrenoidosa indique que la fonction de cette enzyne
serait catalytique plutdt que d'accurmulation.
L'immunolocalisation de la Rubisco activase dans les pyrénoades
de deux espéces d'algues vertes suggere également un rdle
catalytique pour cette enzyme. L'exclusion de 1la
phosphoribulokinase des pyrénoiaes chez une algue verte et une
algue rouge indique que toutes les enzymes impliguées de le cycle
de Calvin ne se retrouvent pas dans les pyrénoides.

Les lamelles thylakoides traversent les pyrénoides de
plusieurs algues. L'absence de phycoerythrin récoltant la lumiére
et d'activité du photosystéme (PS) II, mais pas d'activité pPS I,
des thylakoides intrapyrénoides de l'algue rouge Porphyridium
cruentum indique que ces lamelles sont fonctionnellement et
stiructurellement différentes de celles situées dans le stroma
chloroplastique. Cependant, les thylakoides intrapyrénoides des
cryptomonades qui sembleraient étre un assemblage d'algues
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phylogénétiquement proches de 1'algue rouge possedent len doenas
complexes protéiques PSI et PSII. Ces résultats seront discutdés
en tenant compte de la localisation de 1l'enzyme Rubuisco Jans oo

algues.
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Preface

In accordance with guidelines put forth by the Faculty of Graduate
Studies and Research at McGill University, the following statement 1is

reproduced:

The candidate has the option, subject to approval of their
Department, of including as part of the thesis the text, or
duplicated published text, of an original paper or papers.
Manuscript-style theses must still conform to all other
requirements explained in the Guidelines Concerning Thesis
Preparation Additional material (procedural and design data
as well as descriptions of equipment) must be provided in
sufficient detail (eg. in appendices) to allow clear and
precise judgement to be made of the importance and originality
of the research reported. The thesis should be more than a
mere collection of manuscripts published or to be published.

It must include a general abstract, a full introduction and
literature review and a final overall conclusion Connecting
texts which provide logical bridges between different manuscripts
are usually desirable in the interest of cohesion It is
acceptable for these to include, as chapters, authentic copies
of papers already published, provided these are duplicated
clearly and bound as an integral part of the thesis In such
instances, connecting texts are mandatory and supplementary
explanatory material 1s always necessary. Photographs or other
materials which do not duplicate well must be included in their
original form. While the inclusion of manuscripts co-authored
by the candidate and others is acceptable, the candidate 1is
required to make an explicit statement in the thesis of who
contributed to such work and to what extent, and supervisors
must attest to the accuracy of the claims at the Ph.D. Oral
Defense. Since the task of the Examiners 1s made more difficult
in these cases, 1t 1s 1n the candidate’s interest to make the
responsibilities of authors perfectly clear.

This thesis consists of an abstract (in English and French), two general
chapters in which pertinent literature is reviewed, six chapters
describing experimental results which are written in manuscript form,
general concluding remarks and attached appendices. Chapter I consists
of a general 1ntroduction and an overview of the literature pertaining

to pyrenoids and their involvment in the compartmentalization of the
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Calvin cycle and other metabolic processes. Chapter VI 1s a brief
review of literature dealing with the thylakoid lamellae that traverse
the pyrenoid regions of pyrenoid-containing organisms. These two
chapters have been published as part of a single review paper
contributed as part of the proceedings of the Second International
Symposium on Inorganic Carbon Utilization by Aquatic Photosynthetic
Organisms, Kingston, Ont., August 5-9, 1990. The complete reference of
this paper is:

McKay, R.M.L., and Gibbs, S.P 1991 Composition and function
of pyrenvids cytochemical and immunocvtochemical
approaches. Can .. Bot 69:1040-1052

Chapter II has been published 1n the journal Protoplasma. The

complete reference of this paper 1s.

McKay, R.M.L., and Gibbs, S.P. 1989 Ilomunocytochemical
localization of ribulose 1,5-bisphosphate carboxylase/
oxygenase 1n light-limited and light-saturated cells
of Chlorella pyrenoidosa Protoplasma 149-31-37

A brief "Notes Added" section has been appended to this chapter for the
purpose of introducing relevant literature that appeared subsequent to
the publication of this manuscript

Chapter III has also been published in the journal Protoplasma.

The complete reference of this paper 1is:

McKay, R.M.L , Gibbs, S.P., and Vaughn, K.C. 1991. Rubisco
activase 1s present in the pyrenoid of green algae,
Protoplasma 162:38-45

The experimental results presented in this chapter are solely the work
of the Candidate and were obtained while the Candidate was visiiing the
laboratory of Dr K C Vaughn at the U S. Department of Agricul ture,

Stoneville, MS, during April/May, 1990 Preparation of the manuscript

comprising this chapter was the result of a collaborative endeavour
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undertaken with Dr. Vaughn and Dr S.P. Cibbs.
Chapter 1V has recently (August 1991) been accepted for
publication in the journal Botanica Acta. The reference for this paper

18

McKay, R.M.L , and Gibbs, S.P. 199]1. Immunocytochemical
localization of phosphoribulokinase in microalgae.

Bot. Acta In press

Chapter V will shortly be submitted to the journal Archives of
Microbiology for consideratrion for publication. Experimental results
reported 1n this chapter were the result of a collaborative effort
between the Candidate and Dr. G.S. Espie (Erindale College, University
of Toronto) The Candidate was responsible for the experimental work
described in sections 2.2., 2.3., and 2.4. Preparation of the
manuscript comprising this chapter was the result of a collaborative
endeavour undertaken with Dr. Espie and Dr. Gibbs. A preface has been
added in the 1nterest of connecting this chapter to those preceeding it.

Chapter VII1 has been published in the journal Piranta. The

complete reference of this paper is:

McKay, R M.L., and Gibbs, S.P. 1990. Phycoerythrin is absent
from the pyrenoid of Porphyridium cruentum: photosynthetic
implications Planta 180:249-256.

As with Chapter [I, a brief "Notes Added" section has been appended to
this chapter for the purpose of introducing relevant literature
appearing subsequent to publication of this manuscript.

Chapter VIII has been submitted (July 1991) to Journal of

Phvcology for consideration for publication. The experimental results

presented in this chapter are solely the work of the Candidate.

Preparation of the manuscript comprising this chapter was the result of

Xvi



a collaborative endeavour undertaken with Dr. Gibbs «nd Dr C Lichtle,
who was a French visiting scientist resident in our lab during the
latter part of 1989,

Except where noted, all of the experimental results presented are
solely the work of th¢ Candidate. Antisera and other special ieagents
supplied for this research are acknowledged in each chapter. Except
where noted, preparation of manuscripts comprising the various chapters
were collaborative endeavours undertaken with Dr. S.P. Gibbs  Because
the chapters were prepared as individual manuscripts, an unavoidable
degree of redundancy is present. For this same reason, references to
our own work was unavoidable; however, these references have becn
augmented with references to the appropriate chapters as they appear in
this thesis. Finally, all of the literature cited 1n each chapter has

been combined and appears i1mmediately preceeding the appendices.
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Contributions to Original Knowledge

1.

Demonstration that pyrenoids of diverse species of algae contain
Rubisco.

Also, the first demonstration that pyrenoids of rhodophyte

(red algae), cryptophyte (cryptomonad algae) and bacillariophyte
(diatoms) algae contain Rubisco.

2.

i)

Provided evidence for a catalytic, rather than storage role for
pyrenoid-localized Rubisco.

This evidence was obtained from:

Investigation of the effect of growth irradiance on the

subcellular distribution of Rubisco in a green alga.

Rubisco remained pyrenoid-localized even under light-

saturating conditions for photosynthesis.

1i) Immunolocalization of Rubisco activase to the pyrenoids

of two species of green algae.
3. First demonstration of the subcellular location of Rubisco activase
in C,-type higher plants and green algae.

4

Demonstrated by immunocytochemistry that pyrenoids do not possess

alga.

the full complement of Calvin cycle enzymes; phosphoribulokinase was
predominantly localized in the chloroplast stroma in a red and a green
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5 Demonstrated that inclusions of chloroplast stroma are sometimes
found 1n the pyrenoid of Chlamvdomonas reinhardtii and possibly other

green algae whose pyrenoids appear to be demarcated by starch

6. Demonstration that Rubisco remains predominantlv carboxvsome-
localized in the cyanobacterium Svnechococcus UTEX 625 grown over a wide

range of DIC levels.

7. Immunocytochemical demonstration that phosphoribulokinase 1s
restricted to the thvlakoid-containing cell periphery in Svnechococcis
The association with photosynthetic membranes was not made clear 1n a

previous investigation (Hawthornthwaite et al. 1985).

8 Extended the cytochemical assay for the detection of PSII activity
at the electron microscope level to use with algae (Porphvridium

cruentum) .

9. Provided the first demonstration of a fupnctional heterogenelty
between the thylakoids of the pyrenoid and those of the chloroplast
stroma: intrapyrenoid thylakoids of P. cruentum were observed to be

lacking PSII activity.

10. Immunocytochemical demonstration that the intrapyrenoid thylakoids

of cryptomonads possess PSII-associated light-harvesting complexes.
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CHAPTER 1

Pyrenoids and their involvement in the
compartmentalization of the Calvin

cycle and other metabolic processes



1.0. Introduction

The pyrenoid 1s a distinguishing characteristic of many algal species,
appearing in electron micrographs as an electron-dense inclusion bodv
loca d 1in the chloroplast In addition to algae, pvrenoitds have also
been observed i1in several species of hornworts (Anthocerotae)’ Al thouph
pyrenoid morphology has been investigated extensively (for reviews, sec
Griffith 1970; Dodge 1873). pyrenoid function remains unclear. Some
investigators have considered the pyrenoid a protein storage reglon
Holdsworth (1971) speculated that ribulose 1, Y-bisphosphate
carboxylase/oxygenase (Rubisco) and possibly other enzymes of the
photosynthetic carbon reduction cycle mav be stored 1n the pyrenoid,
ready to provide recently divided cells with a source of these enzymes.
Alternatively, 1t has been proposed that the pyrenoid serves as a
general storage area whose nitrogen reserves can be mobilized when
needed (Fischer and Klein 1988) The persistence of these views,
however, reflects a general shortage of birochemical and physiological
data concerning pyrenoids. Unlike cell organelles, pyrenoids are
generally not membrane-bound, and thus do not easily lend themselves to
isolation using standard ~ell-fractionation techniques Most
investigators report that unfixed pyrenoids will solubilize rapidly

during purification procedures. Some investigators have availed

' A pyrenoid-like region has been described in the quillwort, Isoetes.
Immunolabelling results, however, indicate that this region is not
preferentially labelled by anti-Rubisco (K. Vaughn, pers. comm.) and
thus is not a true pyrenoid.
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themselves of species containing pyrenoids demarcated by a starch sheath
(Holdsworth 1971; Rosowski and Hoshaw 1971, Salisburv and Flovd 1978)
The starch shell affords some protection during the 1solation procedure
and allows for a moderate yield of intact pyrenoids This practice,
however, 1s limited to certain green algal species and therefore cannot
provide i1nformation about the pyrenoid 1n diverse groups of algae.
Higher yields of purified pyrenoids have been obtained by fixing algae
with HgCl, prior to cell disruption (Kerby and Evans 1978, 1981; Satoh
et al 1984, 1985; Kuchitsu et al. 1988a). This treatment serves to
stabilize pyrenoid protein and the technique has been useful in
obtaining pyrenoid fractions which have been used for polypeptide
composition analyses This, however, is done at the expense of
measuring enzyme activities. Recently, some success has been reported
1n maintaining pyrenoid integrity during 1solation by using buffers of
high 1onic strength (Kuchitsu et al 1988a; Okabe and Okada 1988).
Employing this procedure, Okabe and Okada (1988) were able to
investigate the polypeptide composition of isolated pyrenoids and
measure Rubisco activity.

As an alternative, microscopical methods employing cytochemistry and
immunocytochemistry can be applied to the study of pyrenoids. These
techniques offer in situ biochemical information with the additional
advantage that only small quantities of tissue are required. Upon
considering the i1nherent disadvantages associated with pyrenocid
isolation employing conventional cell-fractionation methodologies, it is
clear that cytochemical and immunocytochemical techniques represent a

valuable tool for the elucidation of pyrenocid composition and function.



This report reviews the advances made using microscopical ¢vtochemistry
and i1mmunocvtochemistry towards clarifving a functional roele tor

pyrenoids.

2.0. Immunocytochemical Techniques

Immunocytochemistry involves the use of antibodies as specific reagents
for the 1n situ detection of intracellular macromolecules Various
immunocytochemical techniques have been emploved 1n the study ot
pyrenoid composition and function and these will be outlined briefly 1n
this section Specific techniques of microscopical cytochemistry will
not be reviewed in this section. Instead, they are i1ntroduced where

relevant in other sections of this report.

2.1. Immunofluorescence

Immunofluorescence microscopy has been employed in several
investigations of pyrenoid protein composition (Vladimirova et al. 1987,
Kiss et ai. 1986; Kajikawa et al. 1988). This technique involves the
detection of antibodies which have been labelled with specific
fluorochromes such as fluorescein and rhodamine. In the application of
immunofluorescence microscopy, most 1nvestigators employ an 1ndirect
labelling technique where tissue 1ncubation with unlabelled primary
antiserum i1s followed by reaction with a specific fluorochrome-labelled
secondary antibody. Unlike primary antiserum, flourochrome-labelled

secondary antibodies are readily available from commercial sources



[

Moveover, use of a secondary antibody provides amplification of the
reaction signal thereby making 1mmunofluorescence microscopv a sensitive
detection technique However, limitations of this technique,
particularly 1n 1ts application to plant and algal cells, need to be
addressed  Antiserum penetration into plant and algal cells poses a
technical problem mainly due to the complex nature of their cell walls.
This, however, can be overcome by the appropriate selection of an
experimental organism Vladimirova et al (1982) reported greatest
success 1n effecting antisera penetration into the cell when using a
mutant of Chlamydomonas reinharati: lacking a cell wall. Likewise, both
Kiss et al (1986) and Kajikawa et al. (1988) reported successful
antiserum entry by emploving intact, isolated chloroplast preparations
in place of whole cells Moreover, these investigators briefly fixed
the chloroplasts with methanol, a reagent thought to aid i1n membrane
permeabilization (Knox 1982).

Cell and tissue autofluorescence also presents a concern for
immunofluorescence investigations when plant and algal cells are used.
Autofluorescence of phenolic compounds, cell wall components and
chlorophvll occur with wavelengths of light normally employed to excite
the routinely used fluorescent marker fluorescein In addition, the
fixative glutaraldehyde 1s known to autofluoresce. Use of an
alternative fluorochoma such as rhodamine, treatment of the tissue with
Evans blue, a reagent which reduces autofluorescence, and omission of
glutaraldehyde from the fixation protocol are all approaches that have
been emploved to circumvent the problem of autofluorescence. As an

alternative, Vladimirova et al. (1982) reduced chlorophyll



autofluorescence bv fixing their cells 1n 96X ethanol, thereby
effectively bleaching them

A third limitation of this trechnique 1s 1n 1ts resolving
capabilities. The technique can be performed onlv at the resolution
provided by the light microscope. In addition, the amounts of
fluorescence over a particular cell compartment are readilv described
only in a qualitative manner, thus. making 1t difficult to assess
intracellular protein levels. Furthermore, marker-specitic fluorcscence
fades with time (e g. Kajikawa et al 1988), thercbv making comparisons
between different cell preparations difficult Nevertheless,
investigations employing immunofluorescence microscopy have provided

valuable information regarding pyrenoid composition and tunction

2.2. Immunoenzvmatic technique

To our knowledge, the i1mmunoenzymatic technique has been employed 1n
only one investigation of pyrenoid protein composition (Kajikawa ¢t al
1988). In this technique, detection of the primary antiserum 1s
generally made through an enzyme-linked secondary or tertiary antibody
or antibody-binding compound following tissue i1ncubation 1n a specific
substrate solution. Often, the linked enzyme is horseradish peroxidase
and a reaction product is formed by 1ts action on a substrate solution
containing H,0, and either 3, 3'-diaminobenzidine or 4-chloronaphthol
Similar to the immunofluorescence technique, limited access into the
cell by antiserum could present a limitation to this method. In their
investigation, however, Kajikawa et al. (1988) used 1solated

chloroplasts of the green alga Bryopsis maxima just as they had done for



their 1mmunofluorescenc« analysis A further limitation of this
technique particularly applicable to plant and algal cells 1s the
presence of endogenous peroxidase 1n these organisms. Its presence is
capable of generating confusing results and must be taken into
consideration when analyzing data.

One advantage that this technique holds over immunofluorescence is
that 1t can be used at both the light and electron microscope levels as
the enzymatic reaction generates an electron-dense product  However,
one 15 still confronted with the difficulty of attempting to describe

the i1mmunoreaction in anything except qualitative terms.

2 3 Immunogold electron microscopv

Despite the availability and successful applications of the
aforementioned techniques, at present, immuno-electron microscopy
represents the method of choice 1n most immunocytochemical
tnvestigations This technique combines a level of fine-structural
resolution afforded only by the electron microscope with a precise
localization of intracellular macromolecules. Detection of primary
antiserum 1s facilitated by a secondary antibody or an IgG-binding
protein to which an electron-opaque marker 1s adsorbed. Although the
iron-containing protein, ferritin, has been employed with some success,
the marker of choice 1s usually colloidal gold. Unlike ferritin, gold
particles exhibit little non-specific binding and display less tendency
to aggregate. Moreover, the wide range of particle sizes available and
the uniformity of individual colloidal gold preparations readily

facilitate data acquisition and analysis. Staphylococcus protein A is
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widely employed as the IgG-binding protein to which colloidal gold
particles are adsorbed. In contrast to individual spectes-specifice
secondary antibodies, protein A recognizes lgt molecules from a4 variety
of sources and thereby presents 1tself as a broad-spectrum reagent
Recently, Bendayan (1987) has suggested that Staphylococcus protein ¢
might provide a better toel for high-resolution immunocytochemistry
since its IgG-binding properties are superior to those of protein A

Most immunogold investigations are performed on ultrathin sections
of resin-embedded tissue and in this manner, the problem of poor
antiserum penetration imposed by cell walls and intact membranes 1s
alleviated. However, using the post-embedding immunogold technique, one
is confronted by a problem not normally associated with whole cell
immunofluorescence and immunoenzymatic methods Examination of material
using the transmission electron microscope requires that the tissue be
processed; yet, harsh conventional processing can destroy antigenicity.
Therefore, a compromise 1s often necessary between tissue preparation
for microscopical observation and retention of antigenicity  For a more
comprehensive discussion of methods of tissue preparation for i1mmuno-
electron microscopy, the reader 1s referred to several recent reviews
(Roth 1982; Herman 1988; Beesley 1989).

Thus, through the use of fixation and embedding protocols amended
specifically for i1mmuno-electron microscopy, many antigens can be
successfully localized with high resolution at the intracellular level.
It is clear then, that this technique 1s a powerful tool for the
microscopist and will continue to be used to garner valuable i1nformation

—~oncerning pyrenoid composition and function.



3.0. Ribulose 1,5-Bisphosphate Carboxylase/Oxygenase and Pyrenoids

In photosynthetic organisms, Rubiscc catalyses the initial reactions of
rhe opposing pathways of photosynthetic carbon reduction and
photerespiratory carbon oxidation. That is, Rubisco is able to catalyze
the fixation of both C0O, and molecular 0, to substrate ribulose 1,5-
bisphosphate (RuBP) The efficiency with which it catalyzes either
reaction 1s determined by both the concentrations of C0, and 0, at the
site of catalysis and the substrate specificity factor for a particular
Rubisco enzyme In order to understand further the involvement of
Rubisco in these two pathways, some knowledge of its intracellular
localization is important Numerous immunocytochemical studies of
higher plants have shown that Rubisco is an enzyme of the chloroplast
stroma (e.g Vaughn 1987a; Rother et al. 1988; see also Appendix 1). In
C, plants, there is no evidence to support a differential intercellular
distribution of the enzyme; Rother et al. (1988) observed labelling by
ant1-Rubisco in all cell types of spinach leaves. C, plants, however,
possess a Kranz anatomy in which structurally differentiated mesophyll
and bundle sheath cells exist in mature leaf tissue. Moreover,
immunofluorescence studies using C, plants have shown that
phosphoenolpyruvate carboxylase (PEPC) is largely concentrated in the
cvtoplasm of mesophyll cells whereas Rubisco appears to be restricted to
the chloroplasts of bundle sheath cells (e.g. Perrot-Rechenmann and
Gadal 1986). It appears that in C, plants, inorganic carbon is
initially fixed by PEPC in the cytoplasm of mesophyll cells with the

resulting C, acids being transported to bundle sheath cells where they



are decarboxylated This results in a local concentration ot €0, at the
site of Rubisco catalysis, thereby promoting the carboxvlation of RuBP
Furthermore, a spatial separation exists between photosynthetic O,
evolution and C0, fixation bv Rubtsco i1n NADP-malic¢ acid-type ¢, plants
since the agranal chloroplasts of their bundle sheath cells possess no
photosystem II activity (Downton et al 1970). Absence of
photosynthetic 0, evolution further serves to maintain a high C0,/0,
ratio in bundle sheath cells. Consequently, C, species possess low C0,
compensation points and exhibit little photorespiration

Many species of cyanobacteria and algae cultured under limiting
dissolved rnorganic carbon levels, also possess an 1norganic carbon
concentrating mechanism where carbon speciles are concentrated
intracellularly ro levels higher than in the surrounding medium (sec
Aizawa and Miyachi 1986, for review). Therefore, 1t would bhe of
interest to know whether a specific intracellular localization of
Rubisco i1n these organisms contributes to the function of the
concentrating mechanism as 1s the case for G, plants. Among those algae
and hornworts that do not contaln pyrenoids, immunogold studies have
shown that, similar to higher plants, Rubisco 1s distributed throughout
the chloroplast stroma (Lacoste-Royal and Gibbs 1985, Ekman et al 1989;
Vaughn et al. 1990; see also Appendix 1). In contrast, biochemical and
immunocytochemical 1investigations indicate that in pyrenoid-contatning
organisms, a substantial portion of Rubisco is localized i1n the
pyrenoid. Many of the immunocytochemical i1nvestigations of Rubisco
distribution among pyrencid-containing algae and hornworts have been

survey-like in nature and indicate that pyrenoids from diverse specles
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of algae all contain Rubisco. Employing antiserum raised against the
large subunit of Rubisco purified from tobacco, McKay and Gibbs (1990;
see also Chapter VII) observed Rubisco to be highly localized over the
pyrenold of the red alga Porphyridium cruentum In contrast, immunogold
label over the chloroplast stroma was present at only low levels. This
result has since been confirmed by Mustardy et al. (1990) and Cunningham
et al. (1991). Using antiserum raised against the large subunit of
Rubisco purified from the chromophyte alga Olisthodiscus luteus, similar
observations have been made for two species of cryptomonad algae. Gold
particles were observed highly concentrated over the pyrenoids of both
Chroomonas sp. and Hemiselmis brunnescens (McKay et al. 1991b; see also
Chapter VI11). Moreover, using the same antibody, we report a pyrenoid
localization for Rubisco i1in the diatom Phaeodactyilum tricornutum (see
Appendix 4) Recently, a similar observation has also been made for the
diatom Cylindrotheca fusiformis (F.G. Plumley, pers. comm.) It should
be noted that detection of Rubisco in chlorophyll c-containing algae
such as crytomonads and diacems is more readily facilitated by use of
antiserum raised against chromophyte Rubisco, even though the large
subunit of the Rubisco enzyme is considered to be evolutionarily well-
conserved. When higher plant Rubisco antiserum 1s used for
immunolabelling studies with these algae, we consistently observe only
low levels of cross-reactivity (R.M. McKay and S.P. Gibbs, unpublished
data). In support of this, recent investigations have indicated, that,
although Rubisco enzymes from diverse sources share similarity in terms
of physical properties, the enzyme subunits from chromophyte algae

possess few antigenic determinants in common with those from green algae
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and higher plants (Plumley et al. 1986; Newman et al. 1989). In
addition, Newman et al. (1989) have extended this observation to the
Rubisco enzyme purified from the red macrophyte Griftirhsia pacitica
This might then explain our failure to observe labelling over sections
of Porphyridium cruentum when using antlserum raised against the small
subunit of tobacco Rubisco (McKay and Gibbs 1990; see also Chapter Vil)
Likewise, poor antlserum recognition might account for the low levels of
Rubisco labelling observed over the pyrenoid of the endosymbiotic
dinoflagellate Symbiodinium kawaguti11 (Blank and Trench 1988). These
investigators employed antisera prepared against purified tobacco
Rubisco holoenzyme in addition to the SDS-dissociated subunits of this
enzyme. Although their quantitative analysis of labelling densities
over various cell compartments indicates significant i1mmunolabelling ot
the pyrenoid and chloroplast stroma, labelling densities were very low
Additional investigations of Rubisco distribution among pyrenoid-
containing organisms also indicate Rublsco to be pyrcnoid-localized in
Euglena, green algae and various hornwort species. Osafune et al
(1989) have clearly demonstrated by immunogold cytochemistry and three-
dimensional computer reconstruction of immunolabelled serial sections
that Rubisco 1s predominantly localized 1n the pyrenoids of Euglena
gracilis. Likewise, in green algae, Vladimirova et al. (1982) reported
an intense fluorescence over the pyrenoids of both Chlamydomonas
reinhardtii and Dunaliella salina following application of indirect
immunofluorescence using antiserum raised against Chliorella Rubisco.
However, they also reported a lower, but genuine signal over the

remainder of the chloroplast. Using the immunogold technique, several
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reports from our laboratory have subsequently confirmed a pyrenoid
localization for Rubisco in Chlamydomonas (Lacoste-Royal and Gibbs 1985;
1987; McKay and Gibbs 1991b; see also Chapter IV; McKay et al. 1991a;
see also Chapter I111). Kajikawa et al. (1988) employing immunoenzymatic
and immunoflucrescence methods have similarly reported Rubisco to be
mainly pyrenoid-localized in 1solated, intact chloroplasts of the green
alga Bryopsis maxima. Furthermore, their use of monoclonal antibodies
directed against the large subunit of Rubisco purified from this alga
ensured a high specificity of localization. Employing the immunogold
technique, Nisius and Ruppel (1987) observed the pyrenoid of Chlorella
vulgaris to be heavily labelled by Rubisco antiserum. The high amount
of background labelling in their published micrograph, however, makes it
difficult to comment on a possible association of at least a portion of
the Rubisco with the stroma. More recently, McKay et al. (1991a)
reported the pyrenocid of Coleochaete scutata to be heavily labelled
following reaction with antiserum to the holoenzyme of Rubisco purified
from tobacco. Likewise, the pyrenoids of hornworts also contain
Rubisco. Vaughn et al. (1990) examined twelve pyrenoid-containing
species and in each, they observed Rubisco to be restricted to the
pyrenoid regions. Immunolabel over the chloroplast stroma was at the
level of background.

Other investigations have taken a more experimental approach and
have combined physiological and developmental studies with the
immunocvtochemical localization of Rubisco. Kiss et al. (1986) reported
on the morphological expression of pyrenoids as a function of nutrition

in Euglena gracilis. They observed pyrenoids to be present in cells
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cultured under continuous light in a medium lacking organic carbon
sources (incomplete medium) whereas cells grown photoheterotrophically
in a complete medium did not possess pyrenoids until the organic carbon
supply appeared to have been exhausted Moreover, thev demonstrated by
indirect immunofluorescence microscopy that Rubisco was predominantly
restricted to the pyrenoid under conditions where this structure was
morphologically expressed. In contrast, Rubisco in cells cultured
photoheterotrophically was demonstrated to be dispersed throughout the
chloroplast. Similar results have been reported recently by Osafune et
al. (1990b). These i1nvestigators observed that dark-grown cells ot
Euglena did not possess pyrenoids when cultured without agitation in a
medium containing organic carbon. However, when cells were transferred
to an "inorganic" medium (containing ammenium salts but lacking organic
carbon) and maintained in the dark and aerated with 1.5%4 C0O,. they
developed "propyrenoids" in a process concomitant with the oxidative
degradation of a wax ester that had previously accumulated in these
cells. Moreover, immunogold cytochemistry indicated Rubisco to be
highly localized over the propyrenoids. It appears then, that for
Euglena, de novo pyrenoid formation can be a light-independent process
and may be initiated once organic carbon is depleted from the medium.
The association between Rubisco and pyrenoids 1n Fuglena has furthner
been investigated as a function of the cell cycle (Osafune et al.
1990c). These investigators observed pyrencid dispersion to occur
immediately prior to chloroplast division in synchronously-cultured
cells of E. gracilis. Using immunogold cytochemistry, they clearly

demonstrated Rubisco to be distributed throughout the chloroplast stroma
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in cells undergoing division. Furthermore, their data indicate that
Rubisco becomes concentrated 1n certain reglons of the chloroplast of
recently divided cells prior to the beginning of the light period and in
th1s way, 1t appears that pyrenoids are again formed. 1In a study of a
similar nature, Lacoste-Royal and Gibbs (1987) investigated Rubisco
distribution in the green alga Chlamydomonas reinhardtii at several
stages of culture growth. In their report, they expressed labelling
densities on a total volume basis in order to account for the difference
in total cell volume between the chloroplast stroma and the pyrenoid, a
difference that is not always obvious when observing a single section
through a cell Their data indicate that for light-harvested,
synchronously-dividing cells, Rubisco is mainly localized to the
pyrenoid; however, they also observed between 30-40% of Rubisco to be
distributed throughout the chloroplast stroma. Moreover, cells exposed
to an extended dark period or cells harvested at the late stationary
phase of culture growth displayed proportionately less Rubisco in the
chloroplast stroma. They interpreted these observations as an
indication that the pyrenoid might represent a storage organelle.

In another study, McKay and Gibbs (1989; see also Chapter II),
employing the immunogold technique, demonstrated that Rubisco was
restricted to the pyrenoid in cells of the green alga Chlorella
pvrenoidosa cultured at both photosynthetically limiting and saturating
photon fluence rates. We speculated that at light-saturating
irradiance, much of the cell’s Rubisco would be catalytically competent
and functional in order to account for the high photosynthetic rates

observed. That Rubisco remained localized to the pyrenoid under

15



conditions of maximum photosynthesis indicated that pvrenoid Rubisco is
functional in vivo In support of this, Osafune et al. (1990c¢) report
that when photosynthetic CO,-fixation 1n Euglena 1s measured at high
light intensities, the rates observed would require the cells complement
of Rubisco to be active  Furthermove, thev confirmed that pvrenoids
were present in the cells used for their measurements.

Although immunocvtochemical studies 1ndicate that Rubisco 1s
predominantly localized 1n the pyrenoid among pyrenoid-containing
organisms, the frequent observation that a portion of label 1s
assoclated with the chloroplast stroma has led investigators to question
the physiological role of pyrenoid Rubisco  Because Rubisco 1s
generally regarded as being a stromal enzyme, speculation that the
pyrenoid 1s a protein storage body 1s not uncommon Moreover, several
concerns regarding immunocytochemical methodology 1n its specific
application to the study of Rubisco distribution in pyrenocid-containing
organisms have further fueled speculation regarding the physiological
role of pyrenoid-localized Rubisco, and thus, need be addressed The
first regards the possibility that Rubisco is present at moderatc
concentrations in the stroma yet the immunocytochemical technique
employed has failed to detect 1t, perhaps due to a more favourable
preservarion of antigenicity of pyrenoid-localized Rubisco compared to
stromal Rubisco during tissue processing. We feel, however, that this
is not so. In support of our view, immunolocalizations of Rubisco 1n
higher plants and non-pyrenoid-containing algae and hornworts
demonstrate gold labelling over the chloroplast stroma to be relatively

dense. In their investigation of Rubisco distribution 1n the red

16



macroalga Gracilaria secundata, Ekman et al. (1989) report anti-Rubisco
labelling over the chloroplast stroma at a density of 54 gold
particles-um™ Likewise, a similar density of labelling was reported
over chloroplasts of the non-pyrenoid-containing hornworts Anthoceros
fusiformis and Megaceros flagellaris (Vaughn et al. 1990). These values
are 10 to 20 times higher than the stromal labelling densities reported
from studies 1nvolving pyrenoid-containing algae (e.g. Lacoste-Royal and
Gibbs 1987; McKay and Gibbs 1989; sez also Chapter I1I). Furthermore,
the investigation by Vaughn and colleagues surveyed both pyrenoid- and
non-pyrenoid-containing hornworts, all of which were fixed, embedded and
immunolabelled using the same protocols. The visual impression provided
upon comparing the d fferent types of hornworts in their report is very
convincing and strongly indicates that tissue processing does not
preferentially destroy the antigenicity of stromal Rubisco and that
immunocytochemical techniques will readily detect stromal Rubisco if
present in sufficient quantities necessary for photosynthetic function.
Speculation rege:iding the role of pyrenoid-localized Rubisco also
exists due to an inherent limitation of the immunocytochemical
technique; that being the 1nability of antisera to distinguish between
active and inactive enzyme forms. In order to be catalytically
competent, Rubisco must exist in an activated state, this being
accomplished by the ordered addition of an activator CO, molecule and
Mg" to the large subunit of the enzyme (Miziorko and Lorimer 1983).
Although immunocytochemical investigations indicate Rubisco to be
predominantly pyrenoid-localized, these investigations do not provide an

assessment of Rubisco activation state. Thus, using antiserum generated
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against Rubisco, it cannot be demonstrated conclusively that pyrenotd-
localized Rubisco 1s catalytically functional. Recently, a soluble
protein of chloroplasts of higher plants, Rubisco activase, has been
implicated as being responsible for catalvzing the activation and
maintaining the activated state of Rubisco in viva (Salwvicei et al.
1985: Portis et al 1986; Salvucci et al. 1986) These 1nvestigations
indicate that the existence of Rubisco activase enables Rubisco to
achieve a high level of activation at concentrations of C0, normally
encountered in the chloroplast stroma of leaves of higher plants
Furthermore, it is thought that Rubisco activase i1s able to promote the
activation of Rubisco i1n the presence of various sugar-phosphate
compounds, such as RuBP, which prevent Rubisco activation in vitro by
tightly binding to the inactive form of the enzyme (Jovdan and Chollert
1983) Employing mouse polyclonal antiserum raised against a mixture of
the 41 and 45 kDa polypeptides of spinach Rubisco activase, a single
activase polypeptide has been detected 1n protein extracts from the
green alga Chlamydomonas reinhardtii (Roesler and Ogren 1990a, McKay et
al. 1991; see also Chapter III). In addition, Roesler and Ogren (1990a)
report that purified spinach Rublsco activase polypeptides are capable
of promoting the activation of Chlamydomonas Rubisco 1n the presence of
physiological concentrations of RuBP. Using the same antibody
preparation, it was recently demonstrated by immunogold cytochemistry
that Rubisco activase 1s predominantly localized to the pyrenoids of two
species of green algae (C. reinhardtii and Coleochaete scutata) (McKay
et al. 199la; see also Chapter III) and several hornwort species (K.

Vaughn, pers. comm.). In all of these species, gold particles were
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mainly restricted to the pyrenoid whereas stromal labelling was present
at only low levels. Thus, it appears that for pyrenocid-containing green
algae and hornworts, Rubisco and Rubisco activase co-localize.

Moreover, 1t would seem that, given its proposed role in the regulation
of Rubisco activation 1in vivo, the immunolocalization of Rubisco
activase should i1ndicate the location of functional Rubisco 1in the
chloroplast It 15 proposed therefore, that at least in green algae and
hornworts, pyrenoid Rubisco is functional

In this context, several recent observations are noteworthy. The
Rubisco binding protein (a member of the chaperonin family) has been
detected 1n a pyrenoird preparztion from Chlamydomonas (K. Kuchitsu,
pers. comm.) Employing antiserum directed against the binding protein
from pea, 3 stained band of ~66 kDa was detected by immunoblotting of
SDS-treated C. reinhardetir pyrenoid proteins. That the Rubisco binding
protein is present in the pyrenoid does not in itself indicate a
catalytic role for pyrenoid-localized Rubisco; however, 1ts presence
there adds another level of complexity to the structure.

Also of significance 1s the detection of ubiquitin in the pyrenoid
of C. reinhardti1 (Wettern et al. 1990). Employing immunogold electron
microscopy, these investigators found ubiquitin most concentrated over
the pyrenoid, with substantial amounts also found elsewhere in the
chloroplast, and in the cytoplasm and nucleus. It is likely that
pyrenoid-localized ubiquitin has a role in the turnover of Rubisco
protein; it has been demonstrated that Rubisco in chloroplasts of higher
plants can be targeted for degradation by the ubiquitin-conjugating

system (Velerskov and Ferguson 1991)
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4.0. Other Calvin Cycle Enzymes

4.1. Phosphoribulokinase

The available immunocytochemical evidence indicates a functional role
for pyrenoid-localized Rubisco Of additional interest, however, s the
fact that analyses of pyrenoid polypeptide composition indicate that
proteins other than Rubisco are also present in pyrenoids Holdsworth
(1971) showed that 90% of the total pyrenoid protein of the green alpa
Eremosphaera viridis could be accounted for by the large and small
subunits of Rubisco  Not surprisingly then, he also demonstrated the
pyrenoid to possess a high specific activity of this enzvyme However |
in addition to Rubisco activity, he measured low amounts of activity for
the Calvin cycle enzymes phosphoribulokinase (PRK) and
phosphoriboisomerase The possibility that pyrenoids possess the full
complement of Calvin cycle enzymes is a novel concept and has prompted
further 1nvestigation of this matter Satoh et al. (1984) identified as
a minor component of their pyrenoid preparation from the g-een alga
Bryopsis maxima, a 42 kDa protein, which, 1n a subsequent report, they
initially speculated might be a subunit of PRK based on its molecular
size (Satoh et al. 1985). In addressing this, they purified PRK from B
maxima and compared 1ts peptide map with that of the 42 kDa pyrenoid
protein. The maps, however, were very dissimilar thereby indicating
that this particular pyrenoid polypeptide was not PRK In support of
this, a recent immunoblot analysis of Chlamydomonas pyrenoid proteins
provided no evidence for the presence of PRK 1in pyrenoids of this alga

(Kuchitsu et al. 1991).
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The subcellular distribution of PRK 1in pyrenoid-containing algae has
also been 1nvestigated by immunoelectron microscopy. Results from our
laboratory obtained using antiserum raised against PRK purified from the
cyanobacterium Chlorogloeopsis fritschii indicate that PRK 1s excluded
trom the pyrenoid of the red alga Porphyridium cruentum (McKay and Gibbs
1991b; see also Chapter IV). Moreover, employing antibodies raised
against PRK prepared from the green alga Chlamydomonas reinhardtii, we
have found PRK to be excluded from the pyrenoid of this alga as well
(McKay and Gibbs 1991b:; see also Chapter IV). Interestingly, we have
observed what we believe to be nrumerous PRK-containing stromal
inclusions associated with the pyrenoid of Chlamydomonas. It is
postulatred that these pyrenoid inclusions provide a means for more
effictent i1nteraction between pyrenoid and stroma when the pyrenocid

appears, at least in micrographs, to be completely demarcated by starch.

5.0. Carbonic Anhydrase

Rubisco requires CO; as a substrate in the process of photosynthetic
carbon reduction. fn photosynthesizing chloroplasts, however, the pH of
the stroma 1s ~8 (Heber and Heldt 1981), thus much of the inorganic
carbon accumulated intracellularly exists as HCO,”. The uncatalyzed
dehydration of HCO,” occurs rather slowly and the rate at which GO, is
produced in this manner cannot account for rates of photosynthesis
observed 1n air-grown cells, Carbonic anhydrase (CA) is the enzyme

responsible for catalyzing the interconversion between €O, and HCO,. It
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1s anticipated that the presence of some CA 1n the pyrenoid would more
readily facilitate supply of CO, to Rubisco localized 1n this repion
Attempts at localizing CA in pyrenoid-containing organisms, however,
have generated conflicting results. Yagawa et al (1987) emploved
immunogold electron microscopy to determine the subcellular location of
a CA isozyme 1in the red alga Porphvridium cruentum. Gold particles
clearly marked both the cytoplasm and the chloroplast stroma but were
mainly excluded from the pyrenoid. Similar results have been obtained
for several species of pyrenoid-containing hornworts (K. Vaughn, pers.
comm. ). Employing antiserum directed against a CA isozyme from spinach
chloroplasts, specific labelling over the chloroplast, but not rhe
pyrenoid, was observed. In contrast, Kuchitsu et al. (1991) have
recentls presented cytochemical evidence for a pyrencid localization of
CA. Sulfonamides are specific inhibitors of CA activity. Enmploying the
fluorescent sulfonamide, dansylamide, these investigators demonstrated
pyrenoid staining in the green alga C. reiwnhardtii. Moreover, unlike
immunocytochemical analyses, 1dentification of CA through sulfonamide
binding provides a broad spectrum assay since all 1sozymes of CA, at
least to some degree, should be reactive.

Our own attempts at localizing CA 1n pyrenoid-containing algae have
met with very limited success. Attempts using cytochemical assays such
as dansylamide fluorescence or the Hansson cobalt-phosphate method
(Ridderstrale 1982; Lonnerholm 1984) have failed to yield positive
results. Although we have enjoyed a modicum of success employing
immunogold methodology, the results have not been insightful.

Immunolocalization of the 37 kDa periplasmic CA of € reinhardtii was
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where expected (data not shown). The only substantial intracellular
labelling occurred over what we believe to be the Golgl; not surprising
since this protein i1s glycosylated. Hopes that C. reinhardtii
periplasmic CA would cross-react with intracellular CA 1sozymes were not
real1zed Rather, it is now apparent that the chloroplastic and
cytosolic CA 1sozymes of this alga are quite different from the

periplasmic form (Husic et al. 1989).

6.0. The Nitrate Reductase Conundrum

The 1nitial step of nitrate assimilation by photosynthetic organisms is
catalyzed by the enzyme nitrate reductase (NR). While it is well
established that the next enzyme in the nitrate assimilatcry pathway,
nitrite reductase, is predominantly chloroplast localized, the

intrac '1lular compartmentation of NR has been the subject of much
contention, Earlier biochemical evidence suggested that in leaves of
higher plants, NR 1s a cytoplasmic enzyme (e.g. Dalling et al. 1972).
Similarly, histochemical (Vaughn and Duke 1981) and immunogold (Vaughn
and Campbell 1988) investigations support a cytoplasmic localization for
this enzyme In contrast, Kamachi et al. (1987), employing
immunoelectron microscopy, reported that NR was associated exclusively
with the chloroplast in spinach leaves. These authors argue that a
chloroplast localization for NR would enhance the efficiency of nitrate
assimilation since translocation of nitrite from the cytoplasm into the

chloroplast would not be required. Moreover, a close coupling between
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nitrate and nitrite assimilation might be advantageous since nitrite 1s
toxic when present at high levels (as reported 1n Solomonson and Rarber
1990).

The intracellular localization of NR 1n algae has been 1nvestigated
by a variety of techniques Employing immunogold cvtochemistrv, Lope:r-
Ruiz et al. (1985a, 1985b) have shown that NR 1s localized predominantly
in the pyrenoid 1in green algae cultured on nitrate In their
investigations, they used antiserum prepared against NR purified from
the green alga Monoraphidium braunii 1n order to localize this enzvme on
ultrathin cryosections of Monoraphidium, Chlamvdomonas reinhardtii,
Chlorella fusca, Dunaliella salina and Scenedesmus ohli1quus In each
alga, the pyrenoid was heavily labelled by the antiserum. In addition,
a lower level of label was evident over the remainder of the chloroplast
whereas other cellular compartments were nainly unlabelled Similarly,
Michaels et al. (1986) have demonstrated a pyrenoid localization for NR
in resin-embedded cells of Chlorella vulgaris. However, Ln addition,
these authors observed a portion of the label to be localized over the
cell periphery. Recently, Okabe and Okada (1990) reported NADH-NR
activity associated with the pyrenoid of the green alga Brvosis maxima
Specific activity of the enzyme in the pyrenoid fraction was 80 times
greater than that measured in the crude extract of chlouroplasts

1. contrast to evidence that indlcates a pyrenoid localization for
NR in algae, a recent biochemical investigation suggests that NR 1s not
associated with the chloroplast in the green alga C reinhardtii
(Fischer and Klein 1988). These investigators i1solated 1ntact

chloroplasts from Chilamydomonas and measured specific activities for a
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number of nitrogen-assimilating enzymes. Their data indicate that in
Chlamydomonas, NR activity 1s assoctated with the cytoplasm; no
extractable activity was found associated with the chloroplast fraction.
Fischer and Klein (1988) attempt to reconcile their observations with
those obtained through immunocytochemical analyses by suggesting that
pyrenoid-localized NR 1s not active 1n vivo and possibly represents a
protein store that can be mobilized when needed. The recent observation
that a polyclonal antibody raised against corn leaf NR selected a clone
containing chloroplast NAD(P)':glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) ¢DNA (Gowri and Campbell 1989) has further prompted a re-
examination of immunocytochemical results concerning the localization of
NR. Although these authors report that NR and GAPDH do not share
significant amino acid sequence identity, they explain that in order for
the antiserum to select for this particular c¢cDNA clone, 1t would appear
that the two proteins must possess common epitope(s). That this
particular antiserum recognized GAFDH 1s of significance for the
elucidation of pyrenoiu function since GAPDH catalyses an early reaction
of the photosynthetic carbon reduction cycle. As already noted,
Rubisco, which catalyses the initial reaction of this cycle, 1s
predominantly localized to, and appears to be functional in the
pyrenoid. Thus, 1f the NR antisera used in previous immunocytochemical
1nvestigations were also able to recognize GAPDH, the observed labelling
results might actually indicate the presence of GAPDH instead of NR in
the pyrenoid. In their immunolabelling studies, Lopez-Ruiz et al.
(1985a; 1985b) tested for antiserum specificity; ho -ever, in doing this,

thevy used a partially purified NR fraction instead of a crude protein
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extract. That GAPDH was excluded from the fraction thev tested is
possible. Therefore. the observation that NR mav share common epitopes
with enzymes such as GAPDH might explain the contlicting results
obtained through immunocvtochemistry for the intracellular localization
of NR in higher plants and algae In any event, the possibilitv that
GAPDH is localized to the pyrenoid must be further investigated
Recently, Lopez-Ruiz and colleagues (1991) reported on the
subcellular location of nitrite reductase in green algac  Their results
confirm that this enzyme 1s located mainly 1n the chloroplast: however,
they found between 20-35% of nitrite reductase to be pyrenoid-localized
This, they suggest, when taken together with their previous findings for
NR, infers a direct coupling between NO,” and NO, assimilation i1n these

algae.

7.0. DNA and Pyrenoids

The distribution of DNA nucleoids in the chloroplasts of algae has been
studied both at the level of the light microscope using the DNA-specific
fluorochrome 4',6-diamidino-2-phenylindole (DAPI) (e g Coleman 198Y)
and at the electron microscope level using rmmunogold methodology
(Hansmann et al. 1986). From these studies, it 1s evident that DNA is
excluded from algal pyrenoids. Recently, however, Miyamura and Hori
(1991) reported that DNA 1s present in the pyrenoids of some chlorophyte
and xanthophyte siphonous algae. Employing DAPl fluorescence, these

investigators observed a strong signal emanating from the pyrenoids of
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two spectes of Caulerpa and from the xanthophyte Pseudodichotomosiphon
(=Vaucheria) constrictus. Moreover, the staining appeared to be

specific since treatment with DNAse resulted 1n a loss of fluorescence.
The significance of this staining with respect to pyrenoid function is

not clear.

8.0. The Avena stromacentre: a vestigial pyrenoid?

The stromacentre is a conspicuous region in the plastids of several
species of the higher plant genus Avena. Gunning et al. (1968)
speculated that on the basis of subunit negative staining, the
stromacentre might be comprised of Rubisco. This suggestion later
prompted the i1nterpretation that the stromacentre may represent a
“pyrenoid relic" (Nisius and Ruppel 1987). Addressing their
interpretation, Nisius and Ruppel (1987) purified a 63 kDa stromacentre
element from Avena sativa and employing antiserum raised against it,
probed tissue sections of both Avena and Chlorella vulgaris. The
antiserum specifically labelled the stromacentre of Avena whereas the
pvrenoid of Chlorella remained unlabelled. 1In contrast, the Avena
stromacentre displayed no reaction when tissue sections were
tmmunolabelled with antiserum prepared against the large subunit of
Rubisco Instead, Rubisco was distributed throughout the remainder of
the chloroplast stroma whereas in Chlorella, it was predominantly
localized to the pyrenoid. These results, along with proteolytic

peptide cleavage patterns and immunoblotting indicated that the
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stromacentre wdas not comprised of Rubisco (Nisius and Ruppel 198/).
Recently, Nisius (1988) has demonstrated that the 63 kDa Avena
stromacentre protein is a subunit of a B-glucesidase involved 1n

converting oat leaf saponins (avenacosi ies) into a fungicidal compound.

28



CHAPTER 11

Immunocytochemical localization of ribulose 1,
5-bisphosphate carboxylase/oxygenase in
light-limited and light-saturated cells

of Chlorella pyrenoidosa
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Summary

The localization of ribulose 1,5-bisphosphate carboxvlase/oxvgenase
(Rubisco) in cells of Chlorella pvrenoidosa grown at varving light
intensities was determined by immuncelectron microscopy log phase
cells grown at photon flux densities of 2% and 75 pmol m™ s (light-
limiting) and 540 umol -m™® s* (light-saturating) were fixed 1n 3%
glutaraldehyde and embedded 1in Lowicryl KaM Sections were labelled
with antiserum to each subunit of Rubisco followed by protein A-gold

At each light fluence rate, the pyrenoid was heavily labelled by cach
antibody whereas chloroplast stromal labelling was not above background
levels. The apparent absence of stromal Rubisco at each light level,
and hence the lack of enzyme redistribution from pyrenoid to stroma

following an increase in light fluence rate, indicates that pvyrenoid

Rubisco 1s functional in vivo.
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1.0. Introduction

Chloroplast pyrenoids are a distingutshing characteristic of many algal
species and of some hornworts (Anthocerotae). Protelnaceous in
composition (Rosowski and Hoshaw 1971), their function has remained
obscure. However, being a chloroplast inclusion, 1t 1s plausible that
the pyrenoid may be implicated in some aspect of cell photosynthesis.
Analysis of the protein 1solated from the pyrenoid of the green alga
Eremosphaera viridis indicated that 90% of the total protein could be
accounted for by two components having molecular weights similar to
those of the large and small subunits of the bifunctional photosynthetic
enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubtsco, EC
4.1.1 39) (Holdsworth 1971) Similar observations have since been
extended to the pyrenoids of two additional green algal species,
Bryopsis maxima (Satoh et al. 1984; Okabe and Okada 1988) and
Chlamydomonas reinhardtii (Kuchitsu et al. 1988a), a prasinophycean
alga, Micromonas squamata (Salisbury and Floyd 1978), and a brown alga,
Pilavella littoralis (Kerby and Evans 1981).

Rubisco, however, 1s generally regarded as being a stromal enzyme
and its localization there has been confirmed by immunoelectron
microscopy among non-pyrenoid-containing algae (Lacoste-Royal and Gibbs
1985) and higher plants (Caers et al 1987; Shojima et al. 1987; Vaughn
1987a) Several immunocytochemical studies have similarly shown that at
least a portion of the Rubisco in pyrenoid-containing algae is also
located 1n the stroma. Vladimirova et al. (1982) reported an intense

fluorescence over the pyrenoid regions of both C. reinhardti: and
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Dunaliella salina following application of indirect i1mmunofluorescence
using antibodies raised against Chlorella Rubisco However, thev also
reported a lower but genuine signal over the rest of the chloroplast
Kiss et al. (1986) have similarly shown bv i1mmunofluoresence that
Rubisco may be present in both the stroma and pvrenoid of tsolated
chloroplasts of Euglena gracilis Kajpikawa et al. (1988) have recently
extended similar observations to Brvopsis maxima In a quantttative
investigation employing immunoelectron microscopy. Lacoste-Roval and
Gibbs (1987) estimated that 30-40% of the total enzvme was present in
the chloroplast stroma of C. reinhardtii, with the remainder belng,
concentrated in the pyrenoid,

The observation that chloroplast Rubisco may be partitioned
between the pyrenoid and stroma leads one to question the role of
pyrenoid Rubisco. Does the pyrenoid function merely as a storage depot
for non-catalytically active Rubisco, or does 1t provide a site for
active catalysis? Lacoste-Royal and Gibbs (1987) suggest that the
pyrenoid may be a storage body. Thev observed a greater proportion of
label over the pyrenoid 1in stationary phase cells than i1n log phase
cells of C. reinhardtii However, Rubisco 1solated from pyrenoids 1s
able to carboxylate ribulose 1,5-bisphosphate (RuBP) in vitro
(Holdsworth 1971; Salisbury and Floyd 1978; Kerby and Evans 1981, Okabe
and Okada 1988).

In this study we examine the effect of varying photon flux density
on the distribution of Rubisco within the chloroplast of the green alga
Chlorella pyrenoidosa. A net redistribution of the enzyme from the

pyrenoid to the stroma as photon flux density 1s 1increased would provide
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evidence tor the pyrenoid acting 1n a storage capacity, whereas a lack
of enzyme redistribution would suggest that pyrenoid Rubisco can be
functionally active 1n vivo We demonstrate by protein A-gold
immunoelectron microscopy that a net redistribution of Rubisco between
pyrenoid and stroma does not occur upon increasing photon flux density

1n Chlorella pyrenordosa

2.0. Materials and Methods

2.1. Cell culture

Chlorella pyrenoidosa Chick (UTEX 251) was g-own in batch culture in a
modified Allen's medium (Yokota and Canvin 1986). Light was provided by
cool white fluorescent bulbs at photon flux densities of either 25, 75
or 540 pmol m?-s™' 1n a 14 h light, 10 h dark cycle. Culture
temperature was maintainea at 25°C. Log phase cells grown at each light
fluence rate were harvested for transmission electron microscopy at h 5
or h 12 of the light period. Cell shading while 1in culture was
minimized by: a) continuous culture agitation by use of a rotary
shaker, and b) maintaining a low culture volume of 100 ml in a 250 ml

Erlenmeyer flask.

2.2. Photosynthetic oxvgen evolution
The photosynthetic rate of C. pyrenoidosa was measured as oxygen
evolution 1n a temperature-controlled Clark-type oxygen electrode (Rank

Brothers, Bottisham, Cambridge, UK), calibrated as described by Delieu
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and Walker (1972). Aliquots of cells 1n N,-purged culture meaium were
placed in the oxygen electrode and allowed to photosvanthesize for
several minutes unt1l the rate of oxygen evolution declined.
Photosynthesis was then reinitiated bv addition of NaHCo, lllumination
was provided by a Kodak Autofocus carousel projector (850H) emploving a
metal halide lamp and intensity was varied by use of neutral density

filters.

2.3. Fixation and embedding

Cells were fixed 1n either pellet form or in situ. Cell pellets were
fixed in 3% glutaraldehyde in 0.1 M sodium phosphate buffer, pll / 4, for
2 h at 4°C. Pellets were washed with cold buffsr and the cells
dehydrated through a graded ethanol series and embedded 1n Lowicryl Ka4M
(J.B. EM Services, Montreal) at -18°C as described previously (Lacoste-
Roval and Gibbs 1985). Cells fixed 1n situ were fixed at the
experimental photon flux density in culture medium at 25°C.
Glutaraldehyde buffered with 0.1 M sodium phosphate, pH 7.4, was added
to provide a final glutaraldehyde concentration of 3%. Cells were fixed
for 3 h, centrifuged to obtain a pellet and treated as above for

dehydration and embedding.

2.4. Immunolabelling

Antibodies raised in rabbits against the large (LS) and small (SS)
subunits of tobacco Rubisco were kindly provided by Jacqueline Fleck
(IBMC-CNRS, Strasbourg, France). Colloidal gold was prepared according

to the method of Frens (1973) and coupled to protein A (Pharmacia,
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Dorval, P.0 ) (Roth et al. 19/8). Pale gold-coloured sections were cut
with a diramond knife and mounted on formvar-coated nickel grids.
Immunclabelling was performed by placing the grids section-side down on
drops ot the following solutions phosphate-huffered saline (PBS),
1% min; 1% ovalbumin, 15 min; antibody (anti-LS or anti-SS) diluted
1-1000, 30 min, PBS rinse, protein A-gold diluted 1:10, 30 min; PBS
rinse; de-1onized water rinse All dilutions were made in PBS.
Sections were post-stained with 2% aqueous uranyl acetate and viewed in
a Philips EM 410 at an operating voltage of 80 kV.

In control experiments, the antibody was replaced with rabbit non-

immune IgG, or with PBS alone prior to protein A-gold incubation.

2.5 (uantitative evaluation

The density of labelling over each cell compartment was obtained by
determining the number of gold particles per square micrometre of
compartment sectioned. Area determinations were made using a Zeiss

MOP-3 digital sualyser

3.0. Results

The partitioning of Rubisco between the pyrenoid and stromal regions of
the chloroplast of Chlorella pyrenoidosa was determined for cells
cultured at a variety ot photon flux densities by protein A-gold
immunocytochemistry  Figure 1 shows a section through a log phase cell

-1

cultured at a light fluence rate of 25 pmol-m™’-s™ which has been
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labelled with anti-Rubisco LS. Gold particles are highlv concentrated
over the pyrenoid, whereas onlv a few particles are present over the
thylakoid-containing stromal regions of the chloroplast Cells cultured

at 75 pmol -m™? s

exhibit a similar distribution of gold particles 1n
sections labelled with anti-Rubisco LS (Fig. 2). The pvrenoid 1is
heavily labelled whereas the remainder of the chloroplast i1s unlabelled
Only ba-~kground labelling 1s precent over the cell’s nucleus or
cytoplasm.

For our strain of Chlorella, cultures grown at either of these
light fluence rates are light-limited with respect to photosynthesis, a
factor which may influence Rubisco distribution. In order to determine
the light fluence rate which 1s light-saturating for photosynthesis,
measurements of photosynthetic oxygen evolution were performed on cells
cultured at 75 pmol -m™® s (Fig. 3). These measurements indicate that
in our strain of €. pyrenoidosa, photosynthesis is light-saturated at

1

photon flux densities of greater than 400 umol -m?-s7. Employing this

' and fixed for

data, cells were cultured at 540 pmol-m?:s
immunoelectron microscopy while 1in the log phase of growth  Further
photosynthetic oxygen evolution measurements on cells cultured at this
light level confirmed that these cells exhibited a light-saturated rate
of photosynthesis (data not shown). Cell sections labelled with anti-
Rubisco L3 (Fig. 4) display the same pattern of enzyme distribution as
cells cultured under light-limiting conditions (Figs 1 and 2). Cold
label is highly concentrated over the pyrenoid, whereas the remainder of

the chloroplast exhibits only a few dispersed gold particles.

Table 1 gives the density of labelling over different cell and
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Fig. 1. Log phase cell of Chilorella pyrenoidosa cultured under low
light (25 pmol-m™®-s™). Anti-Rubisco LS is concentrated over the
pyrenoid (py) whereas few gold particles are evident over the remainder

of the chloroplast (c¢). Bar = 0.5 um.

Fig. 2. Log phase cell of C. pyrenoidosa cultured at a light fluence

rate of 75 pmol -m™%.s.

Anti-Rubisco LS is localized 1o the pyrenoid
whereas the level of labelling over the chloroplast stroma is lower than

background nuclear (n) labelling. Bar = 0.5 um,
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Fig. 3. Photosynthetic rate as a function of irradiance for log phase

Chlorella cells cultured at 75 pmol-m™*-s™. Values represent the

average of two measurements.
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Fig. 4. Log phase cell of C. pvrenoidosa cultured under light-
saturating conditions for photosynthesis (540 pmol m? s7'). Anti-
Rubisco LS 1s concentrated in the pyrenoid (pv) whereas immunolabelling

of the chloroplast (c¢) stroma is below that of both nucleus (n) and

cvtoplasm. Bar = 0 5 um.

39






Table 1. Density of labelling over various cell compartments of Chlorella pyrenoidosa cultured at different light intensities.

Chioroplast
Starch Stromal
Pyrenoid shell region Cytoplasm Vacwle Nucleus? P
gold particles um* + SE
25 mol % s
Anti-LSU 506.0£20.3 0.440.1 3.2¢0.4 5.840.6 1.440.2 7.8!1.2(10\ 25
Ant1-SSU 461.8435.6 1.1#0.3 6.840.5 5.5%0.5 2.240.3 6.0i1.2(7)' 18
75 umol nt sl
Anti-LSU 375.1426.1 0.3%0.1 1.3#0.2 1.420.2 0.340.1 2.110.3(11) 26
Anti-SSy 305.9%16.9 0.720.2 2.3%0.3 1.620.3 0.440.1 2.1!0.4(6) 23
540 ymol m% 571
Anti-LSU 354.8152.3 0.7#0.3 2.740.6 3.0£0.7 0.6%0.3 6.2!1.6(7) 1y
Anti-SSU 208.2¢17.1 1.040.4 3.5%0.4 2.5%0.2 0.4£0.1 3.31’0.8(8) 20
Controls®
Nonimmune IgG 1.00.3 0.240.1 0.8#0.2 1.320.3 0.2#0.1 2 81*0.7(5) 16
PBS 1.0£0.3 0.3%0.2 0.740.1 1.420.3 0.440.2 ------ 13
4 Number of nucler analyzed
Number of cell sections analyzed )

C Controls reported for cells cultured at 75 umol-m'2 s
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plastid compartments for Chlorella grown at each light fluence rate and
labelled bv antibodies against both the large and small subumit of
Rubisco  Anti-Rubisco SS gave the same labelling patrtern as anti-
Rubisco LS. At each photon flux density, the pvrenord was heavilv
labelled bv antibodies to each subunit of Rubisco, whereas the stromal
region contained levels of labelling similar to the cvtoplasm o

nucleus Stromal labelling by anti-Rubisco LS was consistently below
background levels (cvtoplasmic and nuclear labelling) Stiromal
labelling by anti-Rubisco SS was slightly above background (nuclear
labelling) at each photon flux density; however, statistical andalyses
(one tailed paired t .ests) 1indicate that the differences are not
significant Although the density of labelling bv each subunit over the
pyrenoird appears to decrease when the light fluence rate 1s 1ncreased,
these figures cannot be directly compared. since different protein A-
gold solutions were used 1n each experiment. One can directly compare
only those labelling densities over the various cellular compartments by
antibody to a single subunit within a single light level.

To ensure that temporal delavs caused by cell harvesting
{centrifugation, buffer rinses) prior to fixation did not affect
intracellular Rubisco distribution, cells were also fixed 1n situ in
cul ture medium at each experimental photon flux density Labelling
densities by antibody to each subunit of Rubisco over the various
cellular compartments (not shown) provided results similar to those
obtained in Table 1 We suggest, then. that short delays prior to cell
fixation, caused by the harvesting methods emploved i1n this 1nvestiga-

tion, did not contribute to the observed enzyme partitioning
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Control experiments were performed by replacing antibody with
either non-immune rabbit [gG or with PBS alone. followed bv protein A-
gold (Table 1, see also Appendix 2) For each control, labelling
densities were very low and similar values were obtained for pyrenoid,
stroma and the cell'’s cvtoplasm In addition, the specificity of anti-
Rubisco LS used 1n this study to commercially prepared samples of
Rubisco holoenzyme has been previously reported (Mangeney and Gibbs

198/)

4.0. Discussion

In higher plants, an increase 1n light fluence rate 1s usually
characterized by an increase 1n Rubisco activation state (1.e., the
proportion of the enzyme 1n the active form) and is paralleled by a
coordinate increase 1n photosynthetic rate (Perchorowicz et al 1981;
Salvucct et al 1986, Salvucci and Anderson 1987). The relationship
between 1n vivo Rubisco activation state and light fluence rate has not
been determined tor green algae; however, the enzyme seems to be
modulated by light i1n a manner similar to that observed for higher
plants (Tavlor et al 1986) In our present investigation, cells of
Chlorella pvrenordosa were cultured under various light fluence rates,
including both light-limiting and light-saturating conditions for
photosvnthesis One might speculate that if Rubisco 1s catalytically
functional onlv in the stroma and not in the pyrenoid, transfer of cells

to a higher photon flux densitv would result 1n an increase in the
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activation state of the enzvme alreadv located in the stroma In
addition, a substantial and maintained increase 1n light fluence rare
would likelvy necessitate a net efflux of pvrenoid stored Rubisco to the
struma followed bv 1ncreased rates of svnthesis ot Rubisco subunits
However, a net redistribution of pvrenoid Rubisco to the chloroplast
stroma was not observed following increases 1n photosvnthetic photon
flux density In fact, stromal levels of Rubisco were not signmificantly
above background at any light fluence rate tested. Instead, Rubisco was
highlv concentrated in the pvrenoid at each light level The observed
pattern of enzvme distribution suggests that Rubisce localized 1n the
pyrenoid 1s capable of catalvtic activity

The possibility that Rubisco 1s present in the stroma at moderdte
concentrations and we have failed to detect 1t by the rmmunolabelling
method emploved 1s unlikelv Other studies from this laboratory using
similar fixation, embedding and i1mmunolabelling protocols have
successfully demonstrated the presence of Rubisco i1n the chloroplast
stroma of the non-pvrenoid-containing alga Ochromonas danica (Lacoste-
Royal and Gibbs 1985; see also Appendix 1) and 1in both the stroma and
pyrenoid of the plastids of log phase cells of Chlamvdomonas reinhardtii
(Lacoste-Royal and Gibbs 1987) The absence of a significant level of
labelling of the stroma of Chlorella chloroplasts by anti1-LS and anti-SS§
indicates that the concentration of RubisCO there 1s low and that most
of the plastid’s Rubisco 1s localized in the pyrenoid

The results of this study make 1t difficult to dismiss algal
pyrenoids simply as storage bodies  Why Rubisco 1s segregated within

the cl'loroplast is not clear. Such an arrangement would necessitate
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routing of substrate RuBP from the stroma into the pyrenoid while
product 3-phosphoglycerate would subsequently require direction back
1nto the stroma For these events to occur, 1t 1s possible that
localization of Rubisco in the pyrenoid rather than in the stroma might
confer some advantage One hypothesis 1s that the algal pyrenoid
provides a microenvironment for Rubisco where the efficiency with which
the carboxylation reaction may proceed 1s enhanced. That this 1s
attained through a carbonic anhydrase regulated concentration of CO, at
the pyrenoid 1s one possibility. It is well known that 1in many specles
of algae, cells grown 1in air levels of CO, have high levels of carbonic
anhydrase whereas 1n cells grown in high C0,, the synthesis of this
enzyme 1s repressed (Aizawa and Miyachi 1986) It was recently shown by
1mmunoelectron microscopy that an i1sozyme of carbonic anhydrase is
localized throughout the chloroplast stroma in the red alga Porphyridium
cruentum (Yagawa et al 1987). However, 1t was not clear from their
micrographs whether the small amount of label present over the pyrenoid
was specific Carbonic anhydrase activity i1s located intracellularly in
Chlorella pvrenoidosa (Aizawa and Miyachi 1986). Its specific
intracellular location, however, 1s not known. It is anticipated that
having a portion of carbonic anhydrase activity located in the pyrenoid

would ensure a supply of CO, to Rubisco.
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Notes Added

Two reports published subsequent to this manuscript support our
findings. Employing the protein A-gold method, Osafune et al (1990¢)
showed Rubisco to be predominantly pyrenoid-localized in non-dividing
cells of Euglena gracilis. Furthermore, upon measuring rates of
photosvnthetic CO,-fixation for cells grown under light of high
intensitv, they report that Rubisco 1s fullyv activated Moreover, they
confirmed that pvyrenoids were present i1n the cells used for then:
measurements.

More recently, Cunningham et al. (1991) determined the subcellular
distribution of Rubisco in cells of the red alga Porphvridium cruentum
grown at photosynthetically limiting (6 »mol-m” s7') and saturating (280
pmol -m™?.s™) light fluence rates Their results provided no evidence
for a redistribution of Rubisco betwe:n pyrenoid and stroma when cells
were grown under saturating light. Rerardless of growth 1rradiance,

Rubisco remained predominantly pvrenoid localized
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CHAPTER II1I

Rubisco activase is present in the pyrenoid

of green algae
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Summary

Rubisco activase catalvzes the activation and maintains the activated
state of the photosynthetic enzyme ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco, EC 4 1 1.39). We emploved antisera
prepared against the Rubisco holoenzyme purified from tobacco and
Rubisco activase isolated from spinach to determine the localization of
these proteins in leaves of C;-type higher plants and green algae In
leaves of Vicia raba, both Rubisco activase and Rubisco are distributed
throughout the chloroplast stroma. In contrast, Rubisco activase and
Rubisco are predominantly localized to the pyrenoid in the green alpae
Chlamydomonas reinhardii11 and Coleochaete scutata. The co-
immunolocalization of Rubisco activase and Rubisco to the pyrenoid 1in
these two green algal species indicates that pyrenoid-localized Rubisco
is catalytically competent. We conclude that the pyrenoid functions as
a unique metabolic compartment of the chloroplast in which the reactions

of the photosynthetic carbon reduction pathway are 1initiated
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1.0. introduction

Kibulose 1,5-bisphosphate carboxvlase/oxygenase (Rubisco. EC 4.1.1 39)
catalyzes the carboxyvlation of ribulose 1,5-bisphosphate (RuBP) in the
in1ti1al reaction of the photosynthetic carbon reduction pathwav. In
higher plants, i1mmunocytochemical investigations have shown that Rubisco
1s localized in the chloroplast stroma (e g Vaughn 1987a; Rother et al.
1988) The chloroplasts of a number of algal and hornwort species,
however, are characterized by the presence of protelnaceous inclusion-
bodi1es known as pyrenoids Moreover, 1mmunocvtochemical analvses have
shown that 1n pyrenoid-containing algae and hornworts, Rubisco 1is
predominantly localized in this region (Table 1) Many of these
reports, however, indicate that a poertion of the Rubisco in pvrenoid-
contalning organisms 1s also locared in the stroma In non-pvrenoid-
containing algae and hornworts, Rubisco is distributed throughout the
chloroplast stroma (Lacoste-Roval and Gibbs 1985, Elman et al 1989,
Vaughn et al 1990) Because Rublisco 1s commonly regarded as being a
stromal enzyme., the observation that Rubisco mav be partitioned between
the pyrenoid and stroma has led to speculation that the pyrenoid may be
a storage reglon containing i1nactive Rubisco  Moreover, due to the
imability of Rubisco antiserum to differentiate between‘actlve and
mactive forms of the enzyme. we have been unable to assess the activity
state of pvrenoid-localized Rubisco.

Recently, a soluble chloroplast protein, Rubisco activase, has been

implicated as being responsible for catalyzing the activation and
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Table 1. Immunocytochemical investigations of Rubisco localization in
pyrenoid-containing species

Class Species Technique? Reference
Rhodophyceae Porphyridium cruentum G NcKay and Gibbs 11990;1991b b
G Hustardy et al. (1990) \
G Cunningham et al. (1991 ©)
Cryptophyceae Hemiselmis brunnescens G KcKay et al. (1491b )
Chroomonas sp. G KcKay and Gibbs (199%&)
G HcKay et al. (1991b ™)
Bacillariophyceae  Phaeodactylum tricornutum G NcKay and Gibbs (1991a)
Dinophyceae Symbiodinium kawaqutii G Blank and Trench (1988)
Euglenophyceae Euglena gracilis F Kiss et al. (198b)
G Osatune et al. (1989;1940)
Chlorophyceae Bryopsis maxima Ef Kajikawa et al. (1988)
Chlamydomonas reinhardtii F Vladimirova et al. (1982)
G Lacoste-Royal and Gibbs
(1985, 1987)
C this report
G KcKay and Gibbs (1991b 0,
Chlorella pyrenoidosa G NcKay and Gibbs (1989)
Chlorella vulgaris G Wisius and Ruppel 11987,
Coleochaete scutata G this report
Dunaliella salina F Yladimirova et al. (1982)
Anthocerotae various species G Vaughn et al. (1990)

4 E, immunoenzymatic; F, immunofluorescence; G, immunogold

b

references added after manuscript had gone to press
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maintaining the activated state of Rubisco (Salvucci et al. 1985). The
mechani sm by which activase catalvzes activation of Rubisco 1s not well
understood, however, 1t likely involves ATP hydrolvysis (Streusand and
Porti1s 1987) and protein-profrein interactions 1n order to promote enzvme
carbamylation (Werneke et al 1988a) In the present 1nvestigation, we
have emploved antiserum prepared against a mixture of the 41 and 45 kDa
polypeptides ot spinach Rubisco activase in order to determine the
localization of activase in leaves of C,-type higher plants and green
algae Since Rubisco activase catalvzes the activation of Rubisco 1in
vivo, 1ts i1mmunolocalization should indicate the location of functional

Rubisco 1n the chloroplast

2.0. Materials and Methods

2.1 Plant Mater:ial

Seeds of Vicia faba L. (cv. Longpod) were sown in potting mix (3:1-1,
peat'perlite:vermiculite) and watered daily Plants were maintained in
a controlled enviromment chamber (continuous Jight, 250 umol photons:
m’s™, 20°C) Chlamydomonas reinhardrci1 Dangeard was obtained from the
Culture Collection of Algae at the University of Texas at Austin (UTEX
Y0) and grown in batch culture i1n a modified Bold's minimal medium.

Cul tures were malntained at 25°C and were continuously agitated by use
of a rotary shaker Light was provided by cool-white ! ‘orescent lamps

at a photon fluence rate of 40 pmol-m™? s 1n 12 h light - 12 h dark

cyeles Coleochaete scutata de Brebisson was obtained from Carolina
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Biological Supplv Co (Burlington, N ¢ , USA) and was used for

experimental work 1mmediatelv upon receipt

2.2 Immunoelectron Microscopy

Plants of Vicia faba were harvested 2 months atter planting and small
pieces (L mm’) of fully expanded terminal leatlets were cut 1nto 1ce-
cold fixative (3% glutaraldehvde 1n U 0> M 1.4-
piperazinediethanesulfonic acid (Pipes), pH 7 4) The leaf preces were
fixed for 2 hours, following which thev‘were washed with buf fer and
dehydrated through a graded ethanol series to lOUX ethanol Leat tigsue
was embedded in Lowicryl K4M resin (Polysclrences, Warrington, PA, USA)
and tissue blocks were polvmerized under ultraviolet light at 4°C for 24
h in a commerciallv obtained light box (Ladd Industites Inc

Burlingron, VT, USA)

Logarithmic phase cells of Chlamvdomonas reinhardi 11 were harvested
at h 4 of the light period All pellets were fixed at 4°C for 90 min In
a solution containing 1% glutaraldehvde 1n 0 05 M Pipes, pH 7 4 The
pellets were washed with cold buffer and the cells dehydrated through a
graded ethanol series and embedded 1n Lowicryl K4M (J B. EM Services) as
described 1n Lacoste-Roval and Gibbs (1985).

Small pieces (1 mm’) of Coleochaete scutata thallus were cut
directly into cold 3% glutaraldehyde in 0 05 M Pipes buftfer, pH / 4, and
fixed in the same solution at 4°C for 2 hours. The specimens were
washed in cold 0.1 M sodium cacodylate buffer, pH / 2, and then post-
fixed in 2% 0s0, 1n 0.1 M cacodylate, pH 7.2, for 2 hours at 4°C The

specimens were washed in de-ionized water and then dehydrated through a
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graded ethanol series to 100% ethanol, following which, thev were
embedded 1n L R white soft grade resin (Fullam Inc , Latham, NY, USA)
Pale gold-coloured sections of the tissue were cut with a diamond
knife and collected on formvar-coated nickel grids. For
xmmunolabelﬁlng. grids were placed section-side down on drops of the
tollowing solutions: 1% bovine serum albumin (BSA) in phosphate-
butfered saline (PBS), 30 min, antiserum. ! h, 17 BSA 1n PBS, 4 drops
durtng 10 min: colloidal gold reagent diluted 1 25, 20 min; PBS. 4 drops
during 10 mn, de-1onized water rinse In addition. i1mmunolabelling of
sections of Chlamvdomonas and Coleochaete was preceded by incubation on
4 drop of 12% sodium m-periodate for 10 or 30 min followed bv a de-
ionized water rinse 1n order to restore antigenicity Mouse antiserum
agalnst a preparation containing both the 41 and 45 kDa polypeptides of
spinach Rubisco activase was kindly provided by J M Werneke and W.L.
Ogren (United States Department of Agriculture, Agricultural Research
Service, Urbana, IL. USA) and was used at dilutions of 1:80 to 1:160
The preparation of this antiserum has been described previously
(Salvuccr et al 1987). Rabbit antiserum against tobacco Rubisco was
obtatned commercially (Cappel Laboratories, Cochranville, PA, USA) and
was emploved at a dilution of 1-400. Goat anti-mouse-gold (15 nm
particles, EY Laboratories, San Mateo, CA, USA) was used to detect anti-
activase whereas protein A-gold (15 nm particles; EY Laboratories) was
emploved to detect anti-Rubisco on tissue sections. Antisera and
colloidal gold reagents were diluted in 1% BSA in PBS. Immunolabelled
sections were post-stained for 4 min with 2% aqueous uranyl acetate and

for 1 min with lead citrate (Reynolds 1963) prior to observing in either
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a Philips EM 410 or Zeiss EM INCR electron microscope dat d4n operating
voltage of 60 kv

In control experiments, the antiserum was replaced bv PBS or by
non-immune serum prio:r to colloidal gold reagent incubation in
addition, one other Rubisco activase antiserum (prepared against spinach
activase and kindly provided by M.F  Salvuccr, USDA-ARS, [ KY,
USA) was emploved and results obtained using, this antibody were similan
to those provided bv the initial anti-spindach Rubisco activase (data not

shown)

2.3. Quantitative Evaluation

The density of labelling over various cell compartments was obtained by
determining the number of gold particles per squarc micrometie of
compartment sectloned Area’ determinations were made using a Zel1ss (New

York, NY, USA) MOP-3 digiral analvzer

2.4, Antiserum Specificity

A Chlamydomonas crude protein extract was obtained by sonicating
(Sonifier Cell Disruptor, Model W140D, Heat Systems Ultrasonics Inc
Plainview, NY, USA) freshly harvested cells resuspended in ice-cold
exXtraction buffer (100 mM Tr.s-HC1l, pH 7.8, 10 mM MgCl,, 10 mM
dithiothreitol, 1 mM phenylmethysulfonyl fluoride). The protein extract
was clarified by centrifugation, tollowing which, proteins from the
soluble fraction were separated essentially as described by Laemml1
(1970) on 12.5% sodium dodecyl sulfate-containing polyacrylamide gels

Separated polypeptides were transferred electrophoretically to

53



nitroceflulose filters (U 45 pM  Biro-Rad Laboratories Ltd . Mississauga,
Ont , tanada) at room temperature for 2 h at 60 V in 25> mM Tris, 192 mM
glycine and 207 methanol Filters containing transferred polvpeptides
were blocked with 24 BSA in tris-buffered saline (TBS; 50 mM Tris-HC1,
pH /7 4, 150 mM NaCl) at 4°C overnight and were then 1incubated at room
temperature 1n the following solutions anti-Rubisco activase diluted
I 500, 30 min, PBS containing ¢ 05% Tween 20 (PBST). 3 x 10 min, goat
ant1-mouse IgL-horseradish peroxidase (heavv and light chains, BIO/CAN
Screntific Inc , Toronto, Ont , Canada) diluted 1 1000, 30 min; PBST, 3
x 10 min, TBS, 10 min Immunoreactive bands were visualized by
incubating blots 1n a solution containing the chromogen 4-chloro-1
naphthol (Sigma Chemical Co , St Louis, MO, USA) Primary and
secondary antisera were diluted 1n PBST containing 1% BSA

Protein concentration was determined with the Bio-Rad protein assay

kit using BSA as a standard and following the manufacturer’s

instructions.

3.0. Results

3.1. Western Immunoblotting

Antiserum prepared against a mixture of spinach Rubisco activase 41 and
45 kDa polypeptides was used to probe a Western blot of a soluble
procein extract from Chlamydomonas reinhardtii (Fig 1). The antibody
miXxture cross-reacts with only a single polypeptide of about 42 to 43

kDa: an observation in accord with recent findings by Roesler and Ogren
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Fig. 1. Immunoblot of Chlamvdomonas reinhardtiir soluble protein extract
(5 pg total protein) Transterred polypeptides were probed with anti-
Rubisco activase as described 1n the Materials and Methods Positions
of molecular mass standards (i1n kba) are shown The antiscrum cross-

reacted with onlv a single polypeptide band of ~42-43 kDa
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(1990a) In addition, Salvucci et al (1Y98/) have demonstrated that the
antiserum recognizes two polvpeptides 1n the range ot al to 4/ kba trom
pea leaves Specificity of the anti-Rubtsco used 1n this studv has also
been demonstrated previously (Vaughn 198/, Vaughn et al 1990) These
studies have shown that this antibodv preparation ¢.ecitically

‘

recognizes the large subunit of Rubisco

3 2 Immunoelectron Microscopy

The intracellular localizatrion nf Rubisco activase differs between (.,
type higher plants and green algae We have emploved antibodics to
spinach Rubisco activase to probe tissue sections of leaves ot two
higher plants (Vicia raba and pea) and two green algal species
(Chlamvdomonas reinhardtii1 and Coleochaete scutata) In all cases, the
enzvme 1s restricted to the chloroplast In Vicra (Fig. 2) and pea
(data not shown), Rubisco activase 1s largelv restricted to the
chloroplast stroma  Immunogold label over thvlakoid grana stacks and
cellular organelles 1s present at only low levels (Fig. 2) This
pattern of immunolabelling bv activase antiserum 1s 1dentical to the
observed 1ntracellular localization of Rubisco in C, plants (e g Vaughn
1987a; Rother et al. 1988)

Figures 3 and 4 show the immunolocalization of Rublisco dctivase and
Rubisco 1n both Chlamvdomonas and Coleochaete. In both algae,
immunolabelling by Rubisco activase antiserum 1s confined mainly to the
pyrenoid (Fig. 3a, 4a) For Chlamydomonas, a cross-section through an
entire cell is provided from which 1t is evident that label over the

chloroplast stroma and o “er cellular compartments 1s present only at
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Fig. 2. Section through mesophyll cell of leaf of Vicia faba labelled
by ant1-Rubisco activase. Gold particles are distributed throughout the
stromal region of a chloroplast (¢). The cytoplasm and a peroxisome

(pe) are malnlv unlabelled Bar = 0.5 um.
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Figs. 3a,b. Immunolocalization of Rubisco activase and Rubisco in
logarithmic phase cells o” Chlamvdomonas reinhardti1 Bars = 0.5 uym a.
Anti-Rubisco activase is concentrated over the pyrenoid (py) whereas the
remainder of the chloroplast 1s only lightly labelled Few gold
particles are evident over other cell compartments. nucleus (n). b.
Similarly, anti-Rubisco 1s localized to the pyrenoid. Again, the

remainder of the cell 1s relatively unlabelled.

Figs. 4a,b. Immunolocalization of Rubisco activasc and Rubisco in
toleochaete scutata. Bars = 0.5 uym. a. Anti-Rubisco activase is
localized to the pyrenoid (py). The remainder of the chloroplast (c)
contains only a few scattered gold particles. b. The pyrenoid is
heavily labelled by anti-Rubisco whereas the remainder of the

chloroplast 1s unlabelled.
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low levels (Fig. 3a). This observation is supported by results of a
quantitative analysis of the density of labelling bv anti-Rubisco
activase over different cell and plastid compartments in Chlamvdomonas.
Labelling density over the pyrenoid matrix (47.1 + 2.7 particles um™)
is much higher than that over the chloroplast stroma (1.8 + 0.2
particles-um™®) Stromal labelling. however, is significantly higher
than both cytoplasmic labelling (1.0 + 0.2 particles-um™; one-tailed ¢-
test, P < 0.01, n=23) and nuclear labelling (0.7 + 0 2 particles-um”
one-tailed t-test, P < 0 005).

Rubisco also appears to be confined to the pyrenoid i1n both
Chlamydomonas and Coleochaete (Fig. 3b, 4b). 1In both green algae, the
pvrenoid 1s heavily labelled by antiserum to the Rubisco holoenzyme
whereas other cellular compartments remain largely unlabelled A
pyrenoid localization of Rubisco 1n green algae has been reported
previously (e.g. Lacoste-Royal and Gibbs 1987; McKay and Gibbs 1989)
Thus, as occurs with the two higher plant species surveyed, Rublsco
activase co-localizes with Rubisco 1n green algae also.

Control experiments were performed by replacing the antiserum with
PBS or with non-immune serum, followed by either geat anti-mouse-gold
(control for anti-activase) or protein A-gold (control for anti-
rubisco). For each control, labelling densities were low (< 1 gold

particle-um ') over each cellular compartment analyzed (see Appendix ?).
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4.0. Discussion

Rubisco activase has been detected in all higher plant species thus far
surveyed (Salvucci et al. 1987). In addition, immunoblots have
demonstrated its presence in the green alga Chlamydomonas reinhardtlii
(Salvucci et al. 1987; Roesler and Ogren 1590a) In most higher plants,
activase 1s comprised of two immunologically related polypeptides 1in the
range of 40-47 kDa which appear to be derived from the same single-copy,
nuclear-encoded gene (Werneke et al. 1988b) Initial studies indicated
that activase was synthesized in the cytoplasm as a single precursor
polypeptide which was subsequently processed into mature activase
polypeptides following transport into the chloroplast (Werneke et al.
1988b) Recent findings, however, indicate that at least in spinach and
Arabidopsis, Rubisco activase polypeptides are generated by way of a
conserved, alternative mRNA splicing mechanism (Werneke et al. 1989)
which does not appear to exhibit developmental (Zielinsk:i et al. 1989)
or tissue-specific regulation (Werneke et al. 1989).

The exact nature of native Rubisco activase remains unclear. The
two higher plant activase polypeptides can be partially resolved under
native conditions using ion-exchange chromatography (Werneke et al.
1988a). This suggests that the functional holoenzyme is nov necessarily
heterogenous in composition. mnoreover, analyses of individual activase
polypeptides cloned and expressed in Escherichia coli indicate that the
presence of both polypeptides is not requisite for Rubisco activase
activity (Werneke et al 1988a: also as reported in Portis 1990). This

observation is further supported by the fact that Chlamydomonas contains
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only one activase polypeptide species (Roesler and Ogren 1990a). The
41 kDa Chlamvdomonas Rubisco activase polypeptide 1s immunologically
related to the spinach Rubisco activase polypeptides and exhibits
between 60-65% identity at the amino acid level with activase from both
spinach and Arabidopsis (Roesler and Ogren 1990a) “urthermore, in
contrast to the higher plant gene, Chlamvdomonas Rubisco activase ¢DNA
sequence analysis does not provide evidence for an alternative mRNA
splicing mechanism (Roesler and Ogren 1990a), thus supvorting the
observation of a single activase polypeptide species 1n this alga.

In the present investigation, we observed a co-localization of
Rubisco and Rubisco activase 1in green algae and 1n leaves of C,-type
higher plants. In both Vicia (Fig. 2) and pea, activase is confined to
the chloroplast stroma; an observation coinciding with a stromal
location of Rubisco, as has been reported previously (e g Vaughn 198/a;
Rother et al. 1988). 1In green algae, Rubisco is predominantly localized
to the pyrenoid (e.g. Lacoste-Royal and Gibbs 198/, McKay and Gibbs
1989). We confirm this observation with both Chlamvdomonas (Fig 3) and
Coleochaete (Fig. 3) and, 1n addition, we report the pyrenoid
localization of Rubisco activase in these two species. Moreover, Vaughn
et al. (1990) have recently shown a pvrenoid localization of Rubisco
among several pyrenoid-containing hornworts and further studies from his
lab indicate that activase is also predominantly localized to the
pyrenoids of these hornwort species (K Vaughn, unpublished data) The
observed co-localization of Rubisco and Rubisco activase 1n the present
study was not unexpected. Interactions between the two proteins have

been proposed in order to reconcile inconsistencies with previous 1ideas
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on Rubisco activation. Foremost among these is the observation that
spontaneous 1n vitro Rubiscc activation can be accomplished only in the
presence of supraphysiological concentrations of CO, (Kaceivation = 25-30
uM) and Mg'' (Miziorko and Lorimer 1983) The physiological
concent.ration of CO, in the C, plant chloroplast. however, approaches
only 10-12 uM, yet, Rubisco extracted from leaves exposed to
photosynthetic saturating light intensities is reported to be highly
activated (Perchorowicz et al. 1Y981). Portis et al (1986), however,
reported that the addition of partially purified spinach Rubisco
activase to a reconstituted 1lluminated chloroplast system led to
activatron of Rubisco with a Kacrivarion ©f about 4 uM C0,, Thus it seems
that activase enables Rubisco to achieve a high degree of enzyme
activation 1n C; plants 1n vivo Why, however, would activase be
required for 1in vivo Rubisco activation in green algae? It appears that
its existence there might be superfluous in view of evidence that
Chlamydomonas (Badger et al. 1978) and other chlorophytes (Aizawa and
Miyachi 1986) possess an effective 1inorganic carbon (C;) concentrating
mechanism where C; species are concentrated intracellularly to levels
higher than in the surrounding medium. The high concentration of
intrachl oroplastic CO, which would result from the operation of this
mechanism should be sufficient to ensure the spontaneous activation of
Rubisco. The presence of Rubisco activase, however, might be
anticipated 1f a major function of the enzyme was to catalyze the
activation of Rubisco when it 1s complexed to inhibitors. RuBP, in
addition to acting as a substrate for activated Rubisco, is a potent

inhibitor of the higher plant 1nactive enzyme form, preventing addition
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of the activator €0, and Mg' (Jordan and Chollet 1983) The
effectiveness with which RuBP inhibits Rubisco activation among algde
and photosynthetic prokarvotes, however, varies. Among the alpae,
Rubisco isolated from both the red alga Griftichsia pacitica and the
chromophyte Olisthodiscus luteus is rather insensitive to inhibitton by
RuBP (Newman et al. 1989) Conversely, Jordan and Ogren (1983) report
that RuBP strongly 1inhibits Rubisco activation i1n Fuglena gracilis and
Chlanydomonas reinhardtii It 1s not known whether RuBP 1s an inhibitor
of Rubisco in Coleochaete, however, given its position on the
"brypophytan" line of evolution towards higher plants (Graham 1985), 11t
is reasonable to assume that 1t does. RuBP 15 present in millimolar
concentrations in the chlorophyte Chlorella pyrenoirdosa (Yokota and
Canvin 1986). Thus, it appears that in green algae. Rubisco activase
might prevent Rubisco deactivation by catalyzing the activation of e
tight binding Rublsco-RuBP complex or other potential Rubisco-sugar
phosphate complexes. In support of this, Roesler and Ogren (1990a) have
recently reported that purified spinach activase can promote the
activation of Chlamvdomonas Rubisco 1n the presence of physiological
concentrations of RuBP.

The observed pyrencid localization of Rubisco activase 1n green
algae in the present 1investigation lends further support to the 1dea
that the pyrenoid is an important metabolic compartment of the cell and
not simply a protein storage region Previous immunolabelling results
from this lab (McKay and Gibbs 198%) strongly indicated that pyrenoid
Ru.isco was functional in vivo However, due to limitations of the

technique of immunccytochemistry, the study was not able to provide a
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direct assessment of Rublsco activation state As a result, we were
unable to ascertain directly whether or not the pvrenoid represented the
site of 1nitial CO, fixation The i1mmunolocalization of Rubisco
activasc now provides a more direct method to elucidate the function of
pyrenoid-localized Rubisco. Since Rubisco activation is catalyzed and
regulated by activase in vivo (Salvucci 1989; Portis 1990) the presence
of activase 1n the pyrenoid indicates tha: pyrenoid Rubisco is

functionally active,.
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CHAPTER 1V

Immunocytochemical localization of phosphoribulokinase

1n microalgae
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Summary

kmploying 1mmunogold electron microscopy, the subcellular location of
the Calvin cycle enzvme phosphoribulokinase (PRK) was determined for two
diverse specles of microalgae In both the red alga Porphyridium
cruentum and the green alga Chlamvdomonas reinhardtii, PRK was
distributed throughout the thylakoid-containing chloroplast stroma. In
contrast, the next enzvme 1n the pathway, ribulose 1,5-bisphosphate
carboxylase/oxygenase, was predominantly pyrenoid-localized in both
species. [n Porphyridium, the chloroplast stroma abuts the pyrenoid but
in Chlamydomonas and other green algae, the pyrenoid appears encased in
a starch sheath Unique 1nclusions found in the pvrenoid of
Chlamvdomonas were 1mmunolabelled by ant1-PRK and thus identified as
regions of chloroplast stroma It is postulated that such PRK-
contalning stromal 1inclusions 1n the pyrenoids of Chlamydomonas and
perhaps other green algae provide a means for exchange of Calvin cycle

metabolites between pyrenoid and stroma.
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1.0. Introduction
The enzyme phosphoribulokinase (PRK: E C 2 / 1 19) 15 recogniced as an
important regulatory protein in the process of carbon tixation Inique

to the Calvin cvycle, PRK catalyzes the ATP-dependent phosphorviation of

ribulose 5-phosphate, thereby regenerating ribulose 1.5%-bitsphosphate
(RuBP), the CO, acceptor molecule and substrate for ribulose 1,5
bisphosphate carboxylase/oxygenase (Rubisco; E ¢ 4 1 1 39) The enzyme

has been 1solated from a variety of sources including oxygen-evolving
photosynthetic organisms and numerous anaerobic photosynthetic and
chemolithoautotrophic bacteria (Tabita 1988)

In some prokaryotes, there exists a subcellular partitioning of
Calvin cycle enzymes In these organisms, Rubisco is predominantly
localized in discrete inclusion bodies called carboxvsomes, whercas PRK
and other enzvymes of the pathway are located elsewhere 1n the cell (Codd
1988; Shively et al. 1988; Tabita 1988). What, 1f any benefit results
from such an arrangement is, at present, not known

A similar partitioning of Calvin cycle enzymes may exist tn some
eukaryotic organisms In pyrenoid-containing algae and hornworts, 1t 1is
well documented that Rubisco is predominantly localized to the pyrenoid
region of the chloroplast (McKay and Cibbs 199la; see also Chapter 1)
The subcellular distribution of other Calvin cycle enzymes in these
organtsms, however, has not been investigated. In this report, we have
used the technique of immunoelectron microscopy to investigate the

intracellular localization of PRK in a red and a green alga.
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72.0. Materials and Methods

J 1 Cell Culrure

Porphvridium cruentum (Agardh) Nageli (UTEX 161) was grown 1n an
artificial seawater medium as described in McKay and Gibbs (1990, see
also Chapter VII). Chlamvdomonas reinhardti1 Dangeard (UTEX 90) was
grown 1n a modified Bold’'s minimal medium Its culture conditions are

described 1n McKay et al (199la; see also Chapter III).

2 2?2 ¢Characterization ot Antlisera

The antisera employed i1in this study are described in Table 1. They were
characterized by rmmunoblotting. Briefly, freshly harvested cells of P
cruentum and C reinhardti1 were resuspended in cold extraction buffer
(100 mM Tris-HCL, pH 7 8, 10 mM MgCl,, 5 mM dithiothreitol) containing
phenylmethvl sulfonyl fluoride and sonicated (Sonifier Cell Disruptor,
Model W140D, Heat Systems Ultrasonics Inc , Plainview, NY, USA) to
provide crude protein extracts. The extracts were clarified by
centritugation at 14,000 X g for 15 min, following which, proteins from
the soluble fraction were separated essentially as described by Laemmii
(1970) on 12 5% sodium dodecyl sulfate (SDS)-containing polyacrylamide
gels. Separated polypeptides were electroblotted to nitrocellulose at
60 V for 4 h in cold transfer buffer (25 mM Tris, 192 mM glycine, 20%
(v/v) methanol) and then blocked with 1% (w/v) bovine serum albumin
(BSA) in tris-buffered saline (TBS) overnight at 4°C. Immunoreactive
polypeptides were detected by incubating the blots in primary antiserum

followed bv 1ncubation in either goat anti-mouse IgG-horseradish
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Table 1. Antisera employed in the present 1nvestigation.

Dilution
Antibody Host Source of Antigen Immunoblots _Immunocytochemistry Reference
ant1-PRK rabbit  Chlorogloeops:s fritschii 1-1000 1.500 Marsden et al. 1984
ant1-PRK mouse  Chlamydomonas reinhardtii 1:750 1:100 Roesler and Ogren 1991b
anti-Rubisco LS  rabbit  Nicotiana sylvestris 1.1000 1.1000 Lett ot al 1940
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peroxidase (BIO/LAN Screntitic Inc.. Toronto, Ont , Canada) or goat
autl-rabbir lgt -horseradish peroxidase (Bio-Rad Laboratories Ltd.,
Mississanga, Ont , Canada) Visualization of immunoreactive
polypentides was performed by incubating blots 1in a solution containing
the chromogen 4-chloro-1-naphthol (Sigma Chemical Co., St Louis. MO,
USA)

Protein concentration was determined using the Bio-Rad protein
dassay ki1t with BSA as a standard and following the manufacturer’s

instructrions

23 Immunoelectron Microscopv

Logarithmic-phase cells of P. cruentum and ¢ reinhardtiir were harvested
at hours 3 and 4 of their respective light periods. Cells of P

cruentum were fixed at 4°C for 1 h in a solution containing 4% (v/v)
paraformaldehvde and 0 8% (v/v) glutaraldehvde in phosphate-buffered
saline (PBS), pH 7 1 Cells of C reinhardci1 were fixed at 4°C for 90
min 1n a solution containing 1% (v/v) glutaraldehyde in 50 mM 1.4-
piperazinediethanesulfonic acid (Pipes), pH 7.4. Following fixation,
cell pellets were washed i1n cold buffer and the cells dehydrated through
a4 praded ethanol series and embedded in Lowicrvl K4M (J.B EM Services,
Montreal, P.Q.. Canada) as described in Lacoste-Royal and Gibbs (1985)
Pale gold-coloured sections were cut with a diamond knife and mounted on
formvar-coated nickel grids For immunolabelling, grids were placed
section-side down on drops of the following solutions: PBS, 10 min; 1%
BSA 1n PBS, 30 min: antiserum, 30 min or 2 h; 1% BSA in PBS, 4 X 3 min;:

colloidal gold reagent diluted 1:25, 25 min; PBS, 4 X 3 min; de-ionized
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water rinse. In addition, rmmunnlabelling of Chlamvdomonas bv anti-PRK
was preceded by incubation of the section on a drop of 12% (w/v) sodium
m-periodate for 7 min followed bv rinsing with de-i1onized wdarer. This
was performed in order to eliminate non-specific binding of the antibodv
to starch grains. Goat anti-mouse-gold (15 nm; nterMedico, Markham,
Ont., Canada) and protein A-gold (15 nm: InterMedico) were the collordal
gold reagents used Antisera and gold reagents were dilured 1n 1% BSA
in PBS Sections were post-stained with 2% (w/v) aqueous uranvl acetate
and lead citrate (Reynolds, 1963) prior to observing in a Philips EM 410
at an operatiug voltage of 80 kV

In control experiments, the antiserum was replaced by PBS prior to
incubation in the colloidal gold reagent Cell sections incubated 1n
this manner were largely free of gold label (data not shown)

The density of gold labelling over pvrenoid, stromal (including
stromal starch, but not pyrenoid starch), nuclear, and cytoplasmc
(including mitochondria and vacuoles) compartments of C. reinhardiir was

determined essentially as described by Vaughn (198/a)

3.0. Results

3.1. Immunoblott .ng

Immunoblottins, results indicate that the antisera used in the present
study are immunologically related to specific polypeptides 1n crude
protein extracts of both P. cruentum and €. reinhardtii. Antiserum

raised against PRK 1solated from the cyanobacterium Chlorogloeopsis
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tritschi1 reacted with a low mass polypeptide of ~16 kDa from the P.
cruentum extract (Fig 1la, Lane }). The immunoreactive polypeptide
migrated to a position immediatelv below that of the § subunit of
phvcoerythrin, which was evident as a pink-coloured band transferred
from the gel to nitrocellulose The identity of two minor staining
bands of high mass 1s unknown. It 1s possible they may represent high
mass aggregates of PRK subunits. The staining, however, is not likely
the result of non-specific binding by the secondary antibody; similar
bands were not observed when this same extract of Porphyridium was
incubated with anti-Rubisco LS followed by the identical secondary
antibody (Fig. lc, Lane 2). No immunoreactive polypeptides were
observed in the Chlamydomonas extract probed with anti-PRK from
Chlorogloeopsis (Fig. la, Lane 2).

Conversely, antiserum ralsed against Chlamydomonas reinhardtii PRK
recognized a specific polypeptide in the Chlamydomonas, but not in the
Porphyridium protein extract. The antiserum cross-reacted with a
polypeptide of ~40 kDa from C. reinhardcii (Fig. 1lb, Lane 1) whereas no
reaction was observed in the lane containing the P. cruentum extract
(Fig. 1b, Lane 2).

A specific polypeptide from each extract cross-reacted with
antiserum raised against the SDS-dissociated large subunit (LS) of
tobacco Rubisco (Fig. 1lc). The stained polypeptides co-migrated and
each possessed an apparent mass of ~52-53 kDa. This size is in the
range of that reported for algal Rubisco LS (Plumley et al. 1986; Newman

et al. 1989).
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Fig. 1. Immunoblot characterization of antisera. Pre-stained molecular
mass standards (in kDa) are shown 1n blot a, lane | About 5 ug total
protein was loaded into each sample well. a. TImmunoblot showing
reactivity of anti1-PRK from Chlorogloeopsis fritschi1 with soluble
protein extracts from Chlamvdomonas reinhardtii (Lane 2) and
Porphyridium cruentum (Lane 3). There was no reaction observed with the
Chlamydomonas extract whereas a major band of ~16 kDa was stained 1n the
extract from Porphyridium The immunoreactive polypeptide migrated to a
position slightly below that of the B subunit of phycoerythrin whose
pink-coloured chromophore was transferred from the gel to nitrocellulose
during Western blotting. b. A single band of ~40 kDa from the
Chlamydomonas extract (Lane 1) was stained by anti-PRK from ¢
reinhardrii. There were no i1mmunoreactive polypeptides evident in the
extract from Porphyridium (Lane 2). c¢. Single polypeptides from both
C. reinhardtii (Lane 1) and P. cruentum (Lane 2) extracts were stained
by anti-Rubisco LS. The immunoreactive polypeptides co-migrated on the

gel and each possessed an apparent mass of ~52-53 kDa.
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3.2. Immunoelectron Microscopyv
Immunogold labelling of P cruentum demonstrates that there exists a
different subcellular localization of the Calvin cvele enrvmes PRK and
Rubisco Figure 2 shows a cell which has been immunoclabelled by anti-
PRK. Gold particles, are abundant throughout the thvlakoid-containing
chloroplast stroma but are excluded from the pyrenoid In contrast, the
pyrenoid regions of P. cruentum are densely labelled bv anti-Rubisco LS
whereas the labelling over the remainder of the chloroplast is at
background level (Fig. 3). Similarly, PRK appears to be excluded from
the pyrenoid of the green alga C reinhavdtii (Fig 4&) Gold particles
are found throughout the chloroplast stroma whereas the pvrenoid is
mainly unlabelled. A morphometric analysis made of sections through 15
different cells of ¢ reinhardtii confirms our qualitative observations
of immunolabelling by anti-PRK. Gold label over the chloroplast stroma
(not including stromal inclusions of pyrenoids) was present at a density
of 17.4 + 1.0 particles-um™. In contrast, label density over the
pyrenoid was much lower (2.7 + 0.4 particles-pm™’) and similar to that
observed over background nuclear (2.7 + 0.6 particles pum”®) and
cytoplasmic (1.4 + 0 2 particles-um™) compartments When Chlamydomonas
is immunolabelled by anti-Rubisco LS, however, labelling appears to be
restricted to the pyrenoid, with only a few, scattered gold particles
evident over the remainder of the cell (Fig. 5)

We believe the pyrenoid to be functional in CO, fixation It then
becomes imperative that there exists a means by which metabolites can be
transferred between pyrenoid and stroma. In red algae, starch 1s stored

outside the chloroplast and a direct interface exists between
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Figs. 2-5. Immunolocaljzation of PRK and Rubisco in logarithmic phase
cells of P. cruentum and C. reinhardtii. Bars = 0.5 pm. Fig. 2. Cell
of P. cruentum immunolabelled by anti-PRK from Chlorogloeopsis
fritschii. Cold particles are evident throughout the chloroplast (c)
with the exception of the pyrenoid (py) regions. Fig. 3. Anti-Rubisco
IS is predominantly localized in the pyrenoid regions of P. cruentum.
Only a few, scattered gold particles are found elsewhere in the
chloroplast. Fig. 4. Anti1i-PRK from Chlamydomonas reinhardtii labels
the thylakoid-containing chloroplast stroma of this alga. The level of
labelling over the pyrenoid is low and is similar to that encountered
over background cytoplasmic (cy) and nuclear (n) compartments. Fig. 5.
The pyrenoid of €. reinhardtii is heavily labelled by anti-Rubisco LS.
The remainder of the chloroplast 1is largely devoid of gold particles.

nucleus (n).
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pyrenoild and stroma (Figs. 2,3) In contrast, green algae, like higher
plants, store starch within the chloroplast  Furthermore, a portion of
this starch 1s normally found associated with the pyrenoid, often
appcaring to surround the structure completely (Figs. 4-8). In
Chlamydomonas, tubule-like elements are often seen to be continuous
between the chloroplast stroma and the pyrenoid (Fig 6). These
structures, however, are not labelled by anti-PRK. Instead, novel
inclusion regions are observed in the pvrenoid of Chlamydomonas (Figs.
7.8). These regions are heavily labelled by anti-PRK (Fig. 7), but are

not labelled by anti-Rubisco LS (Fig. 8).

4.0. Discussion

4.1. Characterization of Antisera

Phosphoribul okinase isolated from different sources has been shown to
exhibit fundamental differences in structure as well as in catalytic and
regulatory properties. This is partially demonstrated in our attempts
to characterize immunologically the two antibodies used in the present
investigation. Our immunoblot results demonstrate that antiserum raised
against PRK 1solated from the cyanobacterium Chlorogloeopsis fritschili
recognizes a polypeptide from a crude protein extract of the red alga P.
cruentum but not from the chlorophyte Chlamydomonas reinhardtii, whereas
the reciprocal 1s true when extracts are probed with antiserum raised
against Chlamydomonas PRK (Fig.l). Although both cvanobacterial and

green algal phosphoribulokinases seem to be regulated in the same light-
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Figs. 6-8. Novel association of PRK with the pyrenoid of Chlamvdomonas
reinhardtiy, Bars = 0.5 pm. Fig. 6. The tubule-like structures of the
Chlamydomonas pyrenoid (py) were frequently observed to be continuous
between pyrenoid and chloroplast (c¢) stroma. These structures, however,
are not labelled by anti1-PRK (arrow) Fig. 7. Inclusions (arrowhead)
were sometimes observed 1in the pyrenoid of € rernhardrii Such
pyrenoid inclusions were always labelled by anti-PRK. Fig. 8. Pyrenoid
inclusions (arrowhead) are not labelled by anti-Rubisco LS. Instead,

Rubisco is restricted to the surrounding pyrenoid matrix
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dependent manner (Duggan and Anderson 19/5; Marsden and Codd 1984,
Lazaro et al 1986, Serra et al. 1989), enzvmes from the two sources arve
structurally distinct The active form of the enzvme 1solated from
Chlcrogloeops:s fritschii has been characterized as a hexamet consisating,
of identical 40 kDa subunits (Marsden and Codd 1984). In contrast, the
active enzyme form 1solated from green algal sources 1s reported ro be a
dimer, similar to that found in higher plants (e g Kagawa 1982), and
consisting of identical subunits ranging from 38 5 kDa 1n Chlamvdomonas
(Roesler and Ogren 1990b) to 41-42 kDa 1n Brvopsis maxima (Satoh et al
1985) and Scenedesmus obliquus (Lazaro et al 1986) In this context,
the specific reaction observed between anti-PRK and the 16 kba
polypeptide 1n the Porphvridium extract 1s puzzling It 15 possible
that our result mavy be due to partial proteolysis of a larger mass PRK
subunit normally present in this alga. Phosphoribulokinase, however,
has yet to be characterized from red algal sources It 1s perhaps
relevant that Serra et al (1989) report that PRK from the cyanophvte
Anabaena variabilis might consist of two nonidentical subunits having,
apparent molecular weights of 43 kDa and 26 kDa

Unfortunately, there is no sequence information available with
which to compare cyanobacterial PRK with that cbtained from eukaryotic
sources. To our knowledge, the only PRK sequence comparison made
between prokaryotic and eukaryetic sources indicates only 30%4 homology
between the amino-terminal amino acid sequences of spinach PRK and Form
1 PRK from the photosynthetic non-sulphur purple bacterium Rhodobacter
sphaerolides (Hallenbeck and Kaplan 1987) In contrast, amino acid

sequence comparisons made amongst the prokaryotic enzymes (Hallenbeck
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and Kaplan 1987) or amongst the eukaryotic enzymes (Roesler and Ogren

1990) demonstrate much higher levels of homology.

4.2 Subcellular Distribution of Phosphoribulokinase
Pyrenoids are conspicuous proteinaceous regions found 1in the
chloroplasts of numerous algal and hornwort species. Increasingly, in
recent vears, their potential role 1in the functioning of the pathway of
photosynthetic carbon reduction has been examined. Numerous
immunocytochemical investigations have convincingly shown the Calvin
cycle enzyme Rubisco to be predominantly pyrenoid-localized among
diverse species of algae and hornworts (McKay and Gibbs 199la; see also
Chapter 1) Moreover, the recent i1mmunclocalization of Rubisco activase
to the pyrenoids of the green algae Chlamvdomonas reinhardtii and
Coleochaete scutata (McKay et al. 199la; see also Chapter III) and its
presence also in the pvrenoids of various hornwort species (K. Vaughn,
pers. comm ) support a catalytic role for pyrenoid-localized Rubisco.
In contrast to Rubisco, there has been relatively little
information on the subcellular location of other Calvin cycle enzymes,

including PRK, 1n microalgae. Phosphoribulokinase and Rubisco, however,

occupy sequential positions in the Calvin cycle. Moreover, several
recent 1nvestigations have provided evidence for the existeOnce in
higher plants, of a multienzyme complex possessing FRK, Rubisco and

possibly other Calvin cvcle enzyme activities (Sainis and Harris 1986;

tontero et al 1988; Sainis et al. 1989). It is tempting, then, to
speculate on a possible co-localization of PRK and Rubisco. Holdsworth

(1971) provided some support for this hypothesis. His pyrenoid
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preparations from the green alga Eremosphaera viridis possessed not only
a high specific activitv for Rubisco, but also showed ribose %-phosphate
1somerase and PRK activities Moreover., Satoh et al. (1989) speculated
that a 42 kDa polypeptide recovered trom a Brvopsis maxime pvienoid
preparation might be a subunit of PRK. Their pepride map comparison of
this protein with that of PRK purified from this same alga. however,
showed the two polypeptides to be dissimilar  Other 1nvestigators have
also found no evidence to support the presence 1n pvrenoids of
additional Calvin cvcle enzymes apart fr.m Rubisco (Salisbury and Floyd
1978)

Instead of examining preparations of intact pyrenoids, we have
emploved 1in the present investigation, the complementarv approach of
immunoelectron microscopy to determine the subcelluldr distribution of
PRK. Results from our immunolabelling studv indicate that although PRE
and Rubisco occupy sequential positions in the pathway of photosynthetic
carbon reduction, there exists a difference 1n the intraceliular
location of these two enzymes. In both the red alga P cruentum and the
green alga Chlamydomonas reinhardri1, PRK 1s distributed throughout the
chloroplast proper and appears to be excluded from the pyrenoid
(Fig.2,4). In contrast, Rubisco 15 predominantly pyvrenoid-localized 1n
both of these algae (Fi1g.3,5). It is of interest to note that the
observed intracellular partitioning of PRK and Rubisco in microalgae
mimicks that reported for a number of prokaryotic organisms  All
cyanobacteria thus far investigated and many chemolithoautotraophic
bacteria possess distinct polyhedral-shaped i1nclusion bodies  These

cellular inclusions have been named carboxysomes (Shively et al. 19/}
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since, like pyrenoids, thev contain much of the cell’s complement of
Kubisco  Cell fractionation experiments demonstrate that unlike
Rubisco, PRK activity 1s predominantly associated with the soluble cell
fraction rather than the carboxysome-containing pelletable fraction 1in
the cyanobacterium Chlorogloeopsis fritschit (Lanaras and Codd 1981a;
Marsden et al 1984) and 1in the cyanelles of the glaucophvte Cvanophora
paradoxa (Mangeney et al 1987). Moreover, the isclation of intact
carboxysomes from both Chlorogloeopsts (Lanaras and Codd 198la) and the
chemol 1 thoautotrophic sulphur bacterium Thiobacillus neapolitanus
(Cannon and Shively 1983, Holthuijzen et al 1986) provides no evidence
for an association of PRK activity with these structures. Immunogold
labelling studies of cell sections have provided similar results and
demonstrate conclusively the exclusion of PRK from the carboxysomes of
the cyanobacteria ¢ tritschi1 (Hawthornthwaite et al. 1985) and
Synechococcus (Hawthornthwaite et al 1985; McKay et al. 1991c; see also
Chapter V) as well as from carboxysomes of prochlorophytes (Codd 1988)
and from the carboxyvsome-like regions in the cyanelles of Cyanophora
paradoxa and Glaucocvsris nostochinearum (Mangenev et al 1987).

Our i1mmunolabelling results indicate that in pyrenoid-containing
algae, PRK is preferenrially localized in the chloroplast stroma whereas
Rubisco 15 mainlvy pyrenoid-localized Coupled with these observations,
however, are special logistical problems in attempting to understand how
the sequential Calvin cycle reactions catalyzed by PRK and Rubisco are
linked In the red alga P cruentum, there exists a direct interface
between pyrencid and stroma (Fig. 2,3). As a result, RuBP could be

readily directed to the site of CO, fixation in the pyrenoid. In
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contrast, the pyrencids of green algae cultured under air levels of (0.
often appear to be completely demarcared by a sheath of stavch (Mivacin
et al. 1986; Kuchitsu et al. 1988b) This pyrenoid starch would appear
to impose a barrier to the efficient shuttling of metabolites back and
forth between pyrenoid and stroma. Frequently, pyrenoids are tiraversed
by thylakoid lamellae or tubule-like structures (Griffiths 1970) In
the hornworts, intrapyrenoid thylakoids may occur singly or in stacks
and are accompanied by varying amounts of stromal material (Vaughn et
al. 1990), an arrangement which contributes to the dissected or untt-
like nature typical of manv hornwort pyrenoids. These stromal regions
are not labelled by antiserum to Rubisco (Vaughn et al 1990) and
presumably provide an additional i1nterface between pyrenoid and stroma
1n these organisms  The strain of Chlamydomonas reinhardtii employed 1n
the present i1nvestigation possesses a pyrenoid which 1s traversed by
tubule-like elements. Often these tubules are observed to be continuous
between pyrenoid and stroma; however, our immunolabelling results do not
support an association of PRK with these structures (Fig. 6). Rather,
we have observed unique inclusions in the pyrenoid of Chlamydomonas.
These inclusions appear in micrographs as regions of lower electron
density than the surrounding pyrenoid matrix. Furthermore, they arc
densely labelled by antiserum to PRK thereby identifying them as regions
of chloroplast stroma (Fig. 7). Rubisco is excluded from such stromal
inclusions (Fig. 8). In a three-dimensional arrangement, one can
envision how the pyrenoid of Chlamydomonas might be penetrated by
fingers of chloroplast stroma. We anticipate that this arrangement

would provide Chlamydomonas with a direct interface between pyrenoid and
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stroma and presumably facilitates an efficient exchange of metabolites
between these two compartments Stromal inclusions do not seem to be
peculliar to Chlamydomonas pyrenolids, 1n a previous immunolabelling
Investigation from this lab, we observed regions in the pyrenoid of the
green alga Chlorella pyrenoidosa from which Rubisco was also excluded
(see Figure 1 1n McKay and Gibbs 1989; see also Chapter II). Like
Chlamydomonas, the pyrenoid of Chlorella also appears to be completely
delimited by starch. The need for a mode of metabolite exchange between
pyrenoid and stroma deems it likely that stromal inclusions will be
identif1ed 1n the pyrenoids of other green algae as well, and might, in
fact, have been responsible for the measured ribose 5-phosphate
isomerase and PRK activities reported from Holdsworth's (1971)

Eremosphaera pyrenoid preparation.
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CHAPTER V

Effect of dissolved inorganic carbon on mode of
carbon transport, expression of carboxysomes
and localization of Rubisco 1n cells of the

cyanobacterium Synechococcus UTEX 625
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Preface

From the results of this thesis and from references contained herein, it
1s apparent that i1n air-grown cells of microalgae, Rubisco 1s mainly
localized in the pyrenoid region of the chloroplast and that it is
functional 1n this location. Why Rubisco is confined to a particular
region of the plastid is unclear; however, 1t is possible that this
arrangement 1s necessary to ensure efficient photosynthesis. It is well
documented that microalgae, when grown under conditions of low dissolved
inorganic carbon (DIC) in the growth medium (e.g air levels of CO0,),
possess low K,,,(DIC) values for photosynthesis and low CO, compensation
points (Aizawa and Miyachi 1986). Moreover, photorespiration 1s usually
not apparent 1in these cells. Such photosynthetic characteristics are
likely manifest in part through induction of a DIC concentrating
mechanism and expression of high levels of carbonic anhydrase by cells
cultured in this manner. 1t remains a possibility, however, that
modifications 1n the morphological expression of pyrenoids and/or in the
intracellular distribution of Rubisco may play a role in determining the
efficiency with which a cell can utilize its inorganic carbon resources.
The effect of growth DIC on pyrenoid structure has been seldom
investigated; the few studies made being limited to green algae. These
studies indicate that under air levels of CO0,, pyrenoids and pyrenoid
starch are well developed in cells of Dunaliella (Tsuzuki et al. 1986),
Chlamvdomonas (Kuchitsu et al. 1988b), Chlorella and Scenedesmus
(Mivachi et al. 1986) However, in all cases, pyrenoid starch is either
dramatically reduced or absent when these cells are bubbled with higher
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levels of CO, (1.5-4%). Moreover, 1t is apparent from the studies of
Tsuzuki et al. (1986) and Miyachi et al. (1986) that the pyrenoid itselt
often becomes reduced in size or is completely absent from high CO,-
grown cells.

Investigations conducted by the Candidate on the effect of varying
growth DIC levels on the morphological expression of pyrenoids have been
restricted to a collaborative effort conducted with Dr. Catherine Potvin
of this department. As part of an investigation on the adaptation of
Chlamydomonas reinhardtii to varying levels of CO,, cells were processed
for electron microscopy. High CO, conditions in this experiment,
however, were only 650 ul €O, 17" (i.e. ~twice the amount found in air).
Moreover, pyrenoids and pyrenoid starch were similarly well-developed in
both high CO,-grown and air-grown cell types (data not shown),

Cvanobacteria possess intracellular structures called
carboxysomes, that, like pyrenoids, contain much of the cell's
complement of Rubisco. Furthermore, in view of the proposed
evolutionary proximity between cyanobacteria and the chloroplasts ot
eukaryotic algae, the idea that pyrenoids are derived from carboxysomes
is attractive. During the Candidates tenure as a student at McGill, the
opportunity arose to engage 1n a collaboration with Dr. George Espie,
who during the course of 1988-1990, was a NSERC University Research
Fellow at Concordia University in Montréal Dr Espie 1s well known for
his research on DIC transport in cyanobacteria, particularly with the
unicellular species Synechococcus UTEX 625. His laboratory was equipped
to undertake a well controlled study of the effect of growth DIC on the

expression of carboxysomes and the intracellular distribution of Rubisco
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1n this cyanobacterium. Cyanobacteria exhibit more plasticity in
dealing with environmental perturbations than do eukaryotic microalgae,
and in this context the results obtained from this study are not
directly applicable to pyrenoids and Rubisco distribution in eukaryotes.
Nevertheless, the collaboration provided an opportunity to investigate

related system 1n which Rubisco is likewise compartmentalized away from

other reactions of the Calvin cycle.
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Summary

In the cyanobacterium Synechococcus UTEX 625, the extent of expression
of carboxysomes appears dependent on the level of DIC in the growth
medium In cells grown under 5% CO, and in those bubbled with air,
carboxysomes were present in low numbers (< 2-longitudinal section™)
and were distributed in a somewhat random manner throughout the
centroplasm In contrast, cells grown in standing culture and those
bubbled with 30 pl CO,-17' possessed many carboxysomes (> 8 long
section’”). Moreover, carboxysomes in these cells were usually
positioned near the cell periphery, aligned along the interface between
the centroplasm and the photosynthetic thylakoids Immunolocalization
studies indicate that the Calvin cycle enzyme Rubisco 1s predominantly
carboxysome-localized regardless of the [DIC] of the growth medium. [t
is postulated that such a peripheral arrangement of carboxysomes may
provide for a more efficient use of the internal DIC pool in cells from

cultures where carbon resources are limiting.
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1.0. Introduction

Depending on the conditions under which they are grown, cyanobacteria
may possess an array of intracellular inclusions (Allen 1984; Shively et
al. 1988) Among the various inclusions, polyhedral bodies have
attracted a great deal of attention 1n recent years, mainly as a result
of biochemical and immunocytochemical evidence i1ndicating the presence
of the Calvin cycle enzyme ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco; E.C. 4.1.1.39) in these structures.
Rubisco catalyzes the fixation of CO, to ribulose 1,5-bisphosphate
(RuBP) in the 1initial reaction of photosynthetic carbon reduction. In
recognition of this potential function of polyhedral bodies, the term
"carboxysome" was coined by Shively and colleagues (1973) to designate
these unique prokaryotic inclusions

Despite evidence linking Rubisco to carboxysomes, the role of
these structures 1in cyanobacterial photosynthesis remains to be
elucidated. Numerous investigations have shown a portion of the cell’s
complement of Rubisco to be soluble rather than carboxys.me-associated
(Cossar et al. 1985: Hawthornthwaite et al. 1985; references in Codd
1988) thereby fueling speculation that carboxysome-localized Rubisco may
function as a photosynthetic reserve. Still, other investigators have
suggested that carboxysomal Rubisco may be a general cellular nitrogen
reserve (deVasconcelos and Fay 1974; Duke and Allen 1990). However,
most studies detailing the effect of nitrogen-deprivation on
cyanobacterial fine structure do not support this function (Peat and

Whitrton 1967; Stevens et al. 1981; Turpin et al. 1984; Wanner et al.
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1986).

The possibility that carboxvsomes are active sites of (0, fixation
in vivo has been explored in a recent series of mathematical models
(Reinhold et al. 1987; 1989). <Cvanobacterial photosynthetic efficiency
is regulated 1n part bv a mechanism for the active transport ot CU, and
HCO;,” which acts to concentrate these species of 1norganic carbon
intracellularly to levels beyond those found 1n the external medium
(Miller et al. 1990) The carboxysome models proposed bv Reinhold and
colleagues place the carboxysome as an integral component of this
inorganic carbon concentrating mechanism, identifying 1t as the
exclusive site where high levels of CO, are generated by carbonic
anhydrase for use by Rubisco. Evidence 1n support of this hypothesis
has recently been provided by Friedberg et al. (1989) and Pierce et al
(1989) who demonstrated that structurally intact carboxysomes were
important for the efficient operation of the 1norganic carbon
concentrating mechanism. Furthermore, Price and Badger (1989%a) have
shown that equilibrvation of the cytosolic pool of HCO,” with CO, results
in a dramatic increase in the efflux of CO, and an 1nability of the
cells to accumulate DIC. Since the equilibration of cytosolic HCO, was
brought about by the induction of plasmid borne human carbonic
anhydrase, the clear implication of these experiments was that native
carbonic anhydrase is normally absent from the cytosol but present 1n
carboxysomes.

As with other cyanobacterial inclusion bodies, the morphological
expression of carboxysomes is often dependent upon the nutrient status

of the cell. Support for this comes from ultrastructural investigations
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of cyanophytes undergolng various forms of nutrient-limitation.
Investigators have commented on the expression of carboxysomes in cells
of cultures limited 1n nitrogen (Peat and Whitton 1967; deVasconcelos
and Fay 1974; Stevens et al 1981; Turpin et al 1984; Wanner et al.
1986), phosphorus (Turpin et al. 1984), sulphur (Wanner et al. 1986),
iron (Sherman and Sherman 1983), and carbon (Miller and Helt 1977;
Turpin et al 1984) Understandably, studies of the latter nature may
be extremely valuable in elucidating a potential role for carboxysomes
in cyanobacterial photosynthesis. In this report, we present a detailed
analysis on the effect of varying levels of dissolved inorganic carbon
(DIC) 1in the growth medium on the mode of carbon transport, the
expression of carboxysomes and the subcellular localization of Rubisco

in the unicellular cyanobacterium Synechococcus UTEX 625.

2.0. Materials and methods

2.1. Organism and growth conditions

Synechococcus leopolirensis (Raciborski) Komarék was obtained from the
Culture Collection of Algae at the University of Texas at Austin (UTEX
625) and grown 1n batch culture in a modified Allen’'s medium (Espie and
Canvin 1987) Cultures were grown at 29°C and continuous light was
provided at a photon fluence rate of 50 pmol-m*-s™ for air-bubbled

"' for standing culture cells. All cultures were

cells and 25 umol -m?-s
inoculated to an initial chlorophyll (chl) concentration of 0.2 ug-ml™*

and were allowed to grow to the appropriate stage. Cells grown in
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standing culture were used as inoculum. 1In the case of cultures bubbled
with 5% CO,, cells were grown to late log phase and these 1n turn were
used to start a second 5% CO,-grown culture which was subsequently usced
for analysis. TInorganic carbon was supplied bv bubbling the cultures
with air containing various concentratlions of C0, (Table 1) The DIC
concentration in the growth medium at harvest was determined by pas
chromatography (Birmingham and Colman 1979) Chlorophyll a was
determined spectrophotometrically at 665 nm following extraction in

methanol (MacKinney 1941).

2.2. Immunoelectron microscopy

Cells were harvested by centrifugation and washed in i1ce-cold 100 mM
sodium phosphate, pH 7.2. Cell pellets were fixed at 4°C for 2 h in a
solution containing 1% glutaraldehyde 1in sodium phosphate buffer  The
pellets were washed with cold buffer and the cells dehydrated through a
graded ethanol series and embedded in L.R. White medium grade resin
(J.B. EM Services, Montréal, P.Q., Canada) as described previously
(Lichtle et al. 1991a).

For immunolabelling, pale gold-coloured sections were cut with a
diamond knife and mounted on formvar-coated nickel grids. The grids
were floated section-side down on drops of the following solutions: 1%
bovine serum albumin (BSA; fraction V) in phosphate-buffered saline
(PBS), 30 min; antiserum, 30 min; 1% BSA in PBS, 4 X 3 min; protein
A-gold (15 nm; Intermedico, Markham, Ont., Canada) diluted 1:25 1n 1%
BSA in PBS, 25 min; PBS, 4 X 3 min; de-ionized water rinse. Rabbit

antiserum raised against the large subunit (LS) of Rubisco isolated from
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Table 1. Mode of carbon transport, morphological expression of carboxysomes, and Rubisco labelling density as dependant on culture growth parameters

Mode of DJC 1 Lahel Density
Culture Transport Carboxysomes cel} 71 € Cell Carboxysame Carboxysome {qold particles m K + SE)
Inflow Gas  Bubbling Rate?  [chi] Culture  [DIC] Volime® Relative Volume vol
(ul €0, Yy e {ug chla 'l pH () A B CD  Xx-section Long section  (iv) (%) () Carboxysome  (entroplass  Thylakoids
30 200 6.9 80 3 X X X 4 6(”, 10 2 (24) 1 32(16) 177 018 3268 + 104 9013 17402
30 200 10.1 9.5 ndd X X X 1500 94 0 %)) 120 012 306 + 121 594056 2120
e .
330 0 39 0o 21 X X 10(79’ 85(]” 061“” 17 4 011 014 + 134 69+11] 34¢054
330 (i 00 100 nd X X DTy 15y 0 834y 25 o0 919 4179 21303 071401
330 10 80 100 n.d X X 0 7(176) 14 {8) nd nd nd. n.d nd nd
3% 70 3.4 100 68 XX %) 19w 017 29 0 02 5156 +165 32405 26102
330 540f 47 88 743 X 0 8(252) 19 (63) 0.78(37, 20 002 4931 + 205 20401 071+401
L]
SXXO‘ 140 11.5 75 >2000 X 0.6 15 08 {82 1 72(“) 2.8 005 3688 + 167 204013 16¢02

Ycells grown 1n glass culture tubes (Espie and Canvin 1987) except where noted
Ba- 1ow affimty €O, transport
B= hl?h affimty 585 transport

C= Ns -dependent " transport
D= lla‘-lndependent Hca

3 transport

M. of cells examined in ( )

Ycalculated as percentage of total cell area

%cells gromn 1n 125 m} Erlemmeyer fiasks without supplementary aeration or stirring (Espie and Canvin 1987)

feells grown 1n large volume Roux flasks to accomodate high bubbling rate
Snot determined
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tobacco was kindly provided bv Dr I Fleck (IBMC-CNRS, Strasbourg,
France). Antiserum directed against phosphoribulokinase (PRK, ¥
2 7.1 19) purified from the cvanobacterium chlorogloeopsis tritschii was
kindly provided by Dr. G.A Codd (Univ of Dundee, Dundee, UK) Both
antisera were diluted 1:500 1n 1% BSA 1n PBS Imminolabel led sections
were post-stained with 2% aqueous uranyl acetate prior to viewing 1n a
Philips EM 410 electron microscope at an operating voltage of 80 kV

In control experiments, the antibody was replaced with rabbit non-
immune 1mmunoglobulin G, or with PBS alone, prior to protein A-gold

incubation

2.3. Quantitative evaluation

Cell volume was determined from measurements of individual cells on
micrographs. Only longitudinal sections, through cells whose shape
approximdted that of a cylinder, were used for analvsis.

The relative volume of carboxysomes was determined from
measurements of surface areas of both carboxysomes and whole cells
That area measurements can be used to determine relative volumes has
been shown previously (Gibbs 1968).

The density of labelling over various cell compartments was
obtained by determining the number of gold particles per square
micrometer of compartment sectioned. All area determinations were made

using a Zeiss MOP-3 digital analyser.

2.4. Protein extraction and rmmunoblotting

Cells taken from a standing culture were harvested by centrifugation,
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resuspended in 3 5 ml of 62.5 mM Tris-HCl, pH 7 0, containing 1 mM
phenylmethylsulfonyl fluoride and then broken by passage (twice) through
a chilled French pressure cell (Aminco, Urbana, IL) at 18,000 p s 1

The resulting crude protein extract was clarified by centrifugation to
remove unbroken cells and debris and polypeptides retained 1in the
soluble fraction were separated by electrophoresis essentially as
described by Laemmii (1970) on 12.5% sodium dodecyl sulfate-containing
polyacrylamide mini-gels Western blott:ng and immunodetection of
Rubisco LS was performed as described previously (McKay and Gibbs 1991b;

see also Chapter IV).

2.5. Transport of inorganic carbon

The active transport and intracellular accumulation of €O, and/or HCO,
by Synechococcus results in a characteristic quenching of chl a
fluorescence which can be used to indirectly monitor these transport
events (Miller et al 1991). The occurence of active CO, transporct,
Na'-dependent and Na'-independent HCO,” transport was assayed for in this
way with subsamples of cells used in the immunolabelling studies.

-1

Fluorescence yield was measured at 30°C and 100 pmol -m™® s™ white light
with a pulse amplitude modulation fluurometer (PAM 101, H. Walz,
Effeltrich, Germany) as described by Espie et al. (1989) following
addition of DIC to cells suspended in Bis-Tris Propane buffer, pH 8.0.
The results of fluorescence assays were subsequently confirmed using the
sitlicone fluid centrifugation method to provide a direct transport assay

with either ''C0, or H''CO,” as substrate. Mass spectrometry was also

used to directly monitor active CO, uptake from the medium (data not
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shown) .

3.0. Results

3.1. Antisera specificity
The Rubisco antiserum employed in the present study recognized a single
polypeptide from a crude protein extract of Svnechococcus, the stained
band having an apparent mass of ~54 kilodaltons (Fig 1). The
immunological recognition observed between higher plant Rubisco LS and
its cyanobacterial counterpart was not unexpected With the possible
exception of Rubisco LS from red algae and from chromophyte algae
(Newman and Cattolico 1990), the primary structure of this protein
appears to be well conserved among evolutionarily-diverse species
(Akazawa et al. 1984).

Immunoblotting was not performed for anti-PRK. The antiserum was
raised against cyanobacterial PRK and 1ts specificity for the

cyanobacterial enzyme has been demonstrated (Marsden et al. 1984)

3.2. Subcellular location of Rubisco

Our quantitative (Table 1) and qualitative (Figs. 2-10) analyses of
immunolabelling by anti-Rubisco LS showed that Rubisco was predominantly
localized in carboxysomes of Synechococcus regardless of the DIC content
of the culture medium or the stage of growth at which cells were
harvested. A high density of label was routinely measured over

carboxysomes whereas label density over the DNA-containing centroplasm
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Fig. 1. Immunoblot analysis of anti-Rubisco LS. Sizes of pre-stained
molecular mass standards (in kDa) are shown at left. Anti-Rubisco LS
was reacted with blotted soluble proteins (8 pg total protein) from
standing culture cells of Synechococcus UTEX 625. A polypeptide having

a mass of ~54 kDa is stained
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and over the peripherally-located thylakoid region was very low (Table
1), The slightly higher values reported over the centroplasm of cells
cultured under low levels of growth DIC might be related to the
increased numbers of carboxysomes present in these cells coupled with
the resolution of the protein A-gold technique. A gold particle could
lie up to 35 nm from the antigen labelled (15 nm antibody; 5 nm protein
A; 15 nm gold particle) Thus, a gold particle located outside of, but
near to a carboxysome might actually represent binding to a Rubisco
epitope within the carboxysome. This, when taken together with the
higher frequency of carboxysomes, might then explain the slight increase
in label density found outside of the carboxysome in these cells.

When Synechococcus was immunolabelled by anti-PRK, gold label was
restricted to the peripherally-located thylakoid region (Fig. 11).
Carboxysomes and the centrouplasmic region were unlabelled. That PRK is
excluded from carboxysomes has been demonstrated previously for the
cyanobacterium Chiorogloeopsis fritschii (Hawthornthwaite et al. 1985).
That PRK was similarly excluded from the centroplasmic region of this
cyanophyte, however, was not clear from their study.

When antiserum was replaced by rabbit non-immune immunoglobulin G,
or by PBS alone, sections were mainly unlabelled. In Figure 12, a
section incubated in non-immune serum is marked by only a couple of

scattered gold particles.

3.3. Morphological expression of carboxysomes
The morphological expression of carboxysomes in cells of Synechococcus

UTEX 625 was examined over a wide range of cellular growth conditions.

98



Figs. 2,3. Air-grown cells of Synechococcus UTEX 625 immunolabelled by
anti-Rubisco LS. Bars = 0.25 um. 1. Cell from a culture harvested at
low (3.4 pg chla-ml™) cell density. Gold particles are concentrated
over the carboxysome. Neither the centroplasm (ce) nor the thylakoids
(t) are labelled. 2. Longitudinal-section through a cell from a
culture of high (20 wg chla-ml™) cell density. The label is

predominantly over a polyhedral-shaped carboxysome
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Fig. 4. Cells from a culture bubbled with air at a rate of 540 ml-
-1

min~. Rubisco LS is concentrated over carboxrysomes (top and bottom

cell). The cells are mainly devoid of extra-carboxysomal label. Bar -

0.25 um

Figs. 5,6. Cells from a culture bubbled with 5% €CO,. In these cells,
Rubisco LS is restricted to the carboxysomes. Bars=0.25 um 9. Two
carboxysomes are present in this cell. One is large and irregular in
shape whereas the other has a more typical polyhedral shape (arrow) 6.
A smaller carboxysome (arrowhead) appears to have aligned itself with a

"giant" carboxysome

100






Figs. 7,8. Cells from a standing culture that have been immunolabelled
by anti-Rubisco LS Bars = 0.25 um 7. Rubisco 1s mainly restricted
to carboxysomes 1in these cells. The carboxysomes are located at the
cell periphery, positioned at the interface between the centroplasm and
the photosynthetic thylakoid membranes. 8. Similarly, in this

longitudinal-section, carboxysomes are aligned at the cell periphery

Figs. 9,10. Cells from a culture bubbled with 30 p.p.m. €O, and
buffered at pH 8.0. Bars = 0.25 pm. 9. Similar to standing culture
cells, the carboxysomes, which are immunolabelled by anti-Rubisco LS,
are positioned at the cell periphery. In the cell pictured at bottom,
carboxysomes appear to ring the cell. 10. In this longitudinal-
section, carboxysomes are found associated with the peripherally-located
thylakoids. One of the carboxysomes is extended, shaped like a rod

(arrow)

Fig. 11. This air-grown cell has been labelled by anti-PRK. Gold
particles are located over the photosynthetic thylakoid membranes but

are excluded from the centroplasmic region and from a carboxysome (cb).

Bar = 0.25 um

Fig. 12. A control section incubated in non-immune serum. The cell is

mainly devoid of label. Bar = 0.25 um
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Cultures of Synechococcus bubbled with air at a rate of 70 ml -min™
(air-grown cells) were examined av three different cell densities (3.4,
8 and 20 pg chla-ml™). Carboxysomes were present in low numbers in all
air-grown cells regardless of the density at which the cells were
harvested (Table 1). Carboxysomes observed in air-grown cells were
mainly regular (polyhedral) in shape and were usuallv found in the
centroplasm and not in association with the thylakoids which were
located around the cell periphery (Figs. 2,3).

Cells from cultures bubbled with air at a high (540 ml min™)
bubbling rate were very similar to air-grown cells tn terms of their
carboxysomes. The carboxysomes were present in low numbers (Table 1),
were qulte regular in structure, and were found mainly in the
centroplasm and displayed no obvious association with the peripherally-
located thylakoids (Fig. 4).

Cells from cultures bubbled with 5% CO, (high DIC cells)
frequently possessed aberrant carboxysomes (Figs 5,6). These
structures were often large and irregular in shape  0f the total number
of carboxysomes measured in these cells, over 52% had «an area greater
than 4 X 107 um’. Furthermore, 18% of the carboxysomes observed 1n
these cells had an area greater than 1 X 107 unm’ Carboxysomes of this
size were only rarely observed in any other cells. For example, in air-
grown cells of both high and 1ow cell density, more than 96% of the
total carboxysomes measured had an area of less than 4 X 107 um’ In
addition to the "giant" carboxysomes observed in cells grown under 5%
C0., regular, polyhedral shaped carboxysomes were also observed (Fig. 5,

arrow). In Figure 6, a small, discrete carboxysome 1s adjoined to one
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which is much larger. This association may provide insight into how the
"giant" carboxysomes are made. Carboxysomes were always present in low
numbers 1n high DIC cells (< 1 carboxysome/cell section; Table 1), yet
partial serial sectioning analysis indicated that each cell possessed at
least one carboxysome (data not shown). In high DIC cells, carboxysomes
appeared to be positioned 1n a ranaum manner throughout the centroplasm
The direct association of a carboxysome with the thylakoids as observed
in Figure 6 was not a common occurence.

Carboxysomes were present i1n much higher numbers in cells grown in
standing culture and in those cells bubbled with 30 ul CO,-1™" (low DIC
cells) (Table 1). Moreover, in these cell types, carboxysomes accounted
for a far higher percentage of relative cell volume than was measured
for air-grown and high DIC cells (Table 1). Carboxysomes in standing
culture cells were mainly regular in shape (Figs. 7,8), although
occasionally, longer rod-like structures were observed. Their
positioning in the cell was unusual, in that they were rarely found in
the middle of the centroplasm, but rather, they seemed to be aligned at
the cell periphery. in association with the thylakoid membranes.

Similar observations were made for the cells bubbled with 30 pl CO0,-17*
(Figs. 9.10). Although onlv cells from cultures maintained at pH 8.0
are 1llustrated, similar results were observed for the pH 9.5 cells.
Carboxysomes were largely polyhedral in shape, however, a long rod-
shaped structure 1s evident in Figure 10. Moreover, as in standing
culture cells, carboxvsomes were nearlv always aligned at the cell
periphery and at times appeared to completely ring the cell interior

{bottom cell in Fig 9).
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3.4. Transport of 1inorganic carbon

The increase in carboxvsome number in cells grown under low DIC was
paralleled by an increase in HCO,  transport capability (Table 1) and an
increase in the apparent photosynthetic affinitv of the cells for DIC.
In contrast, cells grown at all levels of DIC were capable of active (0,
transport although the apparent affinity of the transport system for o,
was somewhat lower in cells bubbled with 5% CO, (data not shown) Cells
which contained high numbers of carboxysomes were capable of both Na'-
dependent and Na'-independent HCO,” transport (Table 1) and are able to
accumulate DIC in excess of 1000-fold the external [DIC] (Espie and
Kandasamy 1991). The transition between high and low carboxysome number
was characterized by a loss of Na'-independent HCO, transport
capability. However,., cells which possess Na'-dependent HCO, traunsport,
in conjunctrion with active CO, transport, are still capable of
accumulating a large internal pool of DIC (Miller et al 1990). In
contrast, cells lacking HCO,” transport capability (i e high DIC-grown

cells) exhibit a low DIC accumulation ratio (Badger and Gallagher 198/).

4.0. Discussion

4.1. Subcellular location of Rublisco

It is well documented that in cyanobacteria, the Calvin cycle enzyme
Rubisco is found associated with distinct polyhedral-shaped cellular
inclusions (Codd and Marsden 1984; Codd 1988) named carboxysomes

(Shively et al. 1973). However, numerous investigations have shown that
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there may exist, 1n addition, a considerable extra-carboxysomal or
"soluble" pool of the enzyme, an observation that calls into question
the functional role of carboxysome-localized Rubisco. A number of these
studies have employed cell fractionation techniques to ascertain the
subcellular location of Rubisco in various cyanobacteria (Codd and
Stewart 1976; Lanaras and Codd 1981a; 1982: Coleman et al. 1982; Marsden
et al. 1984, Duke and Allen 1990). Results obtained from investigations
of this nature, however, can be quite variable, readily altered by
slight changes to the cell lysis protocol. For example, use of buffers
of low 1onic strength (Codd and Marsden 1984) or addition of millimolar
amounts of Mg"” (Coleman et al. 1982) to the buffer during cell breakage
favours recovery of carboxysomes. Additionally, results may be altered
by the method chosen for cell lysis. Cell breakage by mechanical means
(e.g. French pressure cell) 1s reported to result in a significant
decrease in the amount of carboxysomal or "particulate" enzyme recovered
(Coleman et al. 1982). In contrast, pretreatment of cells with lysozyme
to produce sphaeroplasts followed by a gentle osmotically induced cell
lysis resulted in recoverv of nearly all Rubisco activity in the
particulate fractions of 10 species of cyanobacteria (Coleman et al.
1982),

As a complementary approach to the investigation of Rubisco
distribution in cyanobacteria, we have employed in the present study the
technique of protein A-gold immunocelectron microscopy. This method
provides not only fine structural detail, but also affords an accurate
assessment of the subcellular location of Rubisco in situ. Moreover,

both soluble and particulate Rubisco can be detected with a single
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antibody since the two forms are immunochemically related (Lanaras and
Codd 1981b). Using this technique, we have determined that under a wide
variety of conditions, most of the cells Rubisco is carboxysome-
localized in Synechococcus UTEX 625. Similar results have recently been
reported for prochlorophytes (Swift and Leser 1989) and for the
cyanelles of glaucophytes (Mangeney and Gibbs 1987), both of which are
carboxysome-containing photoautotrophs. Our results, however, are in
contrast to those obrained from earlier immunolabelling studies (Cossar
et al. 1985; Hawthornthwaite et al. 1985). Using the filamentous
cyanobacterium Chlorogloeopsis fritschii, Hawthornthwaite et al. (1985)
observed only a slightly higher concentration of label over carboxysomes
than over the centroplasm and thylakoid-containing regions Cossar et
al. (1985) investigated Rubisco partitioning in the filamentous N,-
fixing cyanophyte Anabaena cylindrica. In this species, thev observed a
differential partitioning of the enzyme depending on the stage of growth
at which cells were harvested. In stationary phase cells, Rubisco was
mainly restricted to carboxysomes, whereas in more actively growing
chemostat cultures, label was found not only over carboxysomes but also
over the thylakoid-containing regions of the cell. These results are
consistent with those reported by Lanaras and Codd (1982), whose cell
fractionation experimencs indicated that the subcellular location of
Rubisco changes during photoautotrophic batch culture of €. fritschrii
OQur results with Synechococcus UTEX 625, however, do not support these
findings. Rubisco was predominantly carboxysome-localized in air-grown
cells harvested at both low (3.4 pg chla-ml™) and high (20 pg chla-ml™)

cell densities (Table 1; Figs. 2,3). Furthermore, qualitative analysis
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of cells harvested in mid-logarithmic phase (8 ug chla ml™) showed
Rubisco to be restricted mainly to carboxysomes (data not shown).
Labelling densities over centroplasmic and thylakoid regions of air-
grown cells were consistently low and there was no indication of a
preferential association of Rubisco with thylakoids as was observed in
A cylindrica (Cossar et al 1985).

Likewise, the [DIC] of the growth medium did not affect the
loculization of Rubisco This, however, was somewhat unexpected,
especially when considering high DIC cells. Employing the same strain
of Synechococcus as was used in the present study, Mayo et al. (1989)
reported that Rubisco active site density was much higher for cells
grown at high (1000-1800 uM) levels of DIC than for DIC-limited cells
(10-20 pM) This, taken together with the finding that high DIC cells
of Synechococcus UTEX 25 possess on average less than 1 carboxysome per
cell section (Turpin et al. 1984; this study), had initially 1lecd us to
believe that these cells would contain an increased soluble componeni of
Rubisco. Instead, Rubisco was mainly carboxysome-localized in 5% CO,-
grown cells (Table 1, Figs. 5,6). It 1s noteworthy that in the sulphur-
oxidizing bacterium Thiobacillus neapolitanus, the ratio of
soluble:particulate Rubisco remained constant regardless of whether
cells were grown under inorganic carbon limitation or whether they were
grown under thiosulphate-limitation, but bubbled with 5% CO, (Beudeker
et al 1981). Moreover, in these cells, carboxysome content declined
dramatically under the high DIC conditions.

In the present investigation, cells cultured under 5% CO,

frequently possessed large, irregular shaped carboxysomes. Carboxysome
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volume in these high DIC cells, however, was still less than twice that
measured for standing culture cells and for cells bubbled with 30 pul
C0,-17" (Table 1). Thus, the presence of "giant" carboxvsomes alone s
not enough to resolve the discrepancy between a carboxvsomal location
for Rubisco, increased amounts of the enzvme and low numbers of
carboxysomes per cell section  That cells grown under 5% €O, did not
produce increased amounts of Rubisco or that they onlv transiently
increased amounts of the enzyme is possible; cellular Rubisco content
was not measured in the present investigation. Cells cultured 1n thisg
manner, however, exhibit higher rates of photosynthesis than do standing
culture cells or those bubbled with 30 ul CO,-17'. 1t is likely that the
high rates observed 1in 5% CO,-grown cells are partially a result of
increased levels of Rubisco.

The possibility that soluble Rubisco was present at a
photosynthetically appreciable concentration in cells bubbled with %%
CO, but that it was not detected by the protein A-gold technique should
also be considered. This concern has been recently addressed with
respect to the intracellular partitioning of Rubisco between chloroplast
py!enoid and stromal regions 1n eukaryotic algae and hornworts (McKay
and Gibbs 1991a; see also Chapter I). It is our belief that tf Rubisco
is present in the chloroplast stroma of pvrenoid-contalning organisms,
it is present at very low concentrations; the soluble Rubisco of higher
plants and of non-pyrenoid-containing algae and hornworts 1s readily
detected by immunogold methodology. Moreover, our recent
immunolabelling results with the cyanophyte C. fritschii indicate the

presence of a soluble pool of Rubisco (data not shown). It seems likely
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then that soluble Rubisco, if present in Synechococcus UTEX 625, would
be measured by the protein A-gold technique

That Rubisco 1s present at a higher concentration in carboxysomes
ot 5% CO,-grown cells compared to cells grown under low DIC should also
be considered. Although our quantitative analysis of Rubisco labelling
density over carboxysomes does not support this possibility (Table 1),
these values should not be directly compared. When an antigen is
tightly packed within a compartment, as likely Rubisco is 1in
carboxysomes, a single 15 nm gold particle probably indicates more than
one antigenic site (Roth 1982) The exact number of reactive sites
marked by the particle is unknown and this in turn makes absolute
quantitation difficult to measure. In addition, effects of steric
hindrance are possible when gold particles mark antigenic sites in close

apposition

4.2. Is extra-carboxysomal label genuine?

Although extra-carboxysomal labelling was low in the present study, it
is difficult to determine whether that label measured over the
centroplasm and thylakoids is genuine. Often, conventional controls
employed 1n immunocytochemical investigations are devoid of label (~ 1
gold particle-um™; e.g. Fig 12) and are thus not always good
indicators of true background labelling by a given antibody. A becter
indicator would ve an intracellular compartment from which it is known
that the protein of 1nterest is excluded. In eukaryotic cells, this is
readilv provided by the various organelles. Rubisco LS, for example, is

generally excluded from comparcments other than the chloroplast. Label
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measured over extra-plastidic compartments, therefore, can be considered
background. In cyanobacteria, however, with the possible exception of
inclusion bodies other than carboxysomes, there are no distinct
intracellular cowpartments from which Rubisco 1s known to be excluded
Moreover, the conditions of growth were such in the current
investigation that inclusion bodies apart from carboxvsomes were not
present. Although an intracellular control 1s lacking in unicellular
forms, some N,-fixing filamentous cvanobacteria vossess a good 1nternal
control. Heterocysts are specialized cell types involved in nitrogen
fixation. Rubisco is excluded from these cells (Codd and Stewart 19/7)
In the immunolabelling study performed by Cossar et al (1985),
labelling by anti-Rubisco over a heterocyst of A c¢vlindrica 1s
illustrated. Although background labelling 1s present over this
structure, the labelling data were not quantified Gansequently,
comparisons to label density over the vegetative cells cannot be made.
In a more recent 1nvestigation, the subcellular distribution of Rubisco
was quantitatively analyzed for N,-fixing Nostoc symbionts in two
specles of lichen (Bergman and Rai 1989). Heterocysts were present 1n
both Nostoc variants and anti-Rubisco label density over these
structures was at the level of that found over the cytoplasm
(centroplasm plus thylakoids) of carboxysome-confraining vegetative
cells. The low level of extra-carboxysomal label measured 1n vegetative
cells of N,-fixing Nostoc would then appear to be background Sti1ll,
the absence of a comparable internal control in the present study makes
it difficult to comment on the validity of the extra-carboxysomal label

observed 1n Synechococcus UTEX 625
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4.3. Morphological expression of carboxysomes

The morphological expression of carboxysomes in Synechococcus UTEX 625
was not affected by the stage of growth at which cells were harvested.
In air-grown cultures where cells were harvested and fixed for
microscopy at three different chlorophyll concentrations, the
carboxysome content on a cell section basis did not vary markedly (Table
1). This 1s 1in contrast to the results of Stewart (1977) who reported
that carboxysome content was greatest 1in cells from lag and stationary
phase cultures of Anabaena cylindrica. Cells from exponential phase
cultures, he reported, possessed the fewest carboxysomes. It is
possible, at least for his stationary phase cultures, that carbon
limitation resulted in the observed increase 1n carboxysome number. In
the present study, we noted a dramatic increase in the frequency of
carboxysomes only when cells were grown at very low (< 30 uM)
concentrations of DIC (Table 1). This 1s consistent with the results of
Turpin et al. (1984) using this same alga. In their chemostat cultures,
the carboxysome content did not vary for cells grown under nitrogen or
phosphorus limitation (i.e. carbon-replete cells). Only when cells were
cultured under severe carbon limitation (4 uM DIC) did carboxysome
nuwbers 1ncrease  Their value of 3.4 carboxysomes:-cell section™ is
very close to the values obtained in the present study from cross-
sections of low (< 30 uM) DiC-grown cells. Comparable results have been
reported for Anacystis nidulans R2 (also known as Synechococcus
leopoliensis PCC 7942) (Sherman and Sherman 1983). These workers
investigated the effect of 1ron deficiency and 1ts subsequent

restoration on A nidulans fine structure. In their controls, however,
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Fe-replete cells were grown by either gentle shaking (125 rpm) on a
gyratory shaker or by vigorous air-bubbling Their results indicated
that carboxvsome numbers were considerably higher 1n cells from shaken
cultures (8-14 carboxysomes-cell section™) compared to cultures bubbled
vigorously with air (5-7 carboxysomes-cell section™). Moreover, these
authors suggested that different levels of DIC that may have been
present 1n the two cultures could have been responsible for the
differential expression of carboxysomes.

In addition to the 1ncreased carboxvsome content of cells from
shaken compared to air-bubbled cultures, Sherman and Sherman (1983) also
commented on a different intracellular distribution for carboxysomes
between cultures In air-bubbled cultures, carboxysomes were
consistently observed throughout the nucleoplasm but rarelv 1n contact
with photosynthetic membranes. Carboxysomes are stimilarly distributed
in cells of Agmenellum quadruplicatum (Nierzwicki-Bauer et al 1Y83) and
Synechococcus 1lividus (Edwards et al. 1968) bhubbled with 3% and 5% CO,
respectively. In contrast, carboxysomes were nearly always aligned at
the cell periphery and in contact with thylakoids 1n cells of A.
nidulans from shaken cultures (Sherman and Sherman 1983) A similar
DIC-dependent partitioning of carboxysomes was observed i1n the present
investigation In both air-bubbled cells and those cultured under %%
C0,, carboxysomes were more or less randomly distributed throughout the
centroplasm (Figs. 2-6) There was no obviocus associlation between
carboxysomes and the photosynthetic membranes located at the cell
periphery. Carboxysomes 1n cells grown under low DIC, however, were

consistently located at the cell periphery, positioned along the
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interface between the centroplasm and thylakoids (Figs. 7-10). Codd
(1988) has suggested that the presence of carboxysomes in an organism
may serve as an ecological marker for autotrophy. Perhaps, at least for
Synechococcus, the presence of large numbers of carboxysomes which are
positioned at the cell periphery might serve as a marker not only for

autotrophy, but also for growth i1n a low DIC environment.

4.4. Carboxysome positioning' photosynthetic implications?

Results from the present study and those from previous investigations
clearly establish that cyanobacterial carboxysomes contain Rubilsco.
Moreover, our results indicate that carboxysomal Rubisco must be
tunctional 1n vivo, nearly all Rubisco was located in carboxysomes in
cells of Svnechococcus UTEX 625  For Rubisco to be catalytically
competent, however, 1t must exist as an activated ternary complex in
which activator CO, and Mg™ are bound to an essential lysine residue of
the large subunit  Unfortunately, one 1s unable to distinguish between
active and 1lnactive enzyme forms using immunological techniques. For
this reason, we are unable to comment on the activation state of

ca boxysomal Rubisco 1n the present investigation. Cannon et al.

(1991), however., have recently provided direct evidence 1in support of an
active role for Rubisco located 1n carboxysomes Using chloroform-
permeabilized cells of T. neapolitanus, they showed that radiolabelled
activator CO, was trapped to carboxysomal Rubisco by 2-C-carboxy-D-
arabinitol-1,5-bisphosphate, an analogue of the transition-state
intermediate in the Rubisco-catalyzed carboxylation of RuBP. It appears

then, that carboxysomal Rubisco can exist in an activated form in vivo.
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This, taken together with our i1mmunolabelling results leads us to
believe that carboxvsomal Rubisco in Svnechococcus UTEX 629 is
functional.

Since Rubisco appears to be functional in carboxysomes of
Synechococcus, the expression and distribution of these structures
within the cell might be important in determining photosvnthetic
efficiency. High DIC-requiring cvanobacterial mutants have been
identi1fied (Friedberg et al 1989, Pierce et al 14989, Price and Badger
1989b). Moreover, in these mutants., carboxysomes are either absent
(Pierce et al. 1989) or are aberrant in shape (Friedberg et al. 1989;
Price and Badger 1989b). In the present study, cells cultured under low
levels of DIC (< 30 uM) possessed many carboxysomes, most of which were
found near the cell periphery along the interface between the
centroplasm and thylakoids (Figs. 7-10) In some 1nstances,
carboxysomes even appeared to ring the cell 1nferior completely (Fip
9). It is known that cells of Synechococcus, when grown under low DIC
conditions, concentrate 1norganic carbon speciles many-fold over that
present in the external medium (Miller et al. 1990) The steep chemical
gradient resulting from operation of this concentrating mechanism,
however, 1inevitably leads to leakage of CO;, from the cell. Moreover, it
is anticipated that leakage would occur regardless of the 1ntracellular

location of carbonic anhydrase That 1s, even 1f carbonic anhydrase 1s

restricted to carboxvsomes as proposed by Reinhold and colleagues (1987,
1989) and Price and Badger (1989a), some CO, would still be generated
outside of these structures as a result of non-enzymatic dehydration of

HCO,". 1lu order to optimize usage of the internal DIC pool, 1t is
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possible that carboxysomes in low DIC-grown cells of Svnechococcus
provide a partial barrier to CO, efflux The increased number of
carboxysomes 1n these cells 1s paralleled by an effective 1ncrease in
the "carboxylaring" surface area. This coupled with their distribution
ilong the cell periphery increases the probability that €O, generated in
the centroplasm, must first encounter a carboxysome before it could
leave the cell Some CO,, of course, would be lost from the cells;
carboxysomes are not omnipresent. However. a reduction 1n the amount of
CO, leaked from the cell might be realized through this special
carboxysome arrangement. A mechanism for scavenging leaked CO, is
present 1n Svnechococcus (Miller et al. 1990; Espie et al. 1991).
However, 1f cells are truly DIC-limited, it would be advantageous to
maximize retention of the intracellular DIC pool. This would be
especially relevant to environments in which cells are competing with
oneanother for scant carbon resources.

Being positioned at the interface between the centroplasm and the
photaysynthetic membranes also means that Rubisco is in closer proximity
to incoming DIC as well as to its other substrate, RuBP. OQur
i1mmunolabelling results demonstrate that PRK, the enzyme responsible for
RuBP synthesis, is restricted to the peripherally-located thylakoid
region in Synechococcus (Fig. 11) Although a more direct coupling
between RuBP synthesis and its carboxylation would be anticipated when
carboxysomes abut the thylakoids, it is not known how RuBP, or for that
matter HCO, ., is able to cross thylakoid membranes on route to the
centroplasm without uncoupling photosynthetic electron transport.

A possible disadvantage associated with this structural
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arrangement 1s the closer proximitv between Rubisco and the reactions of
photosynthetic oxygen evolution Rubisco 1s a bitunctional ensvme,
having 1n addition to its carboxvlase capabilitv. an oxvgenase tunction,
Ox1dation of substrate RuBP leads to photorespiration., a process
generally considered wasteful. Apparent photorespiration, however, is
not measured 1in cells of Svnechococcus or of other cvanophvtes when
cultured under low levels of growth DIC (Miller et al 1990) The 1dea
that carboxysomes are impermeable to oxygen has been forwarded  That
carboxysomes are generally absent from the non-oxvygenic photosynthetic
bacteria (Codd and Marsden 1984) 1s consistent with this hypothestis
There 1s little other data to support this claim though In fact,
increasing the oxygen tension did not result in an increased
carboxysomal component of Rubisco in T. neapolitanus as might have been
expected 1f these structures act to "protect" Rubisco from oxygen
(Beudeker et al. 1981).

Air-grown and high DIC cells of Synechococcus had low numbers of
carboxysomes. Furthermore, carboxysomes 1n these cells were positioned
more or less randomly throughout the centroplasmic region (Figs 2-6)
In these cells, DIC is not such a limiting resource and 1t 1s possiblec
that a CO, scavenging mechanism could deal with any CO, that 15 leaked,
thereby ensuring that a high internal DIC pool 1s maintained Moreover,
these cells are not faced with the need to synthesize large numbers of
carboxysomes, a costly prospect since Rubisco must be packaged
repeatedly and proteins that constitute the carboxysome shell must be
produced. In contrast, the increased efficilency in utilizing the

accumulated pool of DIC that may be realized by increasing carboxysome
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numbers might be necessary to ensure the competitiveness of cells

growing ir environments where DIC levels are extremely low.
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CHAPTER VI

Intrapyrenoid thylakoids: a paradox?
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1.0. Introduction

Inconsistent with the proposal that the pyrenoid provides a
microenvironment where the C0,/0, ratio 1s maintained at a high level 1s
the observation rhat thylakoid membranes traverse the pyrenoids of a
number of algal species (Griffiths 1970) Conceivablv, 1t might be
difficult to reconcile the maintenance of a high C0,/0, ratio in the
pyrenoid in the presence of 0, evolution contributed by intrapyrencid
thylakoids  This apparent paradox can be addressed 1in several ways.
Although thylakoid lamellae are often observed to dissect pyrenocoids,
overall, these thylakoids probably contribute little to chloroplast
oxygen levels due to the fact that there are manv fewer lamellae 1in the
pyrenoid than in the chloroplast proper. Furthermore, intrapyrenoid
thylakoids are often found to be structurally reduced. In a survey of
tie pyrenoids ot different algal groups, Gibbs (1960, 1962a, 1962b)
noted that intrapvrenoid lamellae often consisted of only one or two
thylakoids In contrast, thylakoids observed throughout the remainder
of the chloroplast are often grouped as two, three or more per lamella.
In addition, thylakoids 1in several green algal species were observed to
be reduced to tubule-like structures within the pyrenoid (Gibbs 1962t,
vriffiths 1970) In addressing the structural irregularity often
observed with intrapyrenoid thylakoids, Gibbs (1962a) speculated that
these thvlakoids may be characterized as containing reduced amounts of
chlorophvll. Moreover, she cites several studies where chlorophyll

fluorescence originating from the pvrenoid regron was found to be
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markedly reduced or absent when compared to that originating from other
chloroplast regions

Using cytochemical and immunocvtochemical techniques, we have begun
to characterize further intrapyrenoid thylakoids. Our main focus has
been to elucidate the protein composition of these thviakoids, and, 1n
addition, to assess qualitatively their photosynthetic activity
Photosystem I activity can be demonstrated at the electron microscope
level by the photooxidation of 3,3’-diraminobenzidine (DAB) to an
ins»luble, osmiophilic polymer. Diaminobenzidine has proven to be a
rather versatile reagent, having been emploved routinely for the
cytochemicas localization of catalase activity in microbodies and
cytochrome ¢ activity in mitochondria (see Frederick 198/, for review)
Its ability to stain higher plant thylakoid lamellae was first
demonstrated by Nir and Seligman (1970). These Lnvestigators obseived
thylakoid staining in the presence of the PSII inhibitor 3-(3.,4-
dichlorophyl)-1,1-dimethyl urea (DCMU), thereby suggesting that DAB
photooxidation may be related to PSI activity. Further evidence
relating the photooxidation of DAB to PSI was provided by Chua (1972)
who demonstrated that in the presence of DCMU, electron flow fiom
diaminobenzidine through PSI to the artificial electron acceptor methyl
violegen was realized by a Chlamydomonas PSII mutant but not by a PSI
mutant strain. Further evidence of the specificity of the reaction for
PSI is ourlined in a recent review by Vaughn (1987c¢)

Photosystem Il can also be detected cytochemically at the electron
microscope level. Activity is demonstrated by the photoreduction of one

of several tetrazolium salts which yield osmiophilic diformazans upon
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reduction (see Vaughn 1987c¢, for review) Staining of thylakcid
lamellae is prevenied by PSII inhibitors such as DCMU and atrazine thus

indicating specificity for the PSII reactions.

1.1 Light-harvesting and photosystem complexes

Our renewed 1nterest 1n intrapyrenoid thylakoids was initially generated
from the observation that the thylakoid lamellae which traverse the
pyrenoid of the red alga Porphyridium cruentum appear distinct from
thylakoids of the chloroplast proper 1n that they seem to lack
phycobilisomes We speculated that phycobilisomes might actually be
present 1n this region but were obscured in micrographs by the electron
opacity of the pyrenoid matrix. Immunolabelling results, however,
confirmed their absence (McKay and Gibbs 1990; see also Chapter VII).
Moreover, cytochemical staining indicates” the presence of PSI, but not
PSI1 activity, associated with Porphyridium intrapyrenoid thylakoids,
Lack of PSIT activity and its associated 0,-evolution might provide a
means to reconcile maintenance of a high €0,/0, ratio in the pyrenoid in
the presence of intrapyrenoid thylakoids.

The cryptomonad algae also possess phycobiliproteins. However,
unlike cyanobacteria and red algae, cryptomonad biliproteins are not
arranged into phycobilisomes. Rather, they appear to be localized in
the thvlakoid lumen with a fraction of the phycobiliproteins associated
with the inner thvlakoid membrane (Ludwig and Gibbs 1989; Spear-
Bernstein and #Mi1ller 1989). Although all cryptomonad chloroplasts
contain pyrenoids, in only two genera, Hemiselmis and Chroomonas, are

thvlakoid lamellae observed to traverse the pyrenoid (Santore 1984). 1In
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contrast to results obtained with the red alga P cruentum, crvptomonad
intrapyrenoid thvlakoids are immunolabelled bv anti-phvcoervthrin and bv
antiserum directed against a subunit of the light-harvesting chl a/c,
complex (McKav et al. 1991b). These results are discussed 1n greatev
detail in Chapter VIII.

We have further extended our invesi.gation of i1ntrapyrenoid
thylakoids to the diatom Phaeodactvlum tricornutum The chloroplasts of
diatcems and other chromophvytes are characterized by lamellae made up of
three thvlakoids However, only a single pair of thvlakoids traverse
the pyrenoid of P. tricornutum (Borowitzka and Volcani 19/8). The
diatoms have, as their major light-harvesting pigment-protein complex, «
chl a/c-fucoxanthin complex (Owens 1988) and in P tricornutum, this 1s
composed of three polypeptides of 18, 19 and 19 % kDa (Fawlev and
Grossman 1986). Antiserum raised against a mixture of the 1Y and 19.%
kDa polypeptides immunoreacted with all thylakoid lamellae of
Phaeodactvlum, including the intrapyrenoid thylakoids (Appendix 4). Iu
additrion, the intrapyrenoid thylakoids of Phaeodactylum are
immunolabelled by anti1-PS1 (Appendix 4).

The intrapyrenoid thvlakoids of Fuglena gracilis also possess light -
harvesting pigments Osafune et al (1990a) have recently shown using
the immunogold technique that antiserum raised against a 26.5 kba
polypeptide of the light-harvesting chl a/b complex 1solated from
Euglena labels all thylakoid lamellae including the thylakoid pairs
observed to traverse the pyrenoids of this alga Similar to
Phaeodactylum, however, the intrapyrenoird thylakoids of Euglena are

structurally reduced. The thvlakoids of the chloroplast proper occur as
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lamellae of three or more discs, whereas those that traverse the
pyrenoid are present as pairs of thylakoids (Gibbs 1960).

Intrapyrenoid thylakoids, when present, in green algae usually
exhibit a reducea number of thylakoids per lamella or appear as tubule-
like structures (Gibbs 1962a; Griffiths 1970; Dodge 1973) However, the
thylakoid lamecllae of the chloroplast proper can exhibit a stacking
phenomenon similar to that observed in higher plants with membranes
existing as both unstacked thylakoids or as part of small grana-like
units. Moreover immunocytochemical results employing Chlamvdomonas
reinhardti1 indicate that a lateral heterogeneity exists with respect to
the distribution of photosystem-associated polypeptides among these
thylakoids In Chlamvdomonas, PSI1 core polypeptides and polypeptides
tnvolved in oxygen evolution have been localized to stacked membrane
regions (Vallon et al 1986, de Vitry et al. 1989) whereas a PSI
apoprotetn and ch%groplast ATPase coupling factor 1 appear to be
restricted 1in the;r distribution to unstacked thylakoids (Vallon et al
1986) Given the lateral heterogeneity with respect to photosystem
distribution as observed 1n this alga, 1t follows that PSII components
should be excluded from the pyrenoid as this region is generally devoid
of membrane stacks This 1s supported by immunolabelling results which
demonstrate that antiserum raised against subunit 1 of the oxygen-
evolving enhancer (0OEEl) does not label the pvrenoid of C. reinhardrii
(de Vitrv et al. 1989) Furthermore, the pyrenoid of this alga was not
specifically labelled bv antiserum raised against several PSII intrinsic
core polypeptides (D2, P5) (J. Olive, pers comm.). Similarly, the

single thvlakoid lamellae which traverse the pyrenoid of the hornwort

123



species Notothvlas orbicularis exhibit onlv PSI activity whereas in
other hornwort species in which the pvrenoid 1s dissected by large
reglons of stroma containing both single lamellae and small grana
stacks, both PSI and PSII activity are observed associated with the
thylakoids (K Vaughn. pers. comm )

It appears then that through a reduction in number, or absence, ot
PSII activity, intrapyrenoid thylakoids probablv contribure Little to 0,

levels within the pyrenoid.

1.2. Polvphenol oxidase

Cytochemistry has also been employed to investigate the occurrence of
polyphenol oxidase (PPO) activity in the chloroplasts of pvrenoid-
containing organi1sms  Cvrochemical detection of PPO activity i1nvolves
the oxidation of dihvdroxyphenylalanine (DOPA) to an electron-dense
diquinone polymer (Vaughn 198/b)  Although the physiological
function(s) of PPO remdain(s) unclear, 1t has been proposed that 1t may
be 1nvolved 1in the dissipation of excess molecular oxygen during
photosynthesis (Vaughn et al 1988) Polyphenol oxidase has a low
affinity for 0,, however, during photosynthesis, the lumenal oxygen
concentration can reach 1 mM Thus, at high levels of 0,, PPO could
function i1n the reduction of molecular oxvgen. The species distrihbution
of PPO, however, appears to currelate phylogenetically with the
evolution of terrestrial plants (Sherman et al. 1989) Polyphenol
oxidase was not detected 1n a variety of green algae (Chlorella,
Stigeoclonrum, Microspora and Spirogyra) or in the moss Dicranium

Enzyme activity was, however, readily detectable in liverworts,
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hornworts and other lower and higher plants (Sherman et al 1989).
Moreover, Vaughn and Owen (1989) report that in the hornwort Phaeoceros
laevis, polyphenol oxidase activity 1s associated with all thvlakoid
lamellae except those which traverse the pyrenoid  These results have
since been extended to two additional pyrenoid-containing hornworts
(Notothylas and Anthoceros) and to Coleochaete scutata, a green alga
belonging to the "bryophvtan" line of evolution towards higher plants

(K Vaughn, pers. comm.). Why PPO activity 1s absent from intrapyrenoid
thylakoids 1s unclear It 1s possible 1ts absence may be a consequence
of the cytochemical assay employed The protocol involves tissue
incubation in an oxygen-saturated solution of DOPA. Perhaps Rubisco,
which exhibits a higher affinitv for oxygen than does PPO, outcompetes
PPO for the oxygen which enters the pyrenoid. As a result, PPO activity
would not be dete:ted assocrated with intrapyrenoid thylakoids
Alternatively, 1f, indeed, one function of PPO 1s to reduce excess
molecular oxvgen, its absence from the pyrenoid might reflect the
malntenance of a low oxygen concentration in this region which in turn
could be achieved by reduced rates of photosynthetic oxygen evolution
assoclated with intrapyrenoid thylakoids as discussed previously. In

this case, PPO would not be required in the pyrenoid
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CHAPTER V11

Phycoervthrin 1s absent from the pvrenoid of

Porphyridium cruentum:photosynthetic implications
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Summary

The thylakoid lamellae which traverse the pyrenoid of the unicellular
red alga Porphyridium cruentum (Agardh) Nageli appear to lack
phycobilisomes  We have confirmed by immunoelectron microscopy that
phycoerythrin (PE), an important structural component of the
phycobilisomes of red algae, is absent from the pyrenoid To
characterize pyrenoid thylakoids further, EM cytochemical methods were
employed to detect photosystem activity Photosystem (PS) I activity
was demonstrated 1in both stromal and pyrenoid thylakoids by the
photooxidation of 3,3’-diaminobenzidine In contrast, the localization
of photoreduced distyryl nitroblue tetrazolium demonstrated that PSII
activity was restricted to stromal thylakoids The observed
partitioning of PE and PSII activity within the plastid may be related
to another observation, namely, the localization of nearly all ribulose-
1,5-bisphosphate carboxvlase/oxygenase (Rubisco; EC 4 1 1.39) within the
pyrenoid of this alga. It 1s possible that the pyrenoid of P cruentum
functions as a specific metabolic compartment where CO, fixation is

enhanced by the absence of photosynthetic 0,-evolution
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1.0. Introduction

Photosynthetic accessory pigments function 1n the harvesting and
transfer of excitation energyv from absorbed solar radiation to the
reaction center pigments of photosystems (P§S) I and Il through
intermediary chlorophvll a molecules Light-harvesting pigment s may
include chlorophylls, carotenes and xanthophvlls, however, unique to the
cyanobacteria, red algae and cryptomonads are the phycobiliproteins, q
group of water-soluble. photosynthetic antenna pigments which absorb
light of wavelengths that are poorly harvested by chlorophyll a (for a
recent review, see MacColl and Guard-Friar 198/) In the cvanobacteria
and red algae., phycobiliproteins are arranged iunto large pigment-protein
complexes, named phycobilisomes, which are attached to the ourer surface
of the thvlakoid membrane (Gantt 1980: Glazer 1982). Within these
structures, the biliproteins are arranged in an energetically favourable
pattern such that excitation energyvy can be transferred between molecules
in a direction of decreasing energy levels, 1 e. phycoervthrin -
phycocyanin -+ allophycocyanin (Gantt et al 1976) From
allophycocyanin, absorbed light energy 1s passed. probably by way ot a
75-120 kDa "anchor" polypeptide (Gantt et al 1988). to the chlorophyll
a molecules associated with PSII 1n the thylakoid membrane

Morphological evidence for the close association between
phycobilisomes and PSII has been obtained from both freeze-fracture
microscopy and observations of isolated PSII-phycobilisome particles by
transmission electron microscopy Employing freeze-fracture techniques,

Morschel and Muhlethaler (1983) and Giddings et al (1983) have shown
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that rows of putative PSI[ core particles associated with the exoplasmic
face (EF) of freeze-fractured thvlakoid membranes are directly aligned
with rows ot phycobilisomes located on the outer membrane surface
Photosystem I1-phycobilisome particles have been 1solated from
cyanobacteria and the red alga Porphyridium cruentum. In P. cruentum,
the particles possess high rates of 0, evolution and consist of several
phycobilisomes attached to small membrane fragments (Clement-Metral et
al  1985) These membrane fragments are enriched in PSII reaction-
center polypeptides, deficient in PSI components, and contain no
detectable chlorophyll P

The thylakoids of both cyvanobacteria and red algae are unstacked
and, as a general rule, when cells are growing in the light under
unstressed conditions, phycobilisomes, 1f adequately preserved by the
the fixation procedure, are present on every thylakoid. An apparent
exception to this observation are the thylakoids that traverse the
pyrenoids of red algal chloroplasts. In published micrographs of the
pyrenoids of Porphvridium cruentum (e g. Gantt and Conti 1965), P.
aerugineum (Gantt et al 1968) and Porphyra leucosticta (Sheath et a._.
19/7), phycobilisomes appear to be restricted to thylakoids located
within the chloroplast stroma and to be absent from thylakoids within
the pyrenoid llowever, 1n most algae, the pyrenolid matrix is very
electron-dense and 1n electron micrographs appears darker than the
adjacent chloroplast stroma It 1s possible, therefore, that the dense
matrix material of the pyrenoid obscures any phycobilisomes that might
be present. The only authors who, to our knowledge, have commented on

whether phvcobilisomes are present in the pyrenoid report that
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phycobilisomes are present, but not abundant. on the convoluted
thvlakoids of the pvrenoid of Rhodella cvanea (Billavd and Fresnel
1986). Furthermore, the published micrographs ot Nemilton (Sheath et
al 1979; Brawlev and Wetherbee 198l) indicate that phveobilisomes are
also present on the pvrenoid thvlakoids of this alga

To determine whether or not phvcobiliproteins arve present 1n the
pyrenoids of red algae, we have studied the distribution ot
phycoerythrin in the plastid of Porphvridium cruentum bv i1mmunoelectron
microscopy We find that phycoerythrin is not present in the pvrenoid,
and furthermore that the intrapyrenoid thvlakoids displav normal PSI
activity but lack PSIT activity We discuss these findings with
reference to another observation, namelv the localization of nearly all
the plastid’'s ribulose-1,5-bisphosphate carboxvlase/oxygenase (Rubisco,

EC 4.1 1.39) within the pvrenoid.

2.0. Materials and Methods

2.1. Plant material

Porphyridium cruentum (Agardh) Nageli was obtained from the Culture
Collection of Algae at the University of Texas at Austin (UTEX 161) and
grown in batch culture in an artificial seawater medium (Jones et al
1963). Cultures were maintained at 20°C and were continuously agitated
by use of a rotary shaker Light was provided by cool-white fluorescent
lamps (Sylvania F72T12/CW/HC, Roy Marchand Ltd , Laval, P Q , Canada) at

a fluence rate of 30 umol-m™” s in 16 h light/ 8 h dark cycles
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2 2?2 Immunoelectron microscopy

logarithmic phase cells of P cruentum were harvested at h 3 of the
light period Cell pellets were fixed at 4°C for 1 h in a solution
containing 4% (v/v) paraformaldehyde and 0.8%Z (v/v) glutaraldehyde in
phosphate-buffered saline (PBS), pH 7 1. The pellets were washed with
cold bufter and the cells dehydrated through a graded ethanol series and
embedded 1n Lowicryl K4M (J B EM Services, Montreal, P.Q., Canada) as
described 1n Lacoste-Royal and Gibbs (1985). Gold-coloured sections
were cut with a diamond knife and mounted on formva--coated nickel grids
(J B. EM Services) For 1mmunolabelling, grids were placed section-side
down on drops of the following solutions  PBS, 15 min, 1% (w/v) bovine
serum albumin (fraction V) (BSA) in PBS, 15 min; antiserum, 30 min; PBS
rinse, 1% BSA in PBS, 15 min, protein A-gold diluted 1-10, 30 min, PBS
rinse, de-1onized water rinse. Rabbit antiserum against PE 545 purified
from the cryptomonad alga Rhodomonas lens was kindly provided by Robert
MacColl (New York State Department of Health, Albany, NY, USA) and was
used at a dilution of 1:5000 Antisera to sodium dodecyl sulfate
dissociated large (LS) and small subunits of tobacco Rubisco were kindly
provided by Jacqueline Fleck (Institut de biologre moleculaire et
cellulaire, CNRS, Strasbourg, France) and were used at a dilution of
1.2000. Antisera and protein A-gold were diluted in 1% BSA 1in PBS
Colloidal gold was prepared according to the method of Frens (1973) and
was conjugated to protein A (Pharmacia. Dorval, P.Q. Canada) as
described previously (Roth et al. 1978). Immunolabelled sections were
post-stained with 2% (w/v) aqueous uranvl acetate and viewed in a

Philips (Eindhoven, The Netherlands) EM410 electron microscope at an
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operating voltage of 80 kV
In control experiments, the antibody was replaced with rabbit non-
immune i1mmunoglobulin G. o: with PBS alone, prior to protein A-gold

incubation.

2.3 Quantitative evaluation

The density of labelling over various cell compartments was obtained by
determining the number of gold particles per square micrometie ot
compartment sectioned Area determinations were made using 4 Zeisy (New

York, NY, USA) MOP-3 digital analvser

2.4. Cvtochemical detection of PS activity

log phase cells of P. cruentum were harvested at hours 4 or 6 of the
daily light period and treated to detect PS activity essentially as
described in Vaughn and Outlaw (1983) and Vaughn (1987) Cell pellets
were fixed in 2% (v/v) paraformaldehyde in 0 1 M sodium-phosphate
buffer, pH 7 4, containing 0 2 M sucrose, for 20 min at 4°C 1n darknecss
(darkness and low temperatire were malntained in all steps prior to
resin infiltration except as noted) The pellets were washed in buffer
through a decreasing sucrose gradient and then Llncubated with a reagent
solution specific tor each PS. Photosvstem I activity was detected by
the photooxidation of 3,3'-diaminobenzidine-4HC1 (DAB) (Polyscirences,
Warrington, Penn., USA), whereas PSII activity was demonstrated by the
photoreduction of distyryl nitroblue tetrazolium chloride (DS-NBT)
(Analychem Corp., Markham, Ont., Canada) Both reagents were used at o

concentration of 1 mg ml™ 1n 0.1 M sodium-phosphate buffer, pH / 4
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The DS-NBT solution contalned, in addition, O 5% (v/v) dimethyl
sulfoxide to aid in solubilization of the tetrazolium salt For PS
localization, cells suspended 1n freshly prepared reagent solution were
tncubated on a rotary shaker at 20°C under cuol-white fluorescent lamps
providing a fluence rate of 30 pmol m™®.s™ for either 1 h (DAB

oxi1dation) or 45 min (DS-NBT reduction). Controls were performed by
¢ither incubating the cells 1n darkness at 20°C or, in the case of DS-
NBT treatment, by pretreating and incubating with the PSII inhibitor
atrazine (gift from Ciba-Geigy, Dorval, P Q , Canada; provided under the
commerc1al name Aatrex and used at a concentration of 5 4 ug-ml™', see
Appendix 3) Following incubation, the pellets were washed with buffer
and then postfixed 1n either 1% (v/v) 0s0, it 0 1 M sodium cacodylate,
pH 7 4, tor 70 min at 4°C (DAB-treated cells) or 1n cacodyvlate-buffered
2% 0sO, for 90 min at room temperature (DS-NBT-treated cells) The cell
pellets were dehvdrated through a graded ethanol series and then
infiltrated and embedded 1n low viscosity epoxy resin (Spurr, 1969).
Cold- and silver-coloured sections were mounted on formvar-coated copper
grids and unstained sections were viewed i1n erther a Philips EM200 or a
Philips EM410 electron microscope at operating voltages of 60 and 80 kV,

respectively

3.0. Results

3 1 lmmunoelectron microscopy

The intracellular distribution of both the photosynthetic accessory
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pigment PE and the Calvin-cycle enzvme Rubisco in cells of Porphvridium
cruentum 1s shown in Figs. 1 and 2 Figure 1 shows a section through a
log phase cell which has been labelled with anti-PE  Gold particles are
abundant throughout the chloroplast stroma and are usually associated
with the outer surfaces of the thvlakoids In contrast, the pyrenoid
region 1s virtually label-free. Thus, PE, as visualized by protein
A-gold labelling, does not appear to be associated with intrapyrenoid
thylakoids.

Cell sections incubated with antiserum against the large subumit
of Rubisco exhibit a different pattern of labelling (Fig. 2) Gold
particles are highly concentrated over the pyrenoid region, whereas the
remainder of the chloroplast shows only a few dispersed particles Only
a small amount of background labelling is present over the nucleus and
cytoplasm. Sections labelled by antibody against the small subunit of
Rubisco did not show the presence of any specific labelling (not shown),
indicating that our antiserum against the small subunit, produced from &
tobacco antigen, does not cross-react with the small subunit of Rubisco
in P. cruentum.

A quantitative analysis of the density of labelling by each
antibody over different cell and plastid compartments 1n P cruentun
showed that labelling by anti-PE was high over the chloroplast stroma
(87 2 + 3.0 particles-um™®) but over the pyrenoid region was not above
background cytoplasmic labelling (Table 1) In contrast, the density of
labelling by anti-Rubisco LS was very high over the pyrenoid matrix
(196.6 + 7.2 particles-um™®) but very low over the stroma (2 9 + 0 2

particles-um™). Stromal labelling, however, was significantly higher
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Fig. 1. Log phase cell of P. cruentum labelled by anti-PE 545, Gold
particles are abundant throughout the chloroplast stroma, usually
associated with the outer surface of the thylakoids. The pyrenoid (py),

which is traversed by numerous thvlskoid lamellae, remains virtually

label-{ree. Bar = 0.5 um.
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Fig. 2. Log phase cell of P. cruentum labelled by anti-Rubisco LS

Gold particles are highly concentrated over the pyrencid (pv) whereas
the chloroplast stroma displays a very low level of labelling, similar
to that observed over the nucleus (n) and cvtoplasm A small, electron-
dense region located at the chloroplast’s periphery (arrowhead) is also
moderately labelled and may represent a satellite pyrenoid

mLtochopdrlon (m) Bar = 0.5 um.
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Table 1. Density of labeiling over various cell compartments of Porphyridium cruentim.

»

Chloroplast
Stromal
Pyreno1d region Cytoplasn? Nucleus® T
gold particles um* +

Phycoerythrin

Anti-PE 545 1.6 + 0.3 87.2 £ 3.0 1.6 £ 0.2 1.1 +0.6 (9} 24
Rubisro

Anti-1S 196.6 + 7.2 2.3+0.2 0.9 +0.2 2.0+0.9 4] 20
Controis

Nonimmme IgG 8.3 £0.2 0.9 +£0.2 0.8 £90.2 1.9£0.9 14

Protein R-qold

alone 0.8+90.4 0.7 0.1 0.3+0.1 1.1+ 0.7 14

(6)

2 Includes mitochondria and starch

B No. of nuclel examined 1n {)

® No. of cell sections analyzed
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than background cvtoplasmic labelling (one tatled patred t-test,
P < 0 005)

Control experiments were periormed by repldcing the antiseirum with
either non-immune rabbit immunoglobulin ¢ or phosphate-buftered salim
alone, followed bv protein A-gold (Table 1, see alwo Appendin ) For
each control, labelling densities were low ovea: Ifualar
compartment analyzed In addition, the speciti i1ty of the anti-Rubisco
LS and anti-PE 545 used 1n this study, to their corresponding antigens,
has been demonstrated bv Mangenev and Gibbs (1987, see also Chapter 4)
and Ludwig and Gibbs (1989)

3 2 Cvtochemical detection ot PSI

Using photooxidation of DAB to demonstrate PSI activity within the
chloroplast of P cruentum, we found an electron-dense polvmer to be
associrated with all of the thvlakoids of the plastid, 1ncluding thos
which traverse the pyrenoid (Fig 3a) , The dense material was deposited
within the lumens of most thvlakoids. however. where stromal thylakoide
were swollen, the polvmer appeared associated only with the membranc

In addition to thvlakoids, the mitochondrial cristac and envelope
were often stained (Fig 3a). This has been observed previously
(Seligman et al. 1968, Martvy 1977, Vaughn and OQutlaw 19873) and 14
indicative of cytochrome-oxidase activity

In control cells incubated 1n DAB 1n the dark, mitochondria
retained the dense staining whereas chloroplast thylakoids were largely
unstained (Fig. 3b). In the chloroplast, electron-dense deposits werc

restricted to small segments of only a few thylakoids.
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Figs. 3a,b. Cytochemical localization of PSI activity in log phase

cells of P cruentum Bars = 1 um a. Cell incubated 1in DAB in the
light. The electron-dense deposits produced by the photooxidation of
DAB are associated with all chloroplast thylakoids including those which
traverse the pvrenoid. Mitochondrial membranes are also stained
{arrowhead) b. Control cell incubated in DAB in the dark The
chloroplast thylakoids are largely unstained whereas mitochondrial

membranes retain their electron-dense deposits (arrowheads)
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3 3 Cytochemical detection ot PSII
Photosystem [1 activity was detected by the photoreduction of DS-NBT to
diformazan Reduction of the tetrazolium salt was visually monitored
through a change in colour of the cell suspension from red to dark
purple or black  This colour change 1s characteristic of the
photoreduction of tetrazolium salts and was initiated within 1-2 min of
itnceubation in the light In cell sections, diformazan was localized 1in
the lumens of stromal thylakoids but was absent from intrapyrenoid
thylakoids (Fig 40) In thylakoids which extend from the chloroplast
stroma into the pyrenoid region the lumenal electron-dense deposits
stopped abruptly at the pyrenoid border (Fig. 4a., arrowheads)

Cell suspensions 1ucubated i1n the dark or in the presence of the
PS11 inhibitor atrazine did not change colour during incubation In the
atrasine-treated cell in Fig 4b, the thvlakoids do not possess
¢lectron-dense deposits Darklv stained regions are limited mainly to
areas of the chloroplast envelope (Fig 4b, arrows) Ir addition,
scattered osmiophilic globules are present in the plastid These have
been observed previously (Seligman et al. 1971) and are not considered

to represent photoreduced DS-NBT

4.0. Discussion

4 1. Absence ot PE and PSII activity 1n the pyrenoid
We have demonstrated that the intrapyrenoid thylakoids of the red alga

Porphvridium cruentum are not labelled by ant1-PE although a high level

140



Figs. 4a,b. Cytochemical localization ot PSIL activity in log phase
cells of P cruentum. Bars = 0 5 um a. Cell 1ncubated 1n DS-NBDI 1n
the light Electron-dense deposits resulting from photoreduction ot DS-
NBT are found in the lumens of most stromal thylakoids but not 1 the
pyrenoid thylakoids. In thvlakoids which extend from the chlotoplast
stroma into the pyrenoid., the lumenal electron-dense deposits end
abruptly at the pyrenoid border (arrowheads) b. Control cell
incubated in DS-NBT in the light 1n the presence of atrasine De 1iee
product 1s not present in the thvlakoids, manv of which are greatly
swollen However. some regions of the chloroplast envelope dare staincd

(arrows)
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of labelling is associated with the thvlakoid l;mellae outstde the
pvrenoid Phvcoervthrin is the major component of the phvcobilisonmes
of P cruentum, accounting for more than /0% of their total protein
{Gantt 1986). This pigmentr-protein couplex occuptes a pertpheral
position in the numerous rods which radiate out from the central
allophvcocvanin core of P cruentum phvcobilisomes (Gantt and Lipschult.
1977) Our data do not rule out the possibility ot other
phvecobiliproteins being present in the pvrenoid of P cruentum, however
since phycobilisomes of this species alwavs contain PE, we conclude that
there are no phvcobilisomes attached to the thvlakoids which traverse
the pvrenoid of this algx This confirms rhe visual 1mpression given by
the published micrographs of this species (e g. Cantt and Conti 106;)

In addition. we observed that diformazan resulting trom the
photoreduction of DS-NBT was restricted to the stromal thvlakoids Thie
indicates that PSII activity in the intrapvrenoid thvlakoids is erther
markedly reduced or entirelv absent. Lev and Butler (197/) hawv
reported that upwards of 95% of the light excitation energy trapped by
the phvcobilisomes of P cruentum i1s 1initiallyv transferred to P511
Thus, since phyvccbilisomes in the pyrenoié of P. cruentum are absent,
the onlv energv that would be transterred to‘PSII complexes 1n the
thylakoid membranes would be that trapped'by the small number of
chlorophvll a molecules associated with'these reaction centers Thus
one would expect PSIT activity in the pyrenoid to be much reduced

A further contributing factor to the low PSII activity observed 1n
the intrapyrenoid thylakoids might be a deficiency of PSII complexes

associated with the EF faces of these thylakoids In the cryptomonad
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algae, where PE 1s attached to the lumenal surface of the thylakoid
membrane (Lichtle et al. 1987; Ludwig and Gibbs 1989). Rhiel et al.
(198%) and Lichtle et al (1986) have shown that when the
phycobiliprotein cortent of cells grown in high light 1s reduced by 90%
or Y0%, there is a corresponding reduction in the number of EF particles
(the putative PSII complexes) located on the thylakoid membranes In
lréeze-tracture studies of the chloroplast of P. cruentum (Neushul 1970:
1971), the EF face of the pyrenoid thylakoids is not identified

Clearly, additional freeze-fracture studies or, alternatively, immuno-
cytochemical studies using antibodies against PSII polypeptides are
needed in order to determine whether pyrenoid thylakoids are deficient
in PST1 complexes or whether the absence of PSII activity results solely
from the lack of PSI1 light-harvesting antennae pigments

4.?7. Photosvstem I activitv in the pvrenoid

Photosyctem [ activity was detected through the photooxidation of DAB
The resulting electron-dense reaction product was found associated with
all thylakoid lamellae including those which traverse the pyrenoid The
staining of intrapyrenoid thvlakoids 1s believed to be genuine It
seems unlikelvy that reaction products have secondarily migrated into the
pvrenoid region since the oxidized polymer of DAB 1s highly rnsoluble
and is assumed to remaln close to the site of 1ts formation (Frederick
1987) Oakley and Dodge (1974) have similarly observed DAB reaction
product associated with the pyrencid thylakoids in P cruentum. These
findings indicate that the pyrenoid thylakoids may be capable of cyclic

photophosphorvlation mediated by PSI. There would be little non-cyclic
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photophosphoryvlation or 0, evolution associated with intrapvrenoid

thvlakoids. l.owever

4 3 Rubicco and pvrenoids

The apparent intracellular compartmentation of biliprctetns and PSII
activity observed in P. cruentum in the present study may be velated to
pyrenoid function. At present, the role of pyrenoids -~s not
established: however, owing to their plastidic locatiou, thev ate likely
to be involved in photosynthesis Evidence supporting this comes {rom
biochemical and immunocvtochemical reports ail of which indicate that
pyrenoids of various species of algae contain the bifunctional Calvin-
cvele enzyme Rubisco (for references, see McKay and Cibbs 1989, see aluo
Chapter I). In this study we have established that Rubisco t1s also
present in the pyrenoid of P. cruentum The large subunit of Rubisco
was highly concentrated in the pyrenoid of this alga whereas stromal
levels gf the enzyme were only slightly, although significantly. above
background cytoplasmic levels (Table 1).

Whether pyrenoid Rubisco 1s active in vivo 1s not known Some
studies 1indicate that the pyrenoid represents a storage pool of the
enzyme (Lacoste-Royal and Gibbs 1987). whereas others indicate that the
pyrenoid functions as a specific metabolic compartment where CO,
fixation 1s initiated (Miyachi et al. 1986, Kuchitsu et al 1988, McKay
and Gibbs 1989; see also Chapter I). The absence ot phycobilisomes and
PSII activity in the pyrenoid of P. cruentum indicates that therc would
be negligible 0, evolution within the pyrenoid. Although diffusion of

0, into the pyrenoid from the surrounding chloroplast stroma would
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occur, conceivably the 0, tensi~n in the pyrenoid might be lower than
that in the adjacent stroma. In addition, cells of P. cruentum grown in
low CO; have been shown to take up and utilize dissolved inorganic
carbon with high efficiency in photosynthesis (Colman and Gehl 1983),
The cells possess an intracellular carbonic anhydrase (Dixon et al.
1987) which has been shown to be located mainly in the chloroplast
stroma (Yagawa et al. 1987). Thus conceivably, the microenvironment of
the pyrenoid would be one of high CO, and low 0, and this in turn would

favour the carboxylation reaction of Rubisco.
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Notes Added

Several papers published subsequent to this manuscript are relevant to

the interpretation of our findings. We were unable to obtain a cross-
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reaction on tissue sections of P. cruentum using antiserum raised
against Rubisco SS isolated from tobacco (section 3.1.). In support of
this, Newman and Cattolico (1990) report that red algal Rubisco SS
polypeptides show only minimal similarity (20-40% identity from derived
aminoc acid sequences) to the same polypeptides found in terrestrial
plants, green algae and cyanobacteria. Red algal Rubisco SS, however,
is highly related (structurally, immunclogically, kinetically) to its
counterpart found in chromophyte algae (Newman et al. 1989).

Of perhaps greater relevance to our results, two immunolabelling
studies performed on P. cruentum support our finding that PSII, but not
PSI, is excluded from the intrapyrenoid thylakoids of this alga. The
two studies, both originating from Gantt’s laboratory, show that P.
cruentum intrapyrenoid thylakoids are immunolzbelled by antiserum raised
against a 60 kDa PSI core-associated chlorophyll binding protein
(Mustardy et al. 1990; Cunningham et al. 1991). In contrast,
intrapyrenoid thylakoids are not marked by antisera raised against two
phycobilisome proteins (allophycocyanin and a 91 kDa phycobilisome-
thylakoid linker polypeptide) nor are they labelled by antisera directed
against PSII core-associated proteins (D2 and a 45 kDa PSII core-
chlorophyll binding protein). These results indicate that the lack of
PSII activity observed in our investigation is due not only to the
absence of PSIl-associated light-harvesting antennae pigments, but also
reflects the exclusion of PSII core complexes from intrapyrenoid
thylakoids of P. cruentum. These investigators also report that P.
cruentum intrapyrenoid thylakoids are not labelled by antiserum raised

against the B subunit of ATP synthase. This observation casts some
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doubt on our speculation that these thylakoids possess the capacity for
PSI-mediated cyclic photophosphorylation (section 4.2.). Also, in both
studies, the pyrenoid of P. cruentum was heavily labelled by anti-
Rubisco LS (source: spinach), Label over the chloroplast stroma, as
reported in our investigation, was low and present at a similar level as
background.

Finally, it has recently come to our attention that thylakoid
lamellae themselves might represent a site for dehydration of HCO,” to
provide a source of C0, (Moroney and Mason 1991). That HCO,” can be
transported into the thylakoid lumen has been proposed by Semenenko and
colleagues (as reviewed in Moroney and Mason 1991). It is anticipated
that the apH across the thylakoid membrane generated by electron
transport could drive the dehydration of HCO,”; the pH of the thylakoid
lumen is ~5. In this way, intrapyrenocid thylakoids could supply Rubisco

localized in the pyrenoid with substrate CO,.
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CHAPTER VIII

Immunocytochemical characterization of the intrapyrenoid

thylakoids of cryptomonads
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Summary

Thylakoid lamellae extend into the pyrenoids of only two genera of
cryptomonad algae, Chroomonas and Hemiselmis. 1In the present
investigation, we used the technique of immuncelectron microscopy to
assess the photosynthetic competency of cryptomonad intrapyrenoid
thylakoids. Intrapyrenoid thylakoids were shown to possess
phycobiliproteins and the chlorophyll a/c, light-harvesting complex,
both of which are associated with photosystem II in a light-harvesting
capacity. In addition, thylakoids that extend into the pyrenoid of
Hemiselmis brunnescens were immunolabelled by anti-photosystem 1. These
results indicate that cryptomonad intrapyrenoid thylakoids likely
function in a manner analogous to thylakoids of the ~h'oroplast stroma.
Moreover, our observation that the Calvin cycle enzyme Rubisco is
pyrenoid-localized in these cryptophytes indicates that the processes ot
photosynthetic 0,-evolution and RuBP carboxylation/oxidation are not

spatially separated in these algae.
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1.0. Introduction

Investigations of algal fime structure indicate that thylakoid lamellae,
apart from being present in the chloroplast stroma, are frequently
observed to extend into the jpyrenoid regions of algal chloroplasts
(Griffiths 1970). Moreover, there is evidence to indicate that a
structural (Gibbs 1960; 1962a, 1962b) and perhaps functional (McKay and
Gibbs 1990; Mustardy et al. 1990; see also Chapter VII) heterogeneity
exists between lamellae found ir the chloroplast stroma and those
localized in the pyrenoid. Thylakoid lamellae that extend into the
pyrenoid of the red alga Porphyridium cruentum appear to lack
phycobilisomes (see Figure 1 in Gantt and Conti 1965). Employing the
technique of immunoelectron microscopy, we determined that phycoerythrin
(PE), the major component of the light-harvesting phycobilisomes of this
alga, was excluded from the pyrenoid (McKay and Gibbs 1990; see also
Chapter VII). Moreover, we demonstrated by cytochemical staining that
P. cruentum intrapyrenoid thylakoids do not possess photosystem (PS) II
activity.

Like red algae, cryptomonads also possess light-harvesting
phycobiliproteins (MacColl and Guard-Friar 1987). Moreover, it is
postulated that cryptomonads may have arisen by way of a eukaryote-
eukaryote endosymbiosis involving a unicellular red alga and a non-
photosynthetic flagellate (Gillott and Gibbs 1980). Much of the
evidence supporting this hypothesis has come from studies of cryptomonad
fine structure. Apart from demonstrating the requisite membranes

involved in the acquisition of a eukaryotic endosymbiont, these studies
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also demonstrate the presence of the nucleomorph, a structure postulated
to be the vestigial nucleus of the endosymbiotic ancestral red alga
(Gillott and Gibbs 1980). Further support for this hypothesis has come
recently from a study by Douglas et al. (1991) who cloned and sequenced
separate nuclear and nucleomorph genes encoding functional 18S rRNA from
Cryptomonas ¢. Their phylogenetic analysis shows the nucleomorph
sequence to be closely related to nuclear sequences encoding 18S rRNA
reported from two red algae (Bird et al. 1990). In view of our previous
findings concerning the intrapyrenoid thylakoids of Porphyridium and of
the proposed evolutionary proximity between red algae and cryptomonads,
we have characterized the intrapyrenoid thylakoids of two cryptophytes

using the technique of immunocelectron microscopy.

2.0. Materials and Methods

2.1. Algal Culture

Hemiselmis brunnescens Butcher (CCAP 984/2) was obtained from the
Culture Collection of Algae and Protozoa, Freshwater Biological
Association, Ambleside, Cumbria, UK, and was grown in f/2 medium
(McLachlan 1973). Chroomonas sp. was isolated in 1977 from Lake
Memphramagog, Québec, and has since been maintained in unialgal culture
at McGill University. During this investigation, it was cultured in
$,T, medium (Lichtlé 1979). Both cryptomonads were maintained in batch
culture at 20°C, and cultures were continuously agitated by use of a

rotary shaker. Light was provided by cool-white fluorescent lamps

151



(Sylvania F72T12/CW/HO) at a photon fluence rate of 40 umol'm*s™ in 16

h light/8 h dark cycles.

2.2. Immunoelectron Microscopy

Logarithmic-phase cells were harvested at h 4 of the light period and
cell pellets were fixed at 4°C for 1 h in a solution containing 1% (v/v)
glutaraldehyde buffered with either 100 mM sodium phosphate, pH 7.1, for
Chroomonas sp., or 100 mM sodium cacodylate, pH 7.5, for H. brunnescens.
The pellets were washed with cold buffer and the cells dehydrated
through a graded ethanol series followed by infiltration with propylene
oxlde and embedding in JEMBED 812 resin (Epon 812 equivalent; J.B. EM
Services, Montréal, Canada) In addition, some Hemiselmis cells were
embedded in Lowicryl K4M resin (J.B. EM Services). These cells were
harvested at h 1.5 of the light period and were fixed at 4°C for 1 h in
a solution containing 4% (v/v) paraformaldehyde, 0.2% (v/v)
glutaraldehyde and 600 mM sucrose in 100 mM sodium cacodylate, pH 7.0.
The cells were dehydrated through a graded ethanol series and embedded
in Lowicryl K4M as described in Lacoste-Royal and Gibbs (1985),

For immunolabelling, pale gold-coloured sections were cut with a
diamond knife and mounted on formvar-coated nickel prids. The grids were
placed section-side down on drops of the following solutions: phosphate-
buffered saline (PBS), 15 min; 1% (w/v) bovine serum albumin (fraction
V) (BSA) in PBS, 15 min; antiserum, 30 min to 2.5 h; PBS, 4x5 mia: 1%
BSA in PBS, 15 min; protein A-gold solution (0.D.;;s=1.6), 30 min; PBS,
3x5 min; deionized water rinse. The antisera and dilutions used are

described in Table 1. Colloidal gold was prepared according to the
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Table 1. Antisera employed in the present investigation.

Dilution
Antjbody Host __ Source of Antigen Immunoblots  Immunocytochemistry  Reference
anti-PE rabbit Rhodomonas lens 1:10¢ 1:500 Guard-Friar et al. 1986
(B subunit) (Cryptophyceae)
anti-chl g/(_:2 LHC rabbit Cryptomonas rufescens  ----- 1:80 Lichtle et al. 1991a
(19 kDa subunit) {Cryptophyceae)
anti-psl rabbit Zea mays 1:600 1:200  emmmmmemmmeeeee-
anti-Rubisco rabbit Olisthodiscus luteus 1:10° 1:500 Newnan et al. 1989
{large subunit) { Rhaphidophyceae)
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method of Frens (1973) and was conjugated to protein A (Analychem Corp.,
Markham, Ontario, Canada) as described previously (Roth et al. 1978).
Alternatively, in some labelling experiments, a commercially obtained
preparation of protein A-gold was used (15 nm gold; Intermedico,
Markham) Antisera and protein A-gold were diluted in 1% BSA in PBS.
Immunolabelled sections were post-stained with 2% (w/v) aqueous uranyl
acetate and viewed in a Philips EM 410 electron microscope at an
operating voltage of 80 kV,

In control experiments, the antibody was replaced with rabbit pre-
immune serum, or with PBS alone, prior to protein A-gold incubation. No

specific labelling of cell sections was observed (see Appendix 2).

2.3. Protein Extraction and [mmunoblotting
Soluble protein extracts of Chroomonas and Hemiselmis were obtained by
sonicating (Sonifier Cell Disruptor, Heat Systems Ultrasonics Inc.,
Plainview, NY, U.S.A.) freshly harvested cells suspended in a small
volume of ice-cold extraction buffer (Lichtle et al. 1987) containing
phenylmethyl sulfonyl fluoride (PMSF). The resulting crude protein
extracts were clarified by centrifugation in a microcentrifuge (Fisher
model 235C) for 10 min at 4°C and polypeptides retained within the
supernatant were used to determine the specificity of antiserum raised
against the large subunit (LS) of Rubisco and of antiserum directed
against PE 545

The specificity of antiserum raised against sucrose gradient
purified PSI from maize was determined from immunoblots of detergent-

solubilized thylakoid membrane proteins of H. brunnescens. Cells
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suspended in a small volume of ice-cold buricr A (50 mM Tris-HCl. pH
7.9, 300 mM sucrose, 20 mM MgSO, 7H,0. 0.25% (w/v) BSA) containing 1 mM
PMSF were broken by sonication after which the protein extract was
clarified by centrifugation (30 min, 4°C, 40,000 x g, Ti 70 | rotor,
Beckman L8-70 ultracentrifuge). The supernatant, containing PE and
other soluble proteins, was discarded. The pellet, consisting of
sedimented cell membranes and debris, was resuspended in 5 ml of ice-
cold buffer B (50 mM Tris-HCl, pH 7.9, 300 mM sucrose, 20 mM MgSO, 7H,0,
1 mM Na-EDTA) and homogenized in a chilled glass tissue homogenizer
The homogenate was diluted to 10 ml and then centrifuged first at /750 x
g for 7 min (4°C, SS-34 rotor, Sorvall RC2-B centrifuge) to remove
unbroken cells and debris and then again at 40,000 x g for 30 min to
sediment membranes. The thylakoids were washed again in buffer B and
then twice in buffer C (50 mM Tricine-NaOH, pH 7.3) following which they
were resuspended in buffer C at a chlorophyll concentration of 100 pug
chl ml™. Thylakoid membranes were solubilized by treatment with 1%
(v/v) Triton X-100 for 30 min at room temperature with stirring and were
then sedimented by centrifugation. The pellet was discarded and the
clear green supernatant, containing solubilized protein, was layered on
top of a continuous 10 to 40% (w/v) sucrose gradient (10 ml) containing
0.03% Triton X-100 and centrifuged (16 h, 4°C, 165,000 X g, SW 4l rotor,
Beckman L8-70 ultracentrifuge). Following centrifugation, the green
pigmented fractions were removed and used for immunoblotting.
Polypeptides were separated essentially as described by Laemmli
(1970) on 12% or 15% sodium dodecyl sulfate-containing polyacrylamide

mini-gels and were transferred electrophoretically to nitrocellulose
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filters (0 45 um; Bio-Rad Laboratories Ltd,, Mississauga, Ontario) in
transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol) at room
temperature for 2 h at 60 V. Filters containing the blotted
polypeptides were washed in tris-buffered saline (TBS; 10 mM Tris-HCl,
pH 8.0, 150mM NaCl) for 30 min and then were blocked overnight at 4°C
with 1 to 2% BSA in TBS containing 0.05% (v/v) Tween-20 (TBST). After
hlocking, filters were incubated at room-temperature in the following
solutions: primary antiserum, 30 min to 2 h; TBST, 3x10 min; 1:10° goat
anti-rabbit IgG-horseradish peroxidase (heavy and light chains; BIO/CAN
Scientific Inc., Toronto, Canada)., 30 min; TBST, 3x10 min; TBS., 10 min.
Immnuoreactive bands were visualized by incubating blots in a solution
containing the chromogen 4-chloro-l-naphthol in TBS/methanol plus H,0,.
The reaction was stopped by washing with deionized water. All antisera
were diluted in TBST containing 1% BSA.

Protein was determined with the Bio-Rad protein assay kit using
BSA as a standard and following the instructions provided by the
manufacturers. Chlorophyll concentrations were determined using the
equations for chlorophyll (chl) c,-containing algae as described in

Jeffrey and Humphrey (1975).

3.0. Results and Discussion

3.1. Antisera Specificity
Antisera raised against PE 545 and against Rubisco LS each cross-reacted

with specific polypeptides in soluble protein extracts from Chroomonas
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sp. and Hemiselmis brunnescens (Fig.l). Anti-PE 545 cross-reacted with
a polypeptide having an apparent molecular mass of ~ 21 kDa in extracts
from each cryptomonad (Fig. la); an observation of intercst since H.
brunnescens is a PE-containing alga (PE 555; Hill and Rowan 1989)
whereas Chroomonas contains a phycocyanin (PC) as its biliprotein.
Employing this same antiserum, Ludwig and Gibbs (1989) and Spear-
Bernstein and Miller (1989) each reported antiserum recognition with a
polypeptide of a similar size in extracts from the PE-containing
cryptophyte Rhodomonas lens and concluded that the antibody specifically
recognized the B subunit of PE. Our results with Chroomonas, however,
extend this observation to include recognition between anti-PE 545 and
the B subunit of PC. The immunorecognition between anti-PE 545 and PC
was not unexpected. Unlike the biliproteins of cyanobacteria and red
algae (Berns 1967), cryptomonad PE and PC are immunochemically related
(Guard-Friar et al. 1986), the immunorecognition presumably being the
result of a high amino acid identity between the B subunits of
cryptomonad PE and PC ( Sidler et al. 1985). Antiserum raised against
Rubisco LS cross-reacted with a polypeptide having an apparent molecular
mass of ~52 kDa in extracts from each cryptomonad (Fig. 1b). The
molecular size of the immunoreactive polypeptide is within the range of
values reported previously for the LS of chromophyte Rubisco (Plumley et
al 1986; Newman et al. 1989).

Polypeptide fractions obtained from sucrose gradient
centrifugation of detergent solubilized thylakoid membrane proteins of
H. brunnescens were used to determine the specificity of anti-PSI.

Three chlorophyll-containing fractions were discernible following
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Fig. 1. Immunoblot characterization of antisera. Positions of
molecular mass standards (in kDa) are shown. a. Soluble protein
extracts of Chrooomonas sp. (Lane 1) and H. brunnescens (Lane 2)
incubated with anti-PE 545. In each lane, a single band having an
apparent mass of ~21 kDa is stained. b. Anti-Rubisco LS recognizes a
protein of ~52 kDa from soluble protein extracts of Chroomonas (Lane 1)
and Hemiselmis (Lane 2). c. Detergent-solubilized membrane proteins
derived from H. brunnescens were used to determine the specificity of
anti-PSI. A diffuse staining band extending between 10 and 24 kDa
likely represents several immunoreactive polypeptides.‘ An
immunoreactive band having an apparent mass of ~60 kDa is also prominent

as are several bands of much higher mass.
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centrifugation and were designated 1,2 and 3 depending on density, with
fraction 3 being the most dense and fraction 1 the least dense. Anti-
PSI recognizea polypeptides from fraction 3. This is consistent with
results from previous investigations using cryptomonads, all of which
identify the most dense fraction from sucrose gradients as being
enriched in PSI (Ingram and Hiller 1983; Lichtlé et al. 1987; Rhiel et
al. 1987). The main reaction product was visible as a diffuse stained
band, likely representing several polypeptides in the range of 10 to 24
kDa (Fig. lc). Due to the conditions chosen for electrophoresis, these
proteins were not well-resolved. A band in the range of 60 kDa was also
stained. In addition, several bands of high molecular mass were stained
and probably represent protein aggregates. From these results, it is
likely that our polyclonal antiserum is directed against protein
components of the PSI core complex. This complex includes two similar,
but non-identical polypeptides of the PSI reaction centre in addition to
a group of low mass polypeptides which in higher plants are designated
subunits II-VII (Margulies 1989). The functions of these subunits have
not yet been elucidated; however, they are required for electron
transport through PSI.

Antiserum directed against the chl a/c, LHC was not characterized
as part of the present investigation. It was raised against a 19 kDa
apoprotein of the complex isolated from Cryptomonas rufescens and its

specificty has been demonstrated previously (Lichtlé et al. 199la).

3.2. Immunoelectron Microscopy

In cryptomonads, members of two genera possess intrapyrenoid thylakoids.
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In Hemiselmis, the broadly-based, stalked pyrenoid is entered by a
single pair of thylakoids (Santore 1982; 1984). In Chroomonas, several
pairs of thylakoids may traverse the pyrenoid (Santore 1984; 1987; Hill
1991).

In order to assess the photosynthetic competency of cryptomonad
intrapyrenoid thylakoids, we have employed in the present investigation,
the technique of immunoelectron microscopy. Cryptomonads are unique
among photosynthetic organisms in that they possess phycobiliproteins
and chl c,, both of which serve in a light-harvesting capacity,
transferring excitation energy preferentially to PSII reaction centers
(Lichtlé et al. 1980; Bruce et al. 1986; Biggins and Bruce 1989). Our
results clearly demonstrate that in both the PE-containing Hemiselmis
brunnescens and the PC-containing Chroomonas sp., phycobiliproteins (as
shown by immunolabelling with anti-PE 545) are associated with all
thylakoids, including those extending into the pyrenoid In Figure 2,
gold particles are clearly associated with thylakoids that cross the
pyrenoid of Chroomonas. Similarly, an intrapyrenoid lamella of H.
brunnescens is immunolabelled by anti-PE 545 (Fig 13). In both algae,
thylakoids in the remainder of the chloroplast are also labelled.
Previous studies have demonstrated that in cryptomon«ds,
phycobiliproteins are localized within the thylakoid lurmen (Gantt et al.
1971, Ludwig and Gibbs 1989, Spear-Bernstein and Miller 1989) and are
not arranged into phycobilisomes as occurs in cyanobacteria and red
algae.

Incubation of sections of Lowicryl-embedded H. brunnescens in

anti-chl a/c; LHC also confirms the association of this complex with the
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Figs. 2-7. Sections through pyrenoids of Chroomonas sp. and Hemiselmis
brunnescens. Bars = 0.25 um. Figs. 2-3. Epon-embedded cells
immunolabelled by anti-PE 545. Fig. 2. Gold particles are found over
thylakoids (arrowheads) extending into the pyrenoid (py) of Chroomonas.
Thylakoids tound in the remainder of the chloroplast are also labelled.
Fig. 3. All thylakoids, including the single lamella that enters the
pyrenoid of H. brunnescens are immunolabelled by anti-PE 545. Figs. 4-
5. Lowicryl-embedded cells of H. brunnescens. Fig. 4. A single pair
of thylakoids that traverse a small projecting pyrenoid are
immunolabelled by anti-chl a/c, LHC. Thylakoids elsewhere in the
chloroplast are also labelled. The nucleus (n) is unlabelled. Fig. 5.
A grazing section over an intrapyrenoid lamella of H. brunnescens. The
intrapyrenoid thylakoids are immunolabelled by anti-PSI. Figs. 6-7.
Epon-embedded cells immunolab:lled by anti-Rubisco LS. Fig. 6. In this
cell section, three pairs of thylakoids traverse the pyrenoid of
Chroomonas. Anti-Rubisco LS labels the pyrenoid matrix whereas only a
few scattered gold particles are found elsewhere in the cell. Fig. 7.
The pyrenoid of H. brunnescens is similarly immunolabelled by anti-

Rubisco LS.
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intrapyrenoid thylakoids of this alga. In Figure 4, antiserum directed
against a 19 kDa apoprotein of the complex labels the pair of thylakoids
crossing the small projecting pyrenoid. TIn addition, thylakoids
extending throughout the remainder of the chloroplast are also labelled,
albeit sparsely. The chloroplast stroma i1s unlabelled. Specific
thylakoid labelling using antiserum raised against apoproteins of the
¢hl a/c, LHC has been demonstrated previously in cryptomonads (Rhiel et
al. 1989, Lichtlé et al. 1991la). Thus, our results indicate that both
peripheral light-harvesting pigment-protein complexes possessed by
cryptophytes are present not only in the thylakoids of the chloroplast
stroma, but are also associated with cryptomonad intrapyrenocid
thylakoids. Although we have not performed a cytochemical activity
stain for PSII, our results indicate that cryptomonad intrapyrenoid
thylakoids likely function in a manner analagous to stromal thylakoids.
This is further substantiated by our observation that the intrapyrenoid
thylakoids of Hemiselmis are labelled by anti-PSI (Fig. 5)

Our observations for cryptomonads are in marked contrast to those
reported for the red alga Porphyridium cruentum where peripheral
phycobiliprotein (McKay and Gibbs 1990; Mustardy et al. 1990; see also
Chapter VII) and PSII core light-harvesting complexes (Mustardy et al.
1990) are excluded from intrapyrenoid thylakoids. Moreover, these
thylakoids are not labelled by antiserum raised against the PSII
reaction center polypeptide D2 (Mustardy et al. 1990) nor do they stain
for PS1I activity (McKay and Gibbs 1990; see also Chapter VII). At the
time, we speculated that the absence of PSII from intrapyrenoid

thylakoids might be related to our observation that the bifunctional
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Calvin cycle enzyme ribulose 1,5-bisphosphate carboxylase/oxvgenase
(Rubisco, E.C. 4.1.1.39) is mainly pyrenoid-localized in this alga
(McKay and Gibbs 1990; see also Chapter VII). The resulting spatial
separation between the process of photosynthetic 0,-evolution and the
reactions catalyzed by Rubisco, we argued, would promote Rubisco-
catalyzed carboxylation, rather than oxygenation, of substrate ribulose
1,5-bisphosphate (RuBP). This, 1in turn, would promote photosynthetic
carbon fixation rather than photorespiration.

Rubisco is similarly pyrenoid-localized in cryptophytes (Figs.
6,7), yet, our immunolabelling results indicate that cryptomonad
intrapyrencid thylakoids, unlike those of Porphyridium, possess a
functional PSII complex. It appears, then, that spatial separation
between the reactions of photosynthetic 0,-evolution and RuBP
carboxylation/oxygenation is not a feature possessed by all pyrenoid-
containing algae. Rather, in many algal groups, the allocation of
photosystem components to intrapyrenoid thylakoids appears to follow the
pattern of distribution of these same proteins in thylakoids of the
chloroplast stroma. In higher plants, there exists extreme lateral
heterogeneity in the distribution of photosynthetic proteins among
thylakoid membranes (Staehelin 1986). Those polypeptides associated
with PSII are predominantly localized in the stacked grana regions
whereas PSI-associated proteins are found mainly among unappressed
thylakoid membranes. A similar partitioning of photosystem-related
polypeptides has been reported for the green alga Chlamydomonas
reinhardtii (Vallon et al. 1985; 1986; deVitry et al. 1989) and the

hornwort Phaeoceros laevis (Vaughn and Owen 1989), both pyrenoid-
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containing organisms. Moreover, in these organisms, intrapyrenoid
thylakoids follow the same pattern ot lateral heterogeneity in the
distribution of photosystem components as established by the thylakoids
of the chloroplast stroma  That is, PSII activity is present in the
small grana stacks that often separate the pyrenoid subunits of
Phaeoceros (Vaughn and Nwen 1989) but is absent from the unstacked,
single thylakoids that traverse the pyrenoid of the hornwort Notothylas
orbicularis (K Vaughn, pers. comm.). The single thylakoids that
traverse the pyrenoid of Notothylas, however, stain for PSI activity (K.
Vaughn, pers. comm.). Similarly, the unstacked thylakoid-like tubules
that extend into the pyrenoid of Chlamydomonas are immunolabelled by
neither intrinsic (J.Olive, pers. comm.) nor extrinsic (Vallon et al.
1985; deVitry et al. 1989) PSII core polypeptides.

The distribution of photosystem components, apart from
phycobiliproteins, among the thylakoids of chromophyte algae has only
recently been examined by immunocytochemical methods (Grevby et al.
1989; Rhiel et al. 1989; Lichtlé et al. 1991a; 1991b; Pyszniak and Gibbs
1991). Here, unlike higher plants and green algae, thylakoids are
arranged in extended, loosely appressed bands of three thylakoids, or in
the case of cryptomonads, in pairs of loosely appressed thylakoids.
Distinct grana stacks are not evident. Moreover, immunolabelling
results indicate that the marked asymmetry evident in the distribution
of photosystem components among thylakoids of higher plants and green
algae does not exist in cryptomonads (Rhiel et al. 1989; Lichtlé et al.
1991a), diatoms (Pyszniak and Gibbs 1991) or brown algae (Lichtlé et al.

1991b). That is, in chromophyte algae, PSI and PSII components are
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located on both appressed and unappressed thylakoid membranes. In light
of this, our observation that cryptomonad intrapyrenoid thylakoids
possess both P51 and PSII complexes 1s not surprising The single pair
of thylakoids that traverse the pvrenoid of the diatom Phaeodactyium
tricornutum is similarly immunolabelled by anti-PSI (Pyszniak and Gibbs
1991; McKay and Gibbs unpublished., see Appendix 4), stains for PSI
activity (McKay and Gibbs 1991a) and is also labelled by antiserum
raised against a peripheral light-harvesting complex for PSI1 (McKay and
Gibbs 1991a: Pyszniak and Gibbs 1991: see also Appendix 4). Rubisco is
also pyrenoid-localized i1n Phaeodactylum (McKay and Gibbs 1991la; see
also Appendix 4).

Why PSII is excluded from the pyrenoid of Porphyridium cruentum is
not known. Even among other pyrenoid-containing red algae this feature
does not appear to be widely conserved. Although the published
micrographs of P. aeruginium (Gantt et al. 1968) and Porphyra
leucosticta (Sheath et al 1977) indicate that intrapyrenoid thylakoids
of these algae also lack light-harvesting phycobilisomes and presumably
PSII activity, phycobilisomes are present on thylakoids found in the
pyrenoids of Rhodella cyanea (Billard and Fresnel 198b) and Nemalion
(e.g. Sheath et al. 1979). Our finding that PSII complexes are present
in the pyrenoids of several chromophyte algae indicates that the absence
of PSII from the pyrenoid of Porphyridium is not likely related to
Rubisco functioning in algal pyrenoids Nevertheless, it is probable
that the microenvironment of the algal pyrenoid is one of high CO, and
low 0,. The frequency of thylakoids found in the pyrenoid is much

reduced compared to that found in the chloroplast stroma. Moreover,
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many algae, cryptophytes included (Suzuki and Ikawa 1985), possess
effective concentrating mechanisms that act to concentrate inorganic
carbon species intracellularly to high levels (for review, see Aizawa
and Miyachi 1986). The mechanism is induced under levels of low
inorganic carbon in the growth medium and results in the apparent

supression of photorespiration.
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CONCLUDING REMARKS

The pyrenoids of evolutionarily diverse algae and hornworts contain the
Calvin cycle enzyme Rubisco’. Moreover, through research presented in
this thesis, it appears that pyrenoid-localized Rubisco is catalytically
competent and that this Rubisco functions in the process of
photosynthetic carbon reduction. In Chapter II, a study combinirg
immunoelectron microscopy and photosynthetic physiology shows that in
the green alga Chlorella pyrenoidosa, Rubisco remains pyrenoid-localized
over a wide range of growth light fluence rates, including light that is
saturating for photosynthesis. At all light levels tested, immunogold
labelling over the remainder of the chloroplast was present at
background levels Since maximum Rubisco activity normalized to a per
cell basis is only about 1.2-1.5 times higher than the maximum rate of
photosynthesis (Tsuzuki et al. 1985), the rates observed cannot be
accounted for solely by the low levels of Rubisco that may be present in
the chloroplast stroma. Rubisco in the pyrenoid must be contributing to
the observed rates of photosynthesis.

Results presented in Chapter III further support a functional role
for pyrenoid-localized Rubisco. 1In higher plants, Rubisco activase
catalyzes the activation and maintains the activated state of Rubisco in

vivo. Recently it was demonstrated that Rubisco activase is also

! At present, we have no evidence to support a pyrenoid-location for
enzymes of the Calvin cycle other than Rubisco; immunolocalization of
phosphoribulokinase in a red and a green alga (Chapter IV) indicated
that this enzyme is located predominantly in the chloroplast stroma.
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present in the green alga Chlamydomonas reinhardtii (Roesler and Ogren
1990a). Moreover, immunolocalization studies reported in Chapter III
indicate that in Chlasydomonas, activase is located mainly in the
pyrenoid. A pyrenoid location for Rubisco activase would seem more
likely if the Rubisco located in this structure were functional rather
than a storage form.

In those organisms containing pyrenoids, why is Rubisco localized
in this region, sequestered away from other reactions and processes
occurring in the chloroplast? One possibility involves the observation
that purified Rubisco irreversibly inhibits photophosphorylation in
vitro. This inhibition appears to be a result of binding between
Rubisco subunits and the a and B subunits of H'-ATP synthase (Suss
1990). 1In higher plants, it is postulated that two different pools of
Rubisco exist; one form which catalyzes RuBP carboxylation/oxidation and
another form which is complexed to receptors on the thylakocid membranes.
Suss (1990) explains that this second pool of Rubisco prevents the
former pool from complexing to ATP synthase and in this way, inhibition
of photophosphorylation is avoided. Furthermore, he suggests that
accumulating Rubisco in the pyrenoid region of algal chloroplasts may
similarly provide a strategy for preserving ATP synthesis from
inhibition by Rubisco.

It is possible that packaging of Rubisco in the pyrenoid may
prevent the action of negative effectors. In Chapter III, it was shown
that Rubisco activase is pyrenoid-localized in green algae. ATP is
required bv Rubisco activase. However, ADP has been shown to inhibit

activase activity (Steusand and Portis 1987). Furthermore, Robinson et
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al. (1988) have demonstrated that in the presence of ADP, Rubisco
activase may also be modulated by other chloroplast metabolites. A
number of the metabolites that act as negative effectors are also
intermediates of the photosynthetic carbon reduction cycle. However, as
a result of the compartmentalization of activase and Rubisco away from
other reactions of the Calvin cycle, it would seem that in these
organisms, activase is not subject to the same type of metabolite
regulation as may occur in higher plants.

A novel explanation for the localization of Rubisco in pyrenoids
might be provided by a model recently developed for cyanobacterial
carboxysomes. Cyanobacterial Rubisco is very inefficient, possessing a
value for K, (CO,) of between 80 and 330 uM (Badger 1980; Andrews and
Abel 1981; Jordan and Ogren 1981; 1983). Immunoelectron microscopy and
cell-fractionation investigations indicate that in cyanobacteria and
other photosynthetic prokaryotes, Rubisco is predominantly localized in
carboxysomes (see Codd 1988, for review; see also Chapter V). Recently,
Reinhold et al. (1987; 1989) proposed, and Price and Badger (1989a)
provided evidence supporting, a model identifying the carboxysome as an
integral component of the inorganic carbon concentrating mechanism of
cyanobacteria. Reinhold et al. (1987; 1989) speculated that the
carboxysome might be a region of elevated C0, concentration. This, they
suggest, could be facilitated by excluding carbonic anhydrase (CA) from
the thylakoid and centroplasmic regions of the cell and instead,
restrict its localization to the carboxysome. In their model, transport
components of the inorganic carbon concentrating mechanism are localized

at the cell membrane and HCO,  is the species of inorganic carbon
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delivered to the cell interior, perhaps by way of a transporter
possessing a CA-like moiety. With CA restricted to carboxysomes,
dehydration of HCO,” in the centroplasmic and thylakoid regions would
proceed only at the uncatalyzed rate. It is anticipated that this would
result in non-equilibrium ratios of HCO, :CO, in the cell interior,
thereby preventing large scale leakage of CO; from the cell. HCO;”
entering carboxysomes would be dehydrated by the CA located in these
structures and the CO, generated by this reaction would be required to
diffuse through Rubisco molecules confined to a small region. The
resulting high CO, microenvironment would ensure CO, saturation of
Rubisco, thereby offsetting the low affinity this enzyme naturally
displays for CO,.

Before the carboxysome model can be extended to include pyrenoids,
one must examine existing biochemical and morphological data concerning
them. In accordance with the model, the subcellular distribution of
Rubisco in pyrenoid-containing algae and hornworts is mainly restricted
to the pyrenoid. However, there is little evidence to support the
restrictions imposed on the localization of CA (see Chapter I, section
5.0.) as required by the model. On the contrary, available evidence
indicates that in microalgae, CA is localized throughout the chloroplast
stroma. The localization of a portion of CA outside the pyrenoid is not
predicted by the carboxysome model of Reinhold et al. (1987; 1989) and
since exclusion of CA from regions other than carboxysomes is a ma jor
premise of their model, it appears that the model should not be extended
to include pyrenoids. Moreover, it is not entirely clear whether a

pyrenoid-localized CA is absolutely necessary to generate the CO,
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required as a substrate by Rubisco. Two protous are generated as part
of the carboxylation reacti.n catalyzed bv Rubisco and the resulting
acidification of the pyrenocid compartment would promote formation of CO,
from HCC,”. Furthermore, Rubisco enzymes from diverse groups of
eukaryotic algae appear to be more efficient than their cyanobacterial
counterparts. Reported K, (CO,) values for Rubisco from pvrenoid-
containing algae range from about 20 uM for the cryptomonad alga
Chroomonas sp. (Suzuki and Ikawa 1985) to 70 uM for the green alga Ulva
fasciata (Beer et al. 1990). These values would place the algal enzyme
at an intermediate level between the low affinity enzyme of
cyanobacteria and the higher affinity enzyme of terrestrial C,-type
plants (K, (CO;) = 10-25 uM; Jordan and Ogren 1981; 1983; Yeoh et al.
1981). Perhaps in pyrenoid-containing algae, operation of an inorganic
carbon concentrating mechanism alone ensures C0O,-saturation of pyrenoid-
localized Rubisco.

It might be suggested that pyrenoids represent an evolutionary
intermediate between Rubisco being contained in carboxysomes and its
being distributed throughout the chloroplast stroma. The cyanelles of
some endocyanomes may represent an extant link between pyrencids and
carboxysomes. Cyanelles are blue-green-coloured prokaryotes which are
obligate endosymbionts in some eukaryotic protists. Usually, they are
observed to possess electron-dense, carboxysome-like structures (Kies
1984). In some host genera (e.g. Paulinella, Gloechaete), the
"carboxysomes" of cyanelles are delimited by a non-unit membrane (Kies
1984), a characteristic similar to that of cyanobacteria. However, in

the genera Cyanophora and Glaucocystis, cyanelle "carboxysomes" are not
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membrane-bound (Kies 1984) and thus more resemble pyrenoids.
Furthermore, employing immunogold cytochemistry, Mangeney and Gibbs
(1987) demonstrated that "carboxysomes" of the cyanelles of Cyanophora
paradoxa and Glaucocystis nostochinearum contain Rubisco.

Likewise, the hornworts may represent an extant link between
organisms that possess pyrenoids and the condition where Rubisco is
distributed throughout the chloroplast stroma. The hornworts are the
only terrestrial plant group having members that possess pyrenoids.
Moreover, among the genera that contain these structures, several
variations in pyrenoid morphology exist. Members of Notothylas, a
primitive hornwort genus, typically possess algal-like pyrenoids,
globular in nature and traversed by only single thylakoids and a small
amount of stroma. Other hornwort genera exhibit more dissected
pyrenoids. Many members of the genera Anthoceros, Dendroceros,
Folioceros, Phaeoceros and Sphaerosporoceros possess multiple pyrenoids
where individual units are dissected by large regions of stroma
containing both stacked and unstacked thylakoid lamellae (Vaughn et al,
1990). In contrast, members of the genus Megaceros possess
multiplastidic cells which do not contain pyrenoids. Instead, in these
hornworts, Rubisco is distributed throughout the chloroplast stroma
(Vaughn et al. 1990). Vaughn and colleagues suggest that an even
distribution of Rubisco in the stroma might better facilitate
chloroplast division in multiplastidic cells. Perhaps the loss of
pyrenoids is associated with the evolution of multiplastidic cells.

The presence of intrapyrenoid thylakoids in diverse species of

algae remains an enigma. They are often structurally, and sometimes
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functionally modified compared to lamellae found in the chloroplast
stroma. Moreover, not all pyrenoid-containing organisms possess
intrapyrenoid thylakoids. Our initial observation that the
intrapyrenoid lamellae of Porphyridium cruentum lack photosystem (PS) I[1I
activity, and presumably photosynthetic 0,-evolution, (Chapter VII) led
us to speculate that the pyrenocid might provide a microenvironment
having a high €0,:0, ratio. That cryptomonad intrapyrenoid thylakoids
possess PSII light-harvesting complexes (Chapter VIII) indicates that
the absence of PSII from intrapyrenoid lamellae as cbserved in P.
cruentum is not an omnipresent feature of these thylakoids. As
discussed in Chapter VII, however, a possible function of intrapyrenoid

thylakoids might be in providing CO,, generated in the acidic lumen,
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Fig. 1. Immunolocalization of Rubisco LS in the leaf of a C,-type
higher plant. A section through a mesophyll cell from a leaf of Pisum
sativa. Rubisco LS is restricted to the chloroplast (c¢) and is located
mainly in the stromal region. Thylakoid grana stacks are unlabelled.

The cytoplasm (cy) and a mitochondrion (m) are free of label. Bar = 0.5

um,

Fig. 2. TImmunolocalization of Rubisco LS in the non-pyrenoid-containing
alga Ochromonas danica. Two profiles of chloroplast are labelled; the
gold particles seemingly distributed throughout each plastid. The

nucleus (n) is mainly unlabelled. Bar = 0.5 um.
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Figs. 1-3. Controls for immunolabelling studies. Bars = 0.5 um. 1,
Section through Chlorella pyrencidosa incubated with rabbit non-immune
IgG. Very few gold particles are evident over the pyrenoid (py) or the
remainder of the chloroplast (¢). A similar low level of labelling is
observed over other cellular compartments. 2. Section through
Chlamydomonas reinhardtii incubated with rabbit pre-immune serum. The
various cellular compartments are mainly unlabelled. nucleus (n). 3.
Section through Phaeodactylum tricornutum in which the primary antiserum

was replaced by PBS alone. The cell is free of label.
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Figs. 4,5. Controls for immunolabelling studies. Bars = 0.5 uym. 4,
Section through Porphyridium cruentum incubated with rabbit non-immune
IgG. Only a few scattered gold particles are evident over the pyrenoid
(p) and chloroplast (¢). The remainder of the cell is likewise, mainly
free of label. nucleus (n). 5. Section through Hemiselmis brunnescens
incubated with rabbit pre-immune IgG. Only a few gold particles are

found scattered over each cellular compartment,
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Fig. 1. Dosage effect of Aatrex on photosynthetic 0,-evolution in
Porphyridium cruentum. Oxygen evolution was measured in a Clark-type
electrode (see Chapter II, section 2.2.) at 23°C. Cells were
concentrated to a density of ~3 X 10" cells-ml™ and light was provided
at a near saturating fluence rate (160 umol-m™*-s™) Results are the
average of two trials. @ Effect of Aatrex on photosynthetic 0,-
evolution. Aatrex was dissolved in methanol; the final concentration of
methanol in the cell suspension used for assay being no greater than
1.5% (v/v). © Control. Rate obtained when no methanol was added to

the cell suspension. This indicates that addition of methanol to the

cells has a slight inhibitory effect on photosynthetic 0,-evolution.
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Fig. 1. Two cells of the diatom Phaeodactvlum tricornutum having
recently completed division. These cells are embedded in Epon resin and
immunolabelled by antiserum raised against a mixture of polvpeprides ot
the fucoxanthin-chl a/¢c LHC isolated from this alga (antiserum was
kindly provided by Di. A. Grossman) Gold particles are abundant
throughout the chloroplast, usuallv associated with thylakoid lamellae.
In addition, a single pair of thylakoids (arrow) which traverse the
pyrenoid in each cell are clearly labelled. Other cell compartments are

mainly unlabelled. Golgi (g), nucleus (n). Bar = 0 5 um.

Figs. 2,3. Log phase cells of P. tricornutum processed for electron
microscopy by rapid freezing followed by molecular distillation drying
and embedding in L.R. White resin. Bars = 0.5 um. 2. Cell
immunolabelled by anti-PSI. Gold particles are abundant throughout the
chloroplast, usually associated with thylakoids. Intrapyrenoid
thylakoids (arrow) are clearly marked by gold. 3. Immunolocalization
of Rubisco LS in P. tricornutum. Gold particles are concentrated over
the pyrenoid (arrowhead) whereas the remainder of the chloroplast is
only lightly labelled. The nucleus (n) and other cell compartments are

mainly unlabelled.
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