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Abstract
(

The promented‘membranes of photosynthetlc"baéteria
perforem functtons that are analogous to those essoncated
woth the chloropldsts of eucaryotlc cells. However,"the

BEIRN : '
composition and m/rphology of the bacternal organelles are

by no means. as complex. Thus the non—su1phur PUFple
bacterla provide g oood mode | system for studying the
process 'of organeaile morphogenesis. An additional

advanta;e rs-that the morphoqenesrs canf be externaliy

controlled by varylng the oxygen supply

Rnodopseudomonas spherondes N. C.I. o 8253 ®asS ' grown

,at,hcph Ievels cr oxygen,' and photosynthetuc membrane
~s§nfhesis WaSs lnduced by reductng the oxygen-‘supply. ' At
veraoos "times durnng the adaptatuon» cells uere harVesied
and disrupted.’ The subce!luiar materaal was frectionated
oy plihear sucrose dansity gradients.v Durtng the earity
‘stages of adap@aflon, bacteruochlorophyll dlo ~not appear
in the ..gradient ”positlon_ typacaln 'or‘ the normaj
photosynthetlc meubrane {the chromatophore frectlon)»"but‘
n another —fractnon termed the prephore fractton. Thls
new fractaon decreased as - the chromatophores developedo
and  thus eppeared to be ; chromatophore pPrecursor. = This
Qas, later supported :by‘ a (U-1sC) ,proljne labellino
djexperjment. ~ Electron mlcroscopie examjoetloh,‘ after

negative staincng» shoued' this fraction .tow‘cohslst of

dlstinctlve spherical structures. The prephore traction



.
coulid be produced by va}ious disrgptnve  §rocedures ‘and
could also ‘be hsebarated' from thp“other ,subcallular
'comﬁoneht;vhy gel filtfétion.". . ' 'y |

| Iha'preéursor particles were shown te dissociate lptof
Csubunits, ThéSG ha& a sihp{e protein compoéition’;‘béing

composed, to a Iarge,extent;of'three proteins with weights
of 11» 27;'and‘69 + or = 2 kllo&altons. Thé s@bqniis;
“approximately 10 nm vln diahbter" ;ere ”shoun’-";;‘
.hydrophobicaljy Ureaggre;été to'proa;ce §he  ﬁybigé!
préﬁhdre' fracﬁjon.. P;ramaters,cpn;ro{ling’thé S&ntheSns
ofvthé.ﬂpréphore' material uere'détermjndd; and  ﬁethods
of  pr6ducing ~fractions iﬁ .both the 'pigéghted and
ﬁon—p}ghentqdistété_Qére developed.

'&': .fﬁé'hétufé of £he‘ other fractions présont in the’.
sucros’e gradient wers alsq' investigatéd, The bfbtein

‘cpmpqsitioh qf eacH‘ fraction was .deteriined by sodium
dodecy! sulphate holyacrylamlde gel é(ectropho" -S« In
agreeﬁent; uitﬁt previous »erx:; it was shown thét.the
“heavyh (maturé) .th;omatophores ' réSulfed ' ffon” th;
agéregaﬁfon of the "light” chromaiophores i _an édd?tloﬁ;

derived

~~

nowever, éggrega;ion of a sné|l pignonted»§ubunlﬁ}
f(om the hature chfpﬁatophore,‘ Acdntfibﬁted.' to the-
. "heavy" Chromatpﬁhofe_ fraction. N
A discrete components .termed the meédium den#lty

‘fractions pbssessed a . protein co;posftion uhichn‘ it

combined - .with the prdphofa subunit proteins» produce a

-iv- .



profile very similar to ' ‘that of the mature
chromatophore. fnjso -fraction .. appeared inp el:ctron'

Eicrograbhs/as‘mambranous'%acglike structures. A"proposal
tha;lthe mednhm.dénScty'fréct;onvand the prephore SUbun};s:V

"téoiéinad. Lﬂfyllié ‘to  form the mature Chfomaﬁophores was

gﬁhséquantty su;gyfted by a dauble {pbg!lung éxpéfi-ent...

This ;siudy aiso- indicated ‘that the medium_,density

fréction was ;grived trbn tha'aerob(c nembrane} and the

prephora subun}ts were synthesisagd de,nbvb._
'The 'site of the prephore subunit synthesis was

shodnvto be» most probab]y) the periplasmic space. When

chromatophore synthesis yaé_;lim]tedQ' cells excretad
pigment bound to lipoproteins. The protesn compositicr of

this éoub(sx Was very similar: to that of the . prephore

suounit.  The . process 6f  adaptation is now believed to
. prbceed in the fdllouing manner: a3 reduction in oxygen
supply snduces the preferential synthesis of the subunits.

_When pigmanteds, - the ;subunits combine with a wembranous
derivativ'e of.tpa\aéroblc invaginations ﬁreéuengly seen in’

—

slectron micrographs. This combinations together “with

additionat ’bécterioéhlorophyll syhthesis; results in the
formation of the[bjctefialvphotosynthegbc;orgahelles.
- S : 7 S o
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"Chapter 1.
Introduction.

l.. The Development of Interest i1nPhotosynthetsc

Sacterla.

Pugmented bacterla appear lo have been of no Hspecial
interest before' the studies of:Engel-ann in the l886's.
" The plgﬁontAltho,ent[re pigment system) had been found to
be complexland was termeo bacteriopurpurin by Lopkester‘lhw.
1873. .lhose ‘bocterla.'dttalooof o' qn.dué . Status uith

Engelnann's finding that Bacterlup_ photonetricun‘suas

‘ capable of photosynthéscs and could utlllze near infrared
lught Subsaquently numerous ‘Speacies were’ cdontafued and
media daveloped for the enrnchndnt of partncular

organisms. Tuo main groups of plgnentod bacterna emerged.

the sulphur bacterla. both purple and green, capable ofv.u"’

'groulng photosynthetlcally oxndusung sulphur conpounds and
.the non sulphur purple bacterla Hhich requnred oxldasable
' 0

-organlc compounds. In 1907n Hollsch propos&d the purplo

_bacterla be combined. |nto the order Rhodobacterla and that

it be divided. lnto two - fa-nlaes, Thlorhodacea B and‘
Athlornodacoa;_ The groen sultur bacterua were placed in
~the Chlorobacteracea family. A The‘ , naJorlty - of

Athuorhodacea uero found to be facultatlve phototrophs and
. wWere observed to losa thecr plgoontatlon when qroun

asrobically uith organlcgsubstratos. A co-parason ‘ot the
' RN - e R

/
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‘pigments extracted from bacteria with those frcm plants
~ e

showed the dhlbrophyll and éarotehoia; to be‘_sjﬁylar
[ Séhﬁqider (1934), Fischer and Hisenkamp'(f935) and vaﬁ
Niel _agd Smith (1935)1. . These findings alpng:pith the
extensnve physuologlcal studles made by ¥§n ‘Niel- (1961)_'

allowed hia to develop a concept which unlfced the process

of photosynthssis. in bacterla and Green plants.ﬁ The now

classical formula for the - overall process of

~photosynthesis was proposed:

CO(2)  + 2HI2)A "= (CH(2)3) + H2)0 + 2a.

N
\

Van Mnal further belneved that the photolysns of uater was

central to al'l prccesses of photosynthesis.
These ‘1deas. triggered a new interest in  these

~bacteria. Although photolysis of water is not involved-
with bacterial phctosynthesis, mény features _have been

1

‘~ shown to be- very  simslar. Van Nael's studles may have

'been responsible for the brese%t widespread use of these

bactersa in photosynthetic research.

_II. .The Discovery of - Photosynthetic Organeties in

Ractersa

In. 1925 Wurmser et al had showad that grnndang Purple
,bactorla' reloased a water soluble pPigmented - protejnf'
Lu-bc-enko (1921) had suggested that the ’biqnent§~ were

o ‘ o 4
pratein .bound in the cell to explain: the - change an -

e
. :
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absorption maximum observed féfter_ éxtréction of fhe

' v , p L
pigmants by organic. solvents. Katz and wassink (1939) and—

French '(19403) also ‘fouhd- that disruption of cells
Produced a soluble complex wWith nsl-changs in spectral
broperttes. Stall further'.évndencé‘ that the p?buents
ex;stéd in comblnatlon with proteln was provlded by French
(lQﬁOb) in showlng the pugments to be precipitated ‘uith

protdln' by ammonium sulphate. pPardees ot ] (1952)78ppear

to have made the first ftuli investigation of fhatérna(s,

,released from' bacteria byfg;inding'uith“alumina. These

workers . WOTe ' surprissed to find, ‘after , an

" ultracentrifugation: study, . .that the  pigment  of

Rhodospirillum rubrum (fam. Athiorhodaceas) Was bound to

"Iarge‘pértlcles. They estlmated the lolecular ueights.to

be 30 million ‘galtons. They had ,expectedf'tb‘flnd a-

solubte low molecular e ight plgnent~prote|n conmpiexs as.

ginitial‘? llght nlcroscoplc examination had ShOHn: the

_Pigment not to be localized as mas  the case in sjgae.fs
isﬁbsequent‘ electrpn_‘ mucroscoplc . axamlnatlon showed,
'hoheyer) disk- shaped structures with an apparent‘-dtauefef
;of 110 nm. As the sednmentation data gave a.nlnnmu- value

'of-_60 nm they assumed the dnsxs were deruved fron

flattened spheres of about 60 nme. They stated "Slnce they

(the spheres) do not possess the structural complexlty 9f 

typlcal chloroplasts, jtv seq-s '~ most. ‘appropraatél to

despgnate them as 'chrqnatophofasf".",Thlsqswork. wWas

- a

S
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described in more detail in avseoond paper*f(Schachnan et

> 19520, | R

Schachman at ai (1952) hao suggested thet the trﬁe

G

Structurae of Lhese'untracellular nacromolecules could be«
obtained by a careful comparlson' of extracts prepared
usnbg dlfferent dlsruptave technnques.. Neuton and Newton

.‘(1957) found that three disruptnva technlquos‘produced ther

- same chronatophores from Chronataum strain 0 (tam.
. . . “. ;
Thiorhodaceae ). - In addltlon " they observed  that
_homogenlzatlon ot chronatophores in media of low ionic

strength released.proteln and.plgment. They estamated bhe
diameter of Chronatlum chrcmatophores to be about 100 nm;
hogovero aftor sonlcatson about ZSZ‘fof .the pigment -wo§
.cohtarned in partlcles only about ao nm in drameter. The
release of chromatophores was naxlﬁbn durrng tho ‘oorly
_pqrrod_ of . cell rupture but the smatler particies bqoamo'
”ooro abunoéntrﬁith nncreasung so;]catcon.‘ They' suggested
that ‘the snaller partlcles were produced by degradetlon of_
tha .chroaatophores._ Thus explanatlon does not» houever.~
account 'for the sballer '555', component observed -by“
Schachaan gﬁ";l 11952) These uorkers found that when 3;
;rubrb-- uos groun aeroblcally ln theF"ark, chrouatoghoros
1uere not producao but smal ler <plgnante3 structuresi’were
. - B
tound. »bThe significance"Of‘ these: partacles .wos not"

 undorstood. Iho"lnterest A shoun mn chromatophores»'

follourng.'thelr dnscovery. uas probably partlally due to
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‘the demonstration of their Photophosphorylating ability,
. l . .

IFrenkel (1954) and Kamen and Vernon (1954)1; they were.

thus functional in vitro. Thus it was induced that the

/o o—

structure chardcterastlc of photosynthetlc bacterre.

'chromatophore was a membranous vesicle in vivo and was a

ITI. 1Ideas as to the Structure of Photosynthetic
Membrane in vivo |

‘Advances in electronmicroscopic. techniques allowed
Vatter .'end wolfe (1958) to  examine. sectlons_ of .

photosynthetlc bacterla. Photosynthetrcally active cells

of R. rubrum ccntalned numerous membrane bound vesicles
50 to 100 nm in diameter, These‘ were~’hot present n

aerobrcally grown calts.. The vesicles of Rhodopseudomonas

@Spherondes' (fem; Athaorhodacea) ware sliohtiy snaller
than those of.R. Rubrum {40 to ‘80 nm in .dleneter). Theu

'_‘obv1005 conclusron was that tne structures seen nn cell

sectlons were equrvalent to those lsolated by Schechuen et‘

Al in 1952. Karunelratnam et al (1958) found that reloval

of the cell uallylaft.plgnente ‘protoplasts. Their cletn'

that chromatophores were bound to the cytoplasunc -e-brane”
SoWas. supported by . Tuttle_ and . Gest 1l959l'nho _found
" that oSmoticalef frysed protopiasts-vdid not 'releese_
._§E;5¢a£ophérasi .The questron then arose as to how bthese_
;ﬁ?

Studies could be reconclled uith the results ‘of Vatter and

Woilfe (1958): uhich shoued chronatophores to be dlspersed



throughout'thevdytoblasn.
The qUestion as to uhéther - the photosynthetuc i
"apparatus consustad of a membranous contlnuum or duscrete

z'bodles was tackled bby, Boatman (1966).'_ Secﬁlons- of

spheroplasts of R. rubrum_alloned'thb connections between

chromatophores and t he cytorlasmic meﬁbrane; ﬁo.rbe
visualized., 'Connectlons between = chromatophores .were
- seldom seen.' Baatnan suggested that lf such connections

axisted,-they were asither small,bor broken» durirg‘ sampje
érébarétuoh. Ihus  th§ » _problem gas only partually
resolved.l.Saﬁce the evidence for a contlnuum was based on

the results df_.bsmotnc lysns of protoplasts.n_ the
vpossrbolrty Véxnﬁted that chromatophore’ re-acned trapped
inside the cytoplasmac mé-brane. : Neither Fuller 1(1963)
:hbf | Gorchelnv (l?bac):_'uas able "tﬁ‘ excludé,~thi§
5ip6§snbulnty. Furihefp'clbson (1965a) shoued that numerous:
vractors uould ;auSe chromatophore agcregatnon._ Work  g|th
R. - spherondes demonst(atgd,ithat the Stanbard 6s§ot|c-
‘lysate would, not pr@du;q, nOﬁ-éggrégated chfoﬁatophora§
- even’ affer‘ passage thr0u9h a'Freﬁéh pyessﬁfe'pell. This
uas also. foﬁnd ‘to be " the cass by Gorcheinu 11968c).. Tt

thus threw doubt an the evndence .of a contnnuun based on

osmothc lysis technuques.‘ There wWeres howavers, othgr‘
ltines  of research’ that ;suppofted: the 'conéept'Uqf” a’
‘continuous membrane _systbm. A‘Cohen—Baz:re ~and Kunisawa

(1963)  found that brief sonication of R. rubrum yielded
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inhomogenous-pignented material while a longer‘.treatmént

4

vuncreased the vield. of typncal chromatophores. They found
that‘ both the cytoplasmlc ma.bnane and the vesncles had a-
similar 'appearancp' in section, and further, - that

peripheral 7,ve§lclés were continuous vuath the. cell

membrane. These workers belleved that free chromatophores

-mtght be formed by breakage tron the celtt - mehbrane at
points of ueakness; PerhapS't efétfongest evidence for an

AN
interconnected system was prqduc?d by Holt and Harr (1965a

:énd‘wb)., -They argued that if ch}oaatophores were free in

. . J‘"
the ceflg they should be' releasad 5} a rate eaual to that

‘of celf ‘ dcsruptlon. . Both sonicataon and 'ballistlc
dlsuntagratlon studues shdued -thns ;waé 'nbt the case,

Usnng stereo—electron mlcroscopy; connectlons betueen the

vesicles of R. ruorum could be seen. Tubules could be.

vseehi‘orlglnatlng' frdn_'the periphefy ,vazghé. cetl and
'occas;qnally bulging  td form bsphe(ical l'vezéit:lt'as.' - Tﬁe"'
cells -used for ths‘ ‘study we}e, however» subJected to_
sonlcatlon to remove the cytoplasn so artefacts ulght havqfd
ﬂdbeen produced. | |

“There havé béeh fow ldeas as to the ‘ﬁature 'of

v

nnterconnectlons betueen vesncles» although the assumption -

has been generally nade that the connectlng membranes has
- a slmular compo<|tion ‘to- thd' ChromatophOfes.' Gibson
(IQbSa):tound that although |rreversuble aggregataon of R,

spheroides chromatophoras was produced by . the standard
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osmot ic lysis brdcedureé: the cells coutd be tysed

osmotically wunder CQHditiOhSﬁ‘fhdt did not resolt in

chrdmatophorq'aggregation. %4th the lattor tochnloue-

’_

houeyer; stil!~ only abnuh«5z of the pignent was releaspd

as cbfohatophores. ThlS led Gcbson to sugqest (l965bo c)

that chromatophores were elther agqregated in~vivo'or that

'pignented core.  particles existed .in a-lipi:?matrlx. The

WOrk of Gorchein (1968c) supports the conceb

of matrlm.f Electron nlcroscopac exancnatnon of menbranous

fragments from lysed R. spheroides cells, after negative
-t otres

-staining, showed duscrete__areas ulth dlfferent statnlng."

; characteristiCs. than the surroundnng maternal. The

fuoding _that fonestratnons of snmllar suze to these areas_

also uere present caused him to postulate that tnese areas

uere chrouatophores ;£2'5situ. It thds appears'"as it

chromatophotes do  esist ~in  a matrlxn possnbly of hngh

'\\“- ,
Vipid content., Thos would explaln the absence of -
‘anterqonnecfdons in -ost olectron mlcroscopy studnes, the
Iipid»oelng fost durung the embeddang procedure. . The

questions, as to the ;g vivo state of the Photosynthetic

nmenbronds of R, gherondo and R rubru-» clearly 1s not

’yet fully resolved- and the pos51b|llty remalns that thereA

are significant dirferencos between these two specnes.
IV. Terminoiogy

..Since the  original terwm ~"chromatophore" was

of some type
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’rn}roduceu“ugéverarv diternatives have been ~5uggestpq°
Kauén (136§)n fnndrng‘ chronatophores to be proquded as-
dcscrete bodies only after vrgourous callular. disruption;
proposed the term "chromatophore fracment"- Thls tern haS‘
not been uldely adoptedo perhaps because of connotatnons
xwuth subchromatophore partlcles. 'ln the same' year Menke

suggested_ thB  term "thylakoud" to describe the lapgllar
"structure séen;rn”lsone_ photosynthetlc ,organisms.f This .
V.rerm/]is uidpj}':uéeq fo upScride in vrvo pigment bearAng 
mqmbranps’,iny.p[unts. .fhp-.tprn_ _"pug-ented "me-prgna
fr'ragm'ents"'__‘_ 'Qas' | pr.opchedi as an ‘_’avlti_arpatu_v‘e:- ,tp
cﬁréMatophoreé‘by Sfanier (l9Q3).

it

I favour the terminology suggqstéd by Peters (1970). -
‘ o . . : o S

The partuéulafe ‘prgmented. material, 1solated after
diéruptignr is - termed the chromatophore 'fractlon;‘ The
membrane . bound system of internal  vesicles and

invaginations .of'thé*pytpplasdlc'membrdne, as observed in.

‘cgll'séctions: is. termeq the thylakond. . uilj refer. to

 ap iﬁdfviduaﬁ nngudnted vesncl _g vivoe as a chrcmatophore
and employ the term thylakoid to desctibe the entire in.
.vivo network. E R
V. Is the Chromatophore Pigment Content Constant?

‘The classréfuork of Cohen—Bézrr ‘et al (1957): showed .

the plgment content of non- sulphur purple bacterla to -‘be

,Iralatgd to' llght intensity and oxygen content of the
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medium;“The questlon.then arose as to whether . increased

»plgmentation' resulted from nncreased thylakoud menbrane.
‘Aan lncreased plgnent content of the menbrane. or from both .

. mechanisms. Cohen- %azlre and Kunlsaua - (1960) approached

this . problem by anélysfs‘iof different» chromatophore-
tfractions asolated from cells of dlfferent ' pcgnent'
wf‘cpntent; They" found cells ylelded; dependlng on the mode

‘of dlsruptlon’ between one thlrd and one haltt ofv their

-

chlorophyll as a crude chromatophore' ftaction. : They‘

concl uded * that the number of chromatophores per cell ‘Was

&'essentjally cdnstant and that they varled, in 'chlorophylﬂ

'”content. t Thelr flnding in 1963' wass, houever;p.
contredlctory. Exemlnatlon of thin sect:ons of . R ‘rubre-
showed 'an increass in chromatophores uith ,'lnCreasede

' v L )
_chlorophyll content .of  the cell.' This conflnct between

the two types of evudence uas also found in_&; spherordes

(Bull and Lascelles 19@3)‘ and n Rhodospril tunm

molishidiium by Gibbs et al (1965). Worden and Sistroa

.llqbsl, however, found that the yleld of chromatophores.

lncreased with the cellular plgnent -content. This was

sum’iorl:e.:.l'~ by Holt and Harr in 1965, These _workers found

"that cells emptled of cytoplasm ylelded ‘membranes uatn " a

> .

constant chilorophyil content. ' They COncluded that
cellular piqmentatlon"ln Re rubrum ‘Wwas tegulateo' by
.changes . thér - quantlty membranes of a 'flxed

- . . . o
composition. -They attributed the high proteln to*plgnent

*



ratio» foqhd by prévious~uorkers ulth'oells of fow pigment
_cohten:..vtoo oavovboon due to contaminatson by_rloosonos.
Vlhe»preV|ous paradox was lhiesiigatqo in 3& lspheloidas‘py
Gorchein (1958b). “His work supported that of Holt ond
Marr (1965);',the.'£hylakoid syétao appearod 'too bé‘ a
’st01ch|ometrlc complex of protelns and plgnents. Gorchean
showed- thatp unlessweérefully purlfled: the chronatophore'
fraotlon from cells lespecnally. those of ‘lou plguent
content) ‘uele 'contamtnated- by céll uall"fragneﬁts;
rloosomes~énd'_cytoplasmicwimeobrono.AU Kotchun,‘and Holtl'

l1970l -found ' an sxception to the constant ratio of

pigments a%d‘ ~protesns ~ in a purified chromatophore
fraction. Siatiodary‘phaso.R. _rubrud cells‘showe: wice

;hé' concentratioo of chlorophyll ncrlally charactarlstlo
of chromatophores from growing cells, }They suggesbgg}that
this uas:tho result of proferentlal proteln 'éjnohoslé
lnhlbitlonbflh iho stationary éhase.‘ Their uork ilplled
“that the concentratlon of plgnent tn the chromatophore -as_;
not regulated, bj stolchlouetrlc conS|deratlons but by a:
closo coupllng of plgnent and prqteln synthesls. Such a8
'oouplnog ﬁao been denonstrated by Bull‘_and Lascelles

l19§3l ;:A more recently by Broun and Lascelles (1972).
Vi. Heavy and Light Chroﬁotopholoﬁ

Many uorkers have observed that the centrlfugatlon of

'dlsrupted cell menbranes ih_ a sucrose' denslty gradlent,



‘results on the production of two pigmentad bands.

Cohen-8azire and Kunisawa (1960) described the . bands

produgced by material from R. fubruu és the "heavy
particle fraction" and the ‘"purified™ chromatophore
»fraction.a The - heavy » fraction scattared light and

'

.contalned a- Iewer specnflc chlorophyll"cogtent than ﬁhe
Durlfled" band.' Hpuever, thls fract(en alia&s'contaiﬁed A
at least helf the eigient in the gredient. Treatment ulth_
pancreatac Ilpase folloued by recentrlfugatlon uasl.shoun‘
ﬁo result n ‘the fornatuonvvof more~"purified" (tight)

chromatophoie fraction. This treatuent caused the loss of

r -

-

the photophosphorylatlon acthlty- so the ln1tialt Iigﬁt
sbchromatophores :uefe, considered the most highiy purlfued
functioﬁel=naterial._ wofden and Snstron’/(1966) uorknng
with 'Bs . spheroades neted that the position cf the heavy
fraction an the sucrose gradient varled dependnng on‘ the
 grou£h ».ccndiﬁionsi vtﬁey : hed.' dsaq, ' Analyﬁy03l
ultracentrufugatlon Showed ehat;  .unl;ke' “the liehte'
7fractnon. thqs !rdctaon uas hetereogeneous. It was found;
:to contaan a’ Iarge amount at RNA and hlgher levels of Bchl
Urelatnve to the carotenonds. lnterestnngly. the long‘.
| gg;slangth form of Bchi (8870) uas enriched tn the heavy
"fractnon. vyet conversions by French preSsufe cell
;reat-entp‘ to the, light fractlen -elinlnafed ghcs
-;iffofenco, vThe spectral. differences betueen- the‘etuo

iractiohs,‘uere 'at that ta-e not belleved to be artefacts
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since. they appoared to be intrinsic properties of these

,materlals.. '\They : concluded ,that‘ the photosynthetlc"
: FE
:apparatus has two. distinct forms unthln) the cell. They
suggested that the heavy, fractlon was deraved from the
cell]membrane as\lt predonlnated in cells of_ low plgment
cootent. .Thié rationalized the xproddction pot Iigit,
éhrohetophores from this ffection outh doeé " not .eeem
totally consistent ulth their flndlng that a mutant straon
(Ga) produced only small anounts of heavy fraction. ,ﬂHolﬁ
and . Marr [(1965) uorkong with' R. tubrun showed that the
heayy'fractioh contained. large neqbrane”'ffagments “and
almost A”intact celd | eneelopes. "~ Thus thied fraction
eontained;;rathef thén_uae defieed ,froi--‘cell 'eenbrahe;_
‘Gioson fiQeSb) provlded ‘eni explanatnon asi to uhy the
‘chromatophores sednmented wlth two apparent densntles. He
demonstrated that ‘the heavy fractuon obtalned by previous
uorkers was ‘procuced by chro-atophore aggeeqatlon caused
b; divajent catlohs. 4 Cent;lfugation using“ the 'same
vproeedore as had bean used by Worden and SaSttom’ put'uith
the omission of. uaqnesadh.vproduced'a‘single‘(llght) band.-
fhe work dld not- explann the dlfferent spectral pfopefties
off the two fracttons but clearly delonstrated that |f two
forms of chrbmatophdre» existed " the dlfference was tn
'suéceptibi]ityv to aggregatlon- Znot‘ ln_bouyant'Oensacyg
This finding: however, dld rot inhibit further étudy.'of

the‘-heavy__fractpon, Ketchum and Holt.(196dl produced,efh



heavy frect on using elther sonlcatlon or osmotlc” cshock
treat-entl of" 'llght | chronatophores, *folloued' by
.recentrlfugetion on a sucrose gradlent . They' observed -
that proteln Was . released from tne llgﬁt frectlon'naterlel
at 'thev sa-e rate as the heavy fractlon ‘was. formed. .Tnls
- Was lnterpreted as evndence for the chromatophores to be

,three—damensnonally complete vesacles. They dld not show,

’however,.that they had not increased the SUSCeptlblllty of,-

chromatophores to aggregate. Hansen ana. De Boer l1969)
ibelleved that cet;@h\\concentretton was not the most‘
’Cfltlcal factor in heavy fraction formation. " These
Qorkers' believed that the pelletlng of materlal prior to.
gradlent centrltugatlon ues the\ maJor ceuse. . Ehis.  ~5§
supported oyvthe lsolatlon by Ketchun and Holt l1970) of =
“heavy fraccior 'ln the absence of magnesnum: using,French
pressure»cell dlsropted'g.' rubrum. The Bchl' content:eof'

the_:fractlon was réduCed however, A snmllar flndan was

made by Nledernan and Glbson (1971) ulth Re spheroudes.'

In the presence  ofv (l0-2 MY nagnesnum-lon ’plgnentvuas
3destributed alnost equally between the heavy vand - tight
fractions, ln"the absence .of uegnesuum—lon, ﬁéaéAteér
chrometophores wers lost from the heavy f cclon:’ forther

r,oniSSion iof Tris buffer llO-? LR resur{::@lp:eytoﬁal lossﬂ
"ot chronatophores;_froe the heavy ‘fraction. A1} that
remerned»ues celt envelope eeterlel Slngle'cnronatophore

:bands have elso been produced by other types of gradaents.»



s

Gibson (1965a) used cesium chloride while Oelze et al

“components.
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(1969) used Ficoll.

It appears, therefore, that there is only one type of

chromatophore fraction. Much of the confusion in the
fsterature regardlng the nature of subcellular'fracfions

.stemmed from the diverse preparative techniques employed?

: o : : : - wih
Although correlation between results of different gfouﬁs

wés,made difficult, the problems caused the evolution of

" techniques producing * good separation -of suybcellutlar

stfuctures.‘ Niedériann and Gibson (1971) showed “that

- heghly purified rlbqsdmal, chromatophore and;c.ll enveiope-

fraétions couldwvbe igo{étéd; using ‘a snngle'contanous >
sdcr&#e ~deﬁ§ity ggrhdient" A good separation  of
cﬁromatophores fronm cell.!nénbraﬁe is-a pr6tgqu;s@té fdr
the investigation offvthe' reiatibnship. between these

VII. Subchromatophore Particles

.Hany membranes‘have bééﬁ shown ﬁo posseSs_'a subdhlt
structure "by X-ray éhd' froeeze etching studies. The -

existence of such sdbqh1ts is obviously of great interest

With regard  to chronato?hore .nofphogénésjs. I Shafl
briefly review evidence for the oxistﬁncé.ﬁ of
éubchrqmatﬁphor;; partlglbsl' either found.mafteri cell
disrUpt{on or observed hiﬁ .s;tu.‘ ’i ‘fqel'ﬁthatf‘ such

~particles are better candidates fof in vivo'subUnit;_thaﬂ"

.
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those produced by eheotropac agents, as the Iatter may not”
be natural associations - of prote|n<} components,
. Comparative studies Wwith a varcety of chatotroplc agents
have been of great value-,ln understandlng ‘chrecatophore
struc;ure and wi'll e discussed in the next section.
Newton and  Newton - (1957) proposed that  the

chromatophores af Chromatium 'cenSQStea- of identical

macromolecular subunits.  Sonication, grindqng with glass

beads’ .or Hughes press treatment converted the 1C0 nm
. . ) . ';?}' . : v . v . .
chromatophores. to 40 na .particles.. A flVe minute

sohicatjon?Jsehverted about ZSZ of the, chronatophores to

-this relatave!y‘laree subunlt. ln ‘959 Bergeren proposed

' i‘thet sebunfts wersa held togetner by dasulphlde bondlng.

This was supported by Neuton (1960) atter an |nmunologlcal

studyvef 3," rubrum chromatophores. " Low. and‘,AfzelTus
4(1966) eiamided"g,' rubrum chromatophores- by electron

nneroscopy after ne;atnve stalnang. These chfoEatophores
were covered with stalxeo partlcles of . the same darensnons
es the “ele-entery partlcles of Green (1964). It seemed
¥probabie that the chromatophores wWare composed of' several
types of SUbunnt | *

In lQbﬁp x-rey studaes'by Langridgebgs al nndtcated
that vg,' 'sgheroides- chronatephores were hollow spheras

unth'avneaﬁ'shell radlus of 29.5 nm. The oeta uas turther

lnterpreted to suggest thet the shell consnsted 0f 5 nm

‘ suoun|ts. Similar 5 nm particies were reported by Holt



Lo S
and Narr . (19658) durimﬁ. rubrum

ﬂchromatophorqs by 5‘9|ect‘.ron mlcrh§Cpr.-yﬁ%ese Particles

ﬁﬂ" 3 c(
were lnnearly spaced a; 10 nm |ntervals. Agn

° . ) \ o ‘.'
: t*'

858 uorkers

iﬁ'
included magnesuum IOW§
a

%C thelr buffer so

o ‘lt seems’

w

‘.

'possable that these“ beeT-v,elementary

B

partlcles. They §f T@dh that the partlcles migHt be
) . . - -"";f?m ) - . .;

the locn of ﬁth%x photosyn etlc plguents. lntereg} in

chromatophore s&bstructure was stamuleted by the report of-

chloroplast subunits, the quantosomes of-Park and'Bn@gfns'

(1964).
A ’pignented partlcle ndch smalfer’ than the
‘chromatophore wast‘ described by Glbson (1965a);~ In’

méterial produced by French pressure cell dlsruption ‘of
v_énaeroblc _cells aboqt 15% ot the plglent sedlnented with
these structuresc .A_ larger percentcge H&S’ noted cn‘
material’p(epated frou»cetls.adapting senaaerobtcally in
hthe darK.f Gibson sugcested that thos unght |nd|cate that
chromatophores formod under these condntlons nay hav e been
'_more i suscehtlole .tov comulnutlon than t'"anaerobic"
cnromatophores -Xt is temptlng to spemalate that these
-

"senn—aerobic" .'subunits MIth be snmalar to the subunlts

described in this thesis. An-'lnteresting‘ study of the

subunits of . the phrple' sulphur batterium Thiocapsa
floridanav uas made - by brakacs‘» and Holt, In A1971.

Freeze- fracturad chromatophores showed 6 - 8 nm particlssg

on the concave surfaces» whlle the -cthex surfaces were

3

s:éi??L“
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the compiete solublltzatton of the nembrane lnto subunrts

i

folloued by ' the reassociation'l into~ structures

morphologically and functlonally resenbllng the orcglnal

Y,

;chrbmatophdfeS; The subunlts wore of - the ' same _size as

those shown: in the freaze-fracture study. ‘Each subunit

was itself‘cqlposed ef frva-;spherical subunits Mith an

averaﬁe dcameter of 2.0 nm.m'Thelr technique shows great

potential.inv‘cnvestngatong chr.omatophore structure and

perhaps morphoqenesrs.

Reed and Raveed ' (1972) probably made the moot

_detailed study of the chromatophore -subUnits.inwsitu,

11966).

They'found,that'removat of the 9 nm‘ATPase partrcles ~had
no 'apparent eftett' on the remaanlng subunlt structure.

Freeze fracturing the chro-atophere nembranes- of” R.

rolatively smooth. - In an accompanynng paper they describe -

spharoides R2¢ snoued that a 'layer.df 13 nm‘particles

exnsted dlroctly above a sheet of 5 nm ,partictess The

larger subunits ‘Were 'of,lthe same si1ze as the'purifled

~reaction~center barticies they had™ previously . isoflated

(Reed et al 1970).  The 5 na units had beén shown tio
contaon the tight- harvestrng pigment and were: clearly the

partacles qescrjbed oy ‘Menke (1967) ‘and Langradge et al

.'/

It uould thus appear that there s littie. ev.égg%g
 —for - the existance of subunnts‘ as: free entntnes in the

celj.1’Chrouatophore subuhits,.houever, ﬂm;e been shoun to

[ N a2
B PR o
.

{
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o

exist 1n situ. Their arfrangement in the chromatpﬁhqré"

membrane.and functions have been now determined targely as -

‘a result of work of Reed and co-workers.
VIII.  Furthsr Work Towards a  Model of  the
Chromatophore Structure

Thevbuildlng of 8 mode| ot the chromatophore menbrane

)

fequires two types of data.”™ The conposntaon must be knoun
and the location. of the constltuents witthin the Structure
must be .determnned. The coqposit@bnal analysis can be
‘divided jnto tuo»c|asses; .brﬁéd qu;r;itatfve studiesf:and
detailed aésays “tor hcﬁor' §Onponents qnd' jﬁd1vidual

enzymes. This thesis  is concerned praimarily uithl the

. Structural aspects of thé';hrOlatpphore rather than its ~

~b

"_fuhctlonlng. Minor components, such as ernithine lipid,

-

will 'énQy be discussed Cin ;efereneé tbvthéjrvproposgd
sﬁfuﬁtyréI or morphogenic functions. | |

Host Q;rkeréifhave 'obtélned data ﬁyith-f drfferent
obJ;cﬁiv§S- ?ﬁi view; this'pakes'qu‘an thidy historical
‘actouﬁt.  i,propose tb simply dqv a ‘rev10u ‘by Ilstnng
dqfférén£4 typss-‘of dat%vobtainod with only one - organisms

g}. spheroades (Tabte 1). The use of a uldo . variety ' of

organisms has diluted the dats that can. be used .for
buitding ‘a model but provides a means of viewing
photosynthettc bacterla ulth groater persn°cttve.- Another 

.problem was poanted, out by Lasce!los an_.her reviou "The

)
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Table T

Grdés cqmpoéitional data for the chrOmatoohofes of R.nspherbides.
| ' .

~

*

Component =~ - Values

Size (diameter) , LQ-QO nm £
57 ='3% (nm) e
- 60 nm : g
'Wall thickness 6 nm g *References
8 nm . e
- —— - - . . .a Bull and lascelles
Weight (dry) 120,000 kD c e ' (1963) .
: 38,000 kb, € ‘b Fraker and Xaplan
‘Welght of protein 18,000 ¥p c (1971)
(dry) as a % of 6&% T : b - ¢ Gibson (1965 a
total weight 624 @ and b)) |
56%& -~ a f1c .
"74%‘(28,000 kD) 2 d Gorchein \1968a)
_ : e Menxke and Weichan
" Lipiad - 3.6 mg/mg Behl & - . (19€8)
Phospholipid as a 257 b . . Sy,
% of total welght 20% a T Vatter.3°?1;g§§e
.. . .. 25% “a . .

- - g€ ¥Worden . .
"Carbohydrate as a 1. 1 mg/bg Bchl c and Sistrcm (1964)
%.of total weizht 4q d T

. 4.2% : a

Behl (Variable  4.6% 1. b
depending on , 7.3% d

light intensity) 4 3% a .
- 16% g
Carotenoids as a 1.17 a
% of total welght 57 g
Nucleic acids as 0.947 a
a % of total 0.15" d
fweight‘ : -0.38% b
0.005 mg/mz “chl o

(.
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Bacterial Photosynthetic Appardtus™ (1968); this 15  the

lack ‘of

o

;ethncques»

profoundly alter the

firmly

harvasting

This nas the aavantage,

established criteria for assessing

- chromatophore fractionapur};y, Differences in "disruption

procedures and  buffers can

-

results, as- mentioned previously.

however, of maklng egreenents in

data from dnfferent groups more valuable and disagreements

useful in pointing to procedural artefacts.

Perhaps some of . the most valuable work with reqard to

'_the‘structure of the chromatophore has been performed with

”detergeﬁts.’

prcnounced,

results needsd for”ouildihg

‘chromatophor
&

proposed by . SiQoten (19?2).

. "'s&{i

.supunit structure

&

Pr&cedural

variations are particulariy

houever, and have hindered the correlation of

e.

,Av"mﬁﬁel

a consnstent model'_of\ the

Wi bt be described based an that

It will be correlated to the

r

determlned by Reed and Raveed {1s72).

H -a nroader pncture of the propertles of 'the' bacterial

-chromatophor

Lascelies {1

e

968)

Langridge

auantﬁtatlve,data “with the overall dlnensnons:AOf ‘the;

chromatophore obtained-from

intormation

Juseful‘ln,that

could not *@‘e_

observeg

Wwas

accommodatedr

that,

the reader

‘and Oelierénd_breus (1972).

et at

obtained .

it was shown.

fhe

v

¥s_ref:ried to reviews by

O

(1964) ‘ attempted “to unite

X-ray scatterung data. fLit;le

by.'this approach ‘but it was

as  a monolayer. "Théy also

'

number ‘ﬁfg“ photo-bleachable

that theﬁchlorophyll molecules
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bactériochlchphyll molecules (PB}O) icre-Accnstant on a
chromato}hore basis although the tight harvesting form
varied. " It was proposed that chrdnatophores‘ cortained a
flxad number of PhOtOSYDtheth unlts g;th a:constant
reactton-center chlorophyll content. Theludrk of Worden
and Sistrom (19¢4) also resuited in chis conctusion,
Aaqcard'cnd Sistron (1972)-$houed‘that,the» rcflo_'of the“

' Rl : C ,
total 8chit ~to the reactaon—center Bchl varned‘wlth,the

specific Bchl content of t‘. celils in R. ' spher

“R. fubrum the size af the photosyﬁthetrc unot%Mas alnost

in&ariént. . A model of the photosynthefjcv unit an- R,

spheroides must thus'allow for variability in the amount
of llght-harvestlng chlorophyll i g

In 1958 Brtl made a spectrat study of ﬁon—;onlc< g
detergent- treatoq_ chrouatophores of R. spheroides. . The

uork |nd|cated %that .pngment—proteln complexes mray have
A ‘ N N

been liberated by - this technnque. Gfbcon (1965c)'shof5d
‘_that treatment of R, spherondes chro-atophores -nth bite
sal ts reduced thear sednmentataon coefflccent from 16C to

120 s. He calculated that thls could have"resulted from

the‘rejoval of an outer llpld layer between 2«5 and 5.5 nn
thick. Thez chlorophyll spectrun was almost unchanged,
‘nndicatmg the plglent was still attached to the 'protein.

The work of Henke and Helchan 51968) shoued that the bile

 salt treatnent may have had a more couplex effect.- -Their

electron -ucroscppy and X—ray studles of the chromatophore

\
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. - n
membrane showed a 4'nm lipad layer but that it appeared to
'exnst nnsade a'protein shell. | |

In 1941 Smith  used detergent to  fractionate
~chloroplasts. SUbSéqueﬁtly,’nuﬁé;ouﬁ studies yefe made
with various d‘qestive techniques resﬁlﬁing'!'in ':tﬁg
lSolat(On of the two plant “systems; these .- have been
reviewed byﬁBdardnaﬁ<(1970). ‘Thgse s;ud?es‘ihy have led
Oison _fo Use “detergents  as af‘noans of: dfgeSting
chromatophores to 'prodbée §ubunits.' Otson lsolated _é

plgment—pfOtenn complex ‘from Chlcropseudo-onas ethyllcuu

whnch he shoued to contaun flve molecules of .Bchl and a.
protenn with a molecular welght of 35 KD. Slnce thas work
‘a great. varnety of . technoques have ‘been use& in the study
of chromatophore structure.v One of the main anms has been

to produce a smail, and thus analysable, unjt cap&ble  of’

photochemlcal _aCthlty?’“ By this mcans it js hopad ‘that
S .
nnsight into the spatial ralatuonships betueen the

pigments, proteins and electron acceptors mlght be gained.’

]
Perhaps - the majority of-qgrk has‘baen perforned uslng R.

“4

spheroides or R. rubrum - (both 'wild  type and mitant

strains). * The produﬁ&n%n of a model of chromatophore

.-

substructure 1's now :pdSSﬁBlel although 4t is. far from
complete, This has  been achieved by an ncreased
'understanding .qf;;ihé effects of difterent chaotropic
LB - ‘ . . - . )

agents. 53

In 1970 Loachugﬁ al developed a method in uhich

¥
‘‘‘‘‘‘‘‘
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chromatophore 1lipid was }kihst completely displaced by

“ Traton. The procedure éﬁployed an ‘alkaline solution of

Triton X100 and urea.".The resultlng subchromatophore

(AUT) partlcles contalned all of the pigments and “had an

apparent parttcle ueaght of 150 + or - 50 kD. The B8chli

. spectrum remained essentlally unchanced and the .partlcles

‘possassed the ablllty to photooxidize PB70. These workers

claimed that;this WO rk nas.thg first strong evidence for a

photoreceptdf ;ubunnt In- vivo. The AUT partscles were

':estinatad to contaln 50 .8¢chl. uolecules and uere ~believed

.equtvalent to.-the 5 - 8 nm partlcles seen by. electron'

nlcroscoplc examlnatlon of chromatophores. [nterestcngly,

oo

‘removal of Trlton resulted nn_tha reaggregation .of  these

partlcles to form - structures. of 'similar appeerance to

/Jgninmafophbres. The AUT partacle contasned both ths Ilght

Ce

harvestang and reactuon-center proteuns.

v .
-( Varlous technlques have been used to dugest membranes

to their cndnvcdual Proteins. Oslze et ajf ° 1069)~
'jhvosticafed ﬁhe' protein composatlon of '&. rubrum .

chromatophores using a phenollfornnc acnd mnxture at ‘lbu

bH. After d!gestlon .the proteins uefe 'resolvéc .by'
polyacrylauide gpl‘ ‘electrophores|s. : A ’-method of.
callbratnng thls system to deternlne the ﬁolecular weight
of 'ﬁhé' protenns Was d95crabed by Biederman (1971&);" In

‘the last few years, the analysns of protein compc ‘ion
- . \ ,

%

'.has ‘been performed, aimost ‘entnrély, by sodldn‘cwaech



: . e .

" sulphate polyacrylamide gol electrophoresis ( SDS—PAGE).
.The mofécular uelghfs of the light-harvesting and reaction
center prngins»'éé déﬁerhined by vérfdds éroubsé iﬁ"sﬁan_
'(Taple . |

Tneveffe;ts of a -v;ruety of véhéotrop;gi égeﬁfs on
proteins A,libérated : and on the‘ pigﬁént _ protenn.‘
iﬁtéracﬁions» was examined ﬁy» Kim (l970f: using C.
ethyliéum. \\A éimilar Study ;asvmade with 5:"rubrum 6y

" Beiderman  (1971b). These studies showed  that  the.
_ propertoes".ofi the libafﬁted ZCOuplexeS‘ uérev Stroﬁgly
v;nflqgnced by the type of-idigesyjon FtecﬁniQQe{ employed.
This ‘was :déuonstfated ‘With a single detergent, SDS;~by
Feher st ai (1971). At a low flevel (0.1%) of 505, * a
reacg{on—ceﬁtér{preparat|on uasﬁgﬁiit into two cénponents.

The  (arger ot these ‘(37~ +';or - 3 ‘KD)Y remained
Photqéhemtcal1¥ acﬁiQe.Athésoqpef uaskunpigi;nted_g28‘+ or 
-2 KD),‘ when 1.0% SOS uaévused; thé Targef‘partncleA_uas
furthervldlsspbﬁatedv énd ‘£h9//pho§6chdiicél activity was

'|ost?"'c13yt§n 5qd Haselkorn :(iqiz), showed that the
pfotéiné'of_theipigyﬁnted subunit were lost if the . Samp}e

was  boiled with 13  SbS f6r tonger than one ﬁihute.-“An,

tnteresting comparative study of chromatbphore pro@éins” o

from different species was also made by these workers.
The reaction-center of a carotenoidless mutant of R.

‘spheroides  (R26)  has = been ' shown  to contain a

characteristic protein triad. The threg‘qoﬁponénts (19,



Light harvesting and reaction center pigment protein complexes prepared from
, ‘ R, musmwo»aom. : E - . :

W R, mn:mao»amm wild type. ## R, mc:mwopamm R-26, ### R, spheroides Y.

v

Method of digestion - Resolving - . :QHmoCme.zm»n:n.axov
C v nwﬁv:ﬁncm : ~Reaction *Light

center . ﬁmw<muaﬁzmu

i

R * Clayton angd. 10070 w1 e . o 14 ,

* Slooten (1972) 0.3% SDS, 25° x_Hmo ~ . Sucrose am:mH¢< 200° - . 9=10
. . . . gradient. = . S I

| __ﬂmwmm‘mm a1 1. 5% Triton ,6M cwmm _ Sucrose amsmﬁd% 120
mm. | (1970)" , PHALL ? . ,Qf,mwma»m:n R - |
! * Segen and fibson - 1% SDS,100° x 40 min, pAGE . 315 © 9.9
(1971) Co T | Lo e
* Fraker and . 2-ghloroethanol pH 2.2 PAGE" = 27 a7

Kaplan (1971)

** Feher (1972)" 1% LDAO then 1% SDS 65° pacE 28, 23,21 - -
.o owmzno:- mpCa 1% Triton 100° - Sucrose density 107 S -
and Fleming = - ‘ ? . mawa»m:a L . N :
(1972) . - DR :
** Reed and Raveed =~ 1% Triton, 100° omh.m»uﬂumapos 440 25
(1970) o L .
*## Jolchine and . 0,14 CTAB,25° x 60 min. el filtration _ 153 3 C .

-Reigs Husgson L . e w“ . :
(1971) T SR LT T
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21 ano 27 kDY were appérently'present n eou:nolaf-ratlos.,

This triad was - found in R, rubrums, Rhodopséudomonas -

capsulata, .and RhooopSGudonohaSﬂ palustris but not _iq

Rhodopseudomonas gelatinosa or in Rhodopseudolonas

LN

vnridj&:“&lk of thsse'species, however, contanned a maJor

;ch}omatophore prote:n ulth a weight between 10 and 15 kD{
This was useful as 1t shoued that many  of the organism§
usad in studies ‘of morphogenesis were teirly clcsely,

= ’ ,

related phylogenetically.  Smith and Dus’ (1972) compared

the amino acud conposntlons of the reactnon-center-prote}n

. of R, spherondes. and R. rubrum and found them very
o R rferotdes Al —Sofunm
srmilar, if not ldentlcal o : ’

In 1972 &looten,attempted to produce o model of a
chromatophore photosynthetlc untt which would enbrace his
fundlngs and those of other uo:kors. Tho mode | provndes'a
gooon;'basis .for" cbncoptgalizing the - chronatophore
'sooctfocture.’ The .flndihgfxof;.one‘ PB70  Bchi  (the
photo-oleachablo hchlorophyll moiacule"in‘ thc.'reactionv.
—center) per 600 kD of proteln deftned the photosynthetic
uoyt'olze an terus of protein, The’ assumptnon was made
:thgt the dcfferent dngestnon technlques dlssoolated thns
.unit into different fragments. - Reed ‘et 31,"(19701 hao
ootained subunits Hlth a value ‘of 440 kD per PB?O while
those produced by Loach et al LLG?O) contalned betueen 1od
r""and 150 kD per P870. The reactuon center particles of

Slooten héd_ a vyalue of ZOh kD per 9870 and coglo.bo'



-be

reduced to 120 xD by the AUT treatuent of. Loach (1970).
Feher et al\(197ll had shown these to be convertibile lnto
tuo‘ units  with W ights of about 20 kD. - The model
'ratlonallzed the otherwise confusung results obtalned from
these experlments. A dlagran, based on the model Froposed
by Slootenp is shown in Flgure I. In Fjgure .Z.the mode

o
ha been rearranged to allow for the spacial felationships

found oy Reed and 'Qaveed (1971).  The ATPase particles

PR ) 8
" should probably: be included n Slooten's subunlt, . as
‘-magnesiumvlon-?was'.lncluded in the buffer used to lsorate

the” chrometophores. Reed and Reveed estlmated “that -
_partlcles had a mclecular ueight of 300 kD and shoued them
to be dissociated from the chromatophore in'the absence of -
thls catl%n. |
Slooten proposed that ;he' feaction-center pigment—
Protein complex might resemble the  light harvesting
agment proteln complex 1 oats protelh ib pugment' ratno.
Thus uould certelnly. be attractive from an- evclutlorary
standpofoc. Slooten found the bulk of"the h8chllato De
essocaered »uqth proteln:ulth a ueight of 150 kd. As his
lchromatophore preparatlon contalned 30 molecules ef light
harvesting chlorophyll per P870 it seems. lokely that the
10 k0 laghr harvesttng protelns are each associaced with
tuo_ chlorophyll nolecules.‘ Cleyton' aod Cleyton llQ?Z)E

Y

found llght harvestlng protein had a 'chlorophyll content

-

of 172. " This. uould support the figure of two chlorOphylls

D
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Figure 1

Model of photosvnthetlc subunit based on that

of Slooten (1972)

ey to fig.

kD

o

]

‘RC

= kilo Daltons
Digestion by 2 chToroéthanol Prqfer and‘»aplﬁn ’1972),,
or by lrlton X 10b, Reed et al (1968,1970).

Treatment with 1 8DS, Fraker and ¥aplan {1972)

Digestion by urea, Triton x 120 at pH 11.0,

~Loagh (1570)

Digestion by SDSmor CTAR, Feher.(l???)-

Digesticn with uvea, Trlton X 1OO at p4 11.0, Clayton

and Jaselfovn (1972)

Subsequen+ digestion with 0.17 3ng, Feher - { 1372)

further treatment with 17 3Ds3, “layton and %aselxorn

(1972)

Light“hérvesting pigment proteir.s.

Reaction center pigment proteins.

N,
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on has

_ been shown to disassemble the photogynthetic unit in

R. spheroides.
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per 10 kD protein. The teactlon center has been §houn to_
contaln‘ four ~ molecutes of Bchl_ and  two vnf
bacterlopheophytcn [ nauzérail (1972), Reed and Peters
(1972) and Straley et ai (1973)]. It the ‘value of 37 kD
1S used,ne the plgnented reactaon—center prote:n uelght'of’
Fnhér et Aal (197l)g then a Similar ratio to tne light
harvesting protein is obtainedt The tdea that the
reactlonécentér proteun' 1s a multlmer of the 10 kD Ilght
narvgstlng.proteln is not supported by a comparison of the
amind»acid—ICGntét proteln (Feher 1971). The' snnllaf
ratios . might ‘indicatetta ctnnon .evdlutionary origin_nf
these. pﬁﬁﬁ?fns. |
- ‘Thé mdd§l snnnn in Figure 2 s “obviously far from
tnmpléte: .'l(ttle‘ is known as to thn-dtstrfbut%pn’of the
;lping the locations of = the 'mlnof 'éomponehtSo' or the
fnnctioné of the - unpigmented proteins (other‘than the
AfPase‘nnjt? It doeéy houever, prnvine a*refbrence pofnt
fbf still further analysas and 's obvnously USefulttdlvtnéA

understandnng of chromatophore assembly.—

o

IX. 1deas as to tha Mechanism of Chromatophore

" Morphogenesis

Jhe study of  chromatophore morphogensis in. purple
non=sulphur bacterta is éttractuva because the whole
pProcess can bae . maniputated by an easily controtlable

" parameters, the oxygen supply. Cells can be grown at high
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oxygen tevels’to produceacdit?fes with pegligible.pigﬁent
content. A low level of g'xygen will iﬁduce chftmatophore
synthesis. Cells can be studled throughout the adaptatlon
to. determlne_'the ;equqngﬁ-of cqmposgtlonal changes that
resuft in the proddctiqn"of the thylakoid system. Thas
.ptocédure ~ has been ' used by numerous workers. | An
alternatlvqttechhuque relses on chromatobhore synthesas
inddced in photos#hthetic, cells Dy decreasung the light

intensity. Most of the current |deas as to the - orngln and

development of chromatophores have resul ted from a study

of adaptation by -electron microscopy of the cells or by,

following the |ncorporatcon of a radioactive substrate.

This survey will be essentially confined to work with R.
: , . . -

spheroides and R. _rubrue;  species with similar
bhromatophore§ and simslar ' bigment*bearing proteins

(Claytbn and Haselnorﬁ;tl972){

The origin of the chromatophore was brobably. first'

lnvestlgdted by Vatter . and ”Holfe in 1958.  Their

examination of thin séctiqns of g;‘ rubrum,  however,
provided no solution. They stated the problem that

numerous subsegquent workers have attempted 'to‘énsueﬁ

P

"The wmechanism of  this (chromatophore)'vsgﬁﬁﬁé%lﬁk

unKknown. - Aré' chrdmatophores 'formed' s i

throughout the cytoplasm or afe they formed ffon .one of a

. I
. . I o . . B
few sites?vw - - .. 2 1

In 1959 Hickman and Frenkel - il959a) concluded that




| : ~29-

—~

the chromatophores in R. erbrum were not proguced by
pre-existing chrouatophores. " In an . accompanying papar ’

&

(1959b)» these workers found that disruption of cells N
-the initial stages of adaptation dig ’not releese
chromatophores but plgmented partlcles ng nm. in diameter.
They postulated these structures to be the bunldlng blocks
from uhlcn the chromatophores were . formed. At this time,
gg-ggigﬂsynthesis has supported lndlrectly by the flndnng
that pngnent and proteln synthesss uere closely associated
[‘ Lascelles (1959l and Bull and Lascelles (1963)1 This
ldea uas obscurec by the flndlng of a relatuvely constant
protein’ content 1n the chrometophore fractlon of adapting
Rs 'rubrum.cells [ ,CohenfBazire and Kunisaua (1963)1.
hfhese workers interpreted this fnndlng as evidence for
chromatophores belng produced from pre exustlng, membrane.
Thelr: idea. was supported by their fnndlng that cells Of:
low Pigment content contalned chromatophores‘ only around
~the perlphery of the cell - They made the observatlon thath
vesncles appeareag contlnuous ulth the Cy toplasmic membrane
ln some sections, and proposed that a reduction in oxygen
level'caused a dlfferentlal'synthftls of specral protelns;v
These were .incorporated‘ into tne"cytoplasmuc meebrane.
causing | tts 5expansnon: . ande eventually resulted in
lntruslons lnto the cytoplasm. ?his 1dea was supported by
the - studngs uuth‘osnotlceljy lysed spheroplests that were

‘used as evidence for 'chromatophores being a Contlnuous
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membrane system. Gibson» as mentioned» showed that theses
expercmeﬁts were not conclﬁsnve. Furthers he was crltucal
of the electron microscopic evadence and Suggested (1965d)
that .the ‘"buddlng" vesucles ‘mnght have resultad from
fus:on of separate vesncles ulth the cytoplasmlc uembrane.
Gibson thought that vfho perlphera[ ves. .es might,
alternatively, reéresén£ aerobic‘_structUres asisiirrar
invéginétions'could be observed in  nbh photosynthetac
'bacferoa. This he proposed uould explain why a greater
numbar of cytoplasmlc menbrane anaginatlons could be seen
‘ln aerobnc as compared to anaerobic celi sectioﬁs; The
small distribution of chromatéphore'diéueters tatout 77)
and tha'rarity of chromatophoresfthat were not ‘spherlcar
péused ”Glbson (1965d) to conclude that blnary fassion did
" not occur and that de novo synthssas was more probable ~aé
their . mode -of prollferatnon. : Thcs. tt was suggested-
could only ﬁe srttled'by a more dynam:c approach than
electron | microscopy. Peters and Cellarius (1972),
however, .réganned the ‘i1dea ;that chromatophores' were

s

proddced by the modification of the cytoplasnic membrane.
. . T,

They described electron uicroscppnc ‘“observatigns as
indicating that invagination was foilowed by éonstrlption,

‘rprolcferatlon"and branching resulting in thevthylakold.
They agreed uith;the work of Oelze et al (1969) in the’
finding that pigeent was synthesized before invaginations

(presumably nonaerobic)focbur(ed. In 1969 Drehs et al had
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shoun. chat the vcroductlon ot Bccl did  not .parallgl
membrane morphogenasis in R. . caésu1ata. éeters andA
'CeliariQs (19725 belreved that once .vesicles Wware being
produdcd}' the subsequent pcgment‘ cncorpnrailon Auag
probaﬁly“stoicnionetric. 'fhéyvfoundn interéscingryp‘ that
energy ‘traﬁsfer :and reaccion—center actlvnty occurred at
very low pugment‘concentratlons. CalculatlonS’of surface
carea and pigmant' Content faVoured the i1ded that prgment
was incorporataed non- unnformly |nto specifcc 1sitc$,_ The
~fact that they found t he photocheulcal effrciency atﬂlow
levels ot plgmentatton to be equuvalent to that n fu((y
ongmented,‘cells ‘also supported thls rdeq..icubéon Eﬁ.éj.
(1972) ‘foucd that' chromatophores; bound to tHe'.cérl‘

. envclope, could be sepéraced tfrop chronatophores~ which
T'they belleved te be free in the cell. “As unll\pe further
}-dlccussed- labellung ‘studies lndlcated - that boundu

¥ : - ‘ : o ‘ - v -
i;.chromatophores _ were not precursors‘ to the frees
i :

;'structuresm The concept that chromatophores are 'prdduced.

rby; 1crect_ modification .of the cytoplasmlt membrane thus
cannot be consndered establcshed. ¢
Tce .of labelltng' techniques has certainly
Provided . u56fq§ btochenmical tnformation than efectron
:microscopic stucﬁe;. and has provnded a picture as to the
'.compositionall modlflcatuons -|nvplved in chromatophore

norphogeneSis. “In 1963 Bull and Lasgcelles shou;d'thatv

adaptatton lnvolved more than a feorganisation of'existtng

1
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protéins. The uptake of amino acids was found to parallel

»

"plgmént ”synthésus in adapting cells, indicating the.

‘ . ‘ _ , >
‘synthesis of specific protain. Later a labelting study by

Lascellas and Szilagyi (1965) shoued'that pighented.cells
,contalngd additlonal phosphollpid.' Gorchein (1968 e» f,
g») made a thorough iqvestigation of lipid metabolisam in

adapting R sphéroidas. chdaptation caused an T'8‘52

increase in'cel[ular phospholipyd anc a four fold increasé

i ornithlneAllpid. "The i1ncorporation studies indicated,

however, that little: preferential incorporation of -

phbspholipid ~occurred and that the specific activity of

the chromatophores was the saﬁe'as that ot the cells as a
whole.  Gorchein interpreted this to indicate that ceil

. o o L o - ' ,
membrane lipid becomes incorporated  into chromatophores.

Drews et al (1969) wused changes in fight intensity to

favour eaither chromatophore or-. cytoplasmic: membrane

¢syntheSis, Pulse chase _experiments caused them to.

a

conclude that a dynamic interaction existed between the_.

ot

cyloplasmic membrane and “the chromatophores. Oelze and

Ofews (1970) . and Llamp- et al (1972) used - similar

techniques and came to the same conclusion., An experiment

_af ‘particular tlevance to this thesis was performed by
Gibson gﬁ’g; o 1972. Thesé workers (f972a»' b[ have

presented  evidence <for a precursor;pfoduet refationship

between membrane fractions of - anaerobically grown R.

gﬁharoides,?cells. Exponentially growing cellé‘ were

2

. -
P

L
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sequentially pulse labelled with 3H Pphenylalanine or (3H)

leucine. A membrane fraction was described, which was
enriched in ° cytoplasmec méhhrane and ‘containeg
chromatophore fragments. This fraction (the “small

membrane” fractionr) was found to be of high specific
: < . . . .
_acflvity' at the end of a "pulse” uith a labelled amino

acid but decreased in actuvnty after the addctlon of cold

"chase" amino ‘acid., During this tlme the chromatophores¥

'shoued a correspondlng |ncrease & ‘activity. The proteins

1

of the cell envelope, on the other'hand. were shown not to

be derived from this- fraction." It uas- concluded that

.°<

chromatophores wore formed preferentlally fron part of the
'-.‘7-,

cell uall—cytoplesmtc pembrane complex 1n anaeroblcally

‘growing cells. This "small ‘membrane™ fractions . rather

1

than - membrane bound. chromatophore i'structurefr uasl

°

considered to be the true . precursor to ths mature
chromatophores;

- The lnvolveuent of cytoplasmlc ®embrane :ptotelns in
vk

~

'chromatophore morphoglnesis has been lnvestigated by Huang -

11972) - and Fraker and Kaplan '(1972)., Huang lound

-.,_n

that cytoplasmic nehbrang «pfotelns mawrj fcrm part

of the-@hromatophbrg.,_Thd téghnlque of Fraker L197l)flyas
: oo L
_gbrane proteins’ and

used to discriminate between aerobic.

TR

: ' » : _ = B BT
the - chromatophore'speC|flc proteins: only the latter are;,

soluble in 2-chloroethanol. Chromatophores: on 'dlgestraﬁk?

by this reagent, yielded 5% of 
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fraction). This fraétuon was found to have an SDS-PAGE

profile  almost identical to  that of her aerobic
cytoplésmic, menmbrane “preparatiop. This fractlon  ﬁas
constant atter repeataed 'purificationVI of ‘the

*,phrohétbphores. AT labelling Astddy unth.adéptnng calis-
'Tih&};aféd almost " atl of t;e amino 'abids_ iﬁcdrporated
durin§~- the adaptatlon ue}e '.fﬁund | in the
2- chloroethanol-soluble (PID) fraction, The PI fraction
'appearad to be synthesnzed onty durlng aerobic ccndltlons.
Thns WOrK lndlcated that»~ al though ' some chro-atophore
protelns were derived from the cytcplas-ic'“meub(ane, a.
high percentage(tof chronatophbre.prbteiﬂ was synthesized
de novo. |

~  Th§ d}hgqié_péieﬁtial of» Iabelling. experiments has
thus produced~x§§luable inforuafidn‘ §s_,to the celiular
'orlgun of chronatophores.. Ndierous "static"” comparnsons
of cytoplasmuc 'lembrane and t he photosynthetic nembranes

«/:

vhave been made and are descrlbed in the reviews of Oelze.

ahd Draus (1972) and Lascelles {1958 .. Such comparisons

o

'havgl:hpun many;‘snnularltles. Hany_ of these wmay be
’fq,r-tf.lrtous- h_oﬁeyer"._ This type of"appro‘a‘ch yietds fittie
ﬂ;ta that is useful in deterﬁinihg the .dechanis-» of
morphogenesns; It ap;eérs th;t tﬁé qytopldsnlc uenbrane '

is involved; the problem is how? i R

‘

"X. The Regulation of Chromatophore Morphogenesis

<
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¥  The regulation of ' celtular ¢ adaptation s

lntrinsncally‘ lnterestang. Ultlmately a detalled plcture

..

of chromatophore asse-bly uall requare the undarstandtng

1, .
of ‘the regulatory uechanlsms involved in the coordinated

§ynthésis of &he components. At present - only the brdad'

s . I 7 »* B
» . P _ 44 . . . " s

metabolsc " controls are . being establighed;ﬁfﬁ Thns’

{

,anror-atnon, however, is useful as a means of translatung

“the’ effects ‘of ‘culture condlt:ons |hto biochéwncal terms.

sy

Tho furst thorough study pfh Lhé factors affectung'

pug@entatlon in Athuorhodacea uas made by Cohen Baz:re et

bl

N . -1 ;n

él‘(1§5?}‘ These =uorkers estab1lshed- that a vdgfinnte‘
'relétiﬁnshipvéxisted betuesﬁ the baétérial-prgmen£,content
and .fh6  Eulture 'con0|t|ons. A' nqﬁber'ﬁof"funqa-eﬁfal
observatlons were made. The.deg(ee, of pigmentation Wpés;
|nygrsaly relgted étd ltﬁe 'lfght irtenéity,'.Aerobicall&.
gfoun céli#; -unl;ne p(qadaétod photoéynthetag cel'ls,
showed a;,lég‘ iﬁI £he brbuth réte' uﬁen tran;ferfedttb~f
conditionétof Iou oxygen supply. :Fdrtﬁef,'aefétioﬁ;va a
Photosynthetlc cylture resultad f;n,‘sffmulatnéﬁ o;'tﬁe 
grouth.rate. ‘Thls was |nterpreted as benng du; ‘tg the
effett léf .JoinL"ae;oblc, ‘and photosynthetnc metabollsu.h
rﬁe flndfng that !fhts jrata_.enhancement was hot  long
tasting, fLas. belooved' du§ to. the cessatfcn of p:g;eng
syptheﬁis and'sgbsequenﬁ, ﬂilution ‘- by vcontunued aeroblc
§rout6; 'These‘“uorkers postulated that plgnent synthesns
“was controllod by the oxndatlon state of a carrsier in"the

4

)

A
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t ’ ? .
electron  transport system. This concept was supported by

- many subsequent uorkers. In 1962,”S|stron proposed that
this . carrier  was NAD. This was supported .by the
correlation between pigment synthesis and NAOH-oxtdase
actnvrty '(Uelze. and Urews l1970l. vRecent:aork, however)u
makes 1t unlikely that the redox state of NAD 1s the ,ney
fectorv tn. the control of adaptation. ~Marrs and Gest
(1973) studied the effect of oxygen on the electron
transport components in a bactertum closely related to R.
spneroideSn R. ’capsulata. A ‘mutant, HZ-.Jhad'Vnoruel‘
cytochrome oxidase (act|v1ty ~but lacked both NADH'and
succinate dehydrogenase activntlas. This mutant thus
should be insensitive to'oxygenulf NADH (or NADPH) was the
controllingifactor. The mutant had, honever., increesed~
sensitivity to oxygen. Another mutant, M5, Iacked
cytochrone oxidase ectivityp and thus would be expected to
hhave - abnormally high NADH levels durlng ’ semlaeroblc.
growtn., This strain, hogever, closelyzresenbleo the Wi lds
,type with respect to the effect bof oxygen on olgnent
'for-atnon. Thus NADH . wasg unllkely’ to be‘ oirectly
lnvolved. Harrs .andv Gestﬂ postulated 'that the oxygen
effectv wasi mediated by: its inacta#atuon of a compcnent
lnvolved in Bchl synthesis. This factor uas postulated to}
be‘redox regulated by either cytochrome c or b. Schon and.
Drews -(1968)s howevers, had not been able to_ oorrelete‘

changes ‘in‘ the oxidation-reduction state of thgse_’
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components,\'witﬁ the inductjonA of Behi syntﬁégis.
fo]]owlng a reduction in oxygee tension. ~Recentlys, Lien
and Gest (1973). havae euggested_that the "energy <charge "
of the cell is probably controlling. | |

Some studaes had suggested that the fornataon of Bchl‘

"might trugger chromatophore SyntheS|s. Lascelles ahd
wartlieb (1971) described a mutant of-'g: sphetrtoidsas

(TA-R) which unllne the wild type>s showed magnesium

pretophoryn—Sfedenosyimethaonlne ‘ methyl ‘transferase

. actevaty durane eerobucvqrouth. Broe et al (1972)'$houed

“that the ALA synthetese activity of this nutant was also

not - repressed by oxygen. These Workérs proposeq that

~oxygen acted indirectly on the products‘ of regulatory

genes. They beliaved the effect uas trenSM|tted etther

'*1a an electron transport component or by the ' ratios or

i .
“’elluler concentratnon, of adenlne nucleotides.

An, early vlnducataon' that ATP had a controllnng
lnflueece on the synthesns of bacterlalpagments came. frem
the’ ‘work ofea GaJdos ehd | Gajdos-Torok‘l in 1963.
Coproperehyrrn axcration by 33 spheroides was |h|b|ted byv

idenosine nucleotides. A more uadespread consnderatnon of

adenosine compounds as potentlel reguletors probably

resulted'fromrthe work of ‘Atkinsen énq Walton (1¢68),

“however. They. found that the ratio. of ‘the wvarious

adenosine nucleotides  had a eontrolllhg inf luence on the

~activities of a large number of key enzynmes that
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control led g,theg'generation or utilization of ATP in
bacte;wq. 4?hey -could elparlcally correlate eNZyma
activitiesvvto ‘a factor they teraed the "energy charge"‘_
g8ssentially halft of the average nu-ber of anhydride bound

phosphate groups per adenosune. In 1971 Zilinsky et

farst showed that éxogenous ATP caused a great reductron
rn Bchi synthescs. It was, houever;‘found effectlve only
|n the lught and appeared to have tittie effect on dark
aerobicbgrowth,' They concludea that the ATP lnhlbltlon'of
p;gmentation' Qas due to an energy chargb effact at the
sute of Qchl and seabrane synﬁﬁesns. Thls conclusion was
Premature as it was not baSed on endogenous nucleotide
levels. "Fanica- Gaignier et al (1971) measured vtheﬂ;
endogenods ATP level in cells of Re sghorondes staln Y.

curtﬁréd dﬁder-a yariety pf condctlons.» Cellu(ar ATP
content oscillated vrapndly after either oxygenatson or
vrlluminatiéﬁ ; or the culture; | Bacterlochlorophyl{
syhthesis was observed only when the. endogonous ATP level -

fell to a'|og valus.  Exogenaus ATP. was

ﬁ,e in

éausing an |nh|b|t|on of Bchi control by‘thb'cell0lqrvATP

concentratcon onlyn' rather than .by the energy chargéidn.

‘parameter.;*'fhe ‘necﬁahisn'of the effact of exogenous ATP 
 was uncertain, however. Gajdos et al (1968) had found
cells “Jncabable_ of  utslizing exogenous ATP to an

'appreciable'éxtent; The sn;uatjoﬁ was further clarifiod.

by the work of Higuchi 11973).' He found that atp would .
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inhibit Bchl synthesis only to a maximum of 75% when

e

o

.|ncreas;ng amounts were added to the cell culture;.‘w
Complete lnhibltconn howevers could be produced by

exogenous adenosune/ ALA synthetaﬁgﬁactivity'was found to
. ) Y, b : S G . ) . .
oe suppressed by aoanogane but- not by Avp.° Higucha
~believed that ATP exerted & ts effect by binding to ‘the

outer 'periphery of the cytoplasmic membrane causing
interference,yith'the‘deVelopnent of the photosynthetc

énembrane.' It seeas possible that the effects are at the

metabolic level."queenous ATP CETS found to cause a
merked increase'tn.the rncorooretionxof glyc;he into fatty
ec;ds‘ (GaJdost et al 1968). lnterestingly; Nultsch and‘
'Ihromv(1968) snoweo exogenous AJP to cause a stead;:
lnorease “an the rete of‘photoknne51svuntsl: after thirty
hours, the rate»ees ebout a meonatudo- greater than  the
control celis. A slou stimutation of endogenous synthesnsj
would seemfnore.llke!y. Thcs nay be due to conversson of
ATP to adenosnne by perlplasmlc phosphatases.. Adenaosine.
entryv lnto the cell uould lncrease all of tne-adenosine
‘nucleotndes and thus the ATP level by the effect of ‘mass
action. The exact_'nechanisn of ATP effect is obviously
open to sbeculatlon. -
The estebl!shment of the cellular ATP level as ‘the
'tegulator of 8c¢chi SyntheSIs_+nakes thls factor a strong

candadate for controlling chromatophore synthesns‘vas a

yhole., Control of  several synthetic *ectivities py_a
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singgﬁ& Parameter uQUld‘ofavo ’ a  good coordination.

)
Controlxﬁk Fted, at the asse-bly level or
e ; RN ' . :" .

by’ ‘attarations  ¥n" ‘ a"at:%;ci’qv'«.ias, as se mechanlsms
R : . R PRE v AR .

o

would bewi@officienbﬁufthurbbéfl i . éellular economy as
. Y o, ;:-:';; ¥

all 6nzymes uould be requlred to be synthesnsad for only

periodic usage. Oxygen unhlbntnon of - ALA synthetase

(Lascelles» 1960}“%arrlott g& ats 419651’"' d -égnesiu.
protophorphyrln chelatase (Gorchesn 1972) probabiy reflect’
a secondary fine contr;l system, Theﬁ finding that a
specifac ALA syptﬁetase ¢s tnduced in adapting conditions
{Tuboi and Hayasaka 1972), iogether Wwith the fact théf
many ﬁfthins“afe spécific ﬁo chrométobhores: strcngly
.pO}ntg to gehgtic controt. I will brlefly review evidence -
for - both trénslatlonal and traﬁscrlptional reguiaticn of_‘
chromatophofq morphogenesis.

| Transtational control has.only been descrubed fin a

feu cases (Lavelle (1970) and Goldberg and Chargaff (1971)

provide examples of this mechantsm an'E._ coli). Dejesus

- and Gray i1971) faoundg varnatlons N four tRNA species when
comparing .aeroblcally grown ulth photosynthetnc | g;
sbﬁero}des cells. Although theoretlcally such a varlataon
coufd »indica;e a. translatnonal control mechannsm, the
tinding canhot'be téken’ as evidence for  this type  of
regulatpon.” Witkin and Gibson (19728) studied the rate-bf
unstable RNA dégrad#tion in R. sﬁherdfdes‘ with both

aerobic and anasrobic cells - after - nnhobltion ) wath
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v . .
faifampin. The rate was twice as fast in anserobic. celis
: ) S . o -
as it was in those aerobically grown. These. worker%&

suggegfgg thag;-an air-sensitive component staﬁiﬁizés'the
rnbosome—nRNA complex:and éoufd possrbly ‘facilitate the
tianslat}on of ,selected_ transcriptional produpts; In a
fbllouipg paper'(1972b)'they repofted that no quantitative
or qualitative diffarences couild be found between mRNA

isolated from aerobic or anaerobic .cells. They suggested

that translatioral régulation @ijht be an , impor tant
mechanlsﬁf%,nn these  bpacteraia. At first sight,

transfational cohtrol is not an attfactiVe mechanism as a

large amount of @mRNA iuﬁt Be céntinually synthegized forj
only‘peraohlc usabe. l!g may, houévér;]be advaﬁtageous fo'
photosynthetic bacteria growing 4n mud by combined aerobic

-and phdtosynthetic ~modes. Th}é would obviously be a

~difficult QUestion‘tq answer,

There is no detnﬁnte e;ndenge for trahscruﬁtnoﬁal
;regulation.' The finﬁidgs by Higuchi et al (lQbS);and_Gfb
(1967)Q' showipg RNA synfhesis fo be necessary for * --
'forQation of the photosynthetlcf Ag;aratus, does "
discrlunnhté petween ;transaflptndnal and tranélatic -
control,’ Beérden (1969) febofted that her competition
experiments indicated.that 35 to 40 of the ONA sites
expréSsed in light grown cells were repressed in those

from oxygenated cultures.. Interestingly she couita find no

diffaiehca be twean air,'groun'fgnd Alfght {anaerobically)
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'grown®. cellu.ar ODNA. This s  in agreement with the
findings of Witkin-and Gibson (1972b); These workers used

95% air 5% carbon 'd{okide rather than oxygene. Bearen

betieved that oxyganation rather than aeration 1s iesquired

to fully repress‘the_”photosynthetic" gehes. 'Thjs tS not

proof of transcriptifcnal cog;rol as the cells arae unlikely

to grow in PUre oxyjen in their natural environment. A
labell: ~g stuay by Yamashita and Kamen (1968) showed that
a greater percentage of wuracil Was incorporated into

- metabolically active RNA under anaerobic light conditions.

[t 1s '‘not certain that this difference was due to the
T Pas . :

presence of photosynthetic aRNA, as 1t may have refifected

an dncrease in ‘production of  ribosome Precursors. As

mantioned, Witkin and Gibson indicated a shor ter hailf life

i

of the ribosomal m-3NA complex under anerobic conditions.

‘Thus, at present» it is not certain a§, to which

_genetic mechanisn ‘controts chromatophore.-orbhogenesns.

It can only be stated that regulation s most likeily
exerted at the genetic level, directly or indirectly, by

the celtular ATP—cpncentrayion..

-

XI. The Morphogenesis: of Membranous Celiutar

Components in General-

o

‘The finding that supramolecular biological structures

are composed of ' characteristic aggregates’ of definable

moleculess, - has' posed two fundamental questions: _what are
N - ‘ . | . - )
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'the relatlonshsps between the components and how are these
structures asseubled’ The solution toi these prcblems
Nould provnde a basus for an understandlng of functaonang
beyond the presant emplricol level, The Questions are
somewhat nnterdep;ndent and bossuﬁly thé solutlons will be
found by studylng the structures of precursors.< {

The cytoolasmlc membrane and the eucaryotaic -

organelles,-espec1ajly t he mutocnondrnon and chloroplast,

o

have been the quJects of a vast numbe ¢ of nnvesttgatlons.
The problens 2ppear to be very - snmilar to  those
ancountered in, the study of the bactboial -Photosynthetic

apparatus. ; These Problems result from 'tha inherent

.complexlty of these structures and the fact that they uust"

goe perturbed to be studled. The problems have Producsed

. . g
'num%fous approaches andﬂ'resulted In  many modeis. Foau

£

‘;gbnkralltaes _have e-erged and‘ oertatnlyV no unuversal

assembly procoss*has been found. Although the cytoplasmlc

membrane Pas been 'aSSighed many functnons.- initial

7 . . . .
veléctroh-‘nlcroscoby~ studies showed 1t to be simidar an

aﬁb;oranqe in a ,uioo variety of celis. uvThe -~ early
Daniorii—bavson model (1935) has been both challenged ana
supported by many: uorkers.' Reviews of subsequent mod&lsw
have been made by Nystrom (1973; ‘and SlakeVItz (1972)

vHodels of Benson (1966) and Green (1966, 1973) hayeg‘beeo

.based on a3 lnpoprotean Subunit conposatuon. This concept

s not fully establcshed. but, tho pernaps questjonable
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evidence, from traditional elsctron micrographs .and
digestion techniques, has been supported by recent
;!reezd@etching studies. This techntque may be the most

reliable to dété. No prlor fuxatlon or stalnlng procasses/
knoun to pProduce artefacts are required, Data derived
from X-ray scattering may .bev njsleadind ‘due to the‘
extehsnve déhydratnon requir;d éhd the necessity of lqng
exposure times to thevX-fay beam { Nystrom 1972 ).

o HycoplasmaQ orgénisns‘iacking a éail'uill; have been

2 -

useful . an’ examining - the cytoplasmic membransg.

Tourteltlotte (1972) descriQas the me-brane as cohtaining

the ‘maJorfty< of Lipid ln a bllayer array around 5. 0 and*

W;S'unm protein “subuni ts. The subunit proteins. are

_-belleved to have external hydrophoblc resadues ‘4n addition

. to potar resudues. g Such proteins can associate with

lipids and wWould be classiftied as inﬁridsip Proteins by

"green'(lqia).

The mechanisn of cytoplasmnc menbrane “foflatiOn is

.,‘.

stcll largely unknown. The assenbly data on- the bacternal

membrane ,haé “beeh revneued by Fox (1972). Work upth g,

-2,
¥

»colalﬁés ﬁcndicated that 5neuly synthesized lapids : and

proteins . are Prefarentially associated: It apbears that

this .crganisn may Synthesize ' . new nenbrane in .a

non—lqga[izéd' fashnon (TSukagoshl and Foxs 1971) uhlle B.

P _.?‘1 .

isubtﬂlis*nay torm neu menbrane preferentnally at the pole

of“'tha“ cell (Horrason and Horouttz 1970). ,Non-localized

sy oL
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o
membrane synthesisg appears to heio besn nore widely founo:
houeyer.’ The blocheulstry of bactersai membranes has been
,;rovieued by Machtiger and»Fox'(l973)

‘ Hitochondrial subunlts appear to range ioTvsize‘ from
below 4 nm to 10 nm (SJostrand and BaraJos: 1568);

Thae chloroplast Iauellae have been descrrbed by
Branton and-Park (1967) as :extended bnlayers contarnnng
6.5. nm globutar subunuts. These Subunits have‘5|ncé’been
found to be the .couplloq-protelnv'complei >(ATPasop and

- carboxydsismutase) which cover thae outer surface of the>

.

chlo%ﬁplast fméhbrane§ (Arntzen et o oal, 1969).

Freeze—focturing techﬁiqhes have shown the PhotOSystem i

and leparticreé to be 11 nm and l7;5v nm respecttvely'
S s

A(Huhlethalor i972).. Detergent dlgestlon techn.ques have

yielded different sobunats. ‘ Photosysten I ' appears tgq

_tonsist  of a ‘reactmon~conter' subunat‘ and an accessory

complex containing lnght harves$|ng . chtorophylls and
electron.. transport components (Vernon ,Eﬁ .als .1971).

' Chlorophyll-bearnng proteins of weights 100 and 35 kD have
been ' found assoccated' with Photosystems "I | and v fI(
respectavely (Kung and Thornbor- 1971). The asyometrlcal
dastrnootron of the two photosystens as showii by théw
<froaze-etchino“ séudies.‘have been .recently sunported by.
convenrtonal sectionlng technuques (Nir andg Pease» 1973).
With such limited anforuatoon of membranef synthes:s'

in general-_ it is not surprnzing that lnttle |§vkncun as
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to the assembly of mitochondria and chloroplasts, These

organeflies are not "simple™ membranes but membrane systems

simitar rd .many respects ‘to procaryotes (Echilin, 1970;

Staniern 1970). Present uork indicates that the_foruationv

of - these organelles may requsre .existingﬂ membranes to
orientate the = newly - synthesized constituents.

. Mitochondria are formed from pre-existing organelles by

division (Luck;‘ 1963). . .The adaptatlon of yeast cells to

aerobac condltaons was. shown tao |nvolve the developnent of

a pre—exnsttng structure, the promltochondrlon ‘(Plattnser
et al, 1970). Similarly, cnloroplast form3tion_involves
the developnent of a proplastid;_' Another 'fector' meking

the morphogenetlc studles .more comg]ex |s the possessnon
. "

by these organelles of their owWn genetic systems  whiaich
g
code for - some of their components. Current idea as to

-«

assembly processeos in these organelles heve been reviewed

by Getz (1972) and Green and VenderKool (1970).

xLI, Thesis Objectives

e
S
%

~The discovery of a possible chromatophore precursor

fractaonﬁ presented' a chence' to gain'vlnsight nnto the

question of chronamowhore origln. I hoped to charncterlse
these |nterned|ates and follou their modnfrcetion into therf

final pHotosynthetic structuress Hany questlons arese;

how and where were theSe structures formed? Hhet factors

contral led thelr synthesus’ Were these lnternedietes of

Ab s
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, ﬂ-u
»odufcgatlon ta@\ng

’

tixed conoosutlo@ or was contlndbn%%

»

place? What was the orignn of the aodniionaf #?onfonen&s
: o ,
necessary ﬁfor?‘ chroma&ophore fornataon’ifw,ﬁlthough
photosynthetic me-branes ‘are composed of nany co-poqébts;
lt uas decuded to study the, changes m proteln couposutloo
in éﬂ attenpt 1£o anfwo; some o} these qqutions.‘ This
approach was made since proteins are quantitatively the
maJof”componenf, tho oost nnportant functlonal entities of
the photosynthetic‘ apparatusv and probably the ;oost
lmportanf facfofs lo determlnﬁng' the norphology ‘of the
ﬁembranés. It is obvious such an approach cannot pfoducé
a comoleﬁo picture of chropatoohore morohogeno;is Cbut it
jSVhoped that the model broduceq w:fllbe of use to fdf;hef
studieéA aﬁ ‘this a(oa; Two prelininary-reports of-th|§_

“wWork have'alteady dppeared (Shaw and Riohardsnl97}: 1972).

7 PR
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I MATERIALS, . W0 o 0y

‘u

"A; Organusns used — - e

The parent stratn ~6f_ Rhodooseudomonas spheroides:

N.C.I.8. 8253,' was used for the 'majority of the
‘experiments. Mutants of this organisa were given as- a
S guft py' Dr.  J. Laséellesrv,Gther,mutan;s were produced

‘from the parent. strain by gliravcolet irradiation or

"treaﬁlént'wi;h.Nliétﬁyl—N(~hitro—N-nitrosoguanidihe; ].
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8. Grouth medium

‘.“ : .‘ 4
£ e B : : .
gnb%tralization of the organic acids by sodium hydroxides.

-
‘Celis were grown using the "H-Gf>mediu-‘of Lascelles

(1959). It"wés‘ found convenient to store the ﬁedium:
,&atcgncentréted ten fold’ in the freezer ?fior to use. In
 ¢}Z?gén|Qg the medium prechp(tathn was avoided by the

4 ’

prior to the addition'of the magnesium and calcium salts,
| 1
C. Growth apparatus = '.ﬁﬁv

N £

Semiaerobic growth was obtalnéd' using 'Erlenieyer
flasks plugged with Ijﬁt-bound cottqn‘ wool. "fhese
Culturas Hefe agitated by magnetic stirfinéi or
"ur!§§factnoh" shaking. Cultures were 'grdun at f;qu
.&;¥§é6 ;6fels in 4- and 10- dliter tflasks. =The§e tiasks
A - o R
_‘9;55’ f%iféd !with_ a port for the oxygsn eléctrodq,»a

AR AR

SQ§biEEQ?fap. a swan-necked 9as exit tube and a srnt&réd

gas5ing tube. The.sénters were ofuéﬁrface.aréas 8 and pb-
'square ca fb} the & and ld_liter flasksvfespectiyely. »Gas

gas;filtere& fﬁrough‘ﬁ tubé packed with cotton-waol pfibr_
to eﬁtry to the flasks. Both ftlasks and-fllﬁers uéré
a stgriljzéd b; auﬁéclavihg (l5'nihutos “at 10’ Ibs/inch2),
Premixed géses were used 'ulth‘oxygenlconfentQVanun to
0.5% in a balance of nitrogen, supplied by Liquid Carbonic
Canada Ltd;; Véncbuver, The Beckpan "odel> 7?7: bxygen

electrode  was sterilized :by pfuef im-efsion in ethénbl.

‘This procedure was found to have _do “effect on the
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subsoquent functioning of the electrode. When required, -

' cuttures . were lllu.lnated at approxciatelyv 300 foot

3

candles, by fluoresc t strip lighting/

D. Special reagents _ "
Magnesium prbtoporphyruni was prepared ysing the
magnesaum—hexapyrldtne dllodlde method ot Wei g& 31
'(1962).

Sucrosa uas purlfted tfer the gradnent Wwork by first
heatang a 70: (ulv) solution to above 90 dagrees with lOZ
(w/v) 20°- 40 wesh charcoal, then fiitration through

Whatmar® No. 1 paper.

E. Labelled compounds

L-(u=1ac) éréiine (210° WCi/m mole) uSed in the
initial labelllng experluent was ootaaned trom New Eggland_
Nuqloar Corp.s» Boston. _ Has. f}» S- Adenosyi- L-(Mel2™()
 ‘methionin§  (33/ nCnlm noie) uas obtalned fron L. C, vﬂ.,
IrV}nep Cat. L-(Q-S—fH) Xsolaucpne (30 Cilm{ mole) gﬁd
u'L-(U-‘“C) “proline :(ams  ~-Ci[mv mole), used n the
double-nab?itung v‘exbé}lﬂenii vliére-. ’ob;q(ned " trow

AmershamISearle. Atlinofbn Heightss, [11.
S T :

Eig

Il.  Methods = o o o -

i

A. Isolation and culture conditions used"
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Uncontaminated cell cultures 'uere“'prepered from
“single ‘cell">.colqn|es fussng Astandard nlcrobnologucalf

bl&tind. techniques.- ‘SUch cultures uere stored yn:gubesf

containing 5 ml siants of 1. 51 aqag ‘and: nn—c" Caediums

-3 .
V: 7

Stants were gcoun for a feu days ab 30 degrees prvor tof;

. ’f‘, o M

being stored at 6_degrees ln“ the darkJ F?esh cultures”

% e

were .ﬁede--every ,feu.nohths.ﬂ Thls nethod geve a'greaterw
vnabillty than'storage.preceeufes lnvolvung freezlng( or
freeie uryang of quuid cultur@s.‘ Heterlal trou'the:
slants was groun 5n‘250Anl; Erlenmeyer flasks iéne.'eeclj

'

to mld log phnse cultures uere then usee to lnnoculete the
1ar ge growth flasks.li |

-Innotula ulth a uery leu‘pldient leyel:uereliproeuCed
by oxyueh gasslng a culture until ﬁid*QOQ%ﬁhéﬁé-' At thas.
time the cells Were harvested and . fesuspended in 59e L L
atiquots of 4fresh "M-G" :nedtun.uet'a‘leuel;of 2 x ld‘°
cellslml; jStofed.at 4.deglees} ithese ,cultuces  remaiqed
viable for"several months. and conteiued less,lhan 10-2 g
of bacteclochlefophyll (-Bcﬁl:a llul;‘ _'ﬁﬁN  k»//b
1Adaptetion studies were performed ln the large‘gtouch )

)

fNasks-at 30 . dacrees. Aetebic 'Qrouth ues 'ensured by

gasging with 65% or lOOZ_Oxygen'ld_tho dark. At defined

N

points i1n the grouch of the organism, adaptatlon/‘wes“

indug¢ed by ‘limiting oxygen entry tov‘aifluslon' or by .

»-gassi with &% or lower levels of oxygen., During
adaptati ~ the  cultures were . 4|lluu|nated.",] The
i o~ C _ R o
S » o ‘ P
k < . N : .

g
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relationship of the culture conditions uséd to the course.

of the adaptation is described in Chapter 5. -
& B. Compositional anatysss.

l.v‘Cell nUmber‘

In‘thellnntla]‘studles a model B CoUlterfcbunter Qas
used. It uasAfnttedvulth aWBO,OOO ne aperture and a mode i
M v;lume . converter. Paper—HuOberfy Ppollen was used to
standardize ;He machin;.j Cell numbers were correlated to
the. turbldlty.fof the cu}ture_.at ‘686 nm using the
Spectrdnic 20 cdlorimeter. In the fast half of the work
ceil. numbers. were estimated by the -turbidity at 1200 nm»

:qung' thé' Cary 14 spettroﬁeter, as described by

"'jFahlpa—Gaignoer et al (1971). These workers state that an

“optical density of 1.0 corresbonds to 4 x 10° cells/mi.

o

 2."Dry.gquht:.

Cells harvested 'by low speed centrifugation were
. i L 2 S ) . . .

ﬁt“uashed twice _by resu%pensioh in distilled water. The
) b . ) V ’ . ..
'_vcells uere then drled to constant we'ight a8t 50 degrees.

4,Dr§  ue:ghts ccrrelated usth the turbndlty at 680 nm. The

“'ﬁ.results/garoed wath the ear|y flndtng of Lascellezs ('75%),

‘*namely. that an ab;orbance of 1. 0 at 680 nm was equivalent

;to 1 nglml dry ueight cells.

3. Protein .

‘The method of Lowry. et al (1951) was used. The



Y

‘,_5“ . ) , | 7 
: S : S
Bl o .
proten content of uhole cells' was deternlned after
13
pretreatment uuth dilute sodiun hydroxndeo as descrnbed n

the modoflcatnon by Lascelles and Sznlagyl (1965).

" 4. Pigment
(a)’ BaCternochlorqphyll a o K

U The. Bchl 'contenf of uﬁole célls and nembrane

'fractioné was estluated by ueasurenent ot the extlnctlon

‘molar ex

at 850 nm. | Gorchecn et al (1968) found that an absorbance

-

of 1.0 was equnvalent to 16 n nole%lml. ‘This method ués

used ln the naJorot& of uork ulth membrane fractions, In

some studles the pognent was estimated after extractioh
with acetone-methano! (7:2). as descrubed by Cohen- Bazlre

et al (1957).

(b) Intermediates in the bacteriochlorophyli
: b , o :

vbiosydthqtj¢ pathway"

These ugre’détermlned from their spectrum in qfher;

: :ctuon coeffitieﬁfs were obtained frb- Falk
(1964), hlle “that of magnesium protoporphyrun ‘wWas

obtain®d from Gioson et af (1963). Intermediates for

which no extlnction' coeffiC|ent wWas 'available were

COmpared by their relatnve peak henghts at the uavelength

»

of theur maximum absorptlon.
tc) Carqtenonds R
~The . carotenoids were compared using. their

TS

reldtqve peak - heights.
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measured wusing the diphenylamine

‘techn;que modlflcatoon of Paderson (19q9). Care was. taken
to completety remove' sucrose from precsipitated nuctelic
acid pefore the assays This ua§ achiesved by washing the
sampfe four times with 5% TCA. The DNA content was
vestlﬁated by ‘the absorptlon at. 550 nm and that of RNA at
650 nm. Cal'f thymus DNA and yeast _RNA were used as
standards. An lndacatcon of the dastrcbutlon of nucleic
acid -fn _sucrose gradlent_separations was obtajned by a
cémparison of the absorption at 254 nm and 280 nm. These
are the approxumate absorptcon maxima of Nucletc acids and

3

protelns respectlvely.

6. Poly be;a—hydroxyéﬁutryac’acid.( PHB ).

A few mllllqrans of calls .were digested by 10 mi of
alkalnne hypochjcrlte'(freshly‘prepared). as described by
Williamson  ang Williasson (1958). The  pHB was
dqtérmnhed‘ﬁolbflnétrlcaliy by the method of Slepecky and

Law (1960).

7. Giliycogen

Glycogen was .extracted pj' a mghificatﬁon of the
method <ot §O|ftef 'gi al L1950)s‘ Une.m)lljluter of 602
Potassium hydroxide was addea " to the sample and’ then
dialysts rather than centrlfugatuon mMas euployad to remove

“low. -olecular we ight compounds. This procuced low
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backgrounds in samples containing high levels of sucrose.

‘fgi‘ S—Adohosyl;methionjné- inesium-protoporphyrin-
meiH:;trgnsferase (E; c. 2.1.11) actlylty.

The activity was determined as described by'GibsoﬁEgs
al (1963).  Aftdf fnCUbation the pigments were extracted
by the method of Neuberger and Téat (1964). Samples were
;hen c0un£gd “by‘ the 1i1quid scintillation technique

(section X this chaoter).
' O

9. Divalent mefal analysis

The sucrose solutions, used for the density ‘gradient
techniques - were asgayed nith.the standard EDTA titrati.on
using Egiochrome Black T as an indicator [.'Lindstrom

and Dishi (1960) l.
C. Dusrubtion_techniques

1. Sonlcatiod-

Celils werevsuspended in 50 mi of 0.05 M phosphate
buffer at pH 7.0. A concentratiaon of apprdxinatelj AIng
dry‘ueight of celis per mli. was used. The solutlon.qn a

100 mi  beaker was xept cdol by crushed_ tce during

.

The glycogen was assayed by the m: thod of Ashwell (1957). #

)

sonication at 20 kHz using the Biosonik III at 20 uat;s.b

Two one minute periods of sonication with a one wminute

Period between produced no appreciable heating of the:

sampi e,



~-57- ' ’

2. French press tfeatnent

Cells frbm one liter of culthre Hére'suspénded in 40
ml  of phosphate buffer and Passed twice. through.a chulled
French pressure cell at 20,000 psi. Thlslnethod was used
in t he uajornty of expériments and is compéred to the
other dlsruptnve procedures in Chapter 4.

3. Grindlng Hlth alunina'

The method of Harnur - (1961) was used.  Harvested
cells were grouna with .én equal uet uelght of 500 mesh
alunina‘ln a‘praccoled mortar. Grundtng uas performed by
hand for 5 minutes, |

..6. Ly#né by bsmotsc—sh6CK

Celis were washed twice with distnlléd water aﬁd
~ suspended in 0.1 M Tris buffer at pH 8.0 to a
coﬁﬁentratlon of about 0.7 mg (dry weight)/ml. To some of
thes suspension 7.5 mg of EDTA was added folloued by 1 -mg‘
of eggq uhate .lysozyne bRepasxe-,lGSb). Thevmnxture was
stirred magnetacally at room tenperature for 30» mqnufesf
vrhe osmotic shock procedure o; Robrush andAHafr (i9625 was
then used with the folloulng nodlflcation- ~the Iyéczome
treated cells were brought tp"3. molar n g(ycerol .and
Kstirfed - for 5 unnutas. The solution was then transferred.
to 10. volunas of 0.05 M phosphate ouffer. instead of the
»Tras—-agnesaum chloride buffer suggested by Repaske;

Lysns was confuruad by exanlnatnon of negatively—stalned

samples undor the electron mICroscope- This technique was
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found to produce less aggregation of cell membranes than
an alternative technique in which protoplasts, prepared by
the method of Reaveley and Rogers (1969) 5 were osmotccally

lysed by the method of Tuttle ‘and Gest (1959).

D. Electron microscopy techniques

-

1. Negative staining

-Négatnve stalnlng was petfornqdv | usnng_,' 1%
’phosphotungstlc'.aC|d neutwal12edv with sodlum hydroxide.
Samples Were exanined on 200 mesh ntckel grids coated with
collodlon. Contamination of natercal to be ,exanlngd Was

, > - :

prevented.by adding one drop of 4% Iodoacgtamide to a 3 ml‘;'
'samplé. The si1ze of 'thé iﬁafticids being Qiananad was
'estimated by including latex Spherés L09 (*_or -3) n-ilin,
diameter (E. 'F,  Fu||am“1ﬁ§., New York) into tha sample.
| 2. Ce'li sections | | ) |

Cells were fixed using the method of Kellenbergor et
al N1956) unth the nodlflcatton of. Luft (1961). - Fixed
ceils wnere enbedded an Epon 8123  Sllyqf-grey‘lsectaons
(about 600 Angstroms) 'gére doubie Staihaﬂfbn Parlodion
coated copper ;rids. Uréﬁyl acbtéte and Iedd écéfﬁie were
usad by the nethod of Venable and Coqgeshall (1965).
. 3. Microscopss

.Tﬁé-glectron mucroscbpy uaé performed OSing 8 “Zelss
model EH?A or'a.Phalaps'nodél 300 C; ‘Some initial studies

‘were made with the R.C.A. model E.M.U. 3H. microscope. .
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E. Preparative centrifugational procedyres e

Low "g" techniques
Cellsvuere'harvested by centrlfugatron’at 10:000 x g
using the International 820 or the Sorval RC 2-8 nachanes.

l‘

After dlsruptlon. the unbroken cells and celt debrls uere

removed by centrrfugatlon at lZpOOO ‘x q. for 15 mnnu;es-:

ternational 820 or lO:OQO'x g for 20 minutes

ol . _ , o &
ﬁchniques R
’-upernateht from the low "gn cectrlfugatien' was

cerefully decanted , free the‘ petlet. | To avoid

-cdntemlnatlon by deorlswapproxlnately 5 ml were lert over
" the pellet. "The me®brane rract‘Pn wa& then coltected by
centrlfugation of ‘the 'supernatant at £00 000 X g for- 99
-nrnutes using the lnternetnonal 860 machine, In tater
experiments 1t was found preferable to centrlfuge the low
nge supernatent over 2 ml of ‘sucroke t@yp l602 sucrose inn

g

- '0.005 M phosohate ‘buffer at lhe subunit-

breparatnon was collected lron the hlgh "g" supernatant by

centrlfugatlon at 100-000 X g fqr Zﬁ_hourS. A_doubly
layered trap was usad (S at of 5oz’glycerol ln f}is bulfer'
(laM) at oM 7.5 with an underley ot 3. mi o of ‘100%
glyceral). The ese‘wof traps completely ‘eliminated

aggregatlon of the harvested nateraal

D

>

o .
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F. Density gradient centrifugation methods

" Linear sucross density gradients . Were made by an

.

I.S.C.U. {r model 570 « gradlent former. In an intial

experument methylens blue was included in theﬂrmost densev
R . M AR -

sucrose solwttdnv It was found, (after plottnng the

-optical density of the gradrent fractlons against the

’

AR

gave fhe'most linear gradlent: At this speed setting theﬁi

,theoretical densuty of each- fractlon: that-punplng speed’ &
%, a : ) ‘ Y. } i

gradlent uas alnost perfectly Ilnear. In’ mos t experblents"

o 57 standard gradlent was used bet@een 25 and Ssz-sucrose

7
(l 107 and 1. 261 glml at"ZO degrees). Uther gradlents
. \*
were- "dused tor further purlftcatlons. all were of a total

volw@e of 30 ml.. The buffered semple was carefully 'added
to the surface of the gradnent by neans of a syrlnge unth
‘ao up turned tio. . The tlou of the sanple wes “control tad -
rn e/plpette—lake mannerr Thls procedure caused almost no‘
dnsturbance ot the top surfacg ot the grednent The hogh.
9 pellet wWas. resuSpended in° buffer by gentle all-glass

homogenrzatlon oﬁ/vortex ﬁlxlng unth two glass beadS. The

. . . « .
‘meterlal trapped ol sucrose needed no resuspensnon.

= d (IS

Follounng centrnfugatuon at 23,000 RPM /’ln the

Internatlonal' Bbo,“usrnav.the- SBllO rotor (mjo.g 40:600
maxey 90:000) fot 16 hoUrs the gradient uas 'fraotfonated.
druefl.srt;u. qodel 18£ fractuonator wWas used at a punpunc'

. lspeed ot 3j,mllnan ‘§o~ produce twelve '3 mi fpectidnse‘

, 5 — : S .
'.Fractlon peaks wére establnshed using the-'l.S.C.O; - U=-2

I
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.

ultravuolet analiser " at 254 nm, 'Fractndn?' were
, T . ’

subsequently .analysed for proteln and Bchil- as described

prevnously. * v .

G.- Density gradient electrophoresis teéhﬁlque

Several types of gf;afents, d;fferlpgjln "PHs»  Honic
strength . and héngity, were tried as a;means G?\purifxlng
uthe protegn subunit fraction, A systemiusjng 1 mM Tris
buffer"at \pH ’7.5‘ with a glycerol densnty gradlent was
- found cO give the best result. ‘A 30 mi gradnent betueen
40 and  70% (/W) gliyceraol ués used over:an 80% glycerol

uvnderlay. The sample was carefulty addéalln 5 mi of 20X

A

glycerol/l mM Trys. The sanblq and gradiént were then
'cérefully overfaybd"uith the buffer. .The preparativé 
I.s.c.d. 630 elect;obhoresls_ Systém wes used with the

‘I.S.C.O. -mode | 696 power supply; The.xelectrode 1Jackets

r

were fiiled with 10 aM Tris buffer, pH 7.5.. The'run was

o ;.

"mada at Mbout*} mA at a constant voltage of  S00 v. The

sample a!ayer. seen as a pcgmented band, was allowed to

‘.‘ [
s

-migrate thrOUQh ‘the graduentn touards the anode, for 3.5

¢

hr. Th@ vgradlent  ;uas removed 'after the run by

A'dnsplacemeﬁt ulth 9071 glycerol ‘by means of thé“ I.S. C C.

mode]’ 132 fractconator. The fractlonatlon was nonntored

rd

uéang‘the’;l.S.C.O.~ U-2 ultravcplet analxser.

v

Hq .Gel ftaltration

Y
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A 2B Sepharose gel was used. It has an aooroximate
proteun separatnon range of 2 to 25 mnllnon dalitons. A
plexnglass 76.5 x 3 2 cm column was used with an internal

capacity of 615"ml, Calibration,oflthe column, packed

With 28 gel, with 5 ml of 0.2% Blue Dextran 2000 indicated

»

a'void volume of about 200 mi. 40 ml of sampie was added
with a protecn‘coﬁtent of 2 mg/mi. The column was eluted
with S.mH phosphatg buffer3 PH 7.0, at a flow rate of 25

‘mt/hr.  The column . was fun ‘at room temp®vrature
lapproximately 25 degrees) as the flow rate at & degrees.
was too 'slow. Fractions of 20.5 (+ or -'0.3) mi were

| .

collected.
[.. Polyacrylamide ge | electrophoresis.

!

i Thé  protain composition  of différent: ‘menbraneu
>,fractions. was 'initially examnned aft&r dlgestcon of the
sample -in phenoln formic acid and nater» (2:1:1). ~ The'

method of Takayaua'.et_ al (1966) was used. Hembrane

‘fractlons from the parent and mutant stralns were .related”

to. the’ flndlngs of - Bledernan _and Drews: (1968J usano bhas

;~techn|que. Holocular nelghts or proteln bands cquld “not

'b@ deterutned accurafely  as< mobglltles we re not'easqu;.‘
fejated to wmojecular ueﬁghts. " For -th[év.reasoA. thé
majbfctyv of . the up?k-Auas perfornéd. u;ind the sodium
dodécyl sulphate technlqua of 'Héﬁef aﬁd ,Dséorn‘ (1969);

. . - &
The’ 'method of Laemmlﬂ\“(l970),'uith’ basicallys, the

g
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modlflcatlons of Clayton and Haselkorn (1972) was found to .

—

give the greatest rasolutlon. The aodiftications ot Heber
anﬁ Osborn's method by Ffaker and Kapfan (1971) and éeﬁan
nd Gcbsoq (197i) were also tried. . The Clayton and .
Haselkorn-modlfled‘ Laemmlii technique .uas used in” the
analyses shown ln Chapter bp_unless otherulse stated
Palymerization Was lnltlated _ with amnonfum

'perSulphate .and Ny N, N?, -tetrauethyl—lpz dlamanethane.

Iﬁe levels of these rfeagents uere adJusted to cause good

golymerczatlon in 20 min.. Several factors were Jounp to.

be critical “n  the production of gels glv{né good

1

il

}esolution; these will be described below.

l. 'Gel‘formation

B : A

'.f" One ot the reasons- tha‘t[aemmli .tdbhnrqué _prodﬁced
»_jrbetter <res§lut|on‘ than bhe modlflcatnons of Heber and

Usoorn s system was. due to the. use ‘of a 1 cn stagnnng wge[
'vi3z, acrylamude) over. \tﬁé‘ ruénnAQ gei (107 acrylaulde)

Degassnng the monomer solutlons for 15 'minutes prfor to

v v

the nnntlatnon of'polymerlzatuon aas found to uncrease the SV

Pl . B . ™ ¢

‘reptodutobulnty of tﬁe, technaqqq. The catalyst and

llnqtlator were. added, to the  solution: “which  was .

» magnetucally stlrred under a flow of nltrogen.

2. Gel surtacing technlquevéw L
The surface of the funning gel was known £0\ be
'érltlcal fo‘ ths 'reSOIV|ngwpouer of the gal The norhal

I

procedure used by many WOrKers was’ to introduce a few



y

Jthg—polymerizing gel. Some surface irregularities were

R

A ' : - '
drops of water ‘onto the 98l surface. This method produces
¥ _ :
,ﬁf flat gel surface adp reduces the entry of oxygen into

Y
v

produced wusing thss eethod so another surlacnng technnque

L Ty

was developed. The method was faclle and proved 'to be
highly’ reproducibla. A layer (2 - s§° nml of- freshly

erepared carbon deoxide "snou" was added to the 5urface of

~the polymerizing solution. A few drops of distililed uaterl

were then added to the cirqumference " of this layer“ by

means of a .long sSyringe needle. On.addition, the'uater

.froze but melted in about two minutes to form a layer over

the v1rtually undisturbed gel solution.
3.  The front marker o .
Inutnally the undely used, bronphenol-blue‘~dye was

ussd. - At the end. of a run lt produced a band about S mu,

'ln length Hematoporphyrln was used |n soue runs ‘es ,@t

ués: found that lt caused the |on front to be vuslble ag a

sharp line, in the gel; “when . used», front marikers wWere .

[y

prerun into he:gels lor 10 min. This was don@ to prevent

-

' S

xytne' possnblllty of any |kterectlon ‘Wi th the samples belnq

- © ...}' '. . N - L .
fun. Later ‘it was Fﬁund that(Dthe ~ion front' could be -

v - ‘r

.observed' Hlthout the 'use of’ hematoporphyrln. The oels

LS

';had to ove-cut within a ‘few -lnutes of bBan' removed from

¢

‘the. tube's for the: front to remain visnble,

st

- Bronﬁhenol—blue Was still added to allow the extent of the

run to be followed easnly but gels were cut at the lon
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front.

4., The choice of current u§e1

The luteratura suggosted that fhe. Curreht employed
‘was critical to resolutlon.' [he resolutaon of gefé’run at

varsous currentsltubauuas conpared. A run at 5.0 mA/tube

gave poor resofutcon.' The best result was ottained using

‘

'.lito 0.2. mg un protein, was digested in

1% SDS»leZ glycerol, 5% mercéptbefhanolvand- 25 mM Tfis'

buffarnﬁtp 6.8. 0.2 ml of this solution wes' used.’- The
. n .

33 :}:5 . ] . h ) " . ’
sample Jﬁk-'heatad in . a disposdblej,polycarbonate tube
nmmersed.  boailnq uater. Varlous Iengths of heatung

)

were compare ;and lt uas roun¢ that one“mnnute gave the

‘@

~best résult 'Hlth regard to the completeness of dlgestlon 

o

and the resolutlon of the resultlng protelns. -
6. Stalnlng and destalnlng technlqups

‘The stajnnng -method describasd - by ~Crayton ' and

§

.Haselkorn !LQ?Z{T“HéS-]useda It was necessary to make a

vfresh staiﬁlnq solntuon “each tlne.' Destanncng , W3s

-acrneved by da ffusnon usnng g A acetac acnd’ 5% methanol

ulsttlled water. The gels uere held In plexiglass troughs'

ang iha. de&tatntng solutnon chan:ed every 10 monutes for'

tha fc}st hour‘ana then at decrea§Jng frequehcy‘ for one

~

Wweak, . ° A:faster method of destannung was iatér devsfﬁqed:"

S,

gélﬁ,uere held in ane meter-lengths- of »glass.\tubing 8.

jcurrdnt/the running time was 4 hr. .

K.
5
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gelsltube) and the destaining’ solution slowly passed

throug& the system.' The glass tubes were rocked by belng
A
< ~attached to an [.S. C o. ¢ mode | 390 dialyzer.

7. Gel scanning method
Ttre ;els were scanned, after .destaining, using é‘
vJoycej and Loeb Chromoscan M1 with the 595 nm filter.
The optical density was traced at 1:1 and 1:3 1ength

rattos, - the latter being - used for the mobility
) g - : R A
measurements, . . . .

8. Proteun‘standdrds

The Schwarz-Mann non-enzymagcc prote:n standards Kit
Was used. Routely cytochroue Cs chynotrypsnnogen A,
: + . .

bovine serum - afbumnn and gamna—globulln uere -used as

[ .

standafds, Good mobllnty versus log nolecular ‘weight

relationships  were obtacned for each fun. -Duplicate.gels

K

N which the- standard protelns had been :ryn aiyays“ gave

- =

,adentlcal band - patterns. ’ Calcu(ation: of ‘tha proteln
molecular ueightS' from .the band uobllltoes R greatly

"faculntated by the use of a progran for the M:-nroe 1672

,calculator.j ' '; . e AR i
’ Lo &%, : o ‘ : :
4 ‘/;‘r . \ R - 53;:5% .
~ . Je Radyoactive coﬁntnng<me}hods 5
~ = 5 TYhe lnltlal'L—(U-i’C) “proline labélling experiment

'used the follonnng techntque. a sample of 0. l ¢ fro- ‘the .-

.sucrosq- gradlent uas added to a1 1.5 cm square piece of
Whatman 3 am, fnlter Paper and alloued to dry.” Counting
: . _ ) » ‘ - L
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REETS

“fsuasﬂfberformed in 10 ‘ml oﬁLSZuP,PuD. phosphor lAldrich

N R

s ' T ' Y

Chemical Co., Inc., Mlluaukeep Hisc.l tn toluene. The

loss in countlng &fflcnency» caused by dlfferent levels ot
sucpogg{ was determined using unlformly L (U-‘“C) proline
as'o standard ‘.The effacnency was detelmlned'TUS|ng thef
channels .fatio wethog. Tbev ratiO' uao"related to the
lowering of efficency by-chemlcal and colour quenchang for
samples taken up in toluene by the use of a_ulnlmum‘volume

of ethanot. This was échievéd by means of ‘the  yse . of

»

-standard lU-"C)‘toluene as an lntarnal standarqg.

Samples . .in the "methylatlng" enzZyme assay were added
~?1"§%’.A .

tn a nlnaﬁum volume of ather (volumes up to 0.5 mil)..
These sampleS‘uareucounted. ~and  quanching determined as
descr ibed., Aqueou) samples Nwerei'addod, to a cocktail

consisting of dloxanj 0. 57 ;‘P.P.D. 1 containing 10X

‘haphthaleﬁé} (U=1+¢C) _toluen% _was uéed as an’ lnternal

standard. noalt caées'the vsal; uere precounted before'

v o

samplo addltcon tc determlne the background Count rate.
S . Nl
Samples in  the’ double labelllng éxpefimeﬁtu wete

carefully evaporated down to about o.l mi and then »taken

- O

'up into . llqunfluor cocktall lNeu England Nuclear Co.) by

_Lhe addltuon of the . Mminimus - volume, (about 0.5 mi)  of

N.S.S.'» ti%suev solubllazor (Amersbam/Seafle Inc.), as-

olrected‘mby lthe manufacturefs. The cocktai | COntalned bb
g.>'P.P.D; and 75 mg. P.O.Pfﬂ.P., per liter. :Samplos,

containing sucrose or glycorollauare"dlalyZed pflo;:to‘

L
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'cells were - harvested. and wsre E?t ted tov
;exposed to the prollne for 5 min before becng
membrane_frac;c

.and layered o

“gradient. °

—e8=

. v _ o e
count ing. The 3H and 14¢ activity was (weasured using

(U-3Hi or (U-1%CJ toluene. as an internal standard.

K. Labelling experimants.

. Sindggflabel experiment.

Cells were g;@un ta late tog phase { 1.35 x 10°

J

'cellslml) in a |} I:tre flask’ with oxygen /gassing t rough a

sinter with a  surface acgh of 8 ¢ P S were .
. . RN . 3

harvested and,resusoendedff
micromoles of L-(UX%C) prof

The culture was magnet «cd @ﬁ%tlrre& and a 500 sample

'anmedlacely taken by dnsblaeaqgnt with nitrogdn. The

ave besn
elleted.

Thcs Wwas termed the zero hr sample. Furt\\&\

sas

'

collected by th

Same means at 2» 6 and‘ZOvhr. The small
N was prepared in the normat 'maneer »and
resuspended in/ Sal of 0.05 M Phosphate buffer ( pH 7.0 )

top of 30 ml of a 2% to SSZ sucrose densnty

, \1 -

were frac

ionated an the normal manner.

2, Double-labelllng procedure

A culture of R. 'spher01des W3s doubly Iabelied usung ‘

e

'L—(6.5—3H)|soleuc1ne and L-(U—‘“C)prollne. An oxygen groun.
4nnoculum was added to 5 i; of H G nedlum gassed u;th 652k

’oxygen (352 nutrogen) at 2 SCFH 3H Isoleuctnevuas &ddeqi

.m'_

les were

fter centrlfugatc n for. 15 hr the g(adqents



"ere i1mmediately poisoned (maqe‘0.0ZZ In sodium az.de) %§¢n

éxperiment, .. .

supernatent uas then flltered through a "220 nm" Ntllipore

- -69- e
at earily log phas; (0'169 mCs an 05133 m moles of carrsor

amino acid), *Afté? a perlod of three hours a colg chase

(22-2 m mples) of isoleucine was added and a3 | l. sémple

,.« -

then 1aken 8S representatijve of aarobccally—groun cells.

¢

rhe oxygen cqntent uas then. reduced to tnduce adaptatnon;

v

After 3 pertod of 10 min' of gassnng Hlth 47 oxygén.

r;;’

(balance nitroger) 'ﬁhe- culture tprevcously grcun tn the

. |

dark) uas' lllumunated at approxamately ,300. tc .

‘“C -Proline was then added (0. 0365 aCi in 0.133 4 mofes of

‘carrle? amino acid). Aftér a furthar 2 hr. a  chase of

cold proline (22, 2' m moles) was added. Samples of | !,

were taken at 2, 6 and 16 hr. of the adaptation. 'and, n

~a

- . )
additions 10 ml aliquots ware taken every hour to_mdﬁator,

the uptakq_qf radnoactcvnty by the celis. ~’All samolas

stored at 4 degrees pfior'to further analyS|s. A careﬂ%

record of the culture volume was Kept throughout 'thepk _
. ’ ‘.4 ’,‘ . . q[u
. bmr“w734§%

ATheqasSayaof laballed amino ‘acid uptake by the “cellg
. N * . IS

3

1 - .

in  the. double—labelllng‘ experlment was performed |n/€heff

\

follunang manner Allquots of the culture ‘were _poisp,

(o. 022 sodlum azlce) and subJected to low g cedtrifugdtHOn'

“to rempve the 'maJorlty 'ot: cells from the medaum.' Tné T

!

Tllter by means of the -~Su|nnex filter holder/syringe

- System. This W3as to ensure the remgval of any residual



ceil&lar or subcellular mater{al. A known volume of the
f;ltrate ~w3as  then evaporated almost to drynéss and the
residue suspended in a‘tolﬁene cocktail using a minimum
volume of N.B.S. solubitizer. The activity of each
|sotop§ was Measured and fhe efficiency of counting
deﬁermined by the use of 3H- and.‘“C-labe[led toluene s

an internal standard.
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Chapter 3. - Resuilts,

'I. The Isoiation and Purificateon of the "Smailtl Particien

Fractions from R. spheroides,

A, Sucrose Density Gradient'Centrifugations

l. From mutadt'strains unable to synthasize Bchi. @

*

A crude membrane fraction wa3; prepared frcml;@u;ants,

s £ i
)
Lo

2=73» 8-32 ani 3-47 [ Lascelles (1966); Rickards ang

PR

1Lascelles‘(l9b§jﬁ§,by-removal of unbroken cells ang ca[i 
debras by '3‘“§qw § centrifugation and harvested by
centrlfugafion at 100,000 x g for 90 min. Tte gellet wWas

“resuspended and  fractionated wusing a sucrose density

gradient between |0 and %Ozvgycrose. A nNon—equilibraum

fractionation of Matefial both from mutant cells and the

parent - strain (100 min at 63,000 x g9) showed tha;_mutanté'

incapanle  of synthesizing  Bchi 4i1g  not contain
. ’ . . . . . . *
chromatophores, The mutants  did, ~however, produce a
pigmented factiqn of . greater density than | the

chromatophore fraction.
2. From the parent straen,

A gradient betwesn 25 ang 55% sucrose was useq‘ to

. e bl N
examine the distributipn of membrane fragment§ﬁprom célls
prepared at sevaral times during an adaptation “from

asrabic to photqéynthetik growth.. To acheive this, cells
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Were grown to mid-log ‘phase‘bQ gassing with oxygen aﬁd
tnen induced to synthésu?e thylakoids. by limiting ‘their
oxygen Supply tb ihat which_diffused.througﬁ the surface
~of tha culture. at various times, .500 ml  samples’ were
;éken and the cells harvgsted and stored i6}0.05 M» pH 7
1}hosphate buffer prior to d{sruthon by sonscation. The
memoréne fraction was obtalned by centrlfugétnﬁn at
100, 000 x'g‘fpr 90 minutes. Thls Was tarmed th “.Gsmal}A
"particle™ fract;Bn. Thls fraction was preparej fi- @érfs/@
lmmedlately after gassing was stopped ( 0 hr - ¥ and at
‘hree later times (2, 6 and 16 hrs). The»lmater16l w;;
centnlfuged an._ llnear:jsucrose density gr;doéntsr énd*
fractionated into 3 mj samples. The b(oteiﬁ .ccntents of
these fractions s shown in Figure. 3. Aﬁ'b”hrrltﬁé"
.protesn was dlstfibufed falrly even!y throughout fae

-

gfadiént.,v The dense fractlon _(fractions 10-11) ¢ was

.L. e
prbminént at. 2‘ and 6 hrs, ‘Ut was.greatly reduced at 16
'hrs whan the chromatophore pedk (fractlons 6-7) contained
£he_ maqoraty of the oprotefin in the gradnent.f Bchi ,was
founo'only in fractaons of samples taken af ter vsix hours
of incubation without oxyé&n gassung. _At thus time 1t was
distributed aimost. equélly between the dense tfraction and
thé 'thométqphore fr;ctipn.,' After _1¢  hrs £he

chromataophore fraction confalned almost atl ‘of "the

pigment. = - : . ’ é.
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3. Termlnolooy

It appeared as if there were at least four membrane

fractio

morphogqnesis

tnese

ns

%
b3

e

 ef. Figure 3). Although the nature of

e . . N : .
fracgions . is now more tully understoog it is

‘conventent

-

% peaks.

between

termed

that appeared before the development of .the chrometophores'

Wwas 'termed

4

to . uss the 'naues-.orlgunallyxglven to these

s

.3

‘that of 25 and- 302 sucrose (fractions 4-5). nas

the,

that  might be involved 1n chromatophore™
S :

i

" The peak presant at 0 eanu .2 "hrs ' with a :den5|tyl

provophore" fractlonq Tﬁe dens.e frattlohf

ithe "prephore" fractlon,‘ it had a denSIty

batwean that of 46 ang 52 % sucrose (fractlons 16~ 11). v In
¥ : -

Subsequent fractlonatlons,v' with Iess small‘ particle

L

“distinct”

f ooserve
termed

beloull

d.

S fractlon appliad to the . gradlent- {2 mg protein’ ), g

lpeak“’at.‘-a densaty atween 41 432 sucrose was

[hls Peak was collected in fractlons 8-9 ahd

ths

medauw densety"- fractlon; f( cf. anure 6

The iaipr.peokAetlb'and-ZO “hrs with density

aquivalent

the 4

ippearaqg

termed

initial

ight

the

ty

~at

to uabout 351*5uarose,(fraptloneb)'uas termed

ch?omaiophore" ‘peik The - shoulder that

the densnty of 392 ;ucrose (fractlon 7)'ues.

"heavy chromatophore" fractlon. It - was

belleved that thls shoulder contalneo Lhe fully

mdture organelles (but ct. sectlon I.€e. 3. below).



o =Ohr.
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¢

d. Other uethodﬁ.of puritication,

5

It was thought desarable to be able to separate th9 

N - ~

fractnons usnng a criterion oiher than their’bouyanﬁ

densities, Another stimulus was that in order . to-

investigate the composition of éach fractuon.'an easy.

,Jarge scale fractlonatlon technaque would be very useful

-

l. Ammonium sulphate precipitation.

Thls method was not 'successful since "an "all or

nothlng" ,precqpltatlon of the smaill' particle fraction

occurrea at low concentrations of the salt.

2. Mitlipore filtration. = . , ¢

A small particle fraction\was prepared tfrom adapting

cells by French press treatment; 'Tha; uasbthan filtered
fhé0ugh a-series of miliipore tjltéfsvulfh ducréasgng pore
ngés.. Fjjtratesﬁahd_materia{:removed lfrpm the filters
(by | Wwashing ths inverted falters“ucgg_ bufférf " was
exam;ned. after negatave staunnng, by eiéctrqn nicroscoéy}

 Passage through a 650 am- pore ,sized’ filte}_‘regovud~ the

!
;

large membrana—oound storagq/'gfanules (presumale'PHB);'

however, all the pigment passed through thls fllter. ”‘The
Pigmented material was’ trapped on both ‘the 300 and 220 nm
pore sized fllters. ‘The first retalned most of. the

prebhore (non—collapsed) partlcles and aggregates of lopld

(non—statning) materiail. The smaller falter rgtained‘atlb

\
\



\*.\' ’ ' ) . ) /

.,the;pigﬁehtfwhich *Hadx,pacséd‘ through the‘ £he -300. nm ©-

,Tilter; the céhrahatophOres' ‘were splot between theso two

-

‘filﬁets. Thb”ZZd .hu ’pafé‘ suze fcltrate cortanned th

‘apprecnable plgment and uas composed of non mambrane bound_

luptds and numerous partlcles between 5 o and 20 nm oan

-

';daametcr. 'These.sma]l 'partlcles Were present- at- most

, %
levels in the separatlon scheme. This technlque uas thus

&
& N s

not partlcularly selectcve and nt was dafflcult to Aremove

- material quantltatnvely from the fllters. 

)

3. Sucrose depsity gfadiaht3qlacprophonésis. . e

‘Electrophbrettc mcbility: 1 feit, m}ght ‘oe a bcod]

basos for parftcle separatuon. Several systems were tried

. o \

' and, ;dsing  the preparatave I.S.C.Ei..‘E»E}O'el'ei:trvophcr.es.is’7"T

system»- I Pound condotnons that  would §bpdféte~~ the
. material anto Several bands; A 40 ml'léyer‘bf L M sucrose.
>(36;ZZ) was formed over the same volume of 402 sucrose

.‘,

wath 507 sucrose belng ussd as an underlay ang ch?se. A

'.solutnons were made 5 x 10-3, H\un pota§siun bhcsphzﬁg aﬁ@{

e . _ : S

pr 7.0. A ‘sample. tz mg proEQ<n)_ of small particle
fractnon was added to the tcp of thcﬂ; H,gucrOSQ 8ayer'cnd
the system then run  for 3 hours at 250y touafds the
cathode, & current of 28 mA was used. . After the run, fhe
%andé ‘(uhnch ‘werse observed tncthe absorption profcle at

254 nm) ware collected. dands wefe present at each end of

both.layars. After dualysus of‘ the ,mpaterial, it was

]

S
7

~

!
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. compared to the unseparated small partlcle fractlon by thee
standard sucrose densaty gradlent technique. The»bdhdceﬂ
Vcnear'rhe‘top of each layer contanned both chrcmatophores}”:
’and rprephores.f An enhancenent (B3] prephores could be seen:,

‘_'an the upper band: but clearlyn each band d!d not 'contoinr

Va unlque partlcle type, as I had hoped. if }\ "?u F

T

el f‘,se,phar'-o‘s'ef 28 3014 fi ltr_atign-.j

°pharose ZB has “af separatlon‘,range- forn_proteins

},betueen 2 and 25 wnllnoq daltons. in. addltlon, tnefgéj*is
ST ‘e-'u o ' o
somewhat hydrophobnc.-,ed hoped these propertles mlght'u‘

3
: o4

C producefyaﬁ separatnon ot- partrcle‘ types.. To obtarn an

< LR

h.'apprecnable flou rate the colunn had to pé'arun"atz roomfﬁu

A

temperature_v(approx ;2:35 degrees). Cells were adaptedrf‘
after oxygen groath’  by' lnhltrng oxvnen : supply 5;tof
:dlffu3|on ‘through the surface of the culture for 6 hn-;JKVA

--bulx small partlcle fractqon uas made after thzs tane.;eéﬁ‘

I3

aquuot i fractnonated ,usang ‘the standard fsucrosef

- dens;ty gradlent techn|QUe. lt contalned Wrephoren nedlumj
'densaty nd  chronatophorel fractaons. ~A sample of the”

‘small partlcle fractlon (86 ng |n protecn) was run t.hrough'--~

e

.the column.w quure §a shous the ratlo of: Bchl to protecn‘;fl

 iq‘ ch6“ samples collected (absorbancefratiosﬂﬁﬁO!Z%kvom;.

Figure. 4b shows the ab;orbances of the 20.5 @ix:frecrioos.:
fhe fractlons uere. then collected hand QPbl}ed t9lihe i
‘Standard lnnear sucrose density gradlent.-,The~profife§rofl‘

r
-~ .

°.



Adsorbance profilgs of fractions from S
' :{_2B Sepharcse gel column Lo LT
‘* -'» Protein OD at S
274 nln:;rlo2 : Lo
. . __ Bchl OD at e .
850 nm X‘ 10 2 > et S
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 the selected fractlons are shoun lﬂ anure 5 ;Thé7

o e ,;- Ce

‘.

‘-lncrease ln materlal |n fractnon 9 nndlcatad that the vond

N

vvolume';iﬁ' thls ifuﬁ'iwas about liQ fmi;- Thns frac'

~‘A

‘3lichromatophore: fractnon.‘gfthé"prephore peak ‘$27§€LFP
doresent ln fractlon .13ii lndlcatcng that some f thl%
;ﬁaterial. ﬁad{ bean vuncluded anto jthe; Qel»;

or ha_d--'_"]:‘”

ﬁafflnuty for the gel. .The llght chrohatv”" |
 present= gll paglented fractcons ﬂexamlned Q£ f§hefy"

peakﬁfy;§f@ff
: fhaghest .concentratlon‘”dfi these' partnclesj was.fdund
}fractlon 15 Fractlon”l3 cdntalned the h:ghest ‘[qutf;agf £.
,médlum. dens-ty - fractlon.; After fracthn ?ij;lﬁﬁ;;;;if;l
'ﬂchromatophores ue;e eluted.v After the bulk :fd.metercallff?
,Hagd}eluted H@ractlon 25) ;é column reuafndd sliqhtliﬁt
pndmented for seVpral days of runding uith buffer..f Thng-
bdmethod dsf thus unsuccessful ln condletely resolving theﬁ\
'E,Var;ou§ partacle fractlons bdt the expefcmdnf was valuable
dpevertheless.  itH demonstrated that the fractlons -ue}e:
'not :artefacts of the standard suc";se graduent technnque.'
- It shoued that the fract(ons could bd; separdtdd; albeit‘d“f
 part|ally,dw by*[at;qrfteryon }qther. than thalr,'bddygdt

‘densmtles. "f . : ‘:‘. C
C. Comparlson of the dlsruptlve orocedures. R

l

RIS Comparlson of sonlc and osnot!c lysns.fw

i.
T
|
i
cd
1
N
s
I



| fear-2erm. | aae-aosmn
Froction 13. | chhon l5

A

2% . 3"34%

4n-432 mo- ] 452 473,“,

| .E"ﬁ.?li_@__a.'_ F;action g3 '
e Hedv'y o B Ea
e sucmse 39%

3! 34‘% /

| mticle fraction (culture D) materlal I
.el"'t’ed'”rr"m a 213 Sepharose gel column., L
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f7.9? C /
An oxygen groun culture uas dtiouedffto»ehdapt with
oxygen,{ ent.ry llmit.ed 'to diffuslon into the médium.
Allquots were taken durang adaptatlon -enda disrupted by

rsonlcatuon‘eorf osmotnc ,shock 'lsee methods: Chapter 2).7

After osmotu lysns the’plgment could all be Sedlmented at
14,500 ;*ﬁfg.efor :éb- mln._u ThQ‘ Feliet 'wes\""strlngy"
f'r_undacatroo 'Cel}~ lyseis hao‘ occurred ‘ Thfs-.pellet uas"
resuspended qo'iH‘socrose (0 05 M 'in pH"7.0 phosphate
.ouffer), .by_.vorteki maxnng‘ for 10 seconds.._To"separete
small »memhrane,ifregmentsn from _the -broken cells » che
::md;eraa1  eas then recentrnfuged at the same’ force for 30
Tieih;: The maternal in the supermatant Wwas then cojlepted
>by centrlfugatlon for 90 min et 100,000 x g. -Fihaliy fhis'
v"pellet fues resuspended lin ' 0.05 M phosphate buffer and,,
compared to the small parttcle rrectuon produced by sonuct
dasruptlon by sucrose densnty gradcent centrufuoation. At'
tne::stér;A.of the adaptatton: peaks Were present at: about
30 ahd7 49z; sucroseol ’The \prephore fractcon - becaie;
.pnqmented.efter 4 hours.; In both types of preparataon the
‘-prebhore: fraction became less dense durlng the adaptatcon
and attalned a densuty equivalent to ~about ;461.,sucro$ef'
‘atter 20 hr. evfhe. adaptation jueS'ioconp1eﬁehio tnet a
chromatophore fractc;;\nis not‘produced;ﬁ Ffﬁu}e ;e shows
- , . SR

the‘ gradlent "profilas of _materlal, produced by the tuo_

. \

'iQChnlques.- The prephore "ahqx*tpe mewiu- densntx\\(ﬁlzoﬂwmf

Px

soorose)*c'fractlons ' fron:f:the-:sonmcated preparetion:fﬁmf

e ® e
W
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v

equivalent fractlohs produced by osmotic lysis.{fThé‘ﬁonlc

1elded 207, o T Coee

e

2. . Comparnson ‘of . French press, ‘S$onic and alumina‘grinding

technlques.

A_culture‘uas grown to -fate-1ag phase _upth oxygen

gassing (2 S. C F H.) _éhd then ‘g9assed’ with 4% oxygen -

(Dalence nctrogen) at tho sale flow rate. The cells were

harvested after 6 hr - at the low oiygen level and dnsrupted

by the three, dlfferentjtechnlques (see nethods; Chapter'~

'sedidented -at ,slightly‘ louer déhSitneS*'than,;did‘ thqy

-asruption technlque Ilberated abouL 40X  of ithew plgment

*fihéf cells,- uhy{p the ‘osmotic <hock Procedure only |

LY

21, The resultln small partlcle fractlons (saiplgs.ot 2

Y

bﬁg__proteln), uere then 'added to the standard denétty _‘

gradient,and. fractlonated. "The gradient ‘profiles are

‘shown in Figure 73, The maJorlty of the pigment was found
~in ‘the lsght chromatophore fraction. All three methods
'broduced'peaks, at thq heavwy ‘Chromatophore and medcun

“density fréction. pPositions uut the prephore peaks uere

onlyvpréseht in the French press and sonlcal!y dnsruptéd

materiaid.

3. Peak densities of fractions reshlting from French

Press br sanic disruption of adapting cells.

Table 1II.shows that the five frécthons ‘described



2 . '
Toble 10 .
7
. 'y s

lonsities (equivalent sucrose} of fractions produced under

various conditions of ..r,.w_.:.é.q%.m.c: by density grodient: centrifurstion,

TPisruprtive Protophoro Fieht Heavy: - tedlur., “Prephore

technique S chromatephore. chromatophore  dersi ty - Y,

. r3
20=30 44 =0 -
§ ) "\J,OSH._ c 4 . D,.Wl,,w,D ) .»HH.UI_N, ... o w.mx.vl.?....w. . e .w.\ .
. : )
\ S - - e $6=50)
a , -
N
t~ . - ' S « E
_, 2= - _ A Ll Chfi-lg
French 20=720 . A S ) Cohz ST
) press - . 20 . - _ IR 672 CHD.
‘,. . 4 . . . . . B !
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i ’ ) s‘ . ' '
BUSFER 25 PERCENT SUCROSE > 55
_ ‘ light chrem:torhcre peax ’
3.5 MDA 1 oo ‘
! \j
: prephore,
1
A
!
1
1 o Co . )
| : '
) . )
" French¥6%z§2;;e cell disruption
l ' .
: — » chrohatophores L ' S
0.5 0D; .iigﬁt ) i : ~ medium demrsity -
'chromato4 \ fraetion
i - ; bhore peak « :
' . . is off scale. - e
. o H , .
! .
!
. »
» ] “
(3 1 e
[ = ,
v I ) . : B
O 1 Sonic disruption =
N A
. I8
g .
L .
< o
0.5 OD- .
' [ 'light'chromaZOphore peak.
T ST . I
1.
1
'.

- Note prephore
fractior. absent

—ie ke R I

i Flgure 7a, “cmparison cf.taricus disrurtive téchhiques.with
rerard to' the distributio:n cf muteridl ir the stardard lirear

‘sucrose density sradient 2t = o

fol
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o . -, |
- peakeda at ,f;irly consrstent 'POSltlong ¢ the standarc.‘
. . : SN
sucrosa densnty gradlent , The peéks had‘ charactenistjc
‘wshapes in ‘the 254 nm grad1ent profules.-'Th;‘prbtébhérq
peak Wwas large and broad. the ©prephore _peak. lafge énq_
:naifon.' The; medtum -densut‘ fractlon usualln produced é
sm{li °harp Peak on the prffale. The ratlos -of thg  peak
_helghts varled relatlve to one another during the course
qf adaotations as prevugﬁsly oescrub;d.' A cohpariso& of:
thefv2541286 nm{ absorptlon profnles of a small particle
fraction,. prepareﬁ from cells adapted for 6‘h£: aé‘ shown;
* ) ) N
.(n anufa 7b. The 254/280 nm absorption ratlovls highest
‘(ca. 2) betueen- 3§A and 342 sucrose indicating “the

ribdsohai mafei|al-Sedlment§d " in this: position 4n- the
‘gradient.
Ry

O. Electron mlcr05cop|c exallnatlon of nNegatively stauned

smal | partlcle fractlons._

Figure 8a shows the appaarance of hedai?&eiy :§taihéd
preparatlons of the smail particle fractcon that uas added
 to the sucrose.oensitn.gradlent.- The sample was prepared
-frdn cells after 6 hr of adaptatnon. Chronatophores ,égﬁ}
~ bs Sesan as characterlstcc rlng~l|ke structures (80 nm sn

'dianeter)., The targe spharical ,struﬁture' has the 's?né:
 d|lonsjon (150 to 250 nn) as PHB storage graq:les 'seen .in
sectlons of the bacterlun tet. Sectlon Irr.c. 'belou).

Spherlcal bodces can also be seen of a suze sumnlar to the,
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A
’ >
. . ‘ ;
" . Flgure 7b.
4
. .
ribosomes . oo
-——254 nm.. . ,,,_.--—. . \‘vv “ A \ .

Co

1 1 1 PR — e 1 S
25% 28 31 34 37 40 43 46 49 52 8559
~BUFFER— PERCENT SUCROSE S

Sucrose density gradient proftles of small partiéle -

fractioh_prgpared'frcm cells adapted for 6 hcurs.
(Oxygen supply limited to diffusion.)



"5y

-

a egqtively stained small partlcle fractlon
b'\egatlvelv stalned protophore fractlon._
Sédle:

1 cm = 100 nm.

Y
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chromatophore, together with smaller particles of about
one-quarter the diameter.

~
The four major bands formed after  sycrosev density

Wl : - . -
g?éqient R cehtrifugation of this material - were | also
examined. The sucrose.was removed flrst by 24 hr dlalyS|s'
}n dlstnlled water.. The most obvuous components_ of the
protophore. fractnqn (anure {Bb) were the large granules
-p}esumed to be Pﬁﬁ stofage material I'Less 6bvfous
{rregqlar membrane- fragnents and snaller particles about
10 nm }n ‘diameter: are also present. .‘\fhe light
chromafophore fraction (Figure 9a ):contained material
‘with the characterastlc chronatophore form as seen by this
technnque. The prephore fractaon (Fugure Qb) consusted ot
the non-collapsed partnclesa of aﬂ size su-ular to tﬁe'
chromatophores,_ and numerous snall particles (approx. 10

R

nm dia.). Tha larger partlcles uere uniror. in.appearanca
T~
' f

and uere'termed prephores. The nediun density fraction

had a characterlstlc ”Sac—lake" appoarance that  was

dnstlnct both the prephoras and the chronatophores (quure'

9clu
,E,iAAmstOdy of the'aggregatjon of the ffacfoqns.‘
" 1. Aggregation of,qateriaq,@n-thq g;ad}ents..byf d.vaiént
cations. | . | |
In £he>in;tna; suérﬁse'deﬁsify g;adien; sapa}atlons.

material ﬁn the gradient updld' Sonetimes aggregats. 1
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Figure_Qa.

N

g N .
Y ..

-~ﬁ@me9h

"t Negatively stained chromatophpore fraction.

b Negatively stained prephore fraction.

Jcales _
l-cm = 100 nm. . S - /



. " : »
. e

. e .
i LS N ; S
Negatively stained medium density frazction. '
scale: 1 cm = 1290 nm.
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thOtht that this -nght be due to the contananatuon cf the
sucrose With apprecnable ‘levels of cadcuu-._ Ihe";ucrosé

used for gradlenf formation 'ﬁas tutrated for divalant
catlons by the E}idchrome Black T- -EDTA meihﬁd 5(cf;
Chapter 2) The graduent contained & x 10-* to 1 x 1043 M
;daanent‘ cation (25 to 55% sucrose reSpqctavely;. It has
been shown [Gibson (1965?1 thpt dlvalpnt cations were a

céuge otv' chfonatophofe aggregation when opresent 'fn
poncentratcon above 10-3 M. EDTA was included in’ the
phOSphate buffer at a tevel of 10-2 M. Subsequent runs,
made ulth or Qlthout EDfA.‘shoued'no daf{érenceé.-ln vthe!
‘peak‘ helghts or densitnés of material in thg gradient.
pTho phosphate buftfer . strength was redUced: the sténdard
buttaer thus becane 0.5 x 10-2 H in potassnun phosphate' pH'
7.0, and 1 «x 10-2 H in EDTA (dlsodlu- salt)._ Using this ﬂ?

. . ) .
modjﬁned . buffer, aggregatlon was not a - prcblem with

ples.containing 5 mg (or less) protein. . The standard.

ient,_Auas. norﬁally loaded With a smaill particte

“fra taon contannnng 2 mg proteln.
The prephorq Subunit and mature subuntt‘ftactlons.

o~

A) Isolation of the subunit fractions.

-

it seomedzpost']akely. théf the.'préphores resulted'
from tﬁej chaté;teriStjc *éodregation of3theﬁsmall'L0>hh,
’_Jp‘a‘.tt_’acles' ‘(’cf-'. Fiodfe' 9b) rathelrb , than . th.e ' l'a‘.t_t_e.r
gbéino a’ dpconposituon proGUCt of these strucfures.pfihis'

P
e 7
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uas'ln\aggrement wlth the findcng that the prephores uere

\ .

only formed when" the small pertlcle fractlon was pelleted,-
\

a _process uhlch~-could 'easrly bev lmagrned to favOur
\ Co. R F
. aggregation. '.It‘was found*that in the unaggregated state.

',the;SO;Tamed prephore subuncts" renalned touards the top -

~

of ‘the standard gradaent durrng a 16 hr run.f“It seemed
lukely t at the_ bulk of thns maternal eight not  be

harvested by the centrlfugatlon at 1oo,ooof£[g for'90 min.
' Here una?gregated subunnts:\ln factg Concentrated in the

Lf'supernatamt ,ol, the standard .smalll'partlcle., fraction
harvestlng run’v:

To ansuer thls questnon the olguented materrel |n the

\

supernatants of vthe hngh 9- force centrlfugatlon v»aasif“

¢

harvested |hto a 507 glycerol trap buffered ulth phosphate”‘

“tof PH 7 0, \a prolonged centrnfugatlon ues used (2§ hrs at

- -4,

1100’000 X gl. Thls technuque uas used to harvest naterlal

_ prepared from cells n varlous stages fol. adabtatlon-' as -

well"as, cells groun photosynthetrcally for;»tuo‘days,
After the glycerol was reuoved by dialysis,'2, mg' saeolzﬁkr,

uere run an the standard sucrose derscty gradlent As 6;n

)

be_ seen from Flgure' [Oi- the gredlent profrles of thls_'

harvested "supernatant fractlon" fron adaptlng cells.haret

\

nfferent from the profrle produced by naterlal from thee

- s

mature photosynthetlc cells.- The adaptlng cells Produced~'d'

al‘peak-.ulth the bouyant density of that of 282 sucrose

' uhlle the mature Cells .gave a 327 sucrose densrty peak,‘ I
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Flgure 10 The 254 nm pr*f‘“es of‘ t“e mih ev‘z l, }mr\ested by
‘ centrif‘ue,gxtior‘ for: 2% hours at: 100 COO ; and run. ‘in .the E S
standard (25 55“‘ sucraose’ dc' ity'vrmdiert fer 18 ‘hg Jrs.v-“ L
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Fl

"termed the uatertal from nature cells tHe "'a' re subunn!"‘§

)

‘ fractlon. Tt should oe;:noted that -itﬁ‘ harvestanq

‘technnque made lt almost equuvalent to the materia}’

descrrbed by Gubson (19653)

(ol,Aggregataon:of_the,subunit fractfons.". - . .
. Subgnit aggregation might have.fresulted ifrom™ _ag

hydrophobic' essooiétion( A lf: this was the case then the

_formatlon of the prephore fractlon <hould be 'promoted oyf

i

an |ncrease in -the ionte .strength “off the gradlents.
) ' ' \ : '
anure 11 shons the proflles of a standard snallf partlcle'

"fractlon when . run ‘in gradlents of varlous lonlc strengths. )
: » i R .
The material ups prepared from cells after 6'hours-6f

Ty,

édéptatibﬂ. It can be sasn. that ‘at high ionic . stfength °
(0.5 M phoSphate),"a,,band appeared 'id?,the"preohorei'
traction - posrtnon f(atf 48% sucrose) ; The fact thatithe o

band Was plgmented and. for-ea with q concaultant Ibss‘ of

N .
“ . ~
.

‘materlal; iath"tﬁe 287 sucrose 4level in‘ the oredrentF'
’inditatedethat'the watertal was lndeed equivalent to ﬂtheie
.pfophor; ; fractlon. ' Itf also shoued thet':hydrooooocct,
bondidg( uas_:the" llkely cause ot aggregation »of; tbel’

'Jprephorel subunlts.f' Haterial in( :the_ lOOpOOO '.xe'lg‘

supernatant also :produéed a prophore band et 482 sucrose*{

Y

'(not shoun).ﬁ'Thos uas achleved "By runnlng the sanple fn.a

/ ~

urgradaent 0 05 M |n phosphate buffer.

L ,In a further expertment,,l Jncreeseo jthe".ehouht:‘off

(R4



atandard¢(25-55%) sucrése density gradients
caused\by 1ncreased 1on1c strength »-{.»

aucrose

Note 1088 or'*?uiizgggzg e
material at B tit t e
;:28% recons u eqT ¢,,
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'q;npln‘ éddéd éa -the~‘grad|ént .from 2 to lovmg proﬁe}n.
This qiso_nnéditen in ;he‘fornation of  § prephoré‘ band;
nousvér, the ' yield was_ not és areat as it'had been
nfolloutng tne-lnéréa;e in aonuc strength. The experuments
showed that both the 100,000 x g supernatants and material
fneakcng at about 287 SUcrose in  the standard~,grad|ent.
.no/J//produce the prephore fracflon. | | :‘
(1//The mature subunlt fraction (the supernatant naterlal‘

from mature cells) also prodUCed an aggregated band-' with

3 densnty ~of 407 sucrose (the same position as heavy

éﬁibnatbpnores). (gﬁLn‘ centnifuged rn thas tyrpe of

LA

’*gréd(ent; Thus aoth _in. the free and_ tne nggregated-
,nqnndltlon thei subunits  from :naturp cells béhaQéé
nufﬁarént?y. | |

, o o \ |
(c) Glycer%l"ddnSIiy gradient electrophoresis of the
subunitvfractiongf | |

1 knéu \that the vsdpnrnntant"fnp-v ;uqll"partln!e
préparationg nisolgtedﬁnfrom4xadapt}ng cells u0uld_ccn;;in
‘two nther -cdnoonéntgyf nanely: Arlboso-al _brcteinsi and

varynng anounts of tha mature subunlts. ,ln tnecry» 'thq

nature_‘of'ftha” rlboso-a1 protelns, should allon.‘the(n

R

re-OVal fro- the subunnts by alectrophoresis.} Condltions

'thch alloued tﬁﬁbseparatlon of a larqa 254 nm: peak’ uhlch

R

-g'HBS relatlvely lou in proteun.contont» fro- the prephore

'szunl£s< (running -as ‘a plgnerted band) are doscrtbed ‘tn



Héthods (Chapter 2), Tﬁa‘unplg-ented peak‘contaln?d ‘enly
ZObLto A3oz' of the vprotein of’ thé crude superhatadt
fracf;oh. ' Flgure lZa‘shous the = glycerol density gradient
;electrophores;; profules of latarnal fron‘ both adaptlng
'énd mature> photosynthatlc cells after electrophoresus. és
the .naternal from-the photosynthatacally mature cells had
a dlffereht uoollnty ,compared to that from adaptlng celfs,‘
I thought the technlque would also allou the separatnon of

prephore subunits’ from:mapure Subunits. Thd,result ct the

two.eléctrophoresms Ffuns are summarized un Figure 12b.-
(d) Electron~microscopic study of the_subunnt_strudture of
the prephores.

v“)

Re-examsination of alectron hcchgrmpHs, of the .
negatively' stained prephore vfra¢tibn ‘showed that these
‘bodies (approx. - 60 nm dia.) were regular aggregates of

- T

h particles about 10 nm in dlaneter (quure l3).b

3. - Light and Heavy Chronatophores.

3

T he nnclusoon of 10-2 M EDTA un the buffer and the

harvesting of‘ the snall particle fraction onto a 60% w/w-

'sué?ose trap ‘prevented the formation of the heavy
chfo-atophoro fractiogf ~ The  aggregation " of mature
subunits may also have '-contfibutéd . to the heavy

'chro-atophore 'fractaon when the above modlfactlons to the

small farticla harvestung technique were not made.f}”

b



Figﬁrei%u. _Glycerol density gradient profile 6f-puf1ffed
: ‘subunits‘after e1ecterhbres1s. . -
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. Summary of the relative mobilities of the subunits
" frdh two separate (40-707) %lycerol‘dénéityﬁ
~ gradient electrophoresisxruns‘;f}jf:ygw?" '
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S [ .

F.,'The optieal iso! ataonal and separatlve procedure found

for tne Preparation oi the chronatophore ahd. prephore
subuni t fractions. S _ v , . T

4

French press ceil treatment was used jh the majority

of xhe"experiiehﬁs' as it wWas found to bo the most

-,reproduc:ble means ol cellular dlsruptlon.

A buffer 10-2 N ln»EDTAﬁend 0.5 x 102 M in potassium

phosphate pH 7. 0 wWas found te prevent aggregetnon of

'materlal in: the sucrose gradlent when a 30 nl gradlent was

locaded - ulth sauples 5 mg or less in proteln.

o

" “The initial low g force centrnfugetlon was crltncal.

to the removal of cell envelope naterlel fron the s-all

-\

particle rractlon. Centrlfugatlon for 20 min at 10,000 x‘
9 allowed the small particle fractaon to be decanted away

fromlcell envelope uaterlal- whlch could be seen as a A

llght—scatterlng layer 'n the 5 ~nl_above the pelleted
debres. - - ’ : . ' H

The use of'e'é'ml 602 Wilw sucrose trep in the_’snall

particle harvestung procedure ellnlnated the for-atlon of .

. i

the heavy chronatophore fractlon in the - standard’ sucrose

densnty gradient. This‘modlflcatlon reduced ‘the prephore'

fractlon causnng a png-ented peak to for- urth .a oensuty
of 28% sucrose.,
Quantltatlvely, the best Source of prephore Subunits

Qas;rhe l,S‘hru 100,000 x g supernetant dercvad from cells

(3}
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‘N the  ffrst fouw. hours of adaptatnon. The glycérpl
'densnty gradlent elecbrophoresns technlque wWas ‘used -to
Aseparate the prephore subunnts from rlbosomal proteins and

-nature' subunlts._ The_latter were predominent in cells of

high chromatophare content. . .
~ :- » . h . \ g P
'.Ilu"A Stpdy bf i;f spheroudes 'durlng Adaptatlon from
.Aerobnc to Phototrophlc Grouth Condltlons. ’ AT z;

:JA;. The effect of the grouth phase and oxygen-'Content -bn

0

._adaptatnon.

Most of,the,aarly‘g§rkvﬁad been‘pérforned with late
log phase cetlis. These had been dlluted uuth fresh mednum
~and " 1imited ~in  oxygen supply (daffusuan _through the
surface of thpiculfure') to ﬁ}omote thylakoid forﬁatfon;
As a largé.amount'of céll lysis'occmfs aﬁ tate 10§ phase,
. decided ;6 Qofk with an eariy log phase cp{thre. This
uouid. show the adapfavé changes  in phyélo]dglcally”
""h%althyﬂ-cqlrs: R | |
Celis were grown to iha requured’ﬁnltial cell zlevel
‘éerobiCally ﬁifh 657 ‘oXygen at a flow rate of 4 S.C.F. He
F}gufai'lﬁ sths thé relatuve .levelsA_of the major
‘CO-pqneqfs rn fhe standard sucrose denélty 'gradiént
fract}ona:ion o;.material from adaptung -early 1log -pﬁase
éells }n_}ha light at the oxygen fevels iﬁdicaféd. (fhese

-

experaments were performed Prior to ‘the moditication of.



_._Figure 14 Relationship of varioua rra.ctions (254 nm pea.k
B heights) in the. adaptation of: ea.rly log phase
' cells under different conditions of aeratlon.

T, -

for
ha
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the bufler;-déscrlbed in the prevuous sectlon; ahd-'thus
éroduced a heavy chrouatophore fractaon). It ;an be seen
/4'.'-"
that no adaptatlon occurs it~ unplgmented cells are gassed
ulth | nltrngen. "Thé prephore fractlon dld) however;
increase.  Plgmeﬁt uasValsoxforued, the maJorlty belng the
870 nm form of Bchi. No cell grouth occurred’fiandlcatlggl
tnat _the prephores uere not photosynthetlcally competent,
When some oxygen was alloned |nto the meduum.'through‘-theﬂ
surtacevof the culture, the fluctuatlons in the membranous
ifractuons was similar to that descrlbed prevnously (Figure
3).. Flgure 14b shous that an such a sutuatnon._early»log;
phas§4 cells. develope. both pfé}hore- énd chromatophore
frac;iops. The. prephore fractlon peaked after 10 hours of
‘oxygen llnltatlon and the chromatophora fractnon contnnued
'.to increase, In the first six hours of the adaptatlon the
. N X
calls increased ohe ,andl a half tlmes in. number.
:Adapt;t-on Cwith 25?' or 4.ozioxy95q gaséingf(FlgureS'14§
and d) uas found to cause the_;rapodv Producticgn ?ol the
heayy_ chronatophore- fractu;nimtfln' these condltlons‘the
cell§ cncroased three- fold 'n the first six hours, The_-"
prephore fraction was, houevero Present atlnuChblouer_
levels rel;tcve to the other:conponents iﬁ the Qradlent.
- lt appeared that the |deal situatjon for the study of
the lrautlon changes durlng -adaptation ﬂtd‘ photosynthetnc
grouth. 'uould v: one in which adaptatlonlﬁa;'nlqther very

£ d

“siow. -Nor very rqpld..'The stow adaptation yields oniy 4

s
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smali V;Broihtophore fractron. uhnle rapid synthesns uakes
it difflcult to establ:sh Precursor- product relatlonshlps.
To choose the foptlmal, condltlons, "the aiount of cell
igrouth,_ and pcglenfatlon uere' ;easured- uﬁder various
adéhtationlconditrdns.‘.rha level of oxygén used 'and 'thef
‘gro;tﬁ‘ phase of 'thefce[is at the start were varred;'the

results are shoun 1n Table V.
B 'Analy5|s of cellular constitusnts durlng_adaptation.

 F|gure 15 shou;vthetcanentratlon of PHB» glycogen,
Protein 'an&’achl iq'glqplr;  It appears that in the first
S aurs of-ddaptatlon, giycdgen nay_have been. used ‘as  an
energy  §ource»_ presumably by 5’ fer@eniativ?'vprocgss.
flatér rﬁ'the adaptationy the.PHB leveiﬁdebreasea;
| Bchlr was first datectable ‘afrer tud':hOQrsv and
ancreaééd at a nearly constant ratevfron_ﬁ io 20 hr._

C. Small particle fractions ‘produc ed during aerobic

growth,.

-I thought that a method of,llnltiné'oxygen by using a
; slow gas flow rats might bpe a means of -spbclfically;'

Vi,

'ptodq¢ing the prephore'frattion. Fron Figure 16 it can be
seen that the ~oxygen level in the culture tell to a tow

l@vel for about one hour touards the end of loQ?phase.

Ve
»

Another experlnent was prefo?-ed, in .thch samples

were taken at various ttnes durlng thd'groith of a culture



) ,mnozd: rate and level of Behl m%:&:am»u of .o:wdcnau adapted at different
Table IV . : . n .
- .- .stages in log phase with different levels of oxygen (balence nitrogen)
at 4 8.C.F.H, T | |
% Oxygen Experiment. .Crowth Cells/ml at Increase in . Behl formed Behl formed -
in gas - : ‘phase. ;the gtart  cells at 6 Hrs /cell (Mx10!'®) - /m1 (Mx10°)
- x 10 ° . v at 6 Hrs ‘at 6 Hrs
0% a .mmnpz.\\» 0.46 Cx1.0 0 ok '0.30
‘B Barly - 0.27 x 1.3 1.80 0.64
1347 0 o Md 082 . - x1.0 . g.10 | 70,08
D Late 1.65 = x 1.0 - 0 : 0
S . Early . .0.29 - x3.0 1,15 1,00
2.7t 3 11d 1 0.76 x24 18, 2,72
G, late 162 x1a. - o090 0.16
B Early . 021 x30 1.2 0.96
votag o 1 Mid . QuB7 .ox15 0.74 ©0.96

7o late 173 xi10 . g 0
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" CELL /ml

_—90c—'

20

., .
OXYGEN LEVEL
————-- CELL ‘NUMBERS

' ] 1 1 1 2 1

‘TL

L .1 124

o

16 20 24 28 32 36
- ' HOURS AFTER INNOCULATION

‘Figure v16‘, 'Rel:).tior:-shivp between cell rusber

40

44

and oxysen

partial pressure. “ulture sussed at 0.8 S.C.F.H,

with oxyger ot <0°,

% OXYGEN READING: ON BECHMAN METER
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besng gassed  with .LOOLh'dxyeeh?fat,“a

S.C.FsH, The senplingu tr-es nnd ﬂthe

.,‘

throughout the . lafter pert of the log phase i's shown

~«‘ LY

Figure 17,  wWhile the | culturea uas’ ..-&t_ ‘lou

- . I

breesure, the flow rate was adJus

few eeconds. The resultlng r&pld in reat e,

¥ 4 ”;ﬂgﬁrsi

) readlng (not shoun on Flbure 17) shoned that the drssolved
: k!

oxygen level was lndeed in balence*mith the consunptlon by

““the% meter

the cells and . ;ﬁe gas fleu ‘rate. Tue sanples were
‘uisrupted by the French 'eressure cell ‘and ‘the .smatg
particie  fraction separated by ’the stendard“sucreee"
density qradlent techniquel“»\The gradient profcles of
these ‘samples is shounnan Figure 18. Sanple A produced no
appreciable ‘prephore fractcon. The~qrephore fraction was
eresent in sample 3 and had iﬁcreased \jh'rsenpfe C and

- become plgmented. The prephore fractnon fro- sample C was
'less dense then thet from sampte 8. Sanpte’ﬁ (teken 48 hr
after ‘sample A but; noﬁf shown on Figure 17) produced
essentially the same gradcent profile as sa-ple C.. :The
-results shown -  (Figures 16 end 17). were obtalned ultﬁbthe
same growth apperatus and nuabe r ot cellslnl (2 x 107) in
‘the nnnoculum. Une culture took &2 hr to reach late log
-phese while the other grew more rapldly requrrnng onlyﬁﬂgg__;
hr  to attaln uthe san04 leVel of cellslnl. Therculture e

gronrng nore slouly reduced the oxygen tenslon belowu the”

level of saturation only towards _the‘end of log phase :
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» Fligure 17. Oxygen level"(‘part“,‘ia-l pressure mm Hg)' in a
‘ PN 4 1. culture of Rr. spheroides gassed with 100%
oxygen at 0.5 S.C.F.H. through an 8 cm2 sinter.
N 800" - i _ ES
= 700 SAMPLE SAMPLE
T - T A C
5 ~ 600 ==7— === SATURATION LEVEL AT 30° —=————-=
d 012 X10° . | | ,
w. 500  CELLS /mI CELLS/mI
@ TE
o - |-
& 400t
@ . .
ol
S i . .
3 %00 orrxio’ .
§ CELLS /ml
& 200F SAMPLE
- B .
100} .
ol o+ 1 4 4 -~ 1 S NS T
18] | 2 3 4 5 6 7 8 S 10 1l 12
i . TIME (HRS.) - '
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)

Sample i, - B : T ‘l\/ :

_9.1"b_

mmavwm A,

=S

BUFFER 25% —— mcnhOmm ooznmz._.mb._._oz —_— 8.\.

w»mcum 18. mcoaomm am:m»dw muma»mz¢ profiles of the small vmad»owm fr
ov«m»:ma from vmwdpmwwz mamvdma omHHm.
curve m:a ox%mms Hm<mwm.

mow»o:m
See hpmc~n 19 for growth



Z92-

(Flgure 16). The culture that grew most. répldly; ﬁouevgr,
reduced ‘the oxyqen lé;eljthroughout the log‘phase' (Figure 

l?). | ALthough the"ééésdn for the varlatlons ln'grouph .
erés IS not known the experaments <hou that the durat?@q
Of tne rgductlon in oxygen level in the -medibm is
deébndént' on  tha  growth rate 6t the cu]tura being -

oxygenated.
AN

D: Bchi and protein cdhtent of small pérticle fractions,
1. During adaptatagn.‘-.

An oxygen grown culture. uas adapted by Inmqting the
oxyden supply to dnffusion -through the surface of the
ﬁeq{U@ (ct. Hetﬁods,'Chaptef'QJv . ;éectral analysis of
the fractions “shoued that. by‘%zlvhrn Prephore, Iiéhtﬁ
: chfo-at§phore and heavy chronatophore fractlons‘contauned
.Bchl and carotenotds (Figure 19). The Bchllproteln 'rat;o
was aluays low in the prephore fractuon whlle that ih'thq
;lagﬁt chromatophore fraction, though sumllar‘ to thaﬁ Ain;
the 'prephore fractlon at 6 hr, had lnéreased elevenfold
‘,}to 0.028 mg/s/mg) at 20 hr. The Bchl{protein ratio of the
”heavy chromatophore f:actnon ‘uas 6nly Halfnthai cf the

lloht chro-atophore fractuon. The protophore fractlon was

not pngmanted at any of the times studled'(Frgure 19).

2. bqrihg aerobic growth.
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A culture Was grown by oxygen gassung at O 5 S C. F H

The oxygen levels and tcmes. of sampling are. shown' In

Figute ‘17.v The '‘cells harvested In samples A and B, ware:

.unplgnented uhcle those collected after the drfop in oxyygen
leﬁél were ptgmented. The experauent' showed fhaf the
vdevelobment of the prephore fractlon intovchrcma£0pﬁorqs
was lnhlbated at’ the high oxygen level. }vSurprlsungly’ the
o
synthesis of Bchi contonued. The in !llg-spectrqm showed
that the 870 na ,form of Bchi pre’dno'mg‘ted 1n sample C
(Figure 20) whole there uas;a lgfge indréase in thé BSO{nm

_form of Bchl in sélple D (Figure 20). Analysis of  the

. gradient fractions for pigment, howéver..feiled 406 show

the dramatic increase (Table V). :Ihis table shows that

Al . ~\' - B . ‘.
the ljght 'chromatophore‘ fractlon, almost doubled Ats
content of the 850 nn - torm of Bchl. _ Ihis: ‘however,

. S : ' o R
represented ‘only a.‘small portlon ‘of the increase in the
. - .

smal | particle fractaon as a uhole. ‘ N o /

E. Analysas of lndividual proteln components’ of  saall

partucle fractcons durcng adaptatlon. 

<

M \ p . . : .
l. Growth conditions used.. prior to -purifaication 'and

protein analysis of the.fractions.
_ , .

‘CultUres”AnB.c and D were grown from ;ﬁnocﬁla of low
pigment congent:
| Cultura A, '
fhe cul ture Qas grown at d_flqi rat§ of /Z S,C.F.H.

. M,
E.r' )

e






~Table Vv -

. ~93b-

Optical density of gradient fraction at 850 and 870 nm.

(N.B. Samp@es'A and B conta

ined no detectable pigment .)

gL .
e Sample C - Safiple D
Fraction - 0.D. 0:D. "0.D. 0.D. .
| 850. 870 850 870
N .  below . below .
Heavy chromatophorg‘ 5x10 _0f023 5x10 9.921
Light chromatophore giigy. '0.006 10.001  0.010°
Prephore " 7 0.001  0.005 0.001  0.905 "
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using 1ooz ‘oxygen.  The .cellsluere harvested while the
culturevues at early log.phase.

Culture-B.

The culture was groun at a flow rate of 0.5 S.C.F;H.

usung Y 4 oxygen. The dlssolved oxygen . content was -

monitored ,‘throughout growth by means of: an oxygsen
¢ electrode, Cells containing the__unpig-ented prephore

fraction Wwere obtained by harvosting " the culture when
‘cetiular 'uptake had reduced the oxygen content to 0.25 m
moles/llter (a\weter readlng of 182)

»

Culture C.

In this culture 652loiyoen wes used to'proouce 8 mid
log phase‘culture. The-adepti;e_changes wore theo tnduced
;byfnﬁéssinq‘ for two 'hours With 4% oxygen at 2 S C.F.H,
'Under these condltlons plgnentatlon ls,raprd.'

o Culture D. ' o o ‘5‘

Ve ‘ . o oL
Thls culture wWas grown to uld tog phase tin the sane

i; -mannerphas culture C and. then slouly adepted by Ilnutlng

the oxygen entry to dlffusuon through the surface of the
magnetucally stlrred‘ medrun.' ‘The culture was harvested
after 6 hours. | |

Culture E, | ' v

An anaeroblcally grown lnnoculun Was. transferred to a
fiask full of fresh mediunm and grown anaerobrcally for a
further. thres days. The culture ‘ues‘ﬂrllumlnated at -

approximately '300 foot‘candleSs After a Slou‘Orouth the
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calls were harvested at mid log phase. They were taken to

“represent the fulty photosynthetrc state. o
2. vcell numbers.end Bchi contents of the cultures.

The number of, cells/mi  and the degrse of their

pcgmentatlon is »shoun, on Table VI.® 1t can pe seen that

cultures A and’B Wwere unprgmented» while €, D and F

contalned‘ vartous levels of prgment ’The culture roduced
Afto repnd adeotaulon, C’ haﬂ about‘half the plgmentlprotarn
ratlo of culture D (siowly adapted) after siXx hours.‘l'The
photosynthetic cells tculture Eh' contarned»,the‘_eost
pigaent. Culture c cont&lned only bhe; 876 nm  form of
Bchi, culture D contalned equal amouhts of—th°'856 end'870

nm formsp ;uhlle culture E hag’ the naJorlty uf pigmeht in

the 850 nm forn.l

3. ‘Separation schame, . = S
A ' '

An early egperlnent"'had sﬁoun that material
centrrfuged for 24 hoursi in ‘a sucrose denSrty gradlent

gave ancal-ostfioentical gradlent profile to that obtainedg

v

after the standard 16~ hour run..  The profile obtained

afterraonly4 8§  hours ~wa§-_dlfterent. ~In’ t&QVVStandarq

gredrent, the‘ light ;ch}ouatophore .fraction" reached a

densnty 3aquivalent to 281 sucrose (8 hr) rather then 342

(16 h . 1 decrded to fractlonate' and pPurity materiaL

- - o Coe :
pProduced from the dlfferent _Cul tures _using ~both .

<

Ve oo/

o
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Table VI .

The number bw cells/ml msa_ﬁSm,qmmwmm of their UHWBWSdeHOS‘HmJ

shown for the different cultures. , : _mmW
Culture A 8 c p- g
ocwﬁcumwzcadmw\gw ‘. : = , | , m.oxHON 9.2x107 8,8%107 3.4x108 | 3.2x10°
meamsa,AmorHv\yp mw.ocpdcwm.Am\gw*v,mmo nm 1D, - LD, .D, 1.5x1077 6.9x10°7 ‘
. = 870 nm N.D. W.D..  3.,0x107%  1.5x1077 N.D.
moﬁ.\m whole 8.5 - | CE.DL M. 3,bx107te 8.8x1071° 21,0x107 ¢
Fehl/protein MWWHQ,Adz velght) .  m:.bL . Hﬂwxﬁo»u 2.2x107% 10.8x1072

*>mmpausm absorption/; of pigment at 870 is equal ﬁo,dsmd.md 350 nm,
N.D. ot demowmdpmr. _

BY

2 25

25



o - -96-

,equlllbrlu- and non- equrlnbrluu centrafugatlon Fractiong

from the standard (lb hr) gradient vere further resolved

by 8 ~hr non-equrllbrluu centrlfugataon in less extreme

'f“‘gredlents than the . standard 125 to SSZ sucrose) gradient.

The separetnon scheme is shoun diagramatically in Figure

21. lA reverse order of the use of_ equnllbrlun ‘and

'non-equlllbrluu centrafugatlons/nas found to glve the best

.yleld‘ of the meduumadenSIty fractlon. Thes materlal was

analysed along ulth fractlons from ths scheme shaown in
Figure 21 ).

I'n Salples.A’B and C» the prephore fraction was the

targest, thle samples D and E contalned most material in

tne light chromatophere.lraction (cf."run.Gl,'Flgure 21).
’fhe erebhore,frectionS» obtasned from lthe' ox;een grown
47;7cells (sa-ples A and Bl. uere;unplglented.a The enount of
’materlal in this frectuon increased from senples A to C»
'the latter belng pPigmented (ln the 870 nm form of Bchli).,

'*Further purlflcetlon of the Prephore fractions producedran

interesting resuylt (see run G5, Figure 21). The prephore.

fractions ef 'sa-ples C, D and E in the standard
- .

‘equi l1orium centrlfugatnon (Gl) were plgmented. After the

non—equllnbrlun run the plgnent had not sedanented but

renalneg in the buffer layer above the gredlent (S*l The

only explenetion for the fact that in samples C. D and E

the IdJOfIty of the protesn was elso found tn the buffer

layer Wwas.. - that. the oruginal prephofe fraction had

B
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N
Figure 21. Separation scheme .
(Density gradient profiles 43 8 hour run
at 254 nm.) o ' _ . _
/ .
. : L [x . T
' ' & : os |A
. ) ,
R os |B]
| — T
N 0Ss

22 % <— SUCROSE —>40%

G4 8 hour run -

25%

*55% #— SUCROS E ~————s

61 16 hour run s | Jc ¥
. - P a2 JA
I\ ‘ \ /. : ¥
y AV . 8
: o ' , L cl
| BN
( | N SRR -
[ . . ©, — O,
YA } L 22% <— SUCROSE —> 43%
o G5 8 hour run
os5j05yi1Io07i10] 10 - ‘
ElD]c B A - - S . '
o ‘ 5* | [Pt I—0Ss — ] OMDF
~ P2 ’%&x“‘.
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dissociated into smaller units., The new fractlon has been
termed the prephore subunlt fraction (cf. Section I.E.2

{

above)
4. SDS~PAGE analysis of the fraction’s.

'-Sampleﬁ_uere analysed by the SDS-PAGE technlque.
Examples of the gel profiles obtained for esach traction of
‘materual from culture C are shown (Figures 22 to- 26).

The pignented materlal (St) remaining in the “buffer
n the .gradlents' ot run - G5 (Figurev Zi) had a
characterlstlcally simple profnle. Thas profule‘uas, alsp,
oosarved in, the px fractlons Janalyﬁed ifron thes run
'(Figure 29). The profiles for ths S fraction .ére, shown
in chures 27 and 28 - for material from cells grown in-all
uf the dafferent culture condltlons. ~ Although nateraalu
from Cultures A and B n fractaon 5% “has a more complex
Qrofllé; that from P¢  froa culture A showed the sane
typical profite as that from cultures C and D (Figure 29)._
| “Figure 30 shous the SDS PAGE profile of tha prephoreﬁﬁx
subunlt materlal puritied py glycerol density gradcentf
eloctrophoresns (cf. 'Seétion I1.E.2) in' coaparison urthv”
fthat of a  chroaatophore fraction. It can be seen tuat
proteans BsF and H are the major protetns in fhu' prephore
subunit fraction .
Faguru 31 shows that the mature v§uuun|t naieria[

purified by glycerol density gradient electrophoresis‘haé
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wﬂ,Nm 52 18 225264 315 35374 % 85 77
B C. D E F 6 . HI Jo.oL.. P

Flgure 30, SDS-PAGE profiles of subunit fraction (A)-and chromatophore
fraction (B) .numumam% from cells adapted for 6 hours. .
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) B C . D E - F 6 H I J K
Figure 31, SDS-PAGE profiles of A. the mature mcu::»d fraction,

B. asm chromatophore fraction,
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s

a.profile.sihjlar - to that of the chromatophore. The

typical chromatophore SpS—

32.

i
PAGE profiile is shown

n

Figure

SDS—PAGE of the reconstituted prephore fraction (cf.

Saction I[.E.2) shows that proteins B»F and H are major

coﬁponents (Figure 33).

‘Figura T34 shqhs tha

A

t a pigment-protein

compleoex

excreted into the medium by slowtly adapting parent cetis

has- mény_ préteins in co
‘prephpre material. The

j]og Phase cells were incuba
oxygen entry timited by duf

ethef, spectrum of the »p

'magnesium protoporphyrin (o

mmon With the reconstituted

corplex was excreted uhén"eafly

ted for 10 hr i1n the dark, with

fusion into the culture. An

igment indicatéd that 1t was

r its monomethyl este

rl.

I1I. €vidence for Chromatophore Fraction Precursors.

A, Incorporation of L-(U-

particles during adaptation

T he édaptafion’ exper

1%C) oproline into

iment described an

the

- small

Sbctlon

II.D.1. Figure 19 above was carried out in the presence

of L-(U-**C)proline as desc

(Chapter 2, Section I1.K

ribed in the Methods section

.I).  The distribut

ion

activity in the gfadlents and the specificchtlv(ty

protein in the fractions s

shown in Fldure 35.

It

seen that'at 0, 2 and 6 hr the praphore fraction js

labelled indicating that it

N

of 1%C
of the
can be

highly

contained newly synthesized
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protelns. At 6 hr the majority of thé'actnv1ty‘ués
incorporated'jnto,tthprephore ffacgion. The vprotcphore
.fraétlonp. at the‘ .top %ot the gradient, was onily
sngnafuc%gtly labelled at o and 2 hr, |

. The total actlvoty pPlots of Figure 35 were analysed
with a Dupont Hodel 310 curve analyser, by assumlng that
the activity in ati the fractcons Could be represented' by
. Gaussian curves, or combinations of Gaussian curves. The
area of each 3 mj segment of the curve énvelope (Sénerated
by sunmatnon of all the.GZMSSIan components) matchpd the
activity contained in each fraction with in average
deviation K6 of + gor - 3 8x. No»fraction had a deviation
greater than 2% of the total aétuvaty contained in the .
entire membrane «frqctaon. By‘thys methods an‘estnuatuon
of the total activity in‘each‘fractupn uas'obtained The
-(ptal aét|v1ty in each fraction at the four tnmes studied
is sﬁouﬁ (Flgura 36). |

| .Activity'in.the solublé fraction above theq gradient
remainad low. | The act:ﬂit& in the prephore‘fractnob_
‘peaked at. 6 hr. ‘Thé rise in éctlvaty of the\’ éfebhore
fragtlon preceaded. that of the {ight chfomatophbre
fraction, -At‘éo hr, the heavy. chromatophore fracfion 
%.;ontglned f@iée the - activity of the Ilght chromatophore_.

.}facfnon. b |

B.Z’Dbuble‘labéllcng study of smalt pérticfc ffdctlons

'.durlnb‘adaptatlon.

¢
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- j_;s‘OL;;;f= buffer over gradient “PRO":. protophore fraction.

... . BEDG:= background component. 'PRE = prephore- fra.ction. Ll
o Le and HC = light and heav-y ‘chro ;tOphore f!‘actions.
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L. Growth and uptake of labelled amino acigs.

A culture was grown aerobically to early 1og phase

and incubated in the Presence of JH-isoleucine for three

- hours, Cold isolehcine was theniadded as a chase, ffor‘

detaiis see Chapter Zg‘Section Ik.K;Z) and a ;dmple taken.
(o ﬁr); Adapﬁafron was anduccd by gassing uuth (¥4 oxygen
(balaﬁce nitrogen), a fQ min period benng;atloued fofy
equilibfation of the dissolved oxygen content.

18C-Proline was then added’ and a period of 2 hr alloued

prnor to the’ addition of cold.- prollne as a chase.'v.The-

growth and uptake of the culture was monatored hourly by.

taking 10 ml ailquots. Samples of 1 1. were taken Just
before 'Lhe r900ct|on in oxygen level (0O hr)i.and at three
. ) .

su@sequent tlmes (ln 6 and |6 he)o ’Thé’ growth of the

,a’
culturo and tllés‘&f addntlons are shouh in anure 37

The nncorporatton of each Jabel by the whole. cells'i$' h

shoun in Figure 38 as a pgﬁbentage of tﬁq. amount added.

\"

It““ an be seen that the .addition aof the cold amnno acndsv

7‘-'

&%ssentually prevénted appreciabie. uptake of the 'Iabelled’

anano acids. _The uptake of some addntuonal i*c -protine
that occured betwean lO and 16 hrs probably resulted from

a {arge uptake of proline at the end of tog phasa when the

. normal substrates bacane ji-iting. T he induction of

adaptation at g low level of cells per ml minimized thé

_possnblllty of re—utitization of “aerobac" proteins and

-
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tavoured the proapétlon of a ftarge medium density

fraction. h o )
2.. Fractionation of the cellis.

: , ¢ i
After the standard preliminary centrifugationss, the

small particie fraction was resolved using a 25 to 551

sucfose'density gradient. The <Subunit preparation was

harvested and purified’ as previously described. It uas

analysed both before ("crude"™ CSUi and after glycerol

‘densyty gradient electrophoresis (”purafled" PSU). The

purified subunit fractions and -tﬁev “SUCrose densuty’

.gradient’ fracticns were dialysed prior to counting to

, T
remove absorbed radioactivity and gliycerol OF ° sucrose.

The . distribution of total protein snto the differeﬁt

fraétions.is_shoun in Figure 39; The combination of'a.lou

cinitial .cell level and 4% oxygen gassing allowed cells to-

grou‘.aerobiCally at a fairly hagh rate (Flgure 37).

Almost no tag could be seen an the growth rate prcor to

plgment productlon. Thesa condctuons were used to produce

a mgdod‘yipld of the medium density and subunit fractions;

PR

They;resulted; howaver, in-'a lowar level of chromatopﬁore?

Per cell than is obtained by adapting cells later in the

-

fog phase or with lower levels of oxygen. As a result,:

the aerobrci membrane  peak ‘was large compared to the

‘1

Agchrodatophore .peak. in the sucrose gradient (29% and 34%

sucroses, respectively). The aefobic -membrane component

Vi

o






: -loz-

Qg’gs._houever-'re:duced dﬁrlng adapta; 'yﬁhe chromatophore
ﬁeék oesng daosinant in the naterqalvfrAn th; 16 hr sample.
rhe oVerlapbiﬁg Qf tﬁese conponents prevanted goad
resolutlon of the chromatophores by the standard gradient.
These conpqnents- contained in fractions 4, 5 andib (28 to
37% sucrose) weralpooled; this,ffactioﬁ Qill.'bé‘ fefefred

~to as the "4-6" fraction.

The cultdre"becéme visibly pigmented atter two hour&z

“of growth at the log‘oxygen level. The "4-6" fraction was.
highly’ pigmented after 6 hr indigating a chromatophore

cdﬁtent.” The 379 nm form . of Bchi‘ predoulnated. The

absofbarice of the 870 nm torm of Bchl per mg protein ss

A 0

, shown ' in Figure 40. A similar profile was observed from
“whole celf sémplés. but aftér 16 hr avpeak at 850 nnm wés
present,vlts ‘absorbance was‘about halt that of the 870 nm
f:}m.' The probabnllty that the cells were a mutant strain
 uas“Iou. .as growth ot cells from the same lnnocLlu- stock
atfa lower: oxygen level producod the typical near—-infrared
absorpiion Spectrui. Théilevei’of'pigment in the . crud§
and pursified subunnt fractions is also shown in anure 40'
In agresment with previous works the‘ subunits were
retatively highly pigmented at the start of pigment
synthe;?é but their coﬂtd&t,undefuqﬁt litile .increase .iﬁ
',the  later stages of adaptation; at’ 6 and 16 hr theat
specific pigment content was only aﬂout 302 that of the‘

4" frattion.
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3. Distribution of radioactivity in the small particle
fractions. »

r

The specnflc activntles of the three ma jor purified

¢

membrane frac

ong %h each tlne studied is shown in Figure
“,‘}u( :

. ’ 3 X
41. For @domgarnson; _two "average" valuess.are also-

included: (a) the estimatead average for all..eellu[af
proteins, - esseming tncorporation efiall‘the>am|no‘acads
taken up by the eells iqto proteins, aedl(b). teeigsreraee
~specitic actjeities of “all the opuritied membrane '
fractions, Figure 41 shows that “the specifuc ectcvatnes
of all three major fractlons decreased roughl; in accord

with the decrease obseryed in the two average values. A

dramatic exceptnon;~”honever. is the specific activity of

Y

‘the "4&- 2;‘fract;en ( .tﬁfjH and **C iabelled proteins)

“ which increased.fétﬁv'b hr.‘ Thls was coincident with the

|nere;se 1in’ the chronatephore fractlon (254 nm -absotbence
aﬁ 347 s0crese in the densmty gradient). |

The ehenges in specific attivity'vresulting .froe;
cellular groythIEan be -eti1minated by diveoing the specific
actjeity in ‘the fractien fby, the whole cell specificﬁ
actuvaty. The resultlng ratlos (plotted on a log scaile)
for the three major fractions are shown in Figure 42.
Thas flgure _shows that difution in specific actlvoty ot

the medium densuty fraction (betueen 2 and 6 hr) and ‘the'

L,subunlt fractlons (betueen 0 and 6 hr) is indeed greater



I

1. Thekspecific activities of v}@ ous. rractions

B 'I'he mediumf denaity .fraction o
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than average during adaptatioh..

The,3Hli*C ratios were lalso calcujated. The data

were corrected to reflect the raiios\uhich would have been
: a .

_obtained- it equal lnlygal 3J‘§nd "C acttv ties had been

NN

"added to_the medium, TLe sa-ples were countea\ to ¢ or ~-

17 and the ratlos uere thus determlned to better\than + or

~_

- 5% Fagure 43 shows that the 3H/ASC ratyos of the

@

beIIflad sdbuhats; Produced by ‘thé' cell from - four

d{fferent. stages of adaptathn," were almost laentncal.‘

LThis" 1s0un contrast to ‘the crudh subunit Preparations.

‘TNe varnable'3Hl‘“C ratlos in the crude subunlts and thenr

haghc'spec1fic actlvnty was probably due to adsorbed amlno
acids. Tho sumilar 3H/1sC ratnos after dualysos~:aga|nst

20; glycerol (lnN Trus pH 7.5) forfthrae deays shows that

th?s : fractlon f:i$‘  prooably froe . from diélysaole

Lo G e,

contamlnatlon. The unplgnented naterlal: Separated from
thé, subunlts 6) ~the electrophoretnc -purlficataon.

contanned less than 302 of the protonn-l a lower 3z

Qe

'ratlo..but -a- snualar specafuc actlvnty to the subunnts.

4 L _ . .

4. ;ZfChlorogthanqi dugestlon. %{f

el e (\
. e . . // . . . o . B
An attempt WS lade to separate thp] “aerobnc" from
the photosynthetac"ﬁ protolns usung hhe 2 chloroethanol
n'ftechncque of Fraker' (1971%.,‘ The unfractnonated ‘smalf

vpartncle‘ fractcon uas treatad ulth 2 chloroethanol 8s was

'described ;19 'chaoter 2.,r,.he A maternal ©was’  easily
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solubulnzed ’entflfugdtlon {27,000 x g for 15 min)

produced a uhltpﬂg 5tinous pellet. The protelns left un
solution_ and  the pallet proteins were ter-ed the PII and
PI fractions, respaectively. The saluble fractndn» (PID)
,ﬁdd been found by Fraker to cohtann‘about 95% of the
protqins specif@cally associated with ﬁhe chromatophores,
while the peliet material (PI)'Hé§ believed to coptain the
majority of J"aeroblc“ protelns. 1 found, however, that
between 45 and 60% of the protelns were solubolnzpd both
from the- "aeroblc“ cell small.particle fraction and that
frdm:piglented cellis at 2:«6 and 16 hr. The wethod did
not ‘appear _to ' De. as speccfuc as had been hoped. I; was
tound that the 3HI"’C ratio obtained from the PIl fractnon

was simeilar to that of the puraitaied prephore subunlts

(Figure 43).

C. Electron mncroscoptc examination of thin sectaons from

\

adaptlng colls. : ' 5,

Sections of aerobncally gro* cells and those of
cells adapted by gassing wlth 1% ?r 4% oxygen are shown n

Fugures 44 to 50. The stacnlng gnd sectioning technnques
. !

|
are descrobed tn chapter 2, 2

” ]

[ | ‘ : 4



Figure 4%4.

A

Cell séwvtion of oxygen grown cells showing aerobic

invaginations.

Y

E;}'ﬁ“

o
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Section of cell with increase in periplasnmic lipig.

/,wﬂgd log phase aerobic cells.adapted for Q'hours by

assing with 1% oxygen (balance nitrogen)
O . [d
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Figure 46.

Cell section showing connection between PHB storage
granule and the periplasmic space. Aerobic cells adapted
at mid 1og phase by gassing with 1% oxygen (balance

nmitrogen) for 2 hours.
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. Cell section showing increased peripheraivinvdgirqtion

Aerobié cells adapted from mid log phase by

~

S oxygen (balance nitrogen) for 5}5 hecurs.

. Cell sections showing Ffurther increanse

Same culture as above after 2 hours of = aptation.

-

TO

s

\

-t

s -

"3

- - 4
ssing . with -

>

in invaginations.

o

-

.



Section of cell from same.culture as Figs. 47,49,

.ChromatophoreS‘present in'the cer:ter of. the cell

. .

after adaptation for 4 hours.

Section of cells from above culture after 2 hours

- ‘showing an increzse in chromztophores.
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Chapter 4. Discussion.
. . , R

I. Discussion of the‘Exﬁerlmedtéh Procedures. '

A. The lrnear dansity qradient teéhnnqu@s. /

Of . ati the separétlve'vtechniQUes (nwéstigatéd L -5 9

Results, Section I.A. and B.) the linear sucrose’ densnty

gradieht ultracentrafugataon technique ‘was the  mqst

reprodutible ‘ and - gave the grea test "resolution,

A}

‘Hoditicationsaof‘tha harvestlng Bechnlque and the gradlent

‘bufter éliminated problems of aggregatlon of tge
"cbfbhk;oppofes with  the other Tceliular structures.
'Fractions were shown to havse reached thetr equitibrium

 bouyant' densitiss after 16 - hr . of centrlfugatnon, . no

further chénge being observed after 24 hr. The mambréne

1
W on

tractions . were . ° separable _"by : non—equfltb}num
L _ - '
centrifugations "~ but. the resolutlcn was not as booo as uas

obtained by'.tpe equnltaroumf technlque. This probably
. N . '
tesulted . from 'varaaxnons in the snzes of the wémbrane

r

L tq;gmenf§'ﬁéinb studled.“ The  wain “llmltataon ‘dffftﬁe

equilibf:un technlque uas the suall amount of materual {a

tow mg proteln) that cowld'be added to each gqradient. ;Ihe

'method, howevers provaqed' enoygh materijaj for protean
Canatysis By SDS-PAGE and the deteiminktion of their

Pigment/protesn  ratvos..  The "use ‘of " sucrose .density.

-J

gradbént'urtfaéentrnfugétion‘ for the isolation of the -

prophore subunit and mature,subunit'fraciidns.is discussed

o«
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in Section II, below. - The fact that these subunits
banded at the top qf'the ﬁradnentxduring fhe sfandard 16
he centrifugation is beleived dus to their sealier
'di%gétersfahd-thus their gréater surface to yolunehfétios.
The increased surface to volume ratio cad#es an }ncfeasev
{N  viscous 'drag.pér unit mass» thus preventing thea from
attaining their positioﬁs of bdhyant equilibriuvam,

The glyceral ‘dﬁhsaty gfadngnt‘ ‘electrophoresis
technique Jas\u;eful in producing a |afge ‘qQuantity of ’tho
;grephoré sdpuniﬁ material. Separatién‘ﬁf the prephore and
mature . subunits might also have been achieved by zonal
.éentfi*ugétion;’ | |

+

8. ‘Ejeci;on.m;Cfoscopy.
This technique was USeful ¢n providing an gdea‘as to
the 'hoﬁogene#ty’ of aenQrane“ftaCtions. ~ The reéu;ts 3
" obtained by thL§ fgghhiquex'shOQId : be regardedi ’as
*sndications® ratherfthén'"éQidegce"’asAthe lntefacgaon.of
;ha Sﬁajn and .sdbceliular ;trualures - is uell‘kncup‘tp_“
“éronceC_@ofpholog(éél'»aft§!a¢t§:?;;éfpc¢f§n “.giéfoéggpy 

B . :
- do€s, however;

~

Dyov?dei one of ‘thé‘ only - methods - of -

pb§eryjﬁg thé  p§cronofecular 'Strdcturé " of _cblfdlé;vj
{;ompoﬁents. ‘ | o |
" The term» prephore éubunit» was dé;iyep f:du Studies
b » . R .
using this techéique.‘ I'n addition to the large prepho‘fJ

structures, smaller particles about 10" nm . in diawmeter
: 2 . . L 2
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con‘d also be .seen tn the prephore fracfnon.- Thesge

particles appeared :to ‘forn the uncol[aPSed prephore

substructure, As £he prephore fraction éould. be

daséociated into §maller structures\uhrch; tn turn, cnUId

be reaggredated‘ to. yield a prephore fractuoq‘ it seemed

reasonable to suppose that the small particles were» n
s . : '

fact, subuns ts. The ‘sac—like appeérancehof the medsum

dénsity fractlon- houever. might uell _have been due to

partial ulatlon of cytoplasmjc-membrane(
L . v o ;

A

Various qgel electrophorBS|s procadures were tested.

Tha method of Lasmellt (1970): modlfled bquIayton andv

Haselkorn (1972).9uas found the 'most réprooucuole.v Thej
current emplOyed s and t he d[gqstion cohdlt:ﬁnsn were
i optlnlzed (Chaptar 2 sectlon Lo 1. & and }53;2 The

Al ~

chromatophore fractcon ‘Produced gel‘profiles'éinhlar‘to
those 'shown by omher-'uorkers n[Cli&ton‘ and Haselkorn

11972): Feher (1972)). Ee;p;t'-'besvu.‘thu Heaghts less than

&fﬂ*lbo kD uere used an thé couparat|ve study as many "hlgher~
N { . v .
~§ue|ght" bands could be reduced by a. More. projonged

‘ I

qngestjon leqg, This squesteo that. they' Were olngcners

Ve

or associated polypeptades._ ‘The SDS- PAGE technlque has_
‘been. found to  not - a!ways abolish l protenn ~protesn
‘inLeractjons (Nelson 1921). : &lthoughb tﬁé relationshlp

betuoen the Iogarlthm of ~the molecg[ar vwei'ght‘,‘anq:}the
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mobllptﬁ_ in. the gel has vbeen shﬁun to bq finear fq}
numerous broteins (lwgber énd Usborns (1969)] these were
att ﬁzter solublgr proteins, It is possible that the
-actual molecular weights ' of membrana} pr;teins 'night

‘deviate from the "apparent valuass calcutated from thenr

mobilities. In'order to deuonstrate that polypeptldes“

wrth identical mobilities are -the sames» amino .acaid

analysis or a doubls labslling experiment is required.

This wWwas not attempted with material ‘obtained in the

»:E%ublé blabelling expefinent“’because _‘of, insufficient
_matersal; "the technlaué provcdedx however, a.feproduélble
ﬁﬁgﬁhod of comparing the ovaralltptﬁtein contents of the
"d;fferént . membrans fractlonst A+ discussion. of . the
assignment of. ~molecular ue!ght 'véﬁues to the . various
fr;ctigngiié.g;vln }ﬁ Appengii A. .o i s o |

2. Radio-1sotope fabellrig techniques. SR

l. Generdi discussian.,

The use of redlo—lsotopes has prov:ded a vasb awount

o - o .
_.:? d&ta.'o;_.;he sequences of blosynthetlc pethuays. Thé .
- = . . Sl . J o ,
technque"{s' als0‘3a petentaally powertul - ;ooTcﬁ;tot.'
”.déféh;fniﬁ§  i‘precursor produ;t '-rojdtionsh;bs. .among
'structurest_Llnvolved in orgaanlé"horphogen;sls. ~ The

A

|nterpretat|on of data in such studcos 05 hinderad by ‘the

complexuty of the processes |nvolved and the occurrqnce of

-
..
-

A

numerous events si:dltaneousl?, The demonstration that

.
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one structure s being-converted tnto another raquires a

knowledge of both the rates of breakdoun and;resynthesrs

_ot the structures and accurate quantttqtiveievaluation_ of

el

pool sizes. Duftng an adaptation procéss,

-

’ N . . ' i ’
;metapo!gc state of the cell " is wunlikely to be

Y

tg;nover. rates of. thay inte%ﬁ”' 3‘es. 'An/estgnation_of
/ gt (29w T R

thas factor reqéﬁ%es a. knowledg.ﬁv“;cellular poat sizes.
o . ’ . .y ?_,
Only with thus data would it be possable to equate the

a o

components involved. aﬁ‘
5 e : ‘f

P endd v N o
.. The study of the f*

2

..

adaption of R. sgheroidés to

R phot;yhthetic grouth is 'dlfflcult' as some "structures“;

.are probably part of a meubranous contlnuum. ThlS\ﬁqeens

o oL . l"“

- K

\
~"'

drsruptlve technlque employed. pool size-rn thrs context

is thus a»questlonab!e‘concept.‘ Another problam is that

Iiberation’ of one structure over 3nother.',Ihe'nlghwleVeL.”

. -+ . -t
'

o df prephore subunlts llberated in the dduble: labe]ijng'

-empernnent may have oeen due to thls cause. Attempts to

extrapolate from the percentages of dlfferent .components

\.

‘ o T .
lioerated to total pool sizes would be invaljd on this

»

account. The solutnon uoukd appear to be _the. ¥se of e

} o L

contlnuous culture technlque. It then nlght be reasonable,

to~;assumel that 'nool ‘so;esw-dye to normal growth would

Cae .%onstant This “may well pro&pce a variation in the

quantitetrve changses in specitic activity in all the

thatMchgeA-pool size_ of " a frectuon is a functnon’of thre .

the dcsruption procedure may"caose—'the preferential



<

-

e

multl-protenn—conta:nlnq nembrane tractaon. %%

.\2 

e

Cell1-

! . . It :
rematn constant. A study ot endogenous ATP fevel in  the
cellss, if constant, uould support this idea.

The labelllng axperiments descrnbed in chapter 3 were

+

quite different with regard to the rate of cgllular growth

taking place durlng the adaptatlon. The first experument,

performed with 1 high level 6f'vcells per ml, had the
advantage that the added labelled amino ac¢4{’23+#\}ap.aiy
iaken up by .the cells. The drastic drop in. oxygen/suppiy
alloued only a limited amount of cellular groith

In the doubte Iabellnng- experlnent, adaptatldn was .

tnduced with early‘ log" phase cellS'vtol_ﬂininizéf the

”pdssibllity,v fr‘ra utlllzatlon. ' Cell growth ' was high

e

throughout the 'adaptatcon process. houever- the level of

'chronatophores per cell was not as hugh ‘as  in “the farst

labellang . experament. ' ~Good *ylelds. of the  tuo
C . G o - : T .
rmedlates ‘were obtanned but. unforﬁuhately. a. clean,

.tlon of the chromatophores uas not achueved.
. { - S : o
/o2 - The applicatson of precursor- product

'y . . } v oa .
relagionshlps .to the _synthesus L.q{ ©.a

ce
. N
> >
- - o - B
.

The applncatnon (¢} & precursor product rolatlonshaps tof'

°

the synthesos '%f’ é‘ wultl—proteln—contatning meuhrane‘

4

Ly

~
fragtnon lS a dlfflcult undertaklnz»-anOlvlng elther many

assump |o or hoghly controlled experlmental condntton
B

\

dﬁéradatlon i§ negllglble,- kheu satuatlon'fmay' /be
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'“amtno3écid'_; - proteins multi-protein
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i

. consiagered as .followss ' ’ . I

~Labelledv'_, © Numerous ' Dhe or more [? stepé]

T —e

association(s) Mature -

-chronatophote
[Non-proténn cofactors: lipids

carbohydrates) ﬁugnqhts.'elc,l

3

. ’The’:addéa labelled. amino Aacld"(of' knoun R wolar

_soeciftic actuvnty) would gtve tise to laballad protenns if

 tha amino acid s taken lnﬁ% tﬁ% celt, and lf,tne proteln'

;r& .

lvcontalns that amino acid. Thelimaxumum molar Speclftc

‘synthesls of a dotecteble anount of tho proteln.

activity 5of  the Proteins would vary' fron~-prote|n to
. , %

‘, N /

- protein, and uould depend upon the folL?ulng factors-

e

(a) The dnlutlon of the labellec amino: ‘ecnd vby the -

endogenous paoal of ‘the .amrno acid at the tnme of the

h'_

(D) The amount of p;evuouslv existlng‘ tuniabelied)
o ST SRR U S

p.(‘;ot.e in..'

B

(¢c) The number of rasuduaswof the Iabelled auono acad

: per molecule of tha proteln.

The aggregatlon.ol“tﬁq labelladA proteins (uith',theg

. possible .addltion'"ofh other non- proteln componentss éd..

llplds' carbohydratos. pugnents. etc ) uould Qgtve rtSe l;o

labelled multl-proteln fraCtlons. However s hq(a_the'use

of the molar spaciflc acthlty uould break  down untess



=

there was. a strlct StOlCth.QtrlC relatlonshlp betwaen the'

various protelns- ~and their 'nolecular weights were adl
known. The specifiéfactlvlty on a mg protein basis could

»oefbnplbyed. houever. The inityal specific’ actnvnty of the
. £, .

=2

/i3

fractlon durlng a pulse—chase gﬁellng experlment would be

deternlned by the SDBlelC actlv¢$les and everage ‘amounts

\
’

.ot eaqh of the protelns in the fraction at the time of the

adaition of the chase amino acid. It eutﬁer the average

anoﬂnts'variedruith time, or ltv,diffared
.added at -different timess the specifi

fra'ct.lon lllgh:t risa or tali. It it s q

fractians have a constant protean . conposrtlon and tha
. ; .

activity intprporated in:  the fornm _'of - non- prcteln

-

componeﬁts is\ negllglblen' thun decreases lnt'spec1f|c

actnvnty of a fractnon folloulng the addltlon of. the chnse

amino acld could be caused by several other mechanlsns-

a) The ?xpected dllutlon due to cellular growth, uilh

v

v_no.appreC|able changes ln the cellular pool Stzes of the

oarticular tractiohs.”g,"7

bl:An lncrease N cellul r pool suze of gﬁfractlon.

S

c) The degraaatlon and resynthesas of a fractqon from

s

:predonnnantly cold anlno acuds. 3
" .d) A,Lgrnover of proteins in a fraction by transfer
to  another traction  and reéynthesls ot - and/or

replacenent by protelns of lou Spelelc actnvuty.

©

Al of thess mechanlsns could be .sunerllposed», and
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;_.q.

all would be- aipected to have dlfferent rates. ,0On the

4_ \4:

other hand» increasas in SPOlelC actuvnty of a menbranq

fraction after the addition of the chase’anino;éC|d could

(e M
Ny

only have been caused. by incorporatiqn of ﬁre-existing

¢

highly tabelled proteins .tnto -this fractron, and.would

]

lndicate' the - |nvolvement _~bf other- protewn(s)  or

nultl—proteln contalnong fraction(s). /

"

Errors could, of course, be caused.by any alteration

~ta the oproteins (such as the splitting off of labeiled

.portions) of by the degradatlcn of the protecns andlor

tabet led amino acids and the ,?e-utnllzatuon of the
Iabellad degradatlon produc¢s for the synthesis of" other

amino acids, lipids, or plgnents and the |ncorporation-gf

';hésd |nto the fractnons being studaed.

e |
3. The relevance of precursor-product reiationships
to chromatophore mor phogenesis.

, . .. . -

Three models for .the * ytilization of" oné .or more -

mu}ti—qrp;gin&cbntaining“I“m&nbréhe fractuon(s) ~ tor

chrohatéphore’morbhogenésis uill be consodered.

(a) DheLfractroﬁ 1s the sota and immediate protewn
N . \\ w - . B . N
pwecursor tD the chronatophore fraction.

(b) Dne fractlon s the sole» but not the |mmearate}

precursor to the chronatophore fractiony

(c) Tuo (or uore) tractlons are chouatophore protein

precursors,
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Tﬁese three' models would havé ><£he folloiiﬁg
implication during a tame -dependent study of the changes
tn the specific activities (per .mg _protein) of ‘the
chromatophore .ffactaohv and a possible chromatophore
Precursor, the prephore subunit fraction:

(a) It tﬁe prephore subunits are the sole and
immedsate precursors to the chromatophores the totaf

~actsvity in the "chromatophpre fraction wilt risg
asympﬁotically until, at infinlte ttme, thsis fraction
contains all of the activity incorporated into the
prephore subunits "during the 'pulsé tabel'ling (as;umnng
_that the degradation of the fractioﬁs is nteigiSle). If,
tn addi tlon, the average amcunts of the various protéins“
does not change durlng the - conversions and 1t afi the .
prephore subunits were funétiodally’ and 'Iocatioﬁally
equivalent usuch that they for-ed‘a single~"compartment"»
pbeh a simple relationship will exost between the speccflc
;ctnvnty of the prephore subunlts and the‘.chromatophoras.
s

L f fThe max:mum ~specnf|c acttvaty of the chronatophores wil)

be coancndeht Nlth the spsclrlc actlvnty ofﬁsthe prephord

subunnts at that tnme. e

The actual rates of the_ decrease jn the SpeCAfld
activity .of ‘the prephore subunits would depend upon the.

T - - ‘ . © :
'ﬁf_ rates of all_four 'mechancs-s lasted tn Section I.D.2.

-%%bove: whereas ‘tha rate of rise ‘and fal| of thé specirtic

i- e
BRe

T~~a‘ctgr;i\kit.3.( in the chrouatophore Wwould depend upon the amount

g
.
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of untabelted cﬁronatophores present, the rate of

specitic activity of  the orephore Subunits at each time

examined.

!

Lhe‘ lmmeduate: protein precursor to"the chromatophore
fractnon» &hat is» 1t the prephore Subunits. required a

series of nodlfacatuons praior to chromatophore assembiy

(18, addltoon of plguent and other *ngC|fic non-protein

components) the‘lnltlally labellad prephore subunits, Wili
not ba_diiqted in specnflc actnvnty by those Synthesised
Dsoo$equenﬁly- to the - same oxtent‘as woulad be expected yn

hodel {a) above.

Chromatophore: synthesus 1s,x1netically a Staow process

and requlred about 5 hr  under the. normal 'aoaptataon

conditions., Organization 901 a ‘macrorolecular and/éellular

ftevel 1S Probabiy t.he reason for this time requrrelent

The prephoare fraction is thus a heterogenous Coliection of

'particles>|n various stages of modlﬂlcatuon. This s in

agreemont - Hlth the productlon of. ooth puqménted and

non-ppdmonted ptephores- with .the same proteln proflles.

and also explalns the decreasing densaty of this fractiom

during adaptatron (from a densnty of 50 to 46% sucrose).
‘The modlfccaklons would effect|VQly introduce a serias of
co-partments" between tho' lnixlally ’Jabelled'pfephore

subunits and the- chro-atgphoré. As . the pulse ‘s
- o . ) .- ; q N

RTINS TR

".flthe Prephore subunijtsg wWere the sofe, byt not

A
[EL53



R

tntroduced at the time of. the louerchg.of the_ongen
tenSfonnbthé-systeﬁ is not in a .steaay state and the’
maJdrlty‘ of. the ;repnorg subunit and the chromatophére
compartments u§¢ld bé empty. After the"pul;e».labellang
anﬁ the .inductiqd:of adaptations a wave of bigh épecif;c

activity would pass through this systéq' of previously

‘vacant - compaftmenisl The specific activity of the

prephore fractnon uould decraase as an incréaS|hg number

V‘ N
NN

ot prephore\'subunlt- compartﬁents  were fllled with low
3ct|vi£y components; follownng _the . path:'of the hfgh
specrrﬁc acthuty prephore subunlts.

The chromatophores, when fornedp uouldvhave a greater
SPBCIflC actlvuty than ‘the 'average of. the prephore subunit

compartments at the 'same time. The total activity of the

,'collectlve'\prephore fract;on w.ould remain high untii the

formation of “the chrbmatophores. At ‘this tlme 1t would
falli rapidly with a correspondnng rapid unc(ease in 'ihe

specific ‘actlvuty of the chromatophorae fraction. The

"maxsimum of the iatter woutd depend wupon the spectfic
activity qf the final (highily tabelfed) Compartment at

that time.

“{c) If there were one (or more)'fractrons (cn additon
to the prephore subunlts) whlch were chronatophore protein
ﬁrecursors, this uould involve ' a moditicetion of the
) ‘ . A ‘ .

expectad results of - modél {b) above.: In this case, the

maximum of the specific activity of the. chromatophores
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'ﬁR" s ' : Co-
uould lte somewhere betueen the specific actnvnty of tne
final (hlgﬂly labelled) prephore subunit co@bgrtnent and
that of the -additional pre;uréor f;actioﬁf/ The actual
vzjue‘uguld depend wupon the relative fhﬁouﬁt;' of bé#h
fractions. In’ the “case pf mdre than one. additional
. v _ !
fraction, Lhe maxcmum uould g% the welghted average of all
of the spaclflc actlvutaes of thg precursors at that time.
It s possnble that these addltnonal fractabn(s) way have

&«
been snngle proteuns or’ multi-proteun*contannnng fractnons

:.-have not beeén |¢olated and/or analyzed and may have

;ﬁéﬁpifac activities much greEEW/' than .%pat of  the

:Discds500n of the Aggregation of Fractiong: the
;nhore Subunlt’énd Mature Subunut Fractlons.»
et : _

2 The harvesting of tHe.small;gartqcle fraction en - a

sucrose trap.'causad a decrease in the prephore'rract00n

/;

L With a concomitant lncrease in paqwented materlal at the -
. " \\ [l A )
"top of the gradlent at 287 sucrose. (cf Results: Section,

N

TeEe2.). JAt high itonic strenglﬁ((o.iﬂ Phosphate) this new
fraftodn (the préphore subuncf fractaoh) aggfégated ta
reconstitute 4 Pigmenteq Prephore fractnon (482 sucrose) .

This aaterial was shpun~ to ‘have a simple . protein

~

COmp3S|tion‘ with oprotpins of the same. apparent molecular

weights as had  the pig enteq materlal lnberated atter

dialysts ot ‘the praphore_Vfraction. ", This - wethod  of

) T b
‘el
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obtalnlng purlfled prephore subunlts uas limited by the

lon ylelds obtalned with the nodlfred harvestang procedure

~

and reduced> buffer. strength ‘ :The materlal formcng a

pagnented band at the top of the gradlent nas also'fnot a

good source “ot” purlfied subunpts as " the hlgh 254 nm

~

-absorptcon to Loury'proteln-rEtlo*uade at lckely that fhe‘
'fractton contatned rlbosomal materra! (see Frgure 7b) 1t
.euésv thought llkely -that a large amount of unaggregated

prephore materlal uas,'nornally -lost with. "tha '1;5 Shr

Y

100,000' x g Supernatent .as this was pignéntediih early

stages of adaptatlon\ when few chromatophores had been
: \

for-ed Thastvmaternal°uas‘also Itkely ‘to have contelned

ribosomal materlal ln view of the tack of megnesrum ions

in the buffer; The isolation of prephore subunits;from

T

this source “&S quantatatnvely preferable to the‘technjque

of reconstltutlng prephore laterlal from the materiai

v

LN

'coireg:ed'liq the, r}ac¢ron§:'at,tﬁe.;opfornthe.ZS to- 55%

- sucrose ‘gradieot. “An ‘electrophoretnc techaque was

’ developed uhnch appeared to separate the subunnts from the

ribosomal naterlal. ‘,Tuo peeks Were produced tn the

gradient- Systen (cf. Flgures 12a ‘and b): t he peak wWith

‘the greatest nob:lcty was colourless “énd had a 254 mn

” absorpt|onlprote|n ratio-about four times as grsat as the

-7 -

pignented:"subunit"-peak. " Anatysis of the maﬁerial ‘froe.
/
the plgmented peak by 5DS PAGE showed that the three major

'subunit proteans were’ present (cf. Frgure 30a), an

-
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additions howevers, louerWléeels'of polypeptides were found
wWwith apparent  moltecular weights similar tor chromatophorse
. .. . L3 y .

p(pteiﬁs.' The latter peaks were probably caused by
- » . ) Ty - .
contamination -with 4 chromatophore fragments (Wature

subunits). The 1.5 hr 100,000 x g supernatent from
adapting celrs{ when run in the. 25 to .552; SUFrOSe
e e | § R _

.'grédaeht; ,produéed"a plgmontéd pedk' centeréd at 281

sucroses rtheg same, densuty as fhe peak that was produced

®

~followsing the modlfncatlons whlch lead to a reductlon" io
the prephore"fractlon. _ Thls flndlng’ tOQether'aith the

snmllar SDS- PAGE protiles of the reconstituted prephores
Vi

aho electrophoretlcally purifled subunlts» shows that the
”-prephore fractnon results largely froa an aggregatlon ‘of

prepnore .subunlts ’prnsent in the supernatent of the hlgh

. ]

g-force (1.5 hr 100, C00 x g) centrlfugglnons. Aggregation'

presumably occurred durnng-uthé 'pe!letung‘ of the 'smalj

'partlclq' fraétion; while the "use of- a sucrose trap'
‘rééulted‘iﬁfmateriai,in a. ‘non-aggregated spate,u”'p\ :

> . \ . : : o N : .
The high géforce supernatent; of disrupted nature

‘-

LS v .

vphotosynthetnc " cells, _ houevar; was differehty- when'

. / .
c ’

tr 'ugeﬂ -4n -the 2§ to PS 5ucrose gradlent lt formed vo/

pe:k csntered at 32% sucrose.r A ten-fold increasa tn the\

~-sorate ,buffers resul ted ’in ‘aggregation Aﬁd’ the
.prpduction of a'paék at QOZLSUCroso:(the éamo as the'heouy
.4chromatophoro' fracﬁion) 'rathqr‘,thon tﬁe_prooucfion‘ot-a
reconstituted prgphor€~rract:oo. Thrs material was termed .

- «
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cells of iou pignent contentf was thus dlstanQU|shable

s

‘materiel ) produced by ehe, chromatophore fragmentetfon'

. _ o -121-- - ST

“the mature Subunct”tractlon; it appeared to be §§S>Iar: to

~ .

descrlbed by GleOﬂ (19658).

The heavy chromatophore fraction  was shown teo ' be

¥

»caused enther by the presence of dnvalent catlons (lO—zH)r'

'.ﬁ‘ aggreuent ulth ‘the flndtngs of Glbson (1965b), or by“'

_pelletung the- crude -embrance fraction prﬁmp to - gradlent

'-separatlon, as uas found by Hansen and deBoer (1969). It

. contrubUte—Q&o this fractlon. I modlfied the pweparatlve

«

. _ =
is also llnely gpat aggregatlon of"thel mature subunits

1 r -
technlque by harvestlng tha crude membrance fractnon onto

[y

a sucrose trap anj oncluded EDTA .n the phosphate buffer.

Thcs elnnlnated the formatnon of the heavy chrematophorefe'

fractnon and drastlcallx reduCed the level of-the'psgphore

fraction 'urth an |ncreaSe in material at the top of the

-

gradlent (dossocnated prephore and mature subunlts)

-The SDS- PAGE proflle of the neture " subunit fractaon

!
was sumllar\ to that of the chronatophores;}gﬂ_

'Figure -

’jl).i The materlal had a leuer mobility than the prephore.

. N -
subunnts durlng glycerol densitivgradrent electrophor&sns.

rhev prephore subuniﬁ ~fraction, .obtaln;\\\fro- adaptnng

\

-

from the uature subunits ‘by three crlterae. )
The contamlnatlon of . the prephore subuni t fractaon by
apprecuable levels ofe mature subunit in theA double_

labelltng experument ‘Was llkely to have been mlnlmal The
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cells used were of low cHfdwmatophore contbnt as compared
« N -~ . .
tp cells grown at belou_ﬁ.ozﬁaxygoo."The pigment level in

the puritied subunits was ..less than half that 'or the

-coromatophoro—containlng Mh—p" fractlon at both 6 and 16'

hr. 'Cdotaninapion‘of'the_'subunuts ‘nith‘ mature 'subunlt.'

o

material _Houfd have tehded' to,'obscure evidénce that

'favoured a precursor role for“?he subunlts.

L s
g 5,

Lil.' A Summary of the Cri\>r|a of Purnty of the"Prephore

»

ana Prephore Subuntﬁffractlons.

The pré%hore and prephore subunit. fracttons were

'-belueved tp be homogenous for the folloulng reasons--

l);vExaminatlon of negatlvely stauned. preppore
ifractnonsg<\by electron' mfcroscopy - showed dnscrete

\ 7,

'structures; the maJoroty of uhnch had duaneters betueen*bo

~and_ 80 nm. They had a characterjstnc (non-collapsod)'

.

appearance and could also be seen in the s-all partlcla.-~5

r o

fractaon oefore' sucrose denscty gradoent centrlfugatlon.
o/ X o

- Examination of numerous jprephore"pfractions .failgd to.

"reveal any cell . wall mat®rial. ~ Structures other than.

typlcal-'prephoﬁes" were fewer than'5z.. . ' R "

2) The prephoro fractaon appeared as a discretd band?

in the 25- 557 sucrose density gradlent uith - a uldth”
’sumllar to that of the chro-tophore tractian. The aadﬁ'

“was aluaVS 'posutaoned between 45, and 50X sucrose and

-

‘characterlstlcally had & concentration maximum. close to

! . . o . . S Y
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the 48% QUCroSB position. In addition to the ejectron

v
[

mlcroscoplc evrdence; the prephore fractlon was .believed

not to be apprecnably contaunnated uath cell ueil'material'

. o : o { o
density gradient. Cell’ walL' material would have been

'becauSe, of lthe posntlon of th15'maxqum in tne-sucroseb‘

expected ﬂto_ form a broad band near the bottom of the

25 557 sucrose densnty gradnent. Such .é fractton (the

heterogenous celj envelope tfraction) has been descrabed by

i

‘Niederman ' et af _(1972). Tne- peak of‘~th|s band wWas

centered at about 55% Sucrose.‘ Thas materlal Was belleved

absent fron the qradlents descrlbed Aan thls thesis’ because

of the initiat 2 mlnute centrlfugatnon at lo,ooo x g of

'the: dlsrupted cell 'preparation. Nledernen'_g | (197?)'

'employed :e"S elnutev_lnatuel centrnfugatnon. - It was

»fractlon by the‘nore prolonged centrlfugetuon.‘

'ﬁf The prephore Jraction was not believed- to be
conbaoinated to an appreclable extent by. rcbosomes es the -
bZSkIZbO ‘nm ebsorbancelratlo of this fractlon uas close to
unuty a}Flgure 7b). The results shoun tn this fagure meke
'ut probable that the rlbosones sedlmenteo tn a brpad bend

near ‘t \top vof the gradlent. The profiles shoun‘ln,

7

;Fagure’?a uere obtained before the lnclu5|on of. EDTA into

’r
buffer as"a routlne procedure. The broad peaks and

the presence of the heevy chromatophore fractaon (at 37%

p!ieved»fhet métefral-equa?aﬁ%nt to the heterogenous Cell_

.-envelope fractlon Was separated from‘ the small partlclef



“ﬂsUcrose) were_ also caused "by‘ the addltcon of 16 mgidr;fg“

ﬂsmall partlcle fractron ot the gradlent rather than thefhzﬁjjf

_mg that wWwas Iater adopted as 3 standard amount.u yﬁé"
> B ¢ e L
54) The use of a sucfbsa trap for harvestlng the smallp;*{

';partlcla fractron and a reductlon ln buffer 'concentratiOnj,i'

fvlrtuakly elrmnnated the prmphore peak ?nd also nesultedﬂff

.’.__’ .

_nn a pngmented band unth a densaty of fabou; 282 ~sucrose

r(the prephore subunrt fractlon). Pagmented materlal of
Ay . ‘ ,
this densoty could be- nade to reform th&5 prephore band at

481 sucrose Uy' ancreasrng the buffer concentratlon. -lthf

o~ . '

was assumed that these nodrfncatlons wougzinotfh vo'caused_

v”“cell wall fragments<to behave'ln th(s»ma ner. S
- : . . R . N DR SR
5) Two additrOnal uqtﬁods of purcficatloh B were

;»employed uhlch took- adVantage ot other physical propertles
of»oth fractrons.“' thle not used routrnely, they bothﬂi»

sUpported‘the fihdings of the_ sucrose‘ density gradlent

ultracentrrfugatnon that the prephore and prephore subunnt

—

Afractnons uere homogeneous fractions. It was found that
(a) the'prephore‘fracthn eluted wrth a SMalierT'yolune

, : : S o '
-than’]did the chromatophores during Sepharose 2B * gel -

a

filtration‘ (Flgure 5, Chapter 3). The\maJorrty of the

-~

'prephore fractnon eluted tn fractron 9 and yas vnrtually

;absent sn’ fraction 13; :ahd {b) the prguented prephore

o

subunits migrated as-one band durlng alycerol .gradJeng

»electrophoresos (Flgure 12, Chapter 3).

s
-
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BERS of 'agfseheme,‘Ao?'_'Gnrcmatophoref'ﬂ
Horphogenesas O T P . e

t . “., : ) ““‘ - :,-’;' v' . "‘ - :' E - ! » w . ’ l, 'é: ’ : o

fm .»j}; >HorK whuch leﬂ to the dnscowery of the ‘prephore

PN Ri B o . : B . . > .

fractuon.in:q_’ Bt
R set but hoplﬂg td demonstrate some of the enzjmes
e e ..\ ! ’ .' ‘

' Wof"b ed magnesuum branch of Bactquochlorophyll (Bchj)

. K
%

v synthesas.d The steps tn thls pathuay had been postulated
. -. o \ .- :
'yvﬁ:fas”_a result of the identlflcatloﬂ~of pugnents excreted by

mutant Stralns of R. 'spheroides [Richards ‘and Lascelle§

"(1969)._ At the' time ~only one of the enzymes had been
N R I ‘ o
demonstrated. Tor L. S= adenosylnethlonnne - megnesiumf

’ryprotoporphyrln uethyl transferase, hereafter referred to

as the methylatlng enzyme (GleO t l L1963I;-‘”In hoped'
Lhat .Lhe‘ addltaon of an tnterMedlate prqdueed.by one

. - ) fs
mutent toa mutant olocked atfan earl{er or- later step

Y

~would result ln'an enzymatic_conversion.

,Rembval,of the cell walls by lysozyme caussd nutant

-~ cells to loss Eheir "bopnd" pigments. Thijs nndlceted that

R pignents, had hecumulated ln the pernplasmnc space. This

) has subseQuenﬂly been supported by Peters..(1970). e
— , Vbl

\?;;Fﬁ\thae bhe flnal step in Bcnl synthesuso tn'a green:
mutant of 3:"spherondes, was .the‘ accumulation of Bchl
inside the cell uall but outscde the: cytopla&nnc nembrane..
"1» thought that a cell membrane fraction @mighst be prepared

) enrached in: the nagneslu branch enzymes especnally it

cells' ectlvely' synthesZ ing pagnent uere‘useﬁ; It was

hd

-
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antlétpated that.thé meth;iatnng enzfne activity wsight
béovtde a markef for these enzy-es. | |
| Durlng a study of methylatang enZyme. actlvuty; it was
dlscovered that mutant strdins 8-32, g-29 and  8-47 ot
ALascelles)‘ d}d not - forn chronégpphofes (cfl~ Résults,.
'Sectlon IL.Al.).  This was tn abreenént ;lth ‘the finding,
tby» Oelzef et at (1;69) that mutﬁnt stralns unable to
synthesise Bchi dia not contaln chro-atophores. Hogever:
nthé .muténts. contalned pigment in a fractlon of qreater
‘densttyj thég the chrotataﬁﬁpwe vfractlon. ‘;Jhe pefqngif
stféin f;bntéined‘ an‘veéﬁitélent “dense; fractaon tthé”
prephofe" fractlon) but 1t was cnly sllghtly p1gmeht§;;
I thought it ‘possible that this ftactnon representgd 36 
jmhatqre.formt of the 'chroﬁgtobhor; fractioﬁ. , It the’
.bfepﬁoré' fr#ctlbn dlscovered"uésv a"preCursof':tp the
.chromatophore fraction then I thought it would most (lkely'
. be promlnent in tpreparatlons fro;.vcelfs ’in"uhich
‘“chtomatophore synthesns was hlgh.‘ Cells uere tﬁen studoed
during Tt&a _adaptatuon~ from aeroblc ta, photosynthattq*
grouth;, The re§ults (Figure§ 3.'and"5Q Chapter':'3)
. ih&itatéd fa'_recnproédl relataonsnlp Betueen the prntenn;
-content of the prephore and chronat;phore fractuons durlnq
1adaptatlon ahd suggested a §)stem h;d been; found which

would allow the isolation of a chromatophore prbcursor

- fraction,
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B. A prelnunnary mbrphogenescs scheue besed oh éthe
results of the - (U-‘“C) prollne |ncorporataon experluant.

Tne:meaSUrenent- of ‘specifuc actlvnt\\ in graanent_g
. . N f/‘\z
"fractions subsequent to the addltnon of L= (U—‘*C) prol ine .

’

to cells at the start >of adaptatlon Uo photosynthetlc

E  9routh ‘gave Uhe results shown in anure 35._:The.spec1f|c‘

a

actlvnty of both the .protophore _anq‘ prephore' fractlons
peaked ,at§°r 2 hours uhnle the Inght chromatophnres were
ues£  acfiue Aiﬁ, the- 6  hour prnparatuon.v -THe, 'hoavy
-chrometephore 3fractjonr had the haghast specnfac actnvnty
jrn tﬁe 20 hour: sauple.‘- The fluctuattons n specuf:c'

[T

'ectivity' of' the dafferent fractions (protophore Jreégjon

excepted) uere thus not parallel. -This iuplieq that'sthe:"

fractlons uere nat merely dnfferent .barts;of;a snngle

-systen that uas undergoung a contnnuous ~nod|f|catlon"but

3

rather"that the fractlons uere separate ele?ents involved
4 L
m chromatophore.norphogenesns. The assumptton was “also

uaah that fractlons with a chargxrteristic posutlon 4n the

~

gradient after"}sntrlfugatlon had. ;he same protenn-

‘composatlons at dtfferent ttues durang ‘the adaptatlon.

{ P) .

.» The varnatlons |n speclflc actthty in the: frectloﬁs

 could be nost easily ratnonallzed if it was assumed that,
Ea ' . \ - - ‘ )

the CQnyerS|on of materal “in’ ‘one 'frectcen”Aeccurred

_yieldinu,anqnher~fraction_uith a dnfferent dehsuty.e Tt

o ues essumeﬁ'that the densnty changes resulted from changes

Ijn.‘the._proteln Qto |lpld rataos of the fractcons. An
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alternative explanation would have been that the proteins

ihitiallyxancorporated |nto one fractnon were degradad and'
the Iabelled amnno acuds then preferentnally |ncorporateU;
) ¢ _ R .

lnto ﬁfi “ryﬂractcon.‘ The changes :n the dnstrnbutnon ofﬁ

1 . -

ochl' th graqlent durnng .adaptataon, (Figure,_'lé)

. R 5. \ RIS . : .
favoured  the- first ‘hypqthesas_ and"strengthened the
postulated‘_role_v'of' the prephore - fractian as a

{
3

. chromatophore precursor. ln /pdaltlon; there was no

detectable Bchl in 3 non- protetn-bound state in the cells

or the small partacle fractuons.)
{ .
The analysns of the dcstrabutlon of total activity un

the fractnons at dafferent times (Flgure 36) .shoued that

tha protophore fractlon COntaaned lts hcghast actlvaty at

. N ) ) o, . , .
‘2 hours, thej_prephqre and the : lnght ,chrogetophore

R 1

tfractions c.at 6 hours. uhile ‘the heavy chrdmatophorﬁ
fractaon was most actlve at 20 hours._ .It wWas »therefdre

{

postulated that the protophore‘ fract}on preceded the

prephore fractioh, Qh c¢h ip turn was synthesized {(from the

before' “the lLight chrcmatophore

specific  activity data)
. o ’ ' ¢

fraction. Finallyp tt was 'postula. | that _the . heavy
- chromatophore was formed - (roh the llght chromatophore
(ractioh and rebresen;ed'the true "mature” chromatophore.
The Hprelamqn%ry schemse of chromatophore norphogenesns

ipropased on the. basis of these results s shoun in Figure
, Lo ) 'y . . ", A o

5‘.. - » : ,‘ - . ) . ) . ) . ’

In terhsuof the models discussed preVQOUSly,’(Sectlon
R . ) _ ‘ 3 _ »
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I -0.3) 'tﬁe dsta of thls expercmént sre not co%patlble’
Nuth the prephore beang the sole _and :lmssdnaté prote:n
bresurso} gto ;thé llght chromatophore fractions, ieiquel
ka);A The SPGCIfIC actnvnty of the Irghp Chromatophorés*ts,s
hlgyer than that of the prephores at- the ‘spmsv tn;e T(ZO
hours). .Thls axperiment makes ft. likely lphat'n
Chromatophoré morphoégnesis'is é mulsistepb'prscess“ahd
;thaﬁv.hahy prephore fcompaftments'_are empty in aeroblally
'grouﬁ'cells, The data is insuff}cueﬁt, houever, to val1owi
3fo|scr|m|nataon betueen mo;els s(b)b and (c) (Sectipn i;

V.3).

LY

“Ce 'Implications of‘the dascovery ot the prebhore

suounlt and mature subunnt fractnons.

*

. “The. dlscovery of fhe' prephore- and maturs..sdbunut
f}act(ons_-hsd a numbef of nmpllcatnons on the prelnmlnary‘
morphogenests scheme wﬁ]ch hzd.been proposed on the‘ basis
‘of results ~of < the  ‘—(U—}“C{‘ pfplcne\lincqrporatadn
"fsxperiment (Figure 51)5 |
-' .1. The brephore subunctl} Mo

‘ The " tnndnng that the prephore subunot. oceuplea "3 

positlon centered at 28; sucrose durlnq uens-ty gradlent'

A -

scentru&ugataon (thé‘same as the protophore }ractaon) made’

it likely;wthat a maJorlty of the so- called protophore

) —_— _ < ’ .
'jfrgctpon consisted of prephore subuths. -.Thus  the

 speciftic - activity changes of tRg Protophore fraction
during the L;(U—l“CJ proline incorporation experimeht were

4 s e - P

YT
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‘Figure 51 .Bchl/protein ratio in the 1nitially proposed
’ morphogenetic scheme.

_BCHL/PROTEIN RATIO - s
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. probably duye to. tbek*prosonce of unpigmented pre-hore

subunits in, this fraction.' The fact that the sPecrfrc
activity in  this fractron was . Iouer "than that of the
- . LY ~ '

prephqre fractnoh'at all tnmos studled makes 4t untikeiy

to be a dlstlnct prephore precursor.

In ’ addltlon? the reconstity ton of the prephore

fractlon from the orephore subunntsi .rndrcated‘ that the

former fractnon is an artefact of the nsolatlon procedure

ol |

resultong from the aggregatcon‘of prepnore subunlts. The =

prephore cannot. thus be ccnsidered to be 3 dlscrece;'

]

‘cerlu(arfstructure; The prephore subuncts: on the ' other

hand, may exist as such n the cells. or be derivved trom a
(N

{meﬂbranoUs structure oy the dlsruptlon technlque. The tn
vivo location of the: prephore suounats rS'dlscussed In the

"noxt sectlon % The prephore subUnrt is now betieved to be
-the true chromatophore precursor.

2; The uature subunlt ey,

It was also founa that the aggr egated lature sdbunnt
g . _\‘\l )
and heavy: _chronatophore" fractnons ~occu¢jed Semilar

a

positions (ca, 39—402 sucrose) ~du ing density gradient

'centrifugatidn ; : The heaVy»vchronatophore fraction s

'therofore now belleved to be an artefact consisting, of
-

aggregated '”chroﬂatophoros' and mature subunrts.“ Its

-x .

increase in Speclflc actrvity “from 6 to 20 hours probah[§

is due to aggregated uature subunsts Produced by the .

breakdﬁun of the. ?nltnally labelied light chromatophores. .

’
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Possably the *oldest"* chronatophore§ nlght be the most
‘susceptlble to aggregatnon and thet. both these uechanisms
<cause t he tncreased acthlty in this fraction at 20 hours.(
Hence; the )ght chronatophore fract%gn ns now belaeved to
be the truecnature chromatophore traction. ‘r
© D.. Lodatlon,pf the prepﬁore éubunit‘Lg vivo

Poter's aork {1970) lﬁdncatéd that the peripiasmic
'Spacé was the site of 8cht synthesis. As the sqbunit’is
. the farst structure that can be 1solated specifically

o

b_ou'nd, to Bchi, its most likely i vivo ‘location Couvld be

the ﬁerrplasmnc-..pace. This propoéal: f{s ‘ sdppoftedv
} - S , ‘

andlrectly by several fondingé. A@Qnina gtind}ng'doas'pogl.'
:{produce fa  prephore traéﬁion 'unllke. thébmore,;|gdurous'
‘disruptive gechiquqs. lThis coul d b§ tﬁe resuft ofv”thé 

subunits beingﬁl'trépped betneen the,vcell wall and

..dytoblasm|C‘~membrane. Studles of thin v sectlcns .of

]

~adapting. cells (see anures 45 and  46) show thét an anfqu

_off.storage' llpld =occurs into the perlplasnic space veryi
- early annthe adaptatjqn. ‘Thé hydrophoblc n&turg of the

3uodni;§ could be ?naginéd as :chipatiblef-uath 'thélr
:}unctﬁoning in this iocatidn,,_in work with m * t str iﬁé"
and parent 'cel}s _1; have found, in agreemsent with other
'uo}kerS' [Del;e{_an& breu;“-(1969)1 that the pigments
ekéreted :by Béﬁl—leﬁs -utants were protenn béund.»_This

';,prqtein. lee'_tha 'sdbunat.- had  a. strong -’ tendency"fb;
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aégregate.‘ A study iﬂ A. Shaw, unpublcshod data) of the
dnstrlbutnon of the pigment-~ protein conplex from cells of
mutant 8—47 lndncated that 302 was bound by the cells .and
-JOnly 107 of the ”soluble" complex uould pass through a 100'
;arvésted by centrifugation ,ih 30 sucroge 0.005M in
pﬁosphate bufter (16 hr§ at TQ;OOb..x q). The pelteted
complex couild poe dsssocrateds, by st(ri)nq tn 50
glycérPl)Sozbdlstllled-uater,anto a form not- sedamenting‘

at the above g fOfCQ.“ ‘ThlS made it bproﬁable thatr
hffrophoblc bondlng was the.‘c;use' of the. aggregatlon.
SDS- PAGE analyqls of the cﬁmplexes ‘produced by ‘several'

I

© mutants (Shaw- et~ al, '1973)vang also:tho'parent-sfraih

— —
3 . -

under uchl-lnuotlng-conéatJdné (Figure 34) iddncated that
protesin- H ot the gubun|t ‘ua§‘ promcnent  ,Unf|ke th;
subunits, the pngnent—protenn conplex fcontalned  &-'lar9d
> anount‘ gf~'a proteln ‘With a m&?ecufar‘wefght‘of iS»;D
{protein €l.. This .prote-n and the brb;ein with a
ynolécﬁfa; we i1ght 40 kD dc.tbns.(brotelh-H). ueré'observed
io'caffy plgment. The sz lar protecn composntnons of the
pngnent—proteln complex from the -pqrent strann :an&v tﬁe
reconstttuted prephore fractlon make lt‘:proﬁable that
’7hesefbi§men§edj;structuros‘iarév }elatad._ The )oss' of
“dtgqpnt ;by .cel}s‘ to fh;. ;qé|um..¢fter;btréathenf inh
‘(ygozyme‘ togdghéf» with:‘the ‘ab5ence 'o{,-th?., prephore,-

fraction after 'disfubtion by alunlna grlnding makes the

nm millipare filter. The "soluble” complex could _be



. -133-

-2fiplasmic space the most probable in vivo location of

the prephbre_subunits. T g ER : oA

E. ~Discussion. of the proteins of the oprephore
" suounit and medium density fractions.

L

SDS—PAGE analysns shoued the . pfephore  fractidn ‘to

have a snmple protenn composntaon in cdgparlson uith the
. , 4 ' : i
other fractlons studled. Tt  was postUlated that .the

pigmented prephore 'subunits 'might combcne with another

fraction to broduce the hromatophores. : tha other

alterhativas " are that the prephore subunnt comblnes with

)

'addltlonal protelns synthesised de novo or cqn;ained in

‘some other fractnon not isolated;‘ Thevprotein compoSJtaqn

L

of the "medium density fraction.ﬁédé lt the most tikely.

candadate as a. frautlon which conbnned with the prephore’
subuni t durlng ch(omatophore ‘norphdgehésis;(cf.r»Flgure‘

T

-Fe A -dnsch#sndﬂ -of ‘tﬁe }esults ‘qf thé. double:.
label ling experiment, /
, L
1. The incorboratibn of vradioacfnvyty into the
fractibﬁs, - - . | | |
‘The double labelllng expérlment was dnfferent ffom»

the lnltual L—(U 1a¢) prollne labelllng experlment ln that

the cells were actlvely dlvadlng durlng=the adaptatlon.'

In thls experlnent. the 'fract;onatoon techniqua .alloued'



nati of the medium density
r5s tion -(prephore subunits) o yield
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the isolation of the medium density fraction {Chapter 13,
‘Section 1. A.3). Fucther, the prephoré subunit fractions,

rather than the prephore :fraction, was studied after

pur:f:catuon by glycerol ‘density gradlent electrophoresus.

Y/ ~ . ©
As eXpected- the Specafic actlvlty of all but one of

)
. the ¢ fracclons_' studlqd‘ decreased* steadily after fthe
additons of the chase amino acids. The exception was the

"4-bn fraction =+ 16 hours (see Fibufa 4[);--The in¢r6§ge

in the specifig actiVity ofAthe "q-6" fraction at 16 hours

'shows involvement of a Precursor,v'as it can' onty be -

accounted"rfof . by the nncorporation "er prefex@stjng

protelns, formed between -3 hr and -0 ‘hr} (3H data) and

between O ,hr and. 2__hf (15C data). If these labeliad

prateins or?glnateb'ln thav brephore. subunnt or nediun
aensity fractlons,' a change in thear specific acttvntles

-<or pool sizes uould be expected. The que§tion arlsps as

to uhether ‘or not tha decreasas tn specnflc ectivaty of"

the pQrified‘subUnits‘_and the  medium ‘density fraétionv"

REYV
AN

'(FAQUrd 41) nére the result 6f“ their utlllzatlon ini

. chromatophors synthesis. As prevcously mentloned (Sectlon'

Iv.D.2. above), four dastlnct -echannsns for the . dalutlon

°

".of specific actnvuty _are posslble.7 Data uhichv‘ was

correcied for dllutiOn dua to cell grouth (nechanisn a)7

.ﬁés shokn.in the form of a Iog plot of the ratno ot the

-

specitic actnvnty per fractnon onr the speciflc actnvaty

per uhole cell protean (Fugure 42). Thls flgurév‘shows
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that dilution on specific: actavnty of the medlum densuty
‘fractlon (betueen 2 and 6 hr) and ﬂthe Subunet fractlons

(betwe n 0 and 6 hr) is |ndeed greater ‘than average during
.adaptng

|oh.' Houever,"te elumnnete the poss:bnlrty that
“this iﬁcrease’in;dilution is not ‘due to ancreeses-lnv pool
srzes /(mechanis& b) Abui ‘does in’ réct result - from.'
utoluzatnon as a presursor (mechannsm d), vthev ebsE;hL&
,quantaty of these fractnons per celt at each tlme must be
kneun. As thase fractlons are the, product ot 2 Rarsh
dnsruptlve procedure-i 1t lsrnot’possib]e to evaleate the
effnciency of thelr liberatlon from the Cell.‘AThls c°eld

. depend .en - their tehdency to associate' wWith. other
'components and the ‘vulnerabclaty r.,jtheA cells to
disreptioh;‘ These parameters maght vary durnng the. Course

;'oT 'adaptation. N rsv‘alsu 'dnfflcult to elauunate the‘
rpbssobolcty of ancreesed degredataon and resynthesus from
unleheilqd amino acuds,subsequent to the- eddctlons of the
chase (;echenis- cl. . Obvlously this factor mrght_ vary.'

unth the metebollc state of the ceiti, 1t at ns‘assumed,

. however, thet the pool snzes of . the prephore subunlts_'and.’;

'their' degredetlon‘ andiresynthesos is'hot'responsrble for

/“\Ghe uncreese‘ inh dllutaon of‘ specifaic _actrwity durlne
adapteruon _(%e. N mechannsus b. and c in Section 1IV. -D.2,

‘:'above 'are;'not operettve)» then these ‘results  are

(S -,

- cehsqstentw-uath~ the possnbnllty thet these fractnons ere

W
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beiny. converted into another‘ fractnon - (eg.  the
. . -1

chromatophore ‘component’ of the "6 6" fraction).

The maximum observed specufac actlvnty of the "4-pn -

fraction was at‘fle hr. At,'thas time, the specific
-activity of thIS fraction was greater than 4e|ther the-

prephore subunut or the. medaum denslty fr tions, both on

the 3H and‘the.1“c d@ta. Hence, as was/the case Qith the

single 1%C-proline labelling expesiment (Section'IV.B.

above), the data are n 3
~becng.-fthe‘ ‘;ole end inmediate‘ .precursor" to. . the .
chromatophore.fract;onb(nodel a of Section I. D 3. ehove);
The. proteln analysns (Chapter 3; Sectlon IT. E‘3 i'_shoued
that addltlonal protelns. must be added to the prephore
-suounlts before thase become chromatophores.T'Hence, both
models .a ,and b (Sectlon I.0. 3.) uould ‘not be fevoured on:
thns bas:s alone. vd_theoretical combrnabuon.gof prbtelns
(Sectuon fv"E,} 'aboVoi 'ruplicated' theavneduum densntyv
fraction as‘the source of ‘these proteané ‘A"co-bjnation“
-of- the prephore subunnt -end. uedlun densoty fractionS‘i
(together nuth the addatlon of Bchl and other Anon—protenn

. .
components) uould correspond to model c of Sectlon T D 3.

\ v .

In such a cass,i the -aximun speciflc\ actavlty 'of<‘the‘
chrOndtophore -fréction uould tie so.euhere betueen thd
actcvntnes of the comblnlng fractlons at the tiue of thelr'
fornatcon ' |
t The‘ specnfaci.actryity -date; cennot jéaﬁf}}m‘-]thé -

C e

tant with either fraction -



2

//'-%13?: B

&

'cnplicétton“.of-the prepho[e Subunit q}'the-medlum dénsnty

fractions as chromatophore. Plfecursors» nor can jt Dy

hd ’

|t§3{\\ dlstlnguash betueenv‘@odels b and ¢ of Section

1.0.3. 'Thb max;muml ébeqich“actlvity .0f  the '“ﬁ-b"

frac;ibh at 16. hr was less than_thp maxinum_spegiflc
activity bffeither t he ‘prephore subunit ‘or ‘the fmedium. .-

density fractlons at 0 hr (for the 3H datar «Hdaevér)'nt
- o,

ués eaqual to that of the prephore subunlt fractuon and .
greater than that of the lednuu densnty Jractlon at 2 hr

(tor the l’C data). \Hence. combnnatlons of the two " shOuld
yneld l~C spbcnfuc activity values for the "4o 6" fractlon
iy

substantlally less than the maxnnum spec1f|c actuvntaes of

the jprephdrb subunlt fractlon.f In order for. such av

éomblnatuon to be in effect,.one'MHst; dvoke :bné of the

" '

. falloulng tno 1echan|sms-

(l) A uave of hugh SPBCIflC actnv:73 prephore subunat

"conpart-ants" fornsd before 2 hr tand of hlgher SPGlelC

actlvnty than ‘that shown in the b data at 2 hr) nay ‘have
S .
- .

becbme“chrouatophores betuaen b and 16 hr.. This uechgnism.

s |ndcst|ngulshable from uodel b of Sectron 1.D.3.
: , % : ..

x

above. :
l?i’rhc highlf§9cdtic>a€vi§ity offtne’-s-b“' fraction
 may have been ;du;,tthv‘the transfar of actlvuty to the-
'vfrhctlon frdn a source not |§olated.by.vthé‘ fractnonatloni
technnque. .Although such a sourca ‘Was not found gh,ﬁhe

snall partuclo or the 100:000 X g supgfnatant"ftactiohs,

-
+
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synthesis of the extra
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't might Be sirbngly assb¢|dted'uith @he cell envelope

. .4 L . 3 ) -

material which. was discarded in  the _ prelipinary
: v . . ¢ .

centrifugations (eg. a protein or proteins of . the cell

{

membrane) and may hive beeq very haghly labelled._
\_ .
}
-As mentaoned aoova: the specific actuvnty data do not

allou' a dlstrnctlon tov be, made between these '_tuo

A L

pussibiiities. » fﬁus;, all that can be - ;tated |s~¢hat the

. ) [ S
distribution of lncorporated actnvuty durnng pdaptatlon ts

I

noc lncompatlble ulth the roles of ;haf prephore subunit

aﬁd_ mejlum. dens;ty fractions as chromatOphore‘fféction’

- ’

A

precursors..  In efther “case»  the entbrely de . novo -

I

protenns fron procursors of low

sbgciflc'aqtiv1ty,15 rot lukely.

¢ ¢ . . - 9

L o, | _
2. The’?HllﬁC ratios of the fractions

-

The essentlally constant 3HI"’C ratno of the purufced

prnphore subunnts (cf,"-Figqro 43) - has ituo gfnportant
anterpretatlons:- 1) at COhfirﬁs”theibrevfous findings
thét prephore matérlal '@s ‘cdntéinadw Tin_, unplgnented

v"aeroblc“ cells and zr it shous that this naterlal is the

L] .
product of de novo synthesus rathor' than belng 'forued

A}

through the |ncorporat|on of pre- existing aorobnc protenns

- formed before 2 hr 'and-vthe%efqre containing e higher\

o A
3Hsrag ratio.. It seems” likely that the wedium densaty’

fraction, on ‘the' othei. hand; contains a'large aeroblc

Aprotéiﬁ,tomponent. The |ncreaso lﬂ the ratlo at 6 hr " and

- 2
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“the subsequent drop " the‘ratio of this fractloh atil6 hr -

may reflect passage of asrobic. 'protéin(g) of the. cell 8

membrone'(for-od'beforé 2 hr) into thls fract‘pn (by 6 hr)

-and frbm thenCe into the chronatophore fractnon (by ,16
hr). The latter poss:bulnty is supportéd by the increase

in the 3Hl“C ratio of tha '6-6'_fractlon at 16 hr.

. ~The modificatisn of the proliminary morchogenesis
scheme, ' ‘ E - N

¢ .

The preliminary -orpﬁogones13 scheme (Section IV.B.)

’

- included fouf components: the protophofa) probhoren ligot"
>IChroootobhore and heavy Tohrooatophore -fraotéons.v'.ksw
lohtloned tn section Iv C. above, iﬁo'grotopﬁOre‘fraot;oh
.containqdbna Iouer .speclfic activ6£y3 in tho'  |o|t|al
g—(u;1?C$_ prollne .labollung experiment than the prenho;ev
tractfon;  It was posntnoned before the prephore tractuo,
an the prellmnnary sche-e -as |ts total actavatyooéakgd ot.
4 hours uhlle that of the lnghc‘chronatophore was hdghest

- £ ‘ .

in the fractlon studied at 6 hours. The greater specific\
. ’ : - o \ . \

~act|vnty of the grephore frdctnon |mpl|ed that only a

\

component of the protophore frmctlon enrlched |n L (U—"C)

prollne was anvolved in‘ the production of the prephoro

ttqciion.“

'SobSequently it was“}ound that ‘the prephore -fractlon_

I

Eés_ cn fact an aggregate of s-aller partlclos (Secticn II

above), uhlch N a non—aggregated state' peaked at a

- ‘/«-,
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density of 287 sucrose in the standard gradiaent. This
made it most likely that the activity'-obserund in the

 proto¢hore fraction .in the single label experiment was due

to the presence - of _prephdrei subunits at O‘end 2 hours

(Section IV.C.).

s

The heavy chromafophore fraction was’ found - to . he-
~produced by the small particle traction harvesting

rocedUre-initially euploied and thatv'ts formatnon ‘Wassy!

¢ v

‘jn addntlon, pronoted by the presence of dlvalent cetlons

Y(Septlon I.E. Z,e; Chapter 3).4 These flndangs showed that o

~

. . o ! b ’ f .
only tu9;>of the fractlons in_  the 4pTelimlnaty scheme

‘remalned dlstlnct entutles- the prephore fractnon and the

’

lTight chrouatophore fractaon. Further ~ the. - prephordi”
frection was found, to be an aggregate of smaller
Partlcles. the brephore subunits. _ L

The SDS PAGE analysus of . varlous ftactnons (dnscussed
an Sectnon IV E. above) shoued that the prephore~ subunit
"~ haa  a- snmple, proteln coupos:tton co-pared to the other

tractions studied;~ It ‘was. thought most likely thab these

<subunits combinad with "“‘some portion of the cytoplesmac»‘
membrane as many workers have shown the cyﬁoplasulc

membrane to be. invalved in('chtomatephore horphogenesas'

“{see Section ng“Chapter_l). The protein conpositlon of
the medium’ densaty-,fs tlen -ade it the'vnost ‘llkely

-candidate 'to_ecombihe .unth the prephore subunots to fora

R}

"~ the chromatophore (see dlagran in Flgure 52 above). This‘

¥
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;bellet uas QUrther suppqrted by the membranous 'sac—llke'l

v, o - o0
t141- | o

.

- 1

appearance of the medium - density fbactldn ‘as 'seen by

elechon microscopic 'exaninatlon of negatively 'staioed‘

LY

pgeparetqons (Fogure 9c). As dquu sed . Sectnon.IV.E.i;

it is probable that thé medium ~derisity _fractions has an

rncreased turnower ‘duringiadaptation. However, the double
. i an

.

"this cetl membrane, not fsolated and "analysed- in this

iaoel expertnene 'cpuiﬁ not conflrm tqe prephore su unu&

r
/ -

and medaun densnty fractlons as the sole ,eﬁromabqghore-'-

L

precyrsofs.o It seeams Jikely~tha£'33dipional proteins of.

—-—

'study, are also lncorporated into 'the chromatophore

-

fractlon (Sectlon 1Iv. F. l.). 'The.3HI*5t ratlos; houeveri

A}

~ -

1mp lied 4thet bhe prephore subunut fractlon was formed de7

~ €

noﬂoi Qhereas the -ediuh denS|ty fract(on 'may “vhaye'

‘.contauned a - sugnlflcant"‘eerobib' membrane component

v

C\\'

These factors Iead to the. development of the mod fued
morphogenesis schene shoyn in Flgure 53. - the prelclinary

scheme 4s tnciuded for comparlson._

e

(Sectnon lv Fe2o)e o o R : “"v . ,"VIM':



. —141ia-

. v

Figure 53 A comparison of

the preliminary and modified schemes
of morphogegesis. o

E L The original s-heme !rhapter 3 )
., ‘
: o N & )
Protophore - Prephore - Light , . _Hea_v_y
| et | tmacsion | chromatephore | cnromtophors
t <o ’ . . ‘ “,fraction fraction
. Aggregation i Aggregation
" Prephore . Mature'
sutunit subunit ..
fraction fraction
Ge novo or ? ’ Y L
7 ' e Breakdown
, . ,
4 /
- - The mgdiur?z Mature
CJtoplasm.ic -+ 15 density | chromatophore
membrane P fraction P fractier
e ) AIRIral protein (o0, . g A

. .- The mcdified scherme.
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Chapter s5-, ‘Copclusnons and Speculations,.

I The Role of -the Prephore Subunits in Chromatophore

“Morphogenesis.

"It 4s. now Possible to answer some questions with
regard ;;tb 'thé role  of the bprsephore subunits yn

chronatophore‘mOrphogenesis. ' . R 4
A. How and where are the prephore subunits formed?

Ihe' constant 3H/1eC ratjo»'found‘ n the doublé

-,

blaboilingv 'exyeriuoht. Showed that, wunlike the . ather

fractions, the. prephore subunits were formed' de. novo

IS

without the nncorporatnon of Pfe- exlstnng protenns.

° The. questlon as ‘to uhere- the 'syntheSls of these

precursors takes place is’ d fflcult to ansuer. The on[y'

. - R
evndence as to their Iocatlon n thd cerl Ls indirect.
1

Peters (1970) shoued that the ftirst detectable pigment in .

adaptlng cells nas prooably located ihp the periplas-io

sPace.  The subunits could\ be synthesisec on membrane

[

bound rioosones and migrate. to the periplasmic space

directlyfv through ' the@‘cytopjasmic membrane. '>Adother

POSSIbility s that the amsgration of lipid anto the

«

,"peripjasnic space in the -early stages of édéptatlonbcs

connacted with' the 5organization"ot these hydrophoblchf

»

e

7subuo|ts;‘ lt coulj be proposed that the nngretnon of :PHBZ

storage granule materaal nnto the peerlasnnc space 1g -

Y
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trigdered.'by, theif-jassocnatlon ‘With | subunlts in " the
cytoplasm, Thls nught be suwported by the llberatnon of
subunit fprotelns from .a1solated PHB storage granules

-

obtained from cells ln the flrst stages of adaptatlon.'

B. Hhat factors" cdntrol the .synthesl§ and

utlllzatron of prephore subunlts’

"It was -found that the prenho,r-e fractuo# can be

obtained from ‘aercbic cellss but grouth ofjthe_cells“at

high  levels of oaxygen lnhlblted _ thelr _formation.

Unpigmented ~praphc es . can be‘ produced "by reduclng'the

okygen tevel for'e short beriod of tlhe._ It fow 'oxygen

‘leeels V,are malntalned the prephofe_‘fractlon becomesr

.

ougmented and the cells fofiVEhronatopHofes.- An lncrease‘

" in “the level of -the prephore fractlon does not houeven

o

.

dutomatically result lnfthe productlon of chromatophores;

'Hhen- cells grown at high' oxygen levels are ga§sed ulth

nltrogen the prephore fraction is increased and vbecomes

4
i

pigmented; however,, chromatophares afe‘ not developed.

o P

This demonst'tates that prephore utnlizetnon ‘does . not _

‘depend only on Bchl synthesns.._Hhen»e'cultute:is gassed .

Hlth 4% oxygenlnltrogen the chroeatophore p}eductlon t's.

rapld and a - louer level of p}ephoies ls found thanjuhen

“/

oxygenlnntrogen. ilt uould appear. ‘that 't lsl‘the

utllzatlon of. prephores rather than thelr productlon uhlch

cells are cultured ini eedia ”géssed,*with ‘lees .then'fble
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"4s limited at low oxygen tensnons. it'ﬁodld seem liKer
that»kthe synthesns of components other than the prephore‘
subunit - protelns is -more‘ susceptable ‘ to. metabollc
inhibitfon: under these condlt\ons. It appears, houeverrl
that:it 'S the synthesns of the prephore subunlts whnch le
’llmlted at hlgh oxygen levels (gassang “the culture ulth
greater than-.bSZ ,oxygen). An appreolable unpoglented
prephore conponent ls'normally present at,’louer ;e;yge&'
tensions: _ Oxygen (probably via the macntenance of a hlghr
endooenous hATP_ level ) céuses " the inh'bition of " the

‘synthesjé of sone .other couponent uhich is requrred fdr.
prephore_‘utlllzatlon. Althoug@ ,-thns component’ as

" mentioneds s not BChr, vitv seems lokely that prephore

pignentetioh is elso‘ required bbefore prephores"can be

. b
utrlized."thls aSsert;on is based .on. the results of earlyt

.

‘studies ‘with mutants unabje to' synthesnze Bchit. ~In
aoreeuent..nith Oelzelgt g_ (1969)» 4t was found that such-
‘mutants were defectnve itn both- chromatophore proteans and
‘Behi-snntheticbehiljty..'! found the nutantsfdrd produ;efe
fraction of equieelent ‘bouyant density to.the prephore
fraction.l'ln .adootlon, spectral -analysis of prephore
.fraetions from the fbaren}' strain have not reVealed
oreoursors to Bchi. 'Thoe it s orobaoie that@ Bchl'iié
rehurred"tor insertion into _the prephore‘ subunit n

addition . to the synthesus of sone other %omponent(s). As,e

'.diécussed belowo it seems llkety that the nediqm density'
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o

fraction 1s one other component.

oc. Wwhat is the source of the 'additqqnal,_protein?;
féquired.lfor"the conversion of 'pfephore-subunjté'intE

‘chrbmatdphores} R

Thé hnaly§|§ ofv£he protein-compoSntion.of .dlfferent
fractions indicated that'phe,lédiqm'dens;txdﬂrdctibh.migﬁti
combine ‘arth " the pignentécérryang prephore'subdquﬁs tof
'fprm;the éﬁromatopﬁére. Thfé-belief ués supported b&, the
-"sac—like" appe;fance'. of this_ fraction in nelebtfon
mncrograéhé;.such“struqturqsv&puld-béj;lmégined ﬁfo arise'
from the aislocatibnﬂbi‘inVaginatidnsf As was discussed

. .

in Section IV.F.1. above the entirquvgg novo synthesis
of the~ﬂextraﬂ,prgteins*nasfshOun to be unlikely. It ‘was

sunoestaeds on thé.’bQS|s1’of the velectron” microséoplc
vapéearance'of the fraction, that: it was_ derived from.

dislocated aerébic invaginations. This remains to be

demqnstrated,khouever. Nledernan_a?éici6§on (1972) used  ,

E-  colir believed to lack aerobic invaginations, to
. eold 8 . e 3 in i
determine whether  their small  particle:  fraction

"représanted these .structures. They. found that dqéfuptedu

" E.” coli» in facts produced a simiiar ffaction to the

~saall. pa(ticlé fract?on'fron‘ﬁ. sphéroides, It E.'»Coli
cells had not produced. a small particie fraction this
‘would have indicated that the fraction in R. sphergides

was produced from the invaginations., A simitar approach
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might provide mare . substantnal evndence that the meduum
. ) ' : 1
density fraction ‘is deruved ,fro- aerobrc invaginations
sean in electron mncrogra¢ﬁ~t This would obyieusly be a

daffccult point to prove.” The possrblfity remains that

the source"of ‘the eddrtional protein . was tn a cell

envelope fraction ngich ias net isolated in ihis study,-u

II. A Merphogenic Model Q¢ Chromatophore Synthesis.

The results of the double labelting eiper]ment are
° :

'compatlble uu;h; but not absolute-proof tor, the fole of

the subunlt as a cnromatophore precursor. The subunut uas

shoun not to be derlved"?rem a pre-exustlng membrane

fractron. but t0'vhave‘ been synthesized de ndVo. - In
addition it ~Was . indicated to have ‘;had a

higher— than—average netabolrc turnover betueen 0 and 6 hr.

R

A study of the increase in.'3HI‘“C“ ratio of the wediunm

densrty fractlon at’ 6 hr may |nd|cate ‘that, aé\woujd be

 expected,vthe nedcum densuty fractnon is derlved' from the

-

~cytoplasmic nembrane. This result,

-1

ftothher with ltS.

turnover data,:makes it'likely\ that the medium ‘density

fraction supplies proteins derived from the vaerobac

.lcytoplasmogv nembrane to the chronatophore., Electrbn

'-icroscopic exaulnation of thns fractlon after negatlve

, stanncng had s ,qosted thet this uaterlal nayA have been

A

’derlved trom_cnvegmatr - of the cytoplasnrcqmembrane and

thus provndes further sepport for thas belief The deuble :
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labelring experinent' also shoued that chro-atophores 8are.

not 7ormed entlrely de novo.‘ It thns ‘had been “the case,

the specific actlvity of the "4-6" fraction uould have

- cont;nually "decreased‘. ulth "the net " increase .Vin
: onromatophores tn- the "4—6" fractuon naterlal

The fpllounng model -of» chromatophore. norphogeneslsi

€an " how - be conStrUcted. Reductnon nn oxygen supply andd

]
e

the resulting decrease |n.the cellojar 'ATP"level causes
‘the nreferentlal fsynthescs of the-pnepnore subunits endV
»the.initietion ot,'Bchl synthescs. when the pignenoed

sdbuni;s reach a certaln concentration |n_the periplasmic.

.space t o conblne«ulth the snuultaneously proliferating

"aerobic- lnvaginatnons. Thls comblnetlon and continued
pigment vsynthes1s 'then _converts then 'tow-‘functional

chromatophores. Fugure 54 shous dtagranmatlcally the

proposed scheme of chrouatophoro norphogenesus.
2

-Aa Overview

The -‘question as to  the origen ot bactercal'

chromatophores has been studied by nunerous Workaers in the
last tuenty years and remalns poorly understood. ~TP.‘lu‘ch ot

thas thesus has been concerned with establlshlng -that ,At

 is possnble to csolate a chro-atophore precursor» uhlch'

T

wWas termed the prephore subunjt fraction.' The effects 5of_

culture condltaons and . dlsrupttve‘ Procedures. on . the

production of _thjs Precursor . fraction were. described.
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.

Further. studies. Provided information as to its
'macromolecular struéture ?nd pfofein'qénpos(tiqp. Soﬁe
wWork was performed on the questton of hou‘ this Q?ecbrsor
might: devélop .ihEA - the mature photosynthetic Orgéneflé;
_Problems Wwith regard to ‘the study of _ chroWatophore

v

motphbgénesfsg by the use of ﬁifferpnt iechn@Zués. héve.
“been discussed. Atthough a ﬁerl'of tﬁeg bierallﬁlprocégé
was produced, the thes:s hgé-ghoun that tﬁe ﬁndefsianarhg
of chromatophore dqvglopﬁent is stitl by " no “means
dohp[éte. | |

It 1s my hope that this thésus' widt pfovnde useful

groundwork for further investigations.
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Appendix A. - : -

The Comparison of protein contents of different fractions.
. | S , .

To make the Iproteln*.oonpooitrons | of valfferent~
-1ractions.ea$ily oomparable, the stanned polypeptlde bands
uere»‘assrgned?Vto .oroups' dependang on theur apparent
nolecular weights. Although' duplicate sample} lndany‘rwn
gave the sane‘gel profiles, lt is probable that there uere‘”

small varlatlons betueen ‘the apparent molecular uelghts of
0\#*

polypeptldes in dafferent runs, “JVThB .technlque is
'recognized ‘to give '+ _Qr - 5% varlatlon in the apparent
molecular‘ uelghts. A good llnear relataonshup was

,‘obtained wi th the protenn standards used (anure 55). The-
_assagnment ot a polypeptade to_pe partacular group was
[ .

aehieved in the followung manner. The apparent 'nolecular‘
ueights: 'correspondlnd\ to veob' bands‘jottaﬁned from the
Vstudy of the protean conposutlons of dafferent ”fractions
in ‘chapter 3, were plotted agaanst the frequency of their
occurance (Figure 56) Dlstinct peaks uere produced .Asl
mentioned» two polypeptldes' ®ay- have the sane apparent
mojeoular'neioht. this technlque alone 1S’ not suffucnent‘
“to e:cldde thns posscbullty. Cla;S|f|cat|on of bands by
thle nethod does allou the protenn pattern in dnfferent‘
fractcons to be. conpared. As can. be seean from Fagure 56»'

asssgnnent pf' bands' to- dlstanct groups | becomeS‘ moref

dafficurt uath : increasingv (nolecolan weight; tZHany
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. apparently *high moieCQIQr Weight' bands may be due to the
. o ‘ . : ’
assocnatgon ‘of ‘fower molecular.waight polypeptides. For

this reason» comparison of ° bands corresponding to’

polypeptide weights below SO kD have beén preferqntialiy
used; the bands corréqundlng tO'hlghér molecular weights
'were classified into groups K-L» M-N, 0O-P» Q and R. To

compare the protein contents of different fractions,

. S T " .
histdgrams were drawn, peaks being further cilassified on
,thé ‘basis of their profiles and,thdér heights. “Apparent.

S

molecular weights and band assignments were shown ‘on the

figures.
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Disolved nygen'Content.

7

The Bachmann modei 777 o£ygé} electrode was used for
eohlfpruhe the disolved oxygen concentration en gre;ieq
cultures. The'_mater; uas' pfesetsto 'gieefa readiﬁg of
-20% qugen‘ (p air. The dissolved ‘oxygen Jconcentratnon'
for partlcular.:mete; readlngs at 25 degrees in water uere
_deiermcﬂed, by MaharaJh '(PH.,frD;‘_ Thesis, Chemistry
e'departnent:' ,Sinoﬁ Fraser Unnverstty: 1973). " The
iscorrespondlng values at 30 degrees Were calculated and are
shoun in the followung table. I ueuld like to thank Or.
J. ualkley ~for hns assistance in the.EalcU[ation of the

oxygen solubnlltues correspondnng to the different wmeter

_readings at 307 degrees.
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{\ A

- Oxygen concentrations corresponding to various meter réadfngs

of the Beckmann model 777 electrode .
| | ~ Table VIT

-

Ox‘gen lével Reading ofW':nmoles per'liter" Values

(2) in the electrode oxygen. in water at 30°C.
saturating in the at 25°C o
as mix. solution S
balance :
nitrogen). ,
1 . 15 14
-4t 3 ) ug k2
' 5 75 69
, 10. 150 140
20. (air) 18 290 4250
| 20 S 0. 280
. 1 ¥ L :
65 = & 50 i 200 590
100 . 80 | §§51,300H : 1,110



-152-"
LIST QF REFERENCES,

"Aagaard, J. and Sistrom, W R,' (1972) Photochem. -
Photobiol,” 15 209. N :

Arntzen, C. Jo Dflley:' R. A, . and Cranes . F, L.
(1969) 4. Celt adiol. 43 le. : '

Ashwell, G. (1957) Methogs 'n Enzymalogy. 3 73,

Atkinson, D, E. and daiton, G. M, {19¢68) .
Btochemistry 2 4030. ) /

. - - N : '; lv.

“Bearden, L. t1969) . Ph.0. Thesis, U. . -Sﬁ%;Dlego.

>

S Bannett, T PL . (1969) - _ Biol. Chem. 24 3182,

Banson, ‘A.‘ A. (1966) J. Am. Qi1 Chem. Soc. 43 2¢€5.

~ ‘Bargeron, Jde (1959)° tn  The Phbtdchechal Apparatuys.
- f”'hﬂrqokhayen Symp. un Biol. No. I} '118.

 B3ugeling, T. (1968) Biochia. Biophys. Acta. 153 143,

Beuéelingo T.» Slooten, L. b'and_1BareldSvyenu de '_Beek-
' Pe " G. M. oML (1972) Biochim, Bidphys. Acta. . 234 .

328.
. a[ederman, M. and Drews, - G T {1968} - Arkiv,
‘Mikrobiolt. -3 48. . e S

" Biederman, M. (lQ?Ial\HopvaSeQFQrfs Z. Physioi. Cher.
352 567. ‘- : e

drederman, M. (1971b) Arkiy. . Mikrobiol . 75 171.
3oatman, E- 5. (1964) 4. Ceti Biot. 20 297..

Boardman, N. 'K, (1970) Ann. Rey. Plant Physigi. - 21

. ¢ \

- Branton» D. ang Park. R. B. (1967) 4. '
Lo ‘Ultrastructure Ross. - 19 283, ° -

Brif, €. (1964) Ph.D. Thesjs, Utrecht.

Brown, A, Eo» Eiserting,  F-”, A. and Lascejles, J,
a (1972) Prant Physiol. - 50 743, ’ :

3rown, A, " E. 'add Lascelles: Je (1972) Pldnt Phyéiof.'
: 50 747, ' ' . » :



Buck»

-153-

(1969) J. Mol.

C. A. and Nass, M. M. K.
Biol. 41 67. -
wBu(l; M. . J,, and . Lascelles, J. (1963) Biochen. J.
. BT 15. o
urnnam, B. F. and Lasceliess J. (1963) Biochem: J.
87 462. - - | |
S : o : - . N
" Clayton, R. = K. (1963): in  Bacterial Photosynthesis.
L ‘Gest, H.» San Ptetro, A. and Vernons L. . P., eds.
Antioch Press, Yoilow Sprlngs, Ohio. Pe 377.
Claytons .R. K. and uang, R. T. (1971) Hethods Enzyual.
23 696. - :
- Ciaytons R. K. and Claytons. B. J.  (1972) Biochim.
-Brophys. Acta 283 492. o ; o '
Clayton, R. K. and Haselkorn, - R.  (1972).  J.
_Mod. Brol. 68 97. L o R
Claytons R. K.» Szutss E. 2. and Flemings H. (1972)
Biophys. J. 12 64.. o v
then4Baiarea G.» Sistroms W. R. and .Staniers . R;> Y.
1957y J. Cell. Comp. Physiol. 49 25. '
Cohen-Bazires G. and Kunisawar R. (1960) Proc. Nat. -
Acad. Sci. . "U. S. 46 1543.
Cohen-8azire, G. and Kunisawas R. (1963) J. Cell Biol.
l_6 6 0 l . = ! v ‘ .‘... ‘
Cohen-Bazires G. and Sistroms W. R. (1966) in . 'The
Chiorophylis. vernons, L. P. and Seely. Gﬁ,‘R.;
“eds. Acad. Presss N. Y. op. 335. _j.
" " Costs Hs B. . and Gray:'E. D. (1967) Biochiu.' Blophys.v
Acta 138 601. ' 4
€usanovich, M. A. (1971) nethods Enzynol ggazlg‘
B - - PO S )
Datiner» G.» Siexevitz, °P. and  Palade, G. E.-
(1966) J.  Celi Biol. 30 97. v
Danielli» J. F. .and Davsons H. (1935)  J. Cell
Comp.' Physiol. * 5 495. - : > o
Dedesus, T. G. S. and Gray> E. 0.  (1971) Biochim.
Biophys. Acta 254 I ’ '

419.



-

- 154-

Drews, G.  (1965) Arkiv. Mikrobiob. 51 186. -

Drews, G. and Giesbrcht, P. (1963) Zentralbl. Bakteriol.
Parasitenk, Abt. 1: Orig. » 190 508.

‘Drewss Go» Biedernan:'_ M. .and Oelze: Joo (1969)
Progress I1n- Photosynthetic Res. 1  204..

“Echiin, P (1970) i1n the 20th Symp. of Soc. for Gen.

‘Microbiol. Pe. 221°,

Engetmann,  T. W, _ (1883) B8otan. Ztg. 41 as cited
tn van Niel (1941), . :

Fatks, J. E. (1964) PFrphyrins and, metalloporphyrins.
Amertcan Elsevier Publ. Co. Inc. Amsterdam. P

English, L. S.a teas, D. . N. 2nd Rogerss L. J. (1971)

Biochem. J. 125 42p. - ) Lo 1
Fanica-Gaaignuer, H.-,Clenent-ﬂefra!» J. -and Kamens> M, ~

‘0. " (1971) Biochim. Biophys. Acta 226 135.

Fehers G.» Oxamuras M, Y.» Raymond, J; A, and Stginer,  -

L. AL 41971) Bisphys. T J. (Biophysical  Loc.

Abs. - .38a)é
: e o . R 3 S s
Ferretts, J. " J. - and’ Gray, €. D. (197) Siochem.
. .. Brdphys. . Res., Commun. 29 501. '
iy - . ~ : . - : N

.

95 1400.

Fischers. H;i, and Hasenkamp, J.  (1935)" Llebigs’-Anh.i

Chemie 515 248 as cited in van Niel (1941).

.Fraker, P, Jo 0 €1971) Ph.D. Thesis» Urbanas I,

Fetregti,,J. J. ~and Gray, E. D. (1968) J. Bactertol;zx

.~ Foxs» C. F. i[QiZlfan Membrane Molecular Biology. Foxs
’ C. C. .and Keith, A. D.r eds. Chpt. 12 op. 345, .

Frakers P. J. and Kaplans S. (1972) 4. . Biol. Chem..

247 2732.
French, C. S. (19408) J. Gen. -Physiol. 23 469.

French, C. S. (1940b) J. Gen. Physiol. 23 483.

Am.  Chem.  Soc. 76 5568.

4
X

Fronkel, A. W. ' (1954) J.

k

Frenkel, A. W. (1959) Ann. Rev. Plant.thSIO‘e 'LQ 53.

-



~155- S

Freundlich, M. (1567) Scienge 157 B23.

Fullar, R, C. (1963) in General Physioibgy of Celi

".Specralization. ‘Mazias D. ‘and Tyler, A,
- eds. McGraw—Hell, N. Yo o P 223,
Gaydos» A. 'anq'GaJdOSfToqux M. (1963) Nature 199
1093. o : -
‘Gajdoss A. and Gajdos-Torok, M. (1965) Nature 207
640. | ' o |

v
Gajdoss A.» Gajdos-Térok- M. Gorchean Aus Neubérger, A,
and Tait, G. He (1968) Biocham, Jo 106 185.

.Gaydos, A. and Gagdos-Torok, M. (1969) Bioéheh,_ Hed.‘ 2
372. - e . ' ’

Gest, * H. (1966} Nature 209 879.
. 6atz, G. S. (1972) in Membrane Molecular Biology.  Foxs .
- C. . F. and Keith, A." D.s» -eds. . Sinsuer Assoc.
o Inc.s Stanfords Conn. p. 386. - o '

- Gibbss S. P.» Sistroms» - W.  R. - apd‘éwordan’ P.  B.
. (1965) J. Celd Brot. 26 395.

cizgqn[ J;, cand K;E}Ea;;_s.‘_ (1967) . J. 'Bactef.og."gg‘.
1544. | o T
‘Gubson,;K;: D. (1965a) Biocheni#try ] 2027;
Giosons K. D. (1965b) Biochemistry 4 2042.
Gfbsonva;  0. (1965;1 Bgochémistfj‘Fi 2052. ./
Gibsoms K. D.  (1965d) 3. TBact. 90, 1059.

ansbn,ﬁK; D;:'Neuberger:fA. and Taits G. H. (1963)
Biochem: J. 88 325. ‘ ST
N\

.Gibséh; K. D. and . Niederman, Re. \ A, (1970)x}A?ch,
Buo;hem;- diophyse 141 694,

Gibsons K. D;,vSegen, 8. 4. and ‘Niederman, R, A.

(1972) Archiv.” Biochem. . Biophys. 152 561. .

Goldbergs R. "B, and Chargaffr E. (1971) Proc. Nati.

~ Gorchein, A., Neuberger, A. and Tait, G. H. (1967) un
. _ Biochemistry of the Chloroplasts, Goodwin,. T, Wos
ed.  Vol. =~ Il. p. 41l. ‘Acad. Presss N. Y, ’



-156-

Gorcheins, A., Neubergers A. and Taits G. H.  (L968a)
Proc. Roy. Soc. . 170 226S. ’

247..

ﬂorchaan; A.'(lQbab)  Préc. Roy. Soc. 170

Gorchein, A. (1968c) Proc. Roy. Soc. 170 255.

Gorchein, A.  (1968d) Proc. Roy. Soc. L70 265.

Gorcheins A. (1968e) Proc. Roy%‘“Soé. 170 279.
~Gorcheins. Aus .Ne&berger; AL ‘Jﬁﬁd -'Tait: G, H,

(1968f) Proc. Roy.  Soc. 170 299.
Gorcheinp Ads Neuberger;’A; ﬂand Tait» G. THe (19684q)
" Proc. -Roy. Soc. 170 311. B '

Gorcheins, A.s Neuberger, A. and Tait, G. H. - (1968h)
. Proc. Roy. . Soc. 170 319. B

" Gorcheins "A."Neubergbf} A. and faltr'G.A, H. (19681)
"Proc. Roy.  Sec. 171 l11. S

Gray, E. D.», Haywoods A. . 'M.s and Chargaff, E, (1964)
Biochim. Biophys. Acta 87 397, :

2

vaay, E.AD.,(1967)k B;OChi-,”Biophys. Ktt§ 138"
Greens D. E. (1964) Sci. Am." 210 63,
Gfeens .D. E. and . Peérdue, J. (1966) ~Proc. . Natlﬁ
Acad. Sci.?U. S. 55 1295. 0 ‘ . coE
Greens D. E. -and vanderkooi, . {1970) n Physical
Principles ‘of Siological Membranes. - p. 287. Srell,.

F.» Wolkens J.,» Iverson» G. and Lams J.» eds. .

- Gordon and Breanch Science Pudlishars, N. Y.

Green, D, E. (1973) Annals N. Y. Acad. Sci. 195
150. . R T

H

Hamiiton, L. D.» Fullers W.' and Reichs E. (1963) Nature
198 538. .. | P N

Hansenn‘P. A. anda De Boers» W. E. {1969)  Antonie
~van Leeuwenhoek J. Microbiol. and Sercl. 35 243.

L

Heppels L. A. (1567) Science 156 1451.



 Hickman, 'D. D. ~and ' Frenkel, ~ A. Ct We (1959a) Ja -
Biophys. and‘Biochen. Cytol. 6 277 .

Hickman, 0. D. and Frenkels A. W. (1959b) Ji: ~ Biophys.

‘and  Biochem. Cytol. 6 285. - -

Higuchr’_ﬂ.g Gotos : K.» Fugimoto, M., Namikis _0; and.

‘ ‘Kekuchi, G.  (1965) Bioghim. Biophys. Acta 95
94 . ' o 5 ,

“Higuchi, M. (1973) Plant Cell Physiol. 14 51.
Huangs J.  W.  (1972) Ph.D. Thesiss Urbanas 111.

Haang,' J.  "W. and Kaplan» S. (1973a)  Biochis.
Biophys. Acta 307 301. ' ' :

‘Huang, © J. W. and Kaplan, S. (1973b) Biochim. Biophys. .

Acta 307 317. PO
- Jolchines G.» Reiss-Hussons» F. and’ Kamen» M. D,

(1969) Proc. Natt. Acad. Sci. U. S. b4 650.

.~Jolchine; G. and Rei1ss-Husson, F. (1972) Biochenm.
8iophys.: Res, Comaun, 48 ' 37, ” '

Kamens M. D. and Vernons L. P. (1954) 4. Biok,
Chem. 211 663. - o i .

Kamen» M. - D.  (1963) un Bacterial Photosynthesis.

P. 445. Gest, H.» San- Pietro, A. and Vernon,

L. P.» eds. Antioch ~ Press,  Yellow Serings,

Ohio. a ST : : '
Karunairatnams M. C., Spizizens J. and Gest, H. (l956)f

Biochia,  Biophys. Acta. 29 649,

fKallenberger;'E.‘Ryter"A. and Sechaud, J. (1958)
J. Biophysic. and Bioqhe-.‘CytoJ. ‘4 671. .
Kstchums P. A. and Holts S. C.- (1970) Brochia.
' " Brophys. Acta 196 14l. - o
" Kimp Yo 8% and Ke, B. (1970) Arch. Biochea.  Biophys.,
140  341. | e | o
Kung» S, D. and Thornbers J. P. - (1971) Biochim,  ~
-Biophys. Acta. 253 285. : : . R

Kuntzs 3. D.» Loach, P-f A.  and Calvin, M. '(iéﬁi



=158~

S

Laemmli, U, K.'(l§70)tN9ture >227 680

Langridges R.» Barron, P. D. and Sistroms W. R. (1964)
¥Hature 204 97. , . . :
Lémpe{ H. H;. Uelze,’J. :anqi Dreus;v.G. (1972) Arch;

. " " Mikrobsol. 83 78. P '

Lankester, . R,  (1873) -as citeg by van Niei (1944)
"Lascelles, J. (1956) Biochem. J.- 62 78.

Lascelles, J. (1959) Biochem. 4, 72 508,

Lascetless J. (1960) J.  Gen.” “Microbiol. = 23 49,
Lascellos, J. (1966) Biochem. J. 100 175.
‘lascelles, J. (1968) Adv. tn Microbiol: Physiol. 2 1.

Lascelles, J. and Szilagyi, Jo Fe (1965)';4. Gen.

Microbiol. 38 55,
Lascelles> J. and Mertlieb, D. . (1971)  Biochim.
Biophys. Acta 216 328. - . X

Lavelle, R. (1970) J. Mol." Biol. 51 449,

Lien, S. ' and Gests H.- (19?3)‘_8|oonérgéfics 4 623.

Lindstroms F. and Diehl, H. (1960) ANal. Chem: 32 .1123.

'_Loach. Pe Ad» Spkurgi.lo. “Les Hadsell, R{li'H. and
‘Stemar, A. (lQ?O)’Biochemistry‘ 9. 724,

Lows H.. and Afzelius, B. A, (ibb43,'EXpt. Celf.  Res.
"t 35 431. ' . o A :
Lowry, 0. H;- 'gosenbrough: Ne Jos Fares, A. L. and:
Randalils R. Jo (1951) J. Biol. Chem. 193 265,

)/W\~Lﬁc%o Do Jo L. (1963) 4. Cell Biol. 16  483.
© Lufts J. H. (1961) J. Biophys. and Biochem. Cytol. 9 4o09.

Lunbilonko;, V. (1921) J. -Soc. Bot. }de Russie 6 107
’ as cited by van Niel (1941) . L ‘

Machtiger» N. A.  and Foxs Co  F. - (1973) . ann.
' _Rev. ‘Beochea. 42 575, : - C

i



-159-

Marmur, J. (1961) J. Mol. Biol. 3 208.

‘ . ' | -
Marriotts J.s Neuberger, A. and Tait,  G. H. (1969).
Biochem. - J. 111 385. : : e : '
) St

Marrss B.» Stahl, C. L.» Lien, S. and Gests» “H.  (1972)
' Proc. Natl. Acad. 'Sci.  U. S. 69 916. .. .

- X

Marrs, 8. and Gests H. (1973)~J. Bact. 418 1052.
Hadzeralj,f @,"u (1972) Fed. Proc. 31 Abs. 885.

Monkes» W. (1962) Ann. Rev. Plant Physiol. 13 27.

~

" Manke, We (1967) Brookhaven Synp; . Biole. 19 328.

Menke, W. and Weichan, C.{1968) Arch. Mikrobiol. 60 1.
‘Morrison, D. C. and Morowitz, H. J. (1970) J.  Mol.,
Biol. 49 441, : | . - |

Muhlethaler, K. (1972) in Il International Congress

: on Photosynthesiss Stresa. Pe 1423. Forti, G.,
- Avrons . M. and . Metandri,. A., eds.  Or. w.

Junks N. V. Pubs.» The Hagus. :

= .
- -

Nelson,» C. A. (1971) J. Buol. Chem. 246 3895.

Newton, J. W. and Newtons G. A. (1957) Arch. Brochem.

Newton,. J. W. (1960) J. Am. Chem. .Soc. 82 6205,

. Neuberger, A. ard Taits G. H. (1964) Biochem. J. 90 607.

Niedermans, R. A. and Gibsons K. D. (1971) Prep..B1oches.
’ 1 161. » ’ ~ . .

Niederman, R. A.» Segens B. ..J. and Gibson» K. D.
R (1972) Arch. . Biochem. Byophys. 152 547.

Nlrg.l; and .Pease, D.  C. v(19f§)1J. Ultrastructure'kes.
82 534.° L P ’ '

(Nuttsch, W. and Throms G. (1968) Nature 218 697.

- Nystroms  R.. A, {1973) in Membrane Physioi’ apﬁapts
: 2 P. g McElroy, W. D. - and Swanson, C. P., eds..

Prentice-Hall Inc., Pubs. o S e T :

Detzes J. and Drawss G. (1969) Biochim. Biophys. Acta.
173 436. - SR |

Id



~160-
- ,

Oeize,  J.s Biederman, M, and Orews, G. . (1969)
' ~ Biochim. Biophys. Acta (1969) 173 436, o
‘Oelzesr J.». Biederman, - M., Freund-Molbert, E,  and
-Drews, G. " (1969) Arch. Mikrobiol. 66 154,

Acta 219 131."

Dalzes Jo ~ and Drawss, G. _;(1970) Biochim. fBiophys.f

Oelzes J. and. Drews, G. (1972) Biochim. Biophys. Acta
265 209. |

‘Oisons  J. M.  and Nadier, K.  D. T (1965)
Photdchen.'R,Photoblol. 4 783. '

‘Otsons J. M. (1966] in "The Chiorophyllis™ p. 413,

Vernons L. P. and Seeleys G. R.» eds. Acad.
PreSSi Nc Y. o Y o . . .
Pardee» A. B.» Schachman, H. K. - and S;anie}: R. Y.

(1952)  Nature 169 282.
Park, P.  8._-énd‘B|ggq6s. J. 11964) Science 144 1009.
'Pederson:'f. (1559) Anal.'Biocheﬁ.‘ 28 . 35. |
potorss G. A.  (1970)° Ph.D. Thesis, Mich.

Poters; G. A. and Cellarius, R. A. (1972)
' Bioensrgetics 3 345, L

Plattner> H., Salpeters. M. M., Saltzgabers J.  and

. - Schatz, .G.  (1970) - Proc. Natl. Acad. Sci. 66

- 1252,

Reaveley, D. A. and Rogers, H. J. (1969) Biochem. J. 11
C et S ' - E

Reed,-D. W and Claytons, R. Ko - (1968) . Biochem.

Biophys. Res. Commun. 30 471.
Raesd, D. ‘W. (1969) J. Biol. Chem. 244 4936.

" Reed, D. W.» Raveed, OD. and ’ISfae!» H, 'H. a (1970)
) Biochim, ‘Biophys. = Acta 223 28l1. ' o
'Reed> D. W. and Peterss G. -A.  (1972) 4. Buol.
Chem. 247 7148, ‘ N o BN
Reeds, -D. . W. - and 'Raveed, D. (1972) . Biochim.
‘ ‘Blophys. ACtao /283 79. : X

r



-161-

‘Reed> D. H. and Kes 8.  (1973) 4. Biol.  Ches.’
248 3041, : - R o

-Reiss-Husson, F.» de Klerks» H.» Jolchine, G.,'Jauneau, E.

and Kamen, M. D, 51971)'8iochim. ‘Biophys. Actg.
234 '73. ' 3 C |
Reiss-Hussons F. | and Jolchines G. (1972) "'II

Internationad Congress on Photosynthesis, .Stresa.

p. 7383, Forte, G.» Aarons, M. and Melandri» Aes

eds. DOf. W. -Junks-N. V., Pubs. The Hague.

Reiss-Husson, F. and  Jolchines G. (1972)  Biochim.
Biophys. - Acta 256 440, SRR '

Repaske, R. (1956) Biochim. Biophys. Acta. 22 189.

~Richards, W. R. and Lascelles, J. (1969) Biochemistry §
3473. - a : . -

Robrish, S. Avs and Marrs A. G. (12$%4,J. Bact. 83 '158. -

Sattons, M. J.. R. . (1956) in Badterial Anatoay. Pe

88.  Cambridge University Press. .as cited by
Hickman and Frenkel . (1959). - :
Saskais T.» Motokawa, Yo o and Kikuchi» G. (1970)

Biochim, Biophys. _Acta. 192 284,

Schachman, H. K., Pardee, A. 8. and]Stén(qrp R. Y.
(1952) Arch. Biochems Biophys. 318 245. '

Schneider, - E.  (1934) .Hoppe-Seyler's Z.  Physiol-
Chemie. 226 221. ' ' ' S :
Segen, B. J. and Gibson, K. D. (1971) J. Bact. 105

Séjfter’ Se Daytong'S. Novics, B. and Hunfwyler:‘é{ (1950)
- Arch. Biochea. 25 191. : -

‘Swekevitz, P. (1972) Ann. Rev. Physiol. 34 117.

Shaw, M. _A. and_Richards,;' W. R. (1971) Biochen.
B1ophys. Res. Commun. 45 863, ’
¥ oL o . . .

Shaws» M. A. * and Rijchards, W. R.°~ (19720 11
International Congress .on . Photosynthesis, Stresa.
P. 2733, Forti,  G.» Avrons M. and Melandri, A.»
eds. C.s. W. Junk> N.. V.- Pubs., - The Hague. -

ey



-1."2'

Snaws, M. A. Pudek; M. R. wallace, R. B. Tsaoc, M. S. and
Richards, (1973) Abstracts of the First Annual
‘Meeting /r/zho 'Anerncan Socnety for Photobnology-
Sarasotas Florsda. P 117. " R

Sistroms W R. (1963) in Bacterial Photosynthesis.
* Gests, H.» San Pretros A. and Vernons L. "Pe» eods.
Antioch Presss Yollow Springs, OChio.

VSJostrandp~'F. Se and . Barajas, L. (1968) 4.
Uttrastruct. Res. 25 121. ‘

Stepecky, R. A. and Laws J. H. (1960) Anal. Ches. 32 1697.
Stooten, L. (1972) Biochim. Biophys. Acta. 256 452.
Smeth, E. L. (1981) J. Gen. Physiol. 24 565.

Smith, W. R.  and Dus» K. M. (1972) Am. Chem. Soc.
Meeting N. Y. 29a, :

Stan.er, R« Y. 11963) as cited by Menke ¢1963) in
Bacterial Photosynthesis, p. §47.
Stanier, R. Y.  (1970) 20th Symp. of Soc. for Gen.
Stecks T. L. and qu; C. F. '(1972& in 'Hembfane
~Molecutar Biology. . Foxs» C. F. and Kerth, A, D0,,
- eds. p. 27 ©  Sinaver Ass. [nc., Pubs. Stamford.
C.» Parsons W.  W.» Haugerailn D. C. and
» Re Ko (1973) Biochs m. Biophys. Acta 305 597.
. } ‘A - oL .

'_Stréle}if*S.
~Clayt

Takacs, ‘J.  and Holt, Se  Ceo " (1971) Biochim. .
" Biophysd, Acta 223 258.

‘Takayama, K., ﬁac[annahp D. He» Tzagoloff, A. and Stoner,
C. D. (1964) Arch. Birochem. Biophys. 114 223, ’

ToGrLellotie» M. E. (1972) in Hol0culajfiﬂéhbraneology
’ 0 .

P. “39. FOX' C. F. and Keith, A. P edS.
Tsukagoshi, N. and Fox» C., F. - (1971a) Fed. Proc.
30 1120. T | - -

I

Tsukagoshis N. and Foxs C."F;”-(197lb;ikﬁiochemistry 10



-163-

Tuborr, “S.  and Hayasaka, S. ° (1972) Arch. Bidchesl

] M - . ! . . ,'
Tuttier Ao L. ~and Gest, H. (1959) Proc. Nati. Acad.
' Sci. U. S. 45 1261.

Uffen, R. L.» Sybesmas C. and Wolfes» R. S. (YQ?l)
Jo Bact. 108 .1348. : S -

van Niel, C. 3. ! (1935) Arch. ‘n}krobioa. g_ 219,
Van Niel, C. B. (194}]) ln-Advanceﬁ lnyénzymoloﬁy 1 4263.
Van Niel, C. 8.° (1944) Bact. Rev. 8 9.
Vatter, A. E. and Walfe, R. 5.(1958) J. Bact. 75 480.

Venable, J. H. and Coggeshall, R. (1965) J. Cetl. Brok.

25 407.
Vernon . »L. P."Shawr E. R.n Dgaua, T. and Raveed, 0.
“(1971) Photochem. Photobiol. 14 343, S o
‘Webers K.  and Osborn, M. (1969) J. Biol. Ch?j{
' 244 4406, ' _ : ‘

W

' : ‘ : NI
We1rs P, E.» Corwins:A. H. and Arellanas R. (1962) J.-0Org.
 Chem. 27 3344 . . y

Williamsaons, D. H. and WflllémSOn. J.F. ‘1958)‘J(_G°0-
Microbiol. 19 ‘1e8. . - . .

Witkinss S. . S. and Gibsons K. D. (1972) 4. Bact.
1o 677. - . . _ : :
Witkinss, S. S. . and Gibsons K.  D. (1972) J. Bact.
110 684. ‘ '

Wordens P. B. and Sistroms W. R. . (1964) J. Cell.
Uurﬂigif Re» Levy, R. and Tessier, G. . (1925) Ann. de
ystol. Physiochim. Biol. 1 298 'as cited by van:

Niel (1941). - |

Zalinskys J.  W.s» Soyka, G. -A;.,and5§o£¥:v H. ,(1971)
' Biochem. Biophys. Res. Commun. 42 955. o

N



