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Abstract

The distrihution of pholOsystem 1 (PS \) and photosystem Il (PS Il) in a primitive

green alga TeTrasefmis suhcordiformis. which hclongs to Prasinophyccae and docs not

have gr,ma in iL~ chloroplast. was studied hy immunoclcctron microscopy. Two PS 1

antihodies were uscd: one against a PS 1 component of maize. the other against the 60

and 62 KOa PS 1reaction centre protcîns of Ibe cyanohacterium Synet/lOcoccl/S efongaTl/s.

80th antibodies showed Ibat 76-78'7r of L'le labclling is on the appressed Ibylakoid

membmnes and only 22-24'7r is located on Ibe unappressed memhmnes. Use of antiscrum

against cp-47 of PS Il from S. e/ongaTl/s also gives 76'7r of the labclling on appressed

Ibylakoid membmnes and 24'M on unappresscd Ibylakoid membmnes. Cytochemical

detection of PS 1 activity by Ibe photooxidation of 3.3'-diaminobcnzidine and of PS Il

activity by Ibe photoreduction of distyryl nitroblue tetr.l7.olium chloride also revealed Ibat

PS 1 and PS Il activitics exist on bolb types of Ibylakoid membmnes. Therefore. our

rcsults indicate Ibat Ibe distribution of PS 1 and PS Il in green algae may dilTer from Ibat

in higher plants.
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Résumé

La distrioution des pholosyslèmes 1ct II (PS 1. PS II) daus l"algue verte primitive

Te/ruse/mis .l'uhcordiformis a été étudiée par une méthode immunologique de detecùon

couplée à de la microscopie éléctronique. Dans celle algue. une prasinophyte, les

thylacoïdes ne sont pas organisés en gr.ma.

Deux anticorps différenL~ ont été utilisés pour idenùfier le photosystème 1de celle

algue: un dirigé contre une des particules de PS 1 de maïs et l"autre contre les protéines

de 60 ct 62 KDa de la cyanobac~rie Synechococcus elonga/us. Les deux anticorps ont

montré une distribuùon similaire, 76-78% du marquage est présent dans les membranes

juxtaposées des thylacoïdes et seulement 22-24% dans les non-juxtaposées.

De même, en utilisant un anùcorps dirigé contre la protéine cp47 du PS II, le

marquage est aus.~i de 76% dans les membranes juxtaposées et 24% dans les non­

juxtaposées.

La présence de r activité de PS 1 et PS II dans les deux différents types de

membranes thylacoïdales a aussi été démontrée par la photo-oxidaùon du 3,3'­

diaminobcnzidine et la photoréducùon du distyryl nitrobleu chlorure de tétrazolium

respectivemenL

Ainsi, nos résultats indiquent que la distribuùon de PS 1 et PS II peut être

différente dans les algues vertes et les plantes supérieures.
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Contributions to original knowlcdge

This investigation has demonslfat.:d for th.: lirst lime [hat photosystem 1 and

photosy~tem 11 in the primitive green alga TetTaseimis SllhcordiJimnis ar.: locat.:d on both

appresscd and unappressed thylakoid membranes. These resull~ may indicate that th.:

heterogeneous distribution of PS 1 and PS Il seen in higher planl~ may not have evolved

in primitive green algae which do not posses.~ gr.tna in their chloruplasl~. Thus l'rom an

cvolutionary point of view. one question has ariscn: when did the heterogeneous

distribution of PS 1 and PS II sccn in higher planl~ develop'! Or. in other words. what

kind of thylakoid structure SUppOrl~ this heterogencous distribution'!
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Chapter 1 Literature Review

ln higher planL~ anù green algae. lhere are four supramolecular complexes which

are invoiveù in pholosynthesis (Slaehdin 19X6). These four compkxes arc: 1.

pholosyslem 1 (PS 1J. which indudes lhe PS 1 reaction centre containing two molecuks

of P700. a lighl-harvesting complex 1 containing chlorophyll aIb protcins (LHC 1) and

dectrnn transfer interrnediates which tr•.msfer electrons l'rom PSI to NAD?"" to forrn

NADPH: 2. photosystem Il (PS Il). which includes the PS Il rcaction centre containing

two mokcules of P6XO. a light-harvesting complex II containing chlorophyll aIb proteins

(LHC Il) and seveml interrnediates in the clectron lransfer chain (electrons l'rom the PSII

rcaction centre pass thrnugh a series of interrnediates and then go to the PSI rcacùon

centre): 3. the cytochrnme hjf complex. which is the main intcrrnediatc in electron t10w

hctween PS Il and PS 1: 4. AT? synthetase. which forrns AT? l'rom ADP using the

energy gained hy discharge of the W-gmdient forrned across the thylakoid membrane by

the clectron transfer chain or by the cyclic pathway which involvcs PS I.

The pathway of electron Ilow in photosynthcsis is called the Z scheme (see Fig.1l.

The water-splitting enzyme. which lies under the PS II rcacùon centre and projects into

the thylakoid lumen. catalyses the photolysis of water into oxygen. W ions and electrons.

The rcsulùng electrons fin the "electron holes" in the PS II reacÙon centre chlorophylls.

that occur when thesc arc converted to P680·. Light energy. i.e. photons absorbed by

LHC II. causes excitaùon of chlorophyn in the LHC II antenna complex. this excitaùon

is subsequently transferrcd to a special pair of chlorophyn molecules. called P680. in the

1
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Fig. 1. Z scheme. The waler-spliuing enzyme catalyses Ihe phololysis of waler inlo

oxygen. ri'" ions. and elcctrons which arc tr.lnsferrcd 10 P68Cl'. The IWO P680 molecules

in the PS Il reaction centre are changed 10 an exciled state by the absorplion of pholons

and donate an electron 10 Ph.. this electron will then he passed Ihrough the c\ectron chain.

P~. PQa. PQ pool. Cytochrome bJf complex. PC. and a special pair of chlorophyl1

molecules in PS 1 reaction centre which have each losl an electron and are called P700"

P700 is also changed 10 an exciled stale in the same way as P680 and passes an electron

to Fx• Fa. FA' Fd and NADP+. Pha. pheophytin; P~ and PQa. plasloquinonc molcculcs:

PQ pool. mobile plasloquinone moleculcs: PC. plaslocyanin: Fx• Fil' and FI\' Fe-S clcctron

transport proteins: Fd. fcrrcdoxin. (Fig. 18.9 in Rawn 1989).
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PS Il n.:actilln centre. As a n:sult. P6XO is changeù tll an e"dteù state (P6XO·). which

ùllnates an elcctron tll phellphylin a anù becomes P6Xlr. The e"dted elcctron in

pheopbytin Cl pa.\ses through a series of intermediates to the cytochrome b,/f comple".

pla.\tocyanin anù ultimately to the electron ho1cs in the PS 1reaction centre. Photons also

raise clectrons in the chlorophyll moleeules in PS 1 (P700) to the e"cited state; thesc

electrons then pass through a series of intermediates to NADP+ to form NADPH.

Ali four of these supmmolecular comple"es an.: located on the thylakoid

membranes of the chloropla.~t. Ir. higher planl~ and in sorne green algae. the thylakoid

membranes arc composed of stroma-cxposed thylakoid membmnes and grana thylakoid

memhr.lI1es. which are formed by adjacent thylakoid membranes stacking together. Grana

thylakoiù memhmnes consist of the end region (outermost membrane of grana). the

margin region (edges of gmna thylakoids). and the partition region (membmnes of

adjacent thylakoids adhering together). The partition regions are also called apprcssed

memhranes. whereas the end and margin regions belong to unappressed membranes.

Therefore. gr.lI1a thylakoid membmnes contain both appres.<;cd membranes and

unappressed membmnc.~. However. stroma-exposcd thylakoid membranes contain only

unapprc....<;Cd membmnc.~. The concept of unapprcssed and a:>prcsscd membranes is very

important for the locali7.ation of the photosynthetic complexes. PS 1 and PS II. which is

the main topie in the following discus.~ion.

3
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1.1 Photosystem 1

Owr th.: past tw.:nty to thirty y.:ars. th.: illl:alization of PS 1 has l'>.:.:n stuJi<:J lIsin~

a vari.:ty of r.:s.:arch mo.:thoJs. How.:wr. most r.:s.:arch has l'>.:.:n Jon.: on hi~hcr plants.

whil<: v.:ry f.:w studi.:s hav.: l'>.:.:n p.:rform.:J on gr.:.:n algac. Only Ch/<ll1lydiJ/I1i1I1<lS h;ls

b.:.:n studi<:d l'>y immunogold d.:ctmn mi<:ros.:opy. Th.: curr.:ntly favour.:J moJd for th.:

localiz.ation of PS 1. propos.:d by And.:rson and And.:rsson (19S2). is that PS 1 is Illl:al.:J

.:xclusivdy on unappr.:ss.:d m.:mbran.:s. although th.:r.: ar.: som.: stuJi.:s whi<:h Jo not

agr<:.: with this hypoth.:sis.

Th.: .:vid.:nc.: which supporL~ this modd tirst cam.: from billl:h.:mkai studi.:s.

Âlœrlund and his co-work.:rs (1976) d.:vdop.:d a t.:chniqu.: in which Y.:da r-rcss tr':.ltm.:nt

of spinach thylakoids was used. follow.:d by aqul'ous polym.:r two phas.: partition. to

separate thylakoid membranes into apprcssed meml'>rJ.ne v.:sicle and unapprcss.:J

membrane vc.~icle frJ.ctions. With this method. Anderson and Melis (1983) obs.:rv.:d that

P700 photoxidation was seen mainly in the unapprc.,~d membrane fraction. whil.: only

about 20% was found in the grana fraction. Th.:y explained this rc.~ult by hypothesiz.ing

that the 20% of the PS 1 activity observed in the apprc.'~d membrane fraction was due

to contamination from unapprc.<;,.~d membranes which did not separate from the grJ.na

fraction. since there is a similar amount of ATPa.~ coupling factor to he found in gmna

fractions (BerJ:bom et al. 1981). ATP SynthelaSC theoretically must he located on

unapprcsscd membranc.~hecause it needs the W-gradient to catalyse its ATP synthesiz.ing

function. Apprc.~d membranes cannot provide this li"-gradienL Therefor<:. they

concluded that PS 1 rcsides exclusively on unapprcsscd membmnes.

4
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Furth..:r support for this modd of PS 1 localizalion is d..:rived from measurcmcm

of partid..: siœs in fr..:..:z..:-fra":lurcd and frccze-elchcd lhylakoid m..:mhrancs. After

fn:..:zing. lhylakoid m..:mhranes can h<: fraclurcd inlo four fac<:s (PFs. PFu. EFs. and EFu).

ln lh..: chloroplasl. lh..: EF half of lhe lhylakoid m..:mhmne is thal hordering the lumen.

while lhe PF half of lhe membrane horders the chloroplasl stroma or in the case of

appn:....<;<:d gmna memhrane. the adjacenl membrane. The subscripLS s and u rcfer 10

slacked and unslacked. resp..:clively. Sludies using mUlanL~ dcficicm in various

pholosymhelic complexes have rcvealed thal PS 1 particles arc corrclalcd wilh the PFu

face. Freeze-frdclured PS 1 parliclcs isolaled from thylakoids of pea scedlings and

incorpordled inlo phosphalidylcholine vc.~icles are 10.6 nm in diarneler (Mullel el al.

1980). In a h;"rley mulant. viridis-zb·~. which has complelely 10Sl one of the PS 1reaction

centre proteins. rcsulL~ showed lhal the densily of the large parliclcs (10-13 nm) on the

PFu face was greally reduced. while the densily of the small parliclc.~ on the PFu face and

thal of the parlicles on EFs and PFs facc.~ were almosl unchanged (Simpson 1983). The

mai7.c mUlanl 1481. which Jacks the PS 1core prolein, and the C. reinhardtii mUlant F14,

which has 10Sl both the PSI primary electrûn donor P700 and the PSI reaction centre

anlenna prolcin. both exhibited similar rcsults (Miller 1980; Olive et al. 1983). Thesc

PFu facc·a.'i.~ociated large parlicles not only contain PS 1 core and antenna proteins. but

also contain LHC l, sincc thc.~ parliclcs arc decrcased on the prcsumcd PFu face of the

thylakoids of C. reinhardtii mutant AC40, which is deficient in part of the LHC 1

complcx (callcd CPO), while the parliclcs on the EF face and the presumed PFs face

showcd no significant change (Olive et al. 1983).

5



•

Immunogold lahdling giws th~ most dir~cl e\'idenœ l'or Anderson and

Andersson's model. The protdn in question can he det~cted hy incuh;llion with its

antihody rollow~d hy incuhation with proldn A. which has an antihody-hinding site and

has hecn con.iugat~d 10 colloidal gold partides. Vallon et al. (I<)So) used an antihody

against lhe PSI reaclion œntr~ protdn CPI 10 lahel spinach and Chlamytlome>rlas

reinhartlrii lhylakoid memhr.mes. and round that ahout l\4'ii- of lahelling was on the

unapprcs.o;cd memhr.me in C. reinhartlrii and %% in spinach. Sinœ use of an antihody

againsl lhe lX and LI suhuniL~ of CFI (an ATPa.o;c coupling faclor which should only rcside

on unappres.o;cd memhml1es) gave a similar lahelling pallem. lhey considered the small

amounl of lahelling on appres.o;cd memhr.mes to he nonspccilïc hackgrnund. Thereforc.

lhey concIuded thal PSI is \ocated entirdy on unappres.~ed memhmnes. A study of the

barley mutanl viridis·m • which lotally Jacks PSU aclivily. using anlihodies mised againsl

the PSI reaclion centre prolein. also showed lhal PSI wa.~ complelcly located on

unappres.o;cd lhylakoid memhr.mes (with 4.9% of lahelling hackground on appres.o;cd

membnmes) (Simpson el al. 1989). However. lhe resulL~ l'rom lhe Chlamytlomonas

sludies (Vallon el al. 1986) should he considered with caution. One rea.~on is lhal the

authors did nol show any microgrdph of PS 1 lahelling. allhough they gave a stalislical

resulL The olher rea.~on is thal lhe thylakoid struClure of Chlamydomonas seen in the

figures of thal papcr is very swolIen. when comparcd with the normalthylakoid struClure

of Chlamydomonas shown in Trémolières's papcr (1991). This swelling may have heen

induced by nol balancing the osmolarily during the fixation. or il is sometimes scem in

6
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very old cells (at stationary phase). What.:ver the reasnns. the swollen thylakoids may

change their memhrane propenies and protein distrihution.

A reœnt hiochemiçal study made by Andreasson and her colleagues (1988) using

spinach is a extremely important one for PS 1 locali7.ation. They used sonication ln break

thylakoids already separated in an aqueous two phase system. They then obtained

unappressed memhranes and apprcsscd grana membranc..~ by countercurrent distribution

or by a batch procedure. Two types of PS 1 werc found. differing in their antenna sizes

and in differcnt locali7.ations. Thc..~ two types of PS 1 are termed PS r,. (Iocated in grana

membranes). and PS 1. (Iocated in unapprc..~d membranes). PS r,. ha..~ a larger antenna

complex than PS 1.. Most of the PS la is associated with LHC 1. while smaIl amounts

are a..~sociated with LHC II. Sincc grana membranes consist of both apprcssed and

unapprc..'i..~d membranes. furlber work should bc done to determine the origin of PS r,..

Andrca..'i..~n and Albcnsson (1993) separated the margin region from the grana fraction

and found that the componenL~ of LHC II from the margin region arc very similar to

those of LHC II a..~ociated with isolaled PS r,.. bUI differ from LHC II panicles from the

apprc..'~d grana membrane fraction (with the margin region rcmoved). Their results

indicate that PS r,. resides on the margin rcgions. which consiSI of unapprcssed

membranes. a..~ weB as on the end membranes. Thus. il was confmned in spinach thal PS

1 distribution is heterogeneous and aIl PS 1 parlicles arc exclusively localed on

unapprc..'i..~d membranes.

Data derived from cylochemical sludies using 3.3'-diaminobenzidine (DAB) as a

marker for the locaIi7.ation of PS 1 disagrce with Anderson and Andersson's model.

7
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DAB. as an anitïcial c!ectmn donor. can he photnn~idized tn fnnn dark deposiL' in the

thylaknid lumens if PS 1 activity e~isL' nn thcir sUITounding memhranes (Chua 19n).

On the DAB-lahelled harlcy thylaknids (Vaughn et al. 19lG). dark DAB deposiL' eould

he seen on hnth unappressed and appressed memhranes. This result suggested that PS 1

of harley may reside on hoth types of memhranes. Similar resulL' werc also seen in

studies l'rom spinach (Nir and Pease 1973) and Co/eus Mume; (Marty 1977). Hnwevcr.

since these cytochemical studies alone can not give quantitative measuremenL'. a

combination of both cytochemical and immunological studies may olIer more conclusive

rcsuIL'. Callahan and co-workers (1989) used hoth cytochemical and immunological

measurement to detect the location of PS 1 activity in Spirodela. Cytochemical resulL'

showed that very strong dark DAB deposiL' occurrcd on unapprcssed memhranes. hut

grana apprcsscd membranes showed a relatively weaker DAB deposition. Meanwhile.

densitometric scanning of immunobloL' revealed that ca. 13% of PS 1wa, a,sociated with

apprcsscd membranes (17% for subunit 1 and 9% for subunit Il. so 13% is the average

of both). and 87% with unapprcsscd membranes (Callahan et al. 1989). In rcsearch done

on maize (Wrischer 1989) and greening hean leaf chloroplast (Wrischer 1978). it wa, also

found that DAB rcaction deposits were present on both membranes. but it wa, relatively

weak in the grana membranes, except in the top and bottom thylakoid of each granum.

Since the color of the deposiL' on apprcsscd membranes is evenly gray. there must he

very few. if any. PS 1 particle.., located on apprcs.'Cd mcmbrane..o;. According to my

observations. only strong dark deposits cao he counted as sites of DAB photooxidation

rcaction. while the cvenly gray color may only rcflect cxpcrimcntal background.

8
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From the studies mentioned ahove. Anderson and Andersson's model is quite

acceptahle; nevertheless. Slll;·,e of the cytochemical studies do nnt agree with il. Since

very few spccies of green algae have heen uscd for the location of PS I. 1 do not think

that this model should considered truc for green algae bcfore a variety of green algae

have been studied for this purposc. Actually the thylakoid structure of green algae is

varied. In many spccies (for example. in the primitive green algae. Terraselmis

subcordijormisl. chloroplasL~ do not have gr.ma; instcad. they arc traverscd by extended

hands of appressed thylakoids. The numbcr of thylakoids in each band varies from 1 to

20. Unlike higher planL~ in which unappressed membranes are made up mostly of

stroma-exposcd thylakoids (or single thylakoidsl. thcsc green aigae only have a very small

amount of single thylakoids; therefore. the unappressed membranes are mostly located on

the end regions of slacked thylakoids. In other green aigae. such as Nirella jlexilis

(Hilgenheger and Menke 1965) and Chaerosphaeridium globosum (Mocstrup 1974). both

membcrs of the Charophyccae. chloroplasts have weII-developed grana. From the

evolutionary point of view. grana arc a highly developed form of thylakoid arrangement.

Blue-green algae and red aigae only have single thylakoids and most chromophyte aigae

have thylakoids arranged in bands of three (Gibbs 1970). Therefore. the heterogeneous

distribution of PS 1in higher plants may aiso have proceeded in evoluùonary steps. Since

higher planL~ evolved from green algae. studying the distribuùon of PS 1 in a variety of

green algae may let us elucidate when this disÙnct distribution of PSI evolved.

9



•

•

1.2 Light Harvesting Complex 1 (LHC I)

LHC 1 is lh.: acc.:ssnry lighl-harv.:sling anl.:nna compkx of PS 1: pflll.:ins

assoCÏal.:d with LHC 1migral': in lh.: 20-25 KDa rang.:. and ar.: immunologically difli.:r':nl

from lhos.: of LHC Il (Mdis 1991). Th.:re ar.: lWO lyp.:s of LHC 1: on.: is LHC l-oSO

which has a shon tlunr.:sœnc.: wavd.:nglh; th.: oth.:r is LHC 1-730 which has a long.:r

tluoresc.:nc.: wav.:l.:ngth. R.:constitution studi.:s rev.:akd that th.: pr.:s.:nc.: of LHC l-oSO

is n.:c.:ssary for th.: transf.:r of .:xcitalion .:n.:rgy from LHC Il to PS 1 (8assi and Simpson

1987). Immunological study has rewal.:d that LHC 1 is locat.:d 110 unappr.:s.-;cd

m.:mbran.:s (Di Paolo ct al. 1990).

1.3 Photosystem Il

The locali7.ation of PS Il is quite cenain. Almost alI the studies l<lr this purposc

agree with the model suggested by Anderson and Anders.'mn (19112). In this model. nearly

80% of PSU reaction centres reside on appres..-;cd gmna membranes. the remaining 20%

bcing located on stroma-exposcd unapprcsscd membranes.

Evidence for this cornes l'rom biochemical studies. Àkerlund and co-workers

(1976) uscd the Yeda pres..~ to homogeni7-c spinach cells with low salt-destacked g....ma.

folIowed by aqueous polymer two-phasc panitioning to sepamte thylakoid membmnes into

two fmctions. They found that about 75% of the total PS U activity is derived l'rom the

grana region. Anders.~on and Anderson (1980) used the sarne techniques 10 derive twu

fractions and then ran both fmctions on discontinuous SOS polyacrylamide geis. The

fluorescence absorbance of cach component aIso revcaled that 80-90% of PS Il rcaction
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ccntn: compkxes are re,aricll:d to lhe appres.sed memhrdnes. whik 1O-2nr;,. can he

localized lo lhe unappresscd stromal lhylakoid memhranes.

Frecze-fraclure sludies also support this model of PS Il localizalion. Sever.ll

researchers have found that PSII aclivity is cOITelated with the density of large particles

(ahout 1fi nm) on the EFs face. Freeze-frdcturc microgr.lphs of a harley mutant which

ha.s lost ail PS Il activity rcvealed that parlicles on the EFs face were reduced by 96'7<-.

while the density of the panicles on the PFs and PFu faces exhibited no signiticant

change (Simpson ct al. 191\9). The correlalion is even cIearcr in two mutants of

Chlamydomonas reinhardtii. In one mutant. 84. which is totally lacking in PS Il

reaction centres. 16 nm siz.cd particles (which represent intact PS II - LHC II complexes)

on the EFs face arc totally absent; in another mutant. F34SU3. which only Jacks half of

the PSII rcaction centres. the density of 16 nm particlc..s on the EFs face is hall' of that

seen in wild type cells (Wollman et al. 1980). Other free7.e-fracture studies on

Tradescantia (Kerc..s7.te ct al. 1976). Chlorella (Lacambra et al. 1984) and

Chlamyc/omonas mutant FUD 34 (Olive and Vallon 1991) all produced similar results.

]t l'las also been conlirrned that these 16 nm si7.e particles on the EF face in higher plants

and green algae represent intact PS II - LHC II complexes. A chi b-Iess barley mutant

(Miller ct al. 1976). chi b-deticient Chlamydomonas (Goodenough and Staehelin 1971)

and chi b-delïcient soybean mutants (Keck ct al. 1970) have their PS II reaction centres

intact. but Jack LHC 11; on the EF face of their thylakoids. the density of particles did not

change. but the siz'c of particlc..s wa.s reduced.

Il



•

•

Mon: evidence for this scheme of PS II localization is derived from c)'lochemical

studies. Photnreduclion of tetr.ll.lllium salL~ can he used for this purpose. sincc these s;llts

form insoluhle deposiL~ in the thylakoid lumen if PS II activit)' is present. Photorcduction

of tetrazolium salL~ ean he inhihited hy a PS II inhihitnr. ~-cr.·r 0 dichlowphenyl}-I.I­

dimethylurea (DCMU). When the tetral.lllium salt thiocarhamyl nitrohlue tetr.ll.lllium

(TCNBT) was used to detect PSII activity in harley (Vaughn ct al. 19S3). hcan etioplasts

(Wrischer 1988). Coleus blul1Ieï (Many 01977) and maize (Wriseher 1989). the resulL~

showed that the strong dark deposiL~ were predominantly localized on the grana. while

only a small amount of deposition wa~ seen on the stroma-exposed unappressed

membrane. Immunogold lahclling at the elec!ron microscopie level gives a great deal

of direct evidence for this model. When antibodies against spinach PS II-core pwteins

DI and 02 were used to lahcl thylakoids of spinach and Chlal1lydol1lonas. nearly XX% and

90% respectively of the labclling appearcd over lhe grana thylakoids (Vallon Cl al. 19X6).

Use of other anlibodies r.ùsed againsl PS Il proleins of Chlal1lydol1lonas 10 lahcl the

thylakoids of spinach and Chlamydomonas with 10 nm gold particles ha~ contirrned these

rcsults (Vallon el al. 1985). Antibodic.~ againsl barley PS Il herbicide receplor prnlein

DI. and PS II reaction centre anlenna proleins. CP47. and CP43. also gave similar resulL~

(Simpson el al. 1989). Throrcfore. il is nol surprising thal three different anlibodies

againsl oxygen-evolving proleins which arc associaled with the PS Il reaclinn centre

complex also showed 84% of labclling on gr.ma mcmbr.mc.~ (Goodchild cl al. 1985;

Simpson et al. 1989).
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However. as 1 have mentioned hcfore. gmna memhranes are composcd of bolh

unappresscd memhranes (end region and margin region) and appressed m~mbmnes. lhus

il can he queslioned whelher lhe Xll'ii of PSII found on grana membranes accur,llcly

retlecL, lhe percentage of PSII on appressed memhmnes. When Wehber and his co­

workers (19XX) uscd polyollyethylene sorbitan monolaurale (Tween 20) lo scpamle lhe

margin areas l'rom lhe gr,ma. lhey found thal lhere are no PS II proLCins in this region.

End rcgions only occupy a small amount of the lotal grana memhmnes. Thus. il can be

concluded thal mosl PS Il complexes (70-80%) are localed on apprcsscd membranes.

The PSU population associaled with grJna apprcssed membrane is differcnl from

thal associaled wilh unapprcssed membranes in both lighl-harvcsling anlenna Si7.c (Melis

and Homann 1975) and in lhe midpoint redoll potenlial of plastoquinone (Honon and

CfIl7.c 1979). Two populations of PS II were first found by Annond and Arnt7.cn (1977);

they observed lhat in pca chloroplasts. about 20-25% of the total PS II activity is derived

l'rom the stroma thylakoids and that this activity is regulated by light lcss efficiently than

PS II activity derived from gmna thylakoids. Biphasic l1uorcscence kinetics have shown

a fast and sigmoidal pha.'C (terrned PS II,.) followed by a slower ellponential phase (PS

II.) (Melis and Homann 1975). Destacked thylakoids crcated by the absence of Mg- show

the propcrties of PS II.. while rcstacked thylakoids creaLCd by incubating destacked

thylakoids in a cation solution rcveal PS lIa properties; thus it was proposed that PS IIa

unil" arc located in the grana apprcs.'Cd membranes. while PS II. resides in unapprcssed

membranes (Melis and Homann 1978). Analysis of fractionated spinach thylakoid using

aqueous polymer two-phasc partitioning to fractionate the thylakoid membrane into
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appr~sscd and unappr~sscd m~mhran~ populations has dir~':lly r~\'.:akd lhal apprl'sSl'J

m~mhran~ ar~ ~nrkh~d in PS II,,. and lInappr~ss~J m.:mhran.:s in PS II,, (Anlkrsl1n and

Mdis 1983).

1.4 Light Harvesting Complex Il

There are two types of LHC Il .:omplex~s: hnund LHC II. whkh is lighlly

associaled with PS Il reactinn centres. and mohile LHC Il, whkh is loosdy assncialed

with hound LHC Il and can move hetween appresscd and unappresscd m~mhranes.

Frceze-fmcture studies have reveal~d that LHC Il partieles arc 8 nm in diameter (Kyle

ct al. 1983: Mullet and Amt7.cn 1980). Most LHC Il complexes arc assncialed wilh the

PSII reacûon centres, and a small amount of them arc associaled wilh the PS 1 reaetion

cenws (Andreasson and AlherLOison 1993). Therefore, it can he estimated thal the

localization of LHC Il is similar to that of the PS Il reaetion cenws. This has he~n

experimentally demonstr.lted: antihodies againsl two differenl denatured LHC Il

apoproleins gave 77%-81 % of the lahelling on grana membmnes (Callahan el al. 1989).

CP29 which has heen found lo he a PS Il rcaclion centre prolein (Camm and Green

1989), CP26 and CP24 arc three proleins of lhe LHC Il complex, and immunological

investigation with anlibodies mised againsl these thrce proleins have shown lhal lhey arc

confined lo grana appressed membmnes (Di Paolo el al. 1990). Immunogold labclling

studies with antibodies against LHC II complexes on chloroplasl thin sections and

antibodies againsl the LHC II amino terminus on frce7.c-elchcd stacked mcmbr.ll1c

surfaces also gave similar rcsults (Vallon et al. 1986: Simpson ct al. 1987; Hinshaw and
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Milkr l 'J~N). Di Paolo and his collea~ues (1 'J'JO). usjn~ immunolo~ical slUdies. nol onlv- - - -
found lhal mosl of lhe LHC Il is localed on grana lhylakoid memhranes. hUI lhey also

found lhal LHC Il ha.' a mohile characler. They uscd polyclonal antihodics againsl LHC

Il. PS Il. CP2'J. lhe PS 1- LHC 1complcx. an oxygen evolving enhanccr. and the ATPasc

coupling factor. CF!. and incuhated lhem wilh stroma membranes which were derived

from dark-adapled and high lighl-adapled maize lcaves. The resulL' showed thal dark-

adapled stroma memhr,mes have very liltlc labelling; however. the high light-adapled

stroma memhr.lnes have heavy LHC Il labelling. while lhe concentration of all the other

componenL' (PS Il. CP29. PSI-LHCI. the oxygen-evolving enhancer. and ATPase coupling

factor CFI) did nnt change in this stale tr.lnsilion. Thesc results strongly support the stale

1- stale Il tr.lnsition hypothesis. In this hypothesis. when PS II produces electrons fasler

lhan PSI can absorh lhem. lherc is an excess of rcduced plasloquinone. This reduced

plasloquinone aclivales a membrane-bound kinase that phosphorylalcs one or two

lhreonine residues on LHC II. The phosphorylatcd LHC II becames charged and migralcs

from lhe apprcssed membranes in the grana (stale 1) 10 the unappressed stroma

membr.lnes (stale 11). wherc it donates energy to PSI. During state II -state 1 transitions.

the reverse happcns. Mobile LHC Il is dephosphorylated. migrates back to the appressed

gmna membmnes and associales with PS II again (Staehelin and Amtzen 1983). The

mobile LHC II has the function of stacking membranes when it is in state I. This

hYPolhesis also has been supported by a freeze·fracture study. which shows that 23% of

total appressed membranes bccome unappresscd due to light-induced phosphorylation of

the LHC II (Kyle ct al. 1983).
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Chapter II Introduction

ln highcr planL~ and grt:cn algac. fnur supramnlt:cular cnmplt:xcs arc invnlycd in

pÎ1ol<1synthcsis. Thcy art:: 1. Phnlnsyslcm 1 and iL~ lighl-harvesùng cnmplt:x lLHC 1): 2.

Photosyslcm Il and iL~ lighl-harvcsling cnmplt:x lLHC Il): 3. Cylnchmmc ojf cnmplt:xcs:

4. ATP synthclasc. Thc Inca1izalinn nf lhcsc cnmplt:xcs in thylaknids has o::cn sludicd

for more lhan 20 ycars. The CUITcntly mosl favoured hYPOlhcsis fnr lhcsc 1ncalizalinn

stales thal PS 1 is exclusive1y locall:d on unappressed memor.lm:s. PS Il mosl1y (aol1ul llO­

85th-) resides on appressed memhr.lnes: cylochrome hjf complexcs are almosl cqually

distrihuled on hoth lypeS of thy1akoids and ATP synthctase is only localed on unappressed

membranes. However. this model was hased main1y on invcsùgations performcd using

higher planL~: very few green algae (probahly only Chlamydomonas and Ch/orel/a) havc

hcen Sludied for this purposc. In facto thc chloroplast structure of higher planL~ and green

algac are very differenL ln some green algae. the thylakoid arr.lngement is similar 10 that

scen in higher plants which have single thylakoids and gmna in lheir chloroplasl~. But

in other green algae. like Tetraselmis subcordiformis. chloroplasL~ are tmverscd hy

extended thylakoid bands which consist of ca. 2 - 20 tightly appressed thylakoids. There

arc no gr.lOa and very few single thylakoids in the chloropla.~t of this alga. The tmnsfer

of energy hctween PS II and PS 1 is medialcd by the mobile LHC Il by means of stale

transitions. in which light deterrnines the stail: of thylakoid membrane prolcin

phosphorylation. in higher planl~. However. sorne studics have found that in

Chlamydomonas. the presence of light dacs not obviously changc thylakoid mcmbr.lOc
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protein phosphorylation (Owens and Ohad 19X2). In addition. the molecules of LHC Il

in green algae like C. reinharclii may he 'luite different l'rom those in higher planL~ (i.e.

pca. harley. and fern). sincc monoclonal anLiscrd against pea LHC Il can lahel the

thylakoid memhranes of pea. harley and l'cm. hut not thosc of C. reinharclii (Thaler

19X6). Thercfore. it is possihle that the photosynthetic supramolecular complexes in

green algae may he arranged in a different fashion l'rom those in higher planL~. Green

algae evolved l'rom cyanohacteria. the distribution of whose photosynthetic supramolecular

complexes is still unknown. At what point the heterogeneous distribution of thesc

complexes evo!ved in green algae or higher planL~ is an interesting question. Thus. it is

neces.~ary to study the locali7.ation of photosynthetic complexes in the chloroplasLS of

primitive green algae.

ln this study. wc used a primitive green alga. Terraselmis subcorcliformis, which

hclongs to the Prasinophyccae. to study the distribution of PS 1 and PS II. Two

antibodies raiscd against PS 1 componenL~ (one against cp l-e l'rom cyanobacteria,

Synechococcus elcmgarus. the other against a PS 1 component l'rom maire) and one

antibody raiscd against PS Il <cp-47 l'rom S. elongarus) were used. Our results showed

that both PS 1 and PS Il are located on both appressed and unappressed membranes,

which is quite different from the current models of iL~ distribution in higher plants.
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Chapter III Materials and methods

3. J Cel/ cullUre

Tetraselmis subcordiformis (UTEX 171) was ootain.:d fmm th.: Univ.:rsity of

T.:xas Cultur.: Coll<:ction of AIga.: and gmwn at 2S"'C wilhout shaking in 2Sll ml

Erl.:nmeyer l1asks comaining 75 ml of Guillard's f/2 s.:a wat<:r m.:dium (McLachlan 1973l

under a bank of cool-white l1unrescent lamps (approximately 4S0 ft-cl on a 12 h

lighl!12 h dark cycle.

3.2 Anrisera and reagenrs

Anliserum against sucrnse gradiem-purilied maize PS 1 protein panicles was

kindly donated by A. Barkan (inslitute of Molecular Binlogy. Univ. nf Oregon. Eugene

OR). Amisem againslthe 60 and 62 KDa PS 1reaclion centre prnleins (designated cp I-e)

and lhe 47 KDa PS Il reaclion centre prntein (cp-47) from Synechncoccl/s elongatl/s

(preparalion and characteri7.ation of lhese lWO antiser.l arc descrihcd in Kashinn al al.

1990) were generously donated by Y. Kashino (Depl. of Life Sciences. Himeji Institute

of Technology. Harima Science Park Cily. Hyogo. lapan). PrOlein A-gold (10 nm) was

bought from EY Labomlories. San Mateo. CA.

3.3 Electron microscopy

Cells of T. subcordiformis were harvcsled al Jale logarithmic phase of grnwth 30

min bcfore the end of the dark pcriod. and were then fixed in 2% glulamldehyde with 0.6

M sucrose in 0.1 M phosphale buffer (pH 7.2). for 40 min al 4°C. After bcing washcd

with buffers containing decrcasing concentrations of sucrose thrcc timcs for 10 min cach•
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the cells were postlïxed in 1r;, osmium telrn:-:iùe in phosphate huffer (pH ï.1) for 30 min

at 4"C. The ceIls were wa.~hed again and then dehydrated through a gmded ethanol series

and emhedded in Spurr's epoxy resin (Spurr 1969). Pale gold sections were mounted on

formvar-coated copper grids, and stained with 2% uranyl acctate followed hy Reynold's

lead citrate.

3.4 Immun0!i0!d /OCu/i:::UTion of PS 1 on Epon seCTions

Cells of T. subcorcliformis were harvcsted during the late Iogariùlmic phase of

growth 30 min after !he hcginning of !he light pcriod. and colleclCd by cenuifugalion.

The cells were resuspcnded in Guillard's f/2 sea water medium containing 2%

glutardldehyde and Iixed for 2 min al room tempcrature. osmium tetroxide was then added

to lhe Iixative plus cclls to give a Iinal concentration of 0.1 %. and !he cells were lefl in

lïxative for another 28 min at room tempcrature. The cclls were cenuifuged and washed

three limes in fresh sca water medium for 10 min cach. then dehydrated through a graded

ethanol series. Following 5 min immersion in 100% propylene oxide. the cells were

inlillmted and emhcdded in Epon resin. Yellow-gold sections were colleclCd on forrnvar­

coated nickel grids. and placed on drops of !he following solutions: 0.58 M (salurated)

sodium meta-pcriodate. 30 min; distilled water 3 min. 4 times; 1% bovine serum albumin

(BSA) in PBS. 30 min; anti-PS 1 antiserum from mai7.c. diluted 1:50 in PBS. 45 min;

protein A-gold. diluted 1: lOin PBS. 30 min; PBS. 3 min. 4 times; distilled waler. 2 min.

The sections were stained as descrihcd above.
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3.5 lllllllllllogold locali:arion of PS 1 (cpl.t'! IJnd psu (cp--I7) on LOll'icryl -'<"cric",","

The cclls were harvested at the laie logarilhmic phase. ~n min hcfore the end of

dark period. and lixed in 2'1<' glularaldehyde wilh n.3 M sucrose in n.1 M cacodylate

hulTer (pH 7.2) for 2 h al room lempemlure. and then washed Wilh huffeTS containing

decreasing conccntrJ.lions of sucrose. The CCIls werc dehydrJ.led in 25'h' elhanol al .rc.

50'7<>. 75'7<>. and 95rk elhanol al -IX"C. and lhis was followed hy inlillralion and

emhcdding in Lowicryl K4M resin al -18"C: 95'1<· clhanol:LowicryI. 1: 1. ovcrnighl: 95';i,

elhanol:Lowicryl. 1:2. 2 h lwice: pure Lowicryl overnighl: pure Lowicryl. 2 hours lwïce.

The cells in Lowicryl were PUI inlo BEEM or gdalin capsules. conccntrJ.led allhe hollom

of capsules hy centrifugalion at 3500 rpm. and polymeril.cd at -IX"C under ultmviolcl

light at 360 nm for 24 h. then another 48 h under UV light at room tempemlure. YdlllW­

gold scclions were collecled on formvar-coated nickel grids and incuhaled in the

following solution: 1% BSA in PBS. 30 min: anti-cpl-e or anti cp-47. diluled 1:50 in

PBS. 1.5 h; PBS. 3 min. 4 limes: protein A-gold. diluled 1: 10 in PBS. 30 min; PBS. 3

min. 4 times and distilled water. 2 min. After staining with urJ.nyl acetate and leal!

citrJ.te. all sections were viewed under a Philips EM 410 dectron microscope at XO KV.

3.6 Cytochemical detection of PS 1 and PS Il

The photooxidalion of 3.3'-diaminohcnzidine (OAB) and the photoreduction of

distyryl nitroblue tetrJ.Zolium chloride (OS-NBT) were uscd to determine PS 1and PS 11

aclivity rcspcctively. as descrihcd by McKay and Gihhs (1990). Cells of T.

subcordiformis werc harvested at the end of the logarithmic phase of growth 30 min
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hd"ore the enù of the ùark perioù. spun at 3.Sllll rpm. anù lixeù in 2'if, pamformaldehyde

in 0.1 M phosphate hufli.:r (containing 0.2 M sucrose). pH 7.4. for 20 min on icc in the

ùark. CeUs were rinseù in hulTer containing ùecreasing concentmtions of sucrose and

then incuhateù in a freshly prepared solution containing 1 mg/ml DAB in 0.1 M

phosphate huffer (pH 7.4) for 1 h or 1 mg/ml DS-NBT in 0,\ M phosphate buffer (pH

7.4) for 4S min at 2S"C unùer cool-white lluorescentlamps at4S0 ft-co The control was

performeù in the ùark at room tempemture. CeUs were then washed in buffer again. and

posUixeù in 1% OsO, (for ceUs incubated in DAB) or I.S'if, OsO, (for ceUs incubated in

DS-NBT) in 0.1 M cacodylate buffer (pH 7.4) for 1 h at 4°C in the dark. then washed in

bulTer. ùehyùr.lleù in a gmded ethanol series. and embcdded in Spurr resin (Spurr. 1969).

Yellow gold sections werc mounted on formvar-coated copper grids and viewed unstained

in a Philips EM410 electron microscope at 80 kV.

3.7 Quanrification ofgold label

3.7.J Anri-PS J from II/aize

ln these sections. the thylakoid membranes werc black and their lumens white

since 0.1 % osmium tetroxide was present in the fixative. so it was possible to make a

detailed analysis. A total of 109 microgmphs printed at a magnification of x 102.S00

werc analYi'.cd. Whenever the bands of thylakoids werc cut pcrpcndicular to the plane of

section. two Iines were dmwn pcrpcndicular to the band and ail the gold particles in the

enclosed arca werc counted and a.'\l>;gned to the following categories: a particle was

assigned to the outermost unapprc..;sed membrane if it wa.~ localizcd on the membrane•
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or in lh.: stroma lOuching th.: m.:mr.mn.: or almosl touching lh.: m.:mr.rdn.: (ml mM.: lh:m

5 nm away l'rom lh.: m.:mr.ran.:): parlicks w.:r.: assign.:ù 10 lh.: lum.:n (Ium.:n 1) of lh.:

oUl.:rmOSl lhylakoiù of a r.anù if lh.:y lay squardy owr lh.: lum.:n or no mor.: lhan 1/-1

of lh.: 10 nm golù partiel.: ov.:rlapp.:ù a m.:mr.ran.:: particks localiz.:ù on lh.: IWO

appr.:ss<:d m.:mr.ran.:s s.:paraling lh.: oul.:rmoSl lhylakoiù l'rom lh.: n,:xl lhylakoiù w.:r.:

count.:d as on.: cal.:gory (l.:rm.:ù m.:mr.mn.: 2) as w.:r.: lhos<: of th.: n.:xl lum.:n (l.:ml':ù

lumen 2). CounL~ were made in this fashion for .:ach pair of appr.:ss.:d m.:mr.ran.:s anù

cach lumen. assigned hy iL~ numhcr l'rom the oulermoSl lhylakoid up 10 lh.: cal.:gory of

lumen 6 (i.e.• in a hand of 11 or 12 lhylakoids). The lolallenglh of aIl lhe memhmn.:s

present in each marked area WdS m.:asur.:d on a compul.:riz.:d lahkl hy lh.: Sigma-Scan

program. version 3.92 (landel Scientific. San Rafael. CA).

For our analysis. aIl lhe gold panicles on lhe appr.:ssed m.:mhmn.:s and in lh.:

inlerior lumens w.:r.: consider.:d as panicles on appressed m.:mhmnes. One-hall' of lhe

paniclc..~ in lhe oUlermosllumen was assigned 10 the appres.~d memhranes. and one hall'

was added 10 the counL~ on the OUlermosl memhrane. A lolal of 942 gold particl.:s were

counled. The Slalistical significance of the observed distribulions WdS delermined hy

Studenl's t-tesL The total counL~ l'rom each micrograph was counled as one variable.

except when the length of unappres.~d membrane mea~ured in the microgmph wa~ les.~

lhan 10 cm (=0.98 /lm). To obtain this length. 2 microgmphs were groupcd together in

14 ca~~. and in one ca~. the dala l'rom 3 microgmphs were group.:d together.
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3.7.2 Anri-cpI-e and anri-,p.J7 tWill Synechococcus e/ongarus

For hoth thl:sl: antihouil:s. cl:lls lixl:u in glutaralul:hyul: and embedded in Lowicryl

hau to hl: useu. In thl:Sl: microgr<lphs. the space between two apprcsSl:d membr<lnes

appl:ars a~ a soliu uark line. while the lipid layer of the thylakoid membranes and lumens

are whill:. In Ihe miudle of each lumen there is an inlerrupted faint dark line. Between

the oulermosl Ihylakoid membmne and stroma. therc is an irregular dark fine which may

rellecl extrinsic proleins on OULCrrnost membranes or dense stroma conlents. For CPI-e.

19 micrngr<lphs werc analyzed. and for CP-47. 24 micrographs. all al a magnilication of

x 102,500. Area~ wherc the lhylakoids werc CUI pcfpl:ndicularly 10 !he section werc

marked a~ œfore. and every gold particle in !he encIoscd arcas counled. In !hesc counts.

lhree calegories werc dislinguished. AIl gold particles localizcd on !he irrcgular dark line

(i.e•• !he outerrnost unapprcssed membrane) or Iying wi!hin 5 nm oUL~ide !he irregular

dark line werc cIassilied as IaœIling on !he oulerrnosl unapprcsscd !hylakoid membrane.

The Sl:cond calegory consisled of gold particles which lay squarcly over lhe space

œlween lhe outer irrcgular dark line and !he solid dark line or had no more !han 1/4 of

lheir 10 nm wid!h overlapping one of !hcsc IWO \ines. One half of particles in !his

category was assigned 10 lhe unapprcsscd membrane. and one half was assigned 10

apprcssed membr<lnes. AIl gold particIc.~ lying over !he oulerrnOSl so\id dark \ines. i.e.

over lhe zone of apprcs.~ionbclween !he first and second !hylakoids. and all gold particles

interior 10 the OUlerrnoSl solid dark \ines. werc assigned to !he apprcsscd membrane. The

leng!h of every membrane wi!hin !he areas analyzcd was measured by Sigma-Scan.

Slalistical signilicance was delerrnined by Studenl's t-leSt, wi!h !he lolal counts from one
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micrngraphs s.:rving as on.: variahl.:. Lahdling on LowÏl:ryl s,:clions wa.~ so h':;lvy lhal

no grouping of microgr.lph had III h<: p.:rform.:d. For anti-cp 1-.:. a 1(lIal of 2569 gold

partiel':s w.:r.: countl:d; for anù-cp-47. 1436 partÏl:!<:s w.:r.: count.:d.
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Chapter IV. Results

.J. J Ultrastructural observations on Tetra.\'e!mis subcordiformis

Cell CeUs or T. subcordiformis have a pear shape and are approximately 10 - II /lm

long and 5 - 6 /lm wide (Fig. 1).

Theca The thcca encloses the cell. It is the most electron-dense material or the ccli and

is about 20-50 nm thick. It lies close ta the ccli membrane. except that in the area wherc

the cell's shape is irregular. the theca and cell membrane arc separated (Figs.I,2.9.1O.11).

Flagella Each ccII of T. subcordiformis has four flagella. On the flagellar pits. dense.

hair-like material can he observed (Fig.l.4.lO). Four electron dense lines (called half­

desmosomes. Norris 1980) can he found under the tlagellar pit (Fig.3). Therc are two

dense lines which connect the half..desmosomes to the basai bodies (Fig.3). Two large

striated rootleL~ extend l'rom the basal bodies to the nucleus (Fig.6).

Basal bodies Therc arc four basal bodies which extend into the cell l'rom the flagellar

pit for 0.77 - 0.98 /lm in depth and have a zig-zag arrangement (Figs. 2.4). They arc

located close ta each other and end at the sarne level. heneath which therc is a narrow

electron dense line (Fig.4). The basai bodies arc composed of 9 microtubule triplets

(Fig.2).
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Fig. 1. Longitudinal section of a ccli of T. subcordiformis showing a cup-shapcd

chloroplast (C) with anterior lobes. a nucleus (N) in the middle of the ccli. Golgi

apparatus (G). rootlets (R) and hasal hodies (B) in the region anterior to the nucleus. i:nd

a pyrcnoid (P) which is posterior to the nucleus and surrounded hy starch (5). Nil

nucleolus; V vacuole; M mitochondriOit; T thylakoids; Th theca; F l1agella; L lipid

dropleL~; H hair. x 18 900; Bar=O.5 Ilm
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Fig. 2. A cross section through the anterior pan of a ccli showing four hasal hodies (B).
~ ~ ~

four chloroplast (C) lohcs, Golgi appaMus (G), nucleus (N) and mitochondria (M). )( 26

800: Bar=O.S !lm
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Fig. 3. Longiludil'lal s':':lion of a cdl showing hasal hodi.:s (8). half-dcsmosom.:s (D)

Iying und.:r th.: fiagdlar pil. and on.: of lh.: feur fiag.:lla (F). M milochondrion: N nucl.:us.

x 25 400; B=0.5 Ilm

Fig. 4. A longiludinally CUL œil showing lh.: four basal bodi.:s (8) und.:r lh.: fiagdlar pit.

N nucl.:us. x 33 800: B=O.3 Ilm

Figs. 5. 6. Two s.:ctions which show that lh.: larg.: striat.:d rootl':l~ (R) conn.:ct wilh lh.:

out.:r m.:mbmn.: of the nucleus (N). x 21 500. x 25 400: B=0.5 Ilm

Fig. 7. The eycspot (E) of the chloroplast. The doublc-membmncd chloroplast cnvclopc

is indicated by the arrow. x 53 200; Bar=O.2 Ilm

Fig. 8. Thylakoids (n invaginalcd (while arrow) and thylakoid ends (black arrow). x 53

200; Bar=O.2 Ilm
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ChloroplasTs Th.: chlowplast occupi.:s up to Il:> 10 1/2 of lh.: IlHal œil v(llulll': (Fig. 1);

il is cup-shap.:ù wilh four anl.:rior loh.:s which l.:rminal': al or n.:ar lh.: nlllst ant.:rior part

of lh.: œil (Figs.I.2). Th.: lwo-Iay.:r.:ù m.:mhmn.: of lh.: chloroplasl .:nv.:lop.: .:ncloscs

lh.: chloroplasl (Fig.7). Th.:rc arc som.: stareh granul.:s anù lipiù ùrop!.:L~ in lh.: slroma.

The eleclron d.:nsily of slarch granu!.:s vari.:s: newly form.:ù ùaughl.:r cdls haVI: slarch

granul.:s which are nnt e!eclron-ù.:nse exc.:pl at thdr margins (Fig. Il). wh.:r.:as cdls

harvested at log-phase hav.: e!.:clron-ù.:ns.: star.:h granul.:s (Fig. 1.2.9. 10). Th.:

chloroplasL~ ar.: Ir.lv.:rs.:d hy extended bands of thylakoiùs containing from two 10 twenly

thylakoids per band. Single thylakoids can he obs.:rveù projecting out from the .:nù of

a band or crossing over l'rom one hand to anmher (Fig.12.13). The thylakoiùs in the

bands are tightly appressed (Fig.12.!3.14). The total width ofa thylakoid is about 15 nm.

with a membmne width of 3.75 nm and a lumen width of 7.5 nm. The space hetween

two appressed membranes is about 1.8 nm. Bands of thylakoids may split in two or join

neighbouring bands. therefor.: the length of the thylakoids and the numher of thylakoiùs

in a band varies. The unappressed membranes of thylakoids consist mostly of the

outermost membr.lnes in cach band. Invagination of thylakoids also can he ohs.:rveù

(Fig.8). Ther.: ar.: no gmna in the chloroplasL~ of T. subcordiformis.

Pyrenoid In each chloroplast there is a pyrenoid which rcsides in a middle to posterior

position. In the cell it is located posterior to the nucleus (Fig.!.II). The eleclron-dens.:

pyrenoid matrix is surrounded by curved starch grains. The pyrenoid of T. subcordiformis

is unusual in that fingers of cytopla.~m extend ioto the pyrenoid where the pyrenoid abUL~
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Fig. 9. A cross section of a cell showing a pyrenoid (P) with projections of low dcnsity

(arrows). E eyespot: M mitochondria; C chloroplast; S starch grain. x 27 400; 8ar=0.5

!lm
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Fig. 10. Nuclt:us (N) whosc ouler membrane projecl~ as rough ER inlo the spaces which

separ.lle each Golgi apparalus (G) from the chloroplasl (C) as weIl as inlo the cytoplasm

(arrowheads). M milochondria; S stareh; Nu nucleolus. x 25 900; Bar=O.5 I!m
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Fig. Il. Two oppositcly oriented daughter ceUs in a parent thcca. The pyrenoids {P} arc

invaded hy lingcrs of cytoplasm (arrowheads). S starch grains; N nucleus; V vacuole; C

chloroplast; E eycspot; M mitochondria. x 24 200; Bar=O.5 IJm
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lhe nucleus (Figs. 1.11,15). The douhlc-memhraned chloroplasl envdopc separales lhe

pyrenoid malrix l'rom lhe lingers of cyloplasm (Figs. 9.1 1). The projecling lingers of

cyloplasm in lhe pyrenoid have very low dectron density and do nol appcar 10 contain

rihosomes (Figs.9.11). Al times. projections of lhe pyrenoid which have lost their dense

malerial eXlend inlo lhe cyloplasm (Fig.9l.

Eyespots EyespoL~ reside in the chloroplasl and are localed in a posterior posiûon. very

close 10 lhe chloroplasl envelopc (Fig.7.9.1 Il. Therc are IWO layers of Iipid granules in

each eyespOl. each layer heing separaled by a single thylakoid which may he very wide

(Fig.7l. In most cases. eyespoL~ are adjacent 10 the chloroplast envelopc. although

occtL~ionally one thylakoid is observed helween the eyespot and the chloroplast envelopc.

Nucleus The nucleus is localed in the middle 10 anterior part of cell (Fig.l). Therc is

only one nucleolus in cach nucleus. The outer nuclear membrane is made up of rough

endopltL~mic rcûculum which projecL~ into the area beneath the fonning face of the Golgi

apparatus. and also projecL~ into the other regions of the cytoplasm (Fig. 10).

Golgi apparatus and other organelles The Golgi apparatus is a1ways situatcd anterior

to the nucleus. with the cis face close to the chloroplast and the trans face facing the

central axis of lhe cell. The dark electron-dense material that fonns the theca can be seen

in the Golgi lumen (Fig.IO). Mitochondria are often found very close to the chloroplast
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envclope. Mosl milochondria are round and ahoul 0.:- - O.~ IJm in diamcler (Fig.1.2.9l.

There arc also vacuoles and lysosomes in lhe cyloplasm.

4.2 /mlllunocyrochl!mica/ stlldil!s and cyrochl!mica/ stlldil!s

Figures 12 and 13 show a chloroplasl from a cclI simullaneously lixed wilh

glularJ.ldehyde and osmium letroxide and lahclled wilh anlÏ-PS 1 from maize. The

lahclling is very spccilic. Almosl ail of lhe gold panicles are on lhe lhylakoid hands:

only a few arc seen in the stroma or over the cyloplasm. Gold parlicles arc localiz.cd on

lhe internai appressed memhrJ.ne (whiTI! arrows) as weil as on the outer unapprcssed

membranes (arrowhl!ads) at the edges of the bands. Statistical analysis of lhe rcsulL~

(Table 1) indicates that therc is no signilicant differcncc in lahclliug density hctween

appressed membranes (1.28 ± 0.89 gold particlc.'illJm of apprcs.~dmembmne lenglh) and

unappressed membmnc.~ (l.32 ± 0.43 gold particlc."'lJm of unapprcs.~edmembmne length).

Howevcr. since apprc.'lSCd mcmbranc.~ comprised 78% of the total membrJ.ne length. the

gold parlicles on apprc.~sed membmne comprise 76% of total gold parùcles. Therefore.

thcre arc thrce times as many gold parùcles on apprc.~sed membmnc.~ as on unapprcssed

membranes. The control cell (Fig.14). which was incubated with pre-immune serum

instcad of anùscrum. has a lahclling density of 0.02 gold parlicies/lJm of membrJ.Oe

length.
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Figs. 12-14. Immunogold locali:r.alion of PS 1 on Epon lhin sections of celIs fixed

simullaneously wilh glutaraldehyde and osmium.

Figs. 12.13. Seclions incuhaled wiLh antihody from mai:r.l:. folIowed by prolein A-gold

(10 nm). Gold parLicles are localed on hoLh appn:ssed (white arrows) and unappressed

(arrowheads) Lhylakoid memhranes. Very few gold parLicles are presenl in Lhe stroma

(Sl) or oUL.~ide lhe chloroplasL. Al Lhe black arrows. a single Lhylakoids crosses from one

hand lo anolher. M milochondrion: Sl stroma: T lhylakoid hand. x 94 800: Bar=O.1 !lm

Fig. 14. ln a control seclion incubaled wiLh pre-immune serum. no gold parLicles are

present. T hand of Lhrce apprcs.~d Lhylakoids: Sl stroma. x 94 800: Bar=O.1 !lm

35

•

•



14

....
-~

•

•

_.

-. :- J..
....,..~. -.';',L

.. . ..-
,.

'"0.".. .. '



•

Table 1. Labelling nf appresscd (AM) and unappressed membranes (UAM) \Vith umilJndics ugainsl PS 1and PS Il in

Telraselmis ,mhcordi(ormis

anlibndies membrane %AM % gnld lalJclling densily dcnsily
lenglh parliclcs (parliclcs!ltm) ratin
(1101 ) nn AM (UAM/AM)

AM UAM

PSI (muize) 772 78 76 1.211±O.1l9 1.32±O.43 1.03

cpl-e 775 116 711 3.25±O.74 5.25±1.97 1.62

cp-47 1045 86 76 1.22±O.24 2.17±1.I6 1.7Il

pre-immune 130 ND 0.02 ND ND
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ln anolh~r immunogold lah<:lIing of PS 1. W~ us.:d anlisaum rais.:d againsl .:p l-~

from a cyanobacl~rium. Syn~chococclls dongtJtlls. cp l·~ is lh~ PS 1 r~a':li(>n c.:mr.:

compkx lhal conlains lh~ 60 and 62 KDa apoprntcins of PS 1 (Kashino l 'NO). and has

X3-X4'k s.:4u~nc.: homology wilh lh~ .:orr~sponding prntcins of Chltlmyclomontls and 7X­

Xl'k wilh lhos.: of mail": (Kashino 199(). Immunoblol sludi~s show~d thal this anlis~rum

crossn:acL~ wilh lh~ 6()-62 KDa thylakoid m~mhr.m~ prot~ins of lh~ gr~~n alga~

Dunallidla. Chlordla. Chlamyt!omonas and lh~ high~r planL~. Ory:a tint! Spifltlcia.

(Kashino 1990). This amis.:rum did not label cells of T..m!Jcortlijormis lïx~d in

glutaraldehyde and osmium letroxide and emh<:dded in Epon. Th~rcforc. we us.:d lhe

Lowicryl embcllding method and lixed celis only with 2');, glutamldehyde. and in lhis case

the anligenicity of cpl-c was weil preserved. Although lhe ultmstructure of thylakoids

in the Lowicryl sections is nol as c1ear as in l~e Epon sections. we can slill dearly

dislinguish the chloroplasl stroma. which is while. from lhylakoids which are dark in lhe

microgmphs (Figs. 15.16). Immunogold laheIIing wiLh lhis anlibody ;. very spccilic: 96%

of gold laheIIing is on the thylakoid bands. and only 4');, of the gold laheIIing is on lhe

stroma and other cell struClures. Il should he noled thal although lhe laheIIing on

thylakoid bands is very dense. therc is no laheIIing al all on milochondria. eyespoL~ and

nucleus (Fig. 15). The single thylakoiJ helween lhe lwo layers of lipid dropleL~ of the

eyespol is also spccifically Iahelled. The pyrcnoid has a low level of background

IaheIIing (Fig. 15). The densily of lahelling on unapprcsscd membmnes (5.25 ± 1.97 goId
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Fig. 15. Immunngnld Incaliza:inn nf PS 1 on Lowicryl seclions of a cell fixed with 2%

glUlaraldehyde. The section was incubaled wilh anlibody against PS 1 (cp I-e) from

Synechococclls e/ongarlls. Abundant gold parLicles are present on both appresscd and

unappressed membr.lnes. whereas very few gold parLicles exist in the stroma (Sr) or on

starch ~r.lins (S). Note that there are no gold parLicles on the mitochondria (M). lipid

gmnu!es nf the eyespot (E) or the nucleus (N). The single thylakoid (arrow) located

hetween the twn layers nf lipid gr~nules in the eyespot is also specifically labelled. A

Inw Ievel nf background labelling is present on the pyrenoid (P). x 43 600; Bar=O.3 !lm
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Fig. 16. High magnilicalion of pan of Fig. 15. Gold particlc.~ on bolh appressed

mt:mhranes (white a,.roll's) and unappft:ssed membmnes (a,.rowheads) can he observed

clearly. Vt:ry few gold paniclt:s are found on tht: stroma (St) or slarch gmins (S). x 109

soo: Bar={).1 Ilm
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partides/Ilm of unappressed memhmne Icngth) is significanùy more than that seen on

appressed memhranes (:'.25 :!: 0.74 goId particles/Ilm of appressed memhrane length)

(P<O.OS). However. sincc the appressed memhmnes occupy X(i'ho of the total thylakoid

memhrane. the total amount of gold panicles on appressed memhrane is 78'ho of the total.

This indicates that the gold panicles on appressed membmnes are nearly four times as

numernus as those on unappressed membmnes. Very litùe lahelling was present in

sections incuhated with pre-immune serum or in PBS ajonc (not shown).

Sincc DAB has been successfully used to locali7.c the PS 1activity, wc used it for

further indication of the sile of PS 1 localization. Fig. 17 shows that the DAB rcaction

deposil~ arc localed in aIl the thylakoids. hoth internai and externa!. of the chloroplast.

Milochondria also show a DAB-positive reaction hecausc of their cytoehrome oxidasc

activity. At high magnification (Fig. 19). the pattern of the DAB reaetion deposits ean

he seen to have a punctate appcarance and the density of DAB rcaction deposits in

internai and eXlernal thylakoids scems almost identical. Control cells (Fig. 18), which

were incubated with DAB in the dark, show heavy DAB rcaction deposil~ in the

mitochondria, but none at aIl in the thylakoids.

Antiscrum against the cp-47 protein from Synechococcus e/ongarus was used to

localize the distribution of PS Il on thylakoid membranes of T. subcordiformis. The 47

KDa protein of the green a1gae Dunalliella, Ch/orella. and Ch/amydomonas as weIl as the
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Figs. 17-19. CylOchemical delcclion of PS 1 aclivily in log-phase cells.

Fig. 17. Cell incuhaled wilh 3,3'-diaminohcnzidine (DAB) in hrighllighL Oxidized DAB

deposil appcars in hoth appressed (white arrows) and unapptcsscd memhranes (arrol\'s)

of the thylakoids (n. x 27 900; Bar=O.s Ilm

Fig. 18. Control cell incuhated with DAB in the dark. Oxidized dcposiL~ of DAB appcar

in the milochondria (M). hut not on thylakoid memhranes (n. N nucleus. x 27 900;

Bar=O.S Ilm

Fig. 19. High magnilicalion of thylakoids m slained with DAB. The dense deposiL~

have a pUnClale appcarance and appcar 10 he located in hoth inner (white arrows) and

outer (arrowheads) thylakoids. x 103 800; Bar=O.1 Ilm

41

•

•



•

•

/
/

,"

'.

•
/'\

~'8 '



•

•

corresponding protein of the higher planL~. Ory:a and SpillacÎa, have heen shown in

Western OIOL~ tn cross-react. hut nnt in tcnsely. with this antiscrum (Kashino l'NOl, Fig.

20 Shl>WS that the laoelling is very specïlïc. Most of the gold partieles are on the

thylakoid bands and very lew are on the stroma. Surprisingly analysis of the rcsults

shows that the lahelling densities of gold partieles per!lm of appres.~ed membranes (2.17

:!: 1.16) is signilïcantly more than that of gold partieles per!lm of unapprcs.~d memoranes

(1.22 :!: 0.24). Still. sine.: apprcs.~d memomnes Lake up li6% of tntal memhranes. li3'ii·

of total gold partieles arc located on apprcs.~d membr.lnes. Thercfnre. there are four

limes as many cp-47 antigens on apprcs.~d membmnes as on unappressed membr.lnes.

To further conlïrrn the immunolahelling rcsulL~ of PS IIl0calization. OS-NBT was

used to localize Lhe PS Il activiLy. Fig. 21 shows Lhat OS-NBT rcaction deposiL~ arc

visible over the entirc thylakoid band. Single Lhylakoid also show OS-NBT reaction

(arrow). Control ccIls (Fig.22). incubatcd with OS-NBT in the dark. have no OS-NBT

rcaclion dcposiL~. Thcrcforc. bOLh immunolahelling and cyLochemical rcsulL~ have

rcvcalcd LhaL PS II rcsidcs on l'loth apprcs.~d and unapprcs..~d mcmbmncs.
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Fig. 20. Immunogold Iocaiir.alinn of PS Il on a LowicryI section of a ccII fixed with 2%

glutar.Jldehyde. Seclion were incuhaled with antibody againsl the 47 KDa prolein of PS

Il of S. e[ongaTlis. Nole lhal gold parliclc.~ arc localed on bOlh apprc.~ed (whiTe arrows)

and unappressed (arrows) lhylakoid membranes. whereas very few gold particles arc

pre.~nl on lhe chloroplasl stroma (ST) or on lhe milochondrion (M). x 103 800; Bar=O.l

lIm

43

•

•



•

•

..-...

J~.""• 1•

. .
:t

'. t_"",,'-~;--.'":~



Figs. 21-22. Cytrn;hcmical dctection of PS II activity.

Fig. 21. CcII incuhatcd with OS-NBT in thc presencc of lighl. Reduced deposil~ are

cvenly disuihutcd on thc thylakoid hands (n. A singlc thylakoid (arrow) also has OS­

NBT rcaction prnduct. x 92 200: Bar=O.\ /lm

Fig. 22. Control ecU incuhatcd with OS-NBT in thc dark. Note both thylakoids <n and

mitochondria (M) do not havc rcduced deposil~.

x 55 200; Bar=O.2 /lOI
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Chapter V Discussion

Our data indicate lhat lhe PS 1 reaclion centres in lhe lhylakoids of T.

,""!>Ctlrtli!"rmis reside on holh unappressed and appressed memhranes. This resull is

surprising. sincc the model of thylakoid organizalion suggc.:sled by Anderson and

Andersson (19X2) for higher planl~ and green algae. in which PS 1 is largely distributed

on unappres.~d lhylakoid memhr.mes and PS II is predominanlly located on appressed

lhylakoid memhram:s. is widely accepted. To conlÏrm our results. wc used two PS 1

reaction centre protein antihodies: one from a higher plant. maize. the other from the

cyanohaclerium Synf!chococclIs e/ongaTlIs. Both resull~ show that 77·82'k: of the labelling

is localized on appres.~d thylakoid membranes. A cytochemical method in which DAB

was used as a sensitive prohc to locali7.c PS 1activity also showed that PSI activity exists

on hoth appres.~d and unappres.~d thylakoid membranes. since DAB re:tction deposits

strongly stain al! thylakoid lumens. those of internai thylakoids being as intensely stained

as the lumens of lne outermost thylakoids.

Immunogold labelling is a very good technique for studying the localization of

memhr.me proteins; however. tbere are limitations in rcsolution. The length of the probe

from the centre of the goId partiele to the antigen-binding site is 5 nm (the half diameter

of the gold) plus 5 nm (the length of protein A (Roth 1982». plus 10 nm (the average

diameler of an immunoglohulin G molecule). Thereforc. the distance from the label!ed

antigen to the centre of a gold partiele may be as much as 20 nm. As was mentioned in

the Resull" section. the total width of a thylakoid is approximately 15 nro with two 3.75
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nm memhr<!nes and a 7.5 nm lumen. and the narrow spaœ hetween appres.'ed memhra.:.:s

is l.X nm. Althnugh previous re~:.Jlts from our lahllratory indicate [hat th~ numh~r nf

gold panicles lahdling :. stru~ture falls off with the distanœ from th~ stru~lure (Fig. 4 in

Ludwig and Gihhs 19X9l. it is pos.'ihk that a gold partick Iying owr the inn~r appres~d

memhrane of an outerrnost thylakoid could he lahdling a PSI antigen in the outer

unappres~d memhrane of this thylakoid. since a thylakoid is only 15 nm widc. In facto

since a gold panicle may he as much as 20 nm from the lahdled amigen. a particl~ Iying

over the (luterrnost memhrane of the ~c;lnd thyiakoid of a hand could also he lahdling

PS 1 in the outerrnost thylakoid membrane. If we make the assumption that ail goId

particles over the outerrnost membrane of the outer thylakoid. plus ail particles over il'

lumen. plus ail the pai"licles over the tirst pair of appres.'Cd membr.tnes are in fact

labclling PS 1 complexes in the outerrnost unappn:s.'Cd membr.me. men we can calculatt:

thatthere an: 3.15 PS 1 antigensllJm on the outerrnost unappres.'Cd membranes and only

0.23 PS 1antigensllJm on the lirst pair of appn:s.,ed membr.tnes. When we cornpare the~

theoretical resull, with the uniforrn distribuùon of PS 1 lahelling ob~rved over cach of

the membranes of the thylakoi:l slack (Fig. 23). we can see that they are extremely

unlikely. Il is. of course. just as likely that a gold parùcle Iying over the outer membrane

of an outer thylakoid is labelling an anùgen over the inner appres.'Cd mcmbr.tnc as visa

versa. The consistency of PS 1 concentraùon on cach thylakoid membr.me <Fig. 23) is

excellent evidence that errors in lahelling due to the gold panicle heing at il, maximum

distance [rom the labclled anùgen have cancelled each other OUL
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Fig. 23 The labelling densities of gold particles over varoius thylakoid membranes

in cells fixed simultaneously with glutaraldehyde-osmium tea-oxide. For the gold

particles lying over thylakoid lumens, half are assigned to the membrane on one

side of the lumen and half to the membrane on the other side.
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Our experimental resulL~ may aris.: from some eharaeteristics of green alg;11

ehloroplasL~. First. the nrg;mil.ation of thylakoid memhranes in higher plants is different

from that in T. slIhc"rdif"rmis and nlost other green a1gae. Higher plant ehloroplasts have

distinct grana. The grana consist of stacks of thylakoids. in which short thylakoids

alternate with long thylakoids. which olkn extend :leross the ehlor,'plasi stroma to a

ncighhouring granum. These single thylakoids which extend ouI from the horder of the

granum arc called stroma thylakoids. Their limiting memhranes make up most of the

unapprc..·;sed membmne in the plastid. The top and hol!om membranes of the grana and

the edges of the grana thylakoids make up the rest. This structural arrangement of

thylakoids SUppOrL~ slate transitions. in which the energy ahsorhed hy PS Il is tmnstcrred

to PS 1 by mobile LHC Il which is phosphorylated in appres.~d memhmnc..~. and then

moves to the unapprc..~sed stromal thylakoid membranc.s where it donates energy to PS

1 (Slaehclin and Arn17.cn 1983). In contmst. in a r.rimitive green alga like Tetrust'1mis

subcordiformis. the chloroplast is lransve!'Cd by extend:.:d thylakoid han:ls with each hand

consisting of from 2 to 20 thylakoids. Bands of 3. 4. 5. or 6 thylakoids arc most

common. There an~ no gmna and single thylakoids arc rare. Therefore. unappres.~d

membranes arc mostly made up of the stroma-exposcd thylakoid memhmnc..~ at the top

and bottom of each band. Rc..~arCn on other groups of algae has already revealed mat

different thylakoid membrane organil.ations arc associated with different disuibuti(\!1

patterns of the photosynthetic complexc..~. Red aJgae. whose chloroplasL~ evolved directly

from cyanobactcria. have only single t.'lyla\coids to which phywhilisomes arc atlachcd.

An immunolahclling study showed that both PS land PS Il in the red alga Porphyridium
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cruentlllll an: almosl uniformly dislrihul~d lhroughoullh~ thylakoid m~mhran~ (Mustardy

~l al. ]lJ')2). Cryplomonads. whos~ phycohiliprol~ins ar~ ~Volulionarily closcly rdal~d

wilh lhos~ of r~d alga~ and cyanohacl~ria. also have PS 1and th~ chi ale LHC associal~d

wilh PS Il distrihul~d on holh unappr~sscd and appr~sscd thylakoid m~mbran~s (Rhi~l el

al. IlJX9. Lichll~ ~l al. 1992). Brown algae and diaLOr.Js have lhylakoids associatec' into

hands of thr~~ and contain hoth chlorophyll a and e. Immurogold labelling showed that

PSI and lh~ fucoxanthin chi alc LHC of PS II were distributed on both unappresscd and

appres..;cd thylakoid membranes of Fucus serratlls (LichtI~ et al. 1992) and

Phaendactylum tricol7lutllm (Pyszniak and Gibbs 1992). Euglena gracilis. which contains

chi a and b. also has PS 1and PS II on both types of membranes (Brandt and Keiz 1989).

Therefore. the heterogeneous distribution of PS 1 and PS Il in higher plants must have

evolved gmdually. When this distribution hegan and how it evolved arc two very

interesting questions. Secondly. light-depcndent thylakoid membmne phosphorylation

may he different hetween highcr plants and green algae. In higher plants. the transfer of

energy between PS Il and PS 1 is mediated by the mobile LHC II by way of state

transitions in which light determines the state of thylakoid membrane protein

phosphorylation (Staehelin and Arntzen 1983). However. it has been found that in

Chlamyclnmonas reinharcltii. the prc...;cnce of Iight does not noticcably alter thylakoid

membr.me protein phosphorylation (Owens and Ohad 1982). In the scaly green alga

Mamilnitdla squamata. which alsu belongs to the Prasinopnyceae and has thylakoids in

long bands of 2. 3. or 4 (Kr'.imer 1988). the light energy absorbed by chi a/b/c LHC is

. transferred to beth PS 1 and PS Il without any preference and state transitions do not
::::::'
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occur (Wilhdm 19S9l. Thirdly. Ihe mnlecular Slructure nf LHC Il nf green algae may

he quile differenl from Ihal nf LHC Il fn)m higher planL~. sincc mnnnchlnai anliscra

againsl pea LHC Il can lahd lhe thylakoid memhr.lOes of pea. harley and fem hy Ihe

immunogold melhod. hUI nol lhosc of C. rt'Ïnlwrclii (Thaler 19S6). Thcrcfore. il is nnl

100 surprising Ihat PS 1 and PS Il are distrihuled on hoth types of memhranes in T.

slIbcordiformis. and il may indicate that the heterogenous distrihulion of PS 1 and PS Il

has not evolved in any primitive green algue.

Although sorne studies. which are mosl.ly hascd on freeze fraclure analysis. showed

that in green algae PS 1 is localcd on unuppressed memhr.ine and PS Il is mostly located

on appressed memlmlOe (Olive ct al. 1983: Lacamhr.i et al. 19l\4). very few green algae

have heen uscd for studying the distrihution of PS 1 and PS Il. Only Chlamydomonas

reinhardtii has heen uscd for immunogold lahclling investigation (Vallon et al. 19l\5;

Vallon ct al. 1986) and the chloroplast ultraslructure of Chlamydomona, cells iIIustntlcd

in these two papcrs seems diflcrent from that of the wild type. since the thylakoids arc

very swollen. Whether or not the swollen thylakoids still retain their normal

physiological state is questionable. In addition. therc arc no microgr.lphs in thesc papers

for PS 1 lahelling and the gold particlc.~ labclling CFI (a subunit of ATPase) were very

few. The prcliminary immunogold labclling rcsults from our laboratory show thut PS 1

of C. reinhardTii is distributed on both :.mapprc.~ed and apprc.~sed membmnc.~ (N. Benos.

unpublished data). Thercforc. the conclusions made in previous studic.~ on the distribution

of PSI in green algae should bc reconsidercd.
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Our study shllws thal mllst PS Il is Illcatcd Iln appn:sscd membranes and only a

smalt amllunt Ilf PS Il resides Iln unappres.'iCd thylakoid membranes of T. slIbcordiformis.

As wc menlillned ahovc. lhe immunogold labelting melhod has limilalions in resolulion.

The gold partic!es lahclting unappresscd membr.lOes or the eXlernal lumen may have

come from the hinding wilh an anligen localed on adjacr.nt appresscd membranes.

However. lhe cytochemical study using DS-NBT revea1ed thal both appres.'iCd and

unappresscd memhmne arc positively stained. Thus. it can he concludcd that PS II

resides on bolh lypeS of membr.lnes.
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• Chapter VI Conclusion

The distrihuùons of PS 1 and PS II were delermined hy using immunogold

lahelling on the lhylakoid memhmnes of a primilive gfl,en alga T,'rraulmis

•

,mbr:ordi!ormis, a memher of the Prasinophyceae which does nol have gran:1 in ilS

chloroplasL The resulL~ of lhis sludy showed lhal holh PS 1 and PS II in lhe chloroplasl

of this alga mostly r.:..~ide on hoth appressed and unappresscd thylakoid memhr.lnes in

approximatdy equal concentrations. It may hl: possihle thal the helerogeneous

distrihution of PS 1and PS II scen in higher planL~ has not evolved in the primitive green

algae. which do not have gmna in their chloroplasL~.
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