PHOTOSYNTHETIC MEMBRANE MORPHOGENESIS
IN RHODOPSEUDOMONAS SPHEROIDES

by
MICHAEL ALEC SHAW

B.Sc., London University, 1965

A DISSERTATION SUBMITTED IN PARTIAL FULFIIMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
in the Department
of

Cheni stry

(:) MICHAEL ALEC SHAW 1974
SIMON FRASER UNIVERSITY

April 1974



NAME :
DEGREE:

TITLE OF THESIS:

APPROVAL

MICHAEL ALEC SHAW

Doctor of Philosophy

Photosynthetic Membrane Morphogenesis in

Rhodopseudomonas spheroideé.

EXAMINING COMMITTEE:

CHATRMAN:

B. L. Funt

W.R. Richards
Senior Supervisor

‘Stephen K. Lower
Committee

Samuel Arondff
Committee

A.C. Oehiéchiagef

. Committee

CvL. Kemp
Committee

Kenneth D, Gibson
External Examiner

—{i—

)
(s 15174

Datg Approved



PARTTAL COPYRTCIT TICENGE

1 hereby grant to Simon Traser University the right to lend
my thesis or disservtation {the title of which is showh below) to users
of the Simon Y¥raser University Library, and to make partial or single
copies only for such users or in response to a request from the library
of ény other university, or other educational institutiom, on its own
behalf or for one of its users. I further agree that permission for
multiple copying of this thesis for scholarly purposes may be granted
by me or the Dean of Graduate Studies. It is understood that copying

or publication of this thesis for financial gain shall not be allowed

without my written permission.

Title of Thesis/Dissertation:

Photosynthetic Membrane Morphogenesis in

Rhodopseudomonas spheroides.

Author: Michael A. Shaw

(signature)

(name)

August 27, 1974

(date)



Abstract

The pigmented membranes of photosynthetic bacteria
perform functions that are analogous to those associated
with the chloroplasts of eucaryotic cells. Howevers the

composition and morphology of the bacterial organelles are

by no means as complex. Thus the non—sulphur purple
bacteria provide a good modsl system for studying the
process of orgénelle morphogenesis., An additional

advantage is that the morphogenesis can be externalily
controlied by varying the oxygen supply.

Rhodopseudomonias spharoides N.C.l.B. 82%3 was grown

at high {evels of oxygen, and photosynthetic membrane
synthesis was induced by reducing ths oxygen supplye. At
various times during the adaptations cells were harvested
and disrupted., The subceltlular material was fractionated
by \(linear sucrose dansity gradients. Guring the early
stages of adaptation, bacteriochlorophyl! did not appear
in the gradient position typicalq of the normal
.photosynthetlc memgbrane {the chromatophore fraction)» but
tn another fraction termed the prephore fraction. This
new fraction decreased as the chromatophores developeds
and thus appeared to be a chromatophore precursor. This
was later supported by a (U-*4C) vproline labelling
exper iment. Electron microscopic examination, after
negative staining, showed this fraction to <consist of

distinctive spherical structures. The prephore fraction

~{il-



could be produced by various disruptive procedures and
could also be separated from the other subcetlular
components by gel filtration,

The precursor particlies were shown to dissociate into
subunits, These had a simple protein compositions being
composed, to a large extentsof three proteins with weights
of 11» 27, and 40 + or — 2 kilodaltons. . The subunits»
approximately 10 nm in diameters were shown to
hydrophobicalty reaggregate to produce the typical
prephore fraction. Parameters controiling the synthesis
of the prephore wmaterial were determineds and methods
of producing fractions in both the- pigmented and
non-pigmented state were developed.

The nature of the other fractions present in the
sucrose gradient were also investigated. The protein
composition of each fraction was determined by sodium
dodecyil sulphate poiyacrylaﬁide gel electrophoresis. In
agreement wWith previous work» it was shown that the
“"heavy™ (mature) chromatophores resul ted from the
aggregation of the "light™ chromatophores ; in additions
however, aggregation of a small pigmented subunit, derived
from the mature chromatophore- contributed to the
“"heavy"™ chromatophore fraction,

A discrete components tefmed the medium density
fraction» possessed a protein composition wWhich» it

combined With the prephote subunit proteinss» produyce a

~fv--



profile very similar to that of the mature
chromatophorse. This fraction appeared in electron
micrographs as membranous sac-1like structﬁres. A prorposal
that the medium density fraction and thq prephore subunits

combined in vive to form the mature chromatoghores was

subsequently supported by a double 1Jabelling experiment.
This study also indicated that the medium density
fraction was derived from th; aerobic membrane, and the
prephors subunits were synthesised de novo.

The =site of the prephore subunit synthesis was
shown to bes most probabiys the periplasmic space. When
chromatophore synthesis Wwas limited» cells exéretad
pigment bound to lipoproteins.,. The protein composition 6f
this complex was very similar to that of the prephore
subunit, The process of adaptation is now believed to
proceed in the following manner: a reduction in oxygen
supply induces the preferential synthesis of the subunits.
When pigmenteds the subunits combine with a membranous
derivative of the aerobic invaginations frequently sesn in
electron micrographs, This combination together with

additional bacteriochliorophyll synthesis» results in the

formation of the bacterial photosynthetic organelleé.
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Chapter 1.
Introduction.

l. The Development of Interest in Photosynthetuic

Bacter ia.

Pigmented bacteria appear to have been of no special
interest before the studies of Engelmann in the 1880's,
The pigment (the entire pigment system) had been found to
be complex and was termed bacteriopurpurin by Lankester in
1873, These bacteria attained a wuniquse status with

Engelimann's finding that Bacterium photometricum was

capable of photosynthesis and could utitize near infrared
tight. Subsequently numerous species were identified and
media developed for the enfrichment of particular
organisms. Two main groups of pigrented bacteria em;rged;
the. suilphur bacteria, both purple and greens» capable of
growing photosyntheticaily oxidising sulphur compounds and
the non~suilphur purple bacteria which reguired oxidisable

organic compoundse. In 1907 Moiisch proposed the purple

bacteria be combinsed into the order Rhodobacteria and that

it be divided into two familiess Thiorhodacea and
Athiorhodacea, The green sulfur bacteria were placed in
the Chiorobacteracea familye. The majority of

Athiorhodacea were found to be facultative phototrophs and
were observed to lose their pigmentation when grown

asrobicalily wWith organic substrates. A comparison of the
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pigments extracted from bacteria with those from plants
showed the <chiorophytt and carotenoids to be similar
Il Schneider (1934)» Fischer and Hasenkamp (1935) and van
Niel and Smith (1935)]. These findings along with the
extensive physiotogical studies made by van Niel (1941)
allowed him to develop a concept which qnified the process
of photosynthesis in bacteria and green plants. The now
classical formula for the overall process of

photosynthesis was proposed:
€OC(2) + 2H{2)A = (CH(2)0) + H(2)0 + 2A.

Van Nisl further believed that the photolysis of water was
central to all processes of photosynthesis.

These ideas triggered a new interest in these
bacteria. Although photolysis of water is not involved
with bacterial photosynthesiss many features have been
shown to be very similar; Van Niel*s studies may have
been responsible for the present widespread use of these

bacteria in photosynthetic research.

II. The Discovery of Photosynthetic Organelles in

Bacteria

In 1925 Wurmser et at had showed that grinding purple
bacteria released a water soluble pigmented protein.
Lumbimenko (1921) had suggested that the pigments were

protein bound in the cell to explain the change in
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absorption maximum observed after extraction of the
plgments by organic solvents. Katz and wassink (1939) and
French {1940a) also found that disrﬁption of <cells
produced a soluble complex wWith no change in spectral
properties, Still- further evidence that the pigments
existed in combination with protein wWwas provided by French
{1940b) in showing the pigments to be precipitated with
protein by ammonium sulphafe. Pardee et al (1952) appear
to have made the first full investigation of material
released frdm bacteria by grinding with alumina. These
Wworkers were surprised to finds, after an
uitracentrifugation study» that the pigment of

Rhodospirillum rubrum (fam. Athiorhodaceae) wWas bound to

large particles. They estimated the molecular weight to
be 30 million daltons. They had expected to f.ind a
soluble low molecular wetght pigment-protein complex» as
initial light w@icroscopic examination had shown the
pigment not to be localized as was the <case in algae,
Subsequent electron microscopic examination showed,
however, disk~shaped structures With an apparent diameter
of llQ nm. As the sedimentsation data gave a minimum value
of 40 nm they assumed the disks were derived from
flattened spheres of about €60 nm. They stated "Since they
{the spheres) do not possess the structural complexity of
typical chiloroplasts, it seems most appropriate to

designate them as tchromatophores?'™., This work was
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described in more detail in a second paper (Schachman et
al, 1952).

et

Schachman et al (1952) had suggested that the true
struéture of these intracellultar macromolecules could be
obtained by a careful comparison of extracts prepared
using different disruptive techniques. Newton and Newton

(1957) found that three disruptive techniques produced the

same chromatophores from Chromatium strain D {(fam.

Thiorhodaceas). in addition they observed that
homogenization of chromatophores in media of Jlow ionic
strength released protein and pigment. They estimated the
diameter of Chromatium chromatophores to be about 100 nm;
however, after sonication about 25% of thes pigment ués
contained in particles only about 40 nm in diameter. The
release of chromatophores was maximum during the early
period of cell rupture but the smaller particles becanme
more abundant wWith increasing sonication. They suggested
that the smaller particles were produced by degradation of
tha chromatophores. This explanation does nots howevers
account for the smaller '555' component observed by
Schachman et al (1952). These workers found that when R,
fubrum was grown aerobically in the darks chromatophores
were not produced but smaller pigmented structures were
found. The significance of these particles was not

under stood. The interest shown in chromatophoress

follouing' their discovery, was probably partially due to
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the demonstration of their photophosphorylating abilitys
[Frenkel (1954) and Kamen and Vernon (1954)1; they were

thus functional Lﬂ vitro. Thus it was induced that the

chromatophore was a membranous vesicle i vivo and was a

structure characteristic of photosynthetic bacteria.

111, Ideas as to the Structure of Photosynthetic

Membrane i vivo

S—

Advances in electron microscopic techniques allowed
Vatter and Wolfe (1958) to examine sections of
photosynthetic bacteria. Photosynthetically active cells
of R. rubrum contained numerous membrane bound vesicles
50 to 100 nm in diameter. These were not present in

asrobically grown celis. The vesicles of Rhodopseudomonas

spheroides (fam, Athiorhodacea) were slightly smalier
than those of R. Rubrum (40 to 80 nm in diameter). The
obvious conclusion was thét the structures seen in cell
sections were equivalent to those isolated by Schachman et
al in 1952. Karunairatnam et ai (1958) found that removal
of the cell wall left pigmented protoplasts. Their clainm
that chromatophores wWere bound to the cytoplasmic membrane
was supported by Tuttle and Gest (1959) who found
that osmotically lysed protoplasts did not release
chromatophores. The question then arose as to how these

studies could be reconciled with the results of Vatter and

Wol fe (1958)» which showed chr omatophores to be dispersed



throughout the cytoplasm.

The question as to whether the photosynthetic
apparatus consisted of a membranous continuum or discrete
bodies was tackled by Boatman (1964). Sections of

spheroplasts of R. rubrum allowed the connections between

chromatophores and t he cytoplasmic membrane to be
visualized., Connections between chromatophores nere
seldom seean. Boatman suggested that if such connections

existed> they were either smalils or broken during sample
preparation, Thus the problem was only partially
resolved., Since the evidence for a continuum was based on
the results of osmotic lysis of protdplasts, the
possibility existed that chromatophores remained trapped
inside the cytoplasmic membrane. Neither Fuller (1963)
nor  Gorchein (1968c) Was able to excludé this
possibitity. Further» Gibson {(1965a) showed that numerous
factors would cause chromatophore aggregation. Work with
R. spheroides demonstrated that the standard osmotic
lysate Wwould not produce non—aggregated chromatophotes
even after passage through a French pressure cell. This
was also found to be the case by Gorchein (1968c). It

thus threw doubt on the evidence of a continuum based on .

osmotic lysis techniques. There wWerer» howevers other
lines of research that supported the concept of a
continuous membrane systam, Cohen—Bazire and Kunisawa

{1963) found that brief sonication of R. rubrum yielded
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inhomogenous pigmented material while a Idnger treatment
increased the yield of typical chromatophores. They found
that both the cytoplasmic membrane and the vesicles had a
similar appearance in sections and further, that
peripheral vesicles were continuous with ihe cell
membrane, These workers believed that free chromatophores
might be formed by breakage from the <cell membrane at
points of weakness. Perhaps the strongest evidence for an
interconnected system was producad by Holt and Marr (1965a
and b)), They argued that if chromatophores were free in
the celil, they should be released at a rate equal to that
of | cell disruption. Both sonication and ballistic
disintegration studies showed this was not the case,
Using stereo—electron microscopys connections bstween the
vesicles of R. rubrum could be seen. Tubules could be
seen originating from the periphery of ¢the <ceill and
occasionally bulging to fo}m spherical vesicies, The
cells used for this study weres howevers subjected to
sonication to remove the cytoplasm so artefacts might have
been produced.

There havé been ftew ideas as to the nature of
interconnections betwesn vesicless although the assumption
has been generally made that the connecting membranes has
a similar composition to the chromatophores. Gibson
(1965a) found that although irreversible aggregation of R,

spheroides chromatophores was produced by the standard



osmotic lysis proceduress the cells could be iysed
osmotically wunder conditions that did not result in
chromatophore aggregation. With the l;tter technigues
howevers, still only about 5% of the pigment was released
as chromatophores.- This led Gibson to suggest (1965b» c)
that chromatophores were eitther aggregated in vivo or that
pigmented core particles existed in a lipid matrix. The
work of Gorchein {1968c) supports tha concept of some type
of matrix. Electron microscopic examination of membranous
fragments from iysed R. spheroides cellss after negative
staining» showed discrete areas with different staining
characteristics than the surrounding material. The
finding that fenestrations of similar size to these areas
also were present caused him to postulate that these areas

were chromatophores in situ. It thus appears =as if

chromatophores do exist in a matrixs, possibly of high
tipid content. This would explain the absence of
interconnections in most electron microscopy studies; the
lipid being lost during the embedding procedure. The

questions as to the in vivo state of the photosynthetic

membranes of R. spherotdes and R. rubrum, clearly is not

vet fully resolved, and the possibility remains that there

are significant differences between these two species,

IV. Terminology

Since the original term “"chromatophore” was
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introduced several alternatives have been suggested.
Kamen (1963), tinding chromatophores to be produced as
discrete bodies only after vigourous cellular disruption:
propdsed the term "chromatophore fragment". This term has
not been widely adopteds perhaps because of connotations
With subchromatophore pasticles. In ihe same year Menke
suggasted the term “thylakoid" to describe the lamellar
structure seen in some photosynthetic organisms. This

term is widely used to describe in vivo pigment bearing

membranes in plants. The term "pigmented hambrane
fragments"” was proposéd as an alternative to
chromatophores by Stanier (1963).

I favour the tarminology suggested by Peters (1670),
The particuiate pigmented materials isolated after
disrubtion, is termed the chromatophore fraction. The
membrane bound system of internal vesicles and
invaginations of the cytoplasmic membrane, as observed in
cell sectionss is termed the thylakoid. I will refer to

an individual pigmented vesicle in vivo as a chrcmatophore

and employ the term thylakoid to describe the entire in

Vvivo network.
V. Is the Chromatophore Pigment Content Constant?

The classic work of Cohen-Bazire et al (1957)» showed

the pigment content of nbn—sulphur purple bacteria to be'

related to ‘light intensity and oxygen <content of the
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medium. The question then arose as to whether increased
pigmentation resulted from increased thylakoid membrane,
an increased pigment content of the membrane, or from both
mechanisms, Cohen-Bazire and Kunisawa (1960) approached
this probiem by analysis of different chromatophore
fractions isolated from cells of | different pigment
content. They found cells yielded> depending on the mode
of disruption, between one third and one halt of their
chliorophyll as a crude chromatophore fraction. They
conciuded that the number of ;hromatophores per ceil was

essentially constant and that they varied in <chlorophyll
content. Their finding in 1963 Wass however,
contradictory. Examination of thin sections of R. rubrum
showed an increass in chrométophores with increased
chiorophyli content of the ceil. This conflict between
the two types of svidence was also found in R. spheroides

{gull and Lascelles 1963) and in Rhodosprillum

molishianium by Gibbs et af (1965). Worden and Sistron
(1964}, however, found that the yield of chromatophores,
increased with the cellular pigment content. This was
supported by Hollt and Marr in 1965. These workers found

that cells emptied of cytoplasm yielded membranes with a

constant chiorophyli content. They concluded that
cellular pigmentation in R, rubrum was regulated by

changes in the quantity of membranes of a fixed

composition. They attributed the high protein-to-pigment



ratios» found by previous workers with celis of low pigment
contents to have been due to contamination by ribosomes.
The previous paradox was investigated in 5; spheroides by
Gorchein (1968b). His work supported that of Holt and
Marr (1965); the thylakoid system -appeared to be a
stoichiometric complex of proteins and pigments. Gorchein
showed that, unless carefully purified> the chromatophore
fraction from «cells (espec;ally those of low pigrent
content) were contaminated by cell wall fragments,
ribosomes and cytoplasmic membrane. Ketchum and Holt
{1970) found an ow8xception to the constant ratio of
pigments and proteins in a purified chromatbphore
fraction. Stationary phase R. rubrum cells showed twice
the concentration of chlorophyil ncrmally characteristic
of chromatophores from growing celis. They suggested.that
this was the result of preferential protein synthesis
inhibition in the stationary phase. Their wWork implied
that the concentration of pigment in the chromatophore s
not regulated by stoichiometric considerations but by a
close coupling of pigment and protein synthesis. Such s
coupling had been demonstrated by Bull and Lascelles

{1963) and more recently by Brown and Lascelles (1972).
VI, Heavy and Light Chrcematophores

Many workers have obssrved that the centrifugation of

disrupted cell]l membranes in a sucrose density gradient
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results in the production of two pigmented  bands.

Cohen-Bazire and Kunisawa (1960) described the bands

produced by material from R. rubrum as the "heavy
particle fraction" and the “purified"™ chromatophore
fraction, The heavy fraction scattered 1{Jight and

contained a lower specific chlorophyll content than the
"purified" band, However, this fraction always contained
at least half the pigment in the gradient. Treatment with
pancreatic lipass followed by recentrifugation was shown
to result in the formation of more “"purified” (light)
chromatophore fraction. This treatment caused the loss of
the photophosphorytation activity, so the initial |light
chromatophores were considered the most highly purified
functional material; Worden and Sjstrom (1964) working
with R, spheroides noted that the position of ths heavy
fraction in the sucrose gradient var ied depending on the
growth conditions they had usede. Anailytical
ultracentrifugation showed that, unlike the light
fraction, this fraction was hetereogeneous. It was found
to contain a large amount of RNA and higher leveis of Bchl
relative to the <carotenoids. Interestinglys the long
wavelength form of Bchl (B870) was enriched in the heavy
fraction; yet conversions, by French pressure cell
treatment, to the light fraction eliminated this
difference. The spectral differences between the two

fractions were at that time not believed to be artefacts
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"since they appeared to be intrinsic properties of these
materials, They concluded that the photosynthetic
apparatus has two distinct forms within the ceil. They
suggested that the heavy fraction was derived from the
cell membrane as it predominated in ce‘ls of low pigment
content. This rationalized the production of light
chromatophores from this fraction but does not seenm
totally consistent with their finding that a mutant strain
{Ga) produced only small amounts of heavy fraction. Holt
and Marr (1965) working with R. rubrum showed that the
heavy fraction <contained 1Jarge membrane fragments and
almost intact cell envelopes. Thus this fraction
contained» rather than was derived froms cell emembrane,
Gibson (1965b) provided an explfanation as to why the
chromatophores sedimented with two apparent densitfes-' He
demonstrated that the heavy fraction obtained by previous
workers was produced by cﬁromatophore aggregation caused
by divalent cations. Centrifugation using the same
procedure as had been used by Worden and Sistrom, but with
the omission of magnesiums produced a single (light) band.
The work did not explain the differeant spectral properties
of the two fractions but clearly demonstrated that if two
forms of chromatophore existed the difference was in
susceptibility to aggregations not in bouyant density.
This finding» however, did not inhibit further study of

the heavy fraction, Ketchum and Hotlt (1968) produced 3
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heavy fraction using esther sonication of osmotic shock
treatment of light chromatophores, fol lowed by
recentrifugation on a sucrose gradient.. They observed
that protein was reieased from the i ight fraction materiai
at the same rate és the heavy fraction was formed. This
Was interpreted as evidence far the chromatophoras to be
three—dimensionalily complete vesicles. They did not show,
howevers that they had not ;ncreased the susceptibility of
chromatophores to aggregate. Hansen and De Boer (1969)
believed that <cation <concentration was not the most
crftical factor in heavy fraction formation. These
workers believed that the pelleting of material prior to
gradient centrifugation was the major cause. This wa#
supported by the isolation by Ketchum and Holt (1970) of a
heavy fractior in the absence of magnesium» using FRrench
pressure celi disrupted R. rubrum. The Bcht content of
the fraction was reduced however. A similar tinding was

made by Niederman and Gibson (1971) with R. spheroides.

In the presence of (10-2 M) magnesium~ion ,pigment was
distributed almost equally between the heavy and {light
tractions, In the absence of magnesium—ions halft the
chromatophores were lost from the heavy fraction: further
omission of Tris buffer {10-2 M) resulted in a total loss
of chromatophores from the heavy fraction. AVt that
remained was cell envelbpe material, Single chromatophore

bands have also been produced by other types of gradients.
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Gibsoh (1965a) used cesium chiloride while Oelze et al
(1969) used Ficoll.

It appears, therefore, that there is only one type of
chrohatophore fraction. Much of the confusion in the
literature regarding the nature of subcellular fractions
stommed from the diverse preparative techniques employed.
Although <correlation between results of different groups
was made difficult, the problems caused the evolution of
techniques producing good separation of subcellular
structures. Niedermann and Gibson (1971) showed that
highly purified ribosomail, chromatophore and cell) envelope
fractions could be isolated using a single continuous
sucrose density gradient. A good separation of
chromatophores from. cell membrane is a prereguisite for
the investigation of the relationship between these

components,
Vil. Subchromatophore Particles

Many membranes have been shown to possess @ subunit
structure by X-ray and freeze etching studies. The
existence of such subunits is obviously of great interest
with regard to chromatophore morphogenesise. 1 shall
briefly review svidence for the existence of
subchromatophofe particles gither fouhd after cetl

disruption or observed in situ. I feejl that such

particlesv are better candidates for i vivo subunits than

— qu————
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those produced by chaotropic agentss as the latter may not
be natural associations of protein components.
Comparatgve studies wWith a variety of chaiotropic agents
have been of great value in wunderstanding chromatophore
structure and will be discussed in the next sectione.
Newton and Newton (1957) proposed that the

chromatophores of Chromatium consisted of identical

macromolecuiar subunits. Sonication, grinding with glass
beads or Hughes press treatment converted the 100 nm
chromatophores te 40 nm particlses. A five minute
sonication converted about 25% of the chromatophores to
this relatively targe subunit. 1In 1959 Bergeron proposed
that subunits were held together by disulphide bonding.

This was supported by Newton (1960) after an immunological

study of R, rubrum chromatophorses. Low and Afzelius
(1964) examined R. rubrum <chromatophores by electron

microscopy after negative stéining. These chromatophores
were coversd with stalked particles of the same dimensions
as the "elementary" particles of Green (1964). It seemed
probable that the chromatophores were composed of several
types of subunit.

In 1964» X~ray studies by lLangridge et al indicated
that R. spheroides chromatophores were hollow spheres
with a mean shell radius of 29.5 nm. The data was further
interpreted to suggest that the shell consisted of 5 nm

subunits, Similar 5 nm particles Wwere reported by Holt
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and Marr (1965a) during studies of R. rubrum
chromatophores by electron microscopy. These particles
were linearly spaced at 10 nm intervals, .As these workers
included magnesium ions in their buffer solutions it seems
possible that these.particles may have been "“elementary"
particles, They speculated that the particles might be
the loci of the photosynthgtic pigments, Interest in
chromatophore substructure was stimulated by the report of

chloroplast subunitss the quantosomes of Park and Biggins

(1964).
A pigmented partic[e much smalier than the

chromatophore wWas described by Gibson {(1965a). In
material produced by French pressure cell disruption bf
anaerobic cells about 15% of the pigmrent sedimented with
these structures,. A targer percentage was noted in
material prepared from cells adapting semiaerobically in
the dark, Gibson suggested that this might indicate that
chromatophores formaed under these conditions may have been
more susceptible to comrpinution than "anaerobic"
chromatophores, It is tempting to speculate that these
“semi~aerobic"™ subunits might be similar to the subunits

described in this thesis. An interesting study of the

subunits of the purple sulphur bacterium Thiocapsa
fioridana was made by Takacs and Hoil t in 1971.

Freeze-fractured chromatophores showed 6 - 8 nm particles

on the concave surfaces, wWwhile the convex surfaces were
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relatively smooth. In an accompanying paper they describe
the complete solubilization of the membrane into subunits
followed by the feassociation into structures
morphologically and functionally resembling the original
chromatophores. The subunits were of the same size as
those shown in the freeze-fracture study. Each subunit
was itself composed of five spherical subunits with an
average diameter of 2.0 nm. Their technique shows great
potential in investigating chromatophore structure and
perhaps morphogenesise.

Reed and Raveed (1972) probably made the most

detailed study of the chromatophore subunits in situ.

They found that removal of the 9 nm ATPase particles had
no apparent effect on the remaining subunit structure.
Freeze fracturing the chromatophore membranes of R.
spheroides R26 showed ¢that a Iayer of 13 nm particles
existed directly above a sheét of 5 nm vparticles. The
farger subunits were of the same size as the purified
reaction-center particles they had previousiy ‘isolated
{Reed et al 1970). The 5 nm units had been shown te
contain the light-harvesting pigment and were clearly the
particles described by Menke {1967) and Langridge et al
(1964),

It would thus appear that there is little evidence
for the existance of subunits as free entities in the

celi, Chromatophora subunitss, howevers have been shown to



exist in situ. Their arrangement in the <chromatophore
membrane and functions have besen now determined largely as

a result of work of Reed and co~workerse.

Viil. Further Work Towards a’ Model of the

Chromatophore Structure

The building of a model of the chromatophore membrane
requires two types of data..\The composition must be knoun
and the location of ths constituents within the structure
must be determined. The compositional analysis can be
divided into two classes: broad quartitative studies and
detailed assays for minor components and indi&idual
enzymes. This thesis is concerned primarily with the
structural aspects of the chromatophore rather than its
functioning, Minor componentss such as ornithine flipid,
will only be discussed in reference to their progposed
structuratl or morphogenic functions.

Most workers have obtained data with different
objectives in view; this makes for an untidy historical
account, I propose to simply do a revisw by listing
different types of data obtained with only one organisms

R. spheroides {(Table ). The use of a wide variety of

organisms has diluted thes data that can be used for
building a mode! but provides a means of viewing
photosynthetic bacteria with greater perspective. Ancther

problem was pointed out by Lascelles in her review "The
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Gross compositional data for the chromatophores of R. spheroides,

Component Values *
Size (diameter) %40-80 nm f
57 = 3% (nm) c
60 nm g
Wall thickness 6 nm g
8 nm e
Weight (dry) 30,000 kD c
38,000 kD g
Weight of protein 18,000 kD c
(dry) as a % of 644 b
total weight. 62% d
58% a
T4% (28,000 kD) g
Lipid 3.6 mg/mg Bchl ¢
Phospholipid as a 25% b
% of total weight 20% 4
25% a
Carbohydrate as a 1.1 mg/mg Bchl ¢
% of total weight 4% d
4 .24 a
Bchl (Variable 4.6% b
depending on 7.3% d
light intensity) 4.3% a
16% g
Carotenoids as a 1.1% a
% of total weight 5% g
Nucleic acids as 0,94% a
a % of total 0.15% d
weight 0.38% b.
0.005 mg/mg Bchl ¢

#References

a Bull and Iascelles
(1963) -

b Fraker and Kaplan

(1971)

¢ Gibson (1965 a
and b)

d Gorchein (1968a)

e Menke and Weichan
(1968)

f Vatter and Wolfe
(1958)

g Worden .
and Sistrom (1964)
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Bacterial Photosynthetic Apparatus™ (1968); this is the
lack of firmly established criteria for assessing
chromatophore fraction purity. Differences in disruption
techﬁiques, harvesting procedures and buffers can
profoundiy alter the resultss as mentioned' preViously.
This has the advantages however, of making agreements in
data from diffsrent groups more valuable and disagreements
useful in pointing to procedural artefacts.

Perhaps some of the most valuable work with regard to
the structure of the chromatophore has been performed with
detergants. Procedural variations are particularly
pronounced» however, and have hindered the corrslation of
results needed for building a consistent model of the
chromatophore, A model wWill be described based on that
proposed by Slooten (1972). It will be correlated to the
subunit structure determined by Reed and Raveed (1972).
For a broader picture of the properties of the bacterial
chromatophore the reader is referred to reviews by
Lascelles (1968) and Oelze and Drews (1972).

Langridge et al (1964) attempted to unite
quantitative data with the overall dimensions‘ of the
chromatophore obtained from X-ray scattering data. Little
information was obtained by this approach but it was
useful in that it was shown that the chlorophyll molecules
could not be accommodated as a monolayer. They also

observed‘ that the number of photo-bleachable
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bacteriochlorophyli moiecules (P870) were constant on a
chromatophore basis although the (ight harvesting form
varied. It was proposed that chromatophores contained a
fixed number of photosynthetic wunits 'with a constant
reaction-center chiorophyli content. The work of Worden
and Sistrom ({(19€4) also resulted in this conclusion,
Aagaard and Sistrom {(1972) showed that thev ratio of the

total Bchi to the reaction-center Bechl varied with the

specific Bchl content of the cells in R. spheroides. In
Re rubrum the size of the photosynthetic unit was almost

invariant. A model of the photosynthetic wunit in R.

spheroides must thus allow for variability in the amount

of fight—harvesting chlorophyll.

In 1958 Bril made a spectral study of non-ionic
detergent-treated chromatophores of R. spheroides. The
work indicated that pigment-protein complexes may have

been liberated by this technique. Gibson (1965¢c) showed

that treatment of R. spheroides chromatophores with bile
salts reduced their sedimentation coefficient frdm 160 to
120 s. He calcuiated that this could have resuited from
the removal of an outer lipid layer between 2.5 and 5.5 nm
thick, The <chlorophyll spectrum was almost unchangeds,
indicating the pigment was still attached to the protein,
The work of Menke and Weichan (1968) showed that the bile
salit treatment may have had a more compliex effect. Their

electron microscopy and X—ray studises of the chromatophore
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membrane showed a 4 nm lipid layer but that it appeared to
exist inside a protein shelil,

In 1941 Smith used detergent fo fractionate
chloroplasts. Subsequently numerous studies were made
with various digeétive techniques résulting in ;he
isolation of the ¢two plant systems; these have been
reviewed by Boardman (1970). These studies may have {ed
Olson to use detergent; as a means of digesting

chromatophores to produce subunits. Oison isolated a

pigmentQprotein caomplex from Chioropseudomonas ethylicum

which he showed to containifive molecules of Bchl and a
protein with a molecular weight of 35 kD. Since this work
a great variety of techniques have been used in the study
of chromatophore structure. 0One of the main aims has been
tp produce a small, and thus analysable, unit capable of
photochemical activity. By this méans it is hoped that
insight into the spatial relationships betwWeen the
ptgmentss proteins and siectron acceptors might be gained.
Perhaps the majority of work has besn performed using R.

spheroides or R. rubrum (both wWild type and mutant

strains). The production of a model of chromatophore
shbstructure is now possible although it is far fronm
complete, This has been achieved by an increased
understanding of the effects of different chaotropic
agents.

In 1970 Loach et al developed a method in which
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chromatophore lipid was alwmost completely displaced by
Treton, The procedure employed an alkaline solution of
Triton X100 and wurea. The resulting subchromatoghore
(AUT) particles ccentained all of the pigments and had an
apparent particle weight of 150 + or - 50 kD. The Bcehi
spectrum remained essentiatly unchanged and the particles
possessed the ability to photooxidize PB70. These workers
claimed that this work was the first strong evidence for a

photoreceptor subuntt in vivo. The AUT particles were

estimated to contain 50 Bchl molecules and wWere believed
equivalent to the 5 - 8 nm particles seen by electron
microscopic examination of chromatophores. Interestingly,
removal of Triton resulted in the reaggregation of these
particles to form structures of similar appearance to
chromatophores, The AUT particle contained both the light
harvesting and reaction-center proteins.

various techniques have been used to digest membranes
to their individual proteins. Delze et al {1969)
investigated the protein composition of R. rubrum
chromatophores using a phenol/tformic acid mixture at low
pH. Atter digestion the proteins wers resolved by
polyacrylamide gel electrophoresis. A method of
calibrating this system to determine the molecular weight
ot the proteins was dascribed by Biedermén (1971a). In
the last few years, the analysis of protein composition

has been performeds aimost entirely» by sodium dodecyl
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sulphate polyacrylamide gel electrophoresis {(SDS-PAGE).
The moleculiar weights of the light-harvesting and reaction
center proteins, as determined by various éroups: is shouwn
{Table II1).

The effects ofra variety of chaotropic agents on
proteins liberated and on the pigment protein
interactionss was examined by Kim (1970)» wusing C.
ethylicum. A similar study was made with R. rubrum by
Beiderman (1971b). These studies showed that the
properties of the libesrated complexes were strongly
influenced by the type of digestion technique employéd.
This was demonstrated with a singlie detergents, SDS, by
Feher et at (1971). At a low level (0.1%7) of SDS, a
reaction-center preparation was split into two components,
The farger of these (37 + or - 3 kD) remained
photochamically actives the othef Was unpigmented (28 + or
- 2 kD). When 1.,0% S0S was useds, the larger particle was
further dissociated and the photochemical activity was
lost, Clayton and Haselkorn (1972) showed that the
-proteins of the pigmented subunit were lost if the .sample
was boiled with 17 SDS for longer than one minute. An
ihteresting comparative study of chromatophore proteins
from different species was also made by these workers.
The reaction-center of a carotenoidless mutani of R.

spheroi des {R26) has been shown to contain a

characteristic protein triad. The three components (19>
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Table II

Light harvesting and reaction center plgment protein complexes prepared from

* R. spheroides wild type. #* R. spherolides R-26. ### R, gpheroides Y.

R. spherolides.

Workers Method of digestien Resolving Molecular weight (kD)
technique Reaction Light
center harvesting
# Clayton and o.
Haselkorn (1972) 1% SDS,100° x 1 min. PAGE 27, 22, 19 11
* Slooten (1972) 0.3% SDS 25° x 120 min. Sucrose density 200 '9-10
gradient
Method of -
__bmmom mm al 1.5% Triton 6M urea, Sucrose density 120
(1970) pH 11 ’ gradient
* Segen and Gibson 1% SDS,100° x 10 min. PAGE 31.5 9.9
(1971)
# Fraker and 2-chloroethanol pH 2.2  PAGE 27 9.7
Kaplan (1971) ?
## Feher (1972) 1% 1DA0 then 1% SDS,65°  PAGE 28, 23, 21 -
## Clayton, Szut 14 Triton  100° Sucrose density 107 . -
and Fleming ! gradient
(1972)
#% Reed and Raveed 1% Triton  100° Gel filtration 440 25
(1970) .
### Jolchine and 0.1% CTAB,25° x 60 min, Gel filtration 153 -

Relss Husson
(1971)
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21 and 27 kD) were apparently present in equimolar ratios.

This triad was found in R, rubrum, Rhodopseudomonas

capsulata, and Rhodopseudomonas palustris but not in

Rhodopseudomonas gelatinosa or in» Rhodopseudomonas

viridis. All of these species» howevers contained a major
chromatophore protein with a weight between 10 and 15 kD.
This was usefu! as it showed that many of the organisms
used in studies ot morphogenesis wWere fairly clcsely
related phylogenetically. Smith and Du§ {1972} compared
the amino acid compositions of the reaction-center protein
of R. spheroides and R. tubrum and found them very
similars if not identical.

In 1972 Siooten attempted to produce a model «of a
chromatophore photosynthetic unit which would embrace his
findings and those of other Wworkers. The model grovides a
good basis for conceptualizing the chromatophore
substructure, The findin§ of one PB70 Bchi {the
photo-bleachable <chlorophyil molecule in the reaction
-center) per 600 kD of protein defined the photosynthetic
unit size in terms of protein., fhe assumption was made
that the different digestion techniques dissociated this
unit into different fragments. Reéd et al (1970) had
obtained subunits with a value of 440 kD per P870 while
those produced by Loach et al (1970) contained between 100
and 150 kD per P870. The reaction-center particles of

Stooten had a value of 200 kD per P870 and could be
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reduced to 120 kD by the AUT treatment of Loach (1970).
Feher et al (1971} had shown these to be convertible into
two wunits wWwith weights of about 20 kD. The model
ratidnalized the otherwise confusing results obtained from
these experiments. A diagrams based on the model proposed
by Stootens is shown in Figure 1. In Figure 2 the modsl
has been rearranged to allow for the spacial relationships
found by Reed and Raveed (1971). The ATPase particles
should probably be incliuded in Slooten's subunits as
magnaesium-ion was inciuded in the buffer used to isélate
the chromatophores. Reed and Raveed estimated that -the
particles had a mcolecular Wweight of 300 kD and showed them
to be dissociated from the chromatophore in the absence of
this cation,

‘Slooten proposed that ¢the reaction-center pigment-
protein complex might resembie the light harvesting
pigment—protein complex in its protein to pigment ratio.
This w#ould certainly be attractive from an evolutionary
standpoint. Stooten found the bulk of “the Bchi to be
associated with protein with a weight of 150 kD. As his
chromatophore preparation coniained 30 molecuies of light
harvesting chlorophyll per P870 it seems likely that the
10 kD tight-harvesting proteins are each associated with
two chiorophyti molecules. Clayton and Cfayton (1972)
found light-harvesting protein had a chlorophyil content

of 17Z. This would support the figure of two chiorophylls
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Figure 1

Model of photosynthetic subunit based on that

of Slooten (1972)

Key to fig.

kD = kilo Daltons

a. Digestion by 2 chloroethénol, Fraker and Kaplan (1972),
or by Triton x 100, Reed et al (1968,1970).

a

b Treatment with 1% SDS, Fraker and Kaplan (1972)

¢ Digestion by urea, Triton x 100 at pH 11.0,
Loach (1970) |

d Digestion by SDS or CTAB, Feher (1972)

e Digestion with urea, Triton x 100 at pH 11.Q, Clayton
and Haselkorn (1972) '

f Subsequent digestion with 0.1% SDS, Feher (1972)

g Further treatment with 1% SDS, Clayton and Haselkorn
(1972)

ILH = Light harvesting pigment proteins. -

RC = Reaction center pigment proteins.



-26b-

Figure 1.
(Molecular weights kD protein
per P870. Pigment *.) gg LH
9 10110110110410}10
10{10]10}10}10{10
27 _
00 280
probably ATPase.
80

X
120 kD a b
> 3%
> IH —s— O
10 kD #*
% [100-200 kD | y )
—_—C s LH and RC
¥
40
00 d 00| © %OL f 0] & pn
kD R B R R /2 I o
80 {ia]
q<

Model showing the various ways in which digestion has

been shown to disassemble the photosynthetic unit in

R. spheroides.




per 10 kD protein. The reaction-center has been shown to
contain four moleculss of Bchi and two of
bacteriopheophytin [ Mauzerail (1972), Reed and Peters
(1972) and Straley et al (1973)1. If the value of 37 kD
1S usedrie the pigmented reaction—center protein weight of
Feher ot al {1971)s then a similar ratio to the tight
harvesting protein is obtained. The idea thaf- the
reaction—-center protein is a multimer of the 10 kD light
harvesting protein is not supported by a comparison of the
amino acid center protein (Feher 1971). The similtar
ratios might indicate a common evolutionary origin of
these proteins.

The model shown in Figure 2 is obviousty far from
completo: little is known as to the distribution of the
lipidss the locations of the minor components, or the
functions of the wunpigmented proteins (other than the
ATPase unit), It does> howeQer» provide a reference point
for still further analysis and is obviously useful to the

understanding of chromatophore asssmbly.

IX. Ideas as to the Mechanism of Chromatophore

Horphogenesis

The study of <chromatophore morphogensis in purple
: non-sulphur bacteria is attractive because the whole
process can be manipulated by an easily controtiable

parameter; the oxygen suppiy. Cells can be grown at high
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Figure 2. Models of the photosynthetic unit.
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oxygen levels to produce cuitures with negligible pigment
content. A low level of oxygen will induce chromatophore
synthesis. Cells can pe studied throughouf the adaptation
to determine the sequence of compositional changes that
result in the production of the thylakoid system. This
procedure has been used by numerous workers. An
alternative technique relies on chromatophore synthesis
induced in photosynthetic ‘cells by decreasing the light
intensity. Most of the current ideas as to the origin and
development of chromatophores have resulted from a study
of adaptation by electron microscopy of the cells er by
following the incorporation of a radioactive subsfrate.

This survey will be essentially confined to work with R.

spheroides and 5: rubrum; species with similar
chromatophores and similar - pigment-bearing proteins

{Clayton and Haselkorn, 1972).

The origin of the chromatophore was probably first
investigated by Vatter and Wolfe in 1958, Their
examination of thin sections of R, ‘fubrums howevers
prpvided no solution. They stated the problem that
numerous subsequent wWorkers have attempted to answer:
"The g#echanism of this (chromatophore) synthesis ts
unknown. Are chromatophores formed simultaneously
throughout thé cytoplasm or are they formed from one or a
few sites?®

In 1959 Hickman and Frenkel {1959a) concluded that
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the chromatophores in R. rubrum were not produced by
pre-existing chromatophores, In an accompanying papser
{1959b), these workers ftound that disruption of cells n
the .initial stages of adaptation did not release
chromatophores but pigmented particles 2.5 nm in diameter.
They postulated these structures to be the building blocks
from which the chromatophores were formed. At this time,

de novo synthesis was supported indirectly by the finding

that pigment and protein synthesis were closely associated\

[ tascelles ({1959) and Bull and Lascelles {1963)). This
idea was obscured by the finding of a relatively constant
protein content in the chromatophore fraction of adapting
R. rubrum cells [ Cohen-Bazire and Kunisawa (19€3)].
These wWorkers interpreted ¢this finding as evidence for
chroﬁatophores being produced from pre-existing membrane.
Their idea was supported by'their tfinding that cells of
low pigment content contained chromatophores only around
the periphery of the celi. They madse the observation that
vesicles appeared continuous with the cytoplasmic membrane
in some sect}ons; and proposed that a reduction in oxygen
tevel caused a differential synthesis of special proteins.
Thess were ‘incorporated into the cytoplasmic membrane
causing its expansions and eventually resulted in
intrusions into the cytoplasm. This idea was supported by
the studies with osmotlbally lysed spheroplasts that were

used as_ evidence for chromatophores being a continuous
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membrane system. Gibson, as mentioned, showed that these
experiments were not conclusive., Furthers» he was critical
of the electron microscopic evidence and suggested {1965d)
that the *“pbudding” vesicles wmight have resulted from
fusion of separate vesicles with the cytoplasmic membrane.
Gibson thought that the peripheral vesicles might,
alternatively, represent aerobic structures a8s similar
invaginations ﬁould be observed {in non photosynthetic
bactera. This he proposed would explain why a greater
number of cytoplasmic membrane inVaginations could be seen
in aerobic as compared to anaerobic cell sections. The
small distribution of chromatophore diameters (about 77)
and the rarity of chromatophores that were not spherical
caused Gibson {1965d) to conclude that binary fission did
not occur and that de novo synthesis was more probable as
their mode of protiferation. This, it was suggested,
could only be settled by a' more dynamic approach than
electron microscopy. Peters and Cetlarius (1972)>»
howevers retained the idea that chromatophores were
produced by the modification ot the cytoplasmic membrane,
They described electron microscopic observations as
indicating that invagination was foliowed by constrictions
proli feration and branching resutting in the thylakoid.
They agreed with the work of Oelze st al (1969) in the
finding that pigmrent was synthesized before invaginations

{presumably nonaerobic) occurred. In 1969 Drews et al had
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shown that the production of Bchl did not parailel
membrane morphogenssis in R, capsulata. Peters and
Celtarius (1972) believed that once vesiélés Wwere being
produced, the subseguent pigment ‘incorporation was
probably stoichiomefric. They founds interestinglys that
energy transfer and reaction-center activity occurred at
very low pigment concentrations. Calculations of surface
area and pigment content‘favoured the idea that pigment
was incorporatsd non-uniformly into specific sites., .The
fact that they found the photochemical efficiency at low
levels of pigmentation to be equivalent to that in fully
pigmented cells also supported this idea. Gibson et al
{1972) found that chromatophoress bound to the cell
envelopes could be separated from chromatophores which
they beilieved to be free in the cell. As will be further
discussed, labelling studies indicated that bound
chromatophores Were not precursors to the free
structures, The concept that chromatophores are produced
by direct modification of the cytoplasmic membrane thus
cannot be considered established.

The wuse of labelling techniques has certainly
érovided more useful biochemical information than electron
microscopic studies and has provided a picture as to the
compositional modifications involved in chromatophore

morphogenesis. In 1963 Bull and Lascelles showed that

adaptation involved more than a reorganisation of existing
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proteins. The uptake of amino acids was found to parailel
pigment synthasis iin adapting cells» indicating the
synthesis of specific protain. Later a labelting study by
Lascéllas and Szilagyi (1965) showed that pigmented cellis
containsd additional phospholipid. Gorchein (1968 e» f»
g’) made a thorough investigation of lipid metabolism in
adapting R. spheroides. Adaptation cauéed an 857
increase in cellular phospholipid anc a four fold increase
in ornithine lipid. The incorporation studies indicated,
however» that little preferential incorporation of
phospholipid occurred and that the specific activity of
the chromatophores was the same as that of the cells as a
whole, Gorchein interpreted this to indicate’that cell
membrane lipid becomes incorporated into chromatophores.
Drews et al (1969) wused changes in fight intensity to
favour either chromatophore or cytoplasmic membrane
synthesis. Pulse chase experiments caused them to
conclude that a dynamic interaction existed between the
cytoplasmic membrane and the chromatophores. OQOelze and
Drews (1970) and Lampe et al (1972) used similar
technigues and came to the same conclusion. An experiment
of particular relevance to this thesis was performed by
Gibson et al in 1972. These workers (1972a» b) have
presanted evidénce for a precursor-produdt relationship

between membrane fractions of anaerobically grown R.

spheroides «celils. Exponentially growing cells Were



saquentially pulse labelled with 3H phenylatanine or (3H)

feucine, A membrane fraction was described, which was
enriched in cytoplasmic me mbrane and contained
chromatophore fragments. This fraction (the '"small

membrane® fraction) was found to be of high specific
activity at the end of a “Ypuise” with a labelied amino
acid but decreased in activity after the addition of <cold
"chase™ amino acid. During this time the chromatophores
showed a corresponding increase i1n activity., The proteins
of the cell envelopes on the other hand, were shown not to
be derived from this fractfon. It was concluded that
chromatophores were formed preferentiatty from part of the
ceil wall-cytoplasmic membrane <complex in anaerobically
growing cells. This ™"™small membrane™ fraction, rather
than membrane bound chromatophore structuress, was
considered to be the true precursor to the mature
chromatophores,

The involvement of cytoplasmic membrane proteins in
chromatophore morphogenesis has been investigated by Huang
(1972) and Fraker and Kaplan (1972). Huang found
that cytoplasmic membrane protsins may fecrm part.
of the chromatophore. The technique of Fraker (1971) was
used to discriminate between aerobic membrane proteins and
the chromatophore specific proteins: only the latter are
soluble in 2-chloroathanol. Chromatophoress on . digestion

by this reagent, yieided 5% of insoluble protein (PI
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fraction). This fraction was found to have 'an SDS-PAGE

profite atmost identical to that of her aerobic
cytoplasmic membrane preparation. This fraction Was
constant after repeated puritication of the

chromatophores, A} labetling study with adapting cells
indicated almost all of the amino acids incorporated
during the adaptation were found in the
2—chloroethanoil-soluble (PII) fraction. The Pl fraction
appeared to be synthesized only during aerobic ccnditions.
This work indicated that, although some chromatophore
proteins wWwere derived from the cytcplasmic membranes a
high percentage of chromatophore protein was synthesized
de novo,

The dynamic potential of labelling experiments has
thus produced valuable information as to the celiular
origin of chromatophores. Numerous "static" comparisons
of cytoplasmic wmembrane and the photosynthetic membranes
have been made and are described in the reviews of DQOelze
and Drews (1972) and Lascelles (1968). Such comparisons
have shown many similarsties, Many of these may be
fortuitouss hbHBVer. This type of approach yields little
déta that is wuseful in determining the wechanism of
morphogenesis, 'It appears that the cytoplasmic membrane

is involved; the probiem is how?

Xe The Regulation of Chromatophore Morphogenesis
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The regulation of celiular adéptation is
intrinsicatly interesting. Ultimately a‘datailed picture
of chromatophore assembly will require the wunderstanding
of ihe regulatory mechanisms involved in the coordinated
synthesis of the components. At present only the broad
metabolic controls are being established. This
information, however, s useful as a means of translating
the effects of culture conditions into biochemical terms.

The first thorough study of the factors affecting
pigmentation in Athiorhodacea was made by Cohen-Bazire et
al (1957). These workers established that a definite
relationship existad between the bacterial pigment\content
and the culture conditions, A number of fundamental
observations were made. The degree of pigmentation was
inveréaly related to the 1light intensity. Aerobicatlly
grown cells, unlike preadapted photosynthetic cells,
showed a lag in the growth rate when transferred to
conditions of low oxygen supply. Furthers aeration of a
photosynthatic culture resuited in stimutation of the
growth rate. This was interpreted as being due to the
effect of joint aerobic and photosynthetic metabolism.
The finding that this rate enhancement was not long
lasting» wWwas betieved due to the cessation of pigment
synthesis and subsequent dilution by continued aerobic
growth, These workers postuiated that pigment synthesis

was controlled by the oxidation state of a carrier in the



"electron transport system, This concgpt was supported by
many subsequent workers. In 1962 Sistrom proposed that
this carrier was NAD. This was supported by the
correlation between pigment synthesis and NADH-oxidase
activity ({(0elze and Drews (1970). Recent work, however,
makes 4t unlikely that the redox state of NAD is the key
factor in the control of adaptation. Marrs and Gest
{1973) studied the effect of oxygen on the electron
transport components in a bacterium closely related to R.

spheroides, R. capsulata. A nutants M2, had normal

cytochrome oxidase activity but Jacked both NADH and
succinate dehydrogenase activities. This mutant thus
should be insensitive to oxygen it NADH (or NADPH) was the
controltling factor. The mutant hads however, increased
sensitivity to oxygen, Another mutant, M5, lacked
cytochrome oxidase activity, and thus would be expected to
have abnormalily high NADH' lsevels during semiaerocbic
growth. This strains however, closely resemblied the wild
type with respect to the effect of oxygen on pigment
formation, Thus NADH was wuntikely to be directly
involved. Marrs and Gest postulated that the oxygen
effect was mediated by its inactivation of a component
involved in Bchl synthesis. This factor was postulated to
be redox regulated by sither cytochrome ¢ or b. Schon and
Drews (1968)s however had not been able to correlate

changes in the oxidation—-raeduction state of these



components, wWith the induction of Bchli synthesiss
following a reduction 1n oxygen tension. Recentlys Lien
and Gest (1973) have suggested that the "énergy charge "
of the cell is probably controtling.

Some studies had suggested that the formation of Bchl
might trigger <chromatophore synthesis. Lascelles and
Wertlieb (1971) described a mutant of_ R. spheroidsas
{TA-R)} which wunlike the ;ild type» showed magnesium
protophoryn—-S—adenosyimethionine methyl | transferase
activity during aerobic growth. Brown et al (1972) showed
that the ALA synthetase activity of this mutant was also
not repressed by oxygen. These workers proposed that
oxygen acted indirectly on the products of regulatory
genes, They believed the effect was transmitted either
via an electron transport component or by the ratios or
cellular concentrations of adenine nucleotides.

An searly indication that ATP had a controlling
influence on the synthesis of bacterial pigments came from
the work of Gajdos and Gajdos-Torok in 1963.
Coproporphyrin excration by R. spheroides was ihibited by
adenosine nucleotides. A more widespread considsration of
adenosine compounds as potentiat regulators probably
resulted from the work of Atkinson and Walton (1968),
however., They found that the ratio of the various
adenosine nucleotides had a controlling influence on the

activities of a large number of key enzymes that



control led the generation or utilization of ATP ijn
bacteria. They couid sgpirically correjate enzyme

activities to a fTactor they termed the Yenergy charge";

essentially half of the average number of anhydride bound

phosphate groups per adenosine. In 1971 Zilinsky et al

first showed that‘exogenous ATP caused a great reduction
in B8chl!l synthesis. It wass howevers found effective oniy
in the light and appeared to have little effect on dark
aerobic growth. Thsy concluded that the ATP inhibition of
pigmentation was due +to an energy charge effact at the
site of Bchi and membrane synthesis. This conclusion was
premature as it wWas not based on endogenous nuclegtide
levels, Fanica-Gaignier et al (1971) measured the

endogenous ATP tevel in cells of R, sphercides stain Y

cultured under a variety ot conditions. Cellular ATP
content osciliated rapidiy after either oxygenation or
itiumination of the culture. Bacteriochlorophyll
synthesis was observed only when the endogenous ATP level
feil to a low value, Exogenous ATP was effective in
causing an inhibition of Bch!l control by the cellular ATP
concentration only, rather than by the energy charge
parameter. The mechanism of the effsct of exogenous ATP
was uncertain, however. Gajdos et al {(1968) had found
cells incapable of utilizing exogenods ATP to an
appreciable extent: The situation was further <clarified

by the vwork of Higuchi (1973). He tound that ATP wouid



-39~

inhibit Bchl synthesis only to a maximum of 75% when
increasing amounts were added to the <cell culture.
Comptete inhibition, howeve;’ could be produced by
exogenous adenosine. ALA synthetase activity was found to
be suppressed by adenosine but not by ATP. Higuchi
believed that ATP exerted its effect by binding to the
duter periphery of the cytoplasmic mémbrane causing
interference with the development of the photosynthetic
membrane. It seemss possible that the effects are at the
metabolic level. Exogenous ATP was found to caQse a
marked increase in the incorporation of glycine into fatty
acids (Gajdos et al 1968). Intersstingly, Nultsch and
Throm (1968) showed exogenous ATP to cause a steady
increase 1n the rate ot photokinesis until, after thirty
hoursy the rate was about a magnitude greater than the
control cells, A slow stinmulation of endogenous synthesis
Wwould seem more likely. Th}s may be due to conversion of
ATP to adenosine by periplasmic phosphatases. Adenosine .
entry into the <cell would increase all of the adenosine
nucleotides and thus the ATP fevel by the effect of mass
action, The exact mechanism of ATP effect is obviously
open to speculation.

The establishment of the cellular ATP {evel as the
regufator of Bchi synthesis. makes this factor a strong
candidate for controlling chromatophore synthesis as a

whole. Control of seaveral synthetic activities by a
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single parameter would favour a good coordination.
Control is unltikely to be exerted at the assembly level or
by alterations in enzyme activitiess as fhese mechanisms
would be inefficient with regard to cellular economy as
ali enzymes would be required to be synthesised for only
periodic usage. Oxygen inhibition of ALA synthetase
{Lascelles, 19605 Marriott et al, 1969) and magnesium
protophorphyrin chelatase (G;rcheln 1972) probabty reflect
a secondary fine control system. The finding that a
specific ALA synthetase is induced in adapting conditions
{Tuboi and Hayasaka 1972), together with the fact that
many proteins are specific to chromatophores, stfcngly
points to genetic control. I will briefly review evidence
for both translational and transcriptional reguiation of
chromatophore morphogenesis, .
Translational control has only been described in a
few cases (Lavelle (1970) and Goldberg and Chargaft (1971)

provide examples of this mechanism in E. coli). Dejesus

and Gray (1971) found variations in four tRNA species aﬁen
comparing aerobicalily grown with photosynthetic R,
spheroides cells., Although theoreticalty such a variation
could indicate a translational control mechanisms» the
finding cannot be taken as evidence for this type of
regulation, Witkin and Gibson (1972a) studied the rate of

unstable RNA degradation in R. spheroides with both

aerobic and anaerobic cells after inhibition with
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rifampin. The rate was twice as fast in anaerobic celis
as it was in those aerobically grown. These workers

suggested that an air-sensitive component stabilizes the
riboéoma—mRNA complex and could possibly facilitate the
transliation of selected transcriptional products. 1In a
following paper (1972b) they reported that no quantitative
or qualitative differences could be found between mRNA
isolated from aerobic or anaerobic cells. They suggested
that translational regulation might be an impor tant
mechanism in these bacteria. At first sight,
translational control is not an attractive mechanism as a
1arge .amount of mRNA must be continually synthesized for
only periodic usage. [t may,» howevers be sdvantageous to
photosynthetic bactsria growing in mud by combined aerobic
and 'photosynthetic modes. This woul!ld obviously be a
difficult question to answer,

There is no definite evidence for transcriptional
regulation, The findings by Higuchi et al (1965) and Gray
(1967)» showing RNA synthesis to be necessary for the
formation of the photosynthetic apparatuss does not
discriminate between transcriptional and transiational
control. Bearden (1969) reported that her competition
exper iments indicated that 35 to 40%X of ¢the DNA sites

expressed in light grown cells were repressed in those

from oxygsnated cultures. Interestingly she could find no

difference between air ‘grown' and light (anaerobically)
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*grown' cellular ONA. This &s in agreement with the
findings of Witkin and Gibson (1972b). These wWorkers used
95% air 5% carbon dioxide (ather than oxygene. Bearen
believed that oxygenation rather than aeration is required
to fully repress the "photosynthetic" genes. This is not
proof of transcripticnal control as the cells are unlikely
to grow in pure oxygen in their natural ‘environment. A
labelling study by Yamashita and Kamen (1968) showed that
a greater percentage of uracil was incorporated into
metaboli?ally active RNA under anaerobic light conditions.
It is not <certain that this difference was due to the
presence of photosynthetic mRNA» as it may have reflected
an increase in production of ribosome precursors. As
mentioned, Witkin and Gibson indicated a shorter half life
of the ribosomal m-RNA complex under anerobic conditions.
Thuss at presentsr it is not certain as to which
genetic mechanisn controls' chromatophore morphogenesis.
ft can only be stated that regulation is most tikely
exerted at the genetic levels directly or indirectiys by

the celltular ATP-concentration.

XI. The Morphogenesis of Membranous Cettular

Components in General

The finding that supramolecular biological structures
are composed of characteristic aggregates of definable

moleculess has posed two fundamental questions: what are
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the reiationships between the compaonents and how are these
structures assembioed? The solutton to these prchlems
would provide a basis for an understandiﬁg of functioning
beyond the present empirical level., The questions are
somewhat interdependent and possibly the solutions will be
tound by studying the structures of precursorse.

The cytoplasmic membrane and the eucaryotic
organeiles, especially the Aitochondrion and chloroplast,
have been the subjscts of a vast number of investigations,
The problems appear to be very similar to thosé
encountered in the study of the bacterial photosynthetic
apparatus, These probiems resuit from the iﬁherent
complexity of these structures and the fact that they must
be perturbed to be studied. The problems have produced
numerous approaches and resulted in many modeis.- Fsew
generalities have emerged and certainly no wuniversal
assembly process has been found. Although the cytoplasmic
membrane has been assigned many functions, initial
electron microscopy studies showed it to be similar in
appearance in a Wide variety of cells. The early
Danielli-Davson model {1935) has been both challenged and
sdpported by many workers. Reviews of . subsequent models
have been made by Nystrom (1973) and Siekevitz (1972).
Models of Benson (1966) and Green (1966s 1973) have been
based on a lipoprotein subunit composition. This concept

is not fully established, but, the perhaps questionable
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evidence, from traditional electron micrographs and
digestion techniquas» has besn supported by recent
freeze~etching studies, This technique may be the most

reliéble to date. No prior fixation or»staining processes
known to produce artefacts are required. Data derived
from X-ray scattering may be misleading due to the
extensive dehydration required and the necessity of long
exposure times to the X-ray beam ( Nystrom 1972 ).

Mycoplasmas organisms lacking a cell walls have besn

usetul in examining the cytoplasmic membrane.
Tourtellotte {(1972) describes the membrane as containing
the majority of 1lipid in a bilayer array around 5.0 and
8.9 nm protein subunits. The subunit proteins afe
believed to have external hydrophobic residues in addition
to polar residues. Such proteins can associate with
tipids and would be classified as intrinsic proteins by
Green (1973).

The mechanism of cytoplasmic membrane forsation s
still largely unknown. The assembly data on the bacterial
membrane has been reviewed by Fox (1972). Work with E.

coli has indicated that newly synthesized lipids and

proteins are prefarentially associated. It appears that
this organism may synthesize new membrane in a
non-localized fashion (Tsukagoshi and Foxs 1971) while B.
subtilis may form new membrane preferentially at the pole

of the «cel! (Morrison and Morowitz 1970). Non-localized
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membrané synthesis appears to have been more wWwidely found»,
however. The biochemistry of bacterial membranes has been
reviewed by Machtiger and Fox (1973).

Mitochondrial subunits appear to range in size from
below 4 nm to 10 nm (Sjostrand and Barajas, 1968).

The <chloroplast lamellae have been described by
Branton and Park [1967) as extended bilayers containing
8.5 nm globular subunits. These subunits have since be;n
found to be the coupling-protein complex {(ATPase and
carboxydismutase) which cover the outer surface of the
chloropiast membranes (Arntzen et al» 1369).
Fresze-facturing techniques have shown the Photosystem 1
and I particles to be 11 nm and 17.5 nm respeﬁtively
{Muhlethater 1972). Detergent digestion techniques have
yielded different subunits, Photosystem 1 appears to
consist of a reaction-center subunit and an accessory
complex containing light—hérvesting chliorophylls and
electron transport components (Vernon et al, 1971).
Chiorophyli-bearing proteins of weights 100 and 35 kD have
been found associated with Photosystems I and IT
.respectively {(Kung and Thornbers 1971). The asymmetrical
distribution of the two photosystems as shown by the
freeze-etching studies have been recently supported by
conventional sectioning technigques (Nir and Peases, 1973).

_ With such limited information of membrane synthesis

in general» it is not surprizing that little is known &8s
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to the assembly of mitochondria and chloroplasts. These
organellies are not "simple" membranes but membrane systems
similar in many respects to procaryot;s {Echlins 1970;
Staniers 1970), Present work indicates that the formation
of these organeiles may require existing membranes to
orientate the newly synthesized constituents..
Mitochondria are formed from pre-existing organelles by
division {lucks 1963). The adaptation of yeast cells to
aerobic conditions was shown to involve the deve lopment of
a pre-existing structure, the promitochondrion ({Piattner
et al» 1970). Simitarly, chloroplast formation involves
the development of a propliastid. Another factor ﬁaking
the morphogenetic studies more complex is the possessidn
by these organalies of their own genetitc systems which
code for some of their components. Current idea 3s to
assembly processes in these organelles have been reviewed

by Getz {(1972) and Green and Vanderkooi (1970).

Xl1. Thesis Objectives

-

The discovery of a possible chromatophore precursor
fraction presented a <chance ¢to gain insight into the
qdestion of chromatophore origine. I hoped to characterise
these intermediates and follow their modification into the
final photosynthetic structures. Many questions arose:
how and where wWere these structures formed? What factors

controlled their synthesis? Were these intermediates of
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fixed composition or was continuous modification taking
place? What was the origin of the additional components
necessary for chromatophore tormation? Although
photdsynthetic membranes are composed of many components,
it was decided to study the changes ¢n protein composition
in an attempt to answer some of these questions. This
approach was made since proteins are quantitatively the
major component, the most important functional entities of
the photosynthetic apparatus and probably the most
important factors in determining the morphology of the
membranes, It is obvious such an approach cannot produce
a complete picture of chrometophore morphogenesis but it
is hoped that the mode! produced will be of use to further
studies in this area. Two preliminary reports of this

workihave already appeared (Shaw and Richards 1971, 1972).
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Chapter 2

Materi1als and Methods

I.

Il.

Contents
Materials

A. Organisms used
B. Growth medium
C. OGrowth apparatus
D. Special reagents

£. Labetled compounds
Methods

A. Isotlation and culture conditions
B. Compositional analysis
1. Celi number
2. Dry weight
3. Protein
4., Pigment
5. Nucleic acids
6. Poly beta-hydroxy-butyric acid
7. Glycogen
B. Methylating enzyme activity
9. Divalent metal content
C. Disruption techniques

1. Sonication
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2. French press treatment
3. Grinding with alumina
4, Lysis by osmotic shock
D. Electron microscopy techniques
1. Negativé staining i
2. Whole celi sectioning
3. Microscopes
E. Preparative centrifuéational procedures
f. Density gradient centrifugation methods
G. Density gradient electrophoresis technique
H. Gel filtration study
I. Poly acrylamide gel electrophoresis
Je. Radioactive counting methods
K. Labelling experiments
l. Single-tlabet experiment .

2. Double-labeiling procedure

I MATERIALS.

A. Organisms used

The parent strain of Rhodopseudomonas spheroides»

N.C.].8. 8253, was wused for the majority of the
experimehts. Mutants of this organism were given as a
gift by Or. J. Lascelles. Other mutants were produced
from the parent strain by wultraviolet irradiation or

treatment with N-methyi-N'-nitro-N-nitrosoguanidine.
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B, Growth medium

Cells were grown using the "M-G" medium of Lascelless
(1959). It was found convenient to store the mediums
concentrated ten fold, in the freezer prior to wuse. In
preparing the medium precipitation was avoided by the
neutralization of the organic acids by sodium hydroxide>

prior to the addition of the magnesium and calcium salts.
C. Growth apparatus

Semiaerobic growth was obtained wusing Erlesnmeysr

flasks plugged with lint-bound cotton wool . These
culturas Wwere agitated by magnetic stirring or
"wrist—action"™ shaking. Cultures were grown at ftixed

oxygen levels in 4- and 10~ liter flask§. These flasks
were fitted with a port for the oxygen electrodes, a
sampling tap, a swan-necked gas exit tube and a sintered
gassing tube. The sinters were of surface areas 8 and 60
square cm for the 4 and 10 liter flasks respectively. Gas
was filtered through a tube packed with cotton-waol prior
to entry to the fiasks. Both flasks and filters were
sterilized by autoclaving (15 minutes at 10 1Ibs/inch?),
Premixed gases were wused wWith oxygen contents known to
0.5% in a balance of nitrogens, supplied by Liquid Carbonic
Canada Ltd.s» Vancouver. -~ The Beckman model 777 oxygen.
electrode was sterilized by brief immersion in ethanol.

This procedure was found to have no effect on the
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subsequent functioning of the electrode. When requireds
cuftures vwere illtuminated at approximately 300 foot

candless by fluorescent strip lighting.

D. Special reagents

Magnesium protoporphyrin was prepared wusing the
magnesium—hexapyridine-diiodide method of Wei et al
11962).

Sucrose was purified for the gradient work by first

heating a 70% (w/v) solution to above 90 degrees with 10%
{w/v) 20 - 40 mesh charcoal, then filtration through

Whatman No. 1 paper.
E. Labelled compounds

L-{u-2**C) Proline (210 mCi/m mole) wused in the
initial labeliing experiment was obtained from New England
Nuclsear Corp.s Boston, Mas. S-Adenosyl-L-{Mel%C)
methionine (33 mCi/m mole) was obtained from I. C. N.»
Irvine, Cal. L-(4s5-3H) Isoleucine (30 Ci/m awmole) and
L-(u-14C) proline (285 mCisfm mole), wused in the
double-labelling experiment, were obtained from

Amorsham/Searles Arlington Heightss, 11,
I1. Methods

A. 1Isolation and culture conditions used
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Uncontaminated cell cultures were prepared from
"single cell"™ colonies wusing standard microbiological
plating techniques, Such cultures Heré stored in tubes
containing 5 ml sfants of 1.5%2 agar and "“N-G" medium,
Stants were grounr for a few days at 30 degrees prior to
betng stored at 4 degrees in the dark, Fresh cuiltures
were made every few months. This method gave a greater
viabi laty than storage proceﬁures involving freezing or
freeze drying of liquid cuitures. Material from thse
slants was gfoun in 250 mi. Ertlenmeyer flasks and early
to mid log phase cultures were then used to innoculate the
large growth flasks.

Innocula with a very low pigment leve! were produced
by oxygen gassing a culture until mid-)og phase. At this
time the calls were harvested and resuspended in 50 ml
atiquots of fresh “M-G" medium at a level of 2 x 101°
cells/ml., Stored at 4 degreess these cultures remained
viable for several months and contained less than 10-% g
of bacteriochlorophyll { Bechl a })/ml.

Adaptation studies Were performed in the large growth
flasks at 30 decgrees. Aerobic growth was ensured by
géssing with 65% or 100% oxygen in the dark. At defined
points in the growth of the organism, adaptation was
induced by limiting oxygen entry to diffusion or by
gassing wWith 4% or lowsr levels of oxygen. During

~ adaptation the cultures were itluminated. The
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relationship of the culture conditions used to the course

of the adaptation is described in Chapter 5.

*

.B. Compositional analysis

1. Cell number

In the initial studies a model B Coulter counter was
used. It was fitted with a 30,000 nm aperture and a wmodel
M volume converter. Paper-Muiberry pollen was used to
standardize the machine. Cell numbers were correlated to
the turbidity of the culture at 680 nm wusing the
Spectronic 20 colorimeter. In the last haif of the work
cell numbers Werae estimated by the turbidity at 1200 nm»
using the Cary 14 spectrometer, as described by
Fanica—-Gaignier et a3l (1971). These workers state that an

optiéal density of 1.0 corresponds to 4 x 102 cells/mli.

2. Dry weight

Cells harvested by Ilow speed centrifugation were
washed twice by resuspension in distilled water. The
cells were then driad to constant weight at 50 degrees.
Dry weights correlated with the turbidity at 680 nm. The
results agreed with the early finding of Lascelles (1956)>»
namely» that an absorbance of 1.0 at 680 nm was egquivalent

to 1 mg/ml dry wWweight cellis.

3. Protein

The method of Lowry et al (1951) was wused. The
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protein content of whole <cells was determined after
pretreatment with dilute sodium hydroxides as described in

the modification by Lascelles and Szilagyi (1965).,

4, Pigment

ta) Bacteriochlorophyll a

The 8cht content of whole ceolls and membrane
fractions was estimated by measurement of the extinction
at 850 nm. Gorchein et al (1968) found that an absorbance
of 1.0 was equivalent to 16 n moles/mi. This method Qas
used in the majority of work with membrane fractions. In
some studies the pigment was estimated after extraction
with acetone-methanol (7:2)s as described by Cohen-Bazire
et al (1957).

(bi Intermediates in the bacteriochlorophytl
biosynthetic pathway

These were determined from their spectrum in ether:
molar extinction coefficients werfe obtained from Falk
(1964)» while that of magnesium protoporphy;in Was
obtained from Gibson et al (1963). Intermediates for
which no extinction coefficient was available were
compared by their relative peak heaights at the wavelength
of their maximum absorption.

(c) Carotencids

The caro;enoids . wWere compared using their

reiative peak heaights.
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5. Nucleic acids

DNA and RNA were measured wusing the diphenylamine
technique modification of Pederson (1969); Care was taken
to completely remove sucrose from precipitated nuclesc
acid before the asséy. This was achisved by washing the
sample four times with 5% TCA. The DNA content wmas
estimated by the absorption at 550 nm and that of RNA at
650 nm. Catf thymus DNA and yeast RNA were used as
standards. An indication of the distribution of nucleic
acid in sucrose gradient separations was obtained by a
comparison of the absorption at 254 nm and 280 nm. These
are the approximate absorption maxima of nucleic acids and

proteins respectively.

6. Poly beta—hydroxy-butryic acid { PHB ).

A few miltigrams of cells were digésted by 10 ;l of
alkaline hypochlcrite {freshly propared), as described by
Williamson and Williamson (19%8). The PHB was

determined colorimetrically by the method of Slepecky and

Law (1960).

7. Glycogen

Glycogen was extracted by a modification of the
method of Seifter et al (1950). One miltliliter of 60%
potassium hydroxide was added to the samplie and then
dialysis rather than centrifugaﬁion was employed to remove

1ow molecular weight compounds. This procuced low
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backgrounds in saamples containing high levels of sucrose.

The glycogen. was assayed by the method of Ashwelt (1957).

-8 S-Adencosyl-methioni ne-magnesium-protoporphyrin=-

methyttransferase (E. C. 2.1.11) activity.

The activity was determined as described by Gibson st
al (1963). After incubation the pigments were extracted
by the method of Nsubsrger and Tait (1964). Samples mwere
then counted by the 1liquid scintillation technique

{section X this chaoter).

9. Divalent metal analysis

The sucrose solutions, used for the density gradient
technique, were assayed with the standard EDTA titration
us ing Eriochrome Black T as an indicator { Lindstrom

and Dishl (1960) 1.
C. Disruption techniques

le Sonication i

Cetls were suspended in 50 ml of 0.05 M phosphate
buffer at pH 7.0. A concentration of approximately 4 mg
dry weight of cells per mi. was used. The solution in a
100 ml beaker was kept cool by crushed ice during
sonication at 20 kHz using the Biosonik IIl at 20 watts.
TWo one minute periods of sonication with a one wminute

period between produced no appreciable heating of the

sampl e,



-57-

2. French press treatment

Cells from one liter of culture were suspended in 40
ml of phosphate buffer and pasﬁed twice through a chilled
French pressure cell at 20,000 psi. This method was wused
in the majority of experiments and is compared to the
other disruptive procedures in Chapter 4.

3. Grinding with alumina

The method of Marmur (1961) was wused. Harvested
celils were ground with an equal wet weight of 500 mesh
alumina in a praccolied mortar., Grinding was performed by
hand for 5 minutes,

4. Lysis by osmotic—shock

Cells wero washed twice with distilled water ahd
suspended in 0.1 mM Tris buffer at pH 8.0 to =
concentration of about 0.7 mg (dry weight)/mt, To some of
this suspension 7.5 mg of EDTA was added foliowed by 1 mg
of egg white {ysozyme (Reﬁaske’ 1956). The mixture was
stirred magnetically at room temperature for 30 minutes.
The osmotic shock procedure of Robrish and Marr (1962) was
then wused with ths following modification: the lysozome
treated cells were brought to 3 wmolar in glycerol and
stirred for 5 minutes. The solution wWwas then transferred
to 10 volumes of 0.05 M phosphate buffer, instead of the
Tris-magnesium chioride buffer suggested by Repaske.
Lysis was confirmed by examination of negatively-stained

samples under the etectron microscope., This technique was



found to produce less aggregation of cell membranes than
an alternative technique in which protoplasts, prepared by
the method of Rsavelsy and Rogers {1969)» were osmotically

lysed by the method of Tuttle and Gest (1959).
D. Electron microscopy techniques

1. Negative staining

Negative staining ;as performed using 1%
phosphotungstic acid neutralized with sodium hydroxide.
Samples were examinad on 200 mesh nickel grids coated with
collodion, Contamination of material to be examined was
prevented by adding one drop of 4% lodoacetamide to a 3 ml
sample. "~ The size of the particles being examined was
estimated by including latex spheres 109 {(+ or -3) nam in
diameter (E. F. Fullam Inc.» New York) into the sample.

2. Cell sections

Cells were fixad using the method of Kellenberger gt
al (1958) with the modification of Luft {(1961). Fixed
cells were embedded in Epon 812, Sitver-grey sections
{about 600 Angstroms) were double stained on Parlodion
coated copper grids. Uranyl acetate and lead acetate were
uged by the method of Venable and Coggeshalil (1965).

3. Microscopes

The electron microscopy was performed using a Zeiss
model EM9A or a Philips model 300 G. Some initial studies

wore made with the R.C.A. model E.M.U. 3H microscope.
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E. Preparative centrifugational procedures

Low "g" techniques

Cells were harvested by centrifugation at 10,000 x g
using the International B20 or the Sorvat RC 2-B machines.
After disruptions the unbroken cells énd cell debris were
removed by centrifugation at 12,000 x g vfor 15 minutes
using the Internationat B20 or 10,000 x g for 20 minutes
Wwith the B60 model.

High "g" technigues

The supernatant from the low "g" centrifugation was
carefully decanted from the peilet. To avoid
contamination by debris approximately 5 ml were left over
the peliet. The membrane fraction was then collected by
centfifugation of the supernatant at 100,000 x g9 for 99
minutes wusing the International B60 machine, 1In later
experiments it was found preferable to centrifuge the low
"g"® supernatent over 2 ml of sucrose trap {60% sucrose iIn
0.005 M phosphate buffer at pH 7.0). The subunit
preparation was collected from the high "g" supernatant by
centrifugation at 100,000 x g for 2% hours. A doubly
layered trap was used (5 ml of 507 glycerol in Tris buffer
(1mM) at pH 7.5 with an underfay of 3 mi of 100%
glyceroi)., The use of traps completely eliminated

aggregation of the harvested material,
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F. Density gradient centrifugation methods

Linear sucrose density gradients were made by an
I.5.C.0. model 570 gradient former. In an intial
experiment methylens biue was included in the most dense
sucrose solution. It was found, after plotting the
optical density of the gradient fractions against the
theorstical density of each fraction» that’pumping speed &
gave the most linear gradient., At this speed sotting the
gradient was almost perfectiy ltinear. In most experiments
a standard gradient was qsed between 25 and 557% sucrose
(1.107 and 1.261 g/ml at 20 degrees). Other gradients
were used TFfor further purifications; all were of a total
volume of 30 ml. The buffered sampie wasvcarefully added
to the surface of the gradient by means of a syringe with
an up-turned tip. The flow of the sample was contr;lled
in a pipette~like manner. This procedure caused almost no
disturbance of the top surface of the gradient. The high
g pellet was resuspended in buffer by gentle all-glass
homqgenization or vortex mixing with two glass beads. The
material trapped on sucrose needed No resuspension.

Following centrifugation at 23,000 RPM in the
Internatfonal B60s» wusing the SB1l10 rotor (min.g 40,000
max.g 90,000) for 16 hours the gradient was fractionated.
The 1.5.C.0. model 182 fractionator was used at a pumping
speed of 3 mli/min to produce twelve 3 ml fractions.

Fraction peaks ware established using the l.5.C.0. u-2
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ultraviolet analyser at 254 nm. Fractions were
subsequently analysed for protein and Bchl as described

previously.
G. Density gradient electrophoresis techni que

Several types of gradients, differing in pH, ionic
strength and densitys were tried as a means of purifying
the protein subunit fraction., A system using 1 =M Tris
buffer at pH 7.5 with a glycerql density gradient was
found to give the best result. A 30 ml gradient between
40 and 70% (w/w) glycerol was usaed over an 802Z glycerol
underlay. The sample was carefuily added in 5 mi of 20Z%
glycerolli mM Tris. The sample and gradient were then
carefully overlayed with the buffer, The preparative
1.5.C.0. 630 welectrophoresis system wes used with the
I.5.C.0. model 490 power supply. The slectrode jackets
uefe filled with 10 mM Tris buffer, pH 7.5. The run was
made at about 1 mA at a constant voltage of 500 V. The
sample Jayers seen as a pigmented band, was allowed to
migrate through the gradients towards the anode» for 3.5
hr. The gradient was removed after the run by
displacement with 90% glycerol by means of ¢the 1,S.C.0.
model 182 fractionator. The fractionation was monitored

using the [.5.C.0. U-2 ultraviolet analysere.

H. Gel filtration




A 2B Sepharose gel was used. It has an  approximate
protein separation range of 2 to 25 million daltons. A
plexiglass 76.5 x 3.2 cm column was used with an internal
capacity of 615 a=ml. Calibration of the 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 sample was added
with a protein content of 2 mg/mi. The column was eluted
Wwith 5 mM phosphate buffer, pH 7.0, at a flow rate of 25
mi/hr. The column was run at room temperature
{approximately 25 degrees) as the flow rate at & degreses
was too slow, Fractions of 20.5 (+ or —40.3) mi were

collected.
1. Polyacrylamide gel electrophoresis

The protein composition of di fferent ﬁembrane
fractions was initially examined after digestion of the
sample in phenol, formic ac{d and wWater (2:1:1). The
method of Takayama et al (1964) was wused. Membrane
fractions from the parent and mutant strains were related
to the findings of Biederman and Drews (1968) using this
technique. Molecular weights or protein bands could not
be determined accurateiy as mobilities were not easily
related to molecular wsights. For this reason the
majority of the work was performed wusing the sodium
dodecy! sulphate technigue of Weber and Osborn (1969).

The method of Laemmli (1970) with, basicaliys» the
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modifications of Clayton and Haselkorn {1972) was found to
give the greatest resolution, The modifications of Weber
and Osborn's method by Fraker and Kaplan~(1971) and Segan
and Gibson (1971) were also tried. The Clayton and
Haselkorn—modified Laemmli technique was wused in the
analyses shown in Chapter 6» unless otherwise stated.

Potymerization Was initiated ‘wWith ammonium
persulphate and N;N,N',N'-ietramethyl-l,z—diaminoethane.
The levels of these reagents were adjusted to cause good
polymerization in 20 min. Several factors were found to
be critical in the production of gels giving good
resolution; these will be described below. |

l. Gel formation

One of the reasons the Laemmli technigue produced
better resolution than the modifications of Webevr and
Dsborn's system was due to the use of a 1 cm stacking gel
{37 acrylamide) over the running gel (10% acrylamide).
Degassing the monomer solutions for 15 minutes prior - to
the initiation of polymerization was found to increase the
reproducibility of the technigus. The catalyst and
initiator were added to t he sotution which was
mégnetically stirred under a flow of nitrogen.

2. Gel surfacing technique

The surfaée of the running gel was knoWwn to be
criticat to the resolving powsr of the gel. The normal

procedure used by many workets was to introduce a few



drops of water onto the gel surtface. This method produces
a flat gel surface and reduces the entry of oxygen into
the polymerizing gel. Some surface irregularities were
produced using this method so another surfacing techni que
was developed. The method was facile and proved to be
highiy reproducibls. A layer (2 - 5 mm) of freshly
prepared carbon dioxide "snow" was added to the surface of
the polymerizing solution. A few drops of distilled water
were then added to the cfrcumference of this layer by
means of a long syringe needls. On addition, the water
froze but melted in about two minutes to form a layer over
the virtuailly undisturbed gel solution.

3. The front marker

Initially the widely wused bromphenol-blue dye was
used. At the and of a run it produced 'a band about 5 mm
in length. Hematoporphyrin was used in some runs as it
was found that it caused the ion front to be visible as a
sharp line in the gel. When useds front markers were
prerun into the gé!s for 10 min. This was done to prevent
the possibility of any interaction with the samples being
run, Later it was found that the ion front could be
observed without the wuse of hematoporphyrin, The gels
had to be cuyt within a few minutes of being removed fromnm
the tubes for the front to reﬁain visible.
Bromphenol-blue was still added to allow the extent of the

run to be followed easily but gels were cut at the ion
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front.

4. The choice of current used

The lsiterature suggested that the current employed
was critical to resotution. The resolution of gels run at
various currents/tube was compared. A run at 5.0 mA/tube
gave poor fesolution. Thes best result was obtaihed using
1.0 mA/tubes; at this current the running time was 4 hr.,

5. Digestion conditions used

The samples, 0.1 to 0.2 mg in protein, was digested in
1% SDS» 10% glycerol» 5% mercaptoethanol and 25 oM Tris
buffer» pH 6.8, 0.2 ml of this solution was used. The
sample was heated in a disposable polycarbonate tube
immersed in boiling water. Various lengths of heating
were compared and it was found that one minute gave the
best result with regard to the compieteness of dggestion
and the resolution of the resulting proteins.

6. Staining and desta{ning techniques

The staining method described by Clayton and
Haselkorn (1972) was wused. It was necessary to make a
fresh staining solution each tinme, Destaining was
achieved by diffusion using 7% acetic acidy 5% methanol in
distilled water. The gels ware heild in plexiglass troughs
and the destaining soflution changed every 10 minutes for
the first hour and then at decreasing frequency for one
week, A ftaster ﬂethod>of destaining was later developed:

gels were held in one meter lengths of glass tubing (8
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gels/tube) and the destaining solution slowly passed
through the system. The glass tubes were rocked by being
attached to an I.5.C.0. model 390 dialyze;,

7. Gel scanning method

The gels were .scanned» atter destaining,. using a
Joyce and Loeb Chromoscan MkII with the 595 nm filter.
The optical density was traced at 1:1 and 123 length
ratios, the latter bei;g used for the mobility
measurements.

8. Protein standards

The Schwarz-Mann non-ehzymatic protein standards kit
Wwas used, Routely cytochrome c» chymotrypsinogén As
bovine serum albumin and gamma-globulin were wused as
standards. Good mobility versus 1Jlog molecular weight
relationships were obtained for each run. Duplicate.gels
in which the standard proteins had been run always gave
identical band patterns. Cafculation of the protein
molecular wWeights from the band mobilities was greatly
facilitated by the use of a program for 'the Monroe 1670

calculator.
J. Radioactive counting methods

The initial L-(U-14C) proline Jlabelling experiment
used the folilowing technique: a sample of 0.1 ml from the
sucrose gradient was 'added to a 1.5 ¢m square piece of

Whatman 3 mm, filter paper and allowed to dry. Counting
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was performed in 10 ml of 5% P.P.0. phosphor (Aldrich
Chemical Co.» Inc., Milwaukees, Wisc.) in totluene. The
loss in counting efficiency, caused by different levels of
sucrose was determined using uniformiy L-(U-1*C) proline
as a standard. The efficiency was determined wusing the
channels ratio wethod. The ratio was related to the
lowering of efficency by chemical and colour quenching for

samples taken up in toluene by the use of a minimsum volume

of ethanol. This was achieved by means of . the use of

standard {(U-12*C) toluene as an internal standard.

Samples in the "methylating" enzyme assay were added

in a minimum volume of ether (volumes up to 0.5 mi).
These samples were counted and quenching determined as
described, Aqueous samples were added to a cocktail
consisting of dioxane 0.5% P.P.0O. " containing 10%
naphthalene; {(U-1%“C) toluene was wused as an internal
standard. In all cases the vials were precounted before

sample addition to determine the background count rate.

Samples in the double labei!ing " experiment were

carefully evaporated down to about 0.] ml and then taken
up into liquifluor cocktail {New England Nuclear Co.) by
the addition of the winimum volume {about 0.5 ml) of
N.B.S. tissue solubilizer (Amersham/Searle Inc.), as

directed by the manufacturers. The cocktail contained 6

g. P.P.0. and 75 mg. P.0.P.0.P. per liter. Samples

containing sucrose or glycerol were dialyzed prior to
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counting. The 3H and 3*C activity was measured wusing

{U-3H) or (U-2*4C) toluene as an internal standard.
K. Labelling experiments.

1. Single-label experiment.

Celis were grown to late 1tog phase { 1.35 x 10°
cells/mi) in a 1 litre tlask with oxygen gassing through a
sinter with a surface area of 8 cm2., The cells were
harvested and resuspended in 31, of fresh M-G medium» 4
micromoles of L-(U2*C) proline (5 Ci/mole) was then added.
The culture was magneticélly stirred and a 500 ml sample
immediately taken by displacement with nitrogen. The
cells were harvested» and were estimated to have been
exposed to the proline for 5 min before being pelleted.
This was termed the zero hr sample. Further samples were
collected by the same means at 2, 6» and 20 hr, The small
membrane fraction was preparéd in the normat manner and
resuspended in 5ml of 0.05 M phosphate buffer ( pH 7.0 )
and tayered on top of 30 ml of a 25 to 55% sucrose density
gradient. After centrifugation for 15 hr the gradients

were fractionated in the normal manner.

2. Doubie-labeliling procedure
A culture of R, spheroides was doubly labelled using
L-{4r5-3H)isoleucine and L-(U-*“C)proline. An oxygen—grown

innoculum was added to 5 I, of M—GC medium gassed with 65%

oxjéen (352 nitrogen) at 2 SCFH. 3H-Isoleucine was added
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at early log phase (0.169 mCi in 0,133 m moles of carrief
amino acid), After a period of three hours a cold chase
(22.2 m moles) of isoleucine was added anﬂ al l. sample
then taken as representative of aerobiqally—groun celis.
The oxygen content was then reduced to induce adaptation.
After a period of 10 min of gassing with 4% oxygen
{balance nitrogen) the culture (previously grown in the
dark) was illuminated ;t appfoximately 300 fce
*4C-Proline Wwas then added (0.0365 mCi in 0.133 ® moles of
carrier amino acid). After a further 2 hr, a chase of
cold proline (22.2 m moles) was added. Samplses of 1 .
were taken at 2, 6 and 16 hr. of the adaptation and, in
additions 10 ml aliquots were taken every hour to monitbr
the uptake of radioactivity by the cells. All samples
were immediately poisoned {(made 0.02% in sodium azide) and
stored at 4 degrees prior to further anatysis. A careful
record of the culture volume was kept throughout the
expefiment.

The éssay of labelled amino acid uptake by the cells
in the double-labelling experiment was performed in the
following manner., Aliquots of the culture were poisoned
(0.0ZZ sodium azice) and subjected to low g centrifugation
to remove the majority of cells from the medium. The
supernatant waé then filtered through a "220 nm"™ Millipore
filter by means of the Swinnex fiiter holder/syringe

system. This was to ensure the removal of any residual



cellylar or subcellular material. A known volume of the
fittrate was then evaporated 'almost to dryness and the
residue suspended in a toluene cocktail using a minimum
voluhe of N.B.S; solubilizer. The activity of each
isotope was measured and the efficiency of counting
determined by the use of 3H- and 1“C-labslled toluene as

an internal standard.
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Chapter 3. Results,

I. The Isolation and Purification of the "Small Particie™

Fractions from R. spheroides.

Ao Sucrose'Density Gradient Centrifugations
1. From mutant strains unable to synthesize Bchl.

A crude membrane fraction was prepared from mutants
2-73, 8-32 and 8-47 [ Lascelles (1966); Richards and
Lascelles (1969) ] by removal of unbroken cells and cell
debris by a 1low g centrifugation and harvested by
centrifugation at 100,000 x g for 90 min. The pellet was
resuspended and fractionated wusing a sucrose density
gradient betwesen 10 and 407%7 sucrose. A non—equilibrium
fractionation of material both from mufant cells and the

parent strain (100 min at 63,000 x g) showed that mutants

incapable of synthesizing Bchi did not contain
chromatophores. The mutants dids» howevers p;oduce a
pigmented faction of greater density than the

chromatophore fraction,
2. From the parent strain.

A gradient between 25 and 55% sucrose was used to
examine the distribution of membrane fragments from cells
prepared at several times during an adaptation from

aerobic to photosynthetic growth. To acheive thiss cells



were grown to mid-log phase by gassing with oxygen and
then induced to synthesize thylakoids by tlimiting their
oxygen supply to that which diffused tﬂrough the surface
of the culture, At various timess 500 ml sanples were
taken and .the ceils harvested and stored in 0.05 M, pH 7
phosphate buffer prior to disruption by sonication. The
membrane fraction was obtained by centrifugation at
100,000 x g for 90 minutes.i This was termed the "™ small
particle™ fraction., This fraction was prepared from cells
immediately after gassing was stopped ( O hrs )s» and at
three later times (2, 6 and 16 hrs). The material was
centrifuéed in linear sucrose densitly gradienis and
fractionated into 3 m! samples. The protein contents of
these fractions is shown in Figure 3, At 0 hr» the
protein was distributed fairly evenly throughoutA the
gradient, The dense fraction (fractions 10-11) WHas
prominent at 2 and 6 hrss but was greatly reduced at 16
hrs when the chromatophore peak (fractions 6-7) containéd
the majority of the protein in the gradient. Bchl was
found only in fractions of samples taken after six hours
of incubation without oxygen gassing. At this time it was
distributed almost equally between the dense fraction and
the chromatophore fraction, After | 16 hrs the
chromatophore fraction contained atmost all of the

pigment.
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3. Terminology

It appeared as if there were at least four membrane
fractions that might be involved in chromatophore
morphogenesis { cf., Figure 3). Although the nature of
these fractions is now more fully wunderstood (it is
convenient to wuse the names originafly given to these
peaks.

The peak presant at 0 and 2 hrs with a density
between that of 25 and 30% sucrose (fractions 4-5) was
termed the ™protophore™ fraction. The dense fraction
that appeared before the development of the chramatophores
was termed the ™prephore™ fraction; it had a density
between that of 46 and 527 sucrose {fractions 10-11). In
subsequent fractionations, with Ie;s smail particle
traction applied to the gradient (2 mg protein )» a
distinct peak at a density between 41-43% sucrose was
observed. This peak was collected in fractions 8-9 and
termed tha‘ "medium density" fraction, ( cf. Figure 6
below). The major peak at 6 and 20 hr, with =a density
equivalent to about 35% sucrose {(fraction 6) was termed
the "light chromatophore™ peak. The shoulder that
appeared at the density of 39% sucrose (fraction 7) was
termed the "heavy chromatophore”™ fraction. It was
initially believed that this shoulder contained the fully

mature organelles {(but cf. section l1.E.3. below).
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Figure 3. Protein distribution in the sucrose density

. gradient at various times in the initial

adaptation experiment.
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B. Other methods of purification.

It was thought desirable to be ablie to separate the
fractions using a criterion other than their bouyant
densities. Another stimulus was that in order to
investigate »the compositibn of each fraction, an easy

large scale fractionation technique wWould be very useful.
1. Ammonium sulphate precipitatione.

This method was not successful since an "Yall or
nothing" precipitation of the smail particle fraction

occurred at low concentrations of the salt.
2. Millipore filtration.

A small particle fraction was prepared from adapting
celis by French press treatment. This was then filtered
through a series of millipore filters with decreasing pore
sizes, Filtrates and material removed from the filters
{by Washing the inverted filters “with buffer) Was
examined, after negative staining, by electron microscopy.
Passage through a 450 nm pore sized filter removed the
large membrane-bound storage granules {presumably PHB);
however» all the pigment passed through this filter. The
pigmented material was trapped on both the 300 and 220 nm
pore sized filters, The first retained most of the
prephore (non-collapsed) particles and aggregates of lipid

(non—staining) matertal. The smalier fiiter retained all



the pigment which had passed through the the 300 nm
filter; the chromatophores were split between these two
fitlters. The 220 nm pore size filtrake contained no
appreciable pigment and was composed of non-membrane-bound
lipids and numerous particles between 5.0 and 20 nm in -
diameter, These small particles wWere present at most
levels in the separation scheme., This technique was thus
not particularly selective and it was difficult to remove

material quantitatively from the filters.
3. Sucrose density gradient electrophoresise.

Electrophoretic mobitity, 1 felt, might be a good
basis for particle separation. Several systems were tried
and» using the preparative 1.S5.C.0., 630 etectrophoresis
system, | found <conditions that would separate- the
material into several bands. A 40 ml layer of 1 M sucrose
{34.2%Z) was formed over the same volume of 40% sucrose
with 50% sucrose being used as an underlay and chase. All
solutions were made 5 x 10-3 M ¢n potassiun phosphate at
pH 7.0. A sawmple (2 mg protein) of small particle
fraction was added to.the top of the 1| M sucrose layer and
ﬁhe system then run for 3 hours at 250V towards the
cathode, A current of 28 mA was used. After the run, the
bands (which were obssrved in the absorption profile at
254 nm) were collected. Bands were present at each end of

both layers. After dialysis ‘of the wmaterials it was
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compared to the unsgparated small particle'vraction by the
standard sucrose density gradient technique. The bands
near the top of each layer contained both chromatophores
and prephores. An enhancement in prephores could be seen
in the upper band, but clearlys» sach band did not contain

a unique particle types as I had hoped.
4. Sepharose 2B gel filtration.

Sepharose 2B has a separation range for proteins
between 2 and 25 million daltons; in addition, the gel is
somewhat hydrophobic. 1 hoped these properties might
produce a separation of particle types. To obtain an
appreciable flow rate the column had to be run at room
temperature (approx, 25 degrees). Cells were adapted,
aftér oxygen groathr, by 1limiting oxygen supply to
diffusion through the surface of the culture for 6 hr. A
bulk small particle fraction was made after this time. An
aliquot was fractionated using the standard sucrose
density gradient technique. [t contained prephores medium
density and chromatophore fractions. A sample of the
small particle fractibn {B6 mg in protein) was run through
the column, Figure 4a shows the ratio of Bchl to protein
in the samples collected (absorbance ratios 8507274 nm).
Figure 4b shows the absorbances of the 20.5 ﬁl tractions.
The fractions were then collected and applied to the

standard linear sucrose density gradient. The profiles of
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Figure &4, Adsorbance profiles of fractions from
' 2B Sepharose gel column.
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the selected fractions are shown in Figure 5. The sharp
increasse in material in fraction 9 indicated that the void
volume in this run was about 170 ml. This fraction
consisted mainly of a prephore fraction with a small light
chromatophore fraction. The prephore peak was still
present in fraction 13, indicating that some of this
material had besn included into the gel, or had an
aftinity for the gel, The fight chromatophore peak was
present in all pigeented fractions examined but the
highest concentration of these pafticles was found in
fraction 15. Fraction 13 contained the highest lavel of
modium density fraction, After fraction 17» heavy
chromatophores were eluted. After the bulk of mhterial
was eluted (fraction 25) the <column remained slightly
pigmented for several days of running Wwith buffer. This
method was thus Qnsuccessful in completely resolving the
various particie fractions Eut the experiment was valuable
nevertheless. It demonstrated that the fractions were
not artefacts of the standard sucrose gradient technique.
It showed that the fractions could be separated, aibeit
partially» by a criterion other than their bouyant

densities.
C. Comparison of the disruptive procedures.

1. Comparison of sonic and osmotic lysis.
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Figure 5, Sucrose density gradient resolution of small

particle fraction (Culture D) material
eluted from a 2B Sepharose gel column.
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An oxygen grown culture was allowed to adapt with
oxygen entry Jlimited to diffusion into the wmediun.
Aliquots were taken during adaptation Qnd disrupted by
sonication or osmotic shock (see methods, Chapter 2).
After osmotic lysis the pigment could all be sedimented at
14,500 x g for 20 min, The reflet was "stringy"
indicating cell 1{tysis had oécurred. This pellet was
resuspended in 1M sucrose (0.05 M in pH 7.0 phosphate
buffer)s by vortex mixing for 10 seconds. To separate
smali wmembrane fragments from the broken cells the
material was then recentrifuged at the same force for 30
min,, The material in the supernatant was then collected
by centrifugation for 90 min at 100,000 x g. Finally this
pellet was resuspended in 0.05 M phosphate buffer and
compared to the smali particle fraction produced by . sonic
disruption by sucrose density gradient centrifugation. At
the start of the adaptations peaks wWere present at about
30 and 49% sucrose. The prephore fraction became
pigmented after 4 hours. In both types of preparation the

prephore fraction became less dense during the adaptation

and attained a density equivalent to about 46X sucrose

atter 20 hr. The adaptation was incomplete iﬁ that a
chromatophore fraction was not produced. Figure 6 shows
the gradient profiles of material produced by the two
techniques, The prephbre and the medium density (412

sucrose) fractions from the sonicated preparations
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Figure 6. Gradient profiles of small particle
preparations produced by A) osmotic
shock and B) sonication. Partially
adapted cells (4 20 hours). '
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sedimented at slightly 1lower densities than did the
equivalent fractions produced by osmotic lysis. The sonic
disruption technique liberated about 402 of the pigment
frdm the <cells, while the osmotic shock procedure only

yielded 207%.

2. Comparison of French presss, sonic and alumina grinding

technigues.

A culture was grown to iate-log phase with oxygen'
gassing (2 S.C.F.H.) and then gassed With 4% oxygen
(balence nitrogen) at the same flow rate. The cells were
harvested after 6 hr at the low oxygen level and disrupted
by the three different techniques (see methodss Chapter
2). The resulting smalil particle fractions (samples of 2
mg 'protein) were then added to the standard density
gradient and fractionated. The gradient profiles are
shoWwn in Figure 7a. The majority of the pigment was found
in the light chromatophore fraction. All three methods
produced peaks at the heavy chromatophore and medium
density fraction positions but the prephore peaks were
only present in the French press and sonically disrupted

material.

3. Peak densities of fractions resulting from French

press or sonic disruption of adapting cells.

Tabje 111 shows that the five fractions described



Table III

Densities (equivalent % sucrose) of fractions produced under
various conditions of adaptation by density gradient centrifugation.

Disruptive Protophore Light Heavy Medium @ Prephore
technique : chromatophore chromatophore density
26-30 34 39 - 47-50
Sonic 26-30 32-33% 38-39 - 44-46
_ 30 - - 43 45-49
&
B~
_ 28~31 - 38-39 4y 46-49
French 29-30 33 39 43 47
press 30 - 37-39 43 50
30 32 38-40 4o 50
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Figure 7a. Comparison of varicus disruptive techniques with
repard to. the distribution cf material in the standard linear
sucrose density gradient (25 - 55%).
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peaked at fairly consistent positions in the standard
sucrose density gradient, The peaks had characteristic
shapes in the 254 nm gradient profiles. The protophore
peak was large and broad; the prephore peak large and
narrow, The medium density fraction usually produced a
small sharp peak on the profile. The ratios of the peak
heights varied relative to one another‘during the course
of adaptation, as previously describeds A comparison of
the 2547280 nm absorption profiles Af a small particle
traction, prepared from celis adapted for 6 hr» is shown
in Figure 7b. The 254/280 nm absorption ratio is highest
{ca. 2) between 30 and 34%Z sucrose indicating the
ribosomal material sedimented in this position in the

gradient,

D. Electron microscopic examination of negatively stained

small particie fractions.,

Figure B8a shows the appearance of negatively stained
preparations of the small particle fraction that was added
to the sucrose density gradient. The sample was prepa;ed
from cells after 6 hr of adaptation. Chromatophores can
be seen as characteristic ring-like structures (80 nm in
diameter). The large spherical structure has the same
dimension (150 to 250 nm) as PHB storage granules seen in
sections of the bacterium (cf. Section II1.C. below).

Spherlcal bodies can also be seen of a size similar to the
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‘Figure Th.
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Fig. 8a

a Negatively stained small particle fraction.

b Negatively stained protophore fraction.

Scale:
1 cm = 100 nm.
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chromatophore, together with smaller particles of about
one-quarter the diameter,

The four major bands formed after~ sucrose density
gradient centrifugation of this material were also
examined. The sucrose was removed first by 24 hr dialysis
in distilied water. The most obvious components of the
protophore fraction (Figure B8b) were the large granules
presumed %to be PHB stor;ge material. Less obvious
irregular membrane fragments and smaller particles about
10 nm in diameter are also present. The light
chromatophore fraction (Figure 9a ) contained material
with the characteristic chromatophore form as seenAby this
technique, Thea prephore fraction (Figure 9b) consisted of
the non-collapsed particles» of a size similar to the
chromatophores, and numerous smaill particles (appro«; 10
nm dia.). The larger particles wefe uniform in appearance
and were termed prephores. The medium density fraction
had a characteristic "sac-1like" appearance that was
distinct both tﬁe prephores and the chromatophores (Figure

9¢).
E. A study of the aggregation of the fractions.,

1. Aggregation of material in the gradients by divalent

cations.,

In the initial sucrose density gradient separationss

material in the gradient would sometimes aggregate. 1
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Figure Qa,

2 Negatively stained chromatophore fraction.

b Negatively stained prephofe fraction.

Scale:
1 cm = 100 nm.
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Figure 9c.

density fraction.

Negatively stained medium

: 1 cm = 140 nm.

scale




-8 2—

thought that this might be due to the contamination of the
sucrose with appreciable Ievqls of calcium. Thse sucrose
used for gradient formation was titrated for divalent
caiions by the Eriochrome Black T-EDTA method (cf.
Chapter 2) The gradient contained & x 10-%* to 1 x 10-3 N
divalent cation (25 to 55% sucrose respectively). It has
been shown [Gibson (1965)] that divalent cations were a
caus e of chromatophore aggregation when present in
concentration abbve 10-3 M., EDTA was included in the
phosphate buffer at a level of 10—-2 M, Subsequent runs:
made with or without EDTA, showed no differences in the
peak heights or densities of material in the gradient.
The phosphate buffer strength was reduceds the standard
buffer thu§ became 0.5 X 10-2 M in potassium phosphates pH
7.0» and 1 x 10-2 M in EDTA (disodium salt). Using this
modified buffer, aggregation was hot a prcblem with
samples containing 5 mg (or less) protein. The standard
gradient - was normally loaded with a small particle

fraction containing 2 mg protein.
2. The prephore subunit and mature subunit fractions.
{a) Isolation of the subunit fractions.

It seemed most likely that the prephores resulted
from the characteristic aggregatipn of the small 10 nm
particles (cf. Figure 9b) rather than the latter

being a decomposition product of these structures. This



was in aggrement with the finding that the prephores were
only formed when the small particle fraction was pelleted,
a process which could easily be Imagined to favour
aggregation. It was found that in thq unaggregated state
the so-named "prephors subunits™ remained towards the top
of the standard gradient during a 16 hr run. It seemed
likely that the bulk of this material might not be
harvested by the cantrifugation at 100,000 x @ for 90 min.
Were unaggregated subunits», in fact» concentrated in the
supernatant of the standard small particle fraction
harvesting run?

To answer this question the pigmented material in the
supernatants of the high g-force centrifugation Was
harvested into a 507 glycerol trap buffered with phosphate
to pH 7.0 a prolonged centrifugation was used (24 hrs at
100,000 x g). This technique was used to harvest material
prepared from cells 1n various stages of adaptation» as
wei! as cells grown photosyntheticaltly for two days.
After the glycerol was removed by dialysisr» 2 mg samples
were run on the standard sucrose dersity gradient. As can
be seen from Figure 10s» the gradient profiles of this
harvested “supernatant fraction” from adapting cells are
different from the profile produced by material from the
mature photosynthetic celis. The adapting cells produced
a poeak wWith the bouyant density of that of 28% sucrose

while the mature cetls gave a 32% sucrose density peak. I
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Figure 10. The 25% nm profiles of the materizl, harvested by
centrifugation for 2% hours at 100,000 g, and run in the
standard (25-55%) sucrose density gradient for 16 hours.



termed the material from mature celis the "mature subunit"
fraction, It should be notsd that the harvesting
technique made it almost equivalent to the "55S" material

described by Gibson (1965a)
{b) Aggregatlon of the subunit fractions.

Subunit aggregation might have resulted from a
hydrophobic association, | If this was the case then the
formation of the prephore fraction shouid be promoted by
an increase in the ionic strength of the gradients.
Figure 11 shows the profiles of a standard smalil partictle
fraction when run in gradients of various ionic stfengths.
The material was prepared from cells after & hours of
adaptation. It can be seen that at high ionic strength
(0.5 M phosphate), a band appeared in the prephore
fraction position (at 48% sucrose)l. The fact that the
band was pigmented and formed with a concomitant 1loss of
material at the 28% sucrose level in the -gradient
indicated that the raterial wa's indeed equivalent to the
prephore traction, It also showed that hydrophobic
bonding was the likely cause of aggregation of the.
prephore subunits., Material in the 100,000 b4 g
supsrnatant also produced a prephore band at 482 sucrose
{not shown). This was achieved by running the sample in a
gradient 0.05 M in phosphate buffer.

In a further experiment, 1 increassd the amount of
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Figure 11. Demonstration of subunit aggregation in the
standard (25-55%) sucrose density .gradients
caused by increased ionic strength.
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saﬁple added to the gradient from 2 to 10 mg protein.
This also resulted in the formation of a prephore band;
howasver» the yield was not as greét as it had been
foliowing the increase in ionic strength. The experiments
showed that both the 100,000 x g supernatants and material
peaking at about 287 sucrose in the staﬁdard gradient,
could produce the prephore fraction.

The mature subunit fraction (the supernatant méterial
from mature cells) also produced an’aggregated bands wWith
a density of 40% sucross {the same position as heavy
chromatophores)» when centrifuged in this type of
gradient. Thus both in the free and the aggregated
condition the subunits from mature cells behaved

differently.

{c) Glycerol density gradient electrophoresis of the

subunit fractions.

I knew that the supernatant from smailt particle
preparations isolated from adapting cells would contain
two other componentss namelys ribosomal proteins and
varying amounts of the mature subunits. In theory» the
nature of the ribosomal proteins should allow their
removal from the subunits by electrophoresis. Conditions
which allowed the separation of a large 254 nm peak» which
was relatively low in protein content, from the prephoré

subunits f(running as a pigmented band) are described in



-8 6~

Methods (Chapter 2)., The unpigmented peak contained only
20 to 30% of +the protein of the <crude supernatant
fraction, Figure 12a shows the glycerol density gradient
etectrophoresis profiles of matsrial from both adapting
and mature photosynthetic cells after electrophoresis. As
the material from the photosynthetically mature cells had
a different mobility compared to that from adapting celiss
I thought the technique would also allow the separation of
prephore subunits from maturé subunits. The result_of the

two electrophoresis runs are summarized in Figure 12b.

(d) Electron microscopic study of the subunit structure of

the prephores.

Re-examination of slectron micrographs of the
negatively stained prephore fraction showed that these
bodies {approx. 60 nm dia.) were regular aggregates of

particles about 10 nm in diémeter {Figure 13).

3. Light and Heavy Chromatophores.

The inclusion of 10-2 M EDTA in the buffer and the

harvesting of the small particle fraction onto a 607 wW/w

sucrose trap prevented the formation of the heavy
chromatophore fraction. The aggregation of mature
subunits wmay also have contributed to the heavy

chromatophore fraction when the above modifactions to the

small particle harvesting technique were not made.
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Figure 12a. Glycerol density gradient profile of purified
subunits after electrophoresis.
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Figure q12p., Summary ofgthé_relatiye’mobilitiés of the subunits
from two separate (40-70%) glycerol density |
gradient electrophoresis runs.
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Fe The optimal isolational and separative procedure found
for the preparation of the <chromatophore and prephore

subunit fractions,

French press éell treatment was used in the majority
of the experiments as it was foundv to be the most
reproducibie means of cellular disruptfon.

A buffer 10-2 M in EDTA and 0.5 x 102 M in potassiuh
phosphate pH 7.0 was found to prevent w8aggregation of
material in the sucrose gradient when a 30 ml gradient was
loaded with samples 5 mg or less in protein.

The initial tow g force centrifugation Was cfitical
to the removal of cell envelope material from the small
particle fraction. Csantrifugation for 20 min at 10,000 «x
g allowed the small particle fraction to be decanted away
from cell envelops material, which could be seen as a
light-scattering layer in the 5 ml above the pelieted
debris. |

The use of a 2 ml 607 w/w sucrose trap in the small
particle harvesting procedure eliminated the tormation of
the heavy chromatophore fraction in the standard suctose
density gradient. This modification reduced the prephors
fraction causing a pigmented peak to form with a density
of 28% sucross,

Quantitativelys the best source of prephore subunits

was the 1.5 hrs 1005000 x g supernatant derived from cellils
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in the first few hours of adaptation. The glycerol
density gradient electrophoresis technique was wused to
separate the prephore subunits from ribosomal proteins and
matdre subunits., The latter were predominent in celis of

high chromatophore content.

Il A Study of R. spheroides during Adaptation from

Aerobic to Phototrophic Growth Conditions.

A, The effect of the growth phase and oxygen content on

adaptation.

Most of the early work had been performed with late
log phase cells. These had been dituted with fresh mediunm
and limited in oxygen supply (diffusion through the
surface of the culture ) to promote thylakoid formation.
As a large amount of cell Ilysis occurs at late log phase,
I decided to work with an earily log phase culture. This
would show the adaptive <changes in physiologically
Yhealthy” cells. : B

Cells were grown to the required initial cell flevel
aerobically with 657 oxygen at a flow rate of 4 S.C.F.H.
Figure 14 shows the relative 1leveis of the major
components in the standard sucrose density gradient
fractionation of material from adapting early log phase
cells in the tight at the oxygen levels indicated. {These

experuments wsre performed prior to the modification of
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Figure 14, Relationship of various fractions (254 nm peak

Abs. 254 nm

heights) in the adaptation of early log phase

cells under different conditions of aeration.
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the buffer, described in the previous sections and thus
produced a heavy chromatophore fraction). It can be seen
that no adaptation occurs if unpigmented cells are gassed
With nitrogen. The prephore fraction dids however,
increase. Pigmant was also formed, the majority being the
870 nm form of Bchl, No cell growth’occurred, indicating
that the prephores werse not photosynthetically competent.
When some oxygen was alloWed into the medium through the
surface of the culture, the fluctuations in the membranous
fractions was similar to that described previously (Figurs
3. Figure 14b shows that in such a situation, early log
phase celis develope ©both prephore and chromatophore
fractions., The prephore fraction peaked after 10 hours of
oxygén ftmitation and the chromatophore fraction continued
to increase. In the first six hours of the adaptation the
cells increased one and a half times in number,
Adaptation with 2,7 or é.oz oxygen gassing (Figures 14c
and d) was found to cause the rapid production of the
heavy chromatophore fraction. In these conditions the
cells increased three-fold in the first six hours. The
prephore fraction was» however, present at much lower
levels relative to the other components in the gradient.
It appeared that the ideal situation for the study of
the fraction changes during adaptation to photosynthetic
growths would be one in which adaptation was niether very

slow nor very rapids The slow adaptation yields only a
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smal! chromatophore fraction, while rapid synthesis makes
it difficult to establish precursor-product retationships.
To choose the optimal conditionss theh amount of pell
growth and pigsentation were measured wunder various
adaptation conditions. The level of oxygen used and the
grbwth phase of the cells at the start were varied; the

results are shown in Table IV,
B. Analysis of ceillular constituents during adaptation.

Figure 15 shows the concentration of PHB» glycogen,
protein and 8c¢chl in g/cell. It appears that in the first
hours of adaptation, glycogen méy have been usedv as an
energy sources presumably by a fermentative process.
Later in the adaptations the PHB level decreased.

Bchl was first detectable after two hours and

increased at a nearly constant rate from &4 to 20 hr.

C. Smatl particle fractions produced during aerobic

growth,

I thought that a method of Jimiting oxygen by using a
slonw gas flow rate might be a means of speciticatly
‘producing the prephore fraction. From Figure 16 it can be
seen that the oxygen lsvel in the culture fell to a low
level for about ons hour towards the end of 1og phase.

Another experiment was preformed in which samples

were taken at various times during the growth of a culture



Growth rate and level of Bchl synthesis of cultures adapted at different
stages in log phase with different levels of oxygen (balence nitrogen)

Table IV

pd : m.o.m—.m.

% Oxygen Experiment Growth

Cells/ml at Increase in

Bchl formed

Bchl formed

in gas , phase the gtart cells at 6 Hrs Jcell (Mx10!®) /ml (Mx10°)
x 10 ® at 6 Hrs at 6 Hrs
0% A Early 0.46 1.0 0.65 0.30
B _ Early 0.27 1.3 1,80 0.64
L 1 ¥ 3 C Mid 0.82 1.0 0.10 0.08
(@]
(@)
! D Late 1.65 1.0 o} 0
E Early 0.29 3.0 1.15 1.00
27%¥3  F ‘Mid 0.76 2.4 1.48 2.72
G Late 1.62 1.1 0.09 0.16
H Early 0.21 3.0 1.52 0.96
4.0 ¥ 34 I Mid 0.87 1.5 0.7h 0.96
J Late 1.73 1.0 0 0
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being gassed with 1002 oxygen at a flow rate of 0.5
S.C.F.H. The sampling times and the oxygen tevel
throughout the latter part of the log phase is shown in
Figure 17, While the culture was .at- a low partial
pressures the flow rate was adjusted to 2 S.C.F.H. for a
few seconds, The resulting rapid increase in the meter
reading (not shown on Figure 17) showed that the dissolved
oxygen level was indeed in balance with the consumption by
the cells and the gas flow rate. The samples were
disrupted by the French opressura cell and the small
particle fraction separated by the standard sucrose
density gradient technique. The gradient profiles of
these samples is shown in Figure 18, Sample A produced no
appreciable prephore fraction. The prephore fraction was
present in sample B and had increased in sample C and
becomevpigmented. The prephore fraction from sample C was
less dense than that from sample B. Sample D {(taken 48 hr
after sample A but not shown on Figure 17) produced
essentially the same gradient profile as sample C. The
results shown (Figures 16 and 17) were obtained with the
same growth apparatus and number of cells/ml (2 x 107) in
the innoculum. One culture took 42 hr to reach late log
phase while the other grew more rapidly requiring only 30
hr to attainv the same Jlevel of celis/ml. The culture
growing more slowly reduced the oxygen tension below the

level ofv'saturation only towards the end of log phase
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Figure 17. Oxygen level (partial pressure mm Hg) 1in a
’ ‘4 1, culture of R. spheroides gassed with 100%
oxygen at 0.5 S.C.F.H. through an 8 cm? sinter.
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Sample D.
.mocum 2 Rel.
after Abs.
sample
P 4 Sample C, 280
A
nm
0
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Sample 4, ,ll\)llllll\\\\\L

SUCROSE CONCENTRATION

BUFFER 25%

85 %
Figure 18. Sucrose density gradient profiles of the small particle fractions

obtained from partially adapted cells. See figure 19 for growth
curve and oxygen levels.
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{Figure 16)., The culture that grew most rapidiys however,
reduced the oxygen level throughout the log phase (Figure
17). ALthough the reason for the vériations in growth
rates is not known the experiments show that the duration
of the reduction in oxygen fevel in the medium is
dependent on the growth rate of the culture being

oxygenated.
D, Bchi and protein content of small particie fractions.
1. During adaptation.

An oxygen-groWwn culture was adapted by timiting the
oxygen supply to‘ diffusion through the surface of the
medium {(cf. Methods» Chapter 2). Spectral analysis of
the fractions showed ¢that by 6 hr» prephore, 1light
chromatophore and heavy chromatophore fractions contained
Bchl and carotenoids (Figure 19). The Bchi/protein ratio
was always low in the prephore fraction while that in the
liéht chromatophore fraction, though similar to that in
the prephore fraction at 6 hr, had increased etevenfold
(to 0.028 mg/mg) at 20 hr. The Bchi/protein ratio of the
heavy chromatophore fraction was oniy half that of the
light chromatophore fraction. The protophore fraction was

not pigmented at any of the times studied (Figure 19).,

2. During aerobic growth.
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Flgure 19 Sucrose density gradient protein and Bchl
profiles during adaptation.
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A culture was grown by oxygen gassing at 0.5 S.C.F.H.,
The oxygen levels and times of saﬁbling are shown in
Figure 17. The <cells harvested in saﬁples A and B were
unpigmented while those collacted aftqr the drop in oxygen
level were pigmented. The experiment showed that the
development of the prephore fraction into chrcmatophores
was inhibited at the high oxygen level. Surprisinglys the
synthesis of Bchl continuea. The in vive spectrum showed
that the 870 nm form of Bchl predominated in sample C
(Figure 20) while there was a large increase in the 850 nm
torm of Bch! in sample D (Figure 20). Analysis of the
gradient fractions for pigment, however, failed.to show
the dramatic increase (Table V). This table shows that
the light <chromatophore fraction almost doubled 1its
content of the 850 nm form of Bgchl. This» however,
represented only a small portion of the increase in the

small particle fraction as a whole.

E. Analysis of individuat protein components of smail

particle fractions during adaptation.

l. Growth conditions used prior to purification and

protein analysis of the fractions.

Cultures A»B»C and D were grown from innocula of low
pigment content.
Culture A,

The culture was grown at a flow rate of 2 S.C.F.H,
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Figure 20. The in vivo s
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Table V
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Optical density of gradient fraction at 850 and 870 nm.

(N.B. Samples A and B contained no detectable pigment.)

Sample C Sample D
Fraction 0.D. 0.D. 0.D. 0.D.
850 = 870 850 870
below below
Heavy chromatophore 5x10 4 0.023 5x10 4 0.021
Light chromatophore gi}gﬂ4 0.006 0.001 0.010

Prephore

0.001  0.005

0.001 0.005
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using 100%Z oxygen. The cells were harvested while the
culture was at early log phase,
Culture B.

The culture was grown at a flow rate of 0.5‘ S.C.F.H.

using 65%Z _ oxygen. The dissoived oxygen content was
moni tored throughout growth by means of an oxygen
electrode, Cells containing the wunpigmented prephore

fraction were obtained by harvesting the culture when
celiutar wuptake had reduced the oxygen content to 0.25 m
moles/liter (a meter reading of 18%).

Culture C,

In this culture 65% oxygen was used to produce a2 mid
{og phase culture. The adaptive changeé ware then induéed
by gassing for two hours with 4% oxygen at 2 S.C.F.H,
Under these conditions pigmentation is tapid.

Culture D.

This culture was grown to mid tog phase in the same
manner as culture C and then slowly adapted by limiting
the oxygen entry to diffusion through the surface of the
magnetically stirred medium. The cultures was harvested
after 6 hours.

Culture E.

An angerobically grown innoculum Was transferred to a
fiask tull of fresh medium and grown anaerobically for =a
turther threse days. The culture was illuminated at

approximately 300 foot candles. After a slow growth the



colls wore harvested at mid log phase. They were taken to

represent the fully photosynthetic state.
2. Cell numbers and Bchl contents of the cultures.

The number of cells/mi and the degree of their
pigmentation is shown in Table VI. It can be seen that
cultures A and B were unpigmenteds while C» D and E
contained various levels of pigment, The culture induced
to rapid adaptation, C» had about half the pigment/protein
ratio of culture D (slowly adapted) after six hourse. The
photosynthetic cells (culture E) contained the most
pigment. Culture C contained only the 870 nm form of
Bchis culture D contained equal amounts of the 850 and’BTO
nm forms, while culture E had the majority of pigment in

B

the 850 nm form.

3. Separation scheme,

An early experiment had shown that material
centrifuged for 24 hours in a sucrose density gradient
gave an almost identical grédient profile to that obtained
after the standard 16 hour run, The profile obtained
after only 8 hours was different. In the standard
gradients the 1light chromatophore fraction reached a
density equi?alent to 28% sucrose (8 hr) rather than 34%
{16 hr). 1 decidedlto> fractionate and purify material

produced from the different cul tures using both



Table VI

The number of cells/ml and the degree of their uwmamsdmdwos is
shown for the different cultures.

Culture A B C D E
Culture number/ml 8.0x107 9.2x107 8.8x107  3.L4x1Q® 3.2x108
Pi gment (Behl)/ml of culture (g/mix) 850 nm N.D.  WN.D.  N.D, 1.5x1077 6.9x1077
| | 870 nm N.D. N.D. 3.0x10°8 1.5x10"7 N.D.
% Bchl/g whole cell N.D. N.D.  3.4x10 1% 8,8x107 16 21.0x10"16
Behl/protein ratio (by weight) N.D. N.D. H.uﬁ.o-m 2.2x1073 10.8x10"3

¥Assuming absorption/g of pigment at 870 is equal to that at 850 nm.
N.D. Not detectable.
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equi librium and non-equilibrium centrifugation. Fractions
from the standard (16 hr) gradient were further resolved
by 8 hr non-equilibrium centrifugaiisn in lsss extreme
gradients than the standard (25 to 55%7 sucrose) gradient.
The separation §cheme is shown diagramatically in Figure
2l1. (A reverse order of the wuse of wequilibrium and
hon—equilibrium centrifugations was found to give the best
yield of the medium density fraction. This material was
analysed along with fractions from the scheme shown in
Figure 21 ).

In samples A»B and Cs the prephore fraction was the
largests while samples D and E contained most matérial in
the light chromatophore fraction (cf. run Gl, Figure 21).
The prephore fractions obtained from the oxygen grown
celis (samples A and B), were unpigmented., The amsunt of
material in this fraction increased from samples A to C»
the latter being‘pigmented (in the 870 nm form of Bchl),
Further purification of the prephore fractions produced an
interesting result (see run G5s Figure 21). The prephore
fractions of samples C» D and E in the standard
equi librium centrifugation (Gl) were pigmented. After the
non—-equilibrium run the ﬁigment had not sedimented but
remained in the buffer layer above the gradient (5%). The
only explanation for the fact that in samples C» D and E
the majority of the protein was also found in the buffer

layer  was that the original prephore fraction had
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~Figure 21. Separation scheme
(Density gradient profiles
at 254 nm.)
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dissociated into smaller units., The new fraction has been
termed the prephore subunit fraction {(cf. Section 1.E.2

abovel,
4., SDS-PAGE analysis of the fractions.

Samples were analysed by the SDS-PAGE technique.
Examples of the gel profiles obtained for each fraction of
material from culture C are shown (Figures 22 to 26).

’The pigmented material (S*) remaining in the buffer
in the gradients of run G5 (Figure 21) had a
characteristically simple profile. This profile was also
observed in the P* fractions analysed from this run
(Figure 29). The profiles for the 5% fraction are shoun
in Figures 27 and 28 for material from cells grown in all
of the different culture conditions, "Although material
from cultures A and B in fraction S*¥ has a more complex
profile, that from P¥ from culture A showed the same
typical profile as that from cultures C and D (Figure 29).

Figure 30 shows the SDS-PAGE profile of the prephore
subunit material purified by glycerol density gradient
electfophoresis {ct. Section I.E.2) in comparigon with
that of @& chromatophore fraction. It can be seen that
proteins B»F and H are the major proteins in the prephore
subunit fraction .

Figure 31 shows that the mature subunit material

purified by glycerol density gradient electrophoresis has
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Figure 22.
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SDS-PAGE profiles of fractions L and X from culture C.
Numbers = mol. wts. of proteins in kilodaltons.
Letters = protein type based on mobilitles.



Figure 23.
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SDS-PAGE profiles of fractions S and LC from culture C.
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Figure 24.
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SDS=PAGE profiles of fractions .S*¥ and P* from culture C.



-97d-

Figure 25.
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SDS-PAGE profiles of fractions 0S and OM from culture C.



Figure 26.
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Figure 27.
CULTURE A.
|
H 19 35 6380
C GH MP
CULTURE B.
} L ] 1

16 3335 6589
C GH MQ

SDS-PAGE profiles of S* fraction
from cultures A and B.
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Figure 28,
"CULTURE C.
1 L L
9 25 40 144
B F H X
CULTURE D. ) CULTURE E.
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B F H X B F H X

SDS-PAGE profiles of 8% fraction from cultures C,D and E.
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Figure 29 . SDS-PAGE profiles of P# fractions.
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Flgure 30, SDS-PAGE profiles of subunit fraction (A) and chromatophore
fraction (B) prepared from cells adapted for 6 hours.
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Figure 31 . SDS-PAGE profiles of A. the mature subunit fraction,

B. the chromatophore fraction,



a profile similar to that of the <chromatophore. The
typical chromatophore SDS—PAGE profile is shown in Figure
32.

SDS—PAGE of the reconstituted prephore fraction (cf,
Section I.E.2) shows that proteins B»F and H are major
components (Figure 33).

Figure 34 shows that a pigment-protein complex
excreted into the medium by slowly adapting parent cellis
has many proteins in common With the reconstituted
prephore material. The complex was excreted when eartly
log phase cells were incubated for 10 hr in the dark, with
oxygen entry flimited by diffusion into the culture,. An
ether spectrum of the pigment indicated that it was

magnesium protoporphyrin (or its monomethyl ester).
111, Evidence for Chromatophore Fraction Precursors.

A, Incorporation of L-(U-2%*C) proline into the small

particles during adaptation.

The adaptation experiment described in Section
I1.D.1. Figure 19 above was carried out in the presence
of L-(U-1“C)protine as described in the Methods section
{Chapter 25 Section I1.K.1). The distribution of 34C
activity in the gradients and the specific activity of the
protein in the fractions is shown in Figure 35, It can be
seen that at 0, 2 and 6 hr the prephore fraction is highly

Iabelled'indicating that it contained neWwly synthesized
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Figure 32,

Typlcal chromatophore fraction.
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Figure 33
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SDS-PAGE profile of reconstituted prephore fraction.
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Figure 34,
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SDS-PAGE profile of pigment-proteln

complex from the parent strain of
R. spheroides. ,




,TOTAL ACTIVITY IN DPM (XI1073)/ mi.

—98d—

! |
60!' O Hours B O Ho : ‘
! P?E sok urs PRE
40t = - 0
I 40t
| PRO - ]
20 \l( 20_—l— |
" - "
o T 111 | L z
Buffer 25 40 55 *6 Buffer 25 40 55
' PRE @ go !
i a i
60k 2 Hours - I 2 Hours PRE
" E 6ot PRO ¥
4ot & F
i o 40 .
PRO x s
20F ¢ ~ 20}
L — s :1
O-—r——1—T_ ' % (o) ] ]
Buffer 25 40 . 55 > Buffer 25 40 - 865
PRE - gob |
| 6 Hours A > 6 Hours
60 ‘ =}
R S eol P?E
4o G aol LC B
" qu o [ ) |
20!: § 20
O __— ‘ n 0 ——[_ l -
Buffer 25 40 55 Buffer 25 40 55
] T
- 20 Hours 60F 20 Hours
40} .
8 Lc jf ‘ ~ 40F Lc HC
PRO N
20} J« J, PlRE ol PROl IIRE
o | e e I e S
Buffer 25 40 55 Buffer 25 40 55

PERCENTAGE SUCROSE (W/V)

Figure 35. The total activity in dpm (x 107 3)/ml (left)
and the specific activity in dpm (x 10 2)/mg protein
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the proline labelling experiment.
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proteins. At 6 hr the majority of the activity‘was
incorporated into the prephore fraction. The protophore
fractions at the top of the grédient: was only
signiticantly labelled at 0 and 2 hr.

The total activity plots of Figure 35 were analysed
with a Dupont Model 310 curve analyser, by assuming that
the activity in all the fractions could be represented by
Gaussian curvass or combi&ations of Gaussian cuyrves. The
area of each 3 ml] segment of the curve ;nvelope {generated
by summation of all the Gaussian components) matched the
activity contained in each fraction with an average
deviation of + or - 3.8%, No fraction had a déviation
greatar than 2% of the total activity contained in ‘the
entire membrane fraction. B8y this methods an estimation
of the total activity in each fraction was obtainad. The
total activity in each fraction at the four times studied
is shown (Figure 36).

Activity in the soluble fraction above the gradient
remained {owW. The activity in the prephore fraction
peaked at 6 hr. The rise in activity of the prephore

fraction preceeded that of the 1ight chromatophore

fraction. At 20 hr, the heavy chromatophore fréction

contained twice the activity of the light chromatophore

fraction,

B. Double labslling study of small particle fractions

during adaptation.
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KEY

SOL buffer over gradient. PRO = protophore fraction.
BKDG background component. PRE = prephore fraction.
LC and HC = light and heavy chromatophore fractions.
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Figure 36. Distribution of !'*C activity in the fractions at
different times (hours) during adaptation in the
14¢ proline labelling experiment.
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1. Growth and uptake of f(abellied amino acids.

A culture was grown aerobically to early 1Ho0g phase
and incubated in the presence of 3H-jsoleucine for three
hours. Cold isoleucine was then added as a chase (for
details see Chapter 2, Section Il.K.2) and a sample taken
(0 hr). Adaptation was induced by gassing with 4% oxygen
{balance nitrogen)s a 10 min period being allowed for
equi tibration of the dissolved oxygen content.
14C-Proline was then added and a period of 2 hr allowed
prior to the addition of cold proline As a chase. The
growth and uptake of the culiture was monitored hourily by
taking 10 mi aliquots. Samples of 1 I. were taken just
before the reduction in oxygen level (0 hr) and at thres
subsequent times (2, & and 16 hr). The growth of the
culture and times of additions are shown in Figure 37.

The incorporation of each label by the whole cells is
shown in Figure 38 as a percentage of the amount added.
It can be seen that the addition of the cold amino acids
essentially prevented appreciable uptake of the labelled
amino acidse. The uptake of some additional *“C-proline
that occUred between 10 and 16 hrs probably resulted from
a large uptake of proline at the end of log pﬁasa Qhen the
normal substrates became limiting. Thé indhction of
adaptation at a low level of cells per mi minimized the

possibilpty of re—utilization of Taerobic® proteins and
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Growth curve in the double labelling experiment. Figure 37.
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Figure 38. Uptake of labelled amino acids by cells.
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favoured the production of a large medlum' density

fraction.
2. Fractionation ot the cells.

After the standard pfeliminary centrifugations, the
small particle fraction was resolved using a 25 to 55%
sucross density gradient. The subunit preparation was
harvested and purified as previously described. It was
analysed both before ("™crude™ CSU) and after glycerol
density gradient \electrophorgsis ("purified™ PSU). The
purified subunit fractiohs and the sucrose density
gradient fractions were dialysed prior to counting to
remove absorbed radioactivity and glycerol or sucroée.
The distribution of total protein into the different
fractions is shown in Figure 39. The combination of a low
initial cell level and 4% oxygen gassing allowed cells to
groWw aerobically at a féirly high rate (Figure 37).
Almost no lag could be seen in the growth rate prior to
pigment production, These conditions were used to produce
a goodvyield of the medium density and subunit fractions.
They resulteds howavers in a lower level of chromatophorés
per cell than is obtained by adapting celis later in the
qu phase or with lower levels of oxygen. As a result,
the aerobic mémbrane peak was large compared to the
chromatophore peak in the sucrose gradient (29Z and 34%

sucroses respectively). The aerobic membrane component
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Figure 39, Distribution of sedimentable protein

after low g centrifugation.

1SPF! rcsu!

0 51% h9%

Time in 427 587
hours. 6 289 72%
16 27% 73%

Thours -6 ‘/'MDF' | 1pSU !
0 31% 12% 34%
2 | 28% 7% o L50%
6 |15z | st | - 59%
16 | 18% 4% 407

. Key
SPF = Small particle fraction
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MDF = Medium density fraction
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wass however, reduced during adaptation, the chromatophore
peak being dorinant in the material from the 16 hr sample.
The overlapping of these components. prevented good
resolution of the chromatophores by the standard gradient.
These componentss contained in fractions 4 5 and 6 (28 to
37% sucrose) were pooled: this fraction will be referred
to as the "4-6" fraction.

The culture became v:sgbly pigrmented after two hours
of growth at the low oxygen level. The “4~6" fraction was
highly pigmented éfter 6 hr indicating a chromatophore
content. The 870 nm form of Bchl predominated. The
absorbance of the 870 nm form of Bch! per mg proiein is
shown in Figure 40. A similar profile was observed from
whole <cell samplas, but after 16 hr a peak at 850 nm was
present; its absorbance was about half that of the 870 nm
form. The probability that the cells were a mutant strain
was low, as growth of celis from the same innoculum stock
at a lower oxygen level produced the typical near-infrared
absorption spectrumn. The level of pigmept in the crude
and pQrifced subunit fractions 1s also shown in Figure 40.
In agreement with previous works the subunits were
felatively highly pigmented at the start of pigment
synthesis but their content underwent little increase in
the tater stages of adaptation; at 6 and 16 hr their
specific pigment content wWwas only about 30% that of the

"4—6"'fraction.
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Figure 40. 0D 870

nm/mg protein in the '4-6' and the subunit fractions.
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3. Distribution of radioactivity in the small vparticle

fractions.

The specific activities of the three major purified
membrane fractions at each time studied is shown in Figure
41. For comparisons two "average" values afe also
included: (a) the estimated average for all cellutar
proteins, assuming incorporation of all the amino acids
taken up by the celis into proteinss and (b) the average
specific 'activities of atl the purified membrane
fractions., Figurs 41 shows that the specific activities
of all three major fractions decreased roughly in accord
with the decrease observed in the two average values. | A
dramatic exception, howevers is the specitic activity of
the "4-6" fraction (both 3H and 1*C {labelled proteins)
which increased at 16 hr. This was coincident with the
increase in the chromatophore fraction {254 nm absorbance
at 34% sucrose in the density gradient).

The changes in specific activity resulting from
celjular growth can be eliminated by dividing the specific
activity in the fraction by the whole <cejl specific
activity. The resuiting retios {pltotted on a log scale)
for the three major fractions are shown in Figure 42,
This figure shows that dilution in specific activity of
the medium density fraction (between 2 and 6 hr) and the

subunit fractions {(between 0 énd 6 hr) is indeed greater
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Figure 41. The specific activities of various fractions
during adaptation.
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Figure 42 . Log plot of the specific activity/fraction

protein to speci

fic activity/whole cell protein ratio.
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~ than average during adaptation,

The 3H/1*“C ratios were also calculated. The data
were corrected to reflect the ratios which wWwould have been
obtained if .equal initial 3H and '%C activities had been
added to the medium. The samplss were counted to ¢+ or -
17 and the ratios were thus determined to bettsr than + or
- 57, Figure 43 shows that the 3H/Y*C ratios of the
purified subunitss produced by the cell from four
different stages of adaptation, were almost identical.
This is in coﬁtrast to the ctude subunit preparations.
The variable 3H/1%C ratios in the crude subunits and their
high specific activity was probably due to adsorbed amino
acids. The similar 3H/1%C ratios after dialysis agaihst
20% glycerol (1mM Tris pH 7.5) for three days shows that
this fraction is probably free from dialysable
contamination. The unpigmented material, separated from
the subuni ts by the 'electrophoretic purifications
contained less than 30% of the proteins a {lower 3H/1%C

ratios, but a similar specific activity to the subunits.
4, 2-Chloroethano! digestion.

An attempt was made to separate the ™aerobic™ from
the "photosynthetic™ proteins wusing the 2-chloroethanol
technigue of Fraker (1971). The unfractionated swmall
particle fraction was treated with 2-chloroethanol as was

described in chapter 2. The material was easily
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Figure 43. °H/*C ratios for the fractions.
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solubitized and centrifugation (27,000 x g for 15 min)
produced a white gelatinous pellet. The proteins left in
solution and the pellet proteins wers fermed the PII and
PI fractions, respesctively. Ths solubte fraction (PII)
had been found by Fraker to contain about 957 of the
proteins specifically associated wWwith the chromatophores,
while the pellet material (PI) was beiieved to contain the
majority of T™aerobic" p;oteins. I found, howevers that
between 45 and 60% of the proteins were solubilized both
from the ™aerobic"™ cell smail particle fraction and that
from pigmented cells at 2, 6 and 16 hr. The =asethod did
not appear to be as specific as had been hoped. It was
found that the 2H/*“C ratio obtained from the PII fraction
was similar to that éf the purified prephore subunits

{Figure 43). .

C. Electron microscopic examination of thin sections from

adapting cells.

Sections of asrobicaily grown cells and those of
cells adapted by gassing with 1% or &% oxygen are shown in
Figures 44 to 50. The staining and sectioning techniques

are described in chapter 2.
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Cell section of oxygen grown cells showing aerobic

invaginations.
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Figure 45.
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Figure 46.

Cell section showing connection between PHB storage
granule and the periplasmic space. Aerobic cells adapted
at mid log phase by gassing with 1% oxygen (balance

nitrogen) .for 2 hours.
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Figure 47.

"~y

47, Cell section showing increased peripheral invaginations.
Aerobic cells adapted from mid log phase by gassing with
4% oxygen (balance nitrogen) for 0.5 hours.

48, Cell sections showing further increase in invaginations.

Same culture as above after 2 hours of adaptation.
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Figure 49.

4g, Section of céll from samé culture as Figs. 47,48,
Chromatophores present in the center of the cell
after adaptation for 4 hours.

50, Section of cells from abo#e culture after 8 hours

showing an increase in chromatophores.
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Chapter 4. Discussion.
I. Discussion of the Experimental Procedures.
A. The linear density gradient techniques.

Of afl the separative techniques investigated (cf.
Results, Section I.A. and B8,) the linear sucrose density
gradient ultracentrafugation technique was the most
reproducible and gave the greatest resolution.
Modifications of the harvesting technique and the gradient
buffer eliminated problems of aggregation of the
chromatophotes with the other <c¢sliular structures.
Fractions were shoWwn to have reached their equilibrium
bouyant densities after 16 hr of centrifugation» no
further change being observed after 24_hr. The membrane
tractions Were separable by non~equilibrium
centrifugation, but the resoiution was not as good as was
obtained by tﬁe equilibrium technique. This probably
resulted from variations in the sizes of the membrane
fragments being studied. The w®main limitation of the
equilibrium technique was the small amount of materia! (a
few mg protein) that could be added to each gradient. The
methods, howevers provided enough material for protein
analysis by SDS-PAGE and the determination of their
pigment/sprotein ratios. The use of sucrose density
gradient uitracentrifugation for the isolation of the

prephore subunit and mature subunit fractions is discussed
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in Section II, below. The fact that these subunits
banded at the top of the gradient during the standard 116
hr centrifugation is belgived due to their smaller
diamefers and thus their greater surface to volume ratios.
The increased surface to volume ratio causes an increase
in viscous drag per unit masss thus preventing them from
attaining their positions of bouyant equilibrium.

The glycerol density gradient elect rophoresis
technique was useful in producing a large quantity of the
prephore subunit material. Separation of the praphore and
mature subunits might also have been achieved by zonal

centrifugation,
8. Electron microscopy.

This technique was useful in providing an idea as to
the homogeneity of membrane fractions. The results
obtained by this technique should be regarded as
"indications” rather than "evidence" as the interaction of

the stain and subcellular structures is well known to

produce morphological artefacts. Electron microscopy
doess howevers provide one of the only methods of
observing the macromotecular structure of cellutar
componsents,

The term,'prephore subunit, was derived from studies
using this technique., In addition to the large prephore

structuress smaller particles about 10 nm in diameter
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could also be seen in the prephore fraction. These
particles appeared to form the uncollapsed prephore
substructure, As the prephore fraétion _could be
dissociated into smaller structures whichs, in turn, could
be reaggregated to yield a prephore fractions jt seemed
reasonable to suppose that the small particles weres in
fact» subunits. The sac—like appearance of the medium
N

density fraction, howevers might well have been due to

partial vesiculation of cytoplasmic membrane.,
C. The SDS-PAGE technique..

Various gel electrophoresis procedures were tested.
The method of Laemelli (1970)» modified by Clayton ahd
Haselkorn (1972), was found the most reproducible. The
current employed and the digestion <conditions . were
optimized (Chapter 2 section 1I1. I. 4 and 5). The
chromatophore fraction produced gel profiles similar to
those shown by other workers I[Clayton and Haselkorn
{1972); Feher {(1972)]. Peptides with weights less than
100 kD were ussed in the comparative study as many "higher
weight" bands could be reduced by a more prolonged
digestion time. This suggested that they were oligomers
or associated polypeptides. The SDS-PAGE technique has
been found to. not always abolish protein—-protein
interactions (Nelson 1971). Al though the rejationship

between the logarithm of the molscular weight and the
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mobility in the ggl has been shown to be tinear tor
numerous proteins [ Weber and Osbornr, (1969)] these were
all water soluble proteins. It is possible that the
actuél molecular weights of membrane proteins might
deviate from the apparent values calcuiated from their
mobilities. In order to demonstrate that polypeptides
with identical mobilities are the sames amino acid
analysis or a doubile labelling experiment is requirede.
This wWas not attempted with material obtained in the
double tabslling experiment becausse of insufficient
material; the technique provideds however, a reproducibie
method of comparing the overall protein contents of the
different membranse fractions. A discussion of tﬁe
assignment of molecutar weight vatues to the various

fractions is given in Appendix A.
D. Radio-isotops Jabelling technigues.
l. Generat discussion.

The use of radio-isotopes has provided a vast amount

ot data on the sequences of biosynthetic pathways. The

technique is also a potentialfy powertul tool for
determining precursor-product relationships among
structures involved in organelle morphogenesis. The

interpretation of data in such studies is hindered by the
complexity of the processes involved and the occcurrence of

numerous events simultaneously. The demonstration that
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one structure is being converted into another requires a
knowledge of both the rates of breakdown and resynthesis
of the structures and accurate quantitative evaluation of
the celtular pool sizes. During an adaptation process,
the metabolic state of the cgll is wunlikely to be
constant. This w®ay well produce a variation in the
turnover rates of the intermediates. An estimation of
this factor requires a knowledge of cellular pool sizes.
Dniy with this data would it be possible to equate the
quantitative changes in specific activity in all the
components involved.

The study of +the adaption of R. spheroides to

photsynthetic growth is difficult, as some "structureé“
.are probabiy part of a membranous continuum, This means
that the pool! size of a fraction is a function of the
disruptive techniqus employed; pool size in this context
is thus a questionable conéept. Another probliem is that
the disrﬁption procedure may cause the preferential
liberation of one structure over another. The high level
of prephore subunits liberated in the double labeliing
exper iment may have been due to ihis cause. Attempts to
extrapolate from ths percentages of different components
fiberated to total pool sizes would be invalid on this
account. The solution would appear to be the wuse of a
continuous culture technique. It then might be reasonablie

~to assume that pool sizes due to normal growth would
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remain constant. A study of endogenous ATP level in the
cellss if constant, would support this idea.

The labelling experiments described iﬁ chapter 3 wers
quite different with regard to the rate of cellular growth
taking place during the adaptation. The first experiment,
performed with a high level of <cells per mil» had the
advantage that the added labelled amino acids were rapidly
taken up by the cells. The‘drastic drop in oxygen supply
allowed only a limited amount of celiular growth.

In the double labelting experiment, adaptation was
induced with wearly 1log ‘phase cetls to minimize the
bossibility of re-utilization. Cell growth wasv high
throughout the adaptation process; however, the level 6f
chromatophores per cell was not as high as in the first
label iing experiment, Good yields of the . two
intermediates were obtained but, wunfortunately, a <clean

separation of the chromatophores was not achieved,

2. The application of precursor-product
relationships to the synthesis of a
multi—protein—containing membrane fraction.

The application of precursor-product reltationships to
the synthesis of a multi-protein-containing membrane
fraction is a difficult undertaking, involving either many
assumptions or highly éontrolled experimental conditions.

If degradation is negligibles the situation may be
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considered as follows:
Label ted Numerous Dne or more [2 stepé}
amino acid proteins multi-protein
association{s) Mature

chromatophore

[Non—protein cofactors: lipids

carbohydratess pigments, etc.])

The added fabelled amino acid (of knqun rolar
specific activity) Would give rise to labelled proteins if
the amino acid is taken into the celil, and if the protein
contains that amino acid. The maximum molar specific
activity of the proteins would vary from protein to
protein, and would depend upon the following factors:

{a) Thes dilution of the labelled amino acid by the
endogenous pool of the amino acid at the time of the
synthesis of a detectabte amount of the protein.

{b) The amount of previously exis§ing {uniabelled)
protein. |

(c) The number of residues of the {abelled amino acid
per molecule of the protein.

The aggregation of the labellted proteins (with the
possible addition of other non-protein components» ege.
lipids» carbohydrates, pigments, etc.) would give rise to
labelled multi-protein fractions. However, here the use

of the molar specific activity would break down unless
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there was a strict stoichiometric relationship betwsen the
various proteins, and their molecular wejghts were alil
known. The specitic activity on a mg protein basis could
be employeds however. The initial specific activity of the
fraction during a pulse-chase labeling experiment would be
determined by the specific activities and average amounts
of each ot the proteins in the fraction at the time of the
addition of the chase amino acid. If either the average
amounts varied wWwith times, or it different proteins were
added at ditferent ¢timess the specific activity of the
fraction might rise or fall. If it is assumed that the
fractions have a constant protein composition and the
activity incorporated in the form of non-protein
components is negligible» then decreases in specific
activity of a fraction following the addition of the chase
amino acid could be caused by several other mechanismst'

’al Yhe expected dilutioh due to cellular growth» with
no appreciable changes in the ce llutar pool sizes of the
particular fractions,

b) An increase in cellular pool size of a fraction.

c) The degradation and resynthesis of a fraction from
predominantly cold amino acids.

d) A turnover of proteins in a fraction by transfer
to another fraction and resynthesis of andldr
replacement by proteins of low specific activity.

Ail of these mechanisms could be superimposeds and
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all would be expected to have different rates. 0On the
other hands increases in spocific activity of a membrane
fraction after the addition of the chase émino acid could
only have been caused by incorporation of pre-existing
highly {abelled proteins into this fraction, and would
indicate the involvement of other protein(s) or
multi-protein-containing fraction(sl).

Errors could, of course; be caused by any alteration
to the proteins {(such as the splitting off of fabelled
portioné) or by the degradation of the ©proteins and/or
fabel led amino acids and the re-utilization of the
label led degradation products for the synthesis of }other
amino acidss lipidss or pigments and the incorporation 6f

these into the fractions being studied.

3. The relevance of precursor-product relationships

to chromatophore mor phogenesis.

Three models for the wutilization of one or more
multi-protein-containing memb rane fractionl(s) for
chromatophore morphogenesis will be considered:

(a) One fraction is the sole and immediate protein
pfecursbr td the chromatophore fraction.

{b) One fraction is the sole, but not the immediate,
precursor to thé chromatophore fraction.

{c) Two (or more) fractions are chromatophore protein

precursors.,
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These three models would have the following
implication during a time-dependent study of the changes
in the specific activities (per mg protein) of the
chromatophore fraction and a possible chromatophore
precursors the prephore subunit fraction:

(a) It ¢the prephore subunits are the sole and
immediate precursors to the <chromatophores the total
activity in the chromatophore fraction will rise
asymptotically until, at infinite time, this fraction
contains all of ¢the activity incorporated into the
prephore subunits during the pulse labelling {assuming
that the degradation of the fractions is negligible), 1If,
in additions. the average amcunts of the various proteins
does not change during the conversions and if all the
prephore subunits were functionally and locationally
equivalent sﬁch that they foréed a single "compartment®™,
then a simple relationship will exist between the specific
activity of the prephore subunits and the chromatophores.
The maximum specific activity of the chromatophores will
be coincident with the specific activity of the prephore
subunits at that time.

The actual rates of the decrease in the specific
activity of the prephore subunits would depend upon the
rates of all four mechanisms listed in Section 1l.D.2.
aboves whereas the rate of rise and fall of the specific

activity in the chromatophore would depend upon the amount
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of wuntabeiled chromatophores present, the rate of
conversion of prephore subunits to chromatophores», and the
specific activity of the prephore subunits at each time
examined.

{b) If the prephors subunits were the soles but not
the immediate, protein precursor to the chromatophore
fraction, that is» if the prephore subunits required a
series of modifications prior to chromatophore assembiy
(ie. addition of pigment and other specific non-protein
componants) the initially labeltied prephore subunits witll
not be diluted in specific‘activity by those synthesised
subsequently to the same extent as would be expected in
modei (a) above.

Chromatophore synthesis is kinetically a stow process
and required about 6 hr wunder the normal adaptation
conditions. Organization on a macromolecular and cellular
fevel is probably the reaéon for this time requirement.
The prephore fraction is thus a heterogenous collection of
particles in various stages of modification. This is in
agreement with the production of both pigmented and
non-pigmented prephores with the same protein profiless
and also explains the decreasing density of this fraction
during adaptation (from a density of 50 to 467 sucrose).
The modifications wouid effectively introduce a series of
“"compartments"™ between the initially 1labelled prephore

subunits and the chromatophore. As the pulse s
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introduced at the time of the 1lowering of the oxygen
tension, the system is not in a steady state and the
majority of the prephore subunit and fhe chromatopghore
compartments would be empty. After the pulse labelling
and the induction of adaptation, a wave of high specitic
activity woutd pass through this system of previousliy
vacant compartments. The specific activity of the
prephore fraction would dec;ease as an increasing number
of prephore subunit compartments were filled with low
activity componentss following the path of the high
specific activity prephore subunits.

The chromatophoress, when formeds would have a greater
specific activity than the average of the prephore subunit
compartments at the same time. The total activity of the
‘collective® praphore fraction would remain high untild the
formation of the chromatophores. At this time it would
fall rapidly with a corresponding rapid increase in the
specific activity of the chromatophore fractions The
maximum of the tatter would depend upon the specific
activity of the final (highily labelled) compartment at
that time. |

| {(c) If there were one (or more) fractions {in additon
tokthe prephore subunits) which were chromatophore protein
precursorss this would involve a modification of the
expected results of model (b) above. In this cases the

maximum of the specific activity of the chromatophores
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would |lie somewhere between the specitic activity of the
final (highly labelled) prephore subunit compartment and
that of the additional oprecursor fraction. The actual
valué would depend wupon the relative amounts of both
fractions, In the case of more than one additional
fraction, the maximum would be the weighted average of all
of the specific activities of the precursors at fhat time.
It is possible that these additional fraction(s) may have
been single proteins or multi-protein-containing fractions
uﬁich have not been isolated and/or analyzed and may have
had specific activities much greater than that of the

prephore subunit fraction.

I1I. Discussion of the Aggregation of Fractions: the

Prephore Subunit and Mature Subunit Fractions.

The hérvesting of the small particle fraction on a
sucrose trép causad a decrease in the prephore fraction
Wwith a concomitant increase in pigmented material at the
top of the gradient at 287% sucrose {cf. Results, Section
l.E.2.). At high i1o0nic strength {0.5M phosphate) this new
fraction {the prephore subunit fraction) aggregated to
reconstitute a pigmented prephore fraction (48% sucrose).
This mwmaterial was shown to have a simple protein
composition uifh proteins of the same apparent molecular
weights as had the pighented material liberated after

dialysis of the prephore fraction. This method of
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obtaining purified prephore subunits was limited by the
low yields obtained with tha moditied harvesting procedure
and reduced buffer strength. The material forming a
pigmented band at the top of the gradient was also not a
good source. ot purified subunits as the high 254 nm
absorption to Lowry protein ratio made it likely that the
fraction contained ribosomal material (see Figure 7b). It
Wwas thought flikely that a targe amount of unaggregated
prephore material was normally lost with ths 1.5 'hr
100,000 x g supernatent as this was pigmented in early
stages of adaptation when feﬂ chromatophores had been
formed, This material was also likely to have contained
ribosomal material in view of the lack of magnesium iohs
in the buffer. The isoiation of prephore subunits from
this source was quantitatively preferable to the technigue
of reconstituting prephore material from the material
collected in the fractions at the top of the 25 to 55%
sucrose gradient. An electrophoretic techique was
developed which appeared to separate the subunits from the
ribosomal material. Two peaks were produced in the
gradient system (cf. Figures 12a and b): the peak with
the greatest mobility was colourless and had a 254 mn
absorption/protein ratio about foﬁr times as great as the
pigmented "subunit" peak. Analysis of the material fron
the pigmented peak by SDS—PAGE showed that the three major

subunit proteins were present (cf. Figure 30a)s in
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additions howsver, lower levels of polypeptides were found
with apparent molscular wWeights similar to chromatophore
proteins., The latter peaks Were proﬁably caused by
contamination with chromatophore fragments {mature
subunits). The 1.5 hr 100,000 x g supernatent from
adapting «cells» when run in the 25 to 55% sucrose
gradient> produced a pigmented peak centered at 28%
sucroser, the same densit; as the peak that was produced
following the modifications which lead to a reduction iﬁ
the prephore fraction. This findings, together with the
simiiar SDS-PAGE profiles of the reconstituted prephores
and electrophoreticalily purified subunitss shows tﬁat the
prephore fraction results largeiy from an aggregation of
prephore subunits present in the supernatent of the high
g-force (1.5 hr 100,000 x g) centrifugations. Aggregetion
presumably occurred during the pelleting of the small
particle fraction» while the wuse of a sucrose trap
fresuited in material in a non-aggregated state.

The high g-force supernatent of "disrupted nature
photosynthetic celis, however» was different. When
centrifuged in the 25 to 55% sucrose gradient it formed a
peak centered at 327% sucrose. A ten—-fold increase in the
phosphate buffer resulted in aggregation and the
production of a'peak at 407 sucrose (the same as the heavy
chromatophore fraction)' rather than the production of a

reconstituted prephore fraction. This material was termed
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the mature subunit fraction; it appeared to be simitar to
material produced by the chromatophore fragaentation
described by Gibson (1965a).

The heavy chromatophofe traction was shown to be
caused either by thes presence of divalent cations (10-2M),
in aggrement with ¢the findings of Gibson (1965b)s or by
pelleting the crude membrance fraction prior to gradient
separation, as was found by Hansen and deBoer (1969). It
is also Vtikely that aggregation of the wmature subunits
contribute to this fraction. | modified the preparative
technique by harvesting ths crude membrance fraction onto
a sucrose trap and included EDTA in the phosphate buffer.
This eliminated the formation of the héavy chronatophofe
fraction and drastically reduced the level of the prephore
fraction Wwith an increase in material '‘at the top of the
gradient (dissociated prephore and mature subunits).

The SDS—PAGE profile of the mature subunit fraction
was similar to that of the chromatophores (cf. Figure
31).. The material had a fower mobility than the prephore
subunits during glycerol density gradient electrophoresise.
The prephore subunit fractions obtained from adapting
celis of low pigment content> was thus distinguishable
from the mature subunits by three criteria.

Tha contaﬁination of the prephore subunit fraction by
appreciable levels of mature subunit in ths double

labelling experiment was likely to have been minimal, The
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cells wused were of low chromatophore content as compared
to cells grown at below 4.0% oxygen. The pigment level in
the purified subunits was lqss than hailf that of the
chromatophore—containing ™4-6" fraction at both 6 and 16
hr. Contamination of the subunits with mature subunit
material would have tended to obscure evidence that

favoured a precursor role for the subunits.

I1I. A Summary of the Criteria of Purity of the Prephore

and Prephore Subunit Fractions.

The prephore and préphore sybunit fractions were
believed to be homogenous for the following reasons:

1) Examination of negativsly stained prephorse
fractions by electron microscopy showed discrete
structures, the majority of which had diameters between 60
and 80 nm, They had a characteristic {non-colfiapsed)
appearance and could also bé seen in the small particle
fraction before sucrose density gradient centrifugation.
Examination of numerous prephors fractions failed to
reveal any cell wall material. Structures other than
typical 'prephores! were fewer than 5%.

2) The prephore fraction appeared as a discrete band
in the 25-55% sucrose density gradient with a width
simifar to that of the chrostophore fractione. The band
was always positioned between 45 and 50% sucrose and

characteristically had a concentration maximuym ctose to
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the 48%Z sucrose position. In addition to the electron
microscopic evidences the prephore fraction was be|ieved
not to be appreciably contaminated with céll wall material
because of the position of this maximum in the sucrose
density gradient, Cell wall materiai would have been
expected to form a broad band near the bottom of the
25-557% sucrose density gradient. Such a fraction (the
heterogenous cell envelope £raction) has been described by
Niederman et ai (1972). The peak of this band was
centered at about 55% sucrose. This material was believed
absent from the gradients described in this thesis because
of the initial 20 minute centrifugation at 10,000 x‘ g pf
the disrupted cell preparation. Niederman et al (1972)
employed a 5 minute tnstial centrifugation. It was
believed that material equivalent to the heterogenous cefll
envelope fraction was separated from the small particle
fraction by the more prolonged centrifugation.

3) The prephore fraction was not believed to be
contaminated to an appreciabie sxtent by ribosomes as the
2594/280 nm absorbance ratio of this fraction was close to
unity [Figure 7b). The results shown in this figure make
it probable‘that ths ribosomes sedimented in a broad band
near the top of the gradient. The profiles shown in
Figure 7a were obtained before the inclusion of EDTA' into
the buffer as a routfne procedure, IThe broad peaks and

the presence of the heavy chromatophore fraction (at 37%
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sucrose) were also caused by the addition of 16 mg of
small particle fraction ot the gradient rather than the 2
mg that was later adopted as a2 standard amount.

4) The use of a sucrose trap for harvesting the smatl
particle fraction and a reduction in buffer concentration
virtually eliminated the prephore peak and also resutted
in a pigmented band with a density of about 28% sucrose
(the prephore subunit fraction). Pigmented material of
this density could be made to reform the prephore band at
48% sucrose by increasing the buffer concentration. It
was assumed that these modifications would not have caused
cell wall fragments to behave in this manner.

5) Two additional methods of purification were
employed which took advantage of other physical properties
of the fractions. While not used routinetys they both
supported the findings of the sucrose density gradient
ultracentrifugation that the prephore and prephore subunit
fractions were homogeneous fractions. It was found that
{a) the prephore fraction eluted with a smaller volume
than 'did the chromatophores during Sepharose 2B gel
fittration (Figure 5, Chapter 3). The majority of the
prephore fraction eluted in fraction 9 and was virtuatly
absent in fraction 13; and (b) the pigmented prephore
subunits migrated as one band during glyéerol gradient

electrophoresis (Figure'lz; Chapter 3).
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Iv. The Development of a  Schemse of Chromatophore
Morphogenesis,

A. Work which led to the discovery of the prephore
fraction.

] set out hoping to demonstrate some of the enzymes
of the magnesium branch of Bacteriochlorophy!ll (Bcht)
synthesis, The steps in this pathway had been postulated
as a result of thse identificat;on of pigments excreted by

mutant strains of 5: spheroides {Richards and Lascelles

£19691. At the time only one ot the enzymes had been
demonstrated: S-adenosylmethionine magnesiunm
protoporphyrin methyl transferase, hereafter referred to
as the methylating enzyme [Gibson et al (19631]. I hoped
that the addition of an intermediate produced by one
mutant to a mutant btocked at an earlier ot later step
Wwould result in an enzymatic conversione.

Removal of the cell uails by lysozyme caused mutant
cells to lose their “bound" pigments. This indicated that
pigments had accumulated in the periplasmic space. This
has subsequently been supported by Peters (1970). He
found that the tinal step in Bchl synthesis» in a green
mutant of R. spheroides, was the accumulation of Bchl
inside the cell wall but outside the cytoplasmic membrane.
I thought thatva cell membrane fraction might be prepared
anriched in the magnesium-branch enzymes especially it

cells actively synthesizing pigment were used. It was
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anticipated that the methylating enzyme activity might
provide a marker for these enzymes.

During a study of methyfating enzymexactivity, it was
discovered that mutant strains 8-32, 8-29 and 8-47 (of
Lascelles) did not form chromatophores {cf., Results:,
Section l.A.l1.). This was in agreement with the finding
by Oelze et al (1969) that mutant strains unabie %o
synthesise Bchl did not conéain chromatophores. Howevers
the mutants contained pigment in a fraction of greater
density than the chromatophore fraction. The parent
strain contained an equiﬁaient “dense™ fraction (the
“"prephore®™ fraction) but st was only  slightly pigﬁented.
I thought it possible that this fraction represented an
immature form of the chromatophore fraction. If the
prephore fraction diséovered was a precursor to- the
chromatophore fraction then I thought it would most likely
be prominent in preparations from <cells in which
chromatophore synthesis was high. Cells were then studied
during the adaptation from aerobic to photosynthetic
growth., The results (Figures 3 and 5%5s Chapter 3)
indicated a reciprocal relationship between the proteid
content of the prephore and chromatophore fractions during
adaptation and suggested a system had been found which
would allow the isolation of a chromatophore precursor

fraction.
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B. A preliminary morphogenesis scheme based on the

results of the L~-(U~14C) proline incorporation experiment.

-The measurement of specific activity in gradient
fractions subsequent to the addition of L?(U—l“C) proline
to cells at ihe start of adaptation to photosynthetic
growth gave the results shown in Figure 35, The specific
activity of both the protophore and prephore fractions
_peaked after 2 hours while the light chromatophores were
most active in the 6 hour preparation. The heavy
chromatophore fraction had the highest specific activity
in the 20 hour sampls. The fluctuafions in specific
activity of the different fractions (pfotophore fraction
exceptad) Wwere thus not parallel. This implied that the
fractions were not merely different parts of a single
system that was undergoing a continuous .modification but
rather that the fractions were separate elements involved
in chromatophore morphogenesis. The assumption was also
made that fractions with a characteristic position in the
gradient after <centrifugation had the same protein
compositions at different times during the adaptation.

The variations in specific activity in the fractions
could be most easily rationalized if it was assumed that
the conversion of material in one fraction occurred
yielding another fraction with a different density. It
was assumed that the density changes resulted from changes

in the 'protein to lipid ratios of the fractions. An
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alternative explanation would have been that the proteins
initially incorporated into one fraction Wwere degraded and
tha labelled amino acids then preferentially incorporated
into another fraction. The changes in the distribution of
Bchi in the gradient during adaptation (Figure 19)
favoured the first bhypothesis and strengthened the
postulated role of the prephore fraction as a
chromatophare precursor. In additions there was no
detectable Bchl in a non-protein-bound state in the cells
or the small particle fractions.

The analysis of the distribution of total actijvity in
the fractions at different times {(Figure 36) showed that
the protophore fraction contained its highest activity ét
2 hourss the prsphore and the light chromatophore
fractions at 6 hours while the heavy chromatophore
fraction was most active at Zo-hours. It was therefore
postulated that the protophore fraction preceded the
prephore fraction, which in turn was synthesized (from the
specific activity data) before the 1ight chrcmatophore
fraction. Finally, it was postulated that the heavy
chromatophore was formed from the 1|ight chromatophore
fraction and represented the true "mature™ chromatophore.
The preliminary schemes of chromatophore morphogenesis
proposed on the basis of these results is shown in Figure
51.

In terms of the models discussed previously (Section

g
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I. D.3) the data of this experiment are not compatiblie
with the prephore being the sole and immediate protein
presursor to the 1light chromatophore f;action, ie model
(a). The specific activity of the light chromatophores 1is
highser than that of the prephores at the same time (20
hours). This axperiment makes it Iikely that
chromatophore morphogenesis‘is a mnmultistep process and
that many prephore ‘compartments® are empty in aerobially
grown cells. The data is insufficient, however, to allow
discrimination between models (b) and (c) (Section I.

D.3).

C. Implications of the discovery of the prephore
subunit and mature subunit fractions. |

The discovary of the prephore and mature subunit
fractions had a number of implications on the preliminary
morphogenesis scheme which had been proposed on the basis
of results of the L—-(U-*“C) proline incorporation
experiment {Figure 51):

l. The prephore subunit

The fanding that ¢the prephore subunit occupied a
position centered at 287 sucrose during density gradient
centrifugation (the same as the protophore fraction) made
it likely that a majority of the so-called protophore
fraction consisted of prephore subunits.: Thus the
specific activity changes of the protophore fraction

during the L-{U-1%C) proline incorporation experiment wWere
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Figure 51 .Bchl/protein ratio in the inltlally proposed
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probably due to ;he presence of  unpigmented prephore
subunits in this fraction. The fact that the specific
activity in this fraction was Jlower than that of the
prebhore fraction at all times studied makes it wunlikely
to be a distinct prephore precursor.

In additions the reconstitution of the prephore
fraction trom the prephore subunitss indicated that the
former fraction is an artefact of the isolation procedure
resulting from the aggregation of prephors subunits. The
prephore cannot thus be considered to be a discrete
cellular structure. The pfephore subunitss» on the other
hand, may exist as such in the celis, or be derived from a
membranous structure by the disruption technique. The in
vivo location of the prephore subunits is discussed in the
next section. The prephore subunit is now believed to be
the true chromatophore precursor.

2. The mature subunit

It was also found that the aggregated mature subunit
and heavy chromatophore tractions occupied similar
positions (ca. 39-40% sucrose) during density gradient
centrifugation, The heavy chromatophora fraction ié
therefore now balieved to be an artefact consisting of
aggregated chromatophores and mature subunits. Its
increase in spebific activity from 6 to 20 ﬁours probably
is dues to aggregated‘ mature subunits produced by the

breakdown of the initially labelled light chromatophores.
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Possibly the 'oldest!' <chromatophores might be the most
susceptible to aggregation and that both these mechanisms
cause the increased activityvin this fraction at 20 hours.
Hences the light chromatophors fraction is now believed to

be the true mature chromatophore fraction.

D. VLocation of the prephore subunit in vivo

Pater's work (1970) indicated that the peripliasmic
space was the site of Bchl synthesis. As the subunit is
the first structure that c¢an be isolated specifically

bound to 8Bchils its most likely in vivo location would be

the periplasmic space. This proposal is supported
indirectiy by éeveral findings. Alumina grinding does nbt
produce a prephore fraction unlike the more vigourous
disruptivé techiques. This could be the result‘ of the
subunits being trapped between the cell wWall and
cytoplasmic membrane. Stﬁdies of thin sections of
adapting cells (see Figures 45 and 46) show that an infiux
of storage lipid occurs into the periplasmic space very
early in the adaptation. The hydrophobic naturs of the
subunits could be imagined as compatible with their
functioning in this location. In work with mutant strains
and parent cells 1 bhave found, in agreement with other
workers [Oelze_ and Drews (1969)] thaf the pigments
excreted by Bchl-lessv mutants were protein bound. This

protein, like the subunit, had a strong tendency to
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aggregate, A study (M.A, Shaws unpubiished data) of the
distribution of the pigment-protein compliex from cells of
mutant B8-47 indicated that 302 was boundhby the celfs and
only 10% of the "soluble'”™ complex would pass through a 100
nm millipore filter. The “soluble" complex could be
harvested by <centrifugation in 30% sucrose 0.005M in
phosphate buffer (16 hrs at 70,000 x g). The pefloted
complex coulid be dasséciatad, by stirring in 502
glycerol/50% distilled water, into a form not sedimenting
at the above g force. This made it probable that
hydrophobic bonding was ‘the cause of the aggregation.
SDS-PAGE analysis of the complexes produced by several
mutants iShaw, et als 1973) and also the parent strain
under Bechi-limiting conditions {Figure 34) indicated that
protein H of the subunit was prominent. Untike the
subunits, the pigrmant-protein complex contained a tlarge
amount of a protein with a molecular wejght of 15 kD
fprotein C). This protein and the protein with a
molecular weight 40 kD daltons (protein H), were observed
to carry pigment. The similar protein compositions of the
pigment~protein complex from the parent strain and the
reconstituted prephore fraction make it probable that
thess pigmented structures are related. The loss of
pigment by cells to the medium after treatment with
lysozyme together Wwith the absence of the prephore

fraction vafter disruption by alumina grinding makes the
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periplasmic space the most probable in  vivo focation of

the prephore subunits.

“E. Discussion of the proteins of the prephore

subunit and medium density fractions.

SDS—-PAGE analysis showed the prephore fraction to
have 3 simple protein combosition in comparison with the
other fractions studied. It was postulated that the
pigmented prephore subunits might combine with another
fraction to produce the chromatophores. The other
alternatives are that thé prephore subunit combines with
additional proteins synthesised de novo or contained in
some other fraction not isolated. The protein composition
of the medium density fraction made it the most Jikely
'candidate as a fraction which combined with the prephore
subunit during chromatophore morphogenesis {cf. Figure

52).

F. A discussion of the rssults of the doubte

labelling experiment.

| The incorporation of radioactivity into the
fractions.

The double labelling experiment was different from
the initiaf L-fU—*“C) proline labefling expériment in that
the <cells were activély dividing during the adaptation.

In this experiment, the fractionation technigue aliowsd
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the isolation of the medium density fraction {(Chapter 3,
Section 1. A.3). Furthers» the prsphore subuqit fraction»
rather than the prephore fraction, was studied after
purification by glycerol density gradient electrophoresis.

As expecteds the specific activity of atl but one- of
the fractions studied decreased steadily after the
additons of the chase amino acids. The exception was the
"4-6" fraction at 16 hours {see Figure 41)., The increase
in the speciftic activity of the ™4-6" fraction ét 16 hours
shows involvement of a precursor, as it can only be
accounted for by the incorporation of pre-existing
proteins, formed between -3 hr and 0 hr (3H data) and
between 0 hr and 2 hr (1%C data). It these labelled
proteins originated in the prephore subunit or wmedium
density fractionsy a change in their specific activities
or pool sizes wWould be expected. The question arises 3as
to whether or not the decreases in spectfic activity of
the purified subunits and the medium density fraction
{Figure 41) wWere the result of their utiliiat}on in
chromatophore synthesis., As praviousiy menti oned lSectiqn
Iv.D.2. abovels four distinct mechanisms for the dilution
of specific activity are possible. Data which wWas
corrected for dilution due to cell growth (mechanism a)
was shown in the form of a log plot of the ratioc of the
specific activity per fraction over the specific activity

per whole cell protein {Figure 42). This figure shows
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that ditution in specific activity of the medium density
fraction (between 2 and 6 hr) and the subunit fractions
(between 0 and 6 hr) is indeed greater th;n average during
adaptation, However, to eliminate the possibility that
this increase in diiution is not due to increases in pool
sizes {mechanism b) but does in fact result from
utilization as a presursor (mechanism d), the absoclute
quantity of these tractions per celi at each time must be
known. As these fractions are the product of a harsh
disruptive procedures it is not possible to evaluate the
efficiency of their liberation from the cell. This could
depend . on thair tendency to associate wWith otﬁar
components and the vulnerability of the cells to
disruption, These parameters might vary during the course
of adaptation. It is also difficult to eliminate the
possibility of increased degradation and resynthesis from
unlabelled amino acids subsequent to the additions of the
chase (mechanism c). Obviously ¢this faétor might vary
with the metabolic state of the celi. If it is assumeds
however, that the pooil sizes of the prephore subunits and
the medium density fraction are constant and fur ther» thaf
tﬁeir degradation and resynthesis is not responsible for
the increase in dilution of specific activity during
adaptation (ie; mechanisms b and ¢ in Section IV.D.2.
above are not operatfve); then these results are

consistent with the possibility that these fractions are
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-betng converted into another fraction = (eg. the
chromatophore component of the ™4-6" fraction).

The maximﬁm observed specific activity of the "4-o"
fraction was at 16 hr. At this timer the specitic
activity of this fraction was greater than either the
prephore subunit or the medium density fractions, both in
the 3H and the ®“C data., Hences» as was the case With the
single ?“Cnproline labetling experiment {(Section IV.8.
above)» the data are not consistent with either fraction
being the sole and immediate precursor to the
chromatophore fraction (modei a of Section I.D.3. above).
The protein analysis {(Chapter 3» Section 1l1.E.3.) showed
that additional pfoteins must bs added to the prephore
'subunits before these become chromatophores. Hence» both
models a and b {Section [.D0.3.) Would not be favoured on
this basis alone. A theoretical combination of proteins
{Section 1V E. above) iﬁplicated the medium density
fraction as the source of these proteins. A combination
of the prephore subunit and medium density fractions
ftogether with the addition of Bchl and other non—protein
components) would correspond to model ¢ of Section I.D.B.‘
In such a case,» the maximum specific activity of the
chromatophore fraction would 1lie somewhere between the
activities of the combining fractions at the time of their
formation,

The specnfic activity data cannot confirm the
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implication of the prephore subunit or the medium density
fractions as bhromatophore precursors» nor can it by
itself distinguish between models b ahd c of Section
I.D.3. The maximum specific activity ot the ng-6"
fraction at 16 hr was less than the maximum specific
activity of sither the prephore subunit or the medium
density fractions at 0 hr (for the JH data). However, it
Was equal to that of the préphore subunit fraction and
greater than that of the medium density fraction at 2 hr
(for the 1“C data). Hence, combinatioﬁs of the two shouid
yield *%C specific activity values for ths "4;6“ fraction
substantially less than the maximum specific activities of
the preﬁhore subunit fraction. In order for such é
combination to be in effects one must evoke one of the
following two mechanisms: .

(1) A wave of high specific activity prephore subunit
"comparitments®™ formad before 2 hr.(and of higher specific
activity than that shown in the *“C data at 2 hr) may have
become chromatophores between 6 and 16 hr. This mechanisnm
is indistinguishable from model b of Section 1[.D.3.
above.

{2) The high specific activity of the "4~-6" fraction
may have been due to the transfer of activity to the
fraction from a source not isolated by the fractionation
technique. Although such a source was not found in the

small particle or the 100,000 x g supernatant fractions»
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it might be strongly associated with the cell envelope
material which Wwas discarded in the preliminary
centrifugations ({ag. a protein or proteins ot the cell
membfane) and may have been very highly labelled.

As mentioned aboves» the specific activity data do not
allow a distinction to be made bstween these two
possibilities. Thus» all that can be stated is that the
distribution of incorporatsd activity during adaptation is
not incompatible with the roles of the prephore subunit
and medium density fractions as ch;omatophore fraction

precursors, In either caser the entirely de novo

synthesis of the extra proteins from precursors of |ow

specific activity is not likely.
2. The 3H/1%C ratios of the fractions

The essentially constant 3H/7*%C ratio of the purified
prephore subunits (cf. Figure 43) has two important
interpretations: 1) ¢t confirms the previous findings
that prephore material is contained in unpigmented
"asrobic™ cells and 2) it shows that this material is the
product of de novo synthesis rather than being formed
through the incorporation of pre—-existing asrobic proteins
formed before 2 hr and therefore containing & higher
34724C ratio., It seems fikely that the medium density
fraction» on the othef hand, contains a large aerobic

protein component, The increase in the ratio at 6 hr and
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the subsequent drop in the ratio of this fraction at 16 hr
may reflect passage of aerobic protein(s) of the cell
membrane (formed before 2 hr) into this fraction {by 6 hr}
and from thence’into the chromatophore fraction (by 16
hr). The tatter possibility is supported by the increase

in the 3H/1%C ratio of the '4-6% fraction at 16 hr.

G. The modification of the preliminéry mor rhogenesis

scheme,

The preliminary morphogsnesis scéeme {Section 1IV.B.)
included four components: vthe protophore» prephores tight
chromatophore and  heavy chromatophore fractions. As
mentioned in section IV.C. above» the protophore traction
contained a lower specific activity in the initial
L-(U-**C) proline 1labelling experiment than ths prephore
fraction. It was positioned before the prephore fraction
in the preliminary scheme és its total activity peaked at
2 hours while that of the tight chromatophore was highest
in the fraction studied at 6 hours. The greater specific
activity of the prephore fraction implied that only a
component of the protophore fraction enriched in L-(U-322()
proline wWas involved in the production of the prephore
fraction,

Subsequentiy it was found that the prephore fraction
was in fact an aggregaté of smaller particies {Secticn II

abovse)» which in a non-aggregated state peaked at a
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density of 287 sucrose in the standard gradient. This
made it most likely that the activity observed in the
protophore fraction in the singte label e;periment was due
to the presence of prephore subunits at 0 and 2 hours
(Section [V.C.).

The heavy chromatophore fraction was found to be
produced by the small particte fraction harvesting
pfocedure initially employed and that its formation was,
in addition, promoted by the presence of divalent cations
{Section [.E.2.e» Chapter 3). These findings showed that
only two of the fractibns in the preliminary scheme
remained distinct entities: the prephore fraction énd the
light chromatophore fraction. Further the prephore
fraction Was found to be an aggregate of smaller
particles, the prephore subunits. .

The SDS-PAGE analysis of various fractions (discussed
in Section IV.E. above) showed that the prephore suéunit
had a simple protein composition compared to the other
fractions studied. It was thought most likely that these
subunits combined wWith some portion of the cytoplasmic
membrane as many workers have shown the cytoplasmic
membrane to be invoived in chromatophore morphogenesis
{see Section 1IX» Chapter I). The protein composition of
the medium deﬁsity fraction made it the most likely

candidate to combine with the prephore subunits to form

the chromatophore {see diagram in Figure 52 abovel, This
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belief was further supported by the membranous 'sac-1like?
appearance of the medium density fraction as seen by
electron microscopic examination of negatively stained
prepératnons {Figurae 9c). As d}scussedkin Section IV.F.1l>»
it is probable that the medium density fraction has an
increassd turnover during adaptation. Howevers, the double
labei experiment could not confirm the prephore subunit
and medium density fractions as the sole chromatophore
precursors. It seems likely that additional proteins of
this cell membrane, not isolated and analysed in this
studys are also incorpdrated into the chromatophore
fraction (Section IV.F.1.). The 3HI1;C ratios» however,
implied that the prephore subunit fraction was formed gg
novor whereas the medium density fraction may have
contained a significant aerobic membrane component
fSection 1IV.F.2.,).

These factors lead to the development of the modified
morphogenesis scheme shown in Figure 53; the pretliminary

scheme is included for comparison.
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Figure 53 A comparison of the preliminary and modified schemes
of morphogenesis.
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Chapter 5. Conclusions and Specufations,

I The Role of the Prephore Subunits in Chromatophore

Morphogenesis.

It is now possible to answer some questions with
regard to the role of the vprephore subunits in

chromatophore morphogenesis.
A. How and where are the prephore subunits formed?

The constant 2H/19C r¢atio found in the doubie
labelling experiment shaoawed that» unlike the other

fractions, the prephore subunits were formed de novo

without the incorporation of pre-existing proteins.

The question as to where the synthesis of these
precursors takes place is difficult to answer. The only
evidence as to their location in the cell is indirect.
Paters (1970) showed that ihe tirst detectable pigment in
adapting cells was probably tocated in the periplasmic
spacse, The subunits could be synthesised on membrane
bound ribosomes and migrate to the periplasmic space
directly through the <cytoplasmic membrane. Another
possibility is that the wigration of lipid into the
periplasmic space in the early stages of adaptation is
connectad uithv the organization of these hydrophobic
subunits, It could be pfoposed that the migration of PHB

storage granule material into the periplasmic space is
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triggered by their association with subunits in the
cytoplasm. This might be supported by the (liberation of
subunit proteins from tsolated PHB étorage granules

obtained from cells in the first stages of adaptation.

B. What factors controi the synthesis and

utilization of prephore subunits?

It was found that tﬁe prephore fraction can be
obtained from aerobic cellss bul growth of the celils at
high levels of oxygen inhibited‘ their formation.
Unpigmented prephores can be produced by reducing the
oxygen ltevel for a short period of time, It low 'oxygen
levels are maintained the prephore fraction becomes
pigmented and the cells form chromatophores. An increase
in the level of the prephore fraction does not hqwever
automatically result in ths production of chromatophores.
when cells grown at high oxygen levels are gassed with
nitrogen the prephore fraction is increased and becomes
pigmented; however» chromatophores are not developed.
This demonstrates that prephore utilization does not
depend only on Bchl synthesis. When a culture is gassed
Qith 4% oxygen/nitrogen the <chromatophore production s
rapid and a {lower level of prephores is found than when
cells are cultured in media gassed wWith less than 42X
oxygen/nitrogen, 1t | would appear . that it is the

utlization ot prephores rather than their production which
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is limited at low oxygen tensions. It would seem likely
that the synthesis of components other than the prephore
subunit proteins is more susceptable to metabolic
inhibition under these conditions. It appears» howevers
that it is the synthesis of the prephore subunits which is
limited at high oxygen levels (gassing the culture with
grsater than 65% oxygen)a. An apprecigble unpigmented
prephore component is normally present at lower oxygen
tensions, Dxygen (probably via the maintenance of a high
endogenous ATP level) causes the <inhibition of the
synthesis of somse othef component which is required for
prephore wutilization. Atthough this component, as
mentioned, is not Bchls» it seems likely that prephbre
pigmentation is also required befors prephores can be
utilized. This assertion is based on the results of early
studies with mutants wunable to synthesize Bchl. In
agreement with Oelze et al (1969), it was found that such
mutants were defective in both chromatophore proteins and
Bchl-synthetic abitity. I found the ﬁutants did produce a
fraction of wequivalent bouyant density to the prephore
fraction. In additions spectral analysis of prephore
fractions from the parent strain have not revealed
precursors to Bchl. Thus it is probable that Bchi s
required forv insertion into the prephdre subunit in
additien to thp synthésis of some other component(s). As

discussad belows» it seems likely that the medium density
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fraction is one other component.

C. What is the source of the additional proteins
required for the conversion of prephore subunits into

chromatophores?

The analysis of the protein composition of different
fractions indicated that the medium density fraction might
combine with the pigment—carrying prephore subunits to
form the chromatophore. This belief was supported by the
®sac-like" appearance of this f;action in electron
micrographss such structures could be imagined to arisé_
from the dislocation of invaginations. As was discussed
in Section IV_F.l. above the entirely de novo synthesis
of the extra proteins was shown to be unftikely. It was
suggesteds on the basis of the electron microscopic
appearance of the fractions» that it was derived from
dislocated aerobic iqvagihations. This remains to be
demonstrated, howevar. Niederman and Gibson (1972) wused
E. colis believed to lack aerobic‘ invaginations, to
determine whether their smatll particle fraction
represonted these structures, They found that disrupted
E. coli» in facts» produced a similar fraction to the

small particle fraction from R, spheroides. If E. «coli

cellis had not pfoduced a small particle fraction this
would have indicated that the fraction in R. spheroides

was produced from the invaginations. A similar approach
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might provide more substantiat evidence that the medium
density fraction is derived from aerobic invaginations
seen in electron micrographs. This wou;d obviously be a
difficult point to prove, The possibility remains that
the source - of the additional protein was in a ceil

envelope fraction which was not isotated in this studye.
IT. A Morphogenic Model of Chromatophore Synthesis.

The results of the double Iabelljng experiment are
compatible withs but not absolute proof ftors the role of
the subunit as a chromatophbre precursor. The subunit was
shown not to be derived from a pre-existing membrane

fraction but +to have been synthesized 13 novo. In

addition it Wwas indicated to have had a
higher—than—average metabolic turnover between 0 and & hr.
A study of the incréase in 3H/'“C ratio of the medium
density fraction at 6 hr may indicate that, as would be
expected, the medium density fraction is derived from the
cytoplasmic membrane. This result, together with its
turnover datas, makes it likely that the medium density
fraction suppilies proteins derived from the aerobic
cytoplasmic membrane to the chromatophore. Electron
microscopic examination of this fraction after negative
staining had suggested,that this material may have been
derived from invaganatioﬁs of the cytoplasmic membrane and

thus provides turther support for this belief. The double
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labelling experiment also showed that chromatophores are
not formed entirely de novo. If this had been the case,
the specific activity of the "4~6" fréction would have
continually decreased Wwith the net incresase in
chromatophores in the "4—6" fraction material.

The following model of chromatophore morphogenesis
can now be constructed. Reduction in oxygen sdpply and
the resulting decrsase in the ceflular ATP level causes
the preferential synthesis. of the prephore subunits and
the initiation of Bchl synthesis. hhen the pigmented
subunits reach a certain concentration in the periplasmic
space they combine with the simuitaneously proliferating
"aerobic"™ invaginations. This combination and continuéd
pigment synthesis then converts them to functional
chromatophores. Figure 54 shows diagrammatically the

proposed scheme of chromatophore morphogenesise.
I1I. An Overview

The question as to the origin of bacterial
chromatophores has been studied by numerous workers in the
fast twenty years and remains poorly understood. Much of
this thesis has been concerned with establishing that it
is possible to isolate a chromatophore precursor» which
was termed the brephore subunit fraction., The effects of
culture conditions and disruptive procedures on the

production of this precursor fraction were described.
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Figure 54. Proposed model of chromatophore mofbhogenesis.
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Further studies grovided information as to its
macromofecular structure and protein composition. Some
work was performed on the question of how this precursor
might develop into the mature photosynthetic organellie.
Problems with regard to the study of chromatophore
morphogenssiss by the wuse of different techniques» have
been discussed. Although a model of the overall process
was produced» the thesis has shown that the understanding
of chromatophore development is still by  no means
complete. ‘

It is my hope that this thesis will provide useful

groundwork for further investigationse.
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Appendix A.
The comparison of protein contents of different fractions.

To make the protein compositions of 'different
fractions easily comparable, the stained polypsptide bands
were assigned to groups depending on their apparent
molecular weights. Although duplicate samples in any run
gave the same gel profiles, }t is probable that there were

small variations between the apparent molecular weights of

polypeptides in different runs. The technique is
recognized/ to give + or - 5% variation in the apparent
molecular wsights, A good ‘tinear relationship wWas

obtained with the protein standards used (Figufe 55). The
assignment of a polypeptide to a particular group was
achieved in the following manner. The apparent molecular
Wweights, corresponding to 866 bands obtained from the
study of the protein compositions of different fractions
in chapter 3, were plotted against the frequency of their
occurance (Figure 56), Distinct peaks were produced. As
mentioned, two polypeptides may have the same apparent
molecuiar weight; this technique afone is not sufficiedt
to exclude this poss;bility. Classification of bands by
this method does allow the protein pattern in different
fractions to be compared. As can be seen from Figure 56»
assignmant of bands fo distinct groups becomes more

difficult with increasing molascular weight. Many
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apparently *high molecular weight! bands may be due to the
association of flower molecular weight polypeptides.' For
this reasons comparison of bands corresponding to
polypéptide vweights below 50 kD have begn preferentially
used; the bands corresponding to higher molecular weights
were classified into groups K-L, M-N, 0-P» Q and R. To
compare the protein contents of differgnt fractionss
histograms were drawn, peaks being further classified on
the basis of their profiles and their heights. Apparent
molecular weights and band assignments'were shown on the

figures,
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Disolved Oxygen Content.

The Bechmann model 777 oxygen electrode was used for
monitoring the disolved oxygen concentration in growing
cultures. The meter was preset to give a reading of
20% oxygen in air. The dissolved oxygen concentration
for particular meter readings at 25 degregs in water were
determined by Maharagjh (Ph, D. Thesis» Chemistry
depar tment, Simon Fraser Universitys 1973). The
corresponding values at 30 degrees uer; calculated and are
shown in the tollowing table. 1 would like to thank Dr.
J.b Walkley for his assistance in the calculation of the
oxygen solubilities corresponding to the different meter

readings at 30 degrees.
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Oxygen concentrations corresponding to various meter readings

of the Beckmann model 777 electrode.

Table VIT

Oxygen level Reading of nmoles per liter Values
(#) in the electrode oxygen in water at 30°C

saturating in the at 25°C
as mix, solution
balance
nitrogen).
1 15 14
y ¥y 3 45 4o
' 5 75 69
10 150 140
20 (air) 18 290 250
20 320 280
65 & 50 800 690

100 80 1,300 1,110
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