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Abstract 

Immunocytochemical analyses have demonstrated that the CalvIn <,veIt 

enzyme rlbulose l,~-b1Sphosphate carboxylase/oxvgenase (KubISCO) 1& 

predom1na~tly localized ln the pyrenold reg1an of chioroplasts of 

evo1utionarily diverse algae. That Rubisco rcmSlns pvrenold-locali7vd 

~t photasynthetical1y-saturat1ng 1rradlance in the green 81ga Chlot't·lln 

pyreno~dosa ltldlcates a catalytlc, rather than storage funcl ion tOI 

pyrenoid-loca1ized RublSCO. This is further supported by thp 

immunolocalization of Rub1SCO activase to the pyrenolds of two SIWC1PS 

of green a1gae. The exclus10n of phosphor1bulokinase from the pyrenolds 

of a red and a green alga lnd1cates that pyrenolds do not p05sess t IH' 

full complement of Calv1n cycle enzymes. 

Thylakoid lamellae traverse the pyreno1ds of many aigae. The 

absence of 11ght-harvestlng phycoerythrin and of photosystem (PS) Il 

activity, but not PSI act1v1ty, from the Intrapyrenold thylakolds of LIll' 

red a1ga Porphyr~dium cruentum indl.cates a structural and functional 

hete10geneity between these lamellae and those located ln th(' 

chloroplast stroma. In contrast, the intrapyrenoid thylakoids of 

cryptomonads, algae whose chloroplast 15 thought to have evolved trom 

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 l-tudes immunocytochimiques on~ démontré que l 'enzyn;,~ ribulose 

1,5-biphosphate carboxylase/oxygénase (Rubisco), impliqw~'e dans 

le cycle d~ Calvin, est locdlisée de façon prédominante o~ns la 

région pyrénolde des chloroplastes de plusieurs algues 

phylogénétiqucment différentes. Le fait que l'enzyme Rubisl,) 

demeure localis~e dans la région pyrénolde lors d'une 

illumination photosynthétiquement saturante chez l'algue 

Chlorel1a pyrenoidosa indique que la fonction de cette enzyr:-,e 

serait catalytique plutôt que d'accumulation. 

L'immunolocalisation de la Rubisco activase dans les pyrénOldE:s 

de deux espèces d'algues vertes suggère également un rôle 

catalytique pour cette enzyme. L'exclusion de la 

phosphoribulokinase des pyrénoloes chez une algue verte et une 

algue rouge indique que toutes les enz}'Tl'LeS impliquées de le cycle 

de Calvin ne se retrouvent pas dans les pyrénoldes. 

Les lamelles thylakoldes traversent les pyrénoldes de 

plusieurs algues. L'absence de phycoerythrin récoltant la lumière 

et d'activité du photosystème (PS) II, mais pas d'activité PS l, 

des thylakoldes intrapyrénoldes de l'algue rouge Porphyridium 

cruentum indique que ces lamelles sont fonctionnellement et 

st~ucturellement différentes de celles situées dans le stroma 

chloroplastique. Cependant, les thylakoldes intrapyrénoldes des 

cryptomonades qui sembleraient être un assemblage d'algues 
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phylogénétiquement proches de l'algue rLluqL' p,'ssèd.'nt h':, li," l' 

complexes protéiques PSI et PSII. Ces résultats St:.'l,'nt dl!<d:tt", 

en tenant comptE.' de la localisdtlon de l'enzyme Rut'lse,' ,1.1'1.<' ,',' 

algues . 
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Preface 

ln accordance wlth guidellnes put forth by the Faculty of Graduate 

Studies and Research at McGlll Uni verSl ty, the following statement 15 

reproduced: 

The candIdate has the option, subJect to approval of their 
Department, of lncluding as part of the thesis the text. or 
duplicated publlshed text, of an original paper or papers. 
Manuscript-style theses must stIll conform ta aIl other 
requirements exp] alned ln thr, Guidelines Concerning Thesis 
Preparation Additionai materlal (procedural and design data 
as weIl as descrIptIons of equlpment) must be provlded in 
sufficlent detail (eg. ln appendIces) to allow clear and 
precise judgemellt to be made of the Importance and originality 
of the research reported. The thesis should be more than a 
mere collectIon of manuscripts pubilshed or to be pubilshed. 
lt must Include a generai abstract, a full Introduction and 
I1terature reVlew and a final overall conclusion Connecting 
texts which provlde loglcal brIdges between dlfferent manuscripts 
are usually deslrable in the lnterest of cohesion It is 
acceptable for these to lnclude, as chapters, authentlc copies 
of papers already publlshed, provlded these are duplicated 
clearly and bound as an integral part of the thesls In such 
instances, connectlng texts are mandatory and supplementary 
explanatory materlal lS always necessary. Photographs or other 
materials WhlCh do not dupllcate weIl must be Included in their 
orlg1.nal form. v.T11l.1e the InclusIon of manuscripts co-authored 
by the candtdate and others is acceptable, the candIdate lS 
requlred ta mah' an expl j Cl t stat ement in the thesis of ,,,ho 
contributed ta su-::h work and ta what extent, and supervisors 
must attest to the accuracy of the clalms at the Ph.D. Oral 
Defense. Slnce the task of the Examiners lS made more difficult 
in these cases. lt 15 ln the candidate's interest to make the 
responslbl]ltles of authors perfectly clear. 

This thesls conslsts of an abstract (in English and French), two general 

chapters ln which pertInent Ilterature is reviewed, six chapters 

describing experlmental results which are writtetl in manuscript form, 

general concluding remarks and attached appendices. Chapter 1 consists 

of a general Introduction and an overVlew of the literature pertaining 

ta pyrenoids and their involvment in the compartmentalization of the 
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Calvin cycle and other metabolic processes. Chapter Vl 1 S a bnd 

review of 11 terature deallng wlth thE' thylakold lalUti'l Lw t hdt t l',lVf'I'St' 

the pyrenoid reglons of pvrenold-contalnlng orgdnlsmb. 'rh('s~ two 

chapters have been publlshed as part of a sing1f' rpVl~W pdpf'r 

contributed as part of the proceedlngs of the Second Internatlonlll 

Symposium on Inorganlc Carbon Ut11izat1on by Aquatie PhotosYllt-lwt \e 

Organisms, Kingston, Ont., August 5-9, 1990. The complf'tC' r~ferenc(' of 

th1s paper is' 

McKay, R.M.L., and G1bbs, S.P 1991 CompositIon anù function 
of pyrenüids cytochemlcal and 1mmunoc"l'ochemical 
approaches. Can J. Bot 69:1040-105? 

Chapter II has been published ln the Journal Protoplasma. 'l'Il(> 

complete reference of th1s paper 1S. 

McKay, R.M.L., and GIbbs, S.P. 1989 lmmunocytochemlcdl 
locallzatlon of ribulose 1,5-bISphosphate carboxylas~/ 
oxygenase ln llght-llmited and llght-saturated C011& 
of Chlorella pyrenol dosa Protoplasma 149' '3 l - 37 

A brief "Notes Added" sectIon has been appE'nded to thls chapter f(lr tlw 

purpose of introduclng relevant Ilterature that appE'ared subs0quent ta 

the publication of thls manuscrlpt 

Chapter III has also been publ1shed ln the journal Protoplasma. 

The complete reference of this paper lS: 

McKay, R.M.L , Gibbs, S.P., and Vaughn, K.C. 1991. RublSCO 
activase 1S present ln the pyrenold of green algae. 
Protoplasma 162:38-45 

The experimental results presented ln th1S chapter are solcly the work 

of the Candidate and were obtained whlle the CandIdate was vlsILlng the 

laboratory of Dr K C Vaughn at the U S. Department of Agrlculture, 

Stoneville, MS, durlng Apr1l/May, 19QO Preparatlùn of the manuscrlpt 

comprising thlS chapter was the result of a collaborative endeavour 

xv 



undertaken with Dr. Vaughn and Dr S.P. Cibbs. 

Chapter IV has recently (August 1991) been accepted for 

publication ln the Journal Botanica Acta. The reference for this paper 

1S 

McKay, R.M.L , and Glbbs, S.P. 1991. lmmunocytochemical 
localization of phosphorlbulok!nase in mlcroalgae. 
Bot. Acta In press 

Chapter V wIll short1y be submItted to the journal Archives of 

Microbio1ogy for consIderatIon for publIcation. ExperImental results 

reported ln 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 experimentai work 

described in sections 2.2 .. 2.3., and 2.4. PreparatIon of the 

manuscrlpt comprising this chapter was the result of a collaborative 

endeavour undt>rtaken with Dr. Esple and Dr. GIbbs. A preface has been 

added in the Interest of connecting this chapter ta those preceeding it. 

Chapter VII has been published in the journal Pl.anta. The 

complete reference of this paper is: 

McKay, R M.L., and GIbbs, S.P. 1990. Phycoerythrin is absent 
from the pyrenold of PorphYrl.dium cruentum: photosynthetic 
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this chapter for the purpose of introducing relevant literature 
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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. 
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a collaboratlve endeavour undertaken wlth Dr. Gibbn .nd Dr C Liclltlp, 

who was a French vlsi ting scientlst resldent 1 n our lab duo Hg thf' 

latter part of 1989. 

Except where noted, aIl of the experimental results presented clrf' 

solely the work of th( Candldate. Antisera and other specIal teag('nts 

supplied for this research are acknowledged ln each chapter. Except 

where noted. preparation of manuscripts comprislnf, the vanous chapt-prs 

were collaborative endeavours undertaken with Dr. S.P. Gibbs Bf'Cc1I1Sf' 

the chapters were prepared as indlvldual manuscripts, an unavoldnblf' 

negree of redundancy is present. For this same reason, ref~rences ta 

our own work was unavoldable; however, these references have b('('11 

augmented wlth references to the appropriate chapters as they appear ln 

this thesis. Flnally, all of the literature cHed ln each clwpter ha<, 

been combined and appears lmmediately preceeding the appendlces . 
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Contributions to Original Knowledge 

1. Demonstratlon that pyrenolds of dlverse species of algae contain 

HublSCO. Also, the flrst demonstratlon that pyrenoids of rhodophyte 

(red algae), cryptophyte (cryptomonad algae) and baclilariophyte 

(diatoms) algae contain Rubisco. 

2. Provided evidence for a catalytic, rather than storage role for 

pyrenold-locallzed Rubisco. This evidence was obtained [rom: 

i) Investigation of the effect of growth irradlance on the 

subcellular distrlbutlon of Rubisco in a green alga. 

Rubisco remalned pyrenold-locallzed even under light-

saturating condltlons for photosynthesis. 

li) l~nunolocallzatlon of RublSCO activase to the pyrenoids 

of two species of green algae. 

3. Flrst demonstration of the subcellular location of Rubisco activase 

in Cl-type hlgher plants and green algae. 

4 Demonstrated by i~nunocytochemistry that pyrenoids do not possess 

the full complement of Calvin cycle enzymes; phosphoribulokinase was 

predominantly localized in the chloroplast stroma in a red and a green 

a1ga. 
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5 Demonstrated that Inclusions of chloroplast stroma arp somptlm~K 

found 111 the pyrenoid of Chlamvdomon8s n"1 nll8rdt 11 dnd poss 1 hl v ot lwr 

green aigae whose pyrenoids appear to be dernarcatpd bv starch 

6. DemonstratIon that Rubisco remal ns predomi uant 1 v cdrboxvSOUl('­

loC'alized ln the cyanobacterium SvnechococclIS UTEX 62') grown over Li Wl(!C' 

range of Ole levels. 

7. Irnmunocytochemlcal demonstration that phosphoribuloklnasf' 15 

restricted to the thylakoid- conta ining ce 11 per 1 phery ln SVlIl'c/IOCOCCII<' 

The assoclatlon wlth photosynthetic membranes was not made clf'ar ln a 

prevI0us investigatIon (Hawthornthwillte et al. 1985). 

8 Extended the cytochernical assay for the detectlon of PSII actlvlty 

at the eleetron mIcroscope level to use with algae (PorphVrldltllll 

cruentum) . 

9. Provided the first demonstration of a funetlonal heterogenelLy 

between the thylakolds of the pyrenoid and those of the chloroplast 

stroma: intrapyrenoid thylakoids of P. cruentum were observed to bp 

lacking PSII activIty. 

10. Irnrnunocytochemical demonstration that the intrapyrenold thylakolds 

of cryptornonads possess PSlI-associated llght-harvestlng (umpl~x~s. 
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CHAPTER 1 

Pyrenoids and their involvement in the 

compartmentalization of the Calvin 

cycle and other metabolic processes 
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1.0. Introduction 

The pyrenoid lS a distlngulshlng characteru'ltlc of m,lllV ,\If,cil Spt>Clt'S. 

appearing in electron micrographs as an electron-densE' Inclusion body 

loca d ln the chlorop1ast ln additlon to algae, pvrenolds hav~ also 

been observed ln several specles of hornworts (AnthocE'rotap)' Altho\lgh 

pyrenoid rnorphology has been Investlgated extpnslve)y (for revlt'ws. s~p 

Griffith 1970; Dodge 1973). pyrenoid functlon rernalns unc!('ar. Somt· 

investigators have consldered the pyrenold a proteln storage r~glon 

Holdsworth (1971) speculated that ribulose 1. ~-blSphosphate 

carboxylase/oxygenase (RublSCO) and posslbly other eBzyrnps of the 

photosynthetlc carbon reductlon cyc1(' mav be stOl"pd ln the pyrenold. 

ready to provlde recently divlded cells wlth a source of thesp enzymes. 

Alternatlvely. lt has been proposed that the pyrenold servps as a 

general storage are a whose nltrogen reserves can be mob1l1zed whcn 

needed (Fischer and Kleln 1988) The perslstence of thes€' Vlews, 

however, reflects a general shortage of blochernical and phYSlologleal 

data concerning pyrenoids. Unllke cell organelles, pyrenolds ar€' 

generally not membrane-bound, and thus do not easl1y lend thernsE'lves to 

isolation using standard ~ell-fractionatlon technlques Most 

investigators report that unfixed pyrenolds will solubillze rapidly 

during purification procedures. Sorne investlgators have aVR~Jcd 

lA pyrenoid-like reglon has been descrlbed ln the qUlllwort, Isoetes. 
Immunolabelling results, however, indicate that this region is not 
preferentially labelled by anti-Rubisco (K. Vaughn, pers. comm.) and 
thus i5 not a true pyrenoid. 
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thems~lves of species contalnlng pyrenolds demarcated by a starch sheath 

(Ho1dsworth 1971; Rosowskl and Hoshaw 1971. Sallsburv and Floyd 1978) 

The starch shel1 affords sorne protectIon dUTlng the Isolation procedure 

and a110ws for a moderate Yleld of Intact pyrenolds ThIS practlce. 

however. 15 1lmlted to certaIn green algal species and therefore cannat 

provide InformatIon about the pyrenold ln dIverse groups of algae. 

Hlgher yle1ds of purlfled pyrenolds have been obtained by fIxIng aigae 

wlth HgC1 2 prlor to cell disruptlon (Kerby and Evans 1978. 1981; Satoh 

pt al 1984. 1985; Kuchltsu et al. 1988a). ThIS treatment serves to 

stabllize pyrenold proteln and the technIque has been useful in 

obtaining pyrenoid fractIons WhlCh have been used for polypeptide 

compositIon analyses ThIS. however, is done at the expense of 

measurlng enzyme actlvlties. Recently, sorne success has been reported 

ln maintaining pyrenoid integrlty durlng Isolation by uSlng buffers of 

high lonic strength (Kuchitsu et al 1988a; Okabe and Okada 1988). 

EmploYlng this procedure. Okabe and Okada (1988) were able ta 

investigate the polypeptide compositIon of isolated pyrenoids and 

measure RublSCO activity. 

As an alternatIve. microscopica1 methods employlng cytochemistry and 

immunocytochemistry can be app1ied ta the study of pyrenoids. These 

techniques offer ln situ biochemical information with the additional 

advantage that only small quantities of tIssue are required. Vpon 

considerIng the Inherent disadvantages associated with pyrenoid 

isolation employing conventional cell-fractionatlon methodologies, it is 

clear that. cytochemlcal and lmmunocytochemica1 techniques represent a 

va1uable too1 for the elucldation of pyrenold composition and function. 
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ThIS report reVlews the advances made uSlng mlcroscopicdl cVlochpmlstrv 

and Immunocvtochemlstrv towarùs clarl fvi ng a fune t 1 Ol\d 1 r<) 1 (' tOI' 

pvrenolds. 

2.0. Ioounocytochemical Techniques 

Immunocytochemi stry invol ves the use of antl boches as spec Li 1 C rrélf,Pl\t s 

for the ln SItu detection of intracellular macromolecules Van ous 

Immunocytochemlcal technIques have been emploved ln the studv ot 

pyrenold compositIon and functlon and these WIll be outl1ned brirflv ln 

this section SpecIflc techniques of mIcroscopleal cvtochemtstrv WIll 

not be reviewed ln thls section. lnstead, they are lntroduced wherr 

relevant in other sections of thlS report. 

2.1. Immunoflllorescence 

Immunofluorescence mlcroscopy has been employed in several 

investigations of pyrenoid protein composition (Vladimtrova et al. 1987, 

Kiss et al. 1986; Kajikawa et al. 1988). ThIS technique involves the 

detection of antibodles WhlCh have been labelled with speciflc 

fluorochromes such as f1uoresceln and rhodamIne. In the applicatIon of 

immunofluorescence microscopy, most lnvestlgators employ an Indlrect 

labe11ing technique where tissue IncubatIon with unlabelled primary 

antiserum lS fol1owed by reactlon with a specIflc fluorochrome-label 1 E:d 

secondary antibody. Unlike prlmary antlserum, flourochrome-labelled 

secondary antibodies are readi1y availab1e from commercIal sources 
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Moveover. usp of a secondary antlbody provldes ampllflcation of the 

reacllon signal thereby maklng Immunof1uorescence mlcroscopv a sensltive 

detpctlon technique However. limitations of thls technique. 

pnrtlcularly ln )ts appllcatlon to plant and algal celis. need to be 

Antlserum penetration Into plant and algal cells poses a 

techn1cnl problem malnly due to the complex nature of thelr cell walls. 

lhlS. however. can be overcome by the approprlate selection of an 

experlmental organlsm Vladirnlrova ~t al (1982) reported greatest 

success ln effectlng antisera penetration into the cell when uSlng a 

mutant of Chlamydomonas relnharQtll lacking a cell wall. Llkewlse. both 

KISS et al (1986) dnd KaJlkawa et al. (1988) reported successful 

antlserum entry by emploving intact, isolated chloroplast preparations 

in place of whole celis Moreover. these lnvestlgators brlefly fixed 

thp chlorop1asts wlth methanol. a reagent thought to aid ln membrane 

permeabillzation (Knox 1982). 

Cell and tissue autofluorescence also presents a concern for 

Immunofluorescence investigations when plant and algal cells are used. 

Autofluorescpnce of phenol ic compounds. cell wall components and 

chlorophv1l occur with wavelengths of llght normally employed ta excite 

the routlnely used fluorescent marker fluorescein In addition, the 

fixative glutaraldehyde 15 known to autofluoresce. Use of an 

alternative fluorochom~ such as rhodamine, treatment of the tissue with 

Evans blue. a reagent WhlCh reduces autofluorescence. and omission of 

glutaraldehyde from the fixation protocol are aIl approaches that have 

been emploved to circumvent the problem of autofluorescence. As an 

alternative. Vladimirova et al. (1982) reduced chlorophyll 
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autofluorescence bv flxlng thetr cel1s tn q6L ethanol. thprcbv 

effectlvely bleachlng them 

A third llmitatlon of this techntque ts ln Its resol\'Ing 

capabilitles. The technlque can be performed onlv at tlw n'sol'IIIOIl 

provided by the light mIcroscope. [n addltIon. the dmounts of 

fluorescence over a partlcular cell compartment are readl1 v d('!,cn bl'd 

only in a quailtative manner. thus. maklng It dlfflcult ro .IS1>('8S 

intracel1 ular prote in levels. Furthermore. marker-spec 1 tic f IIlOI"l'!-.('(·!H'l· 

fades with time Ce g. Kajlkawa et al 1988). therebv making cOmpélrl1>On~ 

between different cell preparatlons dtfflcult NeverthE'lc1>s. 

investigations employing Immunofluorescence microscopy havE' provId{'c! 

valuable informatlon regarding pyrenoid COmp01>ltlon and tUHctlon 

2.2. Immunoenzvmatic technIque 

To our knowledge, the Immunoenzymatlc technIque has been employed ln 

only one lmrestigation of pyrenold proteln composItion (Kalikawa (·t al 

1988). In thlS technIque. detection of the prlmary antlserum IS 

generally m6de through an enzyme-llnked secondary or tertlary antlbody 

or antibody-binding compound following tlssue lncubatton ln a speclflc 

substrate solution. Often. the ll.nked enzyme i s horseradl sh peroxl das( 

and a reaction product is formed by Its actIon on a substrat(· Solutlon 

containlng H20 2 and elther 3. 3'-dlamlnobenZldtne or 4-chloronaphthol 

Similar ta the immunofluorescence techntque, Ilmited access Into the 

cell by antiserum could present a llmltation to this method. rn thelr 

investigation, however, Kajikawa et al. (1988) used lsolated 

chloroplasts of the green alga Bryopsis maXIma just as they had dom~ for 

6 



1 he 1 r 1 mmunot l UOrE:scenr<· anal ys 1 s A further limltatlon of thls 

t~chnlqu0 partlr~larly applicable ta plant and a1ga1 ce1ls 15 the 

presence of ~ndogenous peroxldase ln these organlsms. Its presence is 

capilblf' of p,eneratlng confuslng resu1ts and must be taken into 

consideratIon when ana1yzlng data. 

One advantage that thts technique holds over Immunofluorescence ls 

that lt can be used at both the 11ght and e1ectron mlcroscope levels as 

the enzymatlc reactlon generates an electron-dense product However, 

one 15 still confronted with the dlfficulty of attehlpting to de scribe 

the lmmunoreaction ln anythlng except qualitative term3. 

2 J Immullogo1d electron mlcroscopv 

Oesplte the avallabllity and successful applicatlons of the 

aforementloned technlques, at present, immuno-electron microscopy 

rE'presents thE' method of choice ln most immunocytochemical 

Illvestigations ThlS technique comblnes a level of fine-structural 

resolutlon afforded only by the electron mIcroscope with a precise 

locallzatlon of intracellular mdcromo1ecules. DetectIon of primary 

antiserum 15 faci1ltated by a secondary antibody or an IgG-binding 

proteln to which an electron-opaque marker IS adsorbed. Although the 

iron-contalning protein, ferrltln, has been employed with some success, 

the marker of cholce lS usually colloldal gold. Unlike ferritin, gold 

partlcles exhiblt 11ttle non-speclfic binding and display less tendency 

to aggregate. Moreover, the wide range of partlcle sizes available and 

the uniformlty of indlvldual colloidal gold preparatIons readily 

facilitate data acquisition and analysls. Staphylococcus prote in A is 
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widely employed as the IgG-bindlng protell1 ta whlch coll end,\! gold 

partiel es are adsorbed. In contl·ast to Im~lvldllal SpeCll',>-spt'l'l t le 

seeondary antlbodies, prote ln A recognlzes 19<J moleellips from.l V~lnl'tv 

of sources and thereby presents 1 tsel f as fi broad-spf'ctrum rl'df,l'llt 

Recently, Bendayan (1987) has suggested that Staphylococclis prott1n l; 

might plo~id~ a better tool for hlgh-resolutlon lmmunocytochpmlstrv 

since its IgG-binding propertles are superlor to those of protel~ A 

Most l.mmunogold investl.gations are performed on 111 trcltlll11 src! loris 

of resl.n-embedded tl.ssue and in this manner, the problem of poor 

antlserum penetration l.mposed by cell walls and 1 ntact membrarws 1 S 

alleviated. Howevec, usi.ng the post-embeddlng immunogold technlque, Ol\(' 

is eonfronted by a problem not normally assoclated wlth wholl' ccli 

immunofluorescence and Immunoenzymatic methods EXdmlnation of mater1"l 

using the transmissIon electron mIcroscope requlres that the tlSSUE' bp 

processed; yet, harsh conventlonaL processing can destroy antlgeniclty. 

Therefore. a comproml.se l.S often necessary between tlssue preparation 

for mlcroscoplcal observatl.on and retentl.on of antlgenlcity 

comprehenslve dlScusslon of methods of tIssue preparatlon for Irnrnuno­

electron ml.croscopy, the reader lS referred to severai recent reV1ews 

(Roth 1982; Herman 1988; Beesiey 1989). 

Thus, through the use of fl.xatlon and embedding protocols amendod 

specifically for Immuno-electron InlCrOscopy, many antlgcns can be 

successfully localized wl.th high resolutlon at the lntracellular level. 

It is clear then, that this technlque 1S a powerful tool for the 

microscopist and will continue to be used ta garner valuable lnformation 

~oncern1ng pyrenoid composition and function. 
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l 3.0. Ribulose 1,5-Bisphosphate Carboxylase/Oxygenase and Pyrenoids 

In photosynthetlc organlsms, RublSC0 catalyses the Initial reactlons of 

the opposIng pathways of photosynthetlc carbon reduction and 

photoresplr8tory carbon oXldatlon. That is, RublSCO is able to catalyze 

the flxatlon of both CO 2 and molecular O2 to substrate ribulose 1,5-

hlSphosphate (RuBP) The efficlency with WhlCh it catalyzes elther 

reaction lS determlned by both the concentratIons of CO2 and O2 at the 

site of catalysls and the substrate specificity factor for a particular 

Rubisco enzyme In order to understand further the involvement of 

Rubisco ln these two pathways, sorne knowledge of its Intracellular 

localizatlon is Important Numerous lmmunocytochemicai studles of 

hll!,her plants havE' shawn that Rubisco is an enzyme of the chloroplast 

stroma (e.g Vaughn 1987a; Rother et al. 1988; see also Appendix 1). In 

Cl plants, there is no eVldence ta support a differential intercellular 

distributIon of the enzyme; Rother et al. (1988) observed Idbelling by 

antl-RublSCO ln aIl cell types of spinach leaves. C4 plants, howcver, 

possess a Kranz anatomy ln which structurally differentiated mesophyll 

and bundle sheath cells exist ln mature leaf tissue. Moreover, 

i mmunofluorescence studies l1S1ng C4 rlants 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 lQS6). It appears that in C4 plants, inorganlc carbon is 

initlallv fix~d by PEPe in the cytoplasm of mesophyll cells with the 

resultlng C. acids being transported to bundle Jheath cells where the y 
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are decarboxylated Th1S results ln a local concentratton ot COl at the 

site of Rubisco catalys1s, therebv promotln!!, the carboxvlatlon of RlIBP 

Furthermore, a spat1al separat10n eXlsts between photosvnthetic O2 

evolut10n and CO 2 flxat10n bv RublSCù ln NADP-nh111c ricld-tvpp C. pLmt~; 

since the agranal chloroplasts of their bundie sheath cells pOSSf'SS no 

photosystern II activity (Downton et al 1970). Absence ot 

photosynthetic O2 evolutlOn further serves to malntal n a hlgh CO 2/O l 

ratio in bundle sheath celis. Consequently, C4 spec1es possess low CO 2 

compensatlon points and exhiblt 11ttle photoresptratlon 

Many specles of cyanobacter1a and algae cultured under limlt ln~ 

dlssolved lnorganlc carbon levels, also possess an Inorgnnll' c:lrboll 

concentrating mechanlsm where carbon spec1es are concentrated 

intraeellularl y ro levels hlgher than in the surroundl ng Inetll \lm (sp(­

Aizawa and Mlyacht 1986, for review). Therefore, lt would he of 

interest ta know whether a spec1fie lntraeellular local1Zatlon of 

Rublseo ln these organisms contributes to the function of the 

concentrat1ng mech~nism as 15 the case for C4 plants. Among those aJga~ 

and hornworts that do not contaln pyrenoids, 1rnmunogold studlf'S haVE> 

shown that, slm11ar to hlgher plants, Rubisco lS dlstributed throughout 

the chloroplast stroma (Lacoste-Royal and Gibbs 1985, Ekman et: al 1989; 

Vaughn et al. 1990; see also Appendix 1). In contrast, blochemJcal and 

irnmunocytochemical ~nvestigatl0ns 1ndlcate that ln pyrenold-conr a 1 ni nr. 

organisms, a substantial port1on of Rub1seo is locallzed ln the 

pyrenoid. Many of the 1mmunocytochernical 1nvestigatlons ot RublSCO 

distribution among pyrenold-conta1ning algae al,d hornworts have been 

survey-like in nature and indlcate that pyrenoids from diverse specles 

10 



of algae aIl contaln RublSCO. Employing antiserum raised against the 

large subunlt of RublSCO purlfled from tabacco, McKay and GIbbs (1990; 

see also Chapter VII) observed RublSCO ta be highly locallzed over the 

pyrenold of the red alga Porphyrldlum cruentllm ln contrast, Immunogold 

label ovpr the chloroplast stroma was present at only low levels. This 

result has Slnce been confirmed by Mustardy et al. (1990) and Cunningham 

et al. (1991). USlng antlserum raised against the large subunit of 

Rubisco punfJed from the chromophyte alga OllSthodLSCUS luteus, similar 

observatIons have been made for two species of cryptomonad aigae. Gold 

particles were obsprved hlghly concentrateà over the pyrenoids of both 

Chroomonas sp. and Hemlselmls brunnescens (McKay et al. 1991b; see a1so 

Chapter VIlI). Moreover, using the same antibody, we report a pyrenoid 

localizatlon for Rubisco ln the dlatom Phaeodactylum trlcornutum (see 

Appendix 4) Recently, a slmilar observatlon has also been made for the 

dia tom Cyllndrotheca fuslformis (F.G. Plumley, pers. comm.) It should 

be noted that detectlon of RublSCO in chlorophyll c-containing a1gae 

such dS crytomonads and diatoms i8 more readIly facilitated by use of 

antiserum raised against chromophyte RublSCO, even though the large 

subunlt of the RublSCO enzyme is considered to be evolutionari1y well-

conserved. When hlgher plant RublSCO antiserum lS used for 

ImmuTlOlabcll1ng stud1es with these algae, we consl.stently observe only 

low levels of cross-reactlv1ty (R.M. McKay and S.P. Gibbs, unpublished 

data). In support of thls, 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 d~terminants in common with those from green algae 
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.. and higher plants (Plumley et al. I q86; Newman et al. 1 q8t}) . 1 n 

addition, Newman et al. (1989) have extended thts observatIon to tl\(> 

RublSCO enzyme purified from the red macrophyte Grlftlrhsld pacltl~J 

This mlght then expiain our fallure ta observe lahell1n~ over sectIons 

of Porphyrldlum crut!ntum when uSlng antlserum raised agalnst ttw sOlall 

subunit of tobacco RublSCO (McKay and GIbbs 1990; see also ChaptE'r VII) 

Likewise, poor antiserum recognItIon might account for the low levels of 

Rubisco labelling observed over the pyrenold of the endosymbtotlt" 

dinoflagellate Symblodlnium kawagutl.l (Blank and 'french 1988). These 

investigators employed antisera prepared against purifled tobacco 

Rubisco h010enzyme ln additIon to the SDS-dissoclated suhunLts of this 

enzyme. Aithough their quantitative ana1ysis of labellIng densltles 

over various cell compartments Indlcates slgnlflcant Immlinolabelllng ot 

the pyrenold and chloroplac;t stroma, lahelling denslties were very low 

Additlonal InvestIgations of RublSCO dlstnbution amonr, pyrenold· 

containlng organisms also Indicate RublSCO to be pyrcnold-locall~ed ln 

Euglena, green algae and varlOUS hornwort specles. Osafune et al 

(1989) have clearly demonstrated by l.mmunogo]d cytochemlstry and thrf>e­

dimensional computer reconstructIon of Immunolabe lled sen al sect lons 

that RublSCO lS predominantly localized ln the pyrenolds of Euglf'lld 

gracilis. Likewlse, in green algae, Vladimirova et al. (1982) reported 

an intense fluorescence over the pyrenolds of bath Chlamydomo1l8s 

re~nhardtli and Dunallella sallna following applicatlon of lndlrect 

immunofluorescence using antlserum raised against Chlorf'lla RublSCO. 

However, they a1so reported a lower, but genulne slgnal over the 

remainder of the chloroplast. Using the immunogold technique, several 
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r~ports from our laboratory have subsequently confirmed a pyrenold 

local1zation [or RublSCO ln Chlamydomonas (Lacoste-Royal and Gibbs 1985; 

1987; McKay and Glbbs 1991b; see also Chapter IV; McKay et al. 1991a; 

se~ also Chapter III). Kajlkawa et al. (1988) employing immunoenzymatic 

and immunofluorescence methods have slmilarly reported Rubisco to be 

malnly pyrenold-locallzed ln lsolated, intact chloroplasts of the green 

111ga BryopSLS maXIma. Furthermore, their use of monoclonal antlbodies 

directed agalnst the large subunit of Rubisco purified from thlS a1ga 

ensured a high speclficlty of locallzation. Employing the immunogo1d 

technique, N1Sius and Ruppe1 (1987) observed the pyrenoid of Chlorella 

vulgans to be heavtly labelled by Rubisco antiserllm. The high amount 

of background labelling ln their published mlcrograph, however, makes it 

difficult to comment on a posslble assoclation of at least a portion of 

the Rubisco with the stroma. More recently, McKay et al. (199la) 

reported the pyrenoid of Coleochaete scutata to be heavily labelled 

followlng reaction with antiserum to the holoenzyme of Rubisco purified 

from tobacco. Llkewise, the pyrenolds of hornworts also contain 

Rubisco. Vaughn et al. (1990) examined twelve pyrenoid-contalning 

species and ln each, they observed Rubisco to be restricted to the 

pyrenoid reglons. Immuno1abel over the chloroplast stroma was at the 

levei of background. 

Othcr investlgations have taken a more experimental approach and 

have combined physlological and developmental studies with the 

immunocytochemlcal local1zatlon of Rubisco. Kiss et al. (1986) reported 

on the morphological expresslon of pyrenoids as a function of nutrition 

in Euglena gracilis. They observed pyrenoids to be present in ce1Is 
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cultured under contlnuous llght ln a medIum lacking organlc carbon 

sources (lncomplete medIum) whereas cel1 s grown photolwterotroph 1 calI v 

in a complete medium dld not possess pyrenolds untll the organic carbon 

supply appeared to have been exhausted Moreover. thev demanstrnted bv 

indirect lmmunofluorescence microscopy that RublSCO was predomtnantiv 

restricted to the pyrenoid under condItions where thts struct\lre WdS 

morphologlcally expressed. In contrast, RublSCO ln cd ls cul t ured 

photoheterotrophically was demonstrated ta be dispersed througho\lt the 

chloroplast. Similar results have been reported recently by Osafune et 

al. (1990b). These lnvestigators observed that dark-grown cells of 

Euglena did not possess pyrenoids when cultured wlthout agu-ation ln a 

medium contalnlng organlc carbon. However, when cclls werE' transtf'rred 

to an "inorganic" medium (containlng ammonium saits but lacklllg organlc 

carbon) and maintained ln the dark and aerated Wl th 1. ')% COl. t hE'y 

developed "propyrenolds" in a process concomitant wlth the oXldatlve 

degradatlon of a wax ester that had previously accumulated ln these 

cells. Moreover, immunogold cytochemistry lndlcated RublSCO ta be 

highly localized over the propyrenolds. It appears then. thdt tor 

Euglena, de nova pyrenoid formatIon can be a 11ght-IndE'pendent proccss 

and may be Initiated once organlc carbon is depleted from the medIum. 

The association between RublSCO and pyrenoids ln EUJjlf'llD has furttlf.!r 

been investlgated as a function of the cell cycle (Osafune et al. 

1990c). Thebe investigators observed pyrenoid dlsperSlon to occur 

immediately prlor to chloroplast dIvIsion ln synchronously-cultured 

cells of E. gracills. Using immunogoi d cytochemistry. they c learl y 

demonstrated Rubisco to be distrlbuted throughout the chloroplast stroma 
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in cells undergolng dIvIsion. Furthermore, their data indicate that 

Rubjsco becomes concentrated ln certaIn reglons of the chloroplast of 

récently dlvlded cel)s prlor to the beginnlng of the llght period and ln 

thlS way, lt appf'drS that pyrenoids are again formed. In a study of a 

slmllar nature, Lacoste-Royal and Glbbs (1987) investlgated Rubisco 

distributlon in the green algd Chlamydomonas re~nhardti~ at several 

stages of culture growth. In thelr report, they expressed labelling 

densities on a total volume basis in order to account for the differenee 

ln total eeU volume between the ehlorop1ast stroma and the pyrenold, a 

difference that is not always obvious when obscrvlng a slngle section 

through a cell Their data lndieate that for light-harvested, 

synehronously-dlviding cells, Rubisco is maln1y loealized to the 

pyrenold; however, they also observed between 30-40% of Rubisco ta be 

distrlbuted throughout the chloroplast stroma. Moreover, eells exposed 

to an extended dark perlod or cells harvested at the late stationary 

phase of culture growth d1splayed proportionately less Rubisco in the 

chloroplast stroma. They interpreted these observations as an 

indicatlon that the pyrenoid mlght represent a storage organelle. 

ln another study, McKay and Gibbs (1989; see also Chapter II), 

employing the immunogold techn1que, demonstrated that Rubiseo was 

restrlcted to the pyreno1d ln cells of the green alga Chlorella 

pvreuo1.dosa cultured at both photosynthetlcally limlting and saturating 

photon fluence rates. We speculated that at light-saturating 

irradlance. much of the cell's Rubisco would be catalytically competent 

and functional in order to account for the high photosynthetic rates 

obs~rved. That Rubisco remained localized to the pyrenoid under 
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.. condltions of maximum photosynthesis indlcated that pvrenold RuhlSCO is 

funetional in vivo In support of thlS, Osafune et al. (199Ûc) report 

that when photosynthetie CO 2 -fixation ln Euglel1:1 lS measured Ht high 

light lntensi ties, the rates observed would requl re t he ce 11 s complement 

of RublSCO to be active Furthermore. thev conflrmed thdt pvrenoids 

were present in the celis used for thelr measurements. 

Although lmmunocvtochemlcal studles lndicute that RllblSCO IS 

predomlnantly localized ln the pyrenold among pyrenold-containlng 

organisms, the frequent observatlon that a portion of label lS 

assoclated wi th the chloroplast stroma has led lnVeStlgat ors ta quest lon 

the phYSlologlcal raIe of pyrenold RublSCO Becduse RublSCO IS 

generally regarded as belng a stromal enzyme. speculation that the 

pyrenold lS a protein storage body lS not llncommon Moreover, severat 

concerns regarding lmmunocytochemlcal methodology ln Its speclflc 

application to the study of RublSCO dlstri butlon ln pyreno 1 d-cont dl n1 ng 

organlsms have further fueled speculation regardlng the phys1ologleal 

role of pyrenoid-local ized Rubisco, and thus, need hE' addressed Tlw 

first regards the possiblllty that Rubisco is present at moderato 

concentrations in the stroma yet tne immunocytochemical technique 

employed has failed to detect lt, perhaps due to a more favourable 

preservation of antigeniclty of pyrenold-locallzed RublSCO comparcd to 

stromal Rubisco durlng tissue processlng. We feel, however, rhat thls 

is not SO. In support of our vlew, lmmunolocallzatlons of RublSCO ln 

higher plants and non-pyrenold-containlng algae and hornworts 

demonstrate gold labelllng over the chloroplast stroma to be relatlvely 

dense. In their investlgation of Rubisco distribution ln the red 
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macroalga GracllarL8 secundata, Ekman et al. (1989) report anti-Rubisco 

labelllng over the chloroplast stroma at a density of 54 gold 

part ic les '/lm-2 Llkewise, a slmllar density of labelling was reported 

over chloroplasts of the non-pyrenoid-containirlg hornworts Anthoceros 

fuslformls and Megaceros flagellarLs (Vaughn et al. 1990). These values 

are 10 to 20 times higher than the stromal labeiling densities reported 

from studies lnvoJving pyrenold-containing algae Ce.g. Lacoste-Royal and 

Gibbs 1987; McKay and Gibbs 1989; S~ê also Chapter II). Furthermore, 

the investigation by Vaughn and colleagues surveyed both pyrenoid- and 

non-pyrenoid-contdlnlng hornworts, all of which were flxed, embedded and 

Immunolabelled uSlng the same protocols. The vlsual impression provided 

upon comparlng the d fferent types of hornworts in thelr report is very 

convinc~ng and strongly indicates that tissue processing does not 

preferentlally destroy the antigenicity of stromal RublSCO and that 

immunocytochemical techniqu~s will readily detect stromal Rubisco if 

present in sufflcient quantities necessary for photosynthetic functlon. 

Speculatlon regflding the role of pyrenoid-Iocalized Rubisco also 

exists due to an inherent limitation of the immunocytochemical 

technique; that belng the Inability of antisera to distinguish between 

active and inactIve enzyme forms. In order to be catalytically 

competent, RublSCO must exist in an activated state, this being 

accomplished by the ordered addItion of an activator CO 2 molecule and 

Mg++ to the large subunit of the enzyme (Miziorko and Lorimer 1983). 

Although immunocytochemicai investlgations lndicate Rubisco to be 

rredominantly pyrenold-locallzed, these investigations do not provide an 

assessment of Rubisco activatIon state. Thus, using antiserum generated 
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agalnst RublSCO, it cannot be demonstrated concluslvelv that pvrenold­

localized RublSCO lS catalvtlcally functionai. Recentl\', d solllblt' 

proteln of ch1orop1asts of hlgher plants, Rubisco dctl vaSt', has becll 

impl icated as being responslble for catal YZI ng the dctl vat 1 on ,md 

maintalning the activated state of RublSCO in VIVI) (Salv1\cci et al. 

1985: Portis et al 1986; Sa1vucci et al. 1986) These Investi~atlons 

Indicate that the eXIstence of RublSCO activase enables Rubisco to 

achieve a hlgh level of actIvation at concentratIons of CO 2 normallv 

encountered in the ch1oroplast stroma of 1f'aves of hlghf'r pl;mts 

Furthermore, it is thought that Rubisco activase lS able ta rromote the 

activation of RublSCO ln the presence of varlOUS sugar-phosphatf' 

coropounds, such as RuBP, WhlCh prevent RublSCO actlvatlon ln vitro by 

tightly binding to the inactive form of the enzymE; (JordAn and Choll et 

1983) Employing mouse polyclonal antiserum ralsed against a mlxture of 

the 41 and 45 kDa polypeptides of spinach RublSCO acnvasf', é1 Single­

activase polypeptIde has been detected ln protein extracts from the 

green alga Chlamydomonas reinhardtli (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 promotjng the activation of Chlamydomonas Rub1SCO ln the presence of 

physiological concentratlons of RuBP. USlng the same antlbody 

preparation, it was recently demonstrated by unmunogold cytochenustry 

that RublSCO acr.lvase lS predominantly localized to the pyrenolds of two 

species of green algae (C. relnhardt Il and Col eochaete set/tata) (McKay 

et al. 1991a; see also Chapter III) and severa1 hornwort specles (K. 

Vaughn, pers. comm.), In aIl of these speCles, gold part1cles were 
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( mainly restricted to the pyrenoid ~hereas stromal labelllng was present 

at only low levels. Thus, it appears that for pyrenoid-containlng green 

algae and hornworts, RublSCO and RublSCO activase co-localize. 

Moreover, It would seem that, given lts proposed role ln the regulation 

of Rubisco actIvatIon ln VIVO, the Immunolocallzation of RublSCO 

activase should Indlcate the locatlon of functional RublSCO ln the 

chloroplast It lS proposed therefore, that at least ln green algae and 

hornworts, pyrenold RublSCO is functional 

In thls context, several recent observations are noteworthy. The 

RublSCO blndlng protelfl (a member of the chaperonin family) has been 

detected ln a pyrenold proparqtion from C121amydomonas (K. Kuchitsu, 

pers. comm.) Employing antiserum directed against the blndlng protein 

trom pea, a stained band of -66 kDa was detected by immunoblottlng of 

SDS-treat~d C. reln12ardtll pyrenoid protelns. That the Rubisco blnding 

proteln is present in the pyrenold does not ln itself indlcate a 

catalytic raIe for pyrenold-Iocalized Rubisco; howpver, lts presence 

there adds another level of complexity to the structure. 

Alsa of slgnificance lS the detection of ublquitln in the pyrenoid 

of C. reln12ardtll (Wettern et al. 1990). Employing Immunogold electron 

microscopy. these investigators found ubiqultln most concentrated over 

the pyrenoid, wlth substantlal amounts also found elsewhere in the 

chloroplast, and in the cytoplasm and nucleus. It is likely that 

pyrenold-local1zed ubiqultin has a role in the turnùver of Rubisco 

protein: it has been demonstrated that RublSCO in chloroplasts of higher 

plants can be targeted for degradation by the ubiquitin-conjugating 

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

4.1. Phosphorlbu1oklndse 

The available immunocytochemical evidence indicates a functlonal rol~ 

for pyrenoid-localized Rubisco Of additlonal interE'st, howf'vf'r, tH tlU' 

fact that analyses of pyrenold pol ypeptlde campos i t~ ion 1 nd icale that 

proteins other than RublSCO are also present in pyrenolds Holdswortlt 

(1971) showed that 90% of the total pyrenold proteln of the grf'(>n RIga 

Eremosphaera V1.TldlS could be accounted for by the large and small 

subunits of Rubisco Not surpn.s1ngly then, he al sa demonst rated the 

pyrenoid to possess a high specif1c activlty of thlS en?ymE' Ilow(> VP l , 

in addition to RublSCO actlvlty. he measured low amounts of acttvtty for 

the Calvin cycle enzymes phosphon buloklnase (PRK) and 

phosphorlbolsomerase The possiblilty that pyrenoids possess the full 

complement of Cal vin cycle enzymes is a novel concept and has prompt(·d 

further Investigation ot thls matter Satoh et al. (19811) identifled M; 

a minor component of their pyren01d preparatIon from the g-een al~a 

Bryopsls maXIma, a 42 kDa prote1n, WhlCh, ln a subsequent report, they 

initially speculated might be a subunit of PRK based on its molecular 

size (Satoh et al. 1985). In addresslng thls, they purified PRK from H 

maX1.ma and compared 1ts peptide map wlth that of the 112 kDa pyrenoid 

prote in . The maps, however, were very dlsslmllar thereby lndicatl ng 

that th1s part1cular pyrenold polypeptide was not PRK ln support of 

this, a recent immunoblot analysls of Chlamydomonas pyrenold proteln~ 

prov1ded no evidence for the presence of PRK ln pyrenojds of thlS alga 

(Kuchitsu et al. 1991). 
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The subcellular dlstributlon of PRK ln pyrenoid-containing algae has 

also been Investip,at~d by lmmunoelectron microscopv. Results from our 

laboratory obtalned uSlng antlserum raised against PRK purlfied from the 

cyanobactenurn Chlorogloeopsls frHschll lndicate that PRK lS excluded 

trom the pyrenold of the red alga Porphyndlum cruentum (McKay and Gibbs 

1941b; see also Chapter IV). Moreover, employing antlbodies raised 

against PRK prepared from the green a1ga Chlamydomonas relnhardtil, we 

have found PRK to be excluded from the pyrenoid of this alga as weIl 

(McKay and GIbbs 1991b; see also Chapter IV). Interestlngly, we have 

observed what we belleve to be numerous PRK-containing stromal 

incluSlons assoclated with the pyrenoid of Chlamydomonas. It is 

postu1ated that these pyrenold InclusIons provide a means for more 

effictent lnteractlon between pyrenold and stroma when the pyrenold 

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

~.o. Carbonic Anhydrase 

Rubisco requixes CO 2 as a substrate in the process of photosynthetic 

carbon reduction. ln photosynthesizing chloroplasts, however, the pH of 

the stroma IS -8 (Heber and Heldt 1981), thus much of the inorganic 

carbon accumulated 1ntracellu1arly ex] sts as HC03-. The uncatalyzed 

dehydtatlon of HC01 - occurs rather slowly and the rate at which CO2 is 

produced in this manner cannot account for rates of photosynthesis 

observed ln alr-grown ceUs. Carboaic anhydrasE' (CA) is the enzyme 

responsible for catalyzing the interconversion between CO2 and HC03-. It 
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lS anticipated that tlle presence of sorne CA ln the pvrpnold would mort' 

readily facilltate supply of CO2 to Rubisco localtzpd III thts rC'f,10!1 

Attempts at 10callzlng CA in pyrenold-containlng orgm1tsms. howt'vf'r. 

have ~enerated conflicting results. Yagawd pt al (1487) t'mplovvd 

immunogold electron microscopy to determlnE> the subcellular locatIon ot 

a CA isozyme ln the red alga Porpllvrldlum C'IUf'lltWlI. Gold paniclps 

clearly marked both the cytoplasm and the chloroplast stroma but wPr<' 

mainly excluded from the pyrenold. Simllar resL.l ts havt' bN'l1 obt al tH'd 

for several specles of pyrenold-containlng hornworts (K. Vaughn, pers. 

comm.). Employing antiserum dJrected agaillst a CA isozyme from splllach 

chloroplasts, specific labelllng over the chloroplast, but not the 

pyreno: d, was observed. In contrast, Kuchttsu et al. (l99 L) havI' 

recentl~T presented cytochemlcal eVldence for a pyrenûid locallzatLon of 

CA. Sulfonamides are speclfic inhibltors of CA ac tl VI ty. Employ 1 np, t h(· 

fluorescent sulfonamide, dansylamlde, thesp Investigators demonstratcd 

pyrenoid stalnj ng ln the green alga C. rf'lllhardt li. Moreovpr, unll k(~ 

immunocytochemical analyses, ldentiflcation of CA through sul fOm.lml dt' 

bindlng provides a broad spectrum assay since aIl lsozymes of CA, at 

least ta sorne degree, shauld be re~ctive. 

Our own attempts at local iZlng CA ln pyrenold-conta 1n1ng algac" havI' 

met wlth very llmlted success. Attempts using cytochemlcal assaya such 

as dansylamide fluorescence or the Hansson cobalt-phosphate mpthod 

(Ridderstràle 1982; Lonnerholm 1984) have falled to yleld positlve 

results. Although we have enjoyed a modicum of success employlng 

immunogold methodology, the results have not been lnslghtfu]. 

Immunolocalization of the 37 kDa periplasmic CA of C rellll18rdt Il was 
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where expect~d (data not shown). The only substantlal intracellular 

labelllng oecurred over what we believe to be the GOlgl; not su~prislng 

Blnee thls proteln 15 glycosylated. Hopes that C. reLnhardt~~ 

pprlplasmlC CA would cross-react wlth lntracellular CA lsozymes were not 

reall zed Rather, it is now apparent that the ch1oroplastlc and 

cytosolic CA lsozymes of thlS a1ga are quite dlfferent from the 

periplasmlc form (Husie et al. 1989). 

6.0. The Nitrate Reductase Conundrua 

The lnittal step o[ nltrate assimilation by photosynthetic organisms is 

eatalyzed by the enzyme nitrate reductase (NR). While it is well 

cstablished that the next enzyme in the nitrate assimilatcry pathway, 

nitrite reductase, is predominantly chlorop1ast localized, the 

intrac 'llular compartmentatlon of NR has been the subject of much 

contention. ~arller blochemical evidence suggested that in leaves of 

tugher plants, NR IS a cytop1asmic enzyme (e.g. Dalling et al. 1972). 

Simllarly. histochemlcal (Vaughn and Duke 1981) and immunogold (Vaughn 

and Campbell 1988) investlgatlons support a cytoplasmlc localization for 

this enzyme In contrast, Kamachi et al. (1987), emp10ying 

immunoelectron microscopy, reported that NR was associa~ed exclusively 

with the chlorop1ast in splnach leaves. These authors argue that a 

ch1oroplast locallzatlon for NR would enhance the efficiency of nitrate 

assimilatIon Slnee translocatlon of nitrite from the cytoplasm into the 

chloroplast would not be required. Moreover, a close coupling between 

23 



nitrate and nitrlte assimilation might be advantagpous Slnce nltrtte t9 

taxie when preGent at high levels (as reported ln Solomonson and Bdl"bpl' 

1990). 

The intracellular localization of NR ln algae has been tnvestl~atpd 

by a variety of techniques EmploYlng lmmunogold cytochemist l'V. Lopp:'-

Ruiz et al. (198~a, 1985b) have shown that NR lS localtzpd pn'domtnantly 

in the pyrenoid ln green algae cultured on nltrate In rhPIr 

investigations. they used antlserum prepared aguI nst NR purtf l<,d f rom 

the green alga l1onoraphldlum braUllll ln arder to localn:e thls PlI:wme on 

ultrathln cryosectlons ot t1onoraphldwm, Chldmvdomow-ls rt'I nhardt II. 

Chlorella fusea, Dunal.Lella sal.Lna and Scelledesmus ohl1qllll~ ln pach 

alga, the pyrenold was heavlly label1ed by the antlserum. In additlon. 

a lower ll'vel of label was eVldent over the remai nder of t hl' cid ()I"opl ast 

whereas other cellular compartments lIlete n,alni y unlabp Il pd Slmllarly, 

Michaels et al. (1986) have demonstrated a pyrenold lo~allzatlon 10r NR 

in resin-embedded cells of Chlorella vulgarls. However, ln additton. 

these authors observed a portlon of the label ta be 1 oesl1 zr·d OV(- r t he· 

cell periphery. Recently, Okabe and Okada (1990) reported NAilll-NR 

activity associated with the pyrenoid of the gr0en aiga BrVOS1S maXLmR 

Specific activity of the enzyme ln the pyrenold fractIon was 80 tlmes 

greater than that measured in the crude extract of chluroplasts 

l, contrast ta evidence that indlcates a pyrenoid locallzat Ion for 

NR in aigae, a recent biochemical investigatlon suggests rh" t NH 1 ~ not 

associated wi th the chloroplast ln the green alga C relllhardt 11 

(Fischer and Klein 1988). These lnvestigators lsolated Intact 

chloroplasts from Chlamydomonas and measured speciflc activities f0r a 
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numher of nI trogen-assimllatlng enzymes. Their data indlcate that ln 

Chlamydomonas, NR actlvlty IS assoclated wlth the cytoplasm: no 

extractable actlvlty was found assoclated wlth the chloroplast fractlon. 

f]scher and KleIn (198R) attempt to reconclle thelr observations with 

those obtalned through Immunocytochemical analyses by suggestlng that 

pyrenold-locallzed NR lS not actIve ln VIVO and posslbly represents a 

proteln store that can be mobillzed when needed. The recent observation 

that a polyçlonal antibody ralsed agalnst corn leaf NR selected a clone 

contalnlng chloroplast NAD( pf: gl yceraldehyde - 3 -phosphate dehydrogenase 

(GAPDH) cDNA (Gowri and Campbell 1989) has further prompted a re-

examlnation of Immunocytochemlcal results concernlng the locallzatlon of 

NR. Although these authors report that NR and GAPDH do not share 

slgnlficant amina aCld sequence identity, they explaJn that in order for 

the antiserum to seled for thlS partlcular cDNA clone, lt would appear 

that the two protelns must possess common epitope(s). That this 

particular antlserum recognized GAPDH lS of signlflcance for the 

eluCldatlon of pyrenolo function since GAPDH catalyses an early reaction 

of rhp photosynthetic carbon reduction cycle. As already noted, 

Rubisco, WhlCh catalyses the InItial reactlon of thlS cycle, lS 

predominantly locallzed to, and appears ta be functional ln the 

pyrenold. Thus, If the NR antisera used ln prevlous immunocytochemical 

InvestIgatIons were also able to recognlze GAPDH, the observed labelllng 

resul ts mlght actualJ y indlcate the presence of GAPDH instead of NR in 

the pyrenold. In t..hetr irnmunolabelling studies, Lopez-Ruiz E't al. 

(lQOJa; 1985b) tested for antiserum speciflclty; ho "ever, in doing this, 

thev used a partlally purlfled NR fraction instead of a crude proteln 
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extraet. That GAPDH was excluded from the fractIon thev tested is 

possible. l'herefore, the observatIon that NR mav slure ,'ommon f'pl tOpt·~ 

wlth enzymes sllch as GAPDH m:tght explaln the contllctlng l"esults 

obtained through unmunocvtocheml strv for the 1 ntracplllll al- 1 oC.'ll ! 7.at 10\\ 

of NR :tn hlgher plants and algae In any event, the posslbilltv that 

GAPDH is localized to the pyrenold must be further lnvestl'p'ilted 

Reeently, Lopez-Ruiz and colleagues (1991) reported on the 

subcell ular location of ni tr:t te reductasf' ln green al gal' 

eonf1rm that th1s enzyme 1S loeated malnly :tn the chloroplast: however, 

they found between 20-35% of nltr:tte reductase to be pyrenold-locall?ed 

Th:ts, they suggest, when taken together with thelr prev:tous flndIn~s for 

NR, lnfers a direct eoupling between N0 1 - and N0 2 - asslm:tlAtion ln thesp 

algae. 

7.0. DNA and Pyrenoids 

The dlstributlon of DNA nueleoids in the ehloroplasts of algae has oPE'n 

studied both at the levei of the ltght microseopf' uSlng the DNA-sp{'(,lflc 

f1uoroehrome 4' ,6-diamldino-2-phenyl:tndole (DAPI) (e g Coleman 198~) 

and at the electron mIcroscope levei uSlng ulllnunogold methodol o~',Y 

(Hansmann et al. 1986). From these studles, it L9 eVldent Ihat ONA Is 

exeluded from algal pyrenolds. Recently, however, Mlyamura and Hor! 

(1991) reported that DNA 19 present ln the pyrenolds of sorne ehlorophyte 

and xanthophyte siphonous algae. EmploYlng OAPl fluon~scence, thCSf' 

investigators observed a strong sIgnal emanatlng from the pyrenolds of 
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two specles of Caulerpa and from the xanthophyte PseudodichotomoSlphon 

(-VaucherJa) constrlctus. Moreover, the stainlng appeared to be 

speclfIC SInee treatment with DNAse resulted ln a 10ss of fluorescence. 

The signiflcance of thls staIning with respect to pyrenold funetlon is 

Tlot clear. 

8.0. The Avens stromacentre: a vcstigial pyrenoid? 

The stromacentre 18 a conspicuous region in the plastids of severa1 

speeies of the hlgher plant genus Avena. Gunning et al. (1968) 

speculated that on the basis of subunit negative stainlng, the 

stromacentre mlght be comprised of RublSCO. This suggestion later 

prompted the InterpretatIon that the stromacentre may represent a 

"pyrenold rellc" (NlSius and Ruppel 1987). Addressing their 

interpretatlon. NlSius and Ruppel (1987) purified a 63 kDa stromacentre 

dement from Avena sativa and emp10ylng antiserum raised against it, 

probed tissue sectl ons of both A\'ena and Chlorella vulgarl_s. The 

antlserum speciflca1ly labe1led the stromacentre of Avena whereas the 

pvrenoid of Chlorella remained unlabelled. ln contrast, the Avena 

stromacentre dlsplayed no reaction when tissue sections were 

lInmunol abelled Wlth antiserum prepared against the large subuni t of 

Rubiseo [nstead, Rubisco was distributed throughout the remainder of 

the chlorop1ast stroma whereas in Chlorella, it was pre~~minantly 

localized to the pyrenold. These results, along with proteolytic 

peptid~ c1eavage patterns and Immunoblotting indicated that the 
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.. stromacentre WdS not comprised of Rubisco (NlSius and Ruppel lQ8/), 

Recent1y, NislUS (1988) has demanstratE'd thRt tlw 6.1 kDa A\'t'II,] 

stromacentre protein is a subunlt of a t3-g1ucosldase involvf'd ]n 

convertlng aat 1eaf sapanl ns (avenacosl jes) into a funp;1 C ldal compound, 
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CHAPTER II 

Immunocytochemlcal localization of ribulose l, 

5-blSphosphate carboxylasejoxygenase in 

light-limited and light-saturated cells 

of Chlorella pyrenoidosa 
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SUlllDary 

The local izatlon of rl bulose 1,5 - bisphosphate cilrboxyl clse/o\:Yf,f'I1<lSE' 

(Rubisco) in cells of Chlorella pvr,:>rJotdosa growl1 at varving 11ght 

intensities was determ1ned bv lmmunoelectron microscopy Log phase 

cells grown at photon flux densitles of 2<) and 7') I-'ffiol m- 2 
S-l (Ilghl­

limiting) and 540 j..Lmol·m-2 s-t (llght-saturatlng) Wf're fixt'd ln 1% 

glutaraldehyde and embedded ln Lowicryl K4M SE'C t1 ons w€' rf' Lill{' 1 1 t'd 

wlth antlserum to each subunlt of Rub1SCO followed by proteln A-gold 

At each light fluence rate, the pyrenold was heavl1y labellf'd by Prlch 

ant1body whereas chloroplast stromal labelllng was not abovf' background 

levels. The apparent absence of stromal RublSCO ilt PRch 1 q~ht 1 f>vpl , 

and hence the lack of enzyme red1stribution from pyrenotd to stroma 

following an increase 111 11ght fluence rate, Indicatps rhat pvrf'notd 

Rubisco 1S functlonal ln vivo. 
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1.0. Introduction 

Chlorop1ast pyrenoids are a distingu1shing character1stlc of many a1ga1 

species and of sorne hornworts (Anthocerotae). Prote1naceous in 

composltion (Rosowskl and Hoshaw 1971), their funct10n has remained 

obscure. However, belng a ch1oroplast incluslon, 1t lS plausible that 

the pyrenold may be impllcated ln sorne aspect of cell photosynthesis. 

Analysis of the rroteln lsolated from the pyrenoid of the green a1ga 

Eremasphaera vlrldls lnd1cated that 90% of the total proteln cou1d be 

accounted for by two components hav~ng mo1ecu1ar weights slmilar ta 

those of the large and sma11 subunlts of the blfunctlona1 photosynthetic 

enzymp ribulose 1,5-bisphosphate carboxy1asejoxygenase (RublSCO, EC 

4.1. l 39) (Ho1dsworth 1971) Siml1ar observations have since been 

extended to the pyrenolds of two additiona1 green a1gal speCles, 

Bryopsls maXIma (Satoh et al. 1984; Okabe and Okada 1988) and 

Chlamydomonas relnhardt Il (Kuchitsu et al. 1988a), a prasinophycean 

a1ga, I1Jcromonas squamata (SalIsbury and Floyd 1978), and a brown a1ga, 

Pllavella Ilttoralls (Kerby and Evans 1981). 

RublSCO, however, 15 genera11y regarded as being a stromal enzyme 

and its locallzatlon there has been conflrmed by immunoelectron 

mlcroscopy among non-pyrenold-contalning algae (Lacoste-Royal and Glbbs 

1985) and higher plants (Caers et al 1987; Shojlma et al. 1987; Vaughn 

1987a) Severa1 immunocytochemlca1 studies have similar1y shown that at 

least a portIon of the RublSCO ln pyrenold-containing a1gae is a1so 

located ln the stroma. V1adlmirova et al. (1982) reported an intense 

fluorescence OVèr the pyrenold regions of both C. reinhardtll and 
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Dunal~ella sal~na following applicatlon of indlrect lmmunofllwrpscpncp 

using antLbodLes ralsed agalnst Chlorel1a RublSCO Howf'VP r. t Ilf'v .-II sn 

reported a lower but génulne slgnal over th€' rest of the chloropldst 

Klss et al. (1986) have s1.müar1y shown lw lrnmunofluores('I1(,(, th,ll 

Rubisco may be present in both the stromd and pvrenold of tsolc'ltf'd 

chloroplasts of Euglena graclils Ka J1 kawa et al 

extended slm11ar obs~rvatlOI1S to Brvopsls maXIma In fi qUftntltfttlvP 

investigation employlng lmmunoelectron mlcroscopy. Lacoste-Rov,d cJnd 

Gibbs (1987) estlmated that 30-40% of the total enzvme wus present ln 

the ch10roplast stroma of C. rf'lnhardt 11, wu-h the rema lndt'r 1)(> 1 ng 

conce~trated ln the pyreno1d. 

The observatlon that chloroplast RublSCO mav be partltlonpd 

between the pyrenold and stroma leads one to questIon Ihf' rolE' of 

pyrenold RublSCO. Does the pyrenold functlon merply as " ~torftge dppot 

for non-catalytLcally active RublSCO, or does lt provld(-> d sIte fOI· 

actLve catalysls? Lacoste-Royal and Gibbs (1987) suggcst that thf' 

pyrenoid may be a storage body. They observed a gredter proportIon of 

label over the pyrenoid ln statlonary phase cel1s than ln lof, phasE' 

cells of C. reinhardtll However, Rublsco lso1ated tlom pyrenoldh IS 

able ta carboxy1ate r1bulose 1.5-blsphosphate (RuBP) ln vItro 

(Holdsworth 1971: Salisbury and Floyd 1978: Kf>rby and Evans 1981, ÜkHbto 

and Okada 1988). 

In this study we examine ~he effect of varylng photon flux denslty 

on the distrlbution of Rublsco withln the chloroplast of t.he green alp,a 

Chlorella pyrenoldosa. A net redlstributlon of the enzyme from the 

pyrenoid to the stroma as photon flux denslty lS lncreased would pruvld~ 

32 



( eVldpnce ror the pyrenold actlng ln a storage capacity, whereas a lack 

of enzyme redlstrlbutlon would suggest that pyrenold RublSCO can be 

functlonally actlve ln V1VO We demonstrate by prote ln A-gold 

lfnmunoelectron mlcroscopy that a net red1strlbution of Rubisco between 

pyrenold and stroma does not occur upon 1ncreaslng photon flux density 

ln Chlorella pyrelloldosa 

2.0. Materials and Methods 

2.1. Celi culture 

Chlorella pyrelloldosa ChlCk (UTEX 251) was g"own in batch culture in a 

modifled Allen's medIum (Yokota and Canvin 1986). Light was provlded by 

cool white fluorescent bulbs at photon flux denslties of either 25, 75 

or ~40 l'mol m- 2
• S-I ln a 14 h light, 10 h dark cycle. Cul ture 

tempe rature was malntalneo at 25°C. Log phase cells grown at each light 

fluence rate wele harvested for transmiSSlon electron mlcroscopy at h 5 

or h 12 of the light perlod. Cell shading whlle ln culture was 

minimized by: a) contlnuous culture agltatlon by use of a rotary 

shaker, and b) maintalning a low culture volume of 100 ml in a 250 ml 

Erlenmeyer flask. 

l.2. Photosynthetlc oxvgen evolutlon 

The photosynthetic rate of C. pyrenoldosa was measured as oxygen 

evolutlon ln 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 ln Nz-purged Lui t urE' mE'UllUU Wt~l'e 

placed in the oxygen electrode and allowE'd to photosvntheslzP tor 

several minutes untl! the rate of oxvgen evolutlon decllned. 

Photosynthesis was then rel'lltlated bv addIt10n of NaHCO, llllUULlIdt Ion 

was provided by a Kodak Autofocus carousel pro J€ctor (8~OH) t'mplOV11lg li 

metal haU"!e lamp and intensity was van.ed by use of !leutrai densltv 

filters. 

2.J. Fixation and embeddLng 

Cells were fixed ln elther pellet form or in S1tU. Cell pellets were 

fixed in '3% glutaraldehyde in O. l M sodlum phosphate buffer, l'II / Il, for 

2 h at 4°1. Pellets were washed wlth cold buff2r and the cells 

dehydrated through a graded ethanol sertes and embedded III Lowlcry! K/.M 

(J.B. EM Servlces, Montreal) at -18°C as descrlbed prE'vlously (Lacostp­

Royal and Gibbs 198~). Cells fixed ln S1tu were [1xed at the 

experimental photon flux density in culture medlum at 75°C. 

Glutaraldehyde buffered with 0.1 M sodium phosphate, pH 7.4, was addpd 

ta provlde a fInal glutaraldehyde concentrat1on of 3%. Cells were flxed 

for 3 h, centrlfuged ta obtaln a pellet and treated as above for 

dehydration and embedd1ng. 

2.'~. Immunolabell Hlg 

Antibodies ralsed in rabbits against the large (LS) and small (SS) 

subunits of tobacco RublSCO were kindly provlded by Jacqueline Fleck 

(IBMC-CNRS, Strasbourg, France). Colloldal gold was prepared accordlng 

ta the method of Frens (lq73) and coupled to protein A (Pharmac18, 
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Dorval, P.Q ) (Roth et al. 1918). Pale gold-coloured sections were eut 

wIth a dlamond knlfe and mounted on formvar-coated nickel grids. 

rmmunolabel11ng was performed by placlng the grlds section-side down on 

drops ot the followlng solutlons phosphate-buffered sallne (PBS), 

13 mIn; 1% ovalbumln, 1) min; antlbody (anti-LS or antl-SS) diluted 

1 '1000, 30 mln, PBS rlnse, prote in A-go1d d11uted 1:10, 30 min; PBS 

rInse; de-Lonlzed water rlnse An dilutions were made in PBS. 

Sections wpre post-stained with 2% aqueous uranyl acetate and viewed in 

a Phllips EM 410 at an operatlng voltage of 80 kV. 

ln control experlments, the antibody was replaced with rabbit non­

immune IgG, or wlth PBS alone prlor to proteln A-gold incubation. 

2.~ Quantitative evaludtlon 

The denslty of labelling over each cell compartment was obtained by 

determining the number of gold particles per square micrometre of 

compartment sectloned. Area determinations were made using a Zeiss 

MOP-3 dIgital Bua1yser 

3.0. Results 

The partitionlng 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 

immunocytochemiRtry Figure 1 shows a section through a log phase cell 

cultured at a llght fluence rate of 25 ILmol·m-2 ·s-l which has been 
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labelled with antl-RublSCO LS. Gold particles are hlghiv l'ol\cE-'ntrdted 

over the pyrenoid. whereas onlv a few particips are prpsent ov~r thE' 

thylakoid-containing stromal regions of the chloroplast Cella cultllred 

at 75 Ilmol·m-2 S-l exhibit a similar distributlon of p,old partlcles ln 

sections labelled with antl-RublSCO LS (FIg. 2). The pvrpnold lS 

heavIly labelled whereas the rdmalnder of the chloroplast lS unlabelled 

Only b<.. ~kground labelling lS present over the cell' s nucleus 01' 

cytoplasm. 

For our strain of Chlorf'lla, cultures grown at f'i ther of tlwse 

light fluence rates are llght-llmlted wlth respect to photoSYllthf'SlS. a 

factor WhlCh may influence RublSCO distribution. In arder to detf>rmlnp 

the light fluence rate which lS llght-saturatlng for photosynt Iws 1 B, 

measurements of photosynthetic oxygen evolutlon were performcd on cc118 

cultured at 75 Ilmol·m-2·s-1 (FIg. 3). Theso measurements indlcate that 

in our strain of C. pyreno~dosa, photosynthesls is 11ght-saturatE-'d at 

photon flux denslties of greater than 400 Ilmol·m-2·s-1. Employing thls 

data, cells were cul tured at 540 Ilmol'm-2. S-l and fixed for 

Immunoelectron microscopy while ln the log phase of growth Further 

photosynthetlc oxygen evolutlon measurements on cells cultured al. thlS 

light level conflrmed that these cells exhibited a light-saturated rate 

of photosynthesls (data not shown). Cell sectIons labelled wlth antl­

Rubisco L~ (Flg. 4) dlsplay the same pattern of enzyme dlstributlon as 

cells cultured under light-llmltlng conditlons (Figs land 2). Gald 

label is highly concentrated over the pyrenold, whereas the remainder of 

the chloroplast exhibits only a few dispersed gold partlcles. 

Table l gives the density of labelllng over different cell and 
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Fig. 1. Log phase celi of Chlorel1a pyrenoidosa cultured under Iow 

light (25 ~mol·m-2·s-1). Anti-Rubisco LS is concentrated over the 

pyrenoid (py) whereas few gold part~des are evident over the remainder 

of the chioroplast (c). Bar = O.~ ~m. 

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

rate of 75 J.'mol· m-2
• S-I. Anti-Rubisco LS is localized t·) the pyrenoid 

whereas the level of labell ing over the chloroplast stroma is lower than 

background nuclear (n) labelling. Bar = 0.5 ~m. 
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fig. 3. Photosynthetlc rate as a function of lrradiance for log phase 

Chlorella ('eUs cultured at 75 tLmol.m-2.s-1. Values represent the 

average of two measurements. 
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Fig. 4. Log phase cell of C. pvrenoldosa cultured under llght-

saturatlng conditions for photosvnthesls (540 ~mol m- 2 s-'). Antl-

Rublsco LS lS concentrated in the pyrenold (pv) whereas Immunolabelling 

of thp chloroplast (c) stroma ls below that of both nucleus (n) and 

cvtoplasm. Bar = 0 5 ~m. 

f 
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Table l. Denslty of labellin3 over various cell 00ffipartments of Chlorella pyrenoldosa cultured at jlfferent ll~ht Intensltles. 

ChIoro12last 
Starch Stromal 

Pyrenoi1 shell region Cytoplasm Vacuole Nucleusa nb 

go Id partlcles ~-2 ! SE 

25 tJIllOl m-2 s-l 

Anti -LSU 506.0±20.3 0.4±0.1 3.2±0.4 5.8±0.6 1.4±0.2 7.811.2(10\ 25 
AntI-SSU 461.8±35.6 1.1±0.3 6.8±0.5 5.5±0.5 2.2±0.3 6. 0±1. 2(7) 1 18 

75 tJIllOl m-2 5-1 

Anti -LSU 375.1±26.1 0.3±0.1 1. 3±0.2 1.410.2 0.3±0.1 2.1±0.3'1l) 26 
Anti-SSU 305.9±16.9 0.710.2 2.3±0.3 1. 6±0. 3 0.4±0.1 2.1±0.4(6) 23 

540 ~l m-2 s-1 

Anti-LSU 354.8±52.3 O. HO.3 2.7±0.6 3.o±0.1 0.610.3 6.211.6(7) 17 
Anti-SSU 208.2±17.1 1.0±0.4 3.5±0.4 2.5±0.2 0.4±0.1 3.3±0.8(8) 20 

ControlsC 

Nonllmmne IgG 1. O±O. 3 0.2±0.1 0.8±0.2 1.3±0.3 0.2±0.1 2.8±0.1(8) 16 
PBS 1. O±O. 3 0.3±0.2 0.7±0.1 1. 4±0. 3 0.4±0.2 13 

a Humber of nuclel analyzed 
b Number of celi sections anaIyzed 
C Con troIs reported for celis cultured at 75 pmol'm-2 s-1 
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plastld compartments for Chlorella grown at p.ll'h 11ght flUf'IlCl' rat .. "' dl\d 

labelled bv antlbodles agalnst both the la1",l.',f' and small suhumt 01 

RublSCO Antl-RublSCO SS gave the Sdme label1Ing pattern dh dntl-

RublSCO LS. At E'ach photon flux denSl t y, the pvretlold WdS Ill'd\' 1 1 v 

labelled bv antlbodles to each subunlt of RublSCO, whpreas the stromdl 

region contalned levels of label11ng slmllar to the cvtopld'>lII 01 

nucleus Stromal labelling bv antl-RublSCO LS wa5 conslst~ntl~ bplow 

background levels (cvtoplasmlc and nuclear Idbellltlg) ~t\om[il 

labelling by antl-RublSCO SS was Sllghtly above background (nuclf'ar 

labell1ng) at each photon flux densltv; howevf'r, statlstlcal Hl1dlvsf's 

(one talled palred t ,ests) Indlcate that the dlfferencps dre not 

slgniflcant Al though the densl tv of labelling bv each SUbUll1 t 0'1'('\ t tH' 

pyreno1d appears to decrease when the Ilght fluence rate IS lncreased, 

these figures cannot be directl v compared. Slnce di f ferent prot ('1 Il A­

gold solutIons were used ln each experlment. One can dlrectly comparp 

only those labelling densltles over the varlOUS cellular compartmpnt~ by 

antibodv to a SIngle subunlt wlthln a SIngle llght level. 

To ensure that temporal delavs caused by cell harvestln~ 

(centrIfugatIon, buffer rlnses) prlor to fixatIon dld not affect 

Intracellular RublSCO distribution, cells were also flxed ln SItu III 

culture medium at each experlmental photon flux denslty Labelling 

densltles by antibodv to each subunlt of RublSCO over the varlous 

cellular compartments (not show~) provlded resultb slmllar to those 

obtalned in Table l We suggest, then, that short delaYb prlor to c~ll 

fixation, caused by the harvestlng methods emploved ln thls Inv~sl 19a­

tlon, dld not contribute to the observed enzyme partltlonlng 
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Control experlments were performed by replaclng antlbody wlth 

either non-immune rabblt Ig(, or wlth PBS alom-_ followed bv proteln A-

gold (Table 1, see also Appendlx 2) For each control, labell1ng 

densltl~~ wpre very low and slmllar values were obtalned for pyrenold, 

stroma and the cel1's cvtoplasm In addItion, the speclflclty of antl-

RublSCO LS used ln thls study to commerclally prepared samples of 

RublSCO holoenzyme has been prevlously reported (Mangeney and Glbbs 

19B/) 

4.0. Discussion 

ln hlgher plants, an increase ln light fluence rate lS usually 

characterized by an increase ln Rubisco activatIon state (I.e., the 

proportion of the enzyme ln the active form) and lS paralleled by a 

coordinate Increase ln photosynthetic rate (Perchorowlcz et al 1981; 

Salvuccl et al 1986, Salvucci and Anderson 1987). The relatlonshlp 

between ln V1VO RublSCO activation stat€ and llght fluence rate has not 

been determlned for green algae; however. the enzyme seems to be 

modulated bv 11ght ln a manner slmilar to that observed for hlgher 

plants (Tavlor et al lq86) In our present investigation, cells of 

Chlorelld pVr(lllOldosa were cultured under various light fluence rates, 

Includlng both Ilght-ltmltlng and Itght-saturatlng conditions for 

photosvntheslS One mlght speculate that if RublSCO tS catalytlcally 

functlonal onlv in the stroma and not ln the pyrenold. transfer of cells 

to a hlgher photon flux densitv would result ln an increase in the 
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activat~on state of the enzyme alreadv located tn thE' strOllkl III 

add~t~on, a substdntlal and malntalned InereaSE' ln 1 tght tlllt'Ill't' rdtt' 

would l~kelv necessllate a net eff1ux of pvrenol<i stort'd RlIblSCO \0 tilt' 

stroma followed bv Incredsed rates of svntheslS ot RublSCO SubUlllts 

However, a net redl str~but Ion of pyrenold RublSCO t 0 tht, l'hl oropl ,151 

stroma was not observE'd fo1lowlng Increases 1 Il photosvnt Iwt 1 c phot on 

flux dens1tv ln faet. stroma1 1evels ot RublC;CO were not slgmtlc,lIltlv 

above background at any 11ght f1uenee rate tested. 1llStl'ild, !{Ubl'>('O W,iS 

hlgh1y eoncentrated ~n the pvrenoLd at eaeh light 1evel The obsprved 

pattern of enzyme dIstrIbutIon suggests that Rubisco 10cal1 Zt->d 111 t Ill' 

pyreno1d lS capable of cata1ytlc actlvlty 

The posslbl] 1tv that RublSCO lS present ln the stroma dt m(J(h'rdtl 

concentratIons and WB have falled to detect It by the Immunolabplllng 

method emploved ~s unllkelv Other studles from thls laboratorv uSlng 

slmllar fIxatIon. embedd1ng and Immunolabe111ng protocol5 have 

successful1v demonstrated the presence of RublSCO ln thE chloropld~' 

stroma of the non-pvrf'no~d-contalnlng a1ga Ochromollas dflltlC:1 (Lacost (-'­

Royal and GIbbs 1985; see a1so Appendlx 1) and ln both the stl-orna and 

pyreno1d of the p1astlds of log phase cel1s of Chlamvdomon<1s relTlIJardt LJ 

(Lacoste-Royal and Gibbs 1987) The absence of a slgnd lcant level of 

labe11ing of the stroma of Chlorella chloroplasts by antl-LS and ontl-SS 

lndlcates that the concentratIon of RublSCO there lS low and t bat most 

of the p1astld's RublSCO lS local1zed ln the pyrenold 

The results of thls study make It difftcult to dlsrnlSS olgal 

pyrenolds slrop1y as storage bodies Why RublSCO 1S segregated wlthln 

the cl'lorop1ast lS not clear, Such an arrangement would necess 1 t at f-
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routlng of substrate RuBP from the stroma lnto the pyrenoid whlle 

product l-phosphoglycerate would subsequently require direct10n back 

Into tht" st roma For these events to occur, 1t lS possIble that 

locallzdtlon of RublSCO ln the pyrenold rather than ln the stroma m1ght 

confer sorne advantage One hypotheslS lS that the algal pyrenoid 

provides a m1croenvironment for RublSCO where the efflciency wlth WhlCh 

the carboxylat1on reaetlon may proeeed lS enhanced. That this lS 

attained through a carbonlC anhydrase regulated concentratlon of CO2 at 

the pyrenoid lS one posslbil1tV. It is weIl known that ln many specles 

of algae, cells grown ln air levels of CO. have hlgh levels of carbonlc 

anhydrctse whereas ln cells grown ln hlgh CO2 • the synthesls of this 

enzyme 1S repressed (Alzawa and M1yachi 1986) It was recently shown by 

Immunoeleetron mlcroscopy that an Isozyme of carbonic anhydrase i5 

locallzed throughout the ehloroplast stroma ln the red alga Porphyrldlum 

cruent [lm (Yagawa et al 1987). However. lt was not clear from their 

mierographs whether the small amount of label present over the pvrenoid 

was speclfie Carbonte anhydrase aetlvity lS located Intraeellularly in 

Chi orel la pvrenoldosa (Alzawa and Mlyachi 1986). It s speclfle 

tntraeellular loeatlon. however. lS not known. It is antleipated that 

having a portIon of carbonlc anhydrase aetivlty loeated in the pyrenoid 

would ans ure a supply of CO 2 ta Rubisco. 
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Notes Added 

Two ret>orts published subsequE'nt to thls manuscrlpt support 0111' 

findings. Employing the proteln A-gold method. Osafune (>t al ( \4l)()c ) 

showed RublSCO to be predomlnantly pyrenoid-locallzed in non-dLvldln~ 

cells of Euglena gracLlls. Furthermore. upon measun\1g rates of 

photosynthetlc CO 2-fixatlon for cells grown undf'l' 1 Q!,:1t of hlp,h 

lntensitv. they report that RublSCO lS fullv activated Mol'f>over, th('v 

confirmed that pvrenoids were present ln the cells used tor th~ll 

measurements, 

More recently. C1lnningham et al. (1991) determlIled the subcPllul ar 

distributlon of RublSCO in cells of the red a1ga Porphvr Id HII1I (TlIt'lIt lin! 

grown at photosynthetlcally limiting (6 "m01,m-2 
S-l) and saturd! Inp, (J8U 

Theil' results pl'ovlded no eVldpnce 

for a redistrIbutIon of Rubisco betwe·.:n pvrenoid and stroma Wh('ll cd \ ~ 

were grown under saturatlng light. R~~ard1ess of growth lrradlance, 

Rubisco remained predominantly pyrenold loca]lzed 
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CHAPTER III 

RublSCO activase is present in the pyrenold 

of green algae 
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Summary 

RublSCO actlvase catalvzes the actlvatlon and mdlntélll1s thp dctl\'dtpd 

state of the photosynthetlc enzyme nbulosp 1.5-bisphosphatE' 

carboxylase/oxygenase (Rubisco, EC 4 1 1. 3Q) • We pmploved clnt 1 St'l",l 

prepared against the RublSCO holoenzyme purifled from tobacco and 

Rubisco activase isolated from spinach to determine the loralizatlon Dt 

thes8 proteins ln leaves of Cl-type hlgher plants and green dlgclP III 

leaves of V1.Cla iaba, both RublSCO activase and RublSCO arE' distnbuted 

throughout the chloroplast stroma. In cont rast, RuhlSCO det 1 V,l!-;(> and 

Rubisco are predomlnantly localized to the pyrenold in thE' green algRP 

Chlamydomonas re1.nhardtll and Coleochaete sClltat8. The ('0-

immunolocalizatlon of RublSCO activase and RublSCO to the pyrenold ln 

these two green algal species lndicates that pyrenold-locallz12d RublSCO 

is catalytically competent. We conclude that the pyrenold functlons as 

a unique metabolic compartment of the chloroplast in WhlCh the react lOri', 

of the photosynthetlc carbon reductlon pathway are lnltlated 
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1.0. Introduction 

kl~Jlùsp l ,~-b]sphosphate carboxv1asejoxygenase (RublSCO. EC 4.1.1 39) 

clltaly/(>s the carboxylation of nbu10se l,5-blsphosphate (RuBP) in the 

Iflltud rf'élction of the photosynthetlc carbon reductlon péithwav. In 

hlgtH'r pl ants, Imrnunocytochemlca1 inVe.i>tlgéltlons have shown that Rubisco 

JR locallzed ln the ch1oroplast stroma (e g Vaughn 1987a: Rother et al. 

I9HIl) The chloroplasts of d number of a1ga1 and hornwort specles, 

howpver, are charac[erlZed by the presence of protelnaceous Inclusion-

bodIes known as pvrenolds Moreover, l mmunocvtochemlcal anal vses have 

shown that ln pyrenold-contalnlng algae and hornworts, Rubisco lS 

prpdominantJy locallzpd in this reglon (Table 1) Manv of these 

reports, however, Indlcate that a portIon of the RublSCO ln pyrenold-

contalnlng orgalllsms 15 a150 locaLed ln the stroma ln non-pvrenold-

contalnlng algae and hornworts, RublSCO is distnbuted throughout the 

chloropJast stroma (Lacoste-Roval and GIbbs 1985, El-man et al JgS9, 

Vl1Ilf',hn et al l qgO) B0cause RublSCO lS common1y regarded as be1ng a 

stromal enzyme, the observation that RublSCO mav be partitloned bet~een 

the pyrenold and stroma has led to speculatIon that the pyrenold may be 

a s!orage reglon C'ontaInlng InactIve RublSCO Moreover, due to the 

Inahlilty of RublSCO antlserum to dlfferentlate between actlve and 

llMctlVl' fonns of thE' enzyme, we havE' bE'en unable to assess the activlty 

stdtE' of pyret101d-locallzed RublSCO. 

Recentlv, a soluble chloroplast proteln, RublSCO activase, has been 

lInplicdted as belng responslble for catalyzing the actlvation and 
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l Table 1. Immunocytochemical investigatIons of Rubisco localization in 
pyrenoid-containing species 

Class Species Techmqued 

Rhodophyceae Porphyridium cruentum G 
G 
G 

Cryptophyceae Hemiselmis brunnescens G 
Chroomonas sp. G 

G 

Baclllariophyceae Phaeodact~lum tricornutum G 

Dinophyceae Symbiodiniu! kawagutii G 

Euqlenophyceae Euglena gracilis F 
G 

Chlorophyceae Bryopsis maXIma E,F 
Chlamydomonas reinhardtii F 

G 

C 
G 

Chlorella pyrenoidosa G 
Chlorella vulgaris G 
Coleochaete scutata G 
Dunaliella salina F 

Anthocerotae various species G 

a E, immunoenzymatic; F, immunofluorescencei G, immunogold 

b references added after manuscript had go ne to press 

Referenct' 

HcKay and Gibos tl~90;lY41b D) 
Hustardy et al. 11990) 
Cunninqham et il 1. t 1491 [') 

HcKay et al. \lY91b D) 
HcKay and Gibbs 1199Ëal 
HcKay et al. t 1991b 1 

HcKay and Gibbs 11991dl 

Blank and Trench 11988) 

Kiss et al. 1198h) 
Osatune et al. \1989;19~O) 

Kajikawa et al. (1988) 
Vladimirova et al. (1982, 
Lacoste-Royal and GIbbs 
11985, 1987) 
this report 
HcKay and GIbbs 11991b D, 
HcKay and Gibbs (1989) 
Nisius and Ruppel 11987) 
this report 
Viadimirova et al. 11982) 

Vaughn et al. (1990) 



1 mHlnlalnJn~ th~ actlvatpd state of ~UblSCO (Salvuccl et al. 1985). The 

m(·chanlsm by wtllch actIvas€> catalvzE's actlvation of RublSCO lS not wl'll 

unch~rstonci. howeVf-r. It llkely InvolvE's ATP hydrolYSlS (Streusand and 

Portls 198/) And proteln-proteln Intel'actlons ln order to promotE' enzvme 

cHrbamylatlon (Werneke et al 1988a) ln th~ present InvestIgatIon. we 

have emplnyed antl5f'rUm prepared agalnst a mIxtUrE' of the 41 and 4':> kDa 

polypeptIdes oi splnach RublSCO activase ln order to determine the 

locallzdtlon of actlvase in leaves of Cl-type hlgher plants and green 

a1gB€' SIYlee Rllb1SCO actlvase catalyzes the actIvatIon of Rub1SCO ln 

VIVO. It5 lmmunolocallzation should indlcate the locatIon of functional 

RublSCO ln the chloroplast 

2.0. Materials and Methods 

2.1 Plant Materiai 

Seeds of VlCla faba L. (cv. Longpod) were sown ln potting mlX (3:1'1, 

peat'perlitE':vermlcullte) and watered dally Plants were maintained ln 

Li controlled envlronment chamber (continuous Jlght, 250 {lmo1 photons· 

Chlamydomonas relllhardtli Dangeard was obtained from the 

Culture COllE'ctlon of Algae at the University of Texas at AustIn (UTEX 

';JO) and grown ln batch culture ln a modlfled Bold's minimal medIum. 

GuI tur€s w('!'e malntalned at 25°C and were continuously agitated by use 

ot a rotary shaker Llght was provided by cool-white ;, 'orescent lamps 

at a photon fluence rate of 40 j.Lmol·m-2 ·s-1 ln 12 h 1ight - 12 h dark 

cvcl es Col eocllaete scutata. de Breblsson was obtained f.com Carol ina 
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1 B1ologlcal Supplv Co (Burlington. Ne. tiSA) ,-md wa~ tI!-.pd lOI' 

experimental work lmmedlatelv upon rE'cf'lpt 

1.1 lmmulloelect rOll !ücroscoDv 

Plants of VlCla faba were harvested 2 months att!'r pLllltlnl', dJl(I ~,II1.tll 

pleces (1 mm 2
) of fully expanded t(,l'mlnaI )Pdtlpts Wf'rt' Cllt IlIto ICl" 

cold flxatl ve (3X gl utaraldehvde 1 n U ()') M l .l~, 

piperaZ1nediethanesulfon1C aCld (PlpPS). pH 14) 

f1xed for 2 I-,ours. foll oWlng WhlCh they werp washed wi th hlll tPl' iHld 

dehydrated through a graoed ethanol serlE'S ta 100% Nhanol 

was embedded ln LOWICryl K4M reSin (PolyscLencl-'S, WalTlngton. PA, USA) 

and t1ssue blocks were polvmerlzed under ultrdvlolet Ilght al l, 'e loI' )/, 

h in a commerciallv obtulned light box (Ladd IndustllP~ (ne. 

Burllngton. VT, USA) 

Logar1thmlc phflse cells of Chlamvdomolla.s re1l1hé/rdlll wen' lIcirv('st('d 

at h 4 of the llght perlod ALI pell E't S WE're fi xed at I~ "C t or l/O ml Il 111 

a solution contaln1ng 1% glutaraldE'hyde ln 0 05 M Plpes, pH 7 I~ Th(, 

pellets were washed WI th co] d buff er And t he ce Il s dehydratE'd t hroup,h d 

graded ethanol serIes and embedded ln Lowlcryl K4M (J 8. EH SerVICeS) as 

descrlbed ln Lacoste-Royal and Gibbs (1985), 

Small pieces (1 mm]) of Colpochaete scutata t~ll]us were cut 

d1rectly lnto cold 3% glutaraldehyde in 0 05 M Plpes buffer, pli 1 l" Ilnd 

flxed in the same solution at 4°C for 2 hours. The speclmens w~r~ 

washed ln cold 0,1 M sod1um cacodylate buffer, pH , 2, and then pODt-

flxed in 2% OS04 ln 0.1 li cacodylate, pH 1.2, for 2 hours at I~ oc Th(' 

specimens were washed in de-ionized water and th"'I1 dehydrated throuf,h Il 
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p,rddfd f·thdnol Sf'rJf'S ta 1(J(J% éthaIlol, followlng whlch. thev were 

('mbf>ddéd ln L k whitE-' soft grade rtf>ln (FulL,:n Inc , Latham. N'Y, USA) 

PaIr· gold-coloured sectlons of thE' tlssue were cut wlth a dlamond 

krllff dnd coll(·cted on formvar-coatf'd nJckel grtds. For 

Ilmnunolabd'llng. gnds w~re placed sectlon-slde down on drops of the 

folJoWlllg solutions' 1% bovIne serum albumln (BSA) ln phosphate-

butten·d sallnp (PBS). 30 min, éll.tlserurn. l h. li. BSA ln PBS. 4 drops 

dUrlng lU mIn: colloldal gold reagent dllutE'd l 25. 20 mIn: PBS. (. drops 

durtnf, 10 mlll, de-l'orllzed watE·r rlnse In addltIon. lmmunolabelllng of 

sect Ions of c'hlalllvdom01l8S and Coleochaete was preceded bv lncubatlon on 

d drop of 12% sodIum m-perlodate for 10 or 30 min followed bv a de-

ianlzed water rlnse ln arder ta restore antigenlclty Mouse antlserum 

agalnst a prE'paratlon contalning bath the 41 and 45 kDa polypeptides of 

Spi nach RublSCO aet 1 vase was ktndly provlded bv J M Werneke and W. L. 

Op,ren (Unlted States Department of Agriculture, Agricultural Research 

SerVIce, Urbana, IL. USA) and was used at dilutions of 1:80 to 1:160 

The prf'paration of thlS antlserum has been described previously 

(SalVUCC1 et al 1981). Rabbtt antlserum aga1nst tobacco RublSCO was 

obtalned commerclaJ1v (Cappel Laboratories. Cochranvllle, PA, USA) and 

was emploved at a d1lution of 1'400. Goat antl-mouse-gold (15 nm 

partlcles, EY Labordtories. San Mateo, CA, USA) was used to detect anti-

actlvast? wltereas proteln A-gold (15 nm partlcles; EY Laboratories) was 

~mploved ta detect antl-RublSCO on tlssue sectlons. Antlsera and 

colloidal gold reagents were diluted in 1% BSA ln PBS. lmmunolabelled 

sectlons were post-statned for 4 min with 2% aqueous uranyl acetate and 

for 1 min with lead citrate (Reynolds 1963) prior to observing in elther 
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a Phillps EH 410 or ZelSS E'1 IOCR elt'ctroll mlCl"Oc;COpP .H <Ill npt'l".illllg 

volta?e of 60 kv 

In control f'Xperlments. the antlserum WilS l'''pldcpd bv !'l\S 01' il\' 

non-lmmUnt? serum prlol to colloldal gold l'edgt'Ilt Incubdt Ion III 

addlt ion. one other Rutnsco actl VilS€' ant lsertun ~ prep,u'pd dg.lIlI'-.t !-.plll,lCh 

actlvaSE' and klllùlv plUVld~d iJy M,~ Salvuct'I. llSDA,t\R~. l, 1\1. 

USA) was emploved and results obtalned U~ITlg thu, :lntlbod\ ~tll' ~lmlLll 

to those provlded bv the lnl t i al ant 1 - SplTldCh Rubl sco det 1 \'.1 ',f" ~ d.! t d Ilot 

shown) 

2,3, Quantltatlve Evaluatlon 

The denslty of labelling oVt?r varIOus cell compartmeTlts Wd<, oOlalllE'd ilv 

determlTllng the number of gold partlcles pel' square tnlCl'(Jmt't It· nf 

compartment sectloned Al'ea'determlnatlons were madE' US111,P,.1 Z("ISb (Nf'W 

York, NY, USA) MOP-3 dIgItal analvzer 

2.4. Antiserum Speclflclty 

A Chlamydomonas crude prote In extract was obtalned by sonlcat 1 n~ 

(Sonifier Ce1l Disruptor. Model W140D_, Heat Systems UI t raSOnies lm 

PlainVIE'W. NY, USA) fresh1y harvested ceUs resuspended in icp-eold 

extractIon buffer (100 mM Tr,s-HC1, pH 7.8. 10 mM MgCl" 10 mM 

dithiothreito1, 1 mM pheny1methysulfonyl fluorlde). T1'lf' prùtein (-xl rllet 

was c1arlfled by centrlfugatIon, to11owlng WhiCh. protelns tram the 

soluble fraction were separated essentlally as deSCl'lbed by LAemmll 

(1970) on 12.5% sodium dodecyl su1fate-contalning polyacrylamld8 gels 

Separated polypeptides were transferred electrophoretlcally to 
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nltroC'f·llulOSE- flltérs (U 45 !lM Blo-Rad Laboratorles Ltd . Mlssi3sauga, 

(Jllt , Lanada) at room temlleraturE:- tor 2 h at 6U V ln b mM Tns. IlJ2 mM 

Y,IYClnl' and lOX methanol Fllters contalnlng transferred polypeptldes 

w(-n- blocked wlth 2J, h~A in tns-buffered saline (TBS; 50 mM Tns-HLl, 

pH 1 4, I~û mM NaCl) at 4 c C overnlght and were then lncubated at room 

tf'm(Jerature lTl thE' followlng solutIons antl-RublSCO actlvase diluted 

1 ~OO. 10 mi n. PHS contalnlng 0 05% Tween 20 (PBST). 1 x 10 mln. goat 

antl-moIlSf' Igl,-horsf'radlSh peroxldase (heavv and llght chauls, BIO/CAN 

SC!f'nt!flc Inc . Toronto, Ont. Canada) dlluted 11000,30 mln; PBST, 3 

x 10 mIn, lBS, 10 mln Immunoreactlve bands were visuallzed by 

Lllcubatlng blots ln a solution containing the chrornogen 4-chloro-l 

naphthol (Slgma Chemlcal Co . St LOUIS. MO. USA) Pnmarv and 

secondary antlsera were dlluted ln PBST contalnlng 1% BSA 

Prote ln concentratlon was dE'termlned wlth the BIo-Rad prote in assay 

kit uSlng BSA as a standard and followlng the manufacturer's 

insLructions. 

3.0. Results 

J .1. Wt'stern ImmUlloblott.lng 

Anti serum prepared against a mlxture of spinach Rubisco activase 41 and 

45 kDa polypeptIdes WdS used to probe a Western blot of a soluble 

protetn extract froro Chlamydomonas reinhardtü (Fig 1). The antibody 

mixture cross-reacts with on1y a single polypeptlde of about 42 ta 43 

kDa; an observation in dccord Wl.th recent: îindings by Roesler and Ogren 
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Fig. 1. Immunoblot ot Chlamvdomollas tt'lllhardr J 1 soluble protpllI ~'xt \",1<'1 

(5 ~g total protein) Tranderrcd ;:'81 vpept 1 des wen· prnl)('d WII Il .11111-

RublSCO activase as descrlbed ln the Materlals and Melhod~ PO<,II l'HI', 

of molecular mass standards lln kDa) are shown The allt l S( nllll cro';'.-

reacted wlth onlv a single polypeptide band of -42-41 kDa 
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1 (1990a) In addltion. SdlvuCCl et al (1981) ha\'f' dl'mnllstl"dtt'd II\clt tlll' 

antlserum recognlzes two pol "pept Ide!:> 1 n t 111" rallf,t' (lt {II t n'II k[).t t l'lllll 

pea 1 eaves Speclflcltv of the dntl-RllblSCO USf>d ln tills !>tlldv lIels ,llso 

been demonstrated prevlousl y (Vaughn 1 Y8 /. Vau!?,lm pt ,,1 l'l'hl) 

studles have shown that thlS antlbodv prE'paratlon ~.·,:,cltlcdllv 

recognizes the large subunlt of RlIblSCO 

3 2 Immulloelectroll Mlcroscopv 

The Intracellular 10callzat!0t1 nf RlIhlSCO aet Ivase dl ffers hf'twt-'PII L, 

tvpe hlgher plants and green algae We havE' E'mploved ,mtlbodIP<. 10 

~plnach RublSCO actlvase to probe tIssue sectIons ot leavt'!:> 01 Iwo 

hlgher plants (VICIa fabd dnd pea) and two green algal sppcle~ 

(Chlamvdomonas reinhardtli dl~ Coleoch~ete scutatri) 1 Il flii C,IS('f,. t Il(' 

enzvme IS restrlcted to the chloroplast 1 Tl V! C 1 d (F 1 g. 2) ,md Jlf'll 

(data not shown), RublSCO actlvase lS largelv restrlcted to the 

chloroplast stroma lmmunogold lnbel over thvlAkold grana stack!:> dlld 

cellular organelles lS present at onlv low levels CFIR. }) This 

pattern of Immunolabelllng bv actlvase antlserum 15 Identlcal 10 th,· 

observed Intracellular locallzation of RublSCO ln Cl plants (f.' g Vaup,hn 

1987a; Rather et al. 1988) 

Figures 3 and 4 show the Immunoloca11zatlon of RublSCO dcllvase and 

Rubisco ln both Chlamvdomonas and Col eochaett'. In both a1gBt-, 

Immunolabelllng by RublSCO actlvase antlserum 1S confined malnly 10 the 

pyrenold (Fig. 3a, 4a) For Chlamydomonas. a cross-section through ail 

entire cell is provlded from WhlCh lt is evident that label over the 

chloroplast stroma and 0 t.· er cellular compartment5 15 present onl y Ht 



Fig. 2. SectIon through mesophy11 cel1 of 1eaf of VIcia faba labelled 

by antl-RublSCO actlvase. Gold particles are distributed throughout the 

stromal reglon of a chloroplast (c). The cytoplasm and a peroxisome 

(pe) are maInlv unlabelled Bar = 0.5 ~m. 
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Figs. 3a,b. Immunolocalizatlon of RublSCO actlvase and Rubisco in 

logartthmic phase celis Of Chlamvdomonas relnhardtll Bars = 0.5 ~m a. 

Antt-RubiSCO activase is concentrated over the pyrenold (py) whereas the 

remainder of the chloroplast lS only llghtlv labelled Few gold 

particies are eVldent over other cell compartments. nucleus (n). b. 

Slmllarly, antl-RublSCO lS locallzed to the pyrenold. 

remalnder of the cell lS relatlvely unlabelled. 

Again. the 

Figs. 4a,b. Immunolocalizatlon of Rubisco activasc 3nd Rubisco in 

Coleochaete scutata. Bars = 0.5 ~m. a. Anti-Rubisco actlvase is 

localized to the pyrenold (py). The remainder of the chloroplast (c) 

contains only a few scattered gold partlcles. b. The pyrenoid is 

heavIly labelled by antl-RublSCO whereas the remalnder of the 

chloroplast 15 unlabelled. 
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1 low levels (F1g. 3a). This observation i9 supported bv results of R 

qusnt1tat1ve analys1s of the dens1ty of labell1ng bv antl-Rub1SCO 

activase over d1fferent cell and plast1d compartrnents in Chlamvdo/llonas. 

Labelling density over the pyrelloid matnx (47.1 ± 2.7 part1clps Itm- 2
) 

is much h1gher than that over the chlorop1ast stroma (1.8 ± 0.2 

Stromal 1abell1ng, however, ls signif1cantlv higher 

than both cytoplasfuic labelling (1.0 ± 0.2 particles·~m-2: one-tBlled t-

test, P < 0.01. n=23) and nuclear labelllng (0.7 ± 0 2 particlps'ltm- 2 

one-tailed t-test, P < 0 005). 

RublSCO also appears ta be confined to the pyrenoid ln bath 

ChlbiTIydomonas and Coleochaete (Fig. 3b, 4b). In bath green algae, the 

pyrenoid lS heavlly labelled by antlserum ta the Rubisco holoenzyme 

whereas other cellular compartments rema1n largely un1abelled A 

pyrenoid locallzation of Rub1SCO ln green aigae has been reported 

previously (e.g. Lacoste-Royal and G1bbs 1987: McKay and Gibbs 1984) 

Thus, as occurs wll:h the two tngher plant spec1es surveyed, RublSCO 

activase co-Iocalizes w1th Rub1SCO ln green aigae a1so. 

Control experlments were performed by repIaclng the antlserurn WiLh 

PBS or with non-lmmune serUiU, followed by e1ther gO:It antl-mouse-go1d 

(control for anti-activase) or protein A-gold (control for antl-

rubisco). For each control, labelllng dens1t1es were low « 1 gold 

particle'~m ') over each cellular compartment analyzed (see Appendlx ?). 
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4.0. Discussion 

Rubisco activase has been detected in aIl h1ghec plant speC1es thus far 

surveyed (Salvucc1 et al. 1987). In add1tion, 1mmunob1ots have 

demonstrated its presencè in the green a1ga Chlamydomonas relnhardtli 

(Salvucci et al. 1987; Roesler and Ogren lS90a) In most higher plants, 

act1vase 18 compr1sed of two lmmuno1ogica1ly related polypeptides ln the 

range of 40-47 kDa Wh1Ch appear to be der1ved from the same slngle-copy, 

nuclear-encoded gene (Werneke et al. 1988b) InitIal stud1es 1ndlcated 

that actlvase was synthesized in the cytop1asm as a single precursor 

po1ypept1de WhlCh was sllbsequently proeessed into mature actlvase 

polypeptides following transport 1nto the chloroplast (Werneke et al. 

19BBb) Recent find1ngs, however, indicate rhat at least ln splnaeh and 

Arabldopsis, RublSCO act1vase polypeptides are generated by way of a 

conserved, alternative rnRNA splicing mechanism (Werneke et al. 1989) 

which does not appear to exhibit developmental (Zielinskl et al. 1989) 

or tissue-speciflc regulation (Werneke et al. 1989). 

The exact nature of native Rubisco activase remains unc1ear. The 

two higher plant activase polypeptides can be partially reso1ved under 

native conditIons using ion-exchange ehromatography (Werneke et al. 

1988a). This suggests that the funetional holoenzyme is nOL necessarily 

heterogenous in compos1tion. ~Ioreover, analyses of indlvidual aetivase 

polypeptIdes cloned and expressed in Escherichia coli indlcate that the 

presence of both polypeptides i8 not requisite for Rubisco activase 

actlvity (Werneke et al 1988a: a1so as reported in Portis 1990). This 

observation is further supported by the fact that Chlamydomonas contains 
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1 only one activase polypeptide specles (Roesler and Ogren 1990a). The 

41 kDa Chlamvdomonas RublSCO actlvase polypeptide lS lmmunologlcallv 

related to the splnach Rubisco activase polvpepttdes and exhlbtts 

between 60-65% identity at the amlno aCld level wlth activase from both 

splnach and ArabldopslS (Roesler and Ogren 1990a) ~·'urthermore. in 

contrast to the hlgher plant gene. Chlamvdomonas Rubisco activase cDNA 

sequence analysls does not provide eVldence for an alternatIve mRNA 

splicing rnechanlsm (Roesler and Ogren 1990a). thus supportlng the 

observation of a sIngle activase polypeptIde specles ln thts a1ga. 

In the present InvestIgation. we observed d co-1ocallzatlon of 

RublSCO and Rubisco actlvase ln green a1gae and ln leaves of Cl-type 

higher p~ants. In both Vicia (Fig. 2) and pea. actlvase is contlned to 

the chloroplast stroma; an observatIon cOlncldlng wlth d stromal 

location of RublSCO. as has been reported previously (e g Vaughn 1<J8/a; 

Rather et al. 1988). In green algae. RubiSCO is predomlnantly localized 

ta the pyrenoid (e.g. Lacoste-Royal and Gibbs 1981. McKay and Gibbs 

1989). We conflrm this observation wlth both Chlamvdoll/on8s (Flf, 3) and 

Coleochaete (Fig. 3) and. ln add1.t1.on. we report the pyrenold 

10ca1ization of RublSCO actlvase ln these two specles. Moreover, Vaughn 

et al. (1990) have recently shown a pyrenold localizatlon of RublSCO 

among several pyrenoid-contalning hornworts and further studles from hlS 

lab indicate that activase is also predornlnant]y locallzed ta th~ 

pyrenoids of these hornwort speCles (K Vaughn. unpubllshed data) The 

observed co-locallzation of RublSCO and Rubisco actlvase ln the present 

study was not unexpected. Interacttons between the two proteins have 

been proposed in order to reconcl1e inconsistencles with prevlous Ideas 
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on RublSCO activatIon. Fort!lllost among these is the observation that 

spontaneous ln vItro RublSCC actIvatIon can be accompllshed only ln the 

presence of supraphysiologicai concentratlo'1S of CO 2 (Kactivation = 25-30 

I~M) f.lnd Mg" (MI?10rko and Lortmer 1983) The physiologlcal 

concenttation of CO, in the C, plant ch1orop1ast. however, approaches 

only 10-12 ~M, yet, RublSCO extracted from leaves exposed ta 

photosynthetic saturating 11ght Intensltlcs is reporled to be hlghly 

activated (PerchoroWlCZ el al. 19BI). Portls et al (1~86), however, 

reported that the addItIon of partla11y purlfled splnach RublSCO 

activase ta a reconstituted lilumlnated chloroplast system led to 

actIvatIon of Rubisco wlth a K.c"lvatlon of about 4 /LM CO 2 • Thus jt seems 

that activase enables Rubisco to achleve a h1gh degree of enzyme 

actlvation ln C) plants ln VIVO Why, however, would actlvase be 

requued for ln VIVO RublSCO act! vatlon ln green algae? It appears that 

its eXIstence there might be superfluous in Vlew of evidence that 

Chlatnydomoll8s (Badger et al. 1978) and other chlorophytes (Aizawa and 

Miyachl 1986) possess an effectIve Inorganlc carbon (Ci) concentratlng 

mechanism where CI specles are concentrated intracel1ularly to levels 

hlgher than ln the surrounding medIum. The high concentration of 

Intrachloroplastlc CO 2 WhlCh would result from the operatIon of thlS 

mechanlsm should be sufflclent to ensure the spontaneous activation of 

Rubisco. The presence of Rubisco activase, however, mlght be 

anticipated If a major function of the enzyme was to catalyze the 

act1vatlon of Rubisco when it lS complexed ta inhlbitors. RuBP, in 

addition to actIng as a substrate for activated Rubisco, is a patent 

inhlbltor of ~he higher plant InactIve enzyme form, preventing addition 
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of the aeti vator CO) and Mg" (Jordan and Cho11et 1 qg n TIlt' 

effectiveness w1th WhlCh RuBP Inlubits Rubisco activatIon dmong alg,H' 

and photosynthetlc prokarvotes, however, vanes. Among t lw d 1 g.'1t~, 

Rubisco isolated fram both the red alga Gnftlths13 paClt lca and the 

chromophyte OllsthodlSCllS luteus i5 rather insensltlvP to inhibition hv 

RuBP (Newman et al. 1989) Conversely, Jordan and Ogren (lq83) rpport 

that RuBP strongly Inhibits Rubisco activatloll ln fÙ/p,lt>lld gr,leIII ... ,Illet 

Chlamydomonas relTlhardtll It lS not known whether R'IBP lS an Inhlbitor 

of Rubisco in Coleochaete, however, g,1ven its position on tl\(> 

"brypophytan" 11ne of evolut10n towards hlgher plants (Graham lq8~), II 

is reasonable ta assume that lt does. RuBP 15 present ln mililmolar 

concentrations in the chlorophyte Chlorella pyrenoldosd (Yokotli élnd 

Canvin 1986). Thus, it appears that in green d1gae, RublSCO nctlva~~ 

might prevent Rub1SCO deaeti vatlon by catal yZlng, thE' aet I vat i on of < W 

tight bindlng Rublsco-RuBP complex or othcr potentlsl Rubisco-sugar 

phosphate complexes. In support of thlS, Roesler and Ogren (1990a) have 

recently reported that purified sp1nach actlvase can promote thE' 

actlvation of Chlamvdomonas RublSCO ln the presencE' of physiologlcnl 

concentrations of RuBP. 

The observed pyrenoid localization of Rubisco actlvase ln green 

a1gae in the present InvestigatIon 1ends further support to t hc> Idf'é1 

that the pyrenold is an Important metabollC compartment of the ct;,ll and 

not simp1y a prote in storage region PrevlOus lInmunolabplllnp, rE!sul ts 

from this lab (McKay and GIbbs 1989) strongly lndJcated that pyrenold 

RU~iSCO was funct10nal ln vivo However, due to limltations ai thf' 

technique of immunocytochemistry, the study was not able to provlde a 
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dIrect assessment of RublSCO actIvatIon state As a result. we were 

unabl e to ascertaln dll'ectly whether or not the pvrenoid represented the 

&]t(~ of InItial CO. fIxatIon The lmm"molocallzatlon of Rubisco 

actlvasc now provldes a more direct met~od to elucldate the function of 

pyrpnold-locallzed Rubi seo. Slnce RubIS,CO actIvation is catai yZf'd and 

regulated by actlvase in VIVO (Salvucci \989; Partis 1990) the presence 

of activase ln the pyrenoid indlcates tha\ pyrenoid RublSCO is 

[unctlonallyactive. 
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CHAPTER IV 

Irnrnunocytochernlcal locallzation of phosphorJ bill ok! n"C;t' 

ln mlcroalgae 
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SUJJDary 

~mploylng Immunogold elpctron microscopy. the subcellular locatIon of 

thE Calvln cyclE' enzvmf> phosphonbuloklnase (PRK) was determined for two 

dlVer&p spacles ot mlcroalgae ln both the red a1ga Porphyrldium 

cruentllln and the gl-een a1ga Chlamvdomonas rf'lnhardcll. PRK was 

dlstrlbuted throughout the thvlakold-contalnlng chloroplast stroma. In 

contrast. thp next enzyme ln the pathway. rlbulose 1, 5-bisphosphate 

carboxvlasejoxygenase, was predomlnantly pyrenold-locallzed ln both 

specles. In Porphyrldlum. the chloroplast stroma abuts the pyrC'nold but 

ln Chlamydomonas and other green algae, the pyrenold appears encased ln 

R starch sheath UnIque IncluSions found ln the pyrenold of 

Chlamvdomonas were lmmunolabelled by antl-PRK and thus ldentlfied as 

reglons of ch1oroplasl stroma It is postu1ated that such PRK-

contalning stromal IncluSions ln the pyrenolds of Chlamydomonas and 

perhaps other green algae provide a means for exchange of CalVin cycle 

metabolites between pyrenold and stroma. 

66 



1.0. Introduction 

The enzyme phosphorlbuloklnase tPRK; E C 211 !lI) 15 n-coglll.'t,d ,1'-,.111 

important regulatory proteln in tlw procpss of C,UhOll t lX.l1 1011 lllllq\H> 

to the Calvin cycle, PRK catalyzes the ATP-dppendE'rlt phosphol"\'Lil \(H\ Clt 

ribulose 5-phosphate, thereby regenerat l ng n bul os,-' l, " - hl !->phosphd 1 (, 

(RuBP), the CO 2 acceptor molecu1e and substratp for nhulosl' l,')· 

blSphosphate carboxylase/oxygenase (RubISCO; E (; 4 l l 39) Tht- Pl1~ VIOl' 

has been lsolated from a varlet y of sources incluclIng oxygl'n-pvolvlllg 

photosynthetic organisms and numerous anaerobic photosynthetlc and 

chemolithoautotrophlc bacteria (Tabita 1988) 

In sorne prokaryotes, there eXlsts a subcellu1ar parttllOlllnr, of 

Calvin cycle enzymes ln these organlsms, Rulns{'o I S predOlTl1 riant 1 y 

localized in discrete InclusIon bodies called carboxysomes, whpr0Hs PRK 

and other enzymes of the pathway are located elsewherp 111 t hl;' C{" li (Codd 

1988; Shively et al. 1988; Tabita 1988), What, If any bcneflt rf'sl11ts 

from such an arrangement is, at present, not known 

A similar partltloning of CalvIn cycle enzymes may eXlst ln soml' 

eukaryotic organlsms In pyrenold-contalning a1gae and hornwort s, 1 t 1 c' .. 
well documented that Rubisco is predomlnantly localized to the pyrenold 

reglon of the chloroplast (McKay and Clbbs lY9la; see aIso Chaptl;'r 1) 

The subcellular dIstrIbutIon of other CalvIn cycle enzymes in these 

organlsms, however, has not been Investigated. In thls report. wp have 

used the technlque of immunoelectron microscopy to investigate the 

intracellular localizatlon of PRK ln a Led and a green a1ga. 

1 
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~.o. Haterials and Methods 

/: Cell Culr"r€' 

IJorphvr 1 d lum enlPnt um (Agardh) Nagell (UTEX 161) was grown ln an 

art lflelal seawater m~dlum as descrlbed ln McKay and GIbbs (1990. se~ 

fllsa Chapter VII). Chlamvdomonas retnhardtLl l)angeard (UTEX 90) was 

p,rown ln fi modifled Bold's mInImal medium Its culture condItIons are 

dE"scnbpd ln McKay et al (1991a: see also Chapter III). 

2 J Chdract en zat Ion or Allt lsera 

The antlsera employed ln this study are descrlbed in Table 1. They were 

charactenzed bv Immunoblottlng. Brlefly, freshlv harvested cells of P 

ct'uentum and C rell1hardtll were resuspended ln cold extractIon buffer 

(lOl) mM Tn s -HGl, 'PH 1 8, 10 mM MgC1 2 , 5 mM di thtothret toI) contalnlng 

phenvlmethvlsulfonvl fluortde and sonlcated (Sontfler Cell Dlsruptor, 

Modf' l W140D, Heat Systems Ultrasonlcs Inc , Plalnview, NY, USA) to 

provlde crude prote ln extracts. The extracts were clarifled by 

CE"ntrltugatlon at 14,000 X g for 15 mIn, following WhlCh, proteins from 

the soluble fraction were separated essentlallv as descrlbed by Laemmll 

(1970) on 12 5% sodIum dodecyl sulfate (SDS)-contalnlng 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 wlth 1% (w/v) bovIne serum alburnin 

(BSA) in tns-buffered saline (TBS) overnight at 4°C. Immunoreactive 

polypeptides were detected by Incubating the blots in primary antiserum 

followed bv Incubation in either goat antl-mouse IgG-horseradish 
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Table 1. Antlsera employed in the present Investigation. 

Dllut!Q!l 
Antlbodv Host Source of AnllQen IrllllUnoblots I~unocytochemistry Reference 

antl-PRK rabblt ChlorQQloeoDsls frltschll 1'1000 1.500 Harsden et al. 1984 

antl-PRK rouse Chlamvdomonas reinhardtll 1:750 1:100 Roesler and Ogren 19q1b 

antl-RublSCO LS rabblt Hlcotlana svlvestrls 1.1000 1 .1000 Let t et al 19!:lO 
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[l(r'lxldat.E:. (glU/l,AN S('u,ntlfl(, [nc .. Toronto, Ont, Canada) or goat 

dllt 1 - rabbI t lp,l -hort.eradl 'ih pero:ndasE- (Bio-Rad Laboratorles Ltd., 

f1If.<,IS<,dllp,a, Ont. Cdnada) Vlsualizatlon of Immunoreactlve 

pojvpl-ptld(·!-' was performec:! by Incubatlng blots ln a Solutlon contalmng 

Ih~ chromage" 4-chloro-l-naphthol (SIgma Chernlcal Co., St Louis, MO, 

U')A) 

ProlE'ln concentratIon was determined uSlng the Blo-Rad proteln 

dSSdV kIt wlth BSA as a standard and fol1owlng the manufacturer's 

1 nst ruet Ion'; 

.l 1 ImmlllloeleC'troll HIC'roscopv 

Loganrhmic-phase ceLls of P. C'ruentum and C relnhardt1.1 were harvested 

at hours i and 4 Dt thelr respectlve llght perlods. Cells of P 

crtU'ntwn Wf>re flxed at 4°C for 1 h in a solution contalnlng 4% (v/v) 

pardformaldehvde and U 8% (v/v) glutaraldehvde in phosphate-buffered 

salIne (PBS). pH 1 1 Cells of C relllhardt1.1 were flxed at 4°C for 90 

min ln il solutIon containlng 1% (v/v) glutaraldehyde ln 50 mM 1.4-

plperaZlnedlethanesulfonlc aCld (PIpes), pH 7.4. Followlng fIxatIon. 

cell pelll>ts were washed ln cold buffer and the cells dehydrated through 

.1 graded ethanol serIes and embedded in Lowlcrvl K4M (J.B EM Services. 

Montreal. P.Q., Canada) as descrlbed in Lacoste-Royal and Gibbs (1985) 

Pale gold-coloured sections were eut wlth a dlamond knife and mounted on 

tormvar-coated nIckel grlds For lmmunolabelling, grjds were placed 

sectIon-Side down on drops of the fo1lowing solutIons: PBS, 10 mln; 1% 

BSA ln PBS. 10 min; antlserum, 30 min or 2 h; 1% BSA ln PBS, 4 X 3 min: 

colloldal gold reagent dl1uted 1:25. 25 mIn; PBS, 4 X 3 min; de-ionized 

1 
70 



i 

1 

water rlns€'. In addl t 10n, Immunt) labelllng of Chl.lInvd(llIloJl.:~s bv nnt 1 • PRK 

was preceded by Incubatlon of the sectlon on Ci dl'op ot ll% tw/v) ~,()dllllll 

m-periodate for'] I1lln followed bv rinsing wlth de-lonlzed wcltf'r. This 

was performed in arder to elimlnate non-speclt te hlndtng of t ht' ,mt 1 bodv 

to starch gralns. Goat antl-mouse-gold (15 nm; interMedlCo, Mat'khi1m, 

Ont., Canada) and protpln A-gold (15 nm; InterMpdlco) were tht' ('ollo\dill 

gold reagents used Antisera and gold reagents were dtluted tn 1% BSA 

ln PBS Sections were post -stained wi th 2% (w/v) aqueous IIl"clnvl <let'! H t l' 

and lead citrate (Reynolds, 1963) pnor ta observtng ln a PhLllps EM IdO 

at an operatLlg voltage of 80 kV 

ln control experlments, the antlserum was replaced bv PBS prlor lu 

Incubatlon in the colloldal gold reagent Cel] sect lons incubi1tc'd 1 n 

this manner were largely free of gold Idbel (data not shown) 

The denslty of gold labelling over pvrenold, stromal (lll('llIdlnl~ 

stromal starch, but not pyrenoid starch), nuclear, and CytopldSffilC 

(including mitochondria and vacuoles) compartments of C. relllhardt 1/ w,u-, 

determlned essentlally as descrlbed by Vaughn (1981a) 

3.0. Results 

J.1. Iwnunoblott .ng 

Irnmunoblottln~ results l.ndicate that the antisera used ln the prespnt 

study arè irnmunologically re1ated to specifie polypeptides Hl crud(· 

protein extracts of both P. cruentum and C. relnhardtil. Antlserum 

raised against PR!< l.so1ated from the cyanobacterium ChloroglocopfJJS 
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trltschll reacted wlth a low mass polyp~ptlde of -16 kDa from the P. 

cruentum extract (Fig la, Lane 3). The Immunoreactive polypeptide 

ml p,rated ta a pOSl tIan Immediatel v below that of the H subunl t of 

phvcoerythrln, whlch was eVldent as a plnk-coloured band transferred 

from the gel ta nitrocelJulose The Identity of two minor staining 

bands oL hlgh mass 15 unknown. It 15 possIble they rnay repre5ent hlgh 

mass aggregates of PRK subunits. lhe staInlng, however, is not likely 

the result of non-speclfie binding by the secondary antlbody; simllar 

bands were not observed when thlS same extract of Porphyrldlum was 

inC'ubated WI th anti -Rublseo LS followed by the identieaJ secondary 

antibody (FIg. le, Lane 2). No lmmunoreactive polypeptides were 

observed ln the Chlamydomonas extract probed with antl-PRK from 

Chloro[floeopsis (Fig. la, Lane 2). 

Conversely, antiserum raised against Chlamydomonas reinhardtii PRK 

recognized a speelfic polypeptide in the Chlamydomonas. but not in the 

Porphyridlum proteln extract. The antiserum cross-reacted with a 

polypeptIde of -40 kDa from C. relnhardtii (FIg. lb, Lane 1) whereas no 

reaetion WélS observed in the lane eontaining the P. cruentum extract 

(Fig. lb. Lane 2). 

A specifie polypeptide from each extract cross-reacted with 

antiserum raised against the SDS-dissociated large subunit (LS) of 

tobacco RublSCO (FIg. le). The stalned polypeptides eo-migrated and 

each possessed an apparent mass of -)2-53 kDa. This size ls in the 

range of that reported for a1gal Rubisco LS (P1umley et al. 1986; Newman 

et al. 1989). 
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Fig. 1. Immunoblot characterization of antisera. Pre-stained moleculat· 

mass standards (in kDa) are shown ln blot a, lane l About ~ ~g tolal 

prote in was loaded lnto each sample weIl. a. Immunoblot showlng 

reactivlty of antl- PRK from Chlorogloeopsis frit SChll Wlth sol IIbl (> 

protein extracts from Chlamvdomonas reLnhardtiL (Lane 2) and 

PorphyrLdLum cruentum (Lane 3). There was no reactlon obsprved Wl th tlw 

Chlamydomonas extract whereas a major band of -16 kOd was stalned ln thp 

extract from PorphyrLdLum The lmmunoreactlve polypeptlde mlgrHI~d to ft 

position slightly below that of the B suburllt of phycoerythrin whase 

pink- coloured chromophore was transferred from the gel to nl t rocE'! 1 ul ose' 

during Western blotting. b. A slngle band of -40 kDa from the 

Chlamydomonas extract (Lane 1) ",as stalned by antl-PRK tram C 

reinhardtiL. There were no lmmunoreactive polypeptides eVldent in the 

extract from Porphyridium (Lane 2). c. SIngle polypepttdes from both 

C. reLnhardtii (Lane 1) and P. cruentum (Lane 2) extracts were staincd 

by anti-Rubisco LS. The immunoreactlve polypeptides co-migrated on the 

gel and each possessed an apparent mass of -52-53 kDa. 
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1 3.2. Immunoelectron !1lcroscopv 

Immunogold labelllng of P cruentum demonstrates that there t'xi st s a 

different subcellular localization of the Calvin cvele e117VmeS PRK ,111d 

RublSCO Figure 2 shows a cell WhlC'h has been immunolabe lIed bv Rnt 1-

PRK. Gold particles, are abundant throughout th(' thvlakold-contiilll1llf, 

chloroplast stroma but are excluded from th~ pvrenoid In cOlltrast. th(' 

pyrenold reglons of P. cruentum are densel v ] abellcd bv ,lnt 1 -Rubl S('O LS 

whereas the labelllng over the remalnder of the chlarapJ élst i s ,lt 

background level (Fig. 3). Similarly, PRK appears to be excludpd from 

the pyrenold of the green alga C rel nhfl t'dt 1.1 (Fig li) Gold part ides 

are found throughout the chloroplast stroma whereas thf> pvrf>nclld is 

mainly unlabelled. A morphometric analysls made of sectIons through 1~ 

different cells of C relnhardtll conflrms our qUiilltat ive obsprvAt Ions 

of immunolabelling by anti-PRK. Gold label over the chloroplélbt stroma 

(not including stromal lncluslons of pyrenolds) was present al a denslty 

of 17.4 ± 1.0 particles·j.Lm-2
• In contrast. label density over the 

pyrenoid was much lower (2.7 ± 0.4 partlcles·j.Lm-2
) and slmllar to thst 

observed over background nuclear (2.7 ± 0.6 particles j.Lm-
2

) and 

cytoplasmic (1.4 ± 0 2 partlcles· I-tm-2) compartments When Chl amydOInOllf18 

is immunolabelled hy antl-Rubisco LS, however, 1nbelllog appears to be 

restricted to the pyrenold, with only a few. scattered gold particles 

evident over the remaloder of the cell (Flg. 5) 

We believe the pyreno1-d to be functlonaj in CO 2 fixation lt then 

becomes imperatlve that there eXists a means by which metabolites can be 

transferred between pyrenoid and stroma. In red algae, starch 15 5tored 

outside the chloroplast and a direct 1nterface eXlsts between 
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Figs. 2-5. Immunolocaljzation of PRK and Rubisco in logarithmic phase 

cells of P. cruentum and C. reinhardtiL. Bars = 0.5 pm. Fig. 2. Cell 

of P. cruentum immunolabelled by anti-PRK from ChlorogloeopsLs 

trltschLL. Cold particles are evident throughout the chloroplast (c) 

with the exception ot the pyrenoid (py) reglons. Fig. 3. Anti-Rubisco 

LS is predom1nantly localized in the pyrenoid regions of P. cruentum. 

Only a few, scattered gold partlcles are found elsewhere in the 

chloroplast. Fig. 4. Antl-PRK from Chlamydomonas reinhardtlL labels 

the thylakold-contalnlng chloroplast stroma of this alga. The level of 

label1ing over the pyrenoid is low and is similar to that encountered 

over background cytoplasmic (cy) and nuclear (n) compartments. Fig. 5. 

The pyrenoid of C. reLnhardtLi is heavily labelled by anti-RublSCO LS. 

The remainder of the chloroplast lS largely devoid of gold particles. 

nucleus (Il). 
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pyrenold and stroma (FlgS. 2.3) In contrast, green algae, like hlgher 

plants, store starch wlthln the chloroplast Furthermore, a portion of 

this starch 15 normally found assoclated wlth the pyrenold, aften 

appcarlng to surround the structure completely (FlgS. 4-8). In 

Chlamydomonas, tubule-Ilke elements are oft:en seen to be continuous 

between the chJoroplast stroma and the pyrenold (Fig 6). These 

structures, however, are not labelled by antl-PRK. Instead, novel 

incluslon reglons are observed ln the pyrenold of Chlamydomonas (FlgS. 

7,8). These reglons are heavily labelled by antl-PRK (Fig. 7), but are 

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

4.0. Discussion 

4.1. Characterlzatlon of Antlsera 

Phosphoribulokinase isolated from different sources has been shown to 

exhibit fundamental d1fferences ln structure as weIl as in catalytic and 

regulatory propertles. This is partially demonstrated in our attempts 

to characterlze lmmunologlcally the two antlbodies used in the present 

investigation. Our immunoblot results demonstrate that antlserum r~ised 

against PRK lsolated from the cyanobacterium Ch1orog1oeopsis frltschil 

recognizes a polypeptlde from a crude protein extract of the red alga P. 

ccuellt"um but not from the chlorophyte Chlamydomonas reinhardtil, whereas 

the rpclprocal lS true when extracts are probed wlth antiserum raised 

aga1nst Ch1amvdomonas PRK (Flg.I). Aithough both cyanobactenal 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 pyrenold ot CllIlIlllvdomonaH 

reinhardtll. Bars = 0.5 p.m. Fig. 6. The tubule-like structurf'S of th(· 

Chlamydomonas pyrenoid (py) were frequently obset'ved to b~' eont 1 nuous 

between pyrenoid and chloroplast (c) st rama. ThesE' struct-ures. howPvPI-. 

are not labelled by antl-PRK (arrow) Fig. 1. Inclusions (anowhead) 

were sometimes observed ln the pyrenotd of C relnhardtll Sudl 

pyrenold inclusions were al ways labelled by anti-PRK. Fig. 8. Pyrenold 

inclusions (arrowhead) are not labelled by antl-RublSCO LS. Instf'nd. 

RublSCO is restricted ta the surrounding pyrenold matrix 
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1 dependent manner tDuggan and Anderson 1915: Marsden ,U1d l:odd lQM •. 

Lazaro et al 1986. Serra et al, lQ89). f'llZVmeS frol11 tilt' two SllIll'Cl''> <In' 

structurallv dlstinct The actlve form of the enzyme 1501<1\ed trom 

ChlcrogloeopslS frIcscllll has been characterlz.ed dS fi heXdmt'1 COl\S\<;\ ltlf. 

of identlcal 40 kDa subunlts (Marsden and Codd 1(84), ln contrast. the 

actlVf' enzyme form lsolated from grten algal SO\ll'Cf'S 15 rt'ported to hf' ,1 

dimer. slmilar to that found in hlgher plants (e f', Kap,awa \(8). <lnd 

COnS1Stlng of identlcal subunlts ranglng from 18 ) kDa 1 n ('hl,llIIVclol1loll.-!'i 

(Roesler and Ogren 1990b) to 41-42 kDa ln BrvopSlS maXllIla (Satoh et al 

1985) and Scenedesmus obllquus (Lazaro et al l(86) ln tills conl exl , 

the specific reactlon observed between antl-PRK and the 16 kDa 

polypeptide ln the PorphvrId~um extract 15 puzz11ng It 15 posslblf' 

that our result mav be due to partial proteolVSls of a larger mass PRK 

subunlt normally present ln thlS alga, Phosphorlbuloklnas~. how0ver, 

has yet to be characterized from red algal sources 1 t ts perhaps 

relevant that Serra et al (1989) report that PRK from the cyanophvtl' 

Anabaena varIabllls might consist of two nonidentical subunlts havlnp, 

apparent molecular weights of 43 kDa and 26 kDa 

Unfortunately. there is no sequence Informatlon availab)~ wlth 

which to compare cyanobacterlaJ PRK Wl th that obtalned f rom t'llkaryot ) (' 

sources, Ta our knowledge, the only PRK sequence comparlson made 

between prokaryotlc and eukaryotic sources Indlcatps onl y 'W1. homo! ogy 

between the amlno-termlnal amine aCld sequences of splnach PRK and Form 

1 PRK from the photosynthetlc non-sulphur purple bacterlum Rhodobnct pr 

sphaerOldes (Hallenbeck and Kaplan 1987) In contrast, amina actd 

sequence comparlsons made amongst the prokaryotic enzymes (Hallenbpck 
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and Kaplan 1981) or amongst the eukaryotic enzymes (Roesler and Ogren 

lYYO) demonstrate much hlgher 1evels of homology. 

4.J Subcellular DIstrIbution Dt Phosphorlbuloklnase 

Pyrenoids arE' consplcuoUS protE'lnaCeOus reglons found ln the 

~hlorop]asts ot numerous a1gal and hornwort specles. Incrpaslng1y, in 

rf'CE'nt years, their potential role ln the functlomng of the pathway of 

photosynthetic carbon reductlon has been examlned. Numerous 

Immunocytochemical InvestIgations have convlncingly shown the CalVIn 

cyclE' enzyme Rubisco to be predomlnant1y pyrenold-1ocallzed among 

di versE' speCles of algae and hornworts (McKay and Gibbs 1991a; see also 

Chapter 1) Moreover, the recent Immunolocallzation of RublSCO actlvase 

tü the pyrenülds of the green algae Chlamvdomonas re1.nhardtll and 

Coleochaete scutata (McKay et al. 1991a; see a1so Chapter III) and its 

presence also ln the pvrenolds of varlOUS hornwort species (K. Vaughn, 

pers. comm ) support a catalytic role for pyrenold-localized Rubisco. 

In contrast to RublSCO, there has been reiatively Little 

lnformation 0n the subcellular location of other Calvin cycle enzymes, 

including PRK, in mlcroalgae. Phosphorlbulokinase and Rubisco, however, 

occupy sequentlal positions ln the Calvin cycle. Moreover, several 

recent investigatlons have provided evidence for the eXlsteOnce in 

hlgher plants, of a muitienzyme complex possessing PRK, RublSCO and 

possibl y other Calvin cycle enzyme actlvlties (Sainis and Harris 1986; 

l;ontero et al 1988; SalOlS et al. 1989). It i5 tempting, then, to 

speculate on a possible co-localizatlon of PRK and Rubisco. Holdsworth 

(1971) provided some support for this hypothesis. His pyrenoid 
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preparat~ons tram the green alg3 En3 mosph31"'ra \'lrrdl8 possf>qspd nol olll\' 

a high speciflc act~vlt\' for RublSCO, but also c;howt->d nhOSl' ')-pho~,ph,Jtl' 

lsomerase and PRK actlvltles 

that a 42 kDa pol 'l'peptIde recovered t rom LI Brvops J S md~ J m.l pYl t'1Hl\ d 

preparation might be a 'iubuni t ot PR}(, Thel r peptlde map l'OmpdI'l son of 

thts proteln with that ot PRK puntled from tills sali\(' alga, howt'vt'\'. 

showed the two polvpeptldes to be dlsslmllar Oth('\" 1 nvpsl \ gato\"c; hd\'(' 

also found no eVldence to support the presence 1 n pvrenolds 01 

addItlonal Calvln cycle enzymes apart tr.m Rublsco (Sallshurv ,md Flovd 

1978) 

Instead of examinlng preparations ot lntact pyrenoldc;. wc hav~ 

employed ln the present lnvestlgatlon, the complementdrv dppro,iCh of 

l.mrnunoelectron microscopy to determlne the subcd l ul dr dl sI '" J bllt Ion 01 

PRK, Results from our lmmunolabell1ng studv lndlcate Ihdt altltollf,h l'lU. 

and Rubis('o occupY sequentlal positions ln the pathway ot photosyntllC't \(' 

carbon reduction, there ex~sts a difterence ln the Int racd 1111 ar 

location of thes€' two enzymes, In bath the red al ga P crI/t'nt IlUl and 1 tH' 

green alga Chlamvdomonas relIlhardtll, PRK lS dlstnbuted throughout t hl' 

chloroplast proper and appears ta be excluded trom the pyr~noid 

(Fig,2, 4) , In contrast, Rubisco lS predomlnantly pvrenold-loCRll~~d ln 

both of these algae (Flg.3,S), It i5 of interest to note Ihat the 

observed Intracellular partitloning of PRK and Rubisco HI microalgd(' 

mimicks that reported for a nurnber of prokaryotlc organlsu.s AlI 

cyanobacteria thus far investigated and many chemollthoautotrophlc 

bacterla possess distinct polyhedral-shaped ~ncluslon bodles These 

cellular incluslons have been named carboxysomes (Shively et al. 14/1) 
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SlnCf, Ilk~ pyrenolds, thev contaln much of the cell's complement of 

kubl<'CO Cell tractlonatlon exper1ments demonstrate that unlike 

kublSCO, PKK actlvltv lS predomlnantly assoclated with the soluble cell 

tract Ion rather than the carboxysome-conta1nlng pelletable fraction ln 

the cynnobRct~rJUm Chlorogloeopsls trltschll (Lanaras and Codd 1981a; 

Marsdf'll et al 1984) and ln the cyanel1es of the glaucophvte Cvanophora 

paracioxa (Mangeney et al 1987). Moreover, the Isolation of intact 

carboxysomes trom both Chlorogloeopsls (Lanaras and Codd 1981a) and the 

chpmol1thoautotrophlc sulphur bacterlum Thlobacillus neapolltanus 

(Cannon and Shlvely 1983, Holthul]Zen et al 1986) provldes no Evidence 

for {iTl aSSOciation of PRK activ1ty w1th these structures. Immunogo1d 

lahelllng stud1es of cell sections have prov1ded slmilar results and 

dpmonstrate concluslvelv the exclUSlon of PRK from the carboxysomes of 

the cyanobacteria C trltschll (Hawthornthwalte et al. 1985) and 

8vnechococcus (Hawthornthwatte et al 1985; McKay et al. 1991c; see also 

Chapter V) as weIl as from carboxysomes of prochlorophytes (Codd 1988) 

and from the carboxvsome-llke reglons ln the cyane11es of Cyanophora 

parfldoxa dnd Glallcocvsrls llostochlnearuŒ lMangenev et al 1987). 

Our Immunolabe1l1ng reou1ts indlcate that ln pyrenoid-containing 

algae, PRK is preferenrlallv locallzed ln the chloroplast stroma whereas 

Rubisco lS matn1v pyr~nold-locallz~d Coupled wlth these observations, 

however, are specIal loglstlcal problems ln attempt1ng to understand how 

the sequentlal CalvIn cycle reaetions catalyzed by PRK and RublSCO are 

linked ln the red alga P cruentum, there eXlsts a direct Interface 

between pvrenoid and stroma (Flg. 2,3). As a result, RuBP could be 

readilv directed to the site of CO 2 fixation in the pyrenoid. In 
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1 contrast, the pyreno1ds of green a1gae cu1tured under air levE'ls of CO, 

often appear to be comp1etely demarcated bv i.l sheath of star,1l lMIVi\clll 

et al. 1986; Kuchltsu et al. 1988b) This pyrenold starch would dppear 

to impose a barrler to the effici~nt shutt1ing ot metaboll[es bdCk dt~ 

forth between pyrenoid and stroma. Frequentl y. pyrenolds 11rp t1 élvc'nlPd 

by thylakoid lamellae or tubule-like structures (Gnffiths 19ft)) ln 

the hornworts, intrapyrenoid thylakoids may oecur sIngly or 1n stacks 

and are accompanied by vary1ng amounts of stromal matE-nal (Vallghn ct 

al. 19QO), an arrangement which contributes to the dlssected or untl­

like nature typlcal of manv hornwort pyrenolds. These stromal reglons 

are not 1abelled by antiserum to RublSCO (Vaughn et al 1990) and 

presumab1y prov1de an additional Interface between pyrenold ard stroma 

ln these organlsms The stra1n of Chlamydomon8s relnhardt J 1 {-mployed 1 n 

the present Investigation possesses a pyrenold WhlCh 15 traverspd by 

tubule-like elements. Often these tubules are observed to be ,0ntlnI10111> 

between pyrenold and stroma; however, our lmmunolabelling results do not 

support an association of PRK wlth these structures (FIg. 6). Ratlwr. 

we have observed un1.que inclusions in the pyreno1d of ChlamydomOlws. 

These inclusions appear in mlcrographs as reglons of lower electron 

density than the surrounding pyrenold matrix. Furthermore, th~y arc' 

densely labelled by antiserum to PRK thereby identlfYlng them as reglons 

of chloroplast stroma (Fig. 7). Rubisco is E'xcluded from such stromal 

inclusions (Fig. 8). In a three-dimenslonal arrangement, one can 

el1vision how the pyrenoid of Chlamydomonas mlght be penetrated by 

fingers of chloroplast stroma. We anticipate that thlS arrangempnt 

would provide Chlamydomonas with a direct interface between pyrùnoid and 
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stroma and presumably facliltates an efficlent exchange of metabolites 

between these two compartments Stromal incluslons do not seem ta be 

pecul1ar ta Ch1 amydomonas pyrenolds, ln a preVlous lmmunolabelllng 

lnvestlgatlon from thiS labo we observed reglons ln the pyrenoid of the 

green alga Chlorella. pyrenoldosa from which RublSCO was also excluded 

(see figure 1 ln McKay and Glbbs 1989; see also Chapter II). Like 

Chl a.mydomOll8.S, the pyrenold of Chi orel] a al sa appears ta be completely 

dd lml ted by starch. The need for a mode of metabollte exchange between 

pyreno1d and stroma deems it llkely that stromal 1nclusions w1ll be 

j dent if J ed 111 the pyrenolds of other green algae as well, and might, in 

facl, have been responslble for the measured ribose 5-phosphate 

isomerase and PRK actJVltles 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 locallzation of Rubisco ln cells of the 

cyanobacterium Synechococctls UT EX 62) 
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Preface 

From the results of this thes1s and from references conta1ned herein, it 

18 apparent that ln alr-grown cells of m1croalgae, Rubisco 1S mainly 

]ocalJzed in the pyreno1d region of the chloroplast and that 1t is 

functional ln th1S locat1on. Why Rub~sco is conf1ned to a particular 

region of the plastid is unclear; however, 1t is poss~ble that this 

arrangement 1S necessary to ensure eff~cient photosynthes1s. It is well 

doC'umented that m1croalgae, when grown under conditions of low dissolved 

inorganic carbon (DIC) in the growth medium (e.g a1r levels of CO2 ) , 

possess low K1 /2(DIC) values for photosynthesis and low CO2 compensatlon 

points (Aizawa and M1yach1 1986). Moreover, photorespiration 1S usually 

not apparent 1n these cells. Such photosynthetic characterlstics are 

llkely manlfest in part through Induction of a DIC concentrating 

mechanlsm and expressIon of high levels of carbonic anhydrase by cells 

cultured in thls manner. It remains a possibi1ity, however, that 

modiflcations ln the morphological expression of pyrenoids and/or in the 

intracellular distrIbution of Rubisco may play a role 1n determining the 

efficlency with which a cell can utillze its inorganic carbon resources. 

The effect of growth DIC on pyrenoid structure has been seldom 

~nvestigated; the few studles made being limited to green algae. These 

studies indicate that under air levels of CO2 • pyrenoids and pyrenoid 

starch are well developed in cells of Dunal1ella (Tsuzuki et al. 1986), 

Chlamvdomonas (Kuchitsu et al. 1988b). Chlorella and ScenedeslIIus 

(Miyachi 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 CO2 (1.5-4%). Moreover. lt is apparent from the studies of 

Tsuzuki et al. (1986) and Miyachl et al. (1986) that the pyn>FlOid itsf'tf 

often becomes reduced ln size or is completely absent ft'om 11lgh CO 2 -

grown eells. 

InvestIgatIons conducted by the Candidate on the effect of varying 

growth DtC levels on the morphologieal expressIon of pyrenolds havE' been 

restrieted to a co11aborati ve effort condueted WI th Dr. Cathen lW Pot vi n 

of this department. As part of an investigation on the adapldtion al 

Chlamydomonas relnhardt li to varylng leveis of CO 2 • ceUs werE' processE'd 

for electron mlcroscopy. H1gh CO2 conditions in thls E'XperlmE'nt. 

however, were only 650 ~l CO 2 ·1-1 (i.e. -twice the amount found in air). 

Moreover, pyrenolds and pyrenoid starch were slmIlarly well-devploped in 

both high CO2 -grown and air-grown cell typE'S (data not shawn). 

Cyanobacteria 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 of 

eukaryotic algae, the idea that pyrenoids are derived from carboxysomes 

is attractive. During the Candidates tenure as a student at McGlll, ttH~ 

opportunity arose to engage ln 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 Esple lS weIL known for 

his research on DIe transport in cyanobacterla, particularly Wlttl th~ 

unicellular species Synechococcus UTEX 625. HiS laboratory was équlpped 

to undertake a weU controlled study of the effect of growth Ole on the 

expression of carboxysomes and the intracellular distribution of Rubisco 
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ln thlS cyanobacterium. Cyanobacterla exhibit more plasticlty in 

dealing with environmental perturbatlons than do eukaryotic microalgae, 

and in thls context the results obtalned from thls study are not 

dlrectIy applicable ta pyrenolds and RublSCO distrlbutlon in eukaryotes. 

Nevertheless, the collaboration provlded an opportunity to investigate a 

related system ln which Rubisco 1s llkewise compartmentalized away from 

other reactions of the Calvin cycle. 
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Summary 

In the cyanobacterium Synechococcus UTEX 625, the pxtent of expresslon 

of carboxysomes appears dependent on the level of Ole ln th", p,rowth 

medium In cells grown under ~% CO 2 and in those bubbled wlth air, 

carboxysomes were present in low numbers « 2 ·lon?;l tudtnal SE'ct 101\-1) 

and were dlstrlbuted ln a somewhat random manner thr\lllt;hout the 

centroplasm In contrast, cells grown in standtng culture and t-host> 

bubbled with 30 III CO 2 ,l-1 possessed many carboxysomes (> 8 loup, 

section1
-). Moreover, carboxysomes in these cells were usually 

positioned near the cell periphery, aligned along the interface betwE-'PII 

the centroplasm and the photosynthetic thylakoids Immunolocalizatlon 

studies Indicate that the Calvin cycle enzyme Rubisco 15 predominant Iy 

carboxysome-localtzed regardless of the [DIC] of the growth medlum, Il 

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 limlting. 
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1.0. Introduction 

Depf'ndlng on the condltions under WhlCh they are grown. cyanobacteria 

may possess an array of intracellular inclusIons (Allen 1984; Shively et 

al. 1988) Among the varl0US lnclusl0ns. polyhedral bodles have 

attracted a great deal of attentlon ln recent years, mainly as a resu1t 

of biochemlcal and lmmunocytochemical eVldence lndicating the presence 

of the Calvin cycle enzyme ribulose 1.5-bisphosphate 

carboxylase/oxygenase (RublSCO; E.C. 4.1.1.39) in these structures. 

RublSCO catalyzes the fixatlon of CO2 to ribulose l,~-bisphosphate 

(RuBP) in th~ Inltla] reactlon of photosynthetic carbon reduction. In 

recognItIon of thlS potentia1 funetion of polyhedral bodles, the term 

"carboxysome" was coined by Shive1y and co11eagues (1973) to designate 

these unique prokaryotic inclusions 

Despite eVldence linking Rubisco to carboxysomes, the role of 

these structures ln eyanobacterial photosynthesis remains to be 

elucidated. Numerous investigations have shown a portion of the cl?ll's 

complement of Rubisco to be soluble rather than carboxys_me-associated 

(Cossar et al. 1985; Hawthornthwaite et al. 198J; references in Codd 

1988) thereby fuellng speculation that carboxysome -localized Rubisco may 

function as a photosynthetic reserve. Still, other investigators have 

suggested that carboxysornal RublSCO may be a general cellular nitrogen 

reserve (deVasconeelos and Fay 1974; Duke and Allen 1990). However, 

most studies detaI1ing the effect of nitrogen-deprivation on 

cyanobacterial fine structure do not support this function (Peat and 

Whitton 1967; Stevens et al. 1981; Turpin et al. 1984; Wanner et al. 

89 



1986) . 

The possibility that carboxvsomes are activE> SItes of en} fixatioll 

in vivo has been explored ln a recent series of math~matlcRl modpls 

(Reinhold et al. 1987; 1989). Cyanobact enai phot osynthpt 1 c dt ici enev 

is regulated ln part bv a mechanlsm for the acti ve transport ot CO, cllld 

HC0 3- which acts ta concentrate these specles of l norgani c carbon 

intracellularly ta levels beyond those found ln the external medillm 

(Miller et al. 1990) The carboxysome mode1 s propnsed bv Reinhold ,iIld 

colleagues place the carboxysome as an 1ntegral component of thls 

inorganic carbon concentratlng mechanism, IdentlfY1ng lt as thp 

exclusive slte where h1gh levels of CO 2 are generated by carbonic 

anhydrase for use by RublSCO. Evidence ln support of thlS hypothesis 

has recentl y been provlded by Friedberg et al. (19S Q) and Pl eree (·t al 

(1989) who dernonstrated that structurally intact carboxysomes were 

important for the efflclent operat1on of the Inorganlc carbon 

concentrating mechanism. Furthermore, Price and Badger (1989a) have 

shown that equilibrat10n of the cytos011C pool of HC01- with CO~ rf>sults 

in a dramatlc increase in the efflux of CO2 and an Inabl]lty ot th~ 

cells to accumulate DIC. Slnce the equillbrat10n of cytosOllC' HC01 - was 

brought about by the induction of plasmid borne human carbonlc 

anhydrase, the clear implication of these experirnents was that natlve 

carbonic anhydrase is normally absent from the cytosol but present 111 

carboxysomes. 

As with other cyanobacterial inclusion bodles, the morphologieal 

expression of carboxysomes is often dependent upon the nutrient status 

of the cell. Support for this cornes from ultrastructural investlgations 
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of cyanophytes undergolng varlOUS forms of nutrient-llmltation. 

Investigators have commented on the expresslon of carboxysomes ln cells 

of cultures lImlted ln nltrogen (Peat and Whltton 1967: deVasconcelos 

and fay 1914; 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 Holt 1977: 

Turpln et al 1984) Understandably, studies of the latter nature may 

be extremely valuable ln elucldating a potentlai raIe for carboxysomes 

in cyanobacterlal photosynthesls. In this report, we present a detailed 

analysis on the effect of varylng levels of dlssolved inorganic carbon 

(DIC) ln the growth medium on the mode of carbon transport, the 

expression of carboxysomes and the subce1lular localization of Rubisco 

in the unlcellular cyanobacterium Synechococcus UTEX 625. 

2.0. Katerials and aetbods 

2.1. Organlsm and growth condItions 

SYllechococcus leopollensis (Raclborski) Komarék was obtained from the 

Culture CollectIon of Algae at the University of Texas at Austin (UTEX 

625) and grown ln batch culture in a modified Allen's medit~ (Espie and 

Canvin 19B7) Cultures "'ere grown at 29°C and continuous light was 

provided at a photon fluence rate of 50 J,tmol'm-2 's-1 for air-bubbled 

cells and 25 l,mol·m-2 ·s-1 for standing culture ce1ls. A1l cultures were 

inoculated to an initial chlorophyll (chI) concentration of 0.2 J,tg'ml-1 

and were allowed to grow to the appropriate stage. Cells grown in 

1 
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standlng culture were used as lnoculum. ln the case of cul ture!': bubhled 

with 5% CO., cells were grown to late log phClse and thesl' ln turll Wl'I't' 

used to start a second 5% CCh-p,rown cul ture whll.:h was subs('qwmt 1 v lIsl'd 

for analysls. Jnorganlc carbon was supplu:d bv bllbbllng thE' culture!> 

with air contalning varlOUS concentratlons of CO~ (Table 1) 'I1w D ll~ 

concentration in the growth medlum at harvpst was determlned bv ~dS 

chromatography (Birmlngham and Colman 1979) Chlorophyll a was 

determined spectrophotometrically at 665 nm following extraction III 

methanol (MacKlnney 1941). 

2.2. Immunoelectroll mlcroscopv 

Cells were harvested by centrifugation and washed in lce-cold 100 mM 

sodium phosphate, pH 7.2. Cell pellets were fixpd dt 4 c C for) h III fi 

solution containing 1% glutaraldehyde ln sodlum phosphate buffpf The 

pellets were washed with cold buffer and the cells dehydratpd through d 

graded ethanol serIes and embedded in L.R. White medium grade r€Slll 

(J.B. EM Services. Montréal, P.Q., Canada) as described prevlously 

(Lichtle et al. 1991a). 

For immunolabelllng, pale gold-coloured sections were eut with a 

diamond knife and mounted on formvar-coated nickel grlds. The grlds 

were floated section-side down on drops of the following solutions: 1% 

bovine serum albumln (BSA; fractlon V) ln phosphate-buffered <Jallne 

(PBS), 30 min; antiserum, 30 min; 1% BSA in PBS, 4 X 3 min; prote in 

A-gold (1.':> nm; lntermedieo, Markham, Ont., Canada) dlluted 1'2,) Irl1% 

BSA in PBS, 25 min; PBS, 4 X 3 min; de-ionized water rlnse. Rabbit 

antiserum raised against the large subunit (LS) of Rubisco isolated from 
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Tabl,1. !Iod@ of carbon transport, lkIrpholoqlcal @1Cj)(êSSlon of carbolJSaIPS, and Rulnsco labelllng dênslty as d4!p@ndant on cultur@ qrowth par_ters 

~ of D~C 
CartlOkJsœe5 œil -1 c Culture Transport 

Jnflo" cas BlÜhnq Ratel (chI] Culture (OK] 
(/il COz ri) (.1 IIln-1) (/lq chll .rl ) pH (/.II) ~ 8 C 0 ~. set't IOn Long ~tlon 

30 200 6.9 8 0 X X X 4 b{901 10 2 (24) 

30 200 10.1 9.5 n d 9 X X J '; (lO6) 9 4 (21) 

330 Oe 3 9 ID 0 27 X ~ 4 0 (79) 8 5 (lO) 

HO 70 200 10 0 n d. X X o 7 (103) 1.5 (122) 

no 10 8 0 ID 0 n.d X X o 7 (176) 1 4 (fi' 

JJO 70 3.4 10 0 68 X X o 9(1411 19 (te, 

330 SCOf 4 7 8 8 743 X o 8{ 252) l '1 (6l) 

5X1a' 
• 

140 lL5 1 5 >2000 X 0.6 ('51 o 8 (12) 

'CelIs qrown ln glass culture tubes (Esple and CanvlR 1987) exœpt 1Ihere noted 

bA= 10" affinlt, CO 2 transport 
B= hl?h afflnlty ~ t;ansport 
C= !lèS -dêpend@nt transport 

~ A -D= !lèS -1 ndept!ndên t If( 3 transport 

c(t). of œlis exalluned ln ( ) 

dcalculated as perœntage of total œil area 

eCells qrollll ln 1251111 Erle!lleyer fiasks IIlthout supplfllllelltary aeratlOn or stlrnng (Esple and Canvln 1987) 

f Cells grollll ln large vol_ Roux flaslcs to acClWJdate hlgh bœbl1ng rate 
qnot detenllned 
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Ce Il CartlOkJSIW CarbO\yS(Jll!l 
v~C Relative voltlled 

VOIr' 
() (\) (jJII ) 

1 02{1~1 17 7 o 18 

o 96(17) 12 0 o 12 

o 61(Z91 17 4 o 11 

o 83(43) 2 5 o 02 

n d n d n d. 

o 77(Z9) 29 o 02 

O.78p,) 2 0 002 

1 72(46) 2.8 o 05 

". 

Label DPnSlt, 
(qold partl("l~ ,. -l ~ Sr) 

Carbol'sc. C!IItropla. ThJlatolds 

326 8 ! 10 4 q 0 ~ 1 } 1 7 ! 0 2 

410 4 ! 12 1 59! 06 li ! 0 3 

401 4 ! 11.4 69 ! 1 1 J4 ! 0,4 

491. 9 ! 17 «} 21 ! 0 l o 1 ! 0 1 

n.d n d n d 

515 5 ! 16 5 3 2 ! 0 5 26! 0 2 

496] ! 20 5 2 0 ! 0 1 o 7 ! 0 1 

368 8 ! 16 7 2 0 ! 0 3 1 6 ! 0 2 



tobacco was klndlv providf'o bv Dr J FI",ck (lBMC-CNRS, St Lu.;bou .. g, 

France). Antiserum dlrected agéllnst phosphonbuloklndsl' ~PRK, E \: 

27.119) purifled from the cvanobactf'rlum Chlorof,IOt'opqs tnt.'lClll1 wa<; 

l<indly provided by Dr. (;.A Codd (UnlV of Dundpf', D\l1\(\N', llK) l)oth 

antisera were dlluted 1:500 ln 1% BSA ln PHS [mmllno 1 il he II Hi s('c t 10llS 

were post-stained with 2% aquE'OUS uranyl aCf'tatp priOl 10 vll'wlng 111 fi 

Philips EM 410 electron mIcrOSCOpE' at an operating voltage of 80 kV 

In control expcrilOents. the antibody was t-epldcPd wilh .. .Ihb11 1l01l-

immune lmmunoglobulin G, or with PBS alone. prior to protf'in I\-p,old 

incubatIon 

2.3 _ QuantItative evalllat Ion 

Cell volume was determined from measurements of indlvldual l'e11s on 

micrographs. Only longitudlnal sections. through cells whosf' shtlP(' 

approxlmdted that of a cylinder. were used for analysis. 

The relative volume of çarboxysomes was determlned trom 

measurements of surface areas of both carboxysomes and whole cclls 

That area measurements can be used ta determlne relative volumps has 

been shown prevlously (GIbbs 1968). 

The denslty of labelling over varlOUS celi compartments was 

obtained by determining the number of gold particles per squar:e 

micrometer of compartment sectioned. AlI area determinatjons were m8d~ 

using ~ Zeiss MOP-3 dIgital analyser. 

2.4. Protein extraction and Immunoblottl.ng 

Cells taken from a standing culture were harvested by centrifugation. 
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resuspended in 1 ) ml of 62.) mM Trls-HCI. pH 7 O. containlng l mM 

phenylmetllylsulfonyl fluorlde and then broken by passage (twlce) through 

,) chllied French pressure celI (Amlnco. Urbana, IL) at 18.000 p s l 

The rpsultin~ crude proteln extract was clarlfled by centrifugation to 

remove unbroken celJs and debrls and polypeptides retalned ln the 

soluble fractlon were separated bv electrophoresls essentlally as 

described by Laemmll (1970) on 12.5% sodium dodecyl sulfate-containing 

polyacrylamlde mint-gels Western blott.' ng and unmunodetectlon of 

RublSCO LS was performed as described prevl~usly (McKay and Gibbs 1991b; 

see also Chapter IV). 

2.5. Transport of lllorgalllc carbon 

The actlve transport and lntracellular accumulation of CO2 and/or HC03-

by Svnechococcus results ln a characteristlc quenching of chI a 

fluorescence whlch can be used to indirectly monitor these transport 

events (Mllier et al 1991). The occurence of actlve CO2 transport, 

Na<-dependent and Na'-lndependent HC03- transport was assayed for in this 

way wlth subsamples of cells used in the immunolabelllng studies. 

Fluorescence yield was measured at 30°C and 100 /-Lmol·m- 2 
S-l white llght 

with a pulse amplltude modulation fluvrometer (PAM 101, H. Walz, 

Effeltrich. Germany) as descrlbed by Espie et al. (1989) following 

addition of Ole to cells suspended in Bis-Tris Propane buffer, pH 8.0. 

The results of fluorescence assays were subsequently conflrmed using the 

silicone f1uid centrifugation method to provide a dlrect transport assay 

with either 14COJ or HUCO)- as substrate. Mass spectrometry was also 

used to dlrectly monitor active CO 2 uptake from the medium (data not 
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3.0. Results 

3.1. AntLsera specifLcLty 

The RublSCO antiserum employed ln the present study rf'cognl7.t·d il slnglt> 

polypeptlde from a crude proteln E'xtract of Svnechococcus. tl1f' stallwd 

band haVlng an apparent mass of -54 kllodal tons (F Lg 1). ThE' 

immunologlcal recognl tian observed between tllgher plant [{ubi seo LS and 

its cyanobacterlal counterpart was not unexpected With the possLblp 

exceptlon of Rubisco LS from red algae and from chromophyte al gEH' 

(Newman and Cattoll.co 1990). the prlmary structure of this pro! f'i n 

appears ta be well conserved among evolutlonarlly-dlversp sppcies 

(Akazawa et al. 1984). 

Immunoblottlng was not performed for anti-PRK. The antiserum was 

raised against cyanobaeterlal PRK and Its specificlty for the 

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

3.2. Subce11ular location of RubLSCO 

Our quantitative (Table 1) and qualitative (FlgS. 2-10) analyses of 

immunolabell ing by anti -RublSCO LS showed that. Rubl seo was predominantl y 

localized in carboxysomes of Synechococctls regardless of the DIe content 

of the culture medium or the stage of growth at which cells were 

harvested. A high denslty of label was routinely measured over 

carboxysomes whereas label density over the DNA-contalnlng centroplaslJl 
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l"ig. 1. Immunoblot analysis of antl-Rubisco LS. Slzes of pre-stained 

molecular mass standards (in kDa) are shown at left. Anti-Rubisco LS 

was reacted with bloited soluble proteins (8 ~g total protein) from 

standing culture cells of Synechococcus UTEX 625. A polypeptide having 

a mass of -54 kDa is stainerl 
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and over the periphera11y-located thylakoid region was very low (Table 

1). The slightly higher values reported over the centroplasm of cells 

cu1tured under low levels of growth DIe mlght be related to the 

lncreased numbers of carboxysomes present in these cells coupled with 

the reso1utlon of the proteln A-gold technique. A gold particle could 

lie up to 35 nm from the antigen labelled (15 run ant~body; 5 nm protein 

A; 15 nm gold particle) Thus, a gold particle located outside of, but 

near to a carboxysome mlght actually represent binding to a Rub~sco 

epitope wi thUt 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 ln these cells. 

When Synechococcus was immunolabel1ed by anti-PRK, gold label was 

restrlcted to the periphera1ly-located thy1akoid region (Fig. 11). 

Carboxysomes and the centruplasmic region were unlabelled. That PRK is 

excluded [rom carboxysomes h~s been demonstrated previously for the 

cyanobacterium Chlorogloeopsls fritschli (Hawthornthwalte et al. 1985). 

That PRK was sllOllarly excluded from the centroplasmic region of this 

cyanophyte, however, was not clear from thelr study. 

When antiserum W8S replaced by rabblt non-immune immunoglobulin C, 

or by PBS alone. sections were mainly unlabelled. In Figure 12, a 

section incubated ln non-immune serum is marked by only a couple of 

scattered gold particles. 

3.3. Horphologlcal expression of carboxysomes 

The morphological expression of carboxysomes ln cells of Synechococcus 

UTEX 625 was examined over a wide range of cellular growth conditions. 
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Figs. 2,3. Air-grown cells of Synechococcus UT EX 625 lmmunolabelled by 

anti-Rubisco LS. Bars = 0.25 ~m. 1. Cell from a culture harvested nt 

low (3.4 ~g chla·ml-1
) cell density. Gold partlcles are concentrated 

over the carboxysome. Nelther the centroplasm (ce) nor the thylakolds 

(t) are labelled. 2. Longitudinal-section through a cell from a 

culture of high (20 ~g chla·ml-1
) cell denslty. The label ls 

predominantly over a polyhedral-shaped carboxysome 

99 



• 

2 3 

•• 



1 

Fig. 4. Cells from a culture bubbled wlth air at a rate of 540 ml· 

min- l
• Rubisco LS ls concentrated over carboxysomes (top and bottom 

cell). The cells are malnly devoid of extra-carboxysomal lab~l. Bar-

0.25 p.m 

Figs. 5,6. Cells from a culture bubbled with 5% CO 2 • In th~se cells. 

RublSCO LS is restrlcted ta the carboxysomes. Bars=O.25 p.m '). 'l'wo 

carboxysomes are present in thlS cell. One ls large and irregular ln 

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 
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Figs. 7,8. Cells from a standlng culture that havE' been immunolabellE'd 

by anti-RublSCO LS Bars = 0.25 !-Lm 7. RublSCO lS mainl v rf'stn ctf'd 

to carboxysomes ln these cells. The carboxvsomes are locat Ni dt t lw 

cell periphery, pOSl tloned at the interface between the cent rop1 asm fUIt! 

the photosynthetic thylakoid membranes. 8. Slmilarly, ln this 

longitudinal-section, carboxysomes are allgned at the cell peripherv 

Figs. 9,10. Cells from a culture bubbled with 30 p.p.m. CO 2 and 

buffered at pH 8.0. Bars = 0.25 !-Lm. 9. Similar to standln)2; cul turf> 

cells, the carboxysomes, which are immunolabelled by antl-RublSCO LS, 

are positloned at the cell periphery. In the cell plctured at bottom, 

carboxysomes appear to ring the celi. 10. In thls longitudtnal­

section, carboxysomes are found associated wlth the perlpherally·located 

thylakoids. One of the carboxysomes ls extended, shaped 11ke a rad 

(arrow) 

Fig. 11. This air-grown cell has been labelled by antl-PRK. Gold 

particles are located over the photosynthetic thylakold membranes but 

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

Bar = 0.25 p.m 

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

mainly devoid of label. Bar = 0.25 ~m 
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Cultures of Synechococclls bubbled wlth air at a ratE' of 70 ml·mill- 1 

(air-grown cells) were examlned ar three different cell densities (3.4, 

8 and 20 IJ.g chla·ml-1
). Carboxysomes were present ln low numbers 111 aU 

air-grown cells regardless of the denSl tv at WhlCh the cell s wp\"(' 

harvested (Table 1). Carboxysomes observed ln alr-grown cells were 

mainly regular (polyhedral) ln shape and were usuallv found in the 

centroplasm and not ln associatlon wlth the thylakoids which were 

located around the cell periphery (Figs. 2,3). 

Cells from cultures bubbled with a1r at a hlgh (540 ml min- 1
) 

bubbling rate were very similar to air-grown cells ln terms of their 

carboxysomes. The carboxysomes were present ln low numbers (Table 1), 

were qU1te regular in structure, and were found malnly ln the 

centroplasm and displayed no obvious assoclation with the penpheral1 y­

located thylakoids (Fig. 4). 

Cells from cultures bubbled with 5% CO 2 (hlgh DIC cells) 

frequently possessed aberrant carboxysomes (Flgs 5,6). These 

structures were often large and irregular in shape Of the total nurnber 

of carboxysomes measured in these cells, over ')2% had dn areH grpél.ter 

than 4 X 10-2 J.'m2
• Furthermore, 18% of the carboxysomes observed ln 

these cells had an are a greater than 1 X 10-1 IJ.m 2 Carboxysomes of this 

size were only rarely observed in any other cells. For example, in air­

grown cells of both hlgh and 1 ~w cel! denslty, more than 96% of tlw 

total carboxysomes meRsured had an ~rea of less than 4 X 10'2 J.'m2 In 

addition to the "giant" carboxysomes observed ln cells grown under 'J% 

CO2 , regular, polyhedral shaped carboxysomes were also observed (Fig. ), 

arrow). In Figure 6, a small, discrete carboxysome 15 adjoined to one 
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« which is much larger. Th1S aSsOc1atlon may provide 1nsight into how the 

"glanr" carboxysomes are made. Carboxysomes were alwavs present in low 

numbHS ln high DIC cells « l carboxysomejcell section; Table 1), yet 

partial senai sectionlng analysls indicated that each cell possessed at 

least one carboxysome (data not shown). In high DIC cells, carboxysomes 

appeared to be pos1tloned ln a ranoùm manner throughout the centroplasm 

The direct assoc1ation of a carboxysome w1th the thylakoids as observed 

ln figure 6 was not a common occurence. 

Carboxysomes were present ln much higher numbers in cells grown in 

stand1ng culture and in those cells bubbled with 30 /.Ll CO2 ·l-
1 (low DIC 

cells) (Table 1). Moreover, ln these celi types, carboxysomes accounted 

for a far h1gher percentage of relative cell volume than was measured 

for air-grown and hlgh DIC cells (Table 1). Carboxysomes ln standlng 

culture ceIIs were malnly regular ln shape (Figs. 7,8), although 

occasionally. longer rod-Ilke structures were observed. Their 

positloning ln 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 perlphery. ln association with the thylakoid membranes. 

Simtlar observatlons were made for the cells bubbled wi th 30 /.LI CO 2 ,l-1 

(Figs. 9.10), Although only cells from cultures maintained at pH 8.0 

are lilustrated. similar results were observed for the pH 9.5 celis. 

Carboxvsomes were Iargelv polvhedral in shape, however, a long rod-

shaped structure lS eV1dent ln Figure 10. Moreover, as in standing 

culture cells. carboxvsomes were neariv a1ways al1gned at the celi 

p~riphery and at times appeared ta completely rIng the cell interior 

(bottom celi in Fig 9) . 

.r .. 
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1 3.4. Transport of Inorganlc carbon 

The increase in carboxvsome number in cells grown undf>t" low DIl: was 

paralleled by an increase in HCû 3 - transport capabillty (Table 1) and an 

increase in the apparent photosynthetic affin1tv of thE' eells for DIC. 

In contrast, cells grown at a11 levels of DIC WE'n? capable of aet i Vp COJ 

transport although the apparent affinity of the transport system tor CO} 

was somewhat lower in cells bubbled wlth 5% CO2 (data not shown) Cf' Ils 

which conta1ned h1gh numbers of carboxysomes werp capablE' of both Na'­

dependent and Na+-1ndependent HCû3- transport (Table 1) and arf' Rblp ln 

accumulate Ole ln excess of lOOO-fold the external [Ole 1 (Espl<' and 

Kandasamy 1991). The transition between high and low carboxysome number 

was characterized by a loss of Na' -lndependent HCû 3- transport 

capabili ty. However. cells Wh1Ch possess Na' -dependeIlt HCü 1- t rausport , 

in conjunct10n with actlve CO 2 transport, are stIll capable of 

accumulating a large 1nternal pool of DIC (Miller et al 1990). In 

contrast. cells lacking HCO J - transport capability (i e hlgh DIC-grown 

cells) exhibit a low DIC accumulation ratio (Badger and Gal1agher 198/). 

4.0. Discussion 

4.1. Subcellular locatIon of RublSCO 

It i5 weIl documented that in cyanobacteria, the CalvIn cycle enzyme 

Rubisco is found assocl.ated with distinct polyhedral-shaped cellular 

inclusions (Codd and Marsden 1984; Codd 1988) named carboxysomes 

(Shi vely et al. 1973). However, numerous investlgatlons have shown t hllt 
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« there may exist, ln addltion, a considerable extra-carboxysomal or 

"soluble" pool of the enzyme, an observation that calls into questlon 

the functional role of carboxysome-Iocallzed RublSCO. A number of these 

studies have employed cell fractlonation technlques to ascertaln the 

subcellular locatlon of RublSCO ln various cyanobacteria (Codd and 

Stewart 1976; Lanaras and Codd 1981a; 19R2; 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 

51ight changes ta the cell lysis protocol. For example, use of buffers 

of 10w lonle strength (Codd and Marsden 1984) or addition of mlilimolar 

amounts of Mg'+ (Coleman et al. 1982) to the buffer durlng cell breakage 

favours recovery of carboxysomes. Additlonally, results may be altered 

by the method chose" for cell lysis. Cell breakage by meehanical means 

(e.g. French pressure cell) lS reported to result in a slgnlflcant 

deerease ln the amount of carboxysomal or "partlculate" enzyme recovered 

(Coleman et al. 1982). In contrast, pretreatment of cells with lysozyme 

to produce sphaeroplasts followed by a gentle osmotically induced ce Il 

Iysis resulted in reeoverv of nearly aIl Rublseo activity in the 

partlculate fractlons of 10 speCles of cyanobacteria (Coleman et al. 

1982). 

As a complementary approach to the investigatlon of Rubisco 

distributloii in cyanobaeteria, we have employed ln the present study the 

technique of protein A-gold immunoelectron microscopy. This method 

provides not only flne structural detail, but a1so 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 lmmunochemica11 v re1att:>d (L'maras and 

Codd 1981b), Using this techluque. we have deternnned thé:1t undt> l' ,1 wJ dl' 

variety of conditions, most of the cells Rubisco ls carboxvsome­

localized in Synechococctls UTEX 625. Slmilar results havE' recent 1 V uC't'1\ 

reported for prochlorophytes (Swift and Leser 1989) and for the 

cyanelles of glaucophytes (Mangeney and Glbbs 1987). both of wt1lch clrt' 

carboxysome-containing photoautotrophs. Our results. however. are in 

contrast to those obtained from eariler immuno1abeIIing studles (CossaI' 

et al. 1985; Hawthornthwalte et al. 1985). Using the filamentous 

cyanobacterium Chlorogloeopsl.s fritsch1.1.. Hawthornthwalte et al. (IY85) 

observed only a sllghtly higher concentration of label over carboxysome9 

than over the centroplasm and thylakoid-contalnlng reglons 

al. (1985) investigated Rubisco partitlonlng ln the fliamentous N,­

flxing cyanophyte Anabaena cy lllldrl.ca . In this specl(,s. Lhev observed d 

differentiai partitioning of the enzyme dependlng on the stage of growth 

at which cells were harvested. In stationary phase cells, RublSCO WüS 

mainly restricted to cRrboxysomes, whereas in more actively growlng 

chemostat cultures, label was found not only over carboxysomes but also 

over the thylakold-containing reglons of the celi. These results are 

consistent with those reported bi' Lanarab and Codd (1982). whosp cell 

fractionation experiments indlcated that the subcellular Location of 

Rubisco changes dur1ng photoautotroph1c batch culture of C. frltsch!l 

Our results wlth Synechococcus UT EX 625, howevcr, do not support these 

findings. Rubisco was predoUl1nantly carboxysome-localized in alr-grown 

celis harvested at both Iow (3.4 jJ.g chIa'ml-J
) and h1gh (70 jJ.g chla'ml- J

) 

celi densities (Table 1; Figs. 2,3). Furthermore, qualitative analysis 
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1 of cells harvested ln mId-loganthmic phase (8 J.Lg chla'ml-1
) showed 

Rubisco to he restricted mainly to carboxysomes (data not shown). 

Labeiling densitles over centroplasmlc and thylakoid reglons of aIr-

grown cells were consistently low and there was no indIcatIon of a 

preferential aSSOclatlon of RublSCO wlth thylakolds as was observed in 

A cylindrLca (Cossar et al 1985). 

LikeWlse, the [DIe] ot the growth medium did not affect the 

loculization of Rubisco ThIS, however, was somewhat unexpected, 

especially when conslderlng high DIe cells. Employing the same stlain 

of SynechococclIs as was used in the present study, Mayo et al. (1989) 

reported that RublSCO active SIte denslty was much higher for ce1ls 

gro~l at high (1000-1800 J.LM) 1evels of DIe than for DIC-limited cells 

(10- 20 JLM) This, taken together wlth the finding that high DIe ceJls 

of Synechococcus UTEX L25 possess on average less than 1 cBrboxysome per 

cell sectIon (TurpIn et al. 1984; this study), had initially lcd U6 to 

believe that these cells would contaèn an increased soluble componenL of 

Rubisco. Instead, RublSCO was malnly carboxysome-local1.zed in 5% CO2 -

grown cells (Table 1, Figs. 5,6). It lS noteworthy that ln the suJphur-

oxidLZ1.ng bacterium Tillobac ~llus neapolitanus, the ratio of 

soluble:part1.culate RublSCO remained constant regardless of whether 

cells were grown under lnorganic carbon limitation or whether they were 

grown umier thiosulphate-limita'llon, but bubbled with 5% CO2 (Beudeker 

et al 1981). Moreover, ln these cells, carboxysome content dec1ined 

dramatically under the high DIC condItions. 

In the present investigation, cells cul tured undt'r 5% CO2 

frequently possessed large, irregular shaped carboxysomes. Carboxysome 
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volume in these hlgh DIC cel1s, however, was st111 less than twice that 

measured for standing cul ture cells and lOI' ce11s bubbled wi th JO ~d 

CO2 ,l-1 (Table 1). Thus, the presence of "giant" carboxvsomes .. done lS 

not enough to resolve the discrepancy between a carboxvbomdl locatlon 

for Rubisco, increased amounts of the enzyme and low I1UmbPI-s of 

carboxysomes per cell sectIon That cells grown under ')% l:Ol dld Hot 

produce Increased amounts of Rubisco or that they onlv trdnSlentlv 

increased amounts of the enzyme is posslhle: cellular RuhlSCO content 

was not measured in the present InvestigatIon. Cells cuLtured ln thls 

manner, however, exhiblt higher rates of photosynthesis than do standlng 

culture ce1ls or those bubbled wlth 30 iLl CO 2 ·1- 1
, It 15 llkl>ly lhal tilt-' 

high rates observed ln 5% CO 2 -grown cells are partially a result of 

increased levels of RubISCO. 

The possibillty that soluble Rubisco was present at a 

photosynthetlcally appreClable concentration in cells bubbled Wli h ')X 

CO 2 but that it was not detected by the protein A-gold technique 5hould 

a1so be considered. This concern has been recently addressed WLlh 

respect to the intracellular partitloning of Rubisco betwe0n cllloroplHbt 

pylenoid and stromal regions ln eukaryotic a1gae and hornworts (McKay 

and Gibbs 1991a; see also Chapter 1), It 15 our bellef that Li RubL,sCO 

is present in the ch1orop1ast stroma of pvrenoid-contalnlng organlsms, 

it is present at very Law concentratIons; the soluble RublSCO of hlgher 

plants and of non-pyrenoid-contalning a1gae and hornworts 15 readlly 

detected by immunogo1d methodology. Moreover, our recent 

immunolabe11ing results with the cyanophyte C. frltschii Indlcate the 

presence of a soluble pool of Rublsco (data not shown). It seems llkely 
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then that soluble RublSCO, if present Ln Synechococcus UTEX 625, would 

be measured by the proteln A-gold technLque 

That RublSCO lS present at a hLgher concentration in carboxysomes 

ot 5% CO2 -grown cells compared to cells grown under low DIe should also 

be consldered. Although our quantLtatLve analysLs of Rubisco labelling 

density over carboxysomes does not support thlS possibi1Lty (Table 1), 

these values should not be dlrectly compared. mlen an antLgen is 

tlghtly packed wlthln a compartment, as lLkely RublSCO is Ln 

carboxysomes, a slngle 15 nm gold partlcle probably indicates more thdn 

one antigenic sIte (Roth 1982) The exact nurnber of reactive sites 

marked by the particle is unknown and this ln turn makes absolute 

quantitation dlfflcult to measure. In addition, effects of steric 

hindrance are possible when gold particles mark antigenic sites in close 

apposltion 

4.2. I5 extra-carboxysomal label genuine? 

Although extra-carboxysomal labelling was low in the present study. it 

i8 difficult to determine whether that label measured over the 

centroplasm and thylakoids is genuine. Dften. conventionai controis 

emp10yed ln lmmunocytochemlcal investigatlons are devoid of label (- 1 

gold patticle'~m-J; e.g. Fig 12) and are thus not always good 

indlcators of true background 1abe11ing by a given antibody. A becter 

Indicator wau1d 0e an intracellu1ar compartment from which it is known 

that the proteln of Interest is exc1uded. In eukaryotic celJs. this is 

readilv provided by the various organelles. Rubisco LS, for exampIe, is 

genera11y excluded from comparcments other than the chloroplast. Label 
r , 
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measured over extra-plastidlC coropartments. therefore. can be consldered 

background. In cyanobacterla, however. wlth the possIble exceptIon of 

Inclusion bodIes other than carboxysomes, there are no dIstinct 

intracellular compart.ments from WhlCh Rubl seo 15 known t 0 1)(' t'xc} ud~""d 

Moreover, the condItIons of growth were such ln the current 

investigation that Inclusion bodIes apdrt from carboxvsomes werc nnt 

present. Al though an Intracell ular control lS lacklng ln \llll celllli <ir 

forms. sorne N2-flxlng filamentous cyanobacterlS Oosse5s d good 1 nt PI-IHi 1 

control. Heterocysts are specialized celi types lnvolved ln nltragel\ 

fixation. Rubisco is exclllded irom these cells (Codd and St('wart IlJ/I) 

In the immunolabelling study performed by Cossar et al (198~). 

labelling by antl-RublSCO over a heterocyst ot li CV11/1drlca 1<; 

lilustrated. Although b~ckground labe11lng 15 present over thiS 

structure, the labelling data were not quantlfled ConSE'qut:'ntly. 

coroparisons to label denslty over the vegE'tative cells cannot be made. 

In a more recent InvestIgation. the subcellular distributIon of RublSCO 

was quantltatlvely analyzed for N2 -fixlng Nostoc symblonts in two 

specles of llchen (Bergman and Rai 1989). Heterocysts were pn~sellt trI 

both Nostoc varIants and antl-RublSCO label density over thes~ 

structures was at the level of that found over the cytoplasm 

(centroplasm plus thylakolds) of carboxysome-conralnlng veg~tRllV~ 

celis. The Iow level of extra-carboxysomal label measured ln vegetatIve 

cells of N2 -flxing Nostoc wnuld then appear ta be background St 1 Il . 

the absence of a comparable InternaI control ln the present st udy makes 

it difflcult ta comment on the Valldlty of the extra-carboxysoméil label 

observed ln Synechococcus UT EX 625 
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4.3. Horphologlcal expreSSlon of carboxysomes 

The morphologicai expressIon of carboxysomes in Synechococcus UTEX 625 

was not affected by the stage of growth at which cells were harvested. 

ln alr-grown cultures where cells were harvested and fixed for 

mlcroscopy at three dlfferent chlorophyll concentrat;ons, the 

carboxysome content on a cell section basls dld not vary markedly (Table 

1). Tlus 1 S ln contrast to the resu1 ts of Stewart (1977) who reported 

that carboxysome content was greatest ln cells from lag and stationary 

phase cultures of Anabaena cyllndclca. Cells from exponential phase 

cultures, he reported, possessed the fewest carboxysomes. It is 

possIble, at least for hlS statlonary phase cultures, that carbon 

llmi tation resul ted in the observed Increase ln carboxysome number. In 

the present study, we noted a dramatlc Increase ln the frequency of 

carboxysomes on1y when cells were grown at very low « 30 JLM) 

concentrations of Ole (Table 1). This lS conslstent wlth the results of 

Turpin et al. (1984) using thlS same alga. In their chemostat cultures, 

the carboxysome content did not vary for cells grown under nitrogen or 

phosphorus llmitatlon (i.e. carbon-replete cells). Only when cells were 

cultured under severe carbon llmitation (4 JLM DIC) did carboxysome 

numbers lncrease Thelr value of 3.4 carboxysomes·cell section-1 is 

very close to the values obtained in the present study from cross­

sectIons of low « 30 JLM) DIC-grown cells. Comparable results have been 

reported for Anacystls nldulans R2 (also known as Synechococcus 

leopollensls PCC 7942) (Sherman and Shermp'1 1983). These workers 

investigated the effect of lron deficiency and Its 3ubsequent 

restoratlon on A Illdulans flne structure. In their controls, however, 
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Fe-replete cells were grown bv elther gentl e shaking (12:' rpm) on a 

gyratory shaker or by vigorous alr-bubbllng Thelr results indlcuted 

that carboxysome numbers were conslderabl y higher ln cell s from shdken 

cultures (8-14 carboxysomes·cell sectlon-I) compared to culturf's bubbled 

vigorouslv wlth aIr (5-7 carboxysomes·cell section- 1
). Mon'ovf'r, tlwst, 

authors suggested that dlfferent levels of DIe that may have bepn 

present ln the two cultures could have been responslble tor the 

differential expressIon of carboxysomes. 

In addltLon ta the Increased carboxvsome cont~nt Dt cells from 

shaken compared to air-bubbled cultures, Sherman and Sherman (lY83) also 

commented on a dLfferent Lntracellular dlstrJ butlon for carbuxvsomps 

between cultures ln alr-bubbled cultures, carboxvsomes were 

consistently observed throughout the nucleoplasm but rd1 el V 1 ri cOllt flct 

wi th photosynthettc membranes. Carboxysomes are S.lm tlarl y dl st rl but.ed 

in cells of Agmenellum quadrupl.lcatum (NLerzwlckl-Baut'r et al 148~) and 

Synechococcus l.!vldus (Edwards et al. 1968) bubbled wlth 3% and '>% COl 

respectLvely. In contrast, carboxysomes were nearly always allgned Ht 

the cell perlphery and in contact wlth thyLakolds ln cells of A. 

nLdulans from shaken cultures (Sherman and Sherman (983) 

DIC-dependent partitioning of carboxysomes was observed ln the present 

investlgatLon In both air-bubbled cells and thosp cul tured under ')'1. 

CO 2 • carboxysomes were more or lesb randomly dlstrlbuted throughout the 

centroplasm (Figs. 2-6) There was no obvious aSsoclatlon betwecrI 

carboxysomes and the photosvnthetlc membranes located at the cpll 

perlphery. Carboxysomes Ln cells grown under low DIC, however, were 

consistently located at the celi perLphery, positioned along the 
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Int~rface between the centroplasm and thylakoids (Figs. 7-10). Codd 

(1988) has suggested that the presence ot carboxysomes in an organism 

may serve as an ecologlcal marker for autotrophy. Perhaps, a~ least for 

Syuechoco('('us, the presence of large numbers of carboxysomes WhlCh are 

posltloned at the cell periphery mlght serve as a marker not only for 

autotrophy, but also for growth ln a low DIe environment. 

4.4. Carboxysome pos lt 1011 i ng' photosynt het l C Impllcat ions? 

Results from the present studyand those from previous investigatlons 

c1early establlsh that cyanobacterlal carboxysomes contain RublSCO. 

Moreover, our results lndlcate that carboxysomal Rubisco must be 

tunctlonal ln VIVO, nearly aIl RublSCO was located in carboxysomes in 

cells of Svnechococcus UTEX 62~ For RublSCO to be catalytlca1ly 

competent, however, lt must exist as an actlvated ternary comp1ex in 

which actlvator CO. and Mg?2 are bound to an essential lyslne residue of 

the large subunit Unfortunately, one lS unable to distinguish between 

active and lnactlve enzyme forms using Immunologlcal technIques. For 

this reason, we are unable ta comment on the activation state of 

ca 'boxysomal Rubisco ln the present investigation. Cannon et al. 

(1991), however. have recently provided direct eVldence ln support of an 

actIve roie for RublSCO located ln carboxysomes Using chloroform-

~ermeabIllzed cells of T. neapolltanus, they showed that radiolabelled 

activator CO 2 was trapped to carboxysomal Rubisco by 2-C-carboxy-D-

arabinltol-l,5-blSphosphate, an analogue of the transition-state 

Intermediate in the Rublsco-catalyzed carboxylation of RuBP. It appears 

then, that carboxysomal Rubisco can exist in an activated form in vivo. 

J 
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This, taken together wlth our tmmunolabelling results lends liS to 

believe that carboxysomal Rubisco 111 SVllechococcus UTEX 62'} is 

functional. 

Since Rubisco appears to be functional in carboxysomes of 

Synechococcus, the expression and dlstributIon of these structllr~s 

withln the celi might be tmportant ln determinlng photosvnthetic 

efflciency. High DIC-requlrlng cvanobacterial mut ant s lwv(' b('('11 

identlfied (Frledberg et al 1989, Plerce eL al 1484, Price and Badger 

1989b). Moreover, in these mutants, carboxvsoU\es are l'l t he 1- .d)s~'nt 

(Pierce et al. 1989) or are aberrant ln shape (Frledbprg pt RI. 1989; 

Price and Badger 1989b). ln the present study, ('ells cultllred umh'r low 

levels of DIC « 30 ~M) possessed many carboxysomes, most of WhlCh wpre 

found near the cell periphery along the 1 nterface between the 

centroplasm and thylakolds (Figs. 7-10) In sorne Instances, 

carboxysomes even appeared to rIng the cell Interlor completely (~I~ 

9). It is known that cells of SynechococclIs, when grown under low Die 

conditIons, concentrate Inorganlc carbon !'pp.cIes many-fold ovpr t hal 

present ln the external medium (MIller et al. 1990) Thp stppp chemlcal 

gradIent resulung from operatIon of this concentratlIl~ rnE:'ChdTll brn , 

however, lnevitably leads to leakag~ of CO, from the cell. Moreover, it 

i5 antlclpdted that leakage would occur regardlpss of th~ lfItrélCl"J lular 

locatlon of carbonle anhvdrase That le;, even If carbon]c allhydrasp 15 

restrl cted to carboxvsomes as proposed by Re Inhold and c011 eaglH''l (1981, 

1989) and Pnce and Badger (1989a), sorne CO, would snll be gE:'nerated 

outside of these structures as a result of non-enzymatlc dehydratlon of 

HC03-. III arder ta optimize usage of the internaI DIC pool, 1 t i5 
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( possible that carboxysomes in low DIC-grown cells of Synechococcus 

provide a partial barrler to CO 2 efflux Th~ Increased number of 

carboxysomes ln these cells lS paralleled by an effect1ve 1ncrease in 

the "carboxylatlng" surface area. This coupled w1th the1r d1str1butlon 

110ng the cell perlphery increasps the probabll1ty that COz generated in 

the centroplasm, must fir&t encounter a carboxysome before lt could 

leave the cell Sorne CO 2 , of course, would be lost from the cells; 

carboxysomes arp not omnlpresent. However. a reduction ln the amount of 

COl leaked trom the celi might be reallzed through thls speclal 

carboxysome arrangement. A mechanlsm for scavenging leaked COz is 

present ln Svnechococcus (Mllier et al. 1990; Esple et al. 1991). 

However, lf cells are truly DIC-lim1ted, It would be advantageous to 

maximize retention of the intraeellular DIC pool. Thls would be 

especially relevant ta enV1ronments in which ceIIs are eompeting with 

oneanother for seant carbon resources. 

Belng posltioned at the Interface between the centroplasm and the 

phot1synthetic membranes also means that Rubisco is in cl oser proximity 

ta Ineoming DIe as weIl as ta its othet' substrate, RuBP. Our 

lmmunolabelllng results demonstrate that PRK, the enzyme responsible for 

RuBP synthesis, is restrieted to the peripherally-Iocated thylakoid 

region ln Synechococcus (F1g. Il) Although a more direct coupling 

between RuBP synthesls and its carboxylation would be anticipated when 

earboxysomes abut the thylako1ds, it is not known how RuBP, or for that 

matter HCO)-, is able to cross thylakoid membranes on route to the 

centroplasm wlthout uncoupling photosynthetic Electron transport. 

A possible d1sadvantage assoclated with this structural 
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arrangement lS the closer proxlmity between Rub1SCO and the l'eactions of 

phatosynthetlc oxygen evolution RublSCO IS a b1tunctlonal f'11.'Vml', 

having ln addItIon to Its carboxylase capabllt tv, ,lI\ oxvgenase tUllCt 10n. 

OXldéltion of substrate RuBP Ieads to photoresptration, a prDt'PS<' 

generally consldered wastpful. Apparent photoresplratloll, howpv~r, Ls 

not measured ln colIs of SVllechococCliS or of other cVdl10phvtps whpll 

cultured under low levels of growth DIe (MIller et al lQ90) 

that carboxysomes are impermeable to oxygen has b"en forwilrdt'd That 

carboxysomes are generally absent from the non-oxygenlc photosvnt het il' 

bacterJ.a (Codd and Marsden 1984) ts conSIstent wah thls hypothl'SlS 

There lS llttle other data ta support thls clalm though ln tact, 

Increaslng the oxygen tens10n dld not result in an IncrPHsed 

carboxysomal component of RuhlSCO in T. neapolicalllls as mtght have bef'1l 

expected If these structures act to "protect" RublSCO trom oxy~pn 

(Beudeker et al. 1981). 

Air-grown and high DIC celis of SYllechococCliS had low numbers of 

carbaxysomes. Furthermare. carboxysomes ln these cells were pOSltlOlH'd 

more or less randomly throughout the centroplasmie reglon (Fl~<; 7-6) 

In these cells, DIC is Dot sueh a 11mlt1ng resouree and Il lS pOS&lbl( 

that a CO2 scavenging mechanism could deal w1th any CO2 that lS leakpd, 

thereby ensuring that a high lnternai DIC pool lS maintained Moreover, 

these celis are not faced w1th the need ta synthesu:e large numb('rs of 

carboxysomes. a costly prospect slnce Rublseo must be packagpd 

repeatedly and protelns that constitute the earboxysome shell must b~ 

produced. In contrast, the Increased efflclency ln utLlizlng the 

accumulated pool of DIC that may be realized by increaslng earboxy~om~ 
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.1 numbers might be necessary to ensure the competltlveness of cells 

growlng ip environments where DIC levels are extremely low. 

Acknowledgements 

We are grateful to Dr. J. Fleck (CNRS, Strasbourg, France) and to Dr. 

G.A. Codd (Unlversity of Dundee, Dundee, UK) for providing the antisera 

used ln this study We éllso thank Dr. B. Colman (York University, 

Toronto) who provided aceess ta the gas chromatograph and Dr. C.E. Smith 

(McGill) for use of the MOP diglta] analyzer. The technical assistance 

of Ms. R. Kandasamy lS klndly acknowledged This research was supported 

by the Natural Sciences and Engineering Research Councll of Canada. In 

addltion, R.M.L. McKay acknowledges support through a NSERC postgraduate 

scholarship 

117 



CHAPTER VI 

Intrapyrenold thylakoids: a paradox? 
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1.0. Introduction 

[nconblstent wlth the proposaI that the pyrenold provldes a 

mlcroenVlronment where the CO2/02 ratlo lS malntalned at a high level 15 

the observatIon that thylakold membranes traverse the pyrenolds of a 

number of Rl~al species (Griffiths 1970) Concelvably, lt mlght be 

dlfflcult to reconclle the maIntenance of a high CO2/02 ratIo ln the 

pyrenold ln the presence of O2 evolutlon contrlbuted by lntrapvrenold 

thylakolds ThIS apparent paradox can be addressed ln several ways. 

Although thylakoid lame11ae are often observed to dlssect pyrenoids, 

overal1, these thylakolds probablv contribute llttle to chloroplast 

oxygen leveis due to the fact that there are manv fewer lamellae ln the 

pyrenoid than ln the chloroplast proper. Furthermore, lntrapyrenoid 

thylakolds are often found to be structura1ly reduced. In a survey of 

tlle pyrenolds ot different algal groups, Gibbs (1960, 1962a, 1962b) 

noted that intrapvrenold lamellae often conslsted 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. 

ln additlon, thvlakoids ln several green algal species were observed to 

be reduced to tubu1p-llke structures wlthln the pyrenold (GIbbs 1962b, 

Grlfflths 1970) In addresslng the structural irregu1arlty often 

observed with lntrapyrenoid thylakoids, GIbbs (1962a) specu1ated that 

thcse thylakolds may be characterlzed as containing reduced arnounts of 

chlorophvl1. Moreover. she CItes several studles where chlorophyll 

fluorescence orlginatlng from the pvrenold reglon was found to be 
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markedly reduced or absent when compared to that Ol"lglnRl inp, [rol\l 0tlwr 

chloroplast reglons 

USlng cytochemical and Immtltlocytochemlcal techniques. we have lJt'gllll 

to characterlze further intrdpyrenoid thyl.akoids. llur llIdlH t Ol'US bd~ 

been to elucldate the protein compositlon of these thvlakoids. clnd. 1Il 

addition, to a5sess qualitatively their photosynthetic RclivI1V 

Photosystem 1 activity can be demonstrated at the electron mIcroscope 

level by the photooxidation of 3,3' -dlamillobenzidul€ (DAB) to an 

inslluble, osmiophllic polymer, Diamlnobenzldlne has proven ta be cl 

rather versatile reagent, having been emploved rOlltinelv for th~ 

cytochemicat localization of catalase actlvity Hl microbodies and 

cytochrome c activity in m1tochondrla (see Frederlck 1981, for reVlew) 

lts ability to stain hlgher plant thylako1d lamellae was first 

demonstrated by Nir and Seligman (1970). These Investlgators ObSP1Vpd 

thylakold staining in the presence of the PSII inhibitor 3-(3,4-

d1chlorophyl)-l,l-dlmethyl urea (DeMU), thereby suggesting that DA~ 

photooxidatloll may be re1ated to PSI actlvlty. Further evidence 

relating the photooxldation of DAB to PSI was provided by Chua (l97J) 

who demonstrated that in the presence of DeMU, electron flow fLom 

diaminobenzldine througll PSI to the artiflcial electron accepLor methyl 

vi01ùgen was realized by a Chlamydomonas PSII mutant but not by a PSI 

mu"L:ant strain. Further eVldence of the speciflcity of the reactlon for 

PSI is out.lined ln a recent reVlew by Vaughn (l9Sh) 

Photosystem II can also be detected cytochemlcal1y at the electron 

microscope level. Activity is demonstrated by the photoreduction of one 

of several tetrazolium saI ts WhlCh y1eld osmiophillC di forrnaums upon 
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1 ... reductlon (see Vaughn 1987c, for review) Staining of thylakcld 

lamellae is prevented by PSII inhibitors such as DCMU and atrazine thus 

indlcatinp, bpeclflcl~y for the PSII react~ons. 

1 .1 /'lght - harve!:t lllg and photosystem compi exes 

Our renewed Interest ln lntrapyrenoid thylakolds was inttially generaterl 

from the observation that the thylakold 1amE:'1ae WhlCh traverse the 

pyrenoid of the red al ea Porphyr IdLUm cruentum appear distinct from 

thy1akolds of the chloroplast proper ln that they seem to lack 

phycotnl J somes We speculated that phycob~lisomes might actually be 

present 10 thlS rpg~on but were obscured ln m~crographs by the electron 

opaCl ry of the pyrenoid matr LX. Immunolabell~ng resul ts, however, 

conflrmed thetr absence (McKay and Gibbs 1990; see also Chapter VII). 

Moreover, cytochemlca1 stalnlng indicate? the presence of PSI, but not 

PST] activlty, assoclated wlth Porphyrldlum intrapyrenoJd thylakoids. 

Lack of PSIT actlvlty and Its assoclated 02-evolution mlght provide a 

means tü reconclle matntenance of a high CO2/02 rat~o in the pyrenoid in 

the presence of intrapyrenoid thy1akoids. 

The cryptomonad a1gae also possess phycobiliproteins. However, 

unlike cyanobacterla and red algae. cryptomonad biltproteins are not 

arranged lnto phycobl1isomes. Rather. they appear to be localized in 

the thv1akold lumen wlth a fractIon of the phycobiliproteins associated 

with the inl1er thvlakoid membrane (Ludwig and Gibbs 1989; Spear-

Bernstell1 and MIller 1989). Although aIl cryptomollad chloroplasts 

contaln pyrenoids. ln only two genera, Hem~seimis and Chroomonas, are 

thvldkotd lamellae observed to traverse the pyrenoid (Santore 1984). In 
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contrast to results obtalned with the red alga P cruelltum. crvptoUlonad 

intrapyrenold thylakolds are immunolabelled bv ant I-phv(,(H'l"vthrlll cl.nd b\' 

antiserum dlcected against a subunlt of the llght-harvestln~ chi die. 

complex (McKav et al. 1991b). These results are dlscu!-.c;ect ln f.rt>cltPl· 

detail in Chapter VIIi. 

We have further extended our inves! 19atlon of Jntrapvrenold 

thylakoids to the dlatom Phaeodactvlum tricorlllltum ThE' chloroplHst s of 

diatorns and other chromophytes are characterlzed by lamellae made up of 

three thylakolds However, only a sIngle paIr of thvlakolds travprH~ 

the pyrenold of P. trlcornutllm (Borowltzka and Volcatl1 lQ/8). Tlw 

dia toms have. as their major light-harvesting plgment-prote!ll complex. ri 

chI ajc-fucoxanthin complex (Owens 1988) and III P t r Lcormlt um, t hUi 1 s 

composed at three polypeptides of 18. 19 and 1 q ':l kDa (Fawley ,md 

Grossman 1986). Antlserum ralsed agalnst cl. mixture ot the lY and 19.':> 

kDa polypeptl des Immunoreacted WI th aU thylakoid lamell éW 01 

Phaeodactvlllm. lncluding the Intrapyrenold thylakolds (AppendJ x 1.). fIl 

addition. the lntrapyrenold thyldkolds of Phaeodactvlllm are 

lmmunolabelled by antl-PSI (Appendlx 4). 

The lntrapyrenold thylakolds of Eu,glena gracills also poss~ss light-

harvesting plgments Osafune et ~l (1990a) ~ave recent1y shown uSlng 

the immunogold technIque that antlserum raised agalllst a 26.':> k\)<J 

polypeptlde of the Ilght-harvestIng chl ajb complex lsolated trom 

Euglena labels all thvlakold lamellae lncludlng the thylakold palrh 

observed to traverse the pyrenolds ot thlS a1ga Slmllar to 

Phaeodactylum. however. the lntrapyrenold thyl akolds of Eugl ella an· 

structurally reduced. The thylakoids of the chloroplast prop~r Decur as 
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lamella~ of three or more d1SCS, whereas those that traverse the 

pyreno1d aré present as pa1rs of thylakoids (G1bbs 1960). 

Intrapyrenold thylakolds, when present, in green algae usually 

exhllnt a reduceo number of thylako1ds per lamella or appear as tubule-

like structures (GIbbs 1962a; Gr1ff1ths 1970; Dodge 1973) However, the 

thylakoid lsllicllae of the chloroplast proper can exhibit a stacking 

phenomenon slm11ar to that observed ln h1gher plants w1th membranes 

existlng as both unstacked thylako1ds or as part of small grana-like 

units. Moreover 1mmunocytochem1cal results employ1ng Chlamvdomonas 

relnhardtll ind1cate that a lateral heterogene1ty exists w1th respect ta 

the dlstr1butlon of ~hotosystem-associated polypeptIdes among these 

thylakolds ln Chlamvdomonas, PSII cor~ polypeptIdes and polypeptides 

Involved in oxygen evolut1on have been localized ta stacked membrane 

reglons (Vallon et al 1986, de V1try et al. 1989) whereas a PSI 

dpoprot~ln al~ chloroplast ATPase coupling factor 1 appear ta be 
;y 

r~strlcted ln the1r distribution ta unstacked thylakolds (Vallon et al 

lQS6) Given the lateral heterogeneity with respect to photosystem 

dlstrlbutlon dS observed ln lhls alga, 1t follows that PSII components 

should be excluded from the pyrenoid as thls reg10n is generally devoid 

ot membrane stacks This lS supported by immunolabell1ng results WhlCh 

demonstrate that antiserum ralsed against subun1t 1 of the oxygen-

evolvlng enhancer (OEEI) does not label the pyreno1d of C. relnhardtll 

(de Vltrv et al. 1989) Furthermore, the pyrenoid of th1S alga was not 

speciflcally labelled bv ant1serum raised aga1nst several PSII Intrinsic 

core polypeptides (02. P5) (J. Ollve, pers comm.). Simtlarly, the 

single thvlakold lamellae WhlCh traverse the pyrenoid of the hornwort 
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speCles Notothvlas OCblculacls exhiblt onlv PSI actlvltv wh~r~.is ln 

other hornwort specles in WhlCh the pvrenold lb dlsspcted bv ldrge 

reglons of stroma contaullng both '31ngle lamellap dnd sm<d 1 grdl\d 

stacks. both PSI and PSII actlvltv dre obsel"ved aSsoClHted wlth tin 

thylakoids (K Vaughn. pers. comm ) 

It appears then that through a reduct Ion ln number. or ,ibbt'lI(,P. of 

PSII activlty. Intrapyrenold thylakolds probablv contnbutp lltth' to o} 

levels wlthln the pyrenoid. 

1.2. Polvphenol oXldase 

Cytochemlstry has also been employed to Investlgate the occurrellCP ot 

polyphenol oXldase (PPO) actlvltv ln the C'hloroplat>ts ot pvrc~nold-

contalnln&, orgal.l sms Cvtochemlcal detectlon ot PPO Ret IVlty InvolvPH 

the oxidatlon of dlhvdroxyphenyldlanlne (DOPA) to au {:!lt'ctrol1-d.t-ns(· 

dlquinone polymer (Vaughn 19B/b) Although the phYSlologlcul 

function(s) of PPO remdln(s) uncledr. lt has bt-'E'n proposf'd thrlt It III;IY 

be lnvolved ln the dissipation of excess moleclliar oxygen dllrlnf, 

photosynthesis (Vaughn et al 1988) Polyrhenol oXldab€' Iitis a Il)w 

affinity for O2 , however, durJng photosynthesls. the 1umenal oxygen 

concentratlon can reach 1 mM ThuM. at hlgh levels of O2 , PPO cOllld 

funetlon ln the reductlon of molecular oxvgen. The spee u!s 01 st ri hut Ion 

of PPO. however. appears to currelate phylogenetlcally wlth the 

evolution of terrestrlal plants (Sherman et al. lY89) Polypheno] 

oxidase was not detected ln a variety of green algae (Chlorel1d. 

Stl.geoclonl.um. f1l.ccospora and Splcogyca) or ln the moss DJCrallJWIl 

Enzyme actlvlty was, however, readlly detectable in liverworts, 
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( hornworts and other lower and hlgher plants (Sherman et al 1989). 

Moreover, Vaughn ,wd Owen (1989) report that 111 the hornwort Phaeoceros 

laeVlS, polyphenol oXldase actlvlty lS assoclated wlth aIl thvlakold 

lamellae exç~pt those WhlCh traverse the pvrenold These results have 

since beetl extended to two addltlonal pyrenoid-contalnlng hornworts 

(Notothyla.s dnd Anthoceros) and to Coleochaete sctltata, a green alga 

belonglng to the "bryophvtan" llne of evolutlon towards higher plants 

(K Vaughn, pers. comm.). Whv PPO actlVlty 15 absent from Intrapyrenold 

thylakolds lS unclear It lS posslble lts absence may be a consequence 

of the cytochemLcal as say emploved The protocol involves tIssue 

incubatIon in an oxygen-saturated solution of DOPA. Perhaps RublSCO, 

WhlCh exhlblts a hlgher afflnlty for oxygen thsn does PPO, outcompetes 

PPO for the oxygen WhlCh enters the pyrenold. A~ a result, PPO actlvlty 

would not be dete~ted assoclated wlth lntrapyrenold thvlakolds 

Alternatively, If, lndeed, one funetlon of PPO lS to reduee exeess 

molecular oxvgen, lts absence from the pyrenold mlght reflect the 

maintenance of a low oxygen concentration ln thlS reglon which ln turn 

could be achleved bv reduced rates of photosynthetlc oxygen evolution 

assocldted wLth intrapyrenold thylakolds as dlscussed prevlously. In 

this case, PPO would not be requlred ln the pyrenold 

'.' 
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CHAPTER VII 

Phycoerythrin 1S absent from the pvrenoid of 

Porphvr Idium crllentllm: photosvnthet ic i mpl i Cdt 1011', 
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( Sw..ary 

The.· thylakold lameUaE; which traverse the pyrenoid of the unicellular 

rpd alga Porphyndlum cruentum (Agardh) Nagel i appear to lack 

phycobl1isomes \.le have conflrmed by Immunoelectron mlcroscopy that 

phycoerythrin (PE), an important structural component of the 

phycobilLsomes of red algae, 15 absent from the pyrenold To 

characterlze pyrenold thy1akolds further, EM cytochemlcal methods were 

employed ta detect photosystem actlvlty Photosystem (PS) l activity 

was demonstrdted ln both stromal and pyrenold thylakoids bv the 

photooxldation of 3,]'-dlamlnobenzldine In contrast, the localizatlon 

of photoreduced dlstvrvl nltroblue tetrazolium demonstrated that PSII 

activlty was restrlcted ta stromal thylakolds The observed 

partltlOnlng of PE and PS1I actlVltv within the plastid may be related 

to another observ~tlon, ndmely, the 10calizatlon of nearly aIl ribulose-

1,~-blSphosphate carboxvlasejoxygenase (RublSCO; EC 4 1 1.39) wlthin the 

pyrenold of thls a1ga. It lS posslble that the pyrenoid of P cruentum 

functions as a spcclflC metabollC compartment where CO. fixatlon ls 

enhanced by the absence of photosynthetic Ol-evolutlon 
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i 1.0. Introduction 

Photosynthet1c accessory pigments functlon 111 tlw hdrV€!>ttl1g ,md 

transfer of exe1tdt1on energv from absorb""d solar rddldt 10n t l' \ Il\' 

react10n center pigments of photosvstems (PS) l dnd II throup,h 

intermedlary chlorophyll a molecules Llf,ht-harvec;tlng plgl1\t'llt ... m,l\, 

1nc1ude ch1orophy11s, Cdrotenes a.nd xanthophv11s, howpver. lllJ1qlH' to tlU' 

cyanobacteria, red algde and cryptomonads are the phycoblllpro!t·llls. d 

group of water-solub1e. photosynthetlc antenna pigments WhlCh dbc;orh 

1ight of wave1engths that are poorly harvested bv C'hlorophvll .J (lot d 

recent review, see MacCo11 and Guard-Frlar 198/) In the cv,1I1ob,lcterla 

and red a1gae. phveob11iprotelns are arrangf'd lnto large plgment-pl'ott"lIl 

complexes, named phycob1l1somes. WhlCh are attached to tlw outpf <;Uri,H'l' 

of the thvlakold membrane (Gantt 1980: Glazet' 1Y8)), Wlthl1l th(·L,( 

structures, the blliprote1ns are arranged in an energet.lcally f..lvourablf' 

pattern such that exci tat10n energv can be trdnsferred b{'twf'f'1l moII:'C111f-!-' 

in a direct10n of df'Creas1ng energy leve1s, 1 e. phycoervthrlll -+ 

phycocyanln -+ allophycocyanln (Gantt et al 1976) From 

allophycocyan1n, absorbed 11ght energy 1S passed, probHbly by way 01 d 

75-120 kDa "anchor" polypept1de (Gantt et al 1988), to th~ chlorophyll 

a molecules assoc1ated wlth PSI! ln the thy1akold mf'mbrallE.' 

Morphologlca1 eVldence for the close aSSOclatlon betwPfTI 

phycobilisomes and PSII has been obtained f rom bf)th f n'eZf;- i racture 

microscopy and observatlons of isolated PSlI-phycoblllsome particles by 

transmisS10n electron m1croscopy EmploY1ng freezp-fracture techniques, 

Horschel and Muhletllaler (1983) and Giddlngs et al (1983) have shown 
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thdt rows ot putatlve PSII core particles associated with the exoplasmic 

face (EF) of fre~ze-fractured thvlakold membrdnes are dlrectlv aligned 

wlth rows ol phycobliisomes located on the outer membrane surface 

Photosystem Il-phycoblilsome partlcles have been lsolated from 

cyanohélcteria dnd the red aiga Porphvrldlum crllentum. In P. cr!lentllm, 

the particles possess hlgh rates of O2 evolutlon and consist of severai 

phycobliisomes attached to small membrane fragments (Clement-MetraI et 

These membrane fragments are enrlched in PSIl reactlon-

center polypeptides, deficient in PSI components, and contaln no 

detectable chlorüphyll P,oo 

The thylakolds of both cyanobacterla and red algae are unstacked 

and, as a general rule, when cells are growlng ln the llght under 

unstressed condltions, phycoblilsomes, lf adequately preserved by the 

the fixatIon procedure, are present on every thylakold. An apparent 

exception tü thlS observatlon are the thylakolds that traverse the 

pyrenoids of red sIgal chloroplasts. In publlshed mlcrographs of the 

pyrenolds of Porpl!VrLdlUm crllentllm (e g. Gantt and Conti 1965), P. 

aeruguwum (Gantt et al tq68) and Porphvra leucostlcta (Sheath et a_. 

t9!?), phycobilisomes appear to be restrlcted to thylakoids located 

within the chioroplast stroma and to be absent from thylakoids withln 

t ht:' pvrenold lIowever, ln most algae, the pyrenold matrlx is very 

electro\l-dense and ln ",lectron micrographs appears darker than the 

ddJacent chlorop1ast stroma It lS possible, therefore, that the dense 

rnatrlx material of the pyrenoid obscures any phycobilisomes that rnight 

be present. The only authors who, to our knowledge, have commented on 

whether phycobillsomes are present ln the pyrenoid report that 
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• phycobilisomes are present. but not abundant. on tlw COn\'l) 1 ut t'ct 

thylakoids of the pyrenold of R/wdell.q CVdllea (Bl1 Lll'd ,md Fl't-'!>l\l'1 

1986). Furthermore. the pub1ished ml<Togl'aphs ot Nelll.d,oll (Slw,lth l't 

al 1979; Brawlev and WetherbE'E' lQS1) lndlcat~~ that plwl'oblllsom"" .Ut 

also present on the pvrenold thvlakoids of this alga 

Ta determine whether or not phvcob1l1 protE-1 ns .-ln' prpst-'llt III t lit' 

pyrenoids of red algae. Wf' have studled the dlstrlbut Ion nt 

phycoervthrln in the plastid of POrphVl"ldul/Il crllt'ntllnl bv 1 mmulIo('ll'ct rOll 

mlcroscopy We flnd that phycoerythnn is not present 111 thE' pVrl'IlOld. 

and furthermore that the lntrapyrenold thvlakol ds dl spI av Ilorm,·d PS 1 

activity but lack PSll activity We dlSCUSS the&e tlnding& wlth 

reference to another observatIon. namE'l v the 1 o('al i zat ion of tl("clrl v aIl 

the p1astid's rIbu1ose-1.5-bISphosphate carboxylase/oxygenas€' (RubISCO. 

EC 4.1 1.39) withln the pyrenoid. 

2.0. Materials and Kethods 

2.1. Plant materiai 

Porphyridlum cruentum (Agardh) NageE was obtained from the Cultur~ 

Collection of A1gae at the UnIversity of Texas at Allstin (UTEX Hil) and 

grown in batch culture ir. an artificial seawater medIum (Jones et al 

1963). Cultures were maintained at 20"C and were contlnuously agltatpd 

by use of a rotary shaker Light was provided by cool-white fluor~scent 

lamps (Sylvania F72Tl2/CW/HO, Roy Marchand Ltd . Laval, P Q • Canada) at 

a fluence rate of 30 tLmol· m- 2 S-1 in 16 h light/ 8 h dark cycl es 
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2 l Immunoplpctron mlcroscopy 

Logari thmtc phase c~l1s of P cruentum were harvested at h 3 of the 

l1p,ht penod Cdl pellets were tlxed at 4 Q C for 1 h in a solutlon 

contfltrllng 4% (v/v) paraformaldehyde and 0.8% (v/v) glutaraldehyde in 

phosphate-buffered saline (PHS), pH 7 1. The pellets were washed with 

co id bufter and the cells dehydrated through a grsded ethanol series and 

emb~dded ln Lowicrvl K4M (J B EM Services, Montreal, P.Q., Canada) as 

d~scrlbed ln Lacoste-Royal and Gibbs (1985). Gold-coloured sectlons 

were eut wlth a dlamond knlte and mounted on formva~-coated nickel grids 

(J B. EM Services) For Immunolabelling, grids were placed secti.on-side 

down on drops of the followlng Solutlons PBS, 15 mln, 1% (w/v) bovine 

serum albumw (fractIon V) (BSA) in PBS, 15 min; antlserum, 30 mln; PBS 

rlnse, 1% BSA in PBS, 15 min, proteln A-gold diluted 1'10, 30 min, PBS 

rinse, de-Ionized water rInse. Rabblt antlserum agalnst PE 545 purified 

from the cryptomonad alga Rhodomonas lens was klndly provided by Robert 

MacColl (New York State Department of Health, Albany, NY, USA) and was 

used st a dilutlon of 1:5000 Antlsera to sodium dodecyl sulfate 

dissoclated large (LSl aûd small subunits of tobacco Rubisco were kindly 

provided bv Jacqueline Fleck (Instltut de blologie moleculalre et 

cellulai re, CNRS, Strasbourg, France) and were used at a dilution of 

1.2000. Antisera and protein A-gold were dlluted in 1% BSA ln PBS 

colloidal goJd was prepared accordlng to the method of Frens (1973) and 

was con]ugated to protein A (Phdrmacia. Dorval, P.Q. Canada) as 

described previouslv (Roth et al. 1978). Immunolabe11ed sectlons were 

post-stained with 2% (w/v) aqueous uranvl acetate and viewed in a 

Phil i ps (Eindhoven, The Netherlands) EM4l0 Electron microscope at an 
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operating voltage of 80 kV 

In control expenments. the antl body was repLiced wi th rdbbl t 1\011-

immune Immunoglobulln G. 01 with PBS alone. prlor to prott-'ill A-f,old 

incubat1.on. 

2.3 Quantitative evaluatlon 

The denSI ty of labelllng over various cell comparrment s Wd5 obt cllllE'd I>v 

determining the number of gold partlcl es pel' squart· mll'rompt Il' Dt 

compartment sectioned Area determinatLons WE're made uSlng cl Z~'l<;S (Nf'w 

York. NY, USA) MOP-3 dIgItal analyser 

2.4. Cvtochemlcal detectlon of PS acti\ltv 

Log phase cells of P. cruentum were harvested fit hours {~ or b of t III 

daily light period and treated to d",tect PS actlvltv essent Li! l Y ,\5 

described in Vaughn and Outl aw (1983) and Vaughn (1981) 

were fixed in 2% (v/v) paraformaldehyde in 0 1 M sodtum-phosphdt(· 

buffer, pH 7 4. contalning 0 2 M sucrase. for JO mtn at flOC ln d,HklH'.'. 

(darkness and low temperatl're were malntalned ln aU steps prtor t 0 

resin infiltration exeept as noted) The pellets werE' waslu,·d in huffl·r 

through a decreaslng sucrose gradlent and then Incubated wlth cl reag~nt 

solutlon speclfie tor each PS. Photosystem 1 actlvlty was d~tectfd bv 

the photooxldatlon of 3.3'-dlaminobenzldlne·4HCl (DAB) (PolysclPnc€&, 

Warrington. Penn .. USA), whereas PSlI actlvlty was demonstratf'd by thE 

photoreductlon of distyryl nltroblue tetrazollum chloride (DS-NBT) 

(Analychem Corp., Markham, Ont .. Canada) Bath reagents were used cl t d 

concentration of 1 mg ml- 1 ln 0.1 M sodlum-phosphate butfer. pH 1 I~ 
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Th~ DS-NBT solutlon contalned, in addltion, 0 5% (v/v) dimethyl 

sultOXldE' to aid in solubllizatlon of the tetrazolium salt For PS 

locdlLzation, cells suspended ln fceshly prepared reagent solution were 

lncubatE'd on a rotary shaker at 20 a C under cuol-whlte fluorescent lamps 

provldlng a fluence rate of 30 t-Imol m-2·s-· tor either 1 h (DAB 

rn:tdatlOll) or 45 unn (DS-NBT reduct 1 on). Controls were performed by 

~ither lncubating the cells ln darkness at 20·C or, in the case of DS-

NBT treatment, by pretreatlng and incubating wah the PSI! inhibitor 

atrazine (gift from Ciba-Gelgy, Dorval, P Q , Canada; provided under the 

commerclal na mE' Aatrex and used at a concentratlon of 5 4 ~g'ml-l, see 

Followlng lncubatlon, the pellets were washed wlth bufter 

and then postflxed ln elther 1% (v/v) 0504 ir, 0 1 M sodlum cacodylate, 

pH 1/~, tor 70 min at 4 c C (DAB-treated cells) or ln cacodylate-buffered 

JX 050. for gO min at room temperature (DS-NBT-treated cells) The ceU 

pellets were dehvdrated through a graded ethanol serie~ and then 

Intiltrated and embedded ln low vlscosity epoxv resin (Spurr. 1969). 

(Jold- and sllver-coloured sections were mounted on forrnvar-coated copper 

grids and unstalned spctlons were viewed ln elther a Philips EM200 or a 

PhilIps EM410 electron microscope at operatlng voltages of 60 and 80 kV, 

n.'spect ivelv 

3.0. Results 

J 1 Immulloel ect rOIl mlcroscopv 

The intracellular distribution of bath the photosynthetic accessory 
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p1gment PE and the Calvin-cycle en~vme RublSCO in cells of l'c)rphvru/llllll 

cruentum 1S shown in Figs. land 2 Figure 1 shows a Sf'etton t hrough d 

log phase cell WhlCh hdS been labelled with anti-PE Gold p,ll·t leles Lin' 

abundant throughout the chloroplast stroma and arE' usuallv aSSOl'l.1tl·d 

with the outer surfaces of the thvlakoids In contrast, the pyrE'noid 

region lS virtually label-free. Thus, PE, as visuallzed by prott.>lll 

A-gold labelling, does not appear to be associated with lntrapyrenoid 

thylakolds. 

Cell sections incubated wjth antiserum agalnst the largE' subunlt 

of Rubisco exhlbit a different pattt.>rn of labelllng (fig. 2) 

particles are highly concentrated over the pyrenoid region, wh~reHs the 

remainder of the chloroplast shows only a few dlsperst.>d partic\ps Onlv 

d small amount of background labelling is present over the nucleus and 

eytoplasm. Sections labelled by antibody agalnst the small subun1 l of 

Rubisco did not show the presence ot any specifle labelling (nnl shown), 

indieating that our antlserum agalnst the small subuni t, produced t rOIll il 

tobaeco antigen, does not cross-react with the small subunlt of Rubisco 

ln P. cruentuU/. 

A quantitative analysls of the density of labell1ng by each 

antibody over different cell and plast1d eompartments ln l' Cnl(~lItll/ll 

showed that labelling by anti-PE was hlgh ovel the chloroplast stroma 

(87 2 ± 3.0 particles·~m-2) but over the pyreno1d ragion was not abovp 

background cytoplasm1c 1abel1ing (Table 1) In contrast, the denslty of 

labelling by anti-Rubisco LS was very hlgh over the pyrenoid matrlx 

(196.6 ± 7.2 particles'~m-2) but very low over the stroma (2 9 ± 0 2 

particles· ~m-2) . Stromal labell ing, however, was signi f i caut] y hlgller 
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Fig. 1. Log phase cell of P. cruentum labelled by antl-PE 545. Gold 

particles are abundant throughout the chloroplast stroma, usually 

dssociated with the outer surfa~e of the thylakoids. The pyrenoid (py), 

which is traversed by numerous thvl~kold lamellae, remains virtually 

Idbel-free. Bar = 0.5 ~m. 
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Fig. 2. Log phase cell of P. cruentum labelled by antl-RublSCO LS 

Gold particles are highly concentrated over the pyrenoid (pv) whereas 

the chloroplast stroma dlsplavs a very low level of labelllng, slmilar 

to that observed over the nucleus (n) and cvtoplasm A small. electron-

d~nse reglon located at tt& chloroplast's perlphery (arrowhead) is also 

moderately labelled and may represent a satellite pyrenoid 

mltochondrlon (m) Bar = 0.5 ~m. 
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Table 1. Denslty of labelling over varlOUS oell coopartments of Porphyrldlum cruentup. 

Chloroolast 
Stronal 

Pyrenold reg Ion Cytoplasrna 

gold partlcles ~-2 ! SE 

Phycoerythrin 

Anti-PE 545 

Rub 1 sr.o 

Antl-L$ 

Con troIs 

Nonilllllune IgG 

Proteln A-gold 
aione 

1.6 ! 0.3 

196.6! 7.2 

0.3 ± 0.2 

0.8 ± 0.4 

a Inciudes mltochondrla and starch 

b No. of nuciel eXdffilned ln ( , 

C No. of cell sectIons analyzed 

87.2 ! 3.0 1.6 ! 0.2 

2.9 ± 0.2 0.9 ± 0.2 

0.9 ± 0.2 0.8 ± 0.2 

0.7 ± 0.1 0.3 ± 0.1 
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Nucle~ 

1.1 ! 0.6 (9; 

2.0" ± ü.9 (4) 

1.9 ± 0.9 (6) 

1.1 ± 0.7 (6) 

;" , 

'l~ 

24 

20 

14 

14 



1 than backgraund cytaplasmlc labelllng tone t.ltlt,d Pdll"t'd t-tt ~;t, 

P<OO(5) 

Control experlments were P('I-lormt'!d bv repL-ILlng tilt' ,1Il11!->t'lI1l1l wIll! 

either non-lmmune rabblt lmmunoglobulin (.; or phùsphd.u'-buitt·l-l'd ';,llltll 

alone, followed bv proteln A-gold (Table l, St'(' ,d"" \ppt'l1dl'.») FOI-

each control. labt111ng denslties werE' la\>: 0\'\ 1 1 III \.\1 

campartment analyzed In ddditlon, the specl t III V ot t tw .mt i -Rubl ~,l'() 

LS and anti -PE S4') used III this study, to thE'll- correspond 11If, .ml 19l'W;. 

has been demonstrated bv Mangenev and Glbbs (1Q8l. SN' also Chapl(or II) 

and Ludw~g and Glbbs (lY8Y) 

J:! Cvtochemlcal detel't 10ll ot PSI 

USlng photooxidatlon of DAB to demonstratE" PSi dt'tIVlt\' wlthlll thl 

ch1orop1ast of P cruentum. WE: found an electron-dE-rlS(- polvlIl(·r t,) hl 

assoclated with aIl of the thvlakolds of the plastld, ll1t:ludllll', thll"1 

WhlCh traverse the pyrenold (Fig 

wlthln the lumens of most thv1akolds. howt:'ver. wh ... rl' ~tromal thvLlkold', 

were swoller., the po1vmer appeared assoclated onlv wlth th(· Jnf'mtHdIH' 

In addit lon to thvlakolds, the ml tochondrl a 1 Cri SUll' cino f'I\V( lop( 

were often stalned (Fig 3a). ThIS has been obsprv~d prpvlou~lv 

(Seligman et al. 1968, Martv 1977, \:aughn and Outldw 1981) .:Illcl l', 

IndIcatIve of cytochrome-oxlddse actlvltv 

In control cells Incubated ln DAB ln tht:' dark, mltochondrld 

retained the dense stalnlng whereas chloroplast thy1akolds wer~ larg~ly 

unstained (Fig. 3b). In the chloroplast, electron-dense deposl ts WE'n 

restricted ta small segments of only a few thylakolds. 

138 



t 

figs. 3a,b. Cytochemlcal localization of PSI actlvity in log phase 

ccll s of P crllentum Bars = 1 I-'m a. Cell in~ubated ~n DAB ln the 

light. The electron-dense deposlts produced by the photooxldation of 

DAB ar~ associated with a]l chloroplast thvlakoids lncludlng those WhlCh 

traverse the pvrenoid. Mi tochonddal membranes are al so stalned 

(arrowhpad) b. Control cell incubated in DAB in the dark The 

chlofoplast thylakolds are large1y unstained whereas mitochondnal 

membranes retain thelr electron-dense deposits (arrowheads) 
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1 3 Cytoc!JemL('al detf'ct lOTI ot PSI l 

Photosyst~m fI actlvlty was detected by the photoreduction of DS-NBT ta 

dl rormazan Reductlon of the tetrazolium salt was vlsually monitored 

through a chanp,e in colour of thE' cell suspensIon from red ta dark 

purple or black ThIS colour change 15 characterlstic of the 

photoreductlon of tetrazollum salts and was inltiated wlthln 1-2 mIn of 

lrlt'ubat ion in the 11ght In cell sectIons, dlformazan was localized ln 

the lumens of stromal thvlakolds but WdS absent from intrapyrenOId 

thvlakolds (FIg 4~) In thylakolds WhlCh extend from the chloroplast 

stroma into the pyrenold reglon the lumenal electron-dense deposlts 

stopped abruptly at the pyrenold border (Fig, 4a, arrowheads) 

Gel1 suspen~lons Incubated ln the dark or ln the presence of the 

PSI! Inhlbltor dtrdzlne dld not change calaur during lncubdtlon 

atra/lne-treated cell ln FIg 4b, the thvlakolds do not possess 

In the 

vl0ctron-dense deposlts Darklv stalned reglons are llmlted malnlv to 

arpas of the chloroplast envelope (Fig 4b. arrows) Irt additlon, 

scattered osmlophlllC globules are present ln the plastld These have 

bet'n ObS€lVed pl\:"Vlouslv (Se11gman et al. 1971) and are not considered 

to r~prpsent photoreduced DS-NBT 

4,0. Discussion 

4 l, Absence ot PE and PSI l act iVlty ln the pyrenold 

We have demonstrated that the intrapyrenoid thylakoids of the red a1ga 

Porph\'r ldium cruentum are not labelled by antl-PE al though a high level 
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Figs.4a,b. Cytochemica11ocallzatlon of l'SIL .let 1\'11\' III loi'. ph.!St> 

cells of P cruelltllm, Bars = 0 J ILm a. Cdl 111l'lIb.itld III Il'-.-NIH III 

the 11ght Electron-dense deposits rf'su1tlng trom photn["l·duct 11)11 nt DS-

NBT are found in the lumens of most !>tromdl th\'ldkold~, but lIul 11\ tilt· 

pyrenoid thylakolds, In thvlakoids WhlCh extpnd 1 rom t hf' chlolopl.i<it 

stroma into the pyrenold, the 1umenal el ect rOI1-dt-nSt depn.., 1 t~. l>\ld 

abruptly at the pvrenold border (arrowheads) b. Control (,pli 

incubated 1.n DS-NBT ln the llght 1 TI the prest'l1ct::' of at r.i/ 1 lit 

product le; not present ln the thvlakolds. mdnv of will ch an' gr! ,il 1 v 

swo11en 

(arrows) 

However, sorne regions of the chlot"oplast f'nvtlopt dn <,tdlll!d 
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of 1abe11lng is dSsoc13ted wlth the thvldkold Limt'ILw outsldr tilt' 

pyrenotd Phvcoervthrtl1 is the m,qot" componf'nt of tlw phVCll lllllSOI1lt'!, 

of P crUellrllIn, aceountlng tor more than IO~, ot their tot.il pt"ntt'lll 

«'cintt 1986), Thls pq!,ment-proteln L'omplex OCCUplt'S .l Pf't"tpl\\'I",d 

positIon ln the numprous rods WhlCh radlatt? out t rOIll t he l't'lit r,t1 

allophycocvanln core of P Crllf'/ltllIn phveoblllSOmf'S (l;dllt t illld Llpscllltl t,' 

1977 ) Our data do not rule out the posslbilltv ot othrr 

phvcobI1iprotelns belllg preSE'nt ln the pvrenold of l' Cna'/Itlllll, IlOwt'vl't. 

slnee phycob111somes of thls spec1es a1wavs contaln PE. Wf> conclud ... th,l! 

there arE no phvcobll1somes attached t 0 thf> thvl akolds whl ch t rdV('I"Sl' 

the pvreno1d of th1s aIgri Th, c; cont 1 rmc; th", VI slIal llnprf>S<; 1 on g 1 Vt'Il bv 

the published mierographs of this speClt-'s (E' g. Gantt ,lI1d COlll J jc,(,'J) 

ln additIon. we observed that dlfocmdzan resultillg trom tlll' 

photoreduct1on of DS-NBT was restrlctcd to thf' stromal thvLlkoid~, 'l'hl ~, 

Ind1eates that PSII aetivity ln the intrapvn.'I101d thvlakulds ib PI ttwr 

marked1 v redueed or entire1 v absent. Lev and But h-r (197/) hllVl 

reported that upwards of y~% of the 11ght excItatIon energy trapppd by 

the phvcob~i~somes of P cruentum IS Inltla11v transfprred to P~JJ 

" Thus. Slnce phyccbtllsomes in the pvrenoid of P. crllentum an- <lb,>{-nt, 

the on1v energv that wou1d bE" transterred to PSII complext:b ln tht 

thylako1d membranes wouJd be that trapped ~y the smal1 numbt-'r ot 

chlorophy1l a mo1ecu1es assoelated with·these reactlon cpntfr,> Thtl~ 

one would expect PSII actlvitv ln the pjrenold to be much reduc~d 

A further eontributing factor to the low PSII actlvlty observtd Jrl 

the intrapyrenoid thylakolds might be a deficieney of PSII complex{s 

assoclated with the EF faces of these thylakoids In the cryptomon~d 
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rtlBa~, wh~r~ PE 15 Bttached to the 1umena1 surface of the thy1akoid 

m~mbran~ lLlchtl~ et al. 1987; Ludwig and Gibbs 1989). Rhie1 et al. 

(l98~) and Llchtle et al (1986) have shown that when the 

phycol>ll i protE-'ln COl"tent of cells grown in hlgh light lS reduced by 90% 

or ~O%, there is a eorresponding reductlon in the number of EF partic1es 

(the putativ~ PSII complexes) locattd on thre thylakoid membranes In 

freeze-fracture studies of the chloroplast of P. crllentum (Neushu1 1970: 

1971), the EF face of the pyrenold thylakolds is not Identifled 

Clearly, addltional freeze-fracture studies or, a1ternatlvdy, Iffiffiuno-

cytochemical studies using antibodles against PSII polypeptides are 

needed in order to determine whether pyrenoid thylakolds are deficient 

III PSTI complexes or whether the absenc~ of PSII acrivity resu1ts s01e1y 

trom the lack of PSII Ilghl-harvestlng antennae pigments 

4.2. Photosvstem l actlvltv ln the pvrenoid 

Photosy~tem l actlvity was detected through the photooxidatlon of DAB 

The resultlng electron-dense reactlon product was found assoclated wlth 

,Ill thylakold lamellde lnrJudlng those WhlCh traverse the pyrenold The 

stainlng of Intrapyrenold thvlakolds lS belleved to be genulne It 

s~pms unllkelv that reaction products have secondarlly mlgrated lnto the 

pvrenoid reglon Slnee the oXldized po]ymer of DAB lS hlghly insoluble 

~10 Is assumed to remaln clo~e to the site of lts formatIon (Frederick 

1487) Oakl~y and Dodge (1974) have similar1y observed DAB reactlon 

product associated with the pyrenoid thy1akolds in P cruentllm. These 

findings indlcate that the pyrenold thylakolds may be capable of cyclic 

photophosphorvlation mediated by PSI. There would be litt1e non-cyclic 
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photophosphorvlat10n or O2 evolutlon dSSO<.'Ulted wlth IntLipvn-'nOLd 

thvlakoids. ~.Jwe\'er 

4 J Rubu:co .3nd pyrenoLds 

The apparent lntracellular compartmentatlon 01 billprlteln~ and PSII 

activlty observed in P. cruentllm in the present study .'1dV Iw n-I at l'cl t () 

pyrenoid function. At present. the role ot pvrenolds ~s not 

established: however. owing to their plastidlc locdti011. the\' dl~ likvl\' 

to be lnvolved ln photosyntheslS EVldence supporting this cornes lrom 

biochemlcal and i mmunocvtochemical reports a11 of whi ch i ndi ca If- t h.l t 

pyrenoids of varlOUS spPCles of algae contain the bifunctionaL Cdlvln­

cycle ~nzyme Rubisco (for references. see McKay and Gibbs 1 qglJ. fWP .11 i.() 

Chapter I). In thls study we have established that Rubl&CO 15 a150 

present in the pyrenold of P. crllentum The large &ubunit of RublSCO 

was highly eoneentrated ln the pyrenold of thls alga whereas strorndi 

levels of the enzyme were only sllghtly, al though signit i cdnt 1 V. él!JOVl 

background cytoplasmic levels (Table 1). 

Whether pyrenold Rubisco 15 active ln vivo lS not knowll SOlf)( 

studles 1ndicate that the pyrenoid represents a storagt:: pool ot the 

enzyme (Lacoste-Royal and Gibbs 1987). whereas othérs Indlcat f- thdt tilt 

pyrenoid funetions as a specifie metabo1ic compartment where CO] 

f1xation 1S ini tiated (M1yachi et al. 1986. Kuchl tsu et al 1988: HcK:ty 

and Gibbs 1989; see a150 Chapter I). The absence ot phycoblllSOIllt::~ ,md 

PSU activity in the pyrenold of P. cruentum indlcaté& that Ülf-n· woul cl 

be neg1igib1e O2 evolution wlthin the pyrenold. Although diffusion of 

O2 into the pyrenoid from the surroundlng chloroplast stroma wouLd 
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occur, conceivably the O2 ten~i~n in the pyrenoid might be lower than 

that in the adjacent stroma. In addition. celis of P. cruentuni grown in 

low CO2 have been shown to take up and utilize dissolved inorgatlic 

carbon with high efficiency in photosynthesis (Col~an and Gahl 1983). 

The cells possess an intraceIIuIar carbonic anhydrase (Dixon et al. 

1987) which has been shown to be located mainly in the chloroplast 

stroma (Yagawa et al. 1981). Thus conceiva~ly, the microenvironment of 

the pyrenoid would be one of high CO2 and Iow O2 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 ta 

the interpretation of our findings. We were unable ta 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 

amine acid sequences) to the same polypeptides found in terrestrial 

plants, green algae and cyanobacteria. Red al gal Rubisco SS, however, 

is highly related (structurally, immunological1y, kinetically) to its 

counterpart found in chromophyte a1gae (Newman et al. 1989). 

Of perhaps greater re1evance to our results, two immunolabe11ing 

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 laborator), show ttlat P. 

cruentum intrapyrenoid thylakoids are immunolabelled by antiserum raised 

against a 60 kDa PSI core-associated chlorophy11 binding protein 

(Mustardy et al. 1990; Cunningham et al. 1991). In contrdst, 

intrapyrenoid thylakoids arl~ 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

chlorophyl1 binding protein). These results indicate that the lack of 

PSII activity observed in our investigation is due not only to the 

absence of PSlI-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 sorne 
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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 ch1orop1ast stroma, as 

reported in our investigation, was low and present at a similar levei 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 CO2 (Moroney and Mason 1991). That HC03- can be 

transported into the thylakoid lumen has been proposed by Semenenko and 

co11eagues (as reviewed in Moroney and Mason 1991). It is anticipated 

that the .pH across the thylakoid membrane generated by electron 

transport could drive the dehydration of HC03-; the pH of the thylakoid 

lumen is -5. In this way, intrapyrenoid thy1akoids could supply Rubisco 

localized in the pyrenoid with substrate CO2 • 

...... 
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CHAPTER VIII 

Immunocytochemica1 characterization of the intrapyrenoid 

thy1akoids of cryptomonads 
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Summary 

Thylakoid lameIIae extend into the pyrenoids of only two genera of 

cryptomonad algae, Chroomona.s and Hemiselmis. In the present 

investigation, we used the technique of immunoelectron microscopy ta 

assess the photosynthetic competency of cryptomonad intrapyrenoid 

thylakoids. Intrapyrenoid thylakoids were shown ta possess 

phycobiliproteins and the chiorophyll a/c2 light-harvesting C'omplex, 

bath of which are associated with photosystem II in a light-harvestlng 

capacity. In addition, thylakoids that extend into the pyrenoid of 

Hemiselmis brunnescens were immunoiabelled by anti-photosystem 1. These 

results indicate that cryptomonad intrapyrenoid thylakoids likely 

function in a manner analogous ta thylakoids of the ~hloroplast stroma. 

Moreover, our observation that the Calvin cycle enzyme Rubisco ls 

pyrenoid-localized in these cryptophytes indlcates that the proeesses ot 

photosynthetic 02-evolution and RuBP carboxylation/oxidation are not 

spatially separated in these algae. 
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1.0. Introduction 

Investigations of a1gal fi\ne structure indicate that thylakoid lamellae, 

apart from being present in the chlorop1ast stroma, are frequent1y 

observed to extend into the \pyrenoid regions of algal chloroplasts 

(Griffiths 1970). Moreover, there is evidence to indicate that a 

structural (Gibbs 1960; 1962a, 1962b) and perhaps functiona1 (McKay and 

Gibbs 1990; Mustardy et al. 19~O; see a1so Chapter VII) heterogeneity 

exists between lamellae found ir the ch10rop1ast stroma and those 

10calized in the pyrenoid. Thy1~koid 1ame11ae that extend into the 

pyrenoid of the red alga Porphyrilullum cruentum appear to lack 

phycobi1isomes (see Flgure 1 ln Gantt and Conti 1965). Emp10ying the 

technique of immunoelectron microscopy, we determined that phycoerythrin 

(PE), the major component of the light-harvesting phycobi1isomes of this 

a1ga, was excluded from the pyrenoid (McKay and Gibbs 1990; see a1so 

Chapter VII). Moreover, we demonstrated by cytochemica1 staining that 

P. cruentum intrapyrenoid thylakoids do not possess photosystem (PS) II 

activity. 

Like red algae, cryptomonads a1so possess 1ight-harvesting 

phycobi1iproteins (MacColl and Guard-Friar 1987). Moreover, it is 

postulated that cryptomonads may have arisen by way of a eukaryote­

eukaryot~ endosymbiosis inv01ving a unice1lular 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 vestigia1 nucleus of the endosymbiotlc 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 Requf'nced 

separate nuclear and nucleomorph genes encoding functional l8S rRNA from 

Cryptomonss ifJ. Their phylogenetic ana1ysis shows the nucleomorph 

sequence to be close1y related to nuc1ear sequences encoding 18S rRNA 

reported from two red algae (Bird et al. 1990). In view of our previous 

findings concerning the intrapyrenoid thylakoids of Porphyrldium and of 

the proposed evolutionary proximity between red algae and cryptomonads, 

we have characterized the intrapyrenoid thy1akoids of two cryptophytes 

using the technique of immunoelectron microscopy. 

2.0. Materials and Methods 

2.1. A1gsl 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 iso1ated in 1977 from Lake 

Memphramagog, Québec, and has since been maintained in unia1gal culture 

at McGill University. During this investigation, it was cultured in 

S2T2 medium (Licht1é 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 
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(Sylvania F72Tl2jCWjHO) at a photon fluence rate of 40 I-&mol'm-2 's-1 in 16 

h lightj8 h dark cycles. 

2.2. Immunoelectron Hicroscopy 

Logarithmic-phase ceUs 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 sodlum cacodylate, pH 7.5, for H. brullnescens. 

The pellets were washed with co1d buffer and the cells dehydrated 

through a graded ethanol series followed by inflltratlon with propylene 

oxide and embeddlng in JEMBED 812 resin (Epon 812 equivalent; J.B. EM 

Services, Montréal, Canada) In addition, sorne Hem~selmis celis were 

embedded in Lowicryl K4M reSln (J.B. EM Services). These celis 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) 

gllltaraldehyde 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 immunolabe11ing, pale gold-coloured sections were eut with a 

diamond knife and mounted on formvar-coated nickel grids. The grids were 

placed section-side down on drops of the following solutions: phosphate­

buffered saline (PBS), 15 min; 1% (w/v) bovine serum a1bumin (fraction 

V) (BSA) in PBS, 15 min; antiserum, 30 min to 2.5 h; PBS, 4x5 m~n: 1% 

BSA in PBS, 15 min; prote in A-gold solution (O.D. m =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 

152 



ç J 

fable 1. Antisera employed in the present investigation. 

Dilution 
AntibodY H~u SOurce of Antiaen Imunoblots ImUllocYtochemistrv Reference 

an ti-PB 
(6 submit) 

rabbit Rhodomonas lens 
(Cryptophyceae) 

anti-chl g/~2 LHe rabbit Cryptomonas rufescens 
(19 kDa subunit) (Cryptophyceae) 

\nti-PSI 

anti-Rubisco 
(large subun i t ) 

rabbit Zea mays 

rabbit Olisthodiscus luteus 
(Rhaphidophyceae) 

1:104 

1:600 

1 :103 

1:500 Guard-Frlar et al. 1986 

1:80 Lichtlé et al. 1991a 

1:200 

1:500 Newman et al. 1989 
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method of Frens (1973) anQ was conjugated ta protein A (Analychem Corp .. 

Markham, OntariO, Canada) as described previously (Roth et al. 1978). 

Alternatively, in some 1abe11ing experiments. a commercia11y obtained 

preparation of protein A-gold was used (15 nm gold; Intermedico, 

Markham) Antisera and prote in A-gold were di1uted in 1% BSA in PBS. 

lmmunolabelled sections were post-stained with 2% (w/v) aqueous uranyl 

acet&te 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 prote in A-gold incubation. No 

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

2.3. Protein ExtractIon and Immunoblotting 

Soluble protein extracts of Chroomonas and Hemiselmls 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 

phenylmethylsulfonyl 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 ruaize 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 but [~t' A t 50 mM Tris-HGl. pH 

7.g, 300 mM sucrase, 20 mM MgSO.7H 20. 0.25% (w/v) BSA) contatning 1 mM 

PMSF were broken by sonication after which the proteln extract was 

clarified by centrifugation (30 min. 4 u C, 40,000 x g, Ti 10 l rotor. 

Beckman LB-70 ultracentrifuge). The supernatant, containlng PE and 

other soluble proteins, was discarded. The pellet, cansistlng of 

sedimented cell membranes and debris, was resuspended in ~ ml of ice­

cold buffer B (50 mM Tris-HCl, pH 7.9, 300 mM sucrase, 20 mM MgSO. 7H 20, 

1 mM Na-EDTA) and homogenized in a chilled glass tissue homog~nizer 

The homogenate was diluted to la ml and then centrifuged tirst al I~O x 

g for 7 min (4°C, SS-34 rotor, Sorvall RC2-B centrifuge) te remove 

unbroken cells and debris and then again at 40.000 x g for JO min ta 

sediment membranes. The thylakoids were washed again in bufter Band 

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 ~g 

chI ml- l
• Thylakoid membranes were solubilized by treatment with 1% 

(v/v) Triton X-IOO for 30 min at room temperature with stirring and wer~ 

then sedimented by centrifugation. The pellet was discarded and the 

clear green supernatant. containing solubilized protein, was layered on 

top of a continuous 10 ta 40% (w/v) suc rose gradient (10 ml) containing 

0.03% Triton X-lOO and centrifuged (16 h, 4°C, 165,000 X g, SW 41 rotor, 

Beckman LB-70 ultracentrifuge). Following centrifugation, the green 

pigmented fractions were removed and used for immunoblotting. 

Polypeptides were separated essentially as described by Laemmll 

(1970) on 12% or 15% sodium dodecyl sllifate-containing po1yacrylamide 

mini-gels and were transferred electrophoretica11y ta nitrocellulose 
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fi1ters (0 45 ~m; Bio-Rad Laboratories Ltd., Mississauga, Ontario) in 

transf~r 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 NaGl) 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 

blocking. fllters were incubated at room-temperature in the following 

solutions: primary antiserum, 30 min to 2 h; TBST, 3x10 mln; 1:103 goat 

anti-rabbit IgG-horseradish peroxidase (heavy and light chains; BIO/GAN 

Scientific Inc., Toronto, Canada), 30 min; TBST, 3xlO min; TBS. 10 min. 

Immnuoreactive bands were visualized by jocubating blots in a solution 

containing the chromogen 4-chloro-l-naphthol in TBS/methano1 plus H202 • 

The reaction was stopped by washing with deionized water. All antisera 

were diluted in TBST contalnlng 1% BSA. 

Prote in was determined with the Bio-Rad prote in assay kit using 

BSA as ~ standard and followlng the instructions provided by the 

manufacturers. Ghlorophyll concentrations were determined using the 

equations for ch1orophy11 (chl) c,-containing algae as described in 

Jeffrey and Humphrey (197~). 

3.0. Results and Discussion 

3.1. Antisera Specificity 

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

with specifie 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 molecu1ar mass of - 21 kDa in extracts 

from each cryptomonad (Fig. la); an observation of inter~st sine€' H. 

brunnescens is a PE-containing a1ga (PE 555; Hill and R:>wan 1989) 

whereas Chroomonas contains a phycocyanln (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 1ens and concluded that the antibody specifically 

recognized the fi subunit of PE. Our results with Cllroomonas, however, 

extend this observation to include recognition between anti-PE 545 and 

the fi 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 amine acid identity between the B subunits of 

cryptomonad PE and PC ( Sid1er 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. lb). The 

mo1ecular size of the immunoreactive polypeptide is within the range of 

valnes reported previous1y for the LS of chromophyte Rubisco (Plum1ey et 

al 1986; Newman et al. 1989). 

Polypeptide fractions obtained from suc rose gradient 

centrifugation of detergent solubilized thylakoid membrane proteins of 

H. brunnescens were used to determine the specificity of anti-PSI. 

Three chlorophy11-containing fractions were discernib1e fo1lowing 
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Fig. 1. Immunob1ot characterization of antisera. Positions of 

mo1ecu1ar 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 1ane, a single band having an 

apparent mass of -21 kDa is stained. b. Anti-Rubisco LS recognizes a 

prote in of -52 kDa from soluble protein extracts of Chroomonas (Lane 1) 

and Hemiselmls (Lane 2). c. Detergent-so1ubi1ized membrane proteins 

derived from H. brunnescens were used to de termine the specificity of 

anti-PSI. A diffuse staining band extending betweetl 10 and 24 kDa 

1ike1y represents severa1 immunoreactive polypeptides. An 

immunoreactive band having an apparent mass of -60 kDa is a1so 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 recognized polypeptides from fraction 3. This is consistent with 

results from previous investigations using cryptomonads, all of which 

identify the most dense fraction from sucrase 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. le). Olle to the conditions chosen for electrophoresis, these 

proteins were not well-resolved. A band in the range of 60 kDa was also 

stained. In addltion, several baùds 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 eomplex. This complex includes two similar, 

but non-identical polypeptides of the PSI reaction centre in addition to 

a group of low mass polypeptides whieh in higher plants are designated 

subunits II-VII (Margulies 1989). The funetions of these subunits have 

not yet been elucidated; however, they are required for electron 

transport through PSI. 

Antiserum d~rected against the chI a/c2 LHC was not characterized 

as part of the present investigation. It was raised against a 19 kDa 

apoprotein of the comp1ex isolated from Cryptomonas rufescens and its 

specificty has been demonstrated previously (Lichtlé et al. 1991a). 

3.2. Immunoelectron Hicroscopy 

In cryptomonads, members of two genera possess intrapyrenoid thylakoids. 
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In Hemise1mis, the broadly-based, sta1ked pyrenoid is entered by a 

single pair of thy1akoids (Santore 1982; 1984). In Chroomonas, severa] 

pairs of thylakoids may traverse the pyrenoid (Santore 1984: 1987: Hill 

1991). 

In order to assess the photosynthetic competency of cryptomonad 

intrapyrenoid thy1akoids, we have employed in the present investigation, 

the technique of immunoe1ectron microscopy. Cryptomonads are unique 

among photosynthetic organisms in that they possess phycobi1iproteins 

and chI c 2 , both of which serve in a light-harvesting capacity, 

transferring excitation energy preferentla11y lu 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 Hemlselmis 

brunnescens and the PC-containing Chroomonas sp .. phycobiliproteins (as 

shown by immunolabe11ing with anti-PE 545) are associated with all 

thylakoids, including those extending into the pyrenoid In Figure 2, 

gald partic1es are ~lear1y associated with thy1akoids that cross the 

pyrenoid of Chroomonas. Similarly. an intrapyrenoid lamella of H. 

brunnescens is immunalabelled by anti-PE 545 (Fig 1). In bath aigae, 

thylakoids in the remainder of the chioroplast are ~lso labelled. 

Previous studies have demonstrated that in cryptomon,'ds, 

phycobiliproteins are loca1ized within the thylakoid lu~en (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 

a1gae. 

Incubation of sections of Lowicry1-embedded H. brunnescens in 

anti-chl a/c2 LHC a1so 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 ~m. 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. AlI thylakoids, including the single lamella that enters the 

pyrenoid of H. brun~escens 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/c2 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 smaii pro]ecting pyrenoid. Jn addition, thylakoids 

exttnding throughout the remal.nder of the chioroplast are also labelled, 

albeit sparsely. The chloroplast stroma l.S unlabelled. Specifie 

thylakoid labelling using antl.serum raised against apoproteins of the 

chI a/c2 LHC has been demonstrated previously in cryptomonads (Rhiel et 

al. 1989, LichtIé et al. 1991a). Thus, our results indicate that both 

peripheral Iight-harvesting pigment-protein complexes possessed by 

cryptophytes are present not only in the thylakoids of the chloroplast 

stroma, but are also associated with cryptomonad intrapyrenoid 

thylakoids. Aithough we have not performed a cytochemical activity 

slain 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 Hemiselm1.s are labelled by anti-PSI (Fig. 5) 

Our observations for cryptomonaùs 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 

thy1akoids are not labe1led by antiserum raised against the PSII 

reaction center polypeptide D2 (Mustardy et al. 1990) nor do they stain 

for PSII 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 carboxylasejoxygenase 

(Rubisco. E.C. 4.1.1.39) is mainly pyrenoid-loca1ized in this alga 

(McKayand Gibbs 1990; see also Chapter VII). The resulting spatial 

separation between the process of photosynthetic 02-evolutlon and th(> 

reactions catalyzed by Rubisco, we argued, would promote Rubisco-

catalyzed carboxylation, rather than oxygendtion, of substrate ribulose 

1,5-bisphosphate (RuBP). This, ln turn, would promote photosvnthetic 

carbon fixation rather than photorespiration. 

Rubisco is similarly pyrenoid-localized in cryptophytes (Figs. 

6,7), yet, our immuno1abe11ing resu1ts indicate that cryptomonad 

intrapyrenoid thylakoids, unI ike those of Porphyndll/m. possess a 

functiona1 PSI! complex. It appears, then. that spatial separation 

between the react1.ons of photosynthetic 02-evolution and RuBP 

carboxylationjoxygenation is not a feature possessed by aIl 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 predûminantIy loca1ized in the stacked grana regions 

whereas PSI-associated proteins are found main1y 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 th~ same pattern 01 lateral heterogeneity in the 

distribution of photosystem components as established by the thylakoids 

of the chloroplast stroma That is, PSII actlvity is present in the 

sma11 grana stackn that often separate the pyrenoid subunits of 

Phaeoceros (Vaughn and 0wen 1989) but is absent from the unstacked, 

single thylakoids that traverse the pyrenoid of the hornwort Notothylas 

orbicularls (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 

recent1y been examined by immunocytochemical methods (Grevby et al. 

1989; Rhie1 et al. 1989; Lichtlé et al. 1991a; 1991b; Pyszniak and Gibbs 

1991). Here, unlike higher plants and green aigae, 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 (Rhiei et al. 1989; Lichtlé et al. 

1991a), diatoms (Pyszniak and Gibb~ 1991) or hrown algae (LichtIé et al. 

( 
199Ib). That is, in chromophyte aigae, PSI and PSII components are 
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10cated on both appressed and unappressed thy1akoid membranes. In light 

of this. our observation that cryptomonad intrapyrenoid thylakoids 

possess both PSI and PSII complexes 1S not surprising The single pair 

of thylakoids that traverse the pvrenoid of th€' dlatorn Phaeod.9ctvlu/ll 

tricornutum is similar1y Immunolabelled by anti-PSI (Pyszniak and Gibbs 

1991; McKay and Gibbs unpublished, see Appendix 4), stains for PSI 

activity (McKay and Gibbs 1991a) and i8 a1so label1ed by antiserum 

raised against a p~ripheral light-harvesting complex for PS]I (McKavand 

Gibbs 1991a: Pyszniak and Gibbs 1991: see a1so Appendix 4). Rubisco is 

a1so pyrenoid-10calized ln Phaeodactylum (McKay and Gibbs 1991a: see 

a1so Appendix 4), 

Why PSI! is exc1uded from the pyrenold of PorphyrldwllI cruentullI 1s 

not known, Even among other pyrenoid-containing red algae this feature 

does not appear to be widely conserved. A1though the published 

micrographs of P. aerllglnlum (Gantt et al. 1968) and Porpilyra 

leucosticta (Sheath et al 1977) indicate that intrapyrenoid thylakoids 

of these algae also lack light-harvesting phycobilisomes and presumably 

PSII activity, phycobi1isomes are present on thylakoids found in the 

pyrenoids of Rhodella cyanea (Billard and Fresnel 198b) and NemallOlI 

(e.g. Sheath et al. 1979). Our flndlng that PSII complexes are present 

in the pyrenoids of several chromophyte algae indicates that th~ absence 

of PSII from the pyrenoid of PorphyrldlllllI i5 not likely related to 

Rubisco functioning in algal pyrenoids Nevertheless, it is probable 

that the microenvironment of the algai pyrenold is one of high CO2 and 

low O2 , The frequency of thylakoids found in the pyrenoid is much 

reduced compared to that found in the chioroplast stroma. Moreover, 
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many algae. cryptophytes included (Suzuki and Ikawa 1985). possess 

effective concentrating mechanisms that aet to concentrate inorganic 

carbon species intracellular1y 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 Rubisco1
• Moreover, through research presented in 

this thesis, it appears that pyrenoid-localized Rubisco is catalyticallv 

competent and that this Rubisco functions in the process of 

photosynthetic carbon reduction. In Chapter II, a study combinit'g 

immunoelectron microscopy and photosynthetic physiology shows that in 

the green alga Chlorella pvrenoLdosa, Rubisco remains pyrenoid-lo,'al ized 

over a wide range of growth light f1uence rates, inc1uding 1ight that is 

saturating for photosynthesls. At aIl light levels lested, immul1ogold 

labelling over the remainder of the chloroplast was present at 

background leve1s Since maximum Rubisco activlty norma1ized to a per 

cell basis is only about 1. 2 -1. 5 times higher than the maxi mum rate of 

photosynthesis (Tsuzuki et al. 1985), the rates observed cannat be 

accounted for sole1y by the low levels of Rubisco that may be present in 

the chloroplast stroma. Rubisco in the pyrenoid must be contributing ta 

the observed rates of photosynthesis. 

Results presented in Chapter III further support a functiona1 role 

for pyrenoid-localized Rubisco. In higher plants, Rubisco activase 

catalyzes the activation and maintains the activated state of Rubisco in 

vivo. Recently it was demonstrated that Rubisca activase is also 

1 At present, we have no evidence to support a pyrenoid-location for 
enzymes of the Calvin cycle other than Rubisco; immuno1ocalization 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 Chlan,ydomonas, actlvase is located mainly ln the 

pyrenoid. A pyrenoid location for Rubisco activase would spem more 

llkely if the RublSCO 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 subunlts and the Q and fi subunits of H+-ATP synthase (Suss 

1990). In higher plants, it is postulated that two different pools of 

Rubisco exist; one form which catalyzes RuBP carboxylationjoxidation and 

another form which is complexed to receptors on the thylakoid membranes. 

Suss (L990) explains that this second pool of Rubisco prevents the 

former pool from complexlng to ATP synthase and in this way, inhibition 

of photophosphorylation ls avoided. Furthermore, he suggests that 

accumulating RublSCO 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 by 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 compartmentalizarion 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 metab01ite 

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 cyanobacteria1 

carboxysomes. Cyanobacterial Rubisco is very inefficient. possessing a 

value for Ka (CO~) of between 80 and 330 ~M (Badger 1980; Andrews and 

Abel 1981; Jordan and Ogren 1981; 1983). Immunoelectron microscopy and 

cell-fractionation investigations indicate that in cyanobacterla and 

other photosynthet~c prokaryotes, Rubisco is predominantly localized in 

carboxysomes (see Codd 1988, for review; see a1so Chapter V). RecE'ntly, 

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 CO 2 concentration. This, they 

suggest. cou1d be facilitated by excluding carbonic anhydrase (CA) from 

the thylakoid and centroplasmic regions of the cell and Instead, 

restrict its localization ta the carboxysome. In their model, transport 

components of the inorganic carbon concentrating mechanism are localized 

at the ce11 membrane and HC03- is the species of inorganic carbon 

169 



( delivered to the cell interior, perhaps by way of a transporter 

possessing a CA-like moiety. With CA restricted to carboxysomes, 

dehydration of HCO l - 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 HC03-:C02 in the cell interior, 

thereby preventing large scale leakage of CO2 from the celi. HCO J -

entering carboxysomes would be dehydrated by the CA located in these 

structures and the COz generated by this reaction would be required to 

diffuse through Rubisco molecules confined to a small region. The 

resulting high COz microenvironment would ensure COz saturation of 

Rubisco, thereby offsetting the low affinity this enzyme naturally 

displays for COz. 

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 pyrenojd-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 l, 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 major 

premise of their model, it appears that the model shou1d not be extended 

to include pyrenoids. Moreover, it is not entirely clear whether a 

pyrenoid-localized CA is absolutely necessary to generate the COz 

170 



-

required as a substrate by Rubisco. Two protollS are generated as part 

of the carboxy1ation reacth. r
[ cata1yzed by Rubisco anel the resu1ting 

acidification of the pyrenoid compartment wou1d promote formation of CO, 

from HCC j -. Furthermore, Rubisco enzymes from diverse groups of 

eukaryotic algae appear to be mO"e efficient than their cyanobacterial 

counterparts. Reported Kil (C02 ) values for Rubisco from pvrenoid­

containing algae range from about 20 ~M for the cryptomonad alga 

Chroomonas sp. (Suzuki and Ikawa 198~) to 70 ~M for the green alga Ulva 

fasciata (Beer et al. 1990). These values would place the a1ga1 enzyme 

at an intermediate level between the 10w affinity enzyme of 

cyanobacteria and the higher affinity enzyme of terrestria1 Cl-t.ype 

plants (Kil (C0 2 ) - 10-25 ~M; Jordan and Ogren 1981; 1983; Yeoh et al. 

1981). Perhaps in pyrenoid-containing algae, operation of an inorganic 

carbon concentrating mechanism a10ne ensures CO 2 -saturation ot pyrenoid­

localized Ruhisco. 

It might be suggested that pyrenoids represent an evolutionary 

intermediate hetween Rubisco being contained in carboxysomes and its 

being distributed throughout the chloroplast stroma. The cyanelles of 

sorne endocyanomes may represent an extant link between pyrenoids and 

carboxysomes. Cyanelles are blue-green-coloured prokaryotes WhlCh are 

obligate endosymbionts in sorne eukaryotic protists. Usually, they are 

observed to possess electron-dense, carboxysome-1ike structures (Kies 

1984). In sorne host genera (e.g. Paulinella, Gloechaete) , the 

"carboxysomes" of cyane11es are delimited by a non-unit membrane (Kles 

1984), a characteristic similar to that of cyanohacteria. However, in 

the genera Cyanophora and Glaucocystis, cyanel1e "carboxysomes" are not 

171 



( membrane-bound (Kies 1984) and thus more resemble pyrenoids. 

Furthermore, emp10ying immunogold cytochemistry, Mangeney and Gibbs 

(1987) demonstrated that "carboxysomes" of the cyanelles of Cyanophora 

paradoxa and Glaucocyst~s nostochlnearum contaln 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 thy1akoids and a smaH 

amount of stroma. Other hornwort genera exhibit more dissected 

pyrenoids. Many members of the genera Anthoceros, Dendroceros, 

Folioceros, Pl1aeoceros and Sphaerosporoceros possess multiple pyrenoids 

where individual unlts are dissected by large regions of stroma 

containing both stacked and unstacked thy1akoid lamel1ae (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 

ch10roplast division in multiplastidic cells. Perhaps the loss of 

pyrenoids ls 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 ln the chloroplast 

stroma. Moreover, not a11 pyrenoid-containing organisms possess 

intrapyrenoid thylakoids. Our initial observation that the 

intrapyrenoid 1amel1ae of Porphyndium cruentum 1ack photosystem (PS) II 

activity, and presumably photosynthetic 02-evo1ution, (Chapter VII) led 

us to speculate that the pyrenoid might provide a ruicroenvironment 

having a high CO2 :02 ratio. That cryptomonad intrapyrenoid thylakoids 

possess PSII light-harvesting complexes (Chapter VIII) indicates that 

the absence of PSII from intrapyrenoid lamellae as observed 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 Ru:)isco LS in the leaf of a C3-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 

~m. 

Fig. 2. Immunolocalization 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) i8 mainly unlabelled. Bar = 0.5 ~m. 
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Figs. 1-3. ContraIs for immunoiabelling studies. Bars - O.J ~m. 1. 

Section through Chlorella pyrenoidosa incubated with rabbit non-immune 

IgG. Very few gold particles are evident over the pyrenoid (py) or the 

remainder of the chloroplast (c). A similar low level of label1ing is 

observed over other cellular compartments. 2. Section through 

Chlamydomonas relnhardtii 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 ~m. 4. 

Section through Porphyr idium cruentum incubated wi th rabbit non- immunE> 

IgG. Only a fev scattered gold particles are evident over the pyrenoid 

(p) and chloroplast (c). The remainder of the cell 1s likewise. mainly 

free of label. nucleus (n). 5. Section through Hemiselmis brullnescens 

incubated vith rabbit pre-immune IgG. Only a fev gold particles are 

found scattered over each cellular compartment. 
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F'ig. 1. Dosage effect of Aatrex on photosynthetic 02-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-1 and light was provided 

at a near saturating fluence rate (160 pmol'm-2 's-1
) Results are the 

average of two trials. • Effect of Aatrex on photosynthetic O2 -

evolution. Aatrex was dissolved in methanol; the final concentration of 

methanol in the c~ll suspension used for assay being no greater than 

1.5% (v/v). Q Control. Rate obtained when no methanol was added ta 

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

cells has a slight inhibitory effect on photosynthetic 02-evolution. 
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Fig. 1. Two cells of the diatom Phaeod3ctvlum tncor/lutu/ll having 

recently completed division. These cells are embt>ddt:'d in Epon l't'sin and 

immunolabelled by antiserum raised against a mixture ot polypeptides ot 

the fucoxanthin-chl ale LHC isolated from this alga (dntiserum WdS 

kindly provided by D4. A. Grossman) Gold particles are abundant 

throughout the chloroplast. usuallv associated with thylakoid lamf'llat>. 

In addition. a single pair of thylakoids (arrow) which traverse the 

pyrenoid in each cell are clearly labelled. Other cel] compartments art' 

mainly unlabelled. Golgi (g). nucleus (n). Bar = 0 5 #m. 

Figs. 2,3. Log phase cells of P. tricornutum processed [or t>lectron 

microscopy by rapid freezing followed by molecular distillation drying 

and embedding in L.R. White resin. Bars - 0.5 ~m. 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. trlcornutum. Gold particles are concentrated ovpr 

the pyrenoid (arrowhead) whereas the remainder of the chloroplast ls 

only lightly labelled. The nucleus (n, and other cel1 compartments are 

mainly Ul.labelled. 
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