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Abstract

The work presented involves the lation and
characterization chaperoni 60 (cpn60> proteins from Rhodobactar
sphaaroidas and the cytosol of Pisum sativum

Non-denaturing-PAGE analysis of R. sphaaroidas cell-free extracts
fractionated in sucrose density gradients revealed the presence of a Mr
670,000 protein that was considered to be a cpn60 candidate protein. This
protein was purified by a combination of ion exchange and size exclusion
chromatography. The Mr 670,000 multimer was shown to consist of a
single polypeptide of Mr 58,000. Anti-sera raised against the Escharichia
coli cpn60 (GroEL) and the pea plastid cpn60 did not cross-react with this
protein. However, anti-sera raised against the R. sphaaroidas protein was
shown to cross-react with the E coli GroEL protein. Subsequent N-
terminal amino acid sequence analysis demonstrated that the R.
sphaar as polypeptide was identical to GroEL at 15 of the 19 residues
determined and showed sign arity to other known cpn60
sequences. Like other chaperonins the native protein tended to dissociate in
the presence of MgATP, in this case into what appears to be a dimeric
form. Examination of the R. sphaaroidas protein in the electron microscope
revealed "top” views with seven-fold symmetry and rectangular -si views
with four equally spaced, approximately equally dense, transverse striations.
The i 12 nm and height
9 nm. structure 1is characteristic of the majority of the cpn60s
examined so far. Rotational symmetry analysis revealed structural details
extending beyond (20 A)_|. The image of the chromosome-encoded R.
sphaaroidas chaperonin (Rs cpn60> differed from similarly generated images
of plasmid-encoded GroEL. The possible significance of these differences is
discussed-

The effects of various environmental stresses on protein synthesis in R.
sphaaroidas was investigated by pulse-labelling cells. Particular attention
was paid to the expression of Rs cpn60. Overall the stress responses
observed were similar to those reported for other prokaryotes. Of
particular note are the quite different views of the stress responses
presented by non-denaturing- and SDS-PAGE analyses. Attempts were
made to determine the range of polypeptides that might be bound to Rs
cpn60 before and after heat shock. These studies possibly indicate that
there is a size constraint on polypeptides that iteract with Rs cpn60 and
that the flux of polypeptides through Rs cpn60 alters during heat shock.

The second part of this thesis concerns attempts to identify a cytosolic
chaperonin in P. sativum Until very recently no chaperonins had been
in the cytosol of eukaryotes. Sequence analysis had raised the
ty that the TCP-1 protein from mice ight be a cytosolic
chaperonin (van der Vies, 1989). Monoclonal antibodies raised against the
mouse TCP-1 protein cross-reacted with a Mr 57,000 polypeptide with a
e cytosolic location in P. sativum leaf extracts. Subsequent attempts
fy and determine the sub-cellular distribution of this polypeptide
were unsuccessful. However, the sedimentation behaviour of the native
protei indicated that the polypeptide was part of a multimeric complex
of similar size to other chaperonins. The behaviour on n exchange
columns was also similar to other known chaperonins. The main obstacles
to purification and localization of the native protein were: a) the
monoclonal antibody used did not recognise the native protein and b) the
multimeric complex appeared to dissociate during purification.

—XV-
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Chapter 1

Introduction

1. Historical paropactlva
Developing an understanding of the rules that govern the
way in which polypeptide chains fold up into the unique

three-dimensional structures of active proteins is an

endeavour that has occupied biological chemists for more

than half a century. This review will describe some of the

major advances in the understanding of protein fol ng and
outline the problems and observations that have led to the

emergence of the molecular chaperone concept.

The revers e denaturation of proteins was first
observed and discussed in the 1930s (see Ghftlis and Yon.
1982). These early works clearly outlined the correlation

between the biological activity of a protein and the

native structure. The native structure was defined in

terms of acti ty and some physical properties such as

solubility, ability to crystal ze and hydrodynamic
properties (see Gh41lis and Yon. 1982). Also at this time
the ravarsibil 1ty of tha danaturatlon-renaturatlon process

was demonstrated for a few proteins such as haemoglobi

chymotrypsinogen and trypainogan (sea Anson, 1949). So
little was known about proteins at this time that the
period was principally marked by tha success in protein

sation, an event that rebutted tha old arguments

crysta
of tha vital lets concerning tha mysterious nature of

-1 -



enzymes (see Ghélis and Yon, 1982>._

The late 1950s and early 1960s saw the emergence of what
Epstein et ml. (1963) called the "thermodynamic
hypothesis™. Anfinsen (1973) defined this hypothesis as
foilows:

"The three-dimensional structure of a native
protein in its normal physiological milieu is
the one in which the Gibbs free energy of the
whole system is the lowest; that is that the
native conformation is determined by the

nteractions and

totality of interatomic
hence by the amino acid sequence, in a given

natural environment."

The studies that gave rise to this hypothesis were

ma y carried out on bovine pancreetlc ribonucléase

(Anfinsen, 1973). This protein has four disulphide bonds
and the fully reduced protein thus has sight sulphhydryl

105 isomeric

groups which can then form a possi
disulphide bonded forms. Haber and Anfinsen (1962)
demonstrated that when the fully reduced protein was

ions such as

owed to reoxi ze under denaturing condi

exist in a solution of 8 M urea, a mixture of products was
obtained containing many or all of the possible 105
isomeric disulphide bonded forms. This mixture was
essentially Inactive. When the dénaturant was removed and
the unfolded protein exposed to a small amount of reducing

to a

reagent, the mixture was eventually converted i

-2 -



homogeneous solution indistinguishable from the native
protein. This process did, however, take several hours as
opposed to the couple of minutes required for synthesis of
the active enzyme in vivo. Those engaged in this research
went on to discover protein disulphide isomerase
(Goldberger et al., 1963), and demonstrated that
ribonucléase correctly refolded in the presence of this
enzyme in less than 2 minutes. Renaturation of some other
enzymes that did not contain disulphide bridges had been
shown to take a few seconds or less (see Anfinsen, 1973).
In 1972 Anfinsen shared the Nobel Prize for Chemistry with
Moore and Stein for "... studies on ribonucléase, in
particular the relationship between amino acid sequence
and the biologically active conformation ..." (Anfinsen,
1973; Moore and Stein. 1973).

The thermodynamic hypothesis was modified by Levinthal

(1968) who proposed a kinetic control of protein folding.

ing has been

The idea of inetic control of protein fo
defined by Wetlaufer and Ristow (1973), who wrote that:
“"This would mean that in many, perhaps most,

proteins the native structure is not the

structure of the lowest Gibbs free energy

(the global minimum). Of course, it would be

a structure a free energy minimum, the

lowest free energy of the klnetically

e structures.”

access
Thermodynamic versus kinatlc control of protein folding

-3 -



greatly influenced several studies in the 1970s. However,
in most cases no decisive arguments favouring one
hypothesis above the other were reached. 1In more recent
times the view taken has been that these two hypotheses

are not mutually exclusive (see Ghélis and Yon, 1982). The

importance of kinetic control of fo ing pathways is now
well established (see Creighton, 1984).
Observation of the refolding of many proteins has led to

the formulation of the principle of self-assembly. The

e 1is that all the

fundamental premise of this princ
information required to specify the final structure and
function of a protein resides within the amino acid
sequence of that protein. The assembly process is held to
be spontaneous and does not require either the input of
*nergy, or any steric factors which are extrinsic to the

polypeptide itself.
of

In spite of the general acceptance of the princ
»*1f-assembly , exceptions to the rule are known. Examples
of such exceptions are relatively rere. Creighton (1984)

e reason for this is

has expressed the view that a possi

that proteins that did not refo in vitro were generally

terfering

assumad to have undergone some form of i
covalent modification, or loss of some cofcctor required

t of view

for the folded state. Some credence for this poi
is provided in a series of recent papers, appearing after
the formulation of the the molecular chaperone concept, in
which in vitro studies of the assembly of proteins

-4 -



translocated into the mitochondrion has shown that
glutamate dehydrogenase (West and Price, 1988), citrate
synthase (West et a/., 1990) and aspartate
aminotransferase (West and Price, 1989) cannot be
reactivated after they have been extensively unfolded by

um chloride. Examples that predate the emergence

guan
of the molecular chaperone concept include the assembly of
certain bacteriophage that require the presence of what
has been described as a scaffold protein. These include
the X protein gpNu3 (see Friedmen et al!., 1984) and the T4
protein gp31 (Laemroli et el., 1970).

e of self-assembly

The general acceptance of the princ
has led researchers to largely ignore or discount the
potential involvement of other proteins in the in vivo

ng process (Creighton, 1984). However, the yield of

fo
active enzyme in many in vitro refolding experiments is
low. concentration-dependent, and accompanied by the
formation of insoluble aggregates (Epstein et a/., 1963;
see Mitraki and King, 1989). In the in vivo situation,
protein folding takes place in a complex, dynamic milieu
containing high concentrations of other proteins. In such
an environment it is likely that a great number of
reactive surfaces would be exposed, and there is a high

probability that incorrect interactions would take place.



~on» conctpt

Laskey at al. <1978> first coined the term molecular

chaperone to describe the role of nucleoplasm

nucleosome assembly. Nucleosomes could only be

reconstituted From separated DNA and histones by prolonged

alysi from >1 M salt

lus 5 M urea. At physiological

ionic strengths the components of such a mi

ture simply

prec tate out of solution. Laskey at al. (1978) isolated

a heat-stable, pentameric, ac c protei From

unferti

zed eggs of the frog Xanopua laavi and

demonstrated this to be the active factor required for

nucleosome assembly at physiological ionic strengths. This

protein acts by binding histones and neutralizing their

positive charges, which is thought to prevent non-specific

ionic interactions between DNA and histones and allow only

speci interactions to occur. Note that nucleoplasmin

not a component of the mature nucleosome. This work,

clearly demonstrating that nucleoplasmi

prevented the

occurrence of improper DNA/protei interactions, does not

challenge Anfinsen®"s C€1973) thermodynamic hypothesis which

f

only refers to prote

Iding. However, the work of
Laskey at al. (1978> defined a situation in which the
interaction between two molecules required an external
factor to ensure that the Interaction took place

correctly. G

en these observations, the poss ty coul

not be excluded that

ntramolecular and particularl

intarmo lecul ar prote —protein interactions could be

-0



modulated in a similar way.

Two protein families that have been crucial to the

formulation of the molecular chaperone concept w be
briefly discussed here. These are the hsp70 and GroEL type
proteins. Pelham (1986. 1988) suggested that the heat-
shock proteins, particularly hsp70 and hsp90. might play a
role in the assembly and disassembly of proteins and
protein-containing structures. Drawing on his own

observations and those of other researchers (see 1.3.8.)

Pelham (1986) postulated that hsp70, besides having a role

in specific cel lar processes, has a general aff ty for
denatured or abnormal cellular proteins. Pelham®s model
(1986, 1988) supposed that during heat shock, proteins
become partially denatured, exposing hydrophobic regions
which then tend to interact to form insoluble aggregates.
He suggested that hsp70 binds tightly to such exposed
hydrophobic regions, thus limiting such interactions and
promoting disaggregation. Hsp70 then uses the energy of
ATP hydrolysis to free itself from the substrate protein
and partially unfold this substrate. The released

substrate protei is then considered to be able to refold

or reassemble into its pre-heat-shock state. These and
subsequent observations (see i.3.8.) suggested a situation
in which a protein factor may play a role in preventing
improper interactions between substrate proteins, and
indeed may have a role in ensuring that correct folding

takes place.



The final observations that led directly to the
formulation of the molecular chaperone concept were made

s (1987) and Hemmingsen et al. (1988). This work

by EI
developed from the discovery of a pea chloroplast protein
that bound non-covalently to newly synthesized large
subunits of ribulose-1,5-bisphosphate carboxylase-

oxygenase (Rubisco) before their appearance in the

holoenzyme (Barraclough and EI , 1980). The binding
protein had a molecular weight of >700,000 kD (Hemmingsen
and Ellis, 1986) and was composed of o and 8 subunits of
Mr 61,000 and 60,000 respectively (Musgrove at el.. 1987).
This protein appeared to play a role in the assembly of

Rubisco in higher plants (Cannon at ml.. 1986; Ellis and

van der Vies, 1988). The amino acid sequences of the a

subunits of the castor bean (R nus communia) and wheat
iTriticum aestivun) binding proteins were shown to be very
similar, approximately 50% identical, to that of the GroEL

prot from E. coli (Hemmingsen et el., 1988).

The groE locus is composed of two genes, groEL and
grogES, (Tilly et el., 1981) which encoda polypeptides with
Mrs of 65,000 and 15,000 respectively (Tilly et ml.. 1981;
Georgopolous and Hohn, 1978). Significantly, the GroE
proteins were already known to play a role in the assembly
of several phage and to be essential for cell viability
(see Hemmingsen et ml., 1988). Both of these proteins are
found in the cel I as multimeric structures. The purified

two

GroEL protein is a hono-tetradecamer arranged
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, 1979; Hohn

stacked rings of seven subunits each (Hendri

et al., 1979). The GroES protei

is composed of 6-8
subunits arranged in a single ring (Chandrasekhar et al..
1986). The structure and function of these proteins will
be extensively reviewed in a later section (1.4.).

Hemmingsen at al. (1988) pointed out that GroEL

homo logues had been identifed in a number of bacteri
species. Furthermore, an abundant protein purified from
the mitochondria of Tatrahymana tharmophi la, had been
shown to be related to the GroEL protein both
immunologically and structurally (McMullln and Hallberg,
1987; 1988). Antibodies to the Tatrahymana protein cross-
reacted with a protein of Mr 58-64,000 in extracts of

mitochondria from yeast, Xanopua, maize and human,

suggesting that it may occur in all mitochondria (HcMul I
and Hallberg, 1988). Hemmingsen et al. (1988) argued that
they had ...described a ubiquitous, conserved, abundant
protein that is associated with the post-translational

assembly of at least two structurally distinct oligomeric

protein complexes. We conclude that the role of t
protein is to assist other polypeptides to maintain or to

assume conformations which permit their assembly into

gomeric structures.”
In the year previous to this work Ellis (1987) had

proposed the term "molecular chaperona™ to describe a

class of ce lar proteins whose function is to ensure



ng of certain other polypeptides, and their

that tha f
- The

assembly into oligomeric structures, occurs correctl
GroEL type proteins appeared to meet the criteria
suggested for molecular chaperones and Hemmingsen et a/.
(1988) proposed that the term chaperonin be used to
describe this specific group of sequence-related proteins.
Hemmingsen et a/. (1988) recognized three classes within

the molecular chaperone family of proteins. These were; 1)

nucleoplasmi 2) hsp70-immunogl obin heavy chain binding

Protein class, and 3) the chaperonins. The molecular
chaperones, with the exception of nucleoplasmin, have also
been referred to as polypeptide chain binding proteins
(Rothman, 1989).

ition of a molecular chaperone as

The current def

proposed by Ellis and Hemmingsen (1989) is as f
"A family of cellular proteins which mediate

the correct fo

ng of other polypeptides,
and in some cases their assembly into

gomeric structures, but are not components

of the final functional structures.”

tnd function* of molscwlar chaperones
The molecular chaperone concept has rapidly garnered

ith a definition

support within the scientific community.
to hand there has been a veritable explosion in the number
of classes of protein now regarded as molecular

chaperones. In this review no attempt has been made to
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Table

Protein» rtg>rdtd «» molecular chaperone»

Name

1. Nue leoplasmins

2. Chaperonins

3. BiP-hsp70

4. ignal recognition
particle

5. Pro-sequence of
subtilisin

6. Ubiquitinated
ribosomal proteins

7. Trigger factor

8. SecB protein

9. PapD protein

Table after E

Proposed roles

Nucleosome assembly
Transcription?
Protein folding
Oligomer assembly
Protein trasport
DNA replication
mRNA turnover
Stress protection
Protein transport
Oligomer assembly
Oligomer disassembly
Protein transport

fo

Subtilisin ng

Ribosomal assembly in
eukaryotes

Protein transport
Protein transport

Pilus assembly

(1990) .
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describe all of the classes that could be described as
molacuiar chaperones. Instead those classes identified by
Ellis (1990; see Table 1.1.) will be described in some

detail with particular emphasis on the chaperonins. It is

ustrate the remarkable

s review will

hoped that t
diversity, both structural and functional, of the
molecular chaperones and outline some of the problems in
correctly identifying members of this group.
Before discussing these classes in detail, it is

necessary to discuss the proposed nature of chaperone

action. The current view of protein folding is that there

are protein folding pathways in which there may be we

defined intermediate stages where protein Tfolding may
pause before continuing the journey to the final folded
state (see Dobson, 1992). The possible steps in such a
pathway are shown in Figure 1.1. The first steps in which

a protei in a disordered, unfolded state collapses into a

»»ore compact state occur very rapidly while the subsequent
appearance of highly ordered tertiary structure occurs
somewhat more slowly (see Dobson, 1992).

teract with

It is thought that molecular chaperones i
intermediates on the protein folding pathway and guide the

fo ing protein towards its correctly folded state. Figure

1.2. shows a graphical representation of these concepts.
In case (A) the formation of the correct structure is
favoured both kinetically and thermodynamically and
molecular chaparones may not be required. 1In case (B) the

- 12 -



Fi*ur. 1.1. Fg U Iblt >t«p. in fg~Ing of a hvpothet leal

globular prof In

After Dobson (1992)



Figure 1.2. orjphlco rtpre»«nt»tlon of th. mtrutlc jtifpet*

of—chaperon« action

1al )

Th« vertical axis <F> represents the free energy of protein folding
from the unfolded state <U> within the cellular environment, while
the horizontal axis represents the two possible results of folding -
either an inactive misfolded structure (!) or a functional, correctly

folded structure (C). In case (a> the formation of the correct
structure is favoured both klnetically and thermodynamically; in this
case chaperones may not be required. In case (b) the formation of the

incorrect structure is Tfavoured kinetically; the addition of a
chaperone, indicated by the dotted nes, could either block the
mi«folding pathway or lower the activation energy of the correct
folding pathway. This method of representation was suggested by R. B.
Freedman.

After Ellis <1990).
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Formation of an incorrect structure is favoured

: the effect of addition of a molecular

inetical

chaperone, shown by the dotted lines, could either block
the misfolding pathway or lower the activation energy of
the correct folding pathway. In cases in which the

molecular chaperone is involved in protein transport, the

chaperone would “freeze"l the substrate prot

transport-competent form by binding to a fo

ntermediate .

Nucilaopl »»mins

As mentioned earlier (section 1.2.) the first protein to
be described as a molecular chaperone was nucleoplasmin
(Laskty et a/., 1978). This protein was purified from

ied DNA into

Xenopus egg extracts, which assemble puri
nucleosomes using either the endogenous histone pool or an

ied histones (Laskey et a/.,

exogenous source of puri

les consist of 140 base pairs

1978). Nucleosome core parti
of DNA bound to a histone octamer. This structure is the

basic repeating unit of chromatin in the eukaryotic

nucleus.

Nucleoplasmin itself is an acidic, heat-stable protei
(Laskey et el., 1978). Nucleoplasmin is the most abundant
protein in the X. laevis oocyte nucleus, constituting
approximately 10X of the nuclear protein (Mills et a/.,
1980). Tha native protein has been shown to be pentameric,
being composed of five subunits of Mr 29-30 kD. In the
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electron microscope the protein appears as a disc of 75 A

iameter (Earnshaw et a/.. 1980). The subunits have two

istinct domains, a protease-sensitive tail, carboxy-

terminal region and a relatively protease-resistant core
region that remains in solution as a pentamer after
proteolysis. The core monomer, after protease treatment,
has an Mr of approx. 23.000 (Dingwall et a/., 1982).
Cloning and sequencing of the cDNA for nucleoplasmin has
revealed a number of clusters of acidic amino acids within
the polypeptide. |In particular, an almost uninterrupted
tract from residue 121 to 148 contains three aspartic acid

and eighteen glutamic acid residues. On the amino-terminal

side of this tract the core region is fairly acidic while

the tail region has only seven acidic residues out of 51

et a/.. 1987).

(Dingwall et a/., 1987; Burgl

A model for histone binding has been proposed in which

c regions of the pentamer produce a large

the polyac
negatively charged region, which functions as a single

izes the positive charge of

binding site that neutra
histones before transfer to DNA (Dingwall et si., 1987).
Estimates of the stoichiometry of the histone complexes in
e8S extracts indicate that one nucleoplasmin pentamer
binds to one or two histone molecules (Kleinschmidt et

1987). Moreau et ml. (1986)

ml., 1985;

teracts with

have demonstrated that nucleoplasmin also
ribonucleoprotein particles. These observations suggest a

role for nucleoplasmin in rlbonucleoprotein

potent

- 16 -



assembl

Nucleoplasmin has been shown to be highly
phosphorylated. Nucleoplasmin isolated from Xmnopus eggs
has about twenty phosphates per monomer, while that
isolated from oocytes has less than ten phosphates per
polypeptide chain (Cotten et ml.. 1986). Thesa phosphate
groups are located predominantly in the core, histone-
binding region, of the protein (Sealy et ml., 1986). Since
the function of nucleoplasmin in the oocyte is principally
the storage of the large histone pool (Woodland and
Adamson. 1977), while in the egg it mediates the assembly
of nucleosomes during rapid DNA replication, one might

expect that the more highly phosphorylated form would be

more efficient at assembling nucleosomes. Sealy et -
(1986) purified nucleoplasmin from oocytes and eggs and
showed that this is the case. However, egg and oocyte
extracts were equally efficient in nucleosome assembly
(see Dingwall and Laskey, 1990).

Another feature of nucleoplasmin is a nuclear location

sequence. Dingwall et ml. (1982) demonstrated that the

tail region of nucleoplasmin is necessary and sufficient
for migration into the nucleus and rapid accumulation
there. The nuclear location sequence has been shown to
consist of two interdependent domains containing basic
amino acids (Dingwall et ml.. 1989). Studies with
nucleoplasmin have been instrumental in demonstrating that

protein uptake occurs via the the nuclear pore complex.
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and that uptake is by a two-step process; the first step
being an energy-independent binding to the nuclear
envelope and the second an energy dependent translocation
step (see Dingwall and Laskey, 1990>.

Finally it should be noted that nucleoplasmin is a
representative of a family of proteins. The cloning of
cDNA from oocyte mRNA resulted in the isolation of two
very closely related sequences (Dingwall et a/., 1987;
BUrglin et a/., 1987), Another nucleolar protein, XLNO-38,

has also been cloned and sequenced and shown to be

strikingly similar to nucleoplasmi (Schidt-Zachmann et
a/., 1987). This protein may carry out nucleolus specific

chaperoning functions (see Dingwall and Laskey, 1990).

«3-2- Signal recognition particle

In mammalian cells, most proteins translocated across or

inserted into the ER membrane need the signal recognition

parti (SRP) to do so. The SRP is an 11S cytoplasmic

particle composed of six distinct polypeptides and a 7S

RNA. The signal sequence of a nascent polypeptide
cotranslationally bound by SRP54, the 54 kD subunit of the
particle. The complex of SRP, nascent chain and ribosome
then interacts with the SRP receptor (docking protein) at
the ER membrane to be fol lowed by the actual protein
transfer (Rapoport, 1990; 1991). Recently a particle
resembling the SRP has bean found in E. coll (Ribes et
nl.. 1990; Porltz et ml., 1990). A 4.5S RNA and a 48 kD
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protein, P48, were shown to be part of a 10S
ribonucleoprotein. The 7S eukaryotic RNA can bind P48 and
is even able to take the place of the 4.5S RNA of E. coli
in vivo, whereas the 4.5S5 RNA binds SRP54 and can replace
the 7S RNA in an enzymatic assay. Other eubacteria and

at least the SRP

archaebacteria have been shown to cont
RNA (Struck et el., 1988).

The main question to be asked about SRP is whether its
functions are consistent with it being a molecular
chaperone. SRP appears to function exclusively during
preprotein synthesis. The established view (see Saier et

a/., 1989) is that SRP binds loosely to ribosomes: this

becomes a tight-binding complex following synthesis and
exposure on the ribosomal surface of the signal sequence

of the part translated signal protein. Signal

recognition then gives rise to translational elongation
arrest followed by binding to the docking protein. The
signal sequence then becomes bound to the signal sequence
receptor and the SRP-ribosome complex dissociates (see
Saier et ml., 1989). In the absence of ribosomes no
specific binding of SRP to signal sequences has been
demonstrated (see Bernstein et ml., 1989). Thus it would
appear that recognition must depend to a large extent on
on the proper juxtaposition of the signal sequence binding
site of SRP54, and the nascent chain on the ribosome.

In view of these observations it is somewhat surprising
that free SRP has been shown to promote post-lranslational
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translocation act ty in yaast (Sanz and Mayar, 1988) and
bacterial (Crook* at ml., 1988b> 1in vitro systems.

However, Bernstein at ml. (1989) suggest that since SRP is
known to be hydrophobic, these experiments could be
explained in terms of non-specific hydrophobic

interactions retarding folding of the substrate protein,

and are not necessarily related to actual functions i

vivo. Overall the weight of evidence suggests that SRP

acts primarily by modifying the rate of protei

translation. There is no compelling evidence that SRP
plays a role in protein folding per se and thus it should
not be considered to be a molecular chaperone. However,

this case does highl

ght the problem of improper
interactions between proteins in vitro being interpreted

as physiologically significant.

Subtilisin E, an alkaline serine protease consisting of
a single polypeptide chain of 275 amino acids, is produced
from a pre-pro-protein and is devoid of disulphide

linkeges. The 21 amino acid pre-sequence functions as a

signal sequence for protein secretion. Pro-subt n

denatured in 6M guani ne-HC1 can be processed to the
ective enzyme with concomitant cleavage of the pro-
sequence, when dialysed against a renaturation buffer
(lkemura and Inouye, 1988). On the other hand, deletion of

the 77 amino acid pro-saquence yields mature but inactive
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subtilisin (lkemura et a/., 1987). An active site mutant
of pro-subtilisln, which is not processed to active enzyme
because intramol ecular processing 1is prevented, was
constructed (lkemura et a/., 1987). When this was
denatured and mixed with denatured mature enzyme and
dialysed against renaturation buffer, as much as 20% of

the activity of the mature enzyme could be recovered and

the amount of activity recovered was proportional to the

concentration of the mutant pro-subtil n (Zhu et a/.,

1989). These workers went on to demonstrate that the

mutant pro-subt sin will catalyse the correct fo ng,
albeit somewhat less efficiently, of subtilisins from
other sources (Zhu et a/., 1989). It has since been shown

that a synthetic pro-sequence will also catalyse folding

(Ohta et al., 1991). Thus, the pro-sequence fulfils the
role of a molecular chaperone and has the unusual
advantage of being covalently linked to its substrate.

The evidence that pro-sequences can catalyse protein

folding has been complemented by studies on other enzymes.

For example Silen et al. (1989) have demonstrated that the
166 amino acid pro-sequence of of-lytic protease, an
extracellular serine protease of Lysobactar anzymoganas

495, is required for the formation of the active protease.

Independent expression of the pro- and protease domains

has demonstrated that, like subtilisin, covalent nkage
is not required for production of active protease (Silen
and Agard, 1989).
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Baker mt ml. (1992) have shown that omission of the or-
lytic protease pro-sequence from In vitro folding
reactions resulted in the formation of an inactive, but
folding-competent state of the protease. Structural
characterization of this state showed it to have
properties intermediate between the native and denatured
states. In particular this state contained nearly as much
secondary structure as the native protein but little or no
organized tertiary structure. These characteristics. as
well as an expanded hydrodynamic radius, are hallmarks of

" state. Both the intermediate and the

the ’‘molten globu

native states were stable under identical conditions.
The intermediate state may be the first example of a

‘molten globule "-1like conformation that is stable under

the same conditions as the native state. Addition of the

pro-region to the intermediate state resulted in its rap

conversion to the active native state. These observations

strongly suggest that the fo ng of the or-lytic protease
must be under kinetic and not thermodynamic control.

Add

ion of the pro-region Increased the rate of fo

by over seven orders of magnitude and the free energy
barrier for conversion of the intermediate to the native
atata in tha absance of the pro-region waa calculated to

Tt

(1992) argue

be in excess of 27 kcal mo I-*_ Baker

that: "By lowaring the height of a ting energy
barrier, the pro-region provides a means of access to new
regions of conformational space.” The most significant
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aspect of these findings is that the energy barriers
separating minima in polypeptide chain conformational
space can exceed 27 kcal mol-* _ The presence of such
barriers on folding free energy surfaces of proteins
suggests that large regions of conformational space would
be kinetically inaccessible. This raises the possibility
that in such cases the native conformation might be at a

local and not a global free energy minimum.

3.4. Ublqultin

76-amino

Ublquitin is a highly conserved, eukaryoti
acid polypeptide. Monomeric ubiqultin is produced from
hybrid proteins and can be conjugated to the c-amino
nitrogen of 1lysyl residues in proteins (Hershko, 1988).
The covalent attachment of ubiquitin to various acceptor

and

proteins in eukaryotic cells participates i
regulates, a number of cellular processes. These include
selective protein degradation, DNA repair, progression
through the cell cycle end a variety of stress responses
<see Rechstelner, 1987 for review).

source of

A number of hybrid proteins are the ini
ubiquitin. Linear ubiquitin adducts are formed as the
translational products of natural gene fusions. For
example. In S. cerevJaiee ubiquitin is generated
exclusively by proteolytic processing of precursors in

is Joined either to Itself, as in the

which ubiqui
polyubiqultin protein UBI4, or to unrelated tail
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sequences, as in the hybrid proteins UBI1, UBI2 and UBI

In normally growing yeast cells most ubiqui
generated from the UBI1-UBI3 hybrid proteins, while
polyubiquitin, UBI4, becomes essential as the main
supplier of ubiquitin when cells are stressed (Finley et
al.. 1987).

The tail sequences of ubiquitin precursors have been
shown to be highly conserved between yeasts and mammals
(Ozkaynak et al., 1987), suggesting that they function

iaa the tail

similarly in all eukaryotes. 1In S. caray/
sequences of UBI1 and UBI2 have been shown to be identical

52-residue polypeptides, while UB13 has an unrelated 76-

residue tail (Ozkaynak et al., 1987). F ey et al. (1989)
were able to demonstrate that ubi3 deletion mutants were
defective in the assembly of small, 40S, ribosomal
subunits and that ubil and ubi2 deletion mutants were
defective in large, 60S, ribosomal subunit assembly. All

of these mutants displayed a slow growth phenotype. The

UBI3 and UBI1 tails were then shown to be components of

the 40S and 60S ribosomal subunits respectively (F ey et
al., 1989). Further experiments demonstrated that while
the ubiquitin-coding portion of the ubi3 gene was not

necessary for ribosome biogenesis, its presence improved

to

the efficiency of incorporation of the tail sequence i

the nascent 40S ribosomal subunit (F ey at al., 1989).

ley et al. (1989) suggest that before assembly into
ribosomes the UBI1-UB13 tails are likely to be short-lived
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proteins and that the transient association with ubiquiti

could facilitate the transport of tails to, or assembly

the nascent ribosome, or prevent degradation of

wit

nascent tails.

n to the N-ter of heterologous

Fusions of ubiqui

proteins that are normally poorly expressed in E. co
have resulted in greatly enhanced yields of such proteins
(Butt et a/., 1989). This, and the observation that
expression of human steroid receptors in E. coli gives

rise to insoluble aggregates while ubiquitin fusions give

rise to soluble, b logically active proteins (Butt et

1989), lend support to the view that ubiquitin can

act as a molecular chaperone.

035 Trigg T fqgtor
Trigger factor is a peripheral ribosomal protein of Mr

63,000. Approximately one trigger factor molecule is found

bound to each 50S subunit of 70S ribosomes (b et el.,

1988). A series of in vitro experiments with puri ed
trigger factor indicated it was a molecular chaperone,
since it could interact with denatured proOmpA and

it in a translocation competent form (Crooke et

a/.. 1988a; 1988b; Li 1l et ml.. 1988; Kusukawa et a/..

1989; Lecker et ., 1989). However, in vivo studies in
which the trigger factor chromosomal gene was placed under
the control 6f the arabinoae promoter, showed that neither

an abundance nor a deficiency of trigger factor had any
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affect on the synthesis or export of proOmpA (Guthrie and

Wickner, 1990). The same result was also obtained in a

strain bearing a secfi null allele (see next section;

Guthrie and Wickner, 1990). These results reinforce the

importance of genetic studies to establish in vivo protei
functions. Unexpectedly, trigger factor depletion or
abundance caused filamentation a phenotype also observed
in GroEL and DnaK depleted cells (Guthrie and Wickner,
1990). Overproduction of trigger factor and FtsZ. an
essential cell division protein, returned cells to normal

cell d

sion (Guthrie and Wickner, 1990). These
observations Jled Guthrie and Wickner (1990) to speculate
that trigger factor might be needed as a chaperone for
proteins involved in cell division. Currently there is no
evidence that this is the case and thus trigger factor
cannot be classified as a molecular chaperone.

These observation are somewhat similar to those made
with SRP (see Section 1.3.2.). In particular it should be
noted that the dilution of a protein from dénaturant into
another protein solution probably represents a set of

conditions in which improper interactions between proteins

are most likely to take place. Without supporting data

from in vivo studies the significance of such interactions

should be treated with some scept



.3.6. BecB prot«iln
The sacB gene was Tfirst identified in mutants defective
in protein transport (Kumamoto and Beckwith, 1983). SecB

o The native

protein

is a cytoso . gomeric E. col
protein appears to be a homotetramer of molecular weight
64 kD (Watanabe and Blobel, 1989) and 1is composed of
subunits of Mr 16,600 (Kumamoto and Nault, 1989).

Both in vivo and in vitro experiments have implicated
SecB in the transport of a subset of E. coli envelope
proteins. These include periplasmic proteins such as MalE
(maltose binding protein) and PhoA (alkaline phosphatase),
and several outer membrane proteins such as LamB, OmpA,

OmpF and PhoE (Kusukawa et al.. 1989; Kumamoto, 1989;

Lecker at ml., 1989). In vivo (Randall and Hardy. 1986)

and in vitro (Eilers and Schatz, 1986) experiments have
strongly suggested that the passage of a protein through
the membrane occurs in a folded state that is distinct
from native. Randall and Hardy (1986) have shown that an
unfolded conformation of pre-MalE is a prerequisite for
assembly and that both the leader sequence and
interactions with other proteins govern presecretory

protein conformation.

The interaction of SecB with MalE has formed the basi
for most studies of the role of SecB in protein export
(*e= Kumamoto, 1991). 1In vivo experiments have
demonstrated: a) the transient association of SecB with
MalE (Kumamoto, 1989), b) that in the absence of SecB pre-
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MalE folds into an export incompetent, protease resistant,
form <Kumamoto and Gannon, 1988) and c) that various slow
folding MalE mutants are less dependent on SecB for export

er et al. (1988) demonstrated

(Collier et a/., 1988) . Co
that a number of MalE export-incompetent deletion mutants
interfered with normal MalE export, and that
overexpression of SecB eliminated this interference.

A sequence of 35 amino acids located in the mature part
of the MalE protein was common to all interfering mutants,
this region would thus appear to interact with SecB
(Collier et al., 1988). In vitro synthesis in the presence
of SecB demonstrated that several of these mutants formed
more stable complexes with SecB than did the normal

protei (Weiss and Bassford, 1990). In the same study, a

MalE mutant protein lacking its signal sequence was shown
not to form any detectable complex with SecB. This mutant
folds into a protease-resistent conformation at a far
faster rate than normal pre-MalE (Weiss at a!., 1989). A
second mutation that slows the folding rate of the
leaderless protein gave rise to a species that formed a

detectable complex with SecB (Weiss and Bassford, 1990).

Puri ed SecB has been shown to retard the fol ng of
normal pre-MalE (Collier at al., 1988; Weiss et al., 1988;
Liu et al., 1989). The above observations indicated that

alterations in the folding kinetics of a particular
protein profoundly influences its interaction with SecB.
In a series of competition experiments. Hardy and
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Randall (1991) were abla to demonstrate that as the
quantity of denatured competitor was increased, the
ability of SecB to block the folding of MalE was
decreased. SecB had high affinity for all the nonnative

polypeptides tested. However, some binding sites were

clearly preferred, since the relative aff ty of SecB for

the nonnative polypeptides tested varied 50-fold. Hardy

and Randall (1991) proposed that the selectivity in
binding of ligands by SecB in vivo is not only a function
of affinity, but in addition is modulated by a kinetic
partitioning between the pathways of folding and
association. Thus, for rapidly folding polypeptides the
partitioning would favour folding, while polypeptides that
fold slowly would tend to associate with SecB. The
interaction of SecB with a range of MalE folding mutants
shows just this kind of partitioning (see above). The
presence of a leader sequence, which has been shown to
retard folding of precursor polypeptides (Park et al.,
1988; Laminet and Pluckthun, 1989), would favour
association with SecB.

Finally, SecB not only modulates the rate of protein

folding; it also enhances delivery of precursors to the
membrane (Kumamoto and Gannon. 1988), probably through a

teraction with SecA (Hartl et al., 1990). Thus

specific
the SecB molecular chaperone functions by a) retarding
protein folding and b> targeting precursor proteins to the
export machinery.
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.3.7. PapD protein
The pap operon is composed of 11 genes required for the
synthesis and assembly of pap, or P, pili, which mediate
attachment of nephritic E. coll strains to digalactoside

residues on the surface of cells i

ing the urinary tract

(Norgren et a/., 1984; Hultgren et a/.. 1989). These pili

are assembled in the peri asmic space from components

that have been translocated across the inner bacterial

membrane. Each pilus is composed of approximately 1000
repeating subunits of PapA, which form the shaft, and a

tip composed of at least three proteins, PapE, PapF and

PapG. PapC and PapD are not incorporated into the pilus,
but are required for its formation. PapC appears to form a
channel in the outer bacterial membrane through which the
growing pilus emerges (Norgren et a/., 1987), while
several observations indicate that PapD is a molecular

chaperone.

Indirect evidence suggests that PapD interacts with

PapA, PapF. PapH and PapJ (Hultgren et a/., 1989; ndberg
et a/., 1989), while stable PapD-PapE (Lindberg et a/.,
1989) and PapD-PapG (Hultgren et ml., 1989) complexes have
been isolated from the periplasm. Insertions! mutations

w

hin papD abolish pili formation even though pi
antigen was presant in cell extracts (Norgren et ml.,
1984). A study of the association of PapD with PapG has
been particularly rewarding. Hultgren et a/. (1989) have
mapped the digalactoside binding properties of PapG (Lund
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«t ml., 1987) to the N-terminal half of the protaln, whil

tha PapD binding doma involvas the C-terminal 13 amino

acids. PapD has been found to protect PapG from
proteolytic cleavage, enhance processing of the PapG
signal peptide and be required for incorporation of PapG
into the pilus (Hultgren et ml., 1989).

The crystal structure of PapD has been determined
(Holmgren and BrMnden, 1989). PapD is built from two
globular domains, each consisting of an antiparallel
structure formed from packed 8-sheets. A wide crevice
between between these domains contains an exposed
hydrophobic patch flanked by beslc and acidic residues.
Holmgren and Brtfnden (1989) suggest that this region is
involved in binding the pi 1li subunits.

I genetically well characterized pilus systems, with

the exception of type IV pill, in Gram-negative
prokaryotes contain a gene that is analogous to pmpD (see

Hultgren et ml., 1991).

.3.8. BIP-h»p70
The BiP-hsp70 class is one of the best understood and
most important of the molecular chaperone classes.
Attention was Tfirst drawn to hsp70 (heat shock protain 70

. was

kD) when an organism, in this case Dromoph
subjacted to heat-shock and the subsequent pattern of
protein synthesis analysed (Ashburner and Bonner, 1979).

tial 1dantificat ion hsp70 homo logues have

ince this
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been found in all cells so far examined, including yeast
(Ingolia et al!.. 1982), humans (Mues et a/., 1986) and E.

coli (Bardwell and Craig, 1984). Hybridization studies

have indicated the presence of a homologue the

archaebacterium Methanosarcino barkeri (Bardwell and
Craig, 1984). Eukaryotes typically contain several hsp70
sequences (Lindquist and Craig, 1988). 1In E. coli. and
possibly other prokaryotes, there is only a single hsp70-

related protei the product of the dnaK gene (Bardwell

and Craig, 1984).

The hsp70 proteins are highly conserved, showing 60-78%
identity among eukaryotic homologues, and 40-60% identity
between DnaK and the eukaryotic proteins (see Lindquist,
1986). The remarkable conservation of these proteins
indicates that they must be involved in vital cellular
processes. Although hsp70 was first identified as a heat
shock protein, it is abundant in the cell under normal
growth conditions. In E.coli cultures grown at 370C, DnakK
accounts for 1.4% of cellular protein and is the seventh
most abundant protein in the call (Herendeen et al._,

1979). Transcripts of one of the Drosophila hsp70

homologues have been shown to be vary abundant in cells at
all stages of development (Craig et al., 1983).
Elucidating the roles of the hsp70s in cells has been a
long and fascinating process. Pelham®s proposal (1986)
that hsp70 Interacts with damaged proteins, partially
unfolds them, and enables the released protein to refold.
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had its basis in a number of observations.
Upon heat shock of mammalian cells many nuclear proteins

become insoluble and hsp70s migrate to the nucleus,

subsequently concentrating in the nucleolus where they
apparently bind to partially assembled ribosomes (Welch
and Suhan, 1986). Pelham (1984) had already shown that the
presence of a plasmid that ovei- produces hsp70 accelerated
the recovery of nucleoli from heat shock. Lewis and Pelham
(1985) went on to demonstrate that the tight association
of hsp70 to heat shocked nucleoli could be reversed, in
vitro, by the addition of ATP but not by non-hydrolyzable
analogues. Pelham (1986) argued that the energy of ATP

hydrolysis caused a conformational change in hsp70 which

effects both the release and a conformational change
the substrate protein. This change was thought to weaken
the interaction of the substrate with other proteins and
allow it to refold or reassemble into its pre-heat shock
state. A postulate of this model is that hsp70 has a
general affinity for denatured or abnormal proteins.
Evidence that overloading of the protein degradation
system by such proteins induced hsp synthesis (Munro and
Pelham, 1985; Ananthan et a/., 1986), supported this
hypothesis.

Independent support for the idea that hsp70 uses ATP to
disrupt hydrophobic aggregates was forthcoming when it was

found that the uncoating ATPase required to release

clathrin from coated vesi es was an hsp70 homo logue,
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hsc70 (heat shock cognate 70) (Chappell efc al., 1986;

Ungewickell, 1985). Coated vesicles, intermediates in the
pathway of receptoi- mediated endocytosis, are covered in a
cage-like structure formed by the association of clathrin

trimers. hsc70 can bind to clathrin cages and, using the

energy of ATP hydrolysis, sassemble them by disruption
of the clathrin-clathrin interactions (see Rothman, 1989).
Anothar important hsp70 homo logue, grp78, is located in
the lumen of the endoplasmic reticulum. This is one of a
group of glucose-regulated proteins originally detected in

chicken fibroblasts and extensively studied in mammalian

cells (see Pelham, 1986). These proteins are not normally

heat inducible, but are overproduced when fibroblasts are
starved of glucose. Glucose deprivation inhibits N-1linked

g lycosylation of nascent polypeptides in the endoplasmic

reticulum. Inhibitors of N-glycosylation cause swel ng of
the ER and the accumulation of at least some
underglycosylated proteins as insoluble aggregates (see
Pelham, 1986). Presumably these aggregates are substrates
for the hsp70 homo logue.

The abundance of grp78 in secretory cells suggests that

the normal assembly of secreted

it may play a role
proteins. The discovery that grp78 is in fact
immunoglobulin heavy chain binding protein, BiP, confirms
this view (Munro and Pelham, 1986). BiP transiently
associates with newly synthesized 1g heavy chains,
apparently binding to the hydrophobic region of the heavy
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chain that is subsequently covered by light chai
released from the heavy chain by ATP hydrolysis (Munro and
Pelham, 1986). Thus, it seems likely that the role of BiP
is to prevent or reverse the formation of heavy chain
aggregates and thus aid the process of immunoglobulin
assembly .

Biochemical characterization of the hsp70s has shown

that they all bind ATP with high aff ty and possess a
weak ATPase activity (see Lindquist and Craig, 1988).
These activities have been shown to be associated with the
N-terminal two-thirds of the proteins, a region that is
more highly conserved than the carboxy-terminal regions of
the hsp70s (Chappell efc «/., 1987). This suggests that the
less highly conserved carboxy-terminal region may have
evolved to interact with particular sets of proteins.
Initial studies of the peptide binding properties of BiP
and hsc70 revealed that they could interact with a number
of peptides, and that peptide binding elicited hydrolysis
of ATP with subsequent release of bound peptide (Flynn et
a/., 1989). Synthetic peptides, ranging in length from 8
to 30 residues, stimulated the ATPase activity of BiP with

varying efficiency, and hsc70 had a peptide-dependent

ar to that of ip (Flynn at a/.. 1989). More

ATPase s
racant studies have shown that the peptide binding site of
BiP is filled by a stretch of only 7 residues (Flynn et
a/., 1991). The peptide binding site prefers to bind

de chains, typically found in the interior of

a

phatic
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folded proteins, but w tolerate binding of polar and

charged residues. Flynn et al. (1991) calculated that a

occur every 16 residues in a

potential binding site wi
typical globular protein with 20% aliphatic content. Such
stretches would be sterically accessible when the
polypeptide chain is in an extended form, such as occurs
during translation and translocation.

Hsp70 is known to facilate the translocation of proteins

into S. cerev ae mitochondria, endoplasmic reticulum
(Deshaies et al., 1988) and microsomes (Chirico et al.,
1988). Recently a study of the import of several precursor
proteins into yeast mitochondria, demonstrated that all
precursors bound transiently to the mitochondrial hsp70
(Manning-Krieg et al., 1991). Beckmann et al. (1990) have
reported that newly synthesized proteins associate,
cotranslational ly, with two cytosolic forms of hsp70 found

in HeLa cel

. The results of Flynn et al. (1991) have
considerably deepened the understanding of the mode of
action of hsp70 in these processes.

DnaK, the E. co

hsp70 homologue, has also been

implicated in a number of cellular processes including DNA

synthesi

, RNA synthesis, cell division, proteolysis,
phosphorylation of other proteins, autoregulation of the
heat shock response (see Georgopolous et al., 1990; Gross
et al., 1990) and export of certain fusion proteins
(Phillips and Silhavy, 1990). Perhaps the best

characterized role of DnaK is in X repication. Dnak,
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folded proteins, but will tolerate binding of polar and
charged residues. Flynn et a/. (1991) calculated that a

binding site will occur every 16 residues in a

potenti
typical globular protein with 20% aliphatic content. Such
stretches would be sterically accessible when the
polypeptide chain is in an extended form, such as occurs
during translation and translocation.

Hsp70 is known to facilate the translocation of proteins
into S. cerevisiae mitochondria, endoplasmic reticulum
(Deshaies et a/., 1988) and microsomes (Chirico et al..
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proteins into yeast mitochondria, demonstrated that all
precursors bound transiently to the mitochondrial hsp70
(Manning-Krieg et al.. 1991). Beckmann et al. (1990) have
reported that newly synthesized proteins associate,
cotranslational 1y, with two cytosolic forms of hsp70 found
in HeLa cells. The results of Flynn et al. (1991) have
considerably deepened the understanding of the mode of
action of hsp70 in these processes.

DnaK, the E. coli hsp70 homo logue, has also been

implicated in a number of cel lar processes including DNA

synthesis RNA synthesis cell division, proteolysis,

phosphorylation of other proteins, autoregulation of the
heat shock response (see Georgopolous et al., 1990; Gross
et al., 1990) and export of certain fusion proteins
(Phillips and Silhavy, 1990). Perhaps the best
characterized role of DnaK is in \ repication. Dnak,
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together with with DnaJ and GrpE, Functions i the mult

protei

pathway that results in the activation of the X

origin of replication (see Echols, 1990). DnaK and DnaJ,

also a heat shock protein, have been shown to cause the
ATP-dependent release of the X P-protein from the
preribosomal complex, allowing the DnaB helicase to unwind
DNA near oriX, and thus leading to X DNA replication
(Dodson ct a/., 1989; Liberek et a/., 1988). Again an
hsp70 homo logue is implicated in the disruption of
protein-protein interactions.

In discussing the role of the hsp70s it has often been
stated that they are capable of repairing damaged
proteins. Direct in vitro evidence that DnaK can interact
with denatured proteins and promote their renaturation has
recently been presented by Skowyra et a/. (1990) and

Gaitanari

et ml. (1990) who have demonstrated that Dnak
can use the energy of ATP hydrolysis to reactivate
denatured RNA polymerase and X repressor protein

respectively.

1.3.9.

The b

logical heat shock response is a universal
phenomenon and its components are among the most highly
conserved genetic elements presently known, involving
recognizable homology across the boundaries of the

prokaryoti

, eukaryotic and archaebacterial

ngdoms

(Naidhardt et

., 1984). Indeed, when Smcchmromycm*
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id E. coli are subjected to similar heat
treatments, the patterns of synthesis of individual

cellular proteins as visualized by two-dimensional gel

electrophoresis are almost indistinguishable (M er efc
al_. 1979; 1982).

This "heat shock™ response is in fact induced by a wide
range of environmental stresses and is often, more
correctly, referred to as the stress response (Ananthan et
al., 1986). Briefly the stress response involves a
transient increase in the expression of a small number of
genes with the consequent production of about 20 proteins
that are commonly referred to as the heat-shock proteins
(hsps) or the stress proteins. These proteins are present

lesser amounts. In

under normal growth conditions, but i
both eukaryotes and prokaryotes the first signs of the
heat-shock response can be detected within one minute of
the temperature shift and the response reaches a peak
after 20-60 minutes depending on the organism and the type
of stress (Neidhardt et a/., 1984). Concomitant with the
induction of synthesis of the stress proteins, the
synthesis of most other proteins is repressed. Thus, heat
shock or stress leads to a major perturbation of normal
gene expression. The genetics of regulation of the heat
shock response have been reviewed several times (Neidhardt
et a/., 1984; Gottesman, 1984; Lindquist, 1986; Lindquist
and Craig. 1988) .

The diversity of the heat shock proteins is obvious. In
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ins

E. coli there are about 20 known heat shock prot
(Kamath—-Loeb and Gross, 1991). These vary in size from 10-
94 kD. In abundance they vary from >IX of the total cell
protein at normal growth temperatures while others can

only be detected after induction by heat shock.

Representatives are also amongst the most acidic and most

basic proteins found in E. coll (Neidhardt et al!.. 1984).

However, unti recently very little indeed was known about
the function of these proteins. While it had been widely
assumed that these proteins somehow protected cells from
the effects of stress, an understanding of the mechanisms

by which such a function is achieved has only recently

begun to emerge

The hsp70 family of proteins appear to play a pivotal

role in the regulation of the cellular response to

environmental stress. The broad features of t

regulation, summarized in Figure 1.3., are very similar in
prokaryotes and eukaryotes. Here the prokaryotic response
will be briefly described. 1In E. coll, heat shock
promotors are recognized by a RNA polymerase holoenzyme
containing a 32 kD sigma factor, a**, the product of the
htpR gene. Following temperature upshift, a transient
increase in the concentration of al* leads to a transient
increase in hsp synthesis. Nutations in dnmK also lead to

increased hsp expression, suggesting that the DnaK protein

acts as a negative regulator of hsp synthesi (Tilly at
ml., 1983; Straus et ml.. 1990). Mutations in dnaJ and
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Figure 1.3. A speculative model for the role of h»p70 i

ng expreeelon of heet »hock protein»

contro

The model shoes hoe the cytoplasmic hsp70 <DnakK>. along eith DnaJ
and GrpE (and eukaryotic homologues). could act to control hsp
expression in both prokaryotes and eukaryotes. Upon temperature
upshifts, depletion of the free pool of hsps relieves their negative
regulatory effects. Increased synthesis and stability of o*a and
increased activity of heat shock factor (HSF> permit increased
transcription of the heat shock genes. HSE = heat shock element.

After Craig and Gross (1991).

- 40 -



grpE have the same phenotype as those in dnaK. suggesting

that all three gene products function together as negative

regulators of hsp expression (Straus et a 1990). A

eukaryotic homo logue of DnaJ is already known to exist

e hybridization studies have

(Sadler at a!., 1989), whi
revealed that a GrpE homo logue is also probably present
(see Craig and Gross, 1991), indicating that the same sort
of regulatory triad may be functional in eukaryotic cells.
DnaK, DnaJ and GrpE are involved in every process known to
regulate 032 (Craig and Gross. 1991) and have been shown
to negatively regulate 03* in three ways: they are
required for translational regulation of c¢?2 synthesis at
high temperature, for inactivation of 032 after shift to
low temperature and they facilitate degradation of 032 at
all temperatures (Straus et a/., 1990; Tilly at al.,
1989).

Craig and Gross (1991) have suggested that hsp70 acts as
a cellular thermometer. In this model an increase in
temperature generates an increase in substrate, denatured

y depletes the free pool

proteins, which in turn temporar

of hsp70, thus allowing 032 to activate the transcription

of heat shock genes. This response would be sclif-1 ting
because the ensuing overproduction of hsps would restore
the free pool of hsp70 and re-establish appropriate
regulation of o>*. Conversely, a temperature downshift
would be the functional equivalent of overexpressing

hsp70, further repressing the action of a32 and causing a
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- While this model fits

transient decrease in hsp synthesi
in with what is known of the regulation of the heat shock
response, the mechanism by which the putative hsp70
"thermometer™ transduces the signal to increase the
concentration of 032 is unknown. Craig and Gross (1991)
speculate that DnaK may be bound directly to 032 allowing
the latter to be rapidly degraded by an as yet
unidentified proteolytic system. No doubt the true
mechanism of heat shock regulation will be elucidated in

the near future.

The cheperonine

The first chaperonins to be studied in any detail were

those isolated from E. coli. These were tially
identified in studies of host cell mutations that
interfered with the assembly of certain bacteriophage
(Takano and Kakefuda, 1972; Georgopoulos et a/., 1972).
These host genes were referred to as mop (morphogenesis of
phage) (Takano and Kakefuda, 1972) or groE (Georgopoulos

it is now called, was

efc a/., 1972). The groE locus, a

nked genes, groEL and

shown to consist of two closely
groES, encoding polypeptides of Mr 65,000 and 15,000
respectively (Tilly et a/., 1981). Since the coining of
the term chaperonin to describe the class of molecular
chaperone that includes the GroE proteins (Hemmingsen et
ml., 1988), it has become fashionable to refer to GroEL
and its homo logues as cpn60, chaperonin 60 kD, while GroES
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and its homo logues are referred to as cpnlO. chaperonin 10
kD (Goloubinoff et a/., 1989a). In the discussion of

ind

dual experiments this terminology can be confusing.
For this reason |1 have tended to use the more traditional
notation, eg GroEL, when discussing the features of

specific chaperonins. Table 1.2. lists some properties of

the chaperonins.

ble 1.2. Bom» propfrtiey of the chaperonins

Alternative Subunit Mr 01ligomer
Bacteria GroEL 57,259 (E. co/i) 14-mer
65 kD antigen 56,686 (M. leprae)
GroES 10,368 <E. col i) 6-8-mer
Mitochondria hsp60 60,830 (yeast)
mi tonin
HuCha60 57,939 (human)
Plast id Rubisco subu
binding prot 14-mer
a subunit 57,393 (wheat)
B subunit 56,453 (rape)
After EI ., 1990.

4.1. fihWMtOnin »tryctyr»

A large number of cpn60 sequences have now been
determined. However, to date relatively few have been
examined in the electron microscope and no X-ray
crystallographic analyses have been published.

Electron microscopic analyses have revealed that all the
native cpnBO proteins so far studied, are composed of

fourteen subunits organised in two rings of seven subunits
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each, stacked one on top of the other. The seven-fold

rotational symmetry of these proteins is a rarity in

b is kind of

logical systems. Other proteins exhibiting t
symmetry include the pyridine nucleotide transhydrogenase
of Pseudomonas aeruginosa (Louie et al.. 1972; Wermuth and
Kaplan, 1976) and multicatalytic proteases or prosomes
(Dahlmann et a!., 1989). Carazo et al. (1991) have
published evidence that the cpn60 proteins from both E .
coli and Bacillus subtilis show predominantly six-fold

symmetry when cultures are grown below 37*>C. and

predominant seven-fold symmetry after a heat shock. Unt
these observations are independently confirmed they need
to be treated with some scepticism, since no other studies
on the cpn60s have demonstrated the presence of a native
structure with sixfold symmetry.

In contrast to cpn60 very few cpnlO proteins have been
isolated and only one, from E. coli, has been studied in
the electron microscope (Chandrasekar et al., 1986). These
studies indicated that the native cpnlO structure is
composed of 6-8 subunits arranged in a single ring. Given
the well known seven-fold symmetry of the cpn60s, there
has been a tendency to assume that the cpntO will also
have seven-fold symmetry (see Gatenby and Ellis. 1990).

While it seems likely that this will turn out to be the

case, a def ive proof is still awaited.
Thera is ample evidence, both genetic and biochemical,
that the GroEL and GroES proteins of E. coll are
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functionally teractiva (see below). GroEL and GroES

cosediment in glycerol gradients in the presence of MgATP

(Chandrasekhar et al. 1986). Recently Sai 1 et al. (1991)

produced electron micrographie evidence showing that cpnlO
binds to one face of the cpn60 protein, giving a domed
appearance to one side of the molecule. Saibil (personal
communication) has pointed out that the dimensions of the
cpnl0/cpn60 are somewhat larger than would be expected
from the sum of the components. She has suggested that

interaction of the two proteins causes some form of

relaxation of the cpn60 structure.

2 . Chaperonln function

The GroEL protein has been shown to possess a weak
ATPase activity (Hendrix, 1979; Viitanen at al!., 1990;
Gray and Fersht, 1991; Terlesky and Tabita, 1991) which is
partially inhibited in the presence of GroES (Chandrasekar

at al!., 1986; Viitanen et al., 1990). Estimations of both

the ATPase act ity of GroEL and the degree of inhibition
by GroES vary greatly between different groups. ATPase
k«al values of 4.4 s*> at 250C (Gray and Fersht, 1991),
0.8 s-i at 370C (Hendrix, 1979), 0.75 a-» at 37»C
(Terlesky and Tabita, 1991) and 0.1 s-« at 22»C (Viitanen
at al., 1990) have been reported. Inhibition of this
activity by GroES has been reported to be >95* (Viitanen
at al!., 1990)", 61* (Gray and Fersht, 1991) and 60X

(Chandrasekhar et a/., 1986).

fferent conditions may to

- 45 -



some extent pla the iriation in these results.
However, inhibition by GroES may have important
mechanistic implications and the differences reported
above need to be resolved.

Despite its weak ATPase activity the GroEL protein binds

ATP avidly, indicating that it might possess more than one

inding site (see Georgopoulos and Ang, 1990). Gray and
Fersht (1991) have calculated that there are at least
three ATP binding sites on the GroEL tetradecamer. For
reasons of symmetry. Gray and Fersht (1991) assume that
the actual number of sites is either 7 or 14. The weak
ATPase activity of GroEL is also possessed by all the
cpn60s so far examined and GroES has been shown to
interact with cpn60s from a variety of sources (see

Goloubinoff et ml., 1989a; Terlesky and Tabita, 1991).

Since Hemmingsen et ml. (1988) first proposed the
existence of a chaperonin class of molecular chaperones,
these proteins have been implicated in a wide variety of
cellular functions, most of which appear to involve
protein folding. The current view is that GroES couples

K*-dependent hydrolysis of ATP to the release of folded

target protein from GroEL (Viitanen mt ml., 1990).

»ese2 1. Up it in fovbltcp im ibly

Rubisco is the single most abundant protein in the

, 1979). This enzyme catalyses the ini

biosphere (E
reaction of tha Calvin cycle, the photosynthatic fixation
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of carbon dioxide, and is thus respons e for bringing

into organic combination virtually all the carbon atoms

Found in i

ing organisms. In addition to this activity
Rubisco also catalyses an oxygenase reaction, the first
step in photorespiration (see Miziorko and Lorimer, 1983).
Rubisco is a poor catalyst, having both a low affinity for
carbon dioxide and a smal I turnover number (see Gatenby

and E

, 1990). The major importance of this enzyme
allied with its severe catalytic limitations would appear
to make it an ideal target for study and improvement by
genetic manipulation.

The Rubisco isolated from plant chloroplasts and most

prokaryotic organisms that contain a Cal n cycle, is
composed of eight large subunits (Mr50,000-55,000> and
eight small subunits (Mr12,000-18,000) (see Gatenby and

El

s, 1990). A simpler form of Rubisco composed

exclusively of large subunits is found in some

prokaryotes. The most extensively studied enzyme of this
kind is the homodimeric protein isolated from the purple,
non-sulphur, photosynthatlc bacterium, Rhodoaptrl Ilum
rubrum. The three-dimensional structure of this enzyme has
been determined at 2.9 A by X-ray crystallography
(Schneider at a/., 1986). This work demonstrated that each
of the two active sites on the dimer have residues
contributed by both subunits. Thus, the monomeric protein
is held to be enzymatically inactive and the appearance of
enzymatic activity can be related to the successful
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folding and assembly of the large subunits. This property
has been exploited to study the role of chaperonins in
Rubisco assembly (see below).

The first Rubisco gene to be successfully expressed and

assembled in E. coli was of the simple homodimeric type

e and Somerville. 1984). Since

from R. rubrum (Somervi
then, the more complex hexadecameric form from several
prokaryotes has also been expressed and given rise to

. 1990).

active enzyme in E. coli (see Gatenby and EII
However, all attempts to express enzymatically active
Rubisco from crop plants in E. coli have met with failure

is, 1990). The discovery of the subunit-

(Gatenby and E
binding protein (Barraclough and Ellis, 1980) provided the
first clues that another protein may be required as an
intermediate in the assembly process. This view was
supported by the observation that the assembly of in v/tro
synthesized large subunits into the Rubisco holoenzyme,

was inhibited by the addition of antiserum raised against

the binding protein (Cannon efc a/., 1986). The discovery
that the E. coli GroEL protein was a homologue of the
subunit binding protein (Hemmingsen efc a/.. 1988)

stimulated speculation on whether the correct assembly of

prokaryotic Rubisco in E. co required the host
chaperonin .
A series of elegant experiments have been conducted to

. Firstly, Goloubinoff

test the va ty of this hypothes
efc a/. (1989b) studied the expression and activity of
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prokaryotic Rubisco from Anacystis nidulans <LaSe> and R.
rubrum in E. coli, in the presence and absence of a
multicopy plasmid containing the GroE operon. Increased
levels of the GroE proteins were shown to cause an
increase in Rubisco activity, even though expression of
Rubisco was unaltered. |Induction of the heat shock
response was also shown to increase Rubisco activity.
Since the Ls core of A. nidulans Rubisco is known to be
composed of four R. rubrum- like dimers (Schneider efc a/.,
1986; Chapman at a!., 1988), it was inferred that, at the

very least, the GroE proteins act at the stage of dimer

formation (Goloubinoff at al!., 1989b). igure 1.4. shows
putative assembly pathway of the Rubisco hexadecamer as
suggested by Goloubinoff at al. (1989b).

In vitro studies on the chaperonin-dependent assembly of

R. rubrum Rubisco have lent further support to this model

Goloubinoff at al., 1989a). R. rubrum Rubisco was

denatured with either 8 M urea. 6 M guani ne-HCl or by
treatment with acid (pH 3). Attempts to spontaneously

reconstitute activity under various conditions met with
failure. However, when the denatured enzyme was diluted
into a solution containing the GroE proteins and Mg-ATP,

Rubisco activity was recovered. Maximum reconstitution,

observed when GroES and GroEL were present in equimolar

concentrations, was approximately 80% for the guan

, while only about 40* of the

HC1 denatured materi
activity of the acid denatured material was recovered. The
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igure 1.4. htxadtoiBT

S unfolded monomer

groEs
groEL
S Folded monomer
Unfolded Folded Dimer Octomer Holoenzyme
monomer monomer [functional

unit)

This model recognizes thet the L2 dimer is the basic structural
motif. Thus a minimum of five steps must be invoked to convert
nascent, unfolded large and small subunits into the hexadecameric
LaSa holoenzyme: (1) folding of large subunit monomer; (2) formation
of the L2 dimer; <3> tetramerization of L2 dimers to give the La
core; <4) folding of small subunit monomer and (5) association of
small subunits with the La core. The GroE proteins could potent 1y
be involved at each step, although evidence suggests that step 5 can
occur spontaneously without their involvement (Andrews and Bailment,
1983). The results of Goloubinoff at al. (1989b) show that, at the
very least, the GroE proteins are volved in dimer formation (steps
1 and/or 2). However, the possibility that the GroE proteins are
additionally involved in steps 3 and 4 cannot be excluded.

After Goloubinoff at al. (1989b).
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rate constant for the chaperonin-dependent reconstitution

ty was the same, regardless of the manner of

of acti
protein dénaturation, indicating that the reconstitution
involved a common intermediate referred to as Rubisco-I.
If either of the GroE proteins or Mg-ATP was omitted,
reconstitution did not occur. Other nucleotide
triphosphates, with the exception of CTP, and non-
hydrolyzable analogues of ATP did not support
reconstitution. Combinations of the yeast mitochondrial
and pea plastid cpn60s with the E. coll cpnl0O were shown
to support reconstitution but were, respectively only 10X
and 25X as effective as the homologous GroE system
(Goloubinoff et al.. 1989a).

Omission of GroES or Mg-ATP or both from a
reconstitution reaction gave rise to a stable Rubisco-1I-
GroEL binary complex (Goloubinoff et al., 1989a). Although

addition of Mg-ATP to this complex caused dissociation to

a lower molecular weight form, no Rubisco act ity was
recovered. However, when both Mg-ATP and GroES were added

the binary complex was discharged with the appearance of

native dimer and Rubisco act ty.
Experiments in which Rubisco was diluted from dénaturant
and GroEL added at various times after dilution, showed
that the later the addition, the less Rubisco activity was
recovered after subsequent addition of Mg-ATP and GroES.
The rate at which recoverable activity was Jlost Increased

as the Rubisco concentration increased (Goloubinoff at
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1., 1989a). The authors concluded that when denatured

Rubisco is d ted into solutions containing the

chaperonins. two mutually exclusive processes occur;
aggregation or the formation of a binary complex with
GroEL. This is an important observation, since it

demonstrates that the chaperonins cannot reassemble

aggregated protein, but will bind to and stabi ze an

te of the substrate protein.

ng intermedi

unstable fo

Further work by this group demonstrated that K* is

required for both the uncoupled ATPase act ty of the
GroEL protein and for the coupled release of active

anen et al, 1990). These researchers also

Rubisco (V

fo

demonstrated that R. rubrum Rubisco w

spontaneously at 150C and that the rate of reconstitution

at this temperature was increased tenfold the presence
of chaperonins. K* and MgATP. The fact that Rubisco can
fold spontaneously indicates that the chaperonins
intervene at a kinetic rather than a thermodynamic level
(Viitanen at al., 1990).

These papers have clearly identified the components of
the chaperonin system required to mediate Rubisco

ted in the search

assembly. This knowledge has been exp
for an organellar cpnl0O homologue. Lubben at al. (1990)
reasoned that, since Rubisco-1 complexed to either plastid
or mitochondrial cpn60 could be discharged by GroES to
give active Rubisco (Goloubinoff et al., 1989a), a) there
must be an organellar cpnl0O homologue and b> such a cpnlO
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homo logue should be able to replace GroES in a Rublsco
reconstitution system. Using this approach Lubben et al.
<1990) have presented evidence of the existence of a cpnlO
homo logue in beef and rat liver mitochondria. The putative

beef 1liver mitochondrial cpnlO was shown to assist the

discharge of Rubisco from GroEL, in a process requiring
MgATP and K* , to form a MgATP-dependent complex with GroEL

and to inhibit the uncoupled ATPase acti

ty of GroEL. The
most likely candidate for the mitochondrial cpnlO
homologue was an oligomeric protein of approximately 45
kD, somewhat smaller than the GroES oligomer, that
consisted of 9 kD subunits. The latter appeared to be
immunologically unrelated to the GroES protein. Thus the

authors of this work do not rule out the possibi

ty that
they have identified a functional homologue that is

evolutionarily unrelated to GroES (Lubben at al ., 1990).

.4.2.2. Role In phage morphog<n>»l»

The groE genes of E. coli were originally identified
because some mutations in them block the assembly of
various bacteriophage (Takano and Kakefuda, 1972;
Georgopoulos at al., 1972). Table 1.3. summarizes the groE
requirement for various bacteriophage.

The data in this table outline the role played by the
GroE proteins in bacteriophage assembly. Two of the
bacteriophages, X and T*, require GroE proteins primarily
at the stage of head assembly, whereas T5 and 186 exhibit
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a requirement primarily at the stage of tail assembly. Of

particular interest is the observation that all these
¢(roE-imposed assembly defects can be overcome by mutations
in bacteriophage gene(s), indicating that the GroE

proteins interact directly with these gene products.

1 13- Efffct of E._coli groE mutation» on bacter iophage

growth
groEs- groEL-

X Head assembly Head assembly
Genes B and E genes B and E
T4 No effect Head assembly
gene 31 and 23
T5 Tail assembly Tail assembly

gene D19 gene D19
186 Tail assembly Tail assembly

gene H gene H

This table shows the level at which assembly
is blocked by groE mutations and the
bacteriophage genes in which mutations can
overcome this block. Based on Georgopolous and
Ang (1990).

Finally it should be noted that T* is unique in that the
GroES protein does not appear to play a role in its
assembly. It has been suggested that gp31l, a monomeric M-
12,060 protein encoded by gene 31 of T4. may be a

nskas and Black. 1988).

functional homologue of GroES (N

There is no evidence for any structural homology between



1-4.2.3. Rols In mitochondr

SP31 and GroES. but it is known that T4 requires gp31l much
more stringently at higher temperatures (Shalniene and

N inskas, 1987), and that this requirement is alleviated

by bacterial growth at high temperature prior to
infection. This, along with genetic evidence that gp31 and
GroEL interact has led to speculation that gp31l has a
specialized GroES-like function in modulating the release
of gp23, the major capsid protein of T4, from GroEL

(Georgopolous and Ang, 1990).

Import

The S. cerevisiae mitochondrial cpn60 is one of only
five mitochondrial proteins, all of which are key
components of the protein import system, that are known to
be essential for viability of this yeast (Baker and
Schatz, 1991). Cheng et al. (1989) have demonstrated that

is required for the

the mitochondrial cpn60 protei
assembly of a number of proteins that are imported into

the mitochondrial matr These workers described a

temperature-sensitive nuclear mutation, mif4, in which

subunits of mitochondrial enzymes such as subunit 8 of

ATPase were completely translocated into the organe N
were processed to the mature sized forms, but failed to
assemble into active structures (Cheng et al.. 1989). The

the the hsp60 gene and

mi f4 mutation was shown to be i
cells grown &t the non-permissive temperature did not form
a normal tatradecameric hsp60 complex (Cheng at al..
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1989) .
These observations were confirmed and expanded in import
experiments using isolated mitochondria from Naurospora

crassa (Ostermann at a!., 1989). These studies made use of

the fact that dihydrofolate reductase (DHFR), a cytosol
enzyme, retains its active conformation and folds into a
highly protease-resistant unit when fused to the
presequence of a mitochondrial precursor (Ostermann at
al.. 1989). When the denatured hybrid DHFR protein was
diluted into import incubations at 25<>C, about 90X of the

to mitochondria within 45

protein was translocated

seconds. However, only 30X of the imported protein was in

a protease-resistant conformation. Th figure rose to 70X
after 3 minutes (Ostermann at al., 1989). When
mitochondria were ATP depleted, less than 10X of the
imported protein had folded into a protease-resistant form
after 6 minutes incubation. In total matrix extracts the
protease—-sensitive DHFR was physically associated with the
hsp60, protein and addition of ATP resulted in the release
of the protease-resistant form (Ostermann at al., 1989).
However, when the DHFR-hsp60 complex was partially

ed, subsequent addition of ATP did give rise to a

pur
protease resistant form of DHFR, but this was still

associated with hsp60. This result indicated that; a) an

additional factor, possibly a cpnlO homologue, is required

for the complete reaction sequence to take place, and b)

some fol ng takes place at the surface of the hsp60
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complex (Ostermann et al., 1989). Ostermann et al. (1989)
also demonstrated that mitochondrial enzymes such as the B

subunit of Fi ATPase and the Rieske Fe/S protei of

complex 11l are associated with hsp60 after import.

.4.2.4. Intaractlona with othar substrate crottin»
Ample genetic and biochemical evidence suggests that the
cpn60s interact with a startlingly broad range of

substrate proteins. The GroE proteins have been shown to

be essent for E. coli viab ty (Fayet et al.. 1989).

At non-permissive temperatures, temperature-sensitive groE

mutations have been found to result in a reduction in the

rates of synthesis of both DNA and RNA (Wada and Itikawa,

1984), to block cell division with the corresponding

formation of aseptate filaments (Mi et al.. 1988), and
to cause an overall reduction in generalized protease
activity in groEL but not groES mutant bacteria (Straus ct
al., 1987).

Overexpression of the GroE proteins has been shown to

suppress mutations

the dnaA gene (Jenkins et al., 1986;
Fayet et al, 1986), and to suppress a number of
auxotrophic mutations (Van Dijk et al.. 1989). The latter
observations are particularly interesting, since it was
demonstrated that the GroE proteins could supress many
temperature-senaitive mutations in the ilv and his opérons

of Salmonella typhimurium, wh

le suppression of cold-
sensitive and temperature-independent mutations (only
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studied in the his operon) was not observed. Many, but not
all, temperature-sensitive mutations in hisD, hiaC and

hisB could be suppressed by overexpression of the GroE

proteins, while two temperature-sensitive alleles of SA,
encoding the only monomeric enzyme of the his operon, were
not suppressed (Van Dijk et al., 1989). These results
would seem to indicate that the major role of GroEL in
vivo is to modulate the assembly of multimeric enzymes.
Recent in vivo studies of nif gene regulation and
nitrogenase assembly in E. coli have indicated that GroEL
is involved in both these processes (Govezensky et al..
1991) . In vitro studies of the mode of action of GroEL

ted its interaction with a number of proteins.

have exp

Substrates include Rubisco (see above), DHFR (see above),

rhodanese (Martin et al., 1991), citrate synthase (Buchner
et al., 1991) and lactate dehydrogenase (Badcoe et al,
1991 ) .

Chaperonins have also been shown to play an important

role in protein transport. Bochkareva et al. (1988), using

a photocross-linking approach in a cell-free translation
system, demonstrated that newly synthesized pre-B-
lactamase and chloramphenicol acetyl transferase would form

a complex with GroEL. In the presence of membranes the

cross-linking was sharply lowered for the secreted

pre-B—lactamase, but not for the cytoso

protei

protein, chloramphenicol acetyltransferase. These workers

went on to demonstrate that the addition of part
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unfolded or denatured proteins to the reaction mixture
significantly lowered the GroEL/pre-8-lactamase cross-
linking efficiency. When the isolated GroEL/pre-p-

lac tamase complex was added to a membrane preparation,
pre-P-lactamase translocated in the presence of ATP, but
not in the presence of a non-hydrolyzable analogue

(Bochkareva efc a/., 1988).

These in vitro observations have been backed up by
vivo studies in which it was demonstrated that the export
of 8-lactamase is less efficient in groE mutants than in
the wild type (Kusukawa et a/., 1989). Overexpression of
the GroE proteins has also been shown to improve the
export of a LamB-LacZ fusion protein (Phillips and
Silhavy, 1990). Kusukawa efc a/. (1989) also studied the
effect of groE mutants on the export of several other
proteins. The export of MalE (maltose-binding protein),
OmpA, OmpF (outer membrane proteins), normally SecB-
dependent, Lpp (lipoprotein), and PhoA (alkaline
phosphatase), SecB-independent, was not impaired in groE
mutants. Thus, SecB and GroEL appear to have different
substrate specificities.

Finally, do chaperones play a role in the assembly of
chaperonins? In vitro studies conducted by Lissin efc al.
(1990) indicated that renaturation of GroEL monomers in
the presence of Mg-ATP caused the assembly of a few GroEL
multimers. These then interacted with monomers in an
autocatalytlc manner to promote the assembly of more
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multimers. On the other hand. Cheng at al. (1990), having
studied the import of wild type hsp60 into yeast

mitochondri isolated from a mif4, hsp60 defective, mutant

grown at the non-permissive temperature, concluded that
folding and assembly of hsp60 cannot occur when there is
no pre-existing functional chaperonin. Thus it would
appear that chaperonins do promote the assembly of
chaperonins, but the biogenesis of the initial chaperonin
pool is still unclear. Manning-Krieg at al. (1991) have
demonstrated that hsp60 transiently associates with hsp70

tochondrion. Chemically

to the yeast

after import i
synthesized GroES protein has been shown to form
biologically active oligomeric structures spontaneously
(Mascagni at al.. 1991). This suggests that no other

chaperones are required for GroES assembly.

u4.3. Mechanistic studlea
How the cpn60s recognise unfolded proteins and
subsequently modulate their folding is a field of research
dominated by much speculation with little, often

conflicting, supporting evidence. Goloubinoff at al.

(1989a) first suggested that GroEL binds to partly folded
protein that could correspond to a molten globule state.
Studies on the GroEL-mediated refolding of DHFR and

rhodanese have also Indicated that GroEL seems to

stabi ze thtfse proteins in a molten globule state (Marti

at al., 1991). DHFR is a globular, single domain protei
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of 189 amino acids that will refold spontaneously when
diluted from denaturant, while rhodanese is composed of
293 amino acids that form two equal sized domains which

teractions (Martin et a/.,

zed by hydrophobic i

are stabi

1991). Fol ng reactions of these proteins in the presence

of the GroEL proteins was monitored by measuring intrinsi
tryptophan flourescence, adsorption of a flourescent dye.
protease sensitivity and enzyme activity (Martin et a/..
1991). In the absence of ATP both enzymes formed a stable
complex with GroEL. The properties of both bound proteins
were very similar and appeared to correspond to a molten
globule state. Addition of Mg-ATP to the DHFR-GroEL
complex caused the DHFR to fold to a more compact state
that was still associated with GroEL. followed by release

of the active protei (Martin et a/.. 1991). This process

was retarded in the presence of increased concentrations

of GroEL, indicating that DHFR can re-bind to GroEL before

its fol ng is complete.

tanen et al. (1991) have recently reported that

fo ng and release of DHFR from GroEL will also take

place, albeit more slowly, when non-hydro lyzable ATP
analogues were used. When both Mg-ATP and GroES were
present in the reaction mixture, reactivation of the
enzyme occurred much more quickly and no re-binding took
place (Martin et a/., 1991). |In contrast, folding and
release of rhodanese from the rhodanese-GroEL complex was,
like refolding of Rubisco (Goloubinoff et a/., 1989a),
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GroES and MS-ATP dependent; no effect was observed with
Mg-ATP alone. Rhodanese was also shown to fold to a more
compact state before release from GroEL (Martin at a/..
1991). In both cases GroES appeared to couple ATP

ns at GroEL. The amount of ATP

hydrolysis with fo
hydrolysed by GroEL per rhodanese molecule folded was
estimated to be 5-10* of the total required for synthesis
(Martin et a/ ., 1991).

Landry and Gierasch (1991) have studied the bindins of
an N-terminal sequence of rhodanese to GroEL. They
proposed that GroEL binds to sequences with the potential
to adopt an amphipathic «-helical conformation and that

Thi

the chaperonln promotes formation of a hel

interaction could explain the interaction of GroEL with

such a wide variety of proteins, since most soluble

enzymes and many integral membrane proteins contain
internal amphipathic «-helices (see Saier et al., 1989).
However, the observation that a single—-chain antibody
containing no «-helices was able to compete with 3-

lactamase for binding to GroEL, probably means that

substrate recognition is not | ited to «-helices (Zahn

and PlUckthun, 1992).

Separate studies of the GroEL-mediated folding of
citrate synthase (Buchner at at., 1991) and lactate
dehydrogenase (LDH) (Badcoe et a/., 1991) indicated that,

like DHFR, there is no absolute requirement for GroES.
Badcoe at al. (1991) found no evidence to suggest that
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GroEL binds the molten globule i

termediate of the LDH
folding pathway, and presented evidence that GroEL binds
most tightly to the unfolded protein. In the presence of
Mg2e , both ATP and a nonhydro lyzable ATP homo logue were
found to have a near identical effact on the LDH-GroEL
complex, while ADP had no effect. Omission of nucleotide
altogether was observed to increase the yield of recovered
enzyme activity 2.5 fold (Badcoe efc a/., 1991). These
observations led them to the conclusion that GroEL does
not catalyse folding, but arrests the process. In this
model GroEL acts as a sort of "molecular™ sponge that

retains unfolded protei

, thus reducing the concentration

of free unfolded protei

, and the poss ty of incorrect

interactions, and so increasing the yield of active

prote in .
4. la.thgrjL = cyt9»9Uc chftPTPnlIn?
To date all of the known cpn60s are of either organellar

or bacterial orig

Given the fact that tha cpn60s are so
highly conserved and play such an important role in
protain assembly, it is somewhat surprising that no
eukaryotic cytosolic homo Igue has been found. One
immunogold-labelllng study has indicated that a GroEL
homotogue is presant in the cytosol of oat leaves, but no
protain was isolated (Grimm at ml., 1991). A sequence
similarity search picked out several proteins with some
similarity to the chaparonins (van dar Vies, 1989). Tha
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larity is shown by a protein called t complex

highest si
polypeptide 1 (TCP-1). TCP-1 is the product of a gene
carried in the t locus on chromosome 17 of mice. TCP-1 is
an abundant 63 kD protein (Silver and White. 1982),

of mice (Willison at

occurring i the cytosol of all cel

al, 1989). Homo logues have been detected yeast and

a (Ursic and Ganetzky. 1988). This widespread

Drosophi

distribution, cytosolic location and s larity to the

chaperonins indicate that this protein might be the

missing cytoso chaperonin. Recent structural and

functional studies support the view that TCP-1 is a

(see 5.6.).

cytosolic chaperoni

Sequential end overlapping function» of molecular
chaperones

Studies of protein import into mitochondria have proved
to be critical in revealing the sequential action of
certain molecular chaperones. Several studies have

demonstrated that newly translocated polypeptides first

interact, before translocation is complete, ith
mitochondr hsp70 (mhsp70) (Kang at al., 1990; Scherer
at al., 1990; Manning-Krleg at al.. 1991). In addition to

this requirement, several proteins are also known to
interact with mitochondrial hsp60 (mhsp60) before they
will fold correctly (Cheng at al.. 1989; Ostermann at al.,
1989; see 1.4.2.3.). The obvious implication of these
results is that these two molecular chaperones act
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y. Evidence that this view is correct was

sequenti
provided by Manning-Krieg et al. (1991) who demonstrated
that an imported mitochondrial processing protease (MasSp)
first bound to mhsp70, then to mhsp60, and only then
assembled with its partner subunit, Maslp. On the other
hand, imported DHFR was shown to interact with mhsp70 , but
no significant association with mhsp60 could be detected
(Manning-Krieg et al., 1991). Thus it seems likely that
some proteins require mhsp60 for post-import folding,
while others can fold independently after discharge from
mhsp70.

Recently. Landry et al. (1992) demonstrated that a
specific tridecapeptide is bound by DnaK in an extended

cal when bound to GroEL. The

conformation, but is he
physiological significance of these observations has been
elegantly demonstrated (Langer et al.. 1992). Langer et
al. (1992) demonstrated that when rhodanese was diluted

from denaturant, DnaK would retard aggregation only when

present at a high, >20-fold, molar excess, wh

ngly, DnaJ completely prevented aggregation at a

surpr
5-fold molar excess. They then showed that DnaK and Dnal
acted in a cooperative manner to prevent aggregation of
rhodanese (DnaJ:DnaK:rhodanese 2:5:1), apparently trapping
rhodanese in a nonnative but not fully unfolded state.
Neither the addition of MgATP alone, nor addition of MgATP

followed by GroEL/ES to this mixture, produced active

enzyme. However, when GrpE was Included there was rapi
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and efficient folding to the active enzyme. Thus GrpE
couples the transfer of rhodanese to GroEL. Using this
system. Langer et al. (1992) were able to show that
DnaK/DnaJ allows GroEL to carry out multiple cycles of
rhodanese folding.

The above results clearly show that certain molecular

chaperones act sequentially. What evidence is there that

various classes of molecular chaperone functiona

overlap? In vitro studies have indicated that both SecB

and GroEL will stab ze various proteins for
translocation (Lecker et a/., 1989). In vivo studies have
shown that induction of the heat shock response can

substitute for SecB function in E. coli (Altman et al._,

1991). Overexpression of DnaK or GroEL/ES did not,

however, rescue cells from the export defect caused when
SecB was Ilimiting or absent. Most suppressors of this
defect mapped to the rpoH locus, indicating that the
supressor(s) of the export defect may be as yet
unidentified heat shock proteins, or export factors that
fulfil the normal chaperoning function of SecB (Altman at
al.. 1991).

Another possible example of overlapping functions of
molecular chaperones can be inferred from studies of
hsp70. Paek and Walker (1987) demonstrated that dnaK null
mutations are inviable at high temperature (42°C), but

, at low temperature (30°C

will still grow, albeit slow

and 370C). On the other hand, the S. carav
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mitochondrial DnaK homologue, mhsp70, is essenti

cell iability (Craig et a/.. 1987).

Presuming that DnaK and mhsp70 perform identical

functions, one could interpret these observations to mean

that E. coli contains another protein that can parti Iy
substitute for DnaK, while no such protein exists in yeast
mitochondria. The possible presence of a DnaJ homologue in

inate

mitochondria (Blumberg and Silver, 1991) may el
this protein as a substitute for DnaK. However, there are
other possible candidates. Kang and Craig (1990) have
identified a gene, DksA, encoding a Mr 17,500 polypeptide,
that is a dosage-dependent suppressor of a DnaK deletion
mutant. Another possibility is that the E. coli hsp90
homologue, HtpG (see Spence and Georgopolous, 1989), might

ly substitute for DnaK function. Recent studies

parti
have shown that hsp90 chaperones protein folding in vitro
(Wiech at ml., 1993), and it has been suggested that
hsp90, like hsp70, might bind nascent polypeptides (Ang at
al, 1991). The distribution of hsp90 in eukaryotic cells
appears to be confined to the cytosol and endoplasmic
reticulum (see Lindquist and Craig, 1988). Even if a

e that

mitochondrial homologue is present, it is possi
import defects caused by the absence of mhsp70 do not
allow normal import of functional homologues.

Hardy and Randall (1991) have proposed that the binding
of ligands by SecB is not only a function of affinity, but
is also modulated by kinetic partitioning between the
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pathways of folding and association with SecB (see Section
1.3.6.). Perhaps this is true of all the molecular
chaperones and there exists within the cell a hierarchy of
kinetic partitioning/association constants, with hsp70

tending to associate with all polypeptides while cpn60

tends to associate ma y with those destined to become
part of multimeric complexes (see Section 1.4.). Various
molecular chaperones within this hierarchy could

functionally overlap (see above). Cpn60, at the <bottom”

of this hierarchy, appears to be essential for the

viab ity of all organisms and is presumed to have no
functional homologues (a reflection of its unique

structural characteristics?). Perhaps the molecular

chaperones broadly define protein folding “corridors” (for
example some leading to protein export and others leading

to assembly of multimeric complexes) down which protein

folding pathways run. In some cases it is poss e that

where a particular ~corridor™ is blocked an alternative

one may be accessible.
AIM «nd test organisms

The work described this thesis concerns the isolation

and further study of molecular chaperones in photo-
synthetic organisms. Two organisms are to be studied, R.
sphaaroidas and Pisum sativum.

Rhodobactar sphaaroidas is a purple non-sulphur
photosynthetic bacterium that is capable of diverse
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Chapter 2

Material» and Methods

2 -1 . ogical material a
2.1.1. Bacterial strains
The following bacterial strains were used in
study .
Escherichia coli MC 1061
Rhodobactar sphaaroidas NCIMB 8253
Rhodomicrobium vannielii Rm5 (Whi ttenbury and Dow,
1977)
2.1.2. Plants

Seeds of Pisum sativum (var. Feltham First) were
obtained from Charles Sharp, Sleaford, Linconshire.
2.1.3. An imals

New Zealand white rabbits (female) were obtained from
Rosemead Rabbits, Waltham Abbey, Essex.

2.1.4. Plasmids

Two plasmids were used in this study.

pBR322 (BRL).
pOF39 (Fayet at al.. 1986) a derivative of pBR325
carrying the groEL and groES genes on a 2.2 kb E.

coli
DNA insert.

2.2.

Non-blological materi

S

All chemicals used were

purchased from reputable
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2.3.1.

companies and were of the highest analytical grade
available. The suppliers of specialist materials, such a
radiochemicals and antibodies, are noted where

appropriate. Solutions were made up in distilled water o

high quality deionised water, referred to as Elga water.

Growth madi

All media were made up in distilled water unless

otherwise stated. All media were autoclaved at 1210c, 15

psi for 15 minutes. Non-autoclavable components were

filter sterilised, through Sartorius Mi sart NML (0.2

pm) disposable filter units, and added to media at room
temperature or 450C when plates were to be poured.
Plates were prepared by adding water agar at a
concentration of 1.5% (w/v) prior to autoclaving. 25 ml

aliquots of the warm molten agar were dispensed into 90

mm diameter sterile plastic petri ishes.
Pyruvate malate medium

Pyruvate malate (PM) medium for the growth of R.

sphaaroidea and R. vanni ii was made up using a

modification of the recipe of Whittenbury and Dow (1977).
Constituents Amount
10 * MSM stock 100 ml
Pyruvic acid, sodium salt 1.50 g
Sodium hydrogen malate 1.50 g

The pH of the medium was adjusted to 6.8 with 1 M KOH,

and made up to 984 ml with dist led water prior to

autoclaving. Before inoculation 12.5 ml of sterile 0.2 M
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phosphate buffer pH 6.8, 2.1 ml vitalpin supplement, 1 ml
trace elements solution and 0.1 ml FeS04-7H20 solution
were mixed together, filter sterilised, and added to the
medi um .

The constituents of PM medium were made up as follows:

Const ituents gl-i
NH«C1 0.50
MgSO« .7H20 0.40
NaCl 0.40
CaCla 0.05

The above was made up as a 10 x stock solution and

autoclaved.

0.2 M phosphate buffer dH 6.8

Const ituents gl-«
Na2HPO4 28.39
NaHa P04 31.20

Vitamin suDDlement

Const ituents m
D-biotin (0.15 mg/ml) 0.5
Thia e hydrochloride (1 mg/ml) 5.0
Nicotinic acid <1 mg/ml) 5.0

The vitam

supplement was made up
was dispensed into 1.05 ml aliquots and stored at -200C.

Each aliquot is sufficient for 500 ml of PM medium.

Const ituents

1-i
EDTA, disodium salt g.O
ZnS04.7H20 0.1
MnC12 .4H20 0.03
HjBO4 0.3
CaCl2 .2H20 0.01
NiClI2 .6H20 0.02
Na2MoO«.2H20 0.03

in Elga water.
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FeSO# .7Ha0 was made up as a separate solution of

concentration 2.0 gl-i .

2.3.2. Luria-Bertani medium
Luria-Bertani <LB> medium for the growth of E. coll was
made up as follows (Maniatis et a/., 1982):
Consti tuents *1->
Yeast extract 5.0
Tryptone 10.0
NaCl 10.0
Made up to 1 1 and the pH adjusted to 7.5 if necessary.
2.3.3. Antibiotics
Ampicillin was made up to a concentration of 100 mg/ml.

filter sterilised and stored in 1 ml aliquots at -20*>c.
Plasmid-harbouring E. coli strains were grown in the

in at a final concentration of 100

presence of amp

pg/ml .

2.4. Conwonlv used buffer«
2.4.1. Trie buffers
1 M Tris.HCI buffer stocks were made up by dissolving
121.1 g Tris base in 800 ml Elga water. The pH was
adjusted to the desired value by adding concentrated HC1
at room temperature. The volume of the solution was then
made up to 1 1.
2.4.2. 0.5 M EDTA pH 8.0 stock
0.5 M EDTA stocks were made by adding 186.1 g of
disodium ethylene diamine tetraacetate.2HaO to 800 ml

Elga water. This was stirred vigorously on a magnetic
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stirrer while adjusting the pH to 8.0 by slow addition of

sodium hydroxide pellets (approximately 20 g total).
The volume was then made up to 1 1. The solution was
dispensed into aliquots and sterilized by autoclaving.
2.4.3. TE
TE pH 8.0 (10 mM Tris.HCI pH 8.0; 1 mM EDTA pH 8.0) was
made up using the above stock solutions.
2.4.4. TEMM and TEMMB
These buffers, usually used in the preparation of cell-

free extracts of R. sphaeroidas and R. vannie/il, are

modified versions of the buffer used by Cook at al.
(1988). The composition of TEMM is shown below. Addition

of 2-mercaptoethanol to TEMM produces TEMMS8

Constituents

Tris.HCl pH 8.0 20 mM
MgCl2 «6H20 10 mM
NaHCO03 50 mM
EDTA.disodiumsalt pH 8.0 10 mM

TEMMO is made by addition of 2-mereaptoethanol , final
concentration 50 mM, Just before use.
2.4.5. Phosphate buffered saline (PBS)

Phosphate buffered saline was made up as follows:

Constituents

NaCl 8.0¢g
KCl 0.2g
Na2HPO« 11.5¢9
KH2PO4 0.2g

This was made up to 1 I with distilled water. The final

pH of the solution is 7.4.
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2.5.

2.5.1.

2.5.1.1. R. aohmmroides and R. vmnnia

Growth and m«Int«n>nct of €

Growth of bacteri

I strains in liquid culture was
monitored spectrophotometrically (Ultrospec 4050, LKB) at

a wavelength of 650 nm.

Growth and maintenance of bacteri strains

R. sphaaroidas was grown both photoheterotrophical

and chemoheterotrophica lly in PM medium. For photo-
heterotrophic growth, the medium was prepared in 500 ml

serum bottles contai

ing a 2 cm long stirrer-bar. After
inoculation the bottles were sealed with a sterile size
45 suba seal (William Freeman and Co., Barnsley, W.
Yorkshire) and flushed with nitrogen, 15 psi for 15
minutes, accompanied by vigorous stirring. Cultures were

grown under a bank of 60 Watt electric

ght bulbs gi

an incident light intensity, at the surface of the
bottle, of 50 pEm->s~>_. The stirrer speed was set at
about 200 rpm and temperature was maintained at 30°C in

a water-bath. R. vannialii was grown identical media

and conditions.

For chemoheterotrophic growth 500 ml medium was

dispensed into a 2 1 Erlenmeyer with a spring, to
increase aeration, in the bottom. Flasks were covered in
foil to exclude light and incubated in a rotary shaker
set at 200 rpm and 30°C.

Both strains were grown on PM plates incubated in an

illuminated, constant light, 30*>C Incubator. For short
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term C4-6 weeks) storage, plates were sealed with tape
and stored inverted at 40C. For long term storage, an

quot of a mid-exponential culture was mixed with an

equal volume of sterile glycerol and stored at -200C.
The purity of cultures was regularly assessed by
streaking out on plates and microscopic examination.
2.5.1.2. E. coli
E. coli was grown in LB medium. Cultures were grown in
either 250 ml Erlenmeyer flasks containing 50 nil medium
or 25 ml Universal bottles containing 10 ml medium.
Cultures were incubated in an orbital incubator set at

250 rpm and 37<>C. Plasmid-carrying strains were

incubated in the presence of the appropriate antibiot
Strains were stored and maintained as for R.
sphaeroidas.
2.5.2. Growth of P. sativum
P. sativum seeds were sown in J. Arthur Bowers potting
compost and normally grown at 20 + 2°C for 7 to 10 days,
with a photoperiod of 12 hours using "warm white"

tensity of

fluorescent lights (Philips) giving a light i
photosynthet ica lly active radiation of 50 |iEnr2s-1 . Trays
of seeds were well watered after sowing and as required
during growth.

Etiolated P. sativum seeds were grown at 20 t 20C.

large, vented,

After sowing, trays of peas were placed

wooden cabinets located in a dark-room. The cabinets were
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loosely covered In black plastic to ensure that

absolutely no light reached the seedlings.

2-6. Protein analyala methods

2.6.1. Pr.ota.lh concentration determination

Protein concentrations were determined using the Bio-

Rad protein assay system (Bio-Rad Laboratories Ltd).

Pol

crylamlda gel alectrophoraala
SDS and native gels.both linear and gradient, were used
for the size fractionation of proteins. The following

stock solutions were required:

acrylamide stocks were filtered through Whatman 3MM
paper.
60X (w/v) acrylamide: high bisacrvlamide
acrylamide 60.0g
bisacryl amide 69
Acrylamide and bisacrylamide were dissolved in 30 ml

warm Elga water and the volume then made up to 100 ml .

60% (w/v) acrylamide: low bisacrvlamide

acrylamide 60.0g

bisacrylamide 0.3g
Made up as above.

30% (w/v) acrylamide: 0.3% bisacrylamide

acrylamide 30.0

bisacrylamide 0.3

Made up as above.
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IPX <w/v>
acrylamide
bisacryl ami de

Made up to 100 ml with

Tris base
pH was adjusted to 8.8
100 ml.

final volume of

Stacking gel
Tris base

pH was adjusted to 6.8

buffer

itickin» «tl acrylamide

Elga water.

36.6 g

with HC1 prior to making up to a

5.98 g

with HC1 prior to making up to a

final volume of 100 ml.
10 x running buffer stock: SDS gels
Tris base (25 mM final) 60.4 g
glycine (192 mM final) 288.0 g
SDS (0.1* (w/v) al) 20.0 g
Made up to 2 I with distilled water. Final pH is 8.3.
Running buffer stock: native gels
Tris base 12.0 g
glycine 57.6 g
Made up to 2 1 with distilled water.
2.6.2.1. SPS—PAGE
Both linear and exponential gradient gels were used in
this study. Slab gels, 1.5 * 160 * 140 mm, were cast in
an SE400 Sturdier gel electrophoresis apparatus (Hoefer

Scientific Instruments).

before assembly and casting.
overnight at 10 mA constant current,

hours at 40 mA constant current.

before the marker dye,

end of the gel.

bromophenol

Plates were scrupulously cleaned
Gels were run either

or over about 4
Runs were ended just

the

blue, grated off
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2.6.2.1.1.

10-30% exponential

gradient

«ela

10-30X SDS-polyacrylamide gels were cast according to

the procedure described

solutions are required:
30X <w/v) acrylamide
60X low bisacrylal
75X (w/v) glycerol
lower gel buffer
10X (w/v) SDS

This mixture was

line for at

chilled on ice. Immediately

prepared 10X <w/v) ammonium

grade, BRL) and 5 pi

(TEMED, Sigma) was added.
IPX (w/v) acrylamide
60X high bisacrylamide
distilled water
lower gel buffer
10X (w/v) SDS

This mixture was degassed

pi 10X ammonium persulphate

Immediately before pouring.
overlayed with water-saturat
the gel had set,

set. When

and the stacking gel layered
stacking gel

3% stacking gel

stacking gel
10X (w/v) SDS

This mixture was degassed

in Section

de stock

then degassed on a water

least 10 minutes.

N LN LN TN

the butan-2-ol

acrylamide stock

2.6 .2.3. The following

5.00
3.65
1.25
0.10

pump vacuum
The mixture was then

before pouring, 50 pi freshly

persulphate (electrophoresis

"-letramethy lethylenediamine

stock 4.15 ml
17.45 ml
3.125 ml
0.25 ml
and chilled as above, and 100
and 10 pi TEMED added
After casting. the gel was

ed butan-2-ol &nd ailowed to

was prepared as Tfollows:

on top of the gel. The
3.0 ml
4_4ml
2.4ml
0.1ml

as above, and 100 pi 10X

- 79 -



(w/v) ammonium persulphate and 5 pi TEMED added
immediately before pouring. The required comb was set
into the solution, with care being taken that no air
bubbles were trapped. If a flat-topped stacker was
required, the solution could be overlayed with water-
saturated butan-2-ol.

2.6 .2.1.2. IPX linear utls

In this study two different types linear 10X gels were

used. The ma

difference between the two systems is the

amount of cross-linking agent, sacryl amide, as a
percentage of the total acrylamide, bisacryl amide plus
acrylamide. This value is represented by C while the

total acrylamide is represented by T.

IPX (w/v) acrylamide (T » 10.27%. C = 2.6X)
h bisacryl amide stock 10.0P ml

ed water 41.70ml
lower gel buffer 7.50 ml
10X (w/v) SDS 0.60 ml

This mixture was degassed as above, and 225 pi 10X
(w/v) ammonium persulphate and 15 pi TEMED added
immediately before pouring. After setting, the gel was
overlayed with a stacking gel prepared and cast as for
gradient gels.

IPX (w/v) acrylamide (T - 10.IX. C = IX)

30X acrylamide stock 12.00ml
distilled water 19.05ml
lower gel buffer 4.50 ml
10X (w/v) SDS 0.36 ml

This mixture was degassed as above, and 150 pi 10X
(w/v) ammonium persulphate and 15 pi TEMED added
immediately before pouring. The stacking gel was prepared
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2.6 .2.

2.6 .2.

and added as before. This gel system gives a much bette
resolution of polypeptides in the 60 kD size range and
particularly useful for separating the or and 3 subunits
of the pea plastid chaperonin, which differ in molecula

weight by less than 1000 (Hemmingsen and Ellis, 1986).

1.3. Sample preparation for SDS-PAGE

Samples were prepared for SDS-PAGE by bo
sample buffer which was made up as follows:
2 x sample buffer
Stacking gel buffer 2.5
Distil led water 0.5
Glycerol 2.0
10X <w/v> SDS 4.0
Just before use, 100 pi 2-mercaptoethano | was added t
900 pi of the above. An equal volume was added to the
sample to be analysed and the mixture boiled for 5
minutes, microcentrifuged for a few seconds and then
applied to the gel.
2. Non-denatur ina-PAGE
4-30% exponential gradient gels were cast according t
the procedure described in Section 2.6 .2.3.. Slab gels,
2 » 200 x 250 mm, were cast in a home-made gel
electrophoresis apparatus. Plates were scrupulously
cleaned before assembly and casting. Gels were run
overnight at 15 mA constant current until the dye front
had migrated off the bottom of the gel.

The following solutions were required:
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30% (W/v) aeryl widc

60% low bisacrylamide stock 10.0 ml
75% (v/v) glycerol 7.4 m
lower gel buffer 2.5 ml

This solution was degassed and chilled as described
previously. Iminediately before pouring, 100 pi 10% <w/v>
ammonium persulphate and 10 pi TEMED were added.

4% (w/v) acrylamide

60% high bisacrylamide stock 3.32 ml
Distil led water 40.38 ml
lower gel buffer 6.25 ml

This solution was degassed as described previously.
Before pouring 5 ml was removed and retained for later
use as a "tooth-former”. Immediately before pouring.

200 pi 10% (w/v) ammonium persulphate and 20 pi TEMED
were added. After casting, the gel was overlayed with
water-saturated butan-2-ol and allowed to set. When the
gel had set, the water-saturated butan-2-ol was washed
off. 100 pi 10% (w/v) ammonium persulphate and 10 pi
TEMED were added to the retained "tooth-former™ solution
which was layared onto the top of the gel and an

appropriate comb inserted.

Samples were prepared for electrophoresis by mi ng
them with 0.2 volumes of 75% (v/v> glycerol; 0.02% (w/v>
BPB .
2.6 .2.3 . Casting exponenti gradient «els

The apparatus required to cast exponential gradient
gels is that described by Porter (1984). Silicone rubber
tubing which passed through a peristaltic pump was
attached to a 2IG * 1.5 hypodermic needle (Sabre, Sabre
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International Products Ltd.) which was used to pierce a
size 41 Suba seal. The base of a 196 * 2 needle was
broken off and a piece of plastic tubing <! mm internal
diameter) slid over the shaft of the needle. This plastic
tubing was then forced through the Suba seal and the

scarded. The tubing was long enough to

ncedle shaft
reach the bottom of a universal bottle with the Suba seal
in place, and for the other end to be taped to the
backplate of the assembled casting plates.

To cast gels, the chilled 30X acrylamide solution was

ng a small

poured into a 25 ml universal bottle conta
stirrer bar. Ammonium persulphate and TEMED were added to
the lower percentage acrylamide solution. 4X or 10X.
which was then pumped through to the 21G needle. Ammonium
persulphate and TEMED were then added to the 30X solution
which was vigorously stirred on a magnetic stirrer. The
Suba seal was then inserted into the universal bottle,

causing a few drops of acrylamide to be forced through

in plastic tubing onto the backplate of the

the t
assembled casting plates. The pump was then restarted to
deliver the 4X or 10X acrylamide into the mixing chamber

the

a* e rate of about 4 ml/min. Gels were poured unt
acrylamide level was about 4 cm from the top of the
plates. Gels were then overlaid with watei- saturated
butan-2-ol and allowed to polymerise for at least 3

hours.
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2 6 2 4 - Molecular weight markers

2 .6 .2

Electrophoresis calibration kits were supplied by
Pharmacia (Uppsala, Sweden) or Sigma.

Pharmacia low molecular weight calibration kit:
phosphorylase b <94 kD) , albumin <67 kD>, ovalbumin <43

inhibitor <20.1

kD), carbonic anhydrase <30 kD), trypsi
kD) and or-lacta lbumin (14.4 kD).

Sigma low molecular weight calibration kit: albumin,
bovine (66 kD), albumin, egg <45 kD), glyceraldehyde-3-
phosphate dehydrogenase <36 kD), carbonic anhydrase <29
kD), trypsinogen <24 kD), trypsin inhibitor <20.1 kD) and
or- lac ta lbumin <14.2 kD) .

The above kits were used for estimations of molecular
weights of polypeptides resolved in SDS-polyacrylamide
gels.

bration kit:

Pharmacia high molecular weight ca

thyroglobulin <669 kD), ferritin <440 kD), catalase (232

kD) , lactate dehydrogenase (140 kD) and albumi (67 kD),
was used for estimations of molecular weights of proteins
resolved in non-denaturing-polyacrylamide gels.
.5 . Visualisation of protein bands

Gels were stained in 45X <v/v) methanol/ 10X <v/v)
glacial acetic acid containing 2 gl-> Coomassie blue R-

250 for a minimum period of 30 minutes, and destained in

several changes of 10X <v/v) propan-2-ol/ 10X <v/v)

glacial acetic acid/ 20X (v/v) methanol (Haider et ml..
1986). The Coomassie blue stain could be reused several

-84 -



2.6.2.

2.6.3.

times .

6. Gtl

Gels were mounted on two sheets of Whatman 3MM
chromatography paper, the upper Jlayer of which was
moistened with distilled water. The gels were then
covered with a sheet of clingfilm which was trimmed to a

ze Just larger than the gel. Gels were then dried for

1.5 hours under vacuum at 800c on a Bio-Rad dual

temperature slab gel drier (Model 1125B).

Western blot analysis of protein

The method used for western blotting is derived from
that of Burnette (1981) and was carried out as follows:
1) A polyacrylamide gel was run as normal and then

ibrate in blotting buffer (20 mM Tris;

allowed to equ
150 mM glycine; 20% (v/v) methanol) for about 30 minutes.

2) A sandwich for the blotter was made. This consisted
of :

A sheet of sponge 1-2 cm thick

3 thicknesses of Whatman 3MM paper
The gel

A sheet of nitrocel
bigger than the gel
3 more thicknesses of 3IM paper
Another sheet of sponge

lose (Hybond C, Amersham) just

This was all held together by the plastic holder for
transblot. The sponges and all other components must
be wetted prior to assembly and great care must be taken
to avoid the entrapment of any air bubbles.
3) Protein transfer: The sandwich was inserted, with
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lose closest to the anode, into the

the nitroce
transblot, which had already been filled with blotting
buffer. Proteins were transferred from SDS-polyacryl ami de
gels by electrophoresis for 2 hours at 60 V, or overnight
at 30 V. Proteins were transferred from non-denaturing
gels by overnight electrophoresis at 60 V. From this
stage onward the blot was not allowed to dry out.

4> Blocking: The blotted sheet was then soaked in MTP

<5% (w/v) Marvel (Nestlé); O. IX (w/v) Tween 20 in

phosphate buffered saline) for 1 hour with gentle
agi tation.

5) The blot was then incubated with primary antibody
appropriately diluted in MTP. This stage was carried out
in a sealed plastic bag containing 0.05-0.1 ml antibody
solution per cm* nitrocellulose. The blot was soaked for
at least 3 hours, usually overnight, with gentle rocking
at room temperature.

6) The blot was washed three times in 200 ml PBS plus
0.1* <w/v> Tween 20 <10 minutes per wash) with gentle
rock ing .

7) The blot was then incubated for 1 hour at room
temperature with shaking in a sealed bag containing 0.05-
0.1 ml secondary antibody per cm* (Amersham, peroxidase-
linked anti-rabbit or anti-rat, depending on the sou: e
of the primary antibody) diluted 1:500 in PBS/0.1% <w/v>

n detection

tin/streptav

Tween 20. In cases were the bi
system (Amersham) was used blots were first incubated, as

- 86 -



above, in the presence of otinylated secondary antibody

(1:330 dilution). The blot was then washed as in step 6,

and incubated as above in peroxidase-linked streptav

8) Washed 2 * 10 minutes in 200 ml PBS plus 0.1% (w/v)
Tween 20.

9) Wash 2 x 10 minutes in 200 ml PBS.

10) The blot was then developed as follows:

Immediately before use, a 30 mg *-chloro-1-naphthol
tablet (Amersham) was dissolved in 10 ml methanol. When
the tablet had dissolved, 50 ml PBS was added and the
solution mixed by swirling. Then 60 pi 30* <v/v) H202 was
added, the solution mixed by swirling, then poured over
the blot. The blot was then soaked in this solution with
shaking. After the bands had developed, the reaction was
stopped by washing in distilled water (3 x 10 minutes).

11) The blot was dried between two sheets of Whatman
3MM paper and photographed. |If desired, the blot can be
rehydrated and probed with a second antibody by following

the above procedure from step 4.

ng of western blots

bands on

This method was used to visualise protei
Western blots after immuno-localization of bands. Blots

were stained in 45* (v/v) methanol/ 7% <v/v) glacial

acetic acid contai ng 1 gl-> amido black for a brief
period and as soon as bands became visible, were
destained as in Sejction 2.6.2.5. The amido black stain

could be reused several times.
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2.6.4.

N~tarming 1 »«qutnc« «rulyili

N-terminal sequence analyses were conducted at the SERC

protein sequencing fac ty at Aberdeen University.
Protein preparations for sequencing were lyophilized in a
Speedvac centrifugal freeze-dryer (Model 5PS, Edwards
High Vacuum Ltd) before being taken to Aberdeen.

Protein preparations for sequencing were dissolved and

zation solution. The

boiled for 2 minutes in solub
concentration of the polypeptide to be sequenced needed
to be greater than 0.5 mg/ml. This concentration was
required so that it would be possible to load at least
100 pM, approximately 6 pg in the case of a 60 kD
protein, to a single gel lane (15 pi maximum load). The
samples were then separated by SDS-PAGE in a mini-gel
apparatus as described by Yuen mt ml. (1986). After

electrophoresis, polypeptides were transferred onto an

Immobilon membrane (M ipore) by western blotting at 300
mA for 1 hour. The membrane was briefly Coomassie stained
(0.1X (w/v) Coomassie blue R-250 in 50% (v/v) methanol)
and destained (50% (v/v) methanol; 10% (v/v) glacial
acetic acid). The membrane was washed with water and
dried on a sheet of Whatman 3MM paper. The band of
interest was then excised using a razor blade, and cut
into 2 mm * 4 mm pieces which were then evenly
distributed inside the sequencing cup.

Sequence analyses were conducted by Bryan Dunbar of

Aberdeen University. The polypeptide was sequenced by the
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phenylthiohydrantoin <PTH) method using an Applied

Biosystems model 470 A protein sequencer, on-line

connected with an Applied Biosystems 120 A PTH analyser.
Production and purification of antlbodlaa

New Zealand white female rabbits were used to raise
antibodies against the Rs cpn60 protein from R.
sphaaroidas. The method used was basically that described
by Johnson and Thorpe (1982).

Prior to ecting any animals with the antigen, it was

first necessary ensure that the pre—immune serum did not
cross—react with any of the chaperonins used in this
study. Pre-immune serum was prepared as follows. A blood

sample of 5 ml was removed from the rabbit"s ear and

collected in a 25 ml Universal bottle. A Pasteur pipette
was used to streak blood along the sides of the bottle,
to prevent clotted blood sticking to the we lls of the
bottle. The blood was allowed to clot at room temperature
for about 1 hour, then left overnight at 4<*C to cause
the clot to contract. Serum was isolated by
centrifugation in a MSE coolspin centrifuge at 3,800 g
for 20 minutes at 4<>C. The pale straw-coloured
supernatant was carefully transferred to a fresh tube,
dispensed into aliquots, 200-500 pi, and stored at
-20*>C. This pre-immune serum was then screened for
antibody activity against GroEL, pea plastid and R.
sphaaroidaa chaperonins as described in Section 2.6.3..
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Only rabbits in which no cross-reactivc antibodies were
detected were used for subsequent immunization.

Rabbits were immunized in the following way: 100 pg of
Iyophilized protein was dissolved in 200 pi PBS. This was

then emul

ied in 200-300 pi Freund®s incomplete
adjuvant (Gibco Ltd.). The emulsified mixture was

injected subcutaneously. After 2 weeks a second

of 100 pg protein was administered as above. 7 days after

the second jection, a blood sample was taken and serum
prepared and analysed as above. If no strong antibody
response was observed, the rabbit was again injected with
100 pg of protein 20 days after the second immunization.
When a strong antibody response was observed, a blood

sample (10 ml) was taken and serum was prepared and

stored as above.

2 .8 . Irawunocytochemletry
Immunocytochemical studies were conducted on P. sativum
in an attempt to determine the sub-cellular location of a
putative TCP-1 homologue.
2.8.1. Sample preparation
2.8. 1.1 . Flxation
Leaves and roots from a seven day old P. sativum
seedling were placed on a soft surface (dental wax)
submerged in fixative solution (2.5% gluteraldehyde in 50
ntfl sodium ca“codylate pH 7.2. The pH of this solution was
adjusted to 7.2 after addition of aldehyde) in a 90 mm
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2.8.

petri dish. The plant material was cut into pieces
approximately 1 mm « 4 mm with a new razor blade. Groups
of about five pieces of material were transferred, under
fixative, to small glass vials. Leaf material tends to
float in the fixative; if this was the case, trapped air

was removed under a slight vacuum until the leaf materi

sank. The degassed fixative was then replaced with fresh
fixative. The tissue was then incubated under fixative
for 24 hours at room temperature.

1.2. Dehydrati on

Dehydration and infiltration of fixed tissue involves a
number of changes of solution that should be done as
rapidly as possible. This was achieved with the aid of a
tissue handling device (Wells, 1985). Figure 2.8. 1. shows
how this device was constructed.

Using the tissue handling device, the tissue was
transferred to the following solutions:

1) 50% (v/v) ethanol for 1 hour on ice.

2> 50% (v/v) ethanol for 1 hour at -20°C.

3) The material was then tranferred to 70% <v/v)
ethanol at -35°C for 1 hour. This temperature was
maintained in a nitrogen-cooled, low temperature box as
described by Wells (1985). The box contains a rotating

aluminium block in which the tissue hand

ing devices were
mounted .

4) 95% (v/v) ethanol for 1 hour at -35*>c.

5) 100% ethanol for 1 hour at -35°C.
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2.8.1.
2.8.
2.8.2.

3. Infiltration

In this step the tissue samples were embedded in an
acrylic resin, LR White medium grade (Agar Scientific).
The resin was finally polymerized under U .V . light.
Benzoin methyl ether at a final concentration of 0.5X
<v/v> was added to the resin to catalyse its U.V.
polymerization. The process is as follows:

1) Transfer to 1:1 (w/w) mix of resin:ethanol for 1
hour at -35<>C. Then:

2> 2:1 resin: ethanol for 1 hour at -35<>C.

3) 3:1 resin:ethanol for 1 hour at -350C.

4) 100X resin for 1 hour at -35°C.

5) 100X resin overnight at -35**C.

6) 100X res for 8 hours at -350c.

1.4. Embeddi nx

Samples were transferred to pre-cooled, resin-filled
BEEM 00 capsules (Agar Scientific) at -350C and
polymerized by indirect U.V. irradiation for 24 hours at
-350C.

Grid preparation

A 6X (w/v) pyroxylin (Agar Scientific) in amyl acetate
stock solution was made up by stirring at 4<>C for about
3 days in a tightly closed bottle. This was diluted to 4X
(w/v> with amyl acetate prior to use. A glass pipette was

used to deliver a single drop of the 4X solution onto a

20 cm diameter dish filled with water. This forms a fi
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over the surface of the water which is then removed thus
cleaning the surface of the water. A fresh drop is then

delivered to the surface of the water.

Gold electron microscope grids (hexagonal 200 mesh,
thin bar gold, 3.05 mm. Agar Scientific) were used.

Copper grids are unsuitable because of the relatively

igh salt concentrations used in immunochemistry. The
grids were placed on several sheets of filter paper in a

petri dish and sprinkled with a 0.15% (w/v) butwar

solution (Agar Scientific). Before the butwer solution
dried the grids were picked up and laid, butwar side

- Butwar aids adhesion between

down, on the pyroxylin fil

the grids and the pyroxy film. After approximately 5
minutes, a sheet of absorbent kitchen paper towel was
laid over the grids. The towel was allowed to become

ightly damp and then lifted off the surface of the

water. The paper towel, th grids, was then placed on

filter pads in the lid of a petri dish. This was covered

ish bottom and allowed to air-dry

with the petri
overnight at room temperature.

After drying, the piece of absorbent paper holding the
grids was cut down to size and laid on Whatman filter
paper. The grids were then carbon-coated in a high vacuum
coating unit. The carbon film should not be too thick.
Thickness could be monitored by turning up one corner of
the absorbent paper so that a shadow is cast during

enough

coating. As soon as tha shadow becomes visib
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2.8.3.

2.8.4.

carbon has been deposited on tha grids.

Sac tion in»

Sections ware cut in an ultranicrotome fitted with a
45° glass knife. The block containing the embedded
material was mounted and trimmed with a razor blade to

expose the material for sectioning. When cutting sections

of leaf materi ., the block was mounted so that the

icrotome would cut sections longitudinally. If this is

not done, the tissue tends to be compressed and pul led
away from the resin during the cutting stroke.
For cutting sections, the knife water bath was filled

th water and then the meniscus lowered as far as

possible whilst maintaining a wet edge on the knife.

Sections approximately 90 nm ck were then cut.

Sections of the correct thickness have a silver

appearance when they float off into the water bath.

Sections were picked up by submerging the grid, pyroxy

face up, in the water bath and than raising the grid
under the floating sections. Excess water was blotted off
the grid by touching its edge against a piece of filter
paper. The grids were then placed on a filter paper disc
in a petrl dish, loosely covered with the petri dish

bottom and allowed to air-dry.

Sta inin«

Before attempting any immunogold labe ng of sections
it is necessary to check that sample preparation and
sectioning have been successfully accomplished. Material
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2.8.5.

prepared and sectioned as above was negatively stained as
foilows:

Sta

ing and washing materials were dispensed in 15 pi
drops on dental wax or Parafilm. The grids were inverted

and placed on a drop of stain, 2% (w/v) uranyl acetate in

dist led water, for a period of 15 minutes. The grids
were then washed by transferring through 5 drops of

water. After each transfer, the edges of the grids were
touched against a piece of Tfilter paper to dry off most

of the excess liquid. Grids were then transferred to a

drop of 2.8% (w/v) lead acetate for a period of 30

seconds before washing in 5 drops of water as described

above. The grids were finally placed on a filter disc
a petri dish and allowed to air-dry overnight. Grids were
then examined in the electron microscope.

ImmunoKold staining

Immunogo 1d staining was carried out using a number of

ifferent stringencies. The lowest and highest stringency
washes are described here. An Intermediate stringency
method used the solutions described for western blotting
<see Section 2.6.3.).

Firstly, grids were incubated in the presence of
several dilutions, ranging from 1 in 10 to I in 250, of
the primary antibody. Incubations were carried out in 15
pi drops dispensed onto dental wax or Parafilm (American
Can Co.), which was placed on a damp piece of filter
paper in a petri dish.
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3.8.5.1. Low-strinmncy label 1lin«

1> Blocking: Grids were blocked by floating them face
down 1in 15 \il blocking solution. 3X <w/v) BSA in TBS <10
mM Tris.HCI pH 7.4, 0.9% <w/v> NaCl. 0.02X <w/v> sodium
azide), for a period of 30 minutes.

2) Primary antibody: The grid was removed from the
blocking solution, dried by touching the edge against a
piece of filter paper, and then floated on primary
antibody appropriately diluted in blocking solution.
Grids were incubated for either 1 hour at room
temperature or overnight at 40C.

3) Grids were washed 3 times for 10 minutes in

ed water. Washes were carried out. with gentle

disti
stirring on an orbital platform, in weighing boats into
which about 1 ml of water had been dispensed.

4) Secondary antibody: In these experiments, the
secondary antibody was 5 nm gold-labelled goat anti-rat
1gG (Auroprobe EM GARa G5, Amersham). The secondary
antibody was diluted 1 in 30 in blocking solution and

incubations were carried out for 1 hour at room

5) Grids were washed as in 3).

6) Staining: Grids were stained in 2X (w/v) uranyl
acetate for 1 hour at room temperature and washed as
described in Section 2.8.4. Grids were then transferred
to 2.8X (w/v) lead acetate for 2 minutes and then washed
and dried as described in Section 2.8.4.
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7> Grids were then examined in the electron microscope.

2.8.5.2. High—-stringency labelling

The following solutions were required for the high-

stringency labelling method:
A) Washing buffer: 0.5% <w/v> BSA, 0.1% (w/v) gelatin,
0.05% Tween 20, 150 mM NaCl , 10 mM Na phosphate pH 7.4.
B) Blocking buffer: Washing buffer plus 5% (v/v) normal
goat serum.

C) Incubation buffer: Washing buffer plus IX (v/v)

normal growth serum.

High-stringency labelling was carried out as follows:
1) Blocking: Grids were blocked by incubation in
blocking buffer for 30 minutes.

2) Primary antibody: Grids were transferred to primary

antibody appropriately diluted in incubation buffer.

3) Washes: Grids were washed 3 times for 15 minutes
washing buffer.

4) Secondary antibody: As in Section 2.8.5.1. but
diluted in the blocking buffer described above.

5) Washes: Grids were washed as in 3).

6) Grids were then washed 3 times for 5 minutes in TBS
(see Section 2.8.5.1. part 1).

7) Grids were fixed in 2.5% <v/v> g luteraldehyde in TBS
for 15 minutes.

8> Grids were then washed 3 times for 15 minutes in

distilled water.
9) Grids were stained as described in Section 2.8.5.1.
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10) Final ly grids wars examined in tha electron

mi croscopa -

2.9.1. Praparation of call-fraa axtracts
2.9.1.1. call-fraa axtracts of R Wand R yTrTi»!
500 ml culturas wars grown to tha mid- to late-—

exponantial phasa of growth. Calls wara harvested by
centrifugation at *0C. 10,000 g for 15 minutas in a MSE
High Speed 18 centrifuge using a 6 * 250 ml rotor . The
calls were than resuspended in 10 ml ice-cold TEMM buffa
transferred to a clean Oakridge tuba and harvested by

cantr ifuga tion at 4*>c, 12,000 g for 10 minutes. Tha call

wara than resuspended in 3 ml TEMM8 cont ng DNase 1
(type 11, Sigma) and RNase A (Sigma) at concentrations o
40 pg/ml and 80 tig/ml respectively. Tha call suspension
was than passaged twice through a pracoolad French
pressure call (American Instrument Company) at 20,000 ps

Intact cells and cellular debris were removed by 5 minut

icrofuge (13,600 g). The

centrifugation in an Eppendorf
supernatant was collected and Nonidet P40 added to a fin
concentration of 1* (v/v> . Chaperonlns were then partial
purified from this material by sucrose density gradient
centrifugation (2.9.2.).

Small scale preparations of cell-free extracts from
pulse-1aba lled cells were prepared by sonication as
described in Section 2.10.
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2 9 42 - Ctl 1-frt« txtncts of P. m
Both small and large scale preparations were carried
out. In the case of P. sativum grown under normal

conditions (12 hour photoperiod) the leaves alone were

harvested. In the case of et ated P. sativum seedlings,
the whole stem was harvested and the rudimentary leaves

discardcd.

2.9.1 .2.1. Smal

-scale preparation
For small-scale preparations, 50 g of pea leaves were

ground up in 20 ml ice-cold grinding buffer <20 mM Tr

HC1. pH 8.0; 10 mM MgCl2-6H20; 10 mM EDTA; 50 mM 2-
mercaptoethenol; 1 mM PMSF) in a clean pestle and mortar
in the presence of glass beads (80 mesh. BDH> PMSF was
prepared as a 100 mM stock solution in ethanol immediately
before use. The resulting slurry was then expressed

through eight leyers of muslin, giving a total of about 35

ml of crude extract. In tial studies this meter was

then subjected to sucrose density gredlent centrifugation.

However, this meterial proved to be difficult to

frectionete; in subsequent studies an appropriate ammonium
sulphate cut was used to pertielly purify and, in the cese
of large scele preperation«, concentrate the putative

chaperonins (see 5.4.). Ammonium sulphete cuts were
carried out by slowly edding solid ammonium sulphate to
the crude extract, accompanied by gentle stirring on ice
(Englerd end Seifter, 1990). Amounts of emmonium sulphate
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to be added per unit volume were determined using the

table of values presented by Englard and Seifter (1990).

Pellets were collected by centrifugation at 27,200 g for

15 minutes at 4*>C. The relevant salt cut, 25-60% of

saturation, was resuspended in 14 ml of the grinding

buffer and applied to linear sucrose gradients.
2.9.1.2.2. Large-scale preparation

Large-scale preparations involved the processing of

about 500 g of either normally grown or et ted pea

mater . A total of 250 ml of an ice slurry of grinding

buffer was used per 100 g plant mater The slurry was
decanted into a suitable container. Pea material was added
in 50 g batches and homogenized in 3 second bursts in a
Polytron blender (Kinematica GmbH, Switzerland). The
homogenate was then expressed through muslin and ammonium
sulphate precipitated as before. The 25-60% ammonium
sulphate pellet was resuspended in 60 ml 20 mH Trils.HCI pH
7.5 and dialysed overnight in this buffer. Plenty of space
was left in the dialysis bag, since a considerable amount
of buffer was taken up by the resuspended material.
Dialysis tubing was prepared by the method of Maniatis mt
ml. (1982). After dialysis the material was applied to

linear sucrose gradients.

2.9.2. Partial purification of chaptronlns by sucrose density
gradient centrifugation
Two types of sucrose gradients were used In this study.
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iscontinuous gradients were prepared and

centrifuged in a MSE Prespin 65 centrifuge. However, the

increasing unreliabi ty of these machines meant that an
alternative was required. Paech and Dybing (1986) had used

linear sucrose gradients centrifuged in a Beckman VT150

rotor in a protocol for the rapid purification of Rubisco
from soyabean leaves. Non-denaturing gels of Rubisco
purified by method clearly showed the presence of a band
that seemed likely to be a chaperonin! This method of
sucrose density gradient centrifugation was subsequently
adopted for both bacterial and plant chaperonin
pur ification.
Sl Discontinuous sucrose density gradient centrifugation
The following sucrose solutions were made up in TEMMB
(usually 5 ml of each): 60% (w/v) and 0.8 M to 0.2 M in
0.1 M steps. 2 ml of each solution was Jlayered, in order
of ascending density, into a threaded 25 ml MSE
polycarbonate tube. The crude extract, approximately 2 ml,
was then layered on top of this and the gradient sealed by
overlaying with paraffin up to the level of the lowest
thread. The tube(s) was then balanced, capped and
centrifuged in a MSE Prespin 65 centrifuge at 160,000 g,

40C for 2.5 hours. At the end of the run the rotor was

owed to coast down with the brake off. The tube(s) was
punctured at the lowest thread and at the bottom and 1 ml

fractions collected by gravity feed.

02-



2.9.2.2 .

2.9.3

8-28%

near sucrose gradients were used in the
purification of both the R. sphaeroides chaperonin and the
putative P. sativum cytosolic chaperonin. In the former
case sucrose solutions were made in TEMM (2.4.4.), while
in the latter they were made up in grinding buffer
(2.9.1.2.1.>. 30 ml sucrose gradients, 15 ml of each
solution, were cast,-using a gradient-former, in Beckman
VTi50 heat-sealable 39 ml polycarbonate tubes. The tubes
were sealed and centrifuged at 242,000g, 4°C for 2.5

hours. Rotor acceleration was at the slowest rate

possible, 0-500 rpm in 6 minutes, and the run was ended
with the brake off. At the end of the run tubes were
pierced at the top and bottom, and fractions collected by
gravi ty feed.

Several analyses showed that the bottom 14 ml of the
gradients contained the proteins of Interest. Typically
the protein concentration of this fraction was about i
mg/ml when R. sphaaroidas cell-free extracts were
fractionated and about 10 mg/ml when P. sativum cell-free

extracts were fractionated.

- Chromatouraphv

All chromatography columns were run at room temperature.

Samples were always filtered through a .22 pm f
<Millex-GV, Millipore) before being loaded to
chromatography columns. Sucrose gradient fractions from P.
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sativum were pre-filtered through a .45 pm filter (Millex-

HV, Millipore). The standard column buffer used was 20 mM
Tris.HCl pH 7.5. Where salt gradients were used to elute
proteins, gradients were developed with sodium chloride.
The salt concentrations and gradient profiles are noted in
the results sections. Elution profiles were monitored by
measurement of absorbance at 280 nm.

When necessary, particularly for size exclusion

chromatography, the volume of protein solutions was

reduced by ultrafiltration using an Amicon ultrafiltration

cell (Model 8010, 10 ml capacity). The unit was fitted

ith a 100 kD cut-off filter (Omega series, tron) and
buffer was forced through the membrane at a pressure of 30
psi .
L1l lon exchange chromatography

Two 1ion exchange columns were used in this study. The
first, a Pharmacia HR5/5 Mono-Q column, bed volume 1 ml,
has a maximum protein binding capacity of approximately
20-50 mg. The second column, a Pharmacia HilLoad 26/10 Q
Sepharose high performance column, bed volume
approximately 55 ml, has a maximum protein binding
capacity of about 1 g, 20 mg/ml. The former column was

used for relatively small scale préparations, in which the

tial protein content did not exceed the binding
capacity of the column. For example, a 500 ml R.
sphaeroides culture yields 14 ml sucrose density gradient
fractionated material at a concentration of about 1 mg/ml.
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All of this material could then be fractionated in a
single Mono-Q run. The Jlatter column was used exclusively
for fractionation of pooled sucrose density gradient

from large scale P. sativum preparations. Both

materi
columns are strong anion exchangers and have the same
functional group, -CHa-N«-<CH3>3.

Both columns were run using a Pharmacia FPLC system.
Columns were equilibrated by passing at least 5 bed
volumes of start buffer through them. Flow rates and
gradient profiles for individual runs are noted in the
results sections. Cleaning and storage of columns was

carried out according to the manufacturer”™s instructions.

L2, Dye-ligand chromatography

A number of dye-ligand columns are commerci ly
available. These columns consist of triazinyl dye-ligands
covalently coupled via ether linkages to a cross-linked

agarose support. The basis of the dye-ligand protein

interaction is not well understood, so this type of

chromatography could be called unknown affinity
chromatography! A Dyematrex screening kit (Amicon) was
used to determine which of these columns might be useful
in purifying a putative cytosolic chaperonin from P.
sativum cell-free extracts. The kit consisted of six

: Green A,

ing the following medi

prepacked columns conta
A, Blue A, Blue B, Orange A and an agarose control.

Each column has a 2 ml bed volume. Screening was carried

h

out according to the manufacturer”s instructions,
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columns being equilibrated in 20 mM Tris-HCI pH 7.5 and

washed in the same buffer containing 1.5 M NaCl. Screening
indicated that the Green A resin might be useful in these
stud ies .

2.9.3.2.1. Green A dye-ligand chromatography
Green A resin (Amicon) was packed into XK 16/10 columns.
Column bed volume was 20 ml. Columns were packed and
equilibrated according to the manufacturer®s instructions.
This column was also run using a Pharmacia FPLC system.
Flow rates and NaCl gradient profiles are listed in the
results section. After use, columns were regenerated
according to the manufacturer®s instructions and then
stored at 4*>C in deionized water.
2.9.3.3. Gel filtration chromatography
Gel filtration was performed using an LKB BROMMA high
performance liquid chromatography system. A 60 cm, 21.5 mm
internal diameter, TosoHaas TSK gel filtration column
(G3000SW) was employed to size-fraetionate protein

100 mM NaCl. 20 mM

mixtures. Columns were equilibrated i
Tris_.HCl pH 7.5. Protein was loaded through a 2 ml sample

loop. Columns were run at a flow rate of 3 ml/minute.

Z_D. Radiolabal 1Ing of R. aphrnmlfnculturas

The response of R. sphaeroidea, at the protein synthesis

level, to a number of environmental stresses was studied
by incubating calls in the presence of S«s labelled
methionine. 35S-methionine was purchased from Amersham and
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2.10.

had a specific activity of >37 TBq/mmol <1000 Ci/mmo
number of different protocols were used to analyse the
response to various stresses.
1. Radiolabellinn of R. sphaeroidas during heat shock

A 500 ml /2. sphaeroidea culture was grown
chemoheterotrophically at 300C as described in Section
2.5.1.1. When the culture reached an 0D650 of between 1.0
and 1.5, 10 ml aliquots were dispensed into universal
bottles prewarmed to 42«>C. Aliquots were also dispensed
into a pair of control bottles which had been prewarmed to
300C. Cultures were incubated in shaking water baths at
the appropriate temperatures. At the appropriate times
35S-methionine was added to the aliquots, to a final

/ml. Cultures were then labelled for

concentration of 5 j
a period of 15 minutes. Control cultures, incubated at
300C were labelled at the beginning, t = 0, and end of
the experiment. After labelling for 15 minutes, unlabelled
methionine, 250 mM stock, was added to a final
concentration of 2.5 mM to prevent any significant further
incorporation of isotope, and cultures were chilled on
ice.

Cells were then harvested by centrifugation at 6000 g
for 10 minutes at 40c. The pellets were resuspended in

1 ml TEMMB containing 25% <w/v> sucrose, 500 pg/ml

lysozyme and 20 pg/ml each of RNase A and DNase, then
transferred to 1.5 ml Eppendorf tubes. Cell-free extracts
were prepared by sonication. The resuspended calls were
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subjected to 5 x 20 second bursts at an amplitude of 12-14
p in a Soniprep 150 sonicator (MSE) fitted with an
exponential microprobe, tip diameter 3 mm. Samples were
cooled on ice between each sonication burst. Unbroken
cells and cellular debris were then removed by
centrifugation in a microfuge, 13,600 g, for 5 minutes at
40C. The protein concentration of each sample was then
determined (see 2.6.1.). Concentrations were then
normalized for the presence of exogenous proteins.
Cell-free extracts were analysed in both 4-30% non-

. Samples

denaturing- and 10-30% SDS-polyacryl amide gel
for non-denaturing-PAGE were analysed immediately, while
those for SDS-PAGE were boiled in solubilization buffer
and stored at -200C if analysis was not performed
immediately. After electrophoresis, gels were stained and
dried as described in Sections 2.6 .2.5. and 2.6 .2.6 - In
certain cases, gels were dried without prior staining and
bands located exclusively by autoradiography.
Autoradiography of dried gels was performed by placing
the gel, face up, in an X-ray cassette (X-Ray Accessories
Ltd.) and laying an 18 x 24 Cm sheet of either X-ray film

(Fuji NIF RX X-ray film. Fuji Photo Film Co., Ltd.) or

Hyperfilm-8smax (Amersham) on top of the f The cassette
was then closed and stored at room temperature. Films were

developed as described in section 2.19.
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2.10.2. Rad lo lab« 111ng of R. sphaaroidas during exposure to

chemical stresses

A 500 ml R. sphaaroidas culture was grown as above.

Universal bottles were prepared for labe ng by
dispensing 1 ml of 10 x stocks of the appropriate
chemicals. Control bottles contained 1 ml of distilled
water. The bottles were prewarmed to 30<>C. When the
starter culture had reached an 0D6S0 of 1.0 to 1.5, 9 ml
aliquots were dispensed to the prewarmed bottles. At the
appropriate times 35s-methionine was added to the
aliquots, to a final concentration of 5 pCi/ml. Cultures
were then labelled for a period of 15 minutes. Control
cultures were labelled at the beginning and end of the
exper iment.

After labelling, cultures were treated as described in

Section 2.10.1.

2-10.3. Radio labelling of R. sphaaroidea during a shift from

chemoheterotrophic to photoheterotrophic growth
condi tions
A 500 ml R. sphaaroidas culture was grown as above.

Universal bottles were prepared for labelling by sealing

sterile universal bottles, conta ng 6 mm stirrer bars,

ze 45 Suba seal. The seal was then

th a ster

ierced with 2 G19 needles and the bottles flushed with

oxygen-free nitrogen at a pressure of 15 psi for 5
minutes. Bottles were then prewarmed to 30<>C.
When the starter culture had reached an ODeso of 1.0 to
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le 500 ml serum bottle

1-5, it was transferred to a ster

ng a 2 cm long stirrer bar. The bottle was then

conta
sealed with a size 45 Suba seal, flushed with oxygen-free
nitrogen at 15 psi for 15 minutes and incubated under

lights as described in Section 2.5.1.1. At the appropriate

times, 10 ml aliquots were drawn from the serum bottle and

injected to the flushed, prewarmed Universal bottles.
35S-methionine was added to the aliquots to a final

jection with a 100 pi

concentration of 5 pCi/ml by i
Hamilton syringe. The cultures were then incubated under
lights with stirring for a period of 15 minutes. At the
end of this period, unlabelled methionine was added to a

jection using a

final concentration of 2.5 mM by

Hamilton syringe. The cultures were then chilled on ice

and processed as described in Section 2.10.1.

2.11. DNA purification
Both plasmid and chromosomal DNA were prepared in this
study. RNase A and phenol/chloroform were routinely used

in DNA preparations.

to degrade RNA and remove protei

ed according to the method of Maniatis

RNase A was pre-boi
ei a/. (1982). Phenol/chloroform was prepared as follows:
100 g phenol crystals were dissolved in 100 ml chloroform
fol lowed by addition of 4 ml isoamyl alcohol , 0.1 g 8-

hydroxyquinoline and 200 pi 2-mercaptoethanol. The phenol

ized by shaking the above mixture with two

was then neutra
changes of 0.2 volumes 1 M Tris.HCI pH 8.0. The
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phenol/chloroform was then stored overnight, under 1 M
Tris.HCI pH 8.0, at 4°C. The phenol/chloroform was then
shaken with two changes of TE buffer and finally stored at
40C under TE. The pH of the TE overlay should be 7.5-8.0 .
1.i. Preparation of R. sphaaroidas, E. coli and Sulfolobus

acidocaldari us chromosomal DNAs

Chromosomal DNA preparations from R. aphaaroidas. E.
coli and S. acidoca ldarius were carried in basically the
same way. S. acldoca ldarius cell paste was the kind gift

of Dr Paul Norr

1) In the case of R. sphaaroidas, 10 ml of a culture
(0D6S0 = 2) grown under photoheterotrophic conditions was
inoculated into 500 ml PM medium, and the culture grown
chemoheterotrophically in the dark overnight (see Section
2.5.1.1.). Final 0D650 was approximately 1.0. In the case
of E. coli. 5 ml of a starter culture was inoculated into
500 ml prewarmed LB medium in a 2 1 Erlenmeyer flask. The
culture was grown overnight in an orbital shaker set at
250 rpm and 370C. The cells were harvested by
centrifugation in an MSE High Speed 18 centrifuge
(10,000 g, 10 minutes, 4@®C), then resuspended in 5 ml
ice-cold 25* (w/v) sucrose in 50 mM Tris.HCl pH 8.0 and
kept on ice.

2) 1 ml lysozyme solution (10 mg/ml in 10 mM Tris.HCIl pH
8.0) was added and the solution gently swirled on ice for
5 minutes.

3) Add 1 ml 0.5 M EDTA pH 8.0 and gently swirl on ice
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for 5 minutes.

4) Add 2 ml RNase A solution (20 mg/ml, preboiled) and
gently swirl on ice for five minutes.

5) Add 9 ml ice-cold detergent solution (0.1* Triton-X-
100; 0.0625 M EDTA pH 8.0; 50 mM Tris.HC1 pH 8.0) and
swirl gently on ice for 10 minutes. Both E. coll and S.
acidocaldariua were lysed by this treatment.

6) R. sphaaroidas was more resistant to lysis; thus
after the last step the solution was heated at 600C with

ng until lysis was complete (the viscosity of

gentle swir
the solution suddenly increases).

7) The solution was cooled to 37*>C and 200 pi of
proteinase K (5 mg/ml> added. This was then incubated for
30 minutes.

8) 1 g of caesium chloride was added per ml of solution.

at 40,000 rpm

9> Place in sealed VTi 65 tubes and sp
overnight at 15%)C.

10) Tubes were punctured at the top and bottom and DNA
was collected by viscosity of solution, using sterile
need les -

11) The chromosomal DNA was then dialysed against TE
buffer at 4*>C to remove CsCI.

12) DNA was stored over chloroform in sterile bijoux at

40C.

2-11-2. Preparation of chromosome I DNA from R. vannial
R- vmnnialll was grown photoheterotrophically to an
ODcso of about 1.5. Chromosomal DNA preparation was
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2.11.

carried out essentially as above, except that after
resuspendi ng the pellet as in step I, cells were passed
through a French pressure cell at 1000 psi (Russell.
1984). This step causes minimal lysis, as assessed by

microscopy, but has been reported to render cells

uniformly sensitive to lysozyme/EDTA treatment (Russe
1984). The preparation was then carried out as above
including the heat treatment in step 6).
3. Preparation of plasmid DNA

Different methods were used for small-scale and large

scale preparation of plasmid DNA.

2.11.3.1. Small-scale preparation of plasmid DNA

This was achieved by using the rapid boi ng method as

described by Maniatis ct . (1982).

1) 10 ml of medium containing the appropriate ant
was inoculated, and incubated overnight in an orbital
shaker set at 370C and 250 rpm. When screening plasmid
libraries, 25 isolates were patched onto duplicate LB

Plates were

plates containing 100 pg/ml amplc 1

incubated overnight at 370C. Colonies were washed off one
of the duplicate plates by adding 5 ml LB containing 100
pg/ml amplcil lin, and scraping off colonies with a
spreader bar. Colonies were further dispersed by
repeatedly pipetting with a 1 ml pipette.

2) 1.5 ml of the culture was dispensed into an Eppendorf
tube and centrifuged for 1 minute. The remainder of the
overnight culture was stored at 4°C.
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3) The medium was removed by aspiration, leaving the

bacterial pellet as dry as possible.

4) The cell pellet was resuspended in 0.35 ml of
detergent solution (sucrose, 8% (w/v); Triton X-100 O .5%
<v/v); 50 mM EDTA, pH 8.0; 10 mM Tris-HCI, pH 8.0).

5) 25 pi of a freshly prepared lysozyme solution (10
mg/ml in 10 mM Tris.HCI, pH 8.0) was added to the above
and the solutions mixed by vortexing for 3 seconds.

6) This was placed in a boiling water bath for 40
seconds and then immediately centrifuged at room
temperature for 10 minutes.

7) The pel let was removed from the tube with a
toothpick.

8) 40 pi of 2.5 M sodium acetate and 420 pi of ice-cold
isopropanol were added to the supernatant which was then
mixed by vortexing.

9) This was then centrifuged for 15 minutes, the
resulting pellet washed with 70* <v/v) ethanol and then
dried under vacuum.

10) The dry pellet was resuspended in 50 pi of TE

ng pre-boiled RNase A (50 pg/ml ) and incubated at

contai

370C for 10 minutes. 10 pi quots of this solution
could be restricted or analysed on agarose gels without
further treatment.
2.11.3.2. Large-scale preparation of plasmid DNA
The method used for large scale plasmid purification is

a scaled-up version of that of Blrnboim and Doly (1979).
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t) 500 ml LB medium in a 2 Erlenmeyer flask was
inoculated with a 10 ml seed culture and incubated at 250

rpm, 370C unti

late exponential phase. Where the plasmid
was pBR322-based 75 mg of chloramphenicol powder was added
and incubation continued for a further 14-16 hours. Under
these conditions chromosomal DNA replication is halted and
plasmid replication continues.

2> Cells were harvested by centrifugation at 10,000 g
for 10 minutes in a 6 x 250 ml rotor in an MSE High Speed
18 centrifuge.

3) The supernatant was poured off and the cells

resuspended in 6.5 ml solution 1 conta

ing 10 mg/ml
lysozyme. Cells were transferred to an Oakridge centrifuge
tube and incubated for 10 minutes at 37°C.

Solution 1

Glucose 50 mM
Tris.HCI pH 8.0 25 mM
EDTA 10 mMm

4) 13 ml of solution 2 was added to the tube and the
contents mixed gently by inversion. The tube was then
stored on ice for 10 minutes.

Solution 2
NaOH 0.2 M
SDS 1.0% Cw/v)

Solution 2 was made up fresh from stock solutions of
10 M NaOH and 10% (w/v) SDS.

5) 6.5 ml of ice-cold solution 3 (5 M potassium acetate
pH 4.8) was added to the tube end the contents mixed

gently by Inversion. The tube was incubated on ice for 15
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minutes
6) The |lysate was cleared by centrifugation in an 8 * 50
ml rotor at 27.200 g, 40c for 15 minutes.

7) 0.6 volumes of ice-cold isopropanol was added to the

cleared lysate. After m ing by inversion, the tube was
stored overnight at -20<>C to ensure complete
prec ipi tation.

8) DNA was pelleted by centrifugation at 27,200 g, 4°C
for 15 minutes. The pellet was then washed in 70% ethanol.

9> The pellet was dried under vacuum.

10> The plasmid DNA was made up with TE to a final
volume of 4.2 ml.

11) 4.7 g of caesium chloride was added to the solution

ng until fully dissolved.

and mixed by gentle swirl
12) 0.5 ml of a 10 mg/ml ethidium bromide solution was
added and mixed by gentle swirling.
13) The solution was then sealed in VTi 65 tubes and
centrifuged at 40,000 rpm overnight at 15<C.

- Irradiation with

14) 2 bands were generally vis
long-wave UV light was not always necessary. The lower of

the two bands contained covalently closed, circular

plasmid DNA. After piercing the top of the tube, this band
was removed using a syringe with a G21 needle and
transferred to a 1.5 ml Eppendorf tube.

15) Ethidium bromide was removed by repeated extractions
against isoamyl alcohol. Generally three extractions were

suff ent to remove all traces of the pink coloration.
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212.

16) Caesium chloride was removed by dialysis against TE
at 40C.

17) The DNA was precipitated with two volumes of ice-
cold ethanol, washed and dried as above and dissolved in a
suitable volume of TE. The DNA solution was stored in

aliquots at -200C.

Transformation of B.&jiw th plasmid PNA

Competent cells were prepared, stored and transformed in
a single solution according to the protocol of Chung et
a/. (1989).

1) A fresh overnight culture of E. coli MC 1061 was
diluted 1:100 into 50 ml prewarmed LB broth and the cells
were incubated at 37*>C with shaking <250 rpm) to an A600
of 0.3 of 0.4.

2) Cells were harvested by centrifugation (10,000 g, 10

minutes) and resuspended in 5 ml filter-sterilized TSS (LB
with 10X PEG 6000, 5% DMSO and 49 mM MgCl2.6H20 at a final
pH of 6.5).

3) For long term storage, cel , in 0.5 ml aliquots,

were frozen immediately in a dry ice/ethanol bath and
stored at -70<>C.

4) For transformation, a 0.1 ml aliquot of the cells was
dispensed into a cold Eppendorf tube containing
approximately 100 pg of plasmid DNA and the cell/DNA
suspension mixed gently by inversion. (When frozen cells
were used cells were thawed slowly on ice and used

117-



13.

immed iate 1y .>

5) The cell/DNA mixture was incubated for 5-60 minutes
at 40(2.
6) A 0.9 ml aliquot of LB broth plus 20 mM glucose was

added, and the cells incubated at 370c with shaking (225

rpm) for 1 hour to allow expression of anti
resistance.

7 Transformants were selected on LB plates containing

100 pg/ml ampi

AnroM gal electrophoresi
Preparations of both chromosomal and plasmid DNA were
analysed by electrophoresis in IX (w/v> agarose (type |II,
Sigma) gels made up in tris-borate electrophoresis buffer,

idium bromide. TBE was made up

TBE, conta ng 1 pg/ml et
as a 10 x stock solution as follows:

Tris-borate electrophoresis buffer (TBE)

Const ituents Amount
Tri base 108 g
Bor ic acid 55 ¢
0.5 M EDTA pH 8.0 20 ml

This stock solution was made up to 1 1 with dist
water.

Agarose gels were made up by heating the agarose/TBE
mixture with constant swirling until the agarose went into
solution. This solution was then cooled to 450C, ethidium
bromide added to the required concentration, and then

poured into the gel bed.

-118-



2.14.

2.14.

Samples, in TE or restriction buffer, were prepared for
electrophoresis by adding 0.1 volumes of 75% <v/v>
glycerol containing 0.2% (w/v) bromophenol blue. The
solution was mixed by flicking the side of the Eppendorf
tube, which was then given a 2 second microfuge spin to
return all of the solution to the bottom of the tube.
Samples were then loaded to the gel and electrophoresis
was carried out at 50 V if the gel was to be run
overnight, or 200 V if run during the day.

DNA bands were visualized over a long-wave UV
transi lluminator. If gels were to be photographed, they
were transferred to a short-wave transilluminator and
photographed using Polaroid P665 positlve/negative film.

Exposure times for good prints were about 10 seconds.

Restriction. m
1. DNA restriction

Both plasmid and chromosomal DNAs were cut with
restriction enzymes. Manufacturers of restriction enzymes
also supplied 10 * restriction buffer stocks. Digestions
were carried out in the presence of 4 mM spermidine, 0.1
mg/ral BSA and 1 mM 2-mercaptoethanol. Approximately 10
units of the appropriate enzyme were added per pg of DNA,
and restrictions were carried out for 1 hour at 370c.
Restriction digests were then analysed by agarose gel

electrophoresis as described in section 2.13.
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2 .14-2. Electroelution of DNA from awrose gels

Bands of interest, either plasmid DNA inserts or
specific regions of chromosomal DNA restriction ladders,

inator and

were visualized on a long-wave UV transillur
excised with a new razor blade. The time that the DNA is
exposed to UV light must be kept to an absolute minumum.
DNA was recovered using an IBl electroeluter. The DNA was
eluted at 100 V for 30 minutes from TBE into a well
containing 7.5 M ammonium acetate. The DNA sample was
recovered by ethanol precipitation and stored in TE buffer

at -200C.

2.14.3. DNA ligation

Calf intestinal phosphatase <CIP> was obtained from BCL.

C1P was used to remove the 5" phosphate from vector DNA

molecules prior to gation. This treatment greatly

reduces self-ligation of vector DNA and so dramatically

increases the proportion of recombinant molecules
obtained.

Restriction digests of vector DNA, normally containing
about 2 pg of DNA in a volume of 20 pi, were carried out
as usual and then made up to 100 pi with TE. 1 pi of CIP
was added and the incubation continued for a further 30
minutes at 37°C. The solution was then extracted with
pheno I/chloroform and precipitated with ethanol.

T4 DNA ligase and 5 * ligation buffer were supplied by
Gibco-BRL andused according to the manufacturers
instructions. All 1ligations were carried out overnight at
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150C. Typica

tubes conta

ng a range of volumes of

insert DNA, including a control tube with no insert DNA

-.re set up. gation reactions were made up as foil ows
Vector DNA <1 pg/ml)
Ligation buffer <5 *>
T4 DNA ligase (2.5 U/pl)

[FENEN

p
p
p
Either 0, 1. 2 or 5 pi of insert DNA at a concerstrat ion of

about 40 ng/ml was added and the so lut ion made up to a final

volume of 10 pi with sterile distilled water.

2.15. Southern blotting of aieroae gala
Southern blotting was carried out as described by
Maniatis et a/. (1982). Various dilutions of 20 « SSC are

required for this procedure.

20 « SsC
Constituents K/1
NaCl 175.3
Na3 citrate 88.2

The above was dissolved in 800 ml Elga water and the pH
adjusted to 7.0 with a few drops of 10 M NaOH. Volume was
then adjusted to 1 1.

1) After agarose gel electrophoresis, the gel was

denatured in enough denaturing solution <1.5 M NaC 0.5 M
NaOH) to cover the gel. This was left for 15 minutes and
the procedure then repeated twice, Jleaving i the final

solution for at least 30 minutes.

2) The denaturing solution was replaced with

neutrali

ng solution (1.5 M NaCl; 0.5 M tris-HCI. pH 7.2;
1 mM EDTA) and leave for at least 30 minutes. Repeat
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twice. Remove neutralizing solution and blot off excess
liquid from the gel with tissues.

3) A sheet of filter paper the same width as the gel,
but long enough to form a wick between the buffer
reservoir and the transfer apparatus, was cut. This filter

was carefully placed on top of the gel so that the gel was

centrally located. In this and subsequent steps, care was

taken to avoi trapping any air bubbles.

4> The gel and filter paper were inverted and placed on
the bridge over the reservoir wth the wicks dipping into
the reservoir at each end.

5) A piece of Hybond-N membrane (Amersham) cut to the
same size as the gel was then carefully placed on top of
the gel . Three sheets of Whatman 3MM paper cut to a size
slightly larger than the gel were then laid on top of

th and a pile of tissues 4-5 cm in height and cut to

the same size was laid on top of the filter papers. The
stack was then compressed using a glass plate and a 1 kg
weight.

6> The buffer reservoir was filled with 10 * SSC and
transfer was allowed to take place overnight.

) After transfer, the membrane was carefully removed
and washed in 2 x SSC to remove residual gel . The
membrane was then air-dried, wrapped in cling-film and
placed, DNA side down, on a standard UV transillumi nator .

The membrane was then irradiated for 5 minutes.






2.17.

3) The reaction was stopped by adding 150 pi of stop
solution (10 mM Tris.HCI pH 8.0; 1 mM EDTA pH 8.0; 0. IX
(w/v) SDS>.

4) The Jlabelled DNA was separated from incorporated
material by passing the mixture through a Sephadex G50

(Pharmacia) ze exclusion column. The column was prepared

in a siliconized glass Pasteur pipette plugged with
siliconized glass wool. The Sephadex was allowed to swell
overnight in a large volume of TE. The column was
equilibrated with TE plus 0.1X (w/v) SDS before use. The

reaction mixture was loaded to the top of the column and

allowed to run in. 150 pi quots of TE plus 0.1X (w/v)
SDS were added to the top of the column and the fractions

were collected in separate Eppendorf tubes. Peaks of

rad label led material were detected using a hand-held
radiation monitor. The first peak contains the
radiolabelled DNA. Fractions from this peak were pooled

and stored at -200C.

PNA blot hybridization
Hybridizations were carried out in heat-sealed plastic
bags from which all air bubbles were carefully excluded.

20 * SSC and 100 * Denhardt"s solution are required for

hybr idization.

100 x Denhardtls solution
Constituents
2X (w/v) bovine serum albumin
2X Ficoll
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done

2* polyvinyl pyrol

zed and stored in 10 ml aliquots

This was filter ster
at -200C.

The pre-hybridization mixture was made up as follows:

Pre-hybridization ture

20 x SSC (6 x final) 7.5 ml
100 x Denhardt”s solution (5 x final) 1.25 ml
10* (w/v) SDS <0.5* final) 1.25 ml

This was made up to 25 ml with sterile, distilled water.

0.5 ml of a 1 mg/ml solution of sonicated calf thymus

DNA solution was denatured by heating in a bo ing water
bath for 5 minutes. This solution was then chilled on ice
and added to the pre-hybridization mixture, which was then

zation was carried out

added to the membrane. Pre-hybr
in a water bath at 65°C with gentle shaking for a minimum
of 1 hour. After pre-hybridization heterologous DNA was
denatured as above, but with nick-1lranslated probe also
present. This was added to the membrane and hybridization
carried out for at least 12 hours at 65°C with gentle
shak ing .

ization, the membrane was removed from the

After hybr

bag and immediately submerged in a tray contai ng 2 x SSC

and 0.5* SDS at room temperature. After 5 minutes the

filter was transferred to 2 x SSC containing 0.1* SDS,
incubated for 15 minutes at room temperature with gentle
agitation. The membrane was then transferred to a solution

of 0.1 x SSC and 0.1* SDS and incubated at 65<>C for 2

hours with gentle agitation. The buffer was then changed
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2.18.

and incubation continued For a further 30 minutes.

The membrane was dried at room temperature on a sheet of
Whatman 3MM paper. The membrane was then wrapped in
clingfilm.

Autoradiography was performed by laying the membrane
face up in an X-ray cassette. A sheet of Fuji X-ray film
was laid on top of the membrane and an intensifying screen
(Dupont Cronex Lightning Plus) was placed face down over
the film. The cassette was then placed at -70<>C overnight
and developed (Section 2.19.) the next day. If the
intensity of the bands was not good enough for clear

visualization Jlonger exposures were performed.

Photography and light microscopy

With the exception of DNA gels, I photography was

performed using Panatomic-X film (Eastman Kodak Co.).
Photographs of bacterial cells were taken using a Leitz

Dialux 22/22 EB microscope fitted with a Leitz Vari

Orthomat camera assembly. Samples to be photographed were
mounted on a slide coated with a thin layer of IX (w/v)
noble agar (Difco), and covered with a covar slip. A
sample size of 5 pi was found to be adequate. The
microscope was set up for phase contrast and all
photographs were taken at maximum magnification.

All other photographs were taken using a Minolta X-300
camera.

Films were developed using D19 developer (Kodak Ltd.)
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2.19.

and Unif (Kodak Ltd.> according to the manufacturer~s

instructions. Prints were made on Kodabrome 11 RC M

photographic paper (Eastman Kodak). Prints were developed

using Ilford Contrast FF developer and Unifix accor

the manufacturers instruction”s.

Pavel opinant of autoradiogram»
Autoradiograms were developed in a 1 in 10 solution LX-
24 X-ray developer (Kodak Ltd.) and fixed in a 1 in 10

solution of FX-40 X-ray fixer (Kodak Ltd.). Fuji X-ray

film was soaked in each solution for 5 minutes. Hyperfi
Bmax was subjected to an extended, 10 minute, period of

fixation.
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Chapter 3
Datectlon, purification and characterization of a

Rhodobmetmr »phmmroid»» cpnCO

Introduction

At the time that this work was started few chaperonins
had been characterized. The first protein of this type to
be characterized was the GroEL protein from E. coli
(Hendrix, 1979; Hohn et a/., 1979). This protein was shown
to be composed of 14 identical subunits of Mr 65,000. This
complex was shown to have a seven-fold axis of symmetry
and to be composed of two rings of subunits stacked one on
top of the other (Hendrix, 1979; Hohn et a/., 1979). At

terest

Tt

is time the GroEL protein was primarily of i
because of its known involvement in the assembly of a
number of bacteriophage (for examples see Georgopoulos et
a/.. 1972; 1973; Takano and Kakefuda, 1972; Zwieg and
Cummings, 1973). Mutations in the groE locus were also
known to cause defects in cell growth (Georgopolous et
a/., 1973; Sternberg, 1973), but the physiological basis
of these defects was unknown.

In 1982, whi

e purifying glutamine synthetase, Pushkin
et a/. (1982) discovered and purified a protein from pea

terms of structural

laaves that was very s
properties to the GroEL protein. The authors reported that
the content of this protein varied during the development
of pea leaves and was maximal in young leaves. This
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observation led them to speculate that the protein might
be involved in the assembly of oligomeric structures

(enzymes) in pea leaves. At about the same time

Barraclough and E s (1980) reported that, in isolated
pea chloroplasts, newly synthesized Rubisco large subunits
were not immediately incorporated into the holoenzyme, but
were found associated with a polypeptide of Mr 60,000.
They suggested that this polypeptide may specifically
combine with newly synthesized large subunits and somehow
play a role in the assembly of the holoenzyme.

Sequence analysis of the groEL gene and cDNA encoding
the putative Rubisco subunit binding proteins from castor-
bean <Rieinua communis) and wheat iTriticum aastivum),
demonstrated that the Rubisco subunit binding protein and
the E. coli GroEL protein were evolutionary homologues
(Hemmingsen at al!., 1988). Both of these proteins had been
implicated in the assembly of multimeric complexes and
were termed chaperonins (Hemmingsen at at., 1988). DNA
hybridization studies (Young at al!., 1988) as well as
immunological studies (see Young, 1990) have indicated
that chaperonins might occur universally in prokaryotes
and membrane-bound organelles. The importance of
chaperonins in protein assembly is now generally accepted,

(aee 1.4.) and the last few years chaperonins from a

number of sources have been characterized (see 3.5.).
R. sphaaroidas is capable of growth modes ranging from
chemoheterotrophy to photoautotrophy (see Tabita, 1988).
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This organism encodes two forms of Rubisco, a form 1
(LaSa ) enzyme and a form 11 enzyme that is composed
exclusively of large subunits (see Tabita, 1988). Evidence
has been presented that R. aphaeroides carries two

discrete chromosomes of about 3.000 and 900 kb. These are

referred to as chromosome 1 and chromosome 11 respectively
(Suwanto and Kaplan. 1989). Copies of several genes from
chromosome Il also appeared to be present on chromosome 1,

but the extent of the DNA homology between alleles is very
low. Interestingly, genes encoding enzymes involved in COa

fixation and linked to the gene encoding the form 1

Rubisco were located on chromosome 1, whereas the form 11
Rubisco and associated enzymes were located on chromosome
1. Since Goloubinoff at al. (1989b) have presented

evidence clearly showing a role for the GroEL protein in

the formation of La dimers, it seems poss e that the two

chromosomes of R. aphaaroidaa might encode distinct

chaperonins. Both the nutritional diversity and the

possible expression of multiple chaperonin genes indicated

that R. aphaaroidas might be an ideal test organism for
the study of the role of chaperonin-type proteins. Before
such a study could be undertaken it was necessary to first

demonstrate that R. aphaaroidaa does indeed express a

GroEL homologue. Init attempts to isolate and
characterize such a protein were conducted with cell-free

extracts from photoheterotrophically grown cells.

Rhodomicrobium vannia is. like R. aphaaroidaa, a
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member of the or subdivision of the purple bacteria phylum
<»*e Woess, 1987 for phylogenetic tree). This bacterium

was under study in other projects being conducted in the
group. Western blot analysis using a monoclonal antibody
that recognised a M. tubarculosum cpn0O epitope had been
shown to cross-react with a single Mr 60,000 R. vannialii
protein <Graeme MacDonald, personal communication). While
attempting to isolate and characterize an R. sphaaroidas

cpn60 protein, comparisons were occassione lly made with R.

vannial

Growth of R. aohaaroidaa

Throughout this study R. sphaaroidas was grown in PM
medium (2.3.1.). Initiel experiments to identify and
isolate a R. sphaaroidas chaperonin were conducted using
photoheterotrophlcally grown cells, while in some later

studies chemoheterotrophice lly grown cells were used.

Figure 3.2.1. shows growth curves of cultures grown under

both of these sets of conditions. The appearance of cells
grown under these conditions as visualized by phese-
contrast microscopy is also shown in this figure. Cells
grown under both regimes are rods, with those grown
photoheterotrophically being about two to three times as
long as those grown chemoheterotrophlcal ly . The generation
time of chemoheterotrophical ly grown R. sphaaroidas is
approximately 2.8 hours and that of photoheterotrophical ly
grown cells approximately 4.8 hours.
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Figure 3.2.1. Growth, of fj. wphmmroidmm In PM w d lu»> under

chgJHghfterotrophlg_and photoheterotrophic growth

condition» et 30°C

0 20 40 60 80
Time (Hrs)
PHOTOHETEROTROPHIC CHEMOHETEROTROPHIC

Cultures were grown photoheterotrophicelly and chemoheterotrophicel Iv
es described in Materials end Methods <*.5.1.1.). Inset photographs
ere of cells examined by phase-contrast microscopy.

A. Photoheterotrophicelly grown cells.

B. Chemoheterotrophically grown cells.
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Identification of e putative R. aphaarpidam GroEL

homolo«u«

The most str ing characteristics of the chaperonins so

far examined are their seven-fold axis of symmetry,

tstradacameric structure, igh native molecular weight of
approx. Mr 700,000 and their abundance in cell free
extracts (see Hemmingsen at ml., 1989). The R. aphaaroldaa

form 1 Rubisco, native molecular weight approx. Mr 550.000

(G ibson and Tabita, 1977), is

the saiTie size range as

might be expected for a putative chaperonin. For this

reason, init attempts to identify a R. aphaaro idaa
chaperonin made use of protocols that had been developed
for the purification of R. aphaaroidaa Rubisco. Thus,
cell-free extracts, from photohetarotrophicm 11y grown
cultures, were prepared by the method of Gibson and Tabita
(1985) <2.9.1.1.). These extracts were then fractionated
In sucrose density gradients and the fractions analysed in
non-denaturing 4-30% exponential gradient polyacrylamide
gels. Out of necessity (the demise of a make of centrifuge
and associated rotor), two methods of sucrose density
gradient centrifugation ware used. Figure 3.3.1. shows the
results obtained using a 0.2-0.8 M discontinuous sucrose
gradient centrifuged in an MSE fixed-angle rotor (see

2.9.2.1.).

igure 3.3.2. shows the results obtained whan
an 8-28% (w/v) continuous sucrose gradient was centrifuged
in a Beckmann VT150 rotor (sea 2.9.2.2.). The latter
method was adapted from a protocol for the rapid
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Figure 3.3.1. An«l»«it of J. er'ITIrM>ee| I-free extreel
fractionated by diecontlnuoue eucroee density

gradient centrlfugatlon

Rs cpn60

I ml  fractions from a discontinuous sucrose gradient were
collected. 25 M aliquots were resolved in a 4-30% native
polyacrylamide gel (Coomassie-stained). Tracks are numbered by
gradient fraction, the bottom of the gradient being fraction 1.
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Figure 3.3.2. Amlytl» of it mBhmmroid«» eell-fr» «xtraet
fraction«ted by continuous aycron .dana: ty

grodiant cantrifugat lon

Rs cpn60

1.5 ml fractions from a continuous aucrost gradient mera collected.
25 ™ quots were resolved in a 4-30* native polyacrylamide gel.

(Coomassie-stained). Tracks are numbered by gradient fraction, the
bottom of the gradient being fraction 1.
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purification of Rubisco from soyabean leaves which also,
from gel photographs presented, co-purified the soyabean
chloropiast cpn60 (Paech and Dybing, 1986).

This approach of sucrose density gradient and native gel
analyses clearly demonstrated the presence of abundant
proteins of apparent Mr 670,000 and 550,000 in extracts of
photoheterotrophical ly grown R. sphaaroidea cultures. The
Mr 550,000 protein band was thought likely to be Rubisco.

s band was shown to be

Upon Green A chromatography t
composed of two proteins; one that did not bind to the
column was identified as glutamine synthetase by N-

terminal sequence analysis, while the other, which was

eluted from the co”umn by washing with 1 M NaC1l, was

identified as Rubisco by virtue of its enzymatic activity
(data not shown). This left the Mr 670.000 protein as the
most likely candidate for the R. aphaaroidaa cpn60 and
further attempts to Ildentify a R. aphaaroidaa cpn60
protein focussed exclusively on this protein.

i

When R. vannial was grown and processed in an

identical manner, no equivalent discrete protein band in

the 700,000 kD range was presant (Fig. 3.3.3.). However, a

somewhat diffuse band could be seen in this region (Fig.

3.3.3., lanes 4 and 5). No furthar attempts were made to

purify this R. vann ii protein.

The putative R. aphaaroidaa cpn60 protein was further
purified by pooling the appropriate SDGC fractions and
applying this matarial to a Mono Q HR 5/5 anion-exchanga
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Figure 3.3.3. Coap«rl«on of R . mphmmroidos end ft.
cel

vmnnimlii
-free extract« fractionated by disconiinuous

eucroee denelfcy gradient centrifugation

1 ml fractions from discontinuous sucrose gradients were colic :ted.
50 [d aliquots were resolved
(Coomassie-stained).

in a 4-30% native polyacrylar e g*1

Tracks are numbered by gradient fraction, the
bottom of the gradient being fraction I. Rm = R. vsnnielit; Rs m R.
sphmeroid*a
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column. Proteins were eluted from the Mono Q column with a
0.0-1.0 M NaCl gradient that was developed as shown in
Figure 3.3.4. 1 ml fractions were collected and 50 pi
aliquots analysed in 4-30X non-denaturing exponential
gradient gels (Fig. 3.3.4.). The putative cpn60 eluted as

a broad peak at about 370 mM NaCl. Fractions containing

the part y purified putative cpn60 were collected and
pooled. SDS-PAGE of these fractions indicated that the Mr
670.000 protein was composed of a single polypeptide of Mr
58.000 (see Fig. 3.3.8.).

Several reports (Bloom efc a/., 1982; 1983; Hemmingsen

and E ., 1986; Musgrove efc a/., 1987) described the
dissociation of the P. sativum chloroplast chaperonin into
monomeric subunits when stromal extracts were incubated in
the presence of MgATP. Similarly, the GroEL tetradecamer
has been shown to dissociate to a species of relatively
low molecular mass with an unknown number of subunits

(Goloubinoff efc a/., 1989a). The effect of MgATP on the

putative R. sphaaroidas cpn60 protein was investigated.

The pooled fractions were incubated in the presence of
MgATP under the same conditions used by Musgrove efc al.
(1987). Figure 3.3.5_A. shows the result of such an
experiment. After 30 minutes on ice in the presence of 5

ral MgATP a new band can be seen in the Coomassie stained

e that the

gel (Fig. 3.3.5.A., track 5). It seemed possi
appearance of this band was correlated with a slight
reduction in the staining of the putative Rs cpn60 band.
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Figure 3.3.4. Analysis of poolsd R. aphaaroidam continuous
sucrosa dsnslty gradient fractions by lon

exchanxfti Mono Q, chromatography

A. Elution profile. Column flow rata of 0.5 ml/min. Fraction size
I ml. The NaCl gradient was developed as shown.

B. 50 pi aliquots resolved in a 4-30% native polyacrylamide gel
(Coomassie-st ed). Tracks are numbered by fraction nixnber.
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Figure 3.3.5. MgATP-tdi«t»d dissociation of tho partially

purified putative R. mcheperonln 00

Mg-ATP CONCENTRATION (mM)
A ~ing o B mo o
-3 odo " in odd in
Mr x 10

669 » -Rs cpn60

The putative R. sphaeroides chaperonin 60.
density gradient centrifugation and Mono Q chromatography
incubated in the presence of MgATP, at the concentrations noted,
30 minutes on ice. 50 pi

polyacrylamide gel.
or western blotted and probed with anti-Rs cpn60 (B) (see Section
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Furthermore, the new band has an Mr of about 120.000,
indicating that it could be the dimeric form of the R.
sphaeroides protein. This observation did, however,
further encourage the thought that the protein of apparent

Mr 670,000 was in fact the R. sphaeroides cpn60.

Subsequent production of antisera (see 3.5.) that

owed this experiment to be

. al

recognized this prote
repeated and Western blot analysis of the native gel to be
conducted. This analysis reveals that the Mr 120.000 band
cross-reacts strongly with this antibody thus

demonstrating that this band was indeed derived from the

putative cpn60 (Fig. 3.3.5.B.). The circumstant
evidence gathered at this point suggested that the Mr
670.000 protein was indeed an R. sphaeroides chaperonin.
The protein was further purified by gel filtration using
a G3000SW column connected to a LKB BROMMA HPLC system
(2.9.3.3.) . The column has an upper exclusion limit of
500.000 kD. It was hoped that this column, from which a
protein of Mr 700,000 would be excluded, would separate
the smaller protein contaminants and perhaps even Rubisco
from the protein mixture. Figure 3.3.6. shows the results

le contaminant in the

of this analysis. The only vis
Protein preparation at this point appears to be Rubisco.
However, the low overall protein concentration in
fractions eluted from this column means that any minor
contaminants would probably not be detected.

Fractions containing the putative R. sphaeroides
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Figure 3.3.6. Further purification of Re epn00O by _ge|
flltretlon

001.

10 20 30 40
Fraction number

Pooled fractions from Mono Q chromatography (Figure 3.3.4.) were
concentrated by ultrafiltration then applied to a TosoHaas G3000SW
column.

A. Elution profile. Column flow rate 3 ml/min. Fraction size 3 ml.

B. 50 pi aliquots resolved in a 4-30* native polyacrylamide gel
(Coomassie-stained). Tracks are numbered by fraction nisnber.
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chaperonin were pooled and then subjected to a final
purification step by anion exchange chromatography on a
Mono Q column. Proteins were eluted from this column using
a slightly flatter NaCl gradient. Since Rubisco elutes
from this column slightly later than the chaperonln, it
was hoped that the flatter gradient would produce a good
enough separation of Rubisco and the putative chaperonln.

Figure 3.3.7. shows.the results of this analysis. The

e shows that three peaks are v

protein elution prof
in the region where the putative chaperonin would be

expected to elute. Native gel analysis showed that

fraction 36 appeared to contain pure chaperonin protei

Figure 3.3.8. shows the results of SDS-PAGE analysis of
protein from various stages, not including the gel
filtration step, in the purification of the putative
chaperonin. Tracks were loaded with 5 pg of protein from
each of the steps. The final purification step clearly
shows that the Mr 670,000 protein (Fraction 36, Figure
3.3.7.) 1is composed of a single polypeptide of Mr 58,000.
This subunit composition is what would be expected of a
cpn60 type molecule.

The yield of pure protein from a 500 ml R. aphaeroidé&s
culture was approximately 250 jig. This was calculated to
be approximately 50 pg per g dry weight of cells. Purified
protein was stored in 50% glycerol at -200C. Further

proof that this protein is an R. aphaaroidaa chaperonin
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gure 3.3.7. Purthtr purification of Re epnCO bv a second

round of Mono Q chrometograohv

Pooled fractions from the gel filtration column were applied to a
second Mono Q column.

A. Elution profile. Column floe rate of 0.5 ml/min. Fraction size
I ml. The NaCl gra nt was developed as shown.

B. 50 pi aliquots resolved in a 4-30% native polyacrylamide gel
(Coomassie-stained). Tracks are numbered by fraction number.
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Figure 3.3.8. BDgrPAGE anajysje (fprotein from virlpu« tt«pt

In the Re cpnCO purlficatlon proctdure

12 3 4

Mr x 10-3

Each was track loaded with a constant

amount of protein.
5 pg/track. Track 1, R. sphaeroides cell-free

extract; track 2.

pooled sucrose density gradient material; track 3. pooled material
from the first Mono Q column; track 4, fraction 36 from the second
Mono Q column. )Pulypeptides resolved in 10* SDS-polyacryl amide gel <T
- 10.1*. C * 1%
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was sought by determining the N-terminal amino acid

sequence of the Mr 58.000 polypeptide.

r to resolution

The purified protein was |lyophilized pri
in a 10X SDS polyacrylamide mini-gel, followed by
electrophoretic transfer onto an Immobilon membrane
<2.6.4.). After staining with Coomassie blue in methanol
<2.6.4.), the band of interest was excised and the protein
sequenced using an Applied Biosystems 470A protein
sequencer. Phenylthiohydrantoin amino acids were analysed
on line using an Applied Biosystems 120A analyser. The
sequence of the first 19 amino acids, presented using the
one letter amino acid code <IUPAC-I1UB. 1970; 1984), was

determined to be:

AAKDVKFDTDARDIXM L<R)G V

This sequence is identical to GroEL at 15 of the 19
residues determined, 1i.e. 79% identity <see Fig. 3.4.2.).
This degree of identity between the sequences, combined
with the circumstantial evidence already presented,
confirmed that the protein isolated is a member of the
cpn60 family of proteins. For the rest of this work, the

protei

is referred to as Rs cpn60. Figure 3.4.1.

compares the above sequence with the N-terminal sequences
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Piffure 3.4.1. Coap«ril»on of N-twi

Brot«<n« from virloui prokaryotic and eukaryotic

spurec««

Rs cpn60 AAKDVKFDTDARDXM L(R)G V

GroEL M AAKDVYVEKFGNDARVYEKHM
Mtb MAK T I'AYDEEAJI RRGTLEGRGL
syn MAKR 1I1YNENARRALETKSG G 1
Cbu MAAKVLKFSHEVYLHAMSTE RG G.V
Hsp60 - S S HKELKFGVYVEGRASLGPpEKEG G v
WePot G A DAKE 1AFDQKSRAALGQAG_V
PBPOr AAKD jAFPQHSRSAMQAG i
PBPB AKELHFNDKGSA 1RKLGQN

Sources of sequences: Rs cpn60 (protein), this study; GroEL (£.
. gene) (Hernningsen et al.. 1988); Mtb <*. tuberculosis 65 kD
antigen. gene) (Shinnick, 1987); Syn (Synachococcus P related
protein) (Cozens and Walker, 1987); Cbu iCoxiella burnetii 62 kD
antigen, gene) (Vodkin and Williams, 1988); Hsp60 (S. cerevisiae
mitochondrial hsp60, gene) (Reading et a!., 1989); WPBcr (T. aestivum
plastid chaperonin a subunit, gene) (Hemmingsen et al.. 1988); PBPa
and PBPP (P. sativum plastid chaperonin, a and O subunits, protein)
(Musgrove et al.. 1987). Underlined residues are identical to the Rs
cpn60 residue at the same position.
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of cpn60s from a number of prokaryotic and eukaryoti
organ isms .

Ter lesky and Tabita (1991) have also published an N-
terminal sequence of an R. sphaaroidaa cpn60. Save for an

nal alanine, the sequence determined in this

*ntra N-ter
study is identical to that presented by Terlesky and
Tabita (1991). The strain of R. aphaaroidaa used by
Terlesky and Tabita (1991) is a streptomycin-resistant

derivative of the same strain used in this study.

Immunological studies

The sequence similarity of GroEL and Rs cpn60 was
considered to provide proof that the Rs cpn60 protein was
a member of the cpn60 family of proteins. This conclusion
suggested the likelihood that these proteins would be

ies (1989) had reported

immunologically related. Van der
that antibodies raised against the Piaum sativum plastid
cpn60 detected a related protein in a total cell extract
of R. aphaaroidaa. Polyclonal antisera raised against
GroEL and the P. sativum plastid cpn00, were used in an
attempt to determine whether the Rs cpn60 protein was
immunological ly related to these proteins. Western blot
analysis of purified GroEL, Rs cpn60 and a pea stromal
extract probed with these antisera, revealed that neither
antibody cross-reacted with Rs cpn60, anti-pea plastid
chaperonin cross-reacted with GroEL and anti-GroEL did not
cross-react with either protein (Fig. 3.5.1.). The lack of
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Figure 3.5.1. Cro>»-rMctlvity of Ra cpnOO with «ntliir.

r«iMd against the OroEL and pm plaatid

ehaparonlna

M x 10"

30

20.1 »

Polypeptides were resolved in SDS-polyacrylamide gels <T = 10.27%,
C = 2.6 Gels were either Coomassi stained <A) or blotted onto
nitrocellulose membranes and probed with anti-GroEL (B) or anti-pea
piast id chaperonin <C>. Track |I. pea stromal extract; 2. purified
GroEL; 3. partially purified Rs cpn60. Western blots were developed
using the biotin/streptavidin detection system.




ity between anti-pea plastid chaperonln and

cross-react
Rs cpn60 was somewhat unexpected, since van der Vies

in a total cell extract of

(1989) had detected a protei
R. sphaeroidas. In these experiments, the detection system
(biotin/streptavidin) used was the same as that used by
van der Vies (1989). However. I have been unable to

s observation (data not shown).

confirm t
To further investigate the immunological properties of

the Rs cpn60, it was decided to raise antisera to the

purified Rs cpn60 protein by i

jecting this antigen into

New Zealand white rabbits. Because of the suspected
universal occurrence of cpn60 type proteins in prokaryotes

cally important precautions were

and eukaryotes, two cr
taken when raising antisera against the Rs cpn60 protein.
Firstly, prelmnune sera were obtained from rabbits and
used to probe SDS-PAGE western blots of Rs cpn60

preparations, to ensure that no antibodies that recognized

this protein were present. Secondly, the standard
procedure for raising antibodies involves the
emulsification of antigen in Freund®s complete adjuvant
prior to injaction (Johnson and Thorpe, 1982). Freund-"s

complete adjuvant contains dead Mycobactarium tuberculosis

(Shinnick, 1987).

which in turn contain a cpn60 protei
Any antisera raised by this method would thus be expected
to contain antibodies to the M. tuberculosis cpnSO. which
could in turn cross-react with the R. sphaaroidas cpn60.
For this reason Freund®s incomplate adjuvant, which

50-



Figure 3.5.2. Croaa-reactlvlty of ontl-R» cpn0O with Wt cpnflo

end GroEL

Mr* 10'3

Polypeptide« »ere resolved in SDS-polyecrylemide gels (T = 10.27*.
C = 2.6X). Gels »ere either Coomessie stained (A) or blotted onto
rocellulose meisbranes and probed »ith anti-Rs cpn60 (B). Track i,
cpn60 2, GroEL. Western blot was developed using peroxidase-
linked anti-rabbit Ig.
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contains no mycobacterial proteins, had to be used for

ction. Rabbits

emulsification of the antigen prior to
were injected and immune sera prepared as described in
Section 2.7. Sera were then used to probe western blots of
purified GroEL and Rs cpn60 (Fig. 3.5.2.). This figure

clearly shows that hyperimmune serum prepared from a

rabbit jected with Rs cpn60 recognizes both of the
purified proteins, thus demonstrating that these proteins
are serologically related. This result provides further

evidence that Rs cpn60 is a GroEL homologue.

Structural studies
This work was carried out in collaboration with Helen

Sa I of Birkbeck College, London. Previous image

analyses of electron micrographs of the GroEL protein had

shown that storage of purified GroEL led to significant

the ultrastructure of the GroEL tetradecameric

changes i
complex (Saibil, personal communication). Thus, in

, speed was

preparing Rs cpn60 for ultrestruetural analysi

st sample purity, although desired to

of the essence whi
b* e» high as possible, was of secondary importance.

To achieve this end R. sphaaroidaa was grown
photohetarotrophically to an 0D650 of about 1.8 and then
transferred to chemoheterotrophic growth conditions for a

period of 4 hours (to suppress Rubisco synthesis). At this

stage the culture had reached an OD«so of about 2.3. Cel
wer« harvested and call-free extracts prepared as normal
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<2.9.1.1.). The cell-free extracts were fractionated in
sucrose gradients in a VTi50 rotor (2.9.2.2.). The bottom
12 ml of the gradient was collected, filtered (Section
2.9.3.) and immediately fractionated by FPLC Mono-Q
chromatography <2.9.3.1.). Fractions from the region where
Rs cpn60 was expected to elute were dialysed overnight
against 20 mM Tris-HC1 pH 7.5, while aliquots of these
fractions were simultaneously analysed in 4-30% non-

. 3.6.1.). The next

denaturing polyacrylamide gels (F

morning, gels were Coomassie-stained and peak fractions

identified. Appropriate fractions were immediately taken

the

to London for electron microscope analysis. Typical
time between the start of a preparation and fixation was
less than 30 hours.

Rs cpn60 prepared in this manner was negatively stained
with uranyl acetate on a carbon film support and examined

in the electron microscope under low electron dosage

<1000-2000 e/nml) conditions; condi ons of high electron
dosage being known to cause substantial damage to this
type of specimen (Saibil, personal communication).

Under these conditions the protein preparations gave

3.6.2.). Two views of the

rise to excellent images (Fig.
molecule predominate in these images. The ~“topl views
clearly show a rosette-like structure with a seven-fold

axis of symmetry, whilst “sidel views are rectangular in
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gurc 3.6.1. Ra cpn60 prtptntlon for «I>ctron nlcrotcopt

analysis

26 27 28 29 30 32 34 36 38 40
Mr x 10°S

Rs cpn60

The bottom 12 ml from a continuous sucrose gradient was collected and
immediately applied to an ion exchange. Mono Q. column. Proteins were
eluted and fractions collected as described in Figure 3.3.4. 50 pi aliquots
were resolved in a 4-30* native polyacrylamide gel (Coomassie-stained).
Tracks are numbered by fraction number.
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A 0.1 mg/ml solution of Rs cpn60 in 20 mm Tris.HCI PH 7.5. were
negatively stained in 2% uranyl acetate .. carbon support ms
and photgraphed under low electron dose .gnditions at a magnification
of 40,000 *. Microscopy was performed by Helen Saibil*s group at
Birkbeck College, London.




appearance with four equally spaced, approximately equally
dense, transverse striations. These views suggest a

cylindrical shape for the protein. The diameter of the top

view is approximately 12 nm. whilst the side views are
approximately 12 nm x 9 nm. This geometry is common to

virtually all the cpn60 type proteins examined so far.

These include cpn60s isolated from E coli (Hohn efc al.,

1979; Hendrix , Bacillus subtllis (Cirazo et al. 1991),

P. sativum chloroplasts (Pushkin et al., 1982; Tsuprun et
al., 1991), itochondria from Tatrahymana thermophila

(McMul 1in and Hal Ilberg, 1987), Naurospora crassa

(Hutchinson et al., 1989), Zea mays (Prasad and Hal lberg,
1989) and Traponema pallidum (Houston et al., 1990) .
Hutchinson at al. (1989) studied tilted views of the N.

crassa mitochondrial cpn60 and inferred that the
striations are perpendicular to the axis of the cylinder.
It seems likely that tne same arrangement prevails for the
Rs cpn60 molecule.

An interesting feature of the images produced in this

study is that far more side views are seen than are

commonly observed in other cpn60s (Saibil, personal
communication). The reasons for this are unclear, but
happily the large number of side views should facilitate

the deduction of a three-dimensional model from tilted

views of the prot
Top views from Figure 3.6.2 were image processed using
the SEMPER programme (Synoptics Ltd, Cambridge). The image
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shown (Fig. 3.6.3.) was darivad from 22 individual top

viaws and shows datails to a resolution of 20 A. This
traatmant strikingly enhanced tha impression of sevan-fold
symmetry and revealed several interesting features. An

outer ring of seven electron-dense areas corresponds to

the vertices of the seven-fold structure. Within t

are another seven, smeller, electron dense regions. The

centre of the structure shows an area of intermediate

electron density.
Figure 3.6.4. compares the R. sphaaroidei cpn60 with an

image of the E. coil GroEL protein The latter protein was

prepared from E. coli cells harbouring a plasmid that
over-expresses the GroEL protein (Jenkins at al., 1986).
As expected, this protein shows seven-fold symmetry.

However, the finer details of the structure are

significantly different from those of the R. sphaar
protein. Single regions of high electron density are
located at the vertices of the heptagonal structure, while
the centre of the structure is not occupied by any
electron-dense material.

The temptation to speculate on the possible functional

signlflcanca of these structural features is irresistible.

A potentially cruc differenca in the biogenesis of

these proteins, is that the R. sphaaroidas protei

chromosome-encoded while the GroEL protein used in these

studies is piasiald-encoded. One could argue that in a
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Figure 3.6.3. Rotation«! analysis of Ra cpn00 electron

microicope image*

Rotational analysis was carried out using the SEMPER programme
(Synoptics Ltd, Cambridge). The image shown was derived from 22
individual top images. Blue = high electron density; yellow = low
electron density; red intermediate electron density. Analysis was
performed by Helen Saibil”s group at Birkbeck College, London.
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Figure 3.6.4. Comparison of rotational analyses of Re cpnCO
(chromosome-encoded) end the E. co/i GroEL

Protein (pLesmid-encoded)

Rotational analyses were carried out using the SEMPER programne
(Synoptics Ltd. Cambridge). Upper image: Rs cpn60 (chromosome-
encoded). Lower image: GroEL (plasmid-encoded). Note that the
magnification of the two images is slightly different. The actual
diameters of the are within 1 nn of each other. Blue = high electron
density: yellow = low electron density; red * intermediate electron
density. Analyses were performed by Helen Saib s group at Birkbeck
Co llege, London.
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normally growing call the synthesis of chaperonin proteins

is regulated by the availability of substrate proteins

e that the

<see 1-3.8.; 1.3.9.). Thus it is poss
equilibrium state of chaperonins in the cell is one in
which the major portion of the cpn60 protein is complexed
with substrate proteins. On the other hand, in the case of
the plasmid-encoded E. coli protein it is possible that
ovei— expression of GroEL titrates out substate proteins,
leaving the majority of the GroEL tetradecamers free of
substrate. There 1is no evidence to support this scenario.
However, it seems possible that the electron dense “blob”
at the centre of the R. sphaaroidas structure is a bound
substrate protein. Furthermore, one could speculate that

the Rs cpn60 might

in the absence of a substrate protei

and that the presence

look si lar to the GroEL protein

has given rise to a conformational

of a substrate protei

change that results in the appearance of the inner ring of

electron dense patches. The possi ity that such a
conformational change could take place is currently being
investigated at Birkbeck by comparing images of plasmid

and chromosomally expressed GroEL protein.

Prelifftniry to characterise the Rs cpn00 «ana
pOF39 1is a derivative of pBR325 that carries a 2.2 kb E.
coli DNA insert containing the groEL and groES genes along

with their promoter (Fayet at EL'-, 1986). It was decided

to make use of this plasmid as a heterologous probe to
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screen digests of chromosomal DNA from several sources by
Southern hybridization. The insert carrying the GroE genes

was purified from pOF39 the following manner. pOF39 DNA

was digested with EcoRl and Afindlll and subjected to

agarose gel electrophoresis. A region of the gel

conta ng the 2.2 kb fragment was then excised and the

fragment electroeluted from the gel. DNA prepared in t
manner was labelled as described in Materials and Methods
(2.16.) and used to probe Southern blots of DNA from
several sources.

Ini

is probe was used to interrogate digests of

1y t

chromosomal DNA from E. col R. aphaaroides,

Rhodomicrobium vannialii and an archaebecterlum,
Sulfolobus acidoes ldarius, under high stringency
conditions <0.1 * SSC; O.iX SDS at 65°C. Autoradiography

zed to five E. coli Pstl

revealed that the probe hybr

DNA fragments (Fig. 3.7.1.; Jlane 9). This is the number of

fragments that one would expect in a complete Pstl igest
of the groEL/ES operon (see Hemmingsen at al!.. 1988). The
probe appeared to hybridize to a single fragment from R.

vanni lanes 3. 7, 11) while no

zation with S. acidocaldarJus DNA was detected. In

hybri
the case of R. sphaaroidas there appeared to be some
hybridization with an EcoRl fragment (Fig. 3.7.1.; lane

zation was detected in other

2). However, no hybri

digest! (Fig. 3.7.1.; Jlanes 6, 10). Upon repetition of
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Figure 3.7. Hybrldlaatlon of m groEL/ES probo to ypr lpus

chromosomal DNA digests

Digested DMAs were resolved in a IX <w/v) agarose gel and then
tranferred to a Hybond-N membrane (Amersham). The blot was then
probed with gel-purified 32P-labelled groEL/ES at high- strlngency
(0.1 * SSC; 0.1X SDS at 6500. Digests: E = EcaRl;
Pstl . DNAs: Ec m E. coli; Rs = R. aphseroides; Pm =
= S. acidocaldar ius.

A. Ethidium bromide (I pg/ml> stained gel.
Autoradiogram of 32P-labelled groEL/ES probed Southern blot.
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this experiment with increased loadings of R. sphaaroidas
DNA, no hybridization to the probe could be detected (data
not shown). Even when Jlower stringency washes (2 x SSC.
0.1X (w/v) SDS) were performed, only a very weak signal
could be detected with digests of R. aphaaroi daa

chromosomal DNA (data not shown).

Immunological data had indicated that R. vann i
expressed a cpn60 homologue (Graeme MacDonald, personal

communication). However, native polyacrylamide gel

I-free extracts of R. vannialii, carried

analysis of ce
out in exactly the same manner as for R. aphaaroidaa cell-
free extracts, did not reveal the presence of a discrete

high molecular weight putative R. vannialii cpn60 (see

nce the

Fig. 3.3.3.). Nonetheless, it was decided that,
hybridization signal given by R. vannialii chromosomal DNA

was relatively strong compared to the R. sphaaroidaa

signal, the R. vannialii gene should be cloned itially
and then used as an intermediate heterologous probe to

interrogate R. aphaaroidaa DNA. The grounds for this

decision were that R. vannia and R. sphaaroidas are
more closely related than R. sphaaroidas and E. coli (see

Woese. 1987).

A Hindi 11 igested R. vmnnialii chromosomal DNA fragment

of about 2.4 kb hybridized with the groEL/E"S probe (Fi

H/nd11l DNA library was

3.7.1.). A partial R. vann

ii DNA.

constructed by Hindlll digesting total R. vanni
resolving the fragments in an agarose gel followed by
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excision and electro-elution of fragments in the 2-3 kbp

to

size range. The electro-eluted DNA was then ligated

Hindi Il-digested. phosphatase-treated pBR322. This rary
was then used to transform E. coli strain MC 1061, and
transformants were selected on Luria-Bertani agar plates

11 in. Transformants were picked

conta

ng 100 pg/ml ampi

ca-plated in groups of twenty five. Plasmid DNA

and rep
was prepared from transformants as described in Materials
and Methods (2.11.3.1.). One of these sub-libraries gave a

zation signal when interrogated with

fairly strong hybr
the label led groEL/ES probe (data not shown) .

Plasmid DNA from each member of this sub- library was
prepared, resolved in agarose gels and probed as above.
Figure 3.7.2. shows the result of such an experiment. The
probe hybridized weakly to pBR322 (Fig. 3.7.2.B.; lane
18). However, a much stronger signal, from a smaller DNA
loading (Figure 3.7.2.A.), was detected in lane 17. Faint
bands were detected in several other lanes, but were not
thought to be strong enough to warrant further
Investigation. Although the plasmid, pGW17, loaded to lane
17 gave an encouragingly strong hybridization signal, it
appeared to be much too small to contain a 2-3 kb

I restriction of pGW17 Tfailed

insertion. Subsequent Hind
to demonstrate the presence of any insert whatsoever (data

ght have been

not shown) although a very small insert
overlooked. The most likely explanation of these
observations is that a large DNA deletion had taken place.
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Figure 3.7.2. Hybrldin 1 lon of groEL/ES to ntmbtr« of a

pBR32Z/R. vanni»!li chromosomal DNA tub-library

pGW

romrhai*-roinr~a>
a

o~
o~
@
o
. [=a}
al-iommu MQMem cm ro

Undigested plasmids «ere resolved in a IX (w/\v) agarose gel and
then tranferred to a Hybond-N membrane (Amersham). The blot was then
probed with gel-purified I«belled groEL/ES at high-stringency
(0.1 > Sss 0.1X SDS at 65<>c>.

A. Ethidium bromide (1 jig/ml) stained gel.

B. Autoradiogram of 32P-labelled groEL/ES probed Southern blot.

165



No further attempts to characterize the R. vannialii and
R. sphaaroidaa genes were made. Since this work had been
started, several sequences of chaperonin genes had been
pub lished and it was thought that more novel work could be
done in other areas. Attention was subsequently focussed
on structural studies (see 3.6.) and the regulation of Rs
cpn60 in response to various enviromental stresses. In

son of the

addition, a collaboration with Keith W
Chester Beatty Laboratories had presented the opportunity
of investigating whether TCP-1 might be a cytosolic

chaperonin .

Conclusions

A chaperonin cpn60 protein, dubbed Rs cpn60, was
isolated from R. aphaaroidaa. This protein was shown to
have a native MP of about 670,000 and is composed of
subunits of Mr 58,000. The N-terminus of the Mr 58,000
polypeptide was sequenced and shown to be identical to the
N-terminus of the GroEL protein (Hemmingsen at a/., 1988)

at 15 of the 19 amino acids identified. Native-PAGE

analysis of cell-free extracts from R. vannialii did not
reveal the presence of a discrete protein band in the Mr

700,000 region of these gels. A broad smear of protein

detected in this region could represent a partia

dissociated form of a R. vannial cpn60 tetradecamer.

This possibility has not been investigated in this study.
Initially it was thought that the expression of two
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forms of Rubisco in R. sphaaroidaa (see Tabita, 1988),
probably expressed from separate chromosomes (Suwanto and
Kaplan, 1989), might presage the presence of more than one

In the course of this study no

cpn60-1ype prote
evidence to support this hypothesis was forthcoming.
Recently evidence of the occurrence of multiple cpn60
proteins in Streptomycas species has been presented

lar

Imi et a/., 1991). These proteins are very si

(Gug
in size and were not well resolved by SDS-PAGE. and the

presence of more than one cpn60 protein was demonstrated

by sequencing material from the leading and tra ng edge
of the cpn60 band. In this study the whole of the cpn60
band was excised and then subjected to N-terminal

sequencing. There was no evidence of the presence of a

second protein in this band. This observation does not

exclude the possi lity that an N-terminally blocked
Protein was present, or that there is a second very minor
component of the band. It is also possible that a second,
minor, cpn60 could have been separated from the major
species during purification. However, any such protein has
escaped detection during a large number of preparations.
Overall these results suggest that a single major cpn60
protein is expressed in this strain of R. sphaaroidaa.
Antisera raised against the E. coli GroEL protein and

the pea plastid chaperonin did not cross-react with the Rs

cpn60. Purified Rs cpn60 was emulsified with Freund-s
incomplete adjuvant and injected into rabbits to raise
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antisera to this antigen. Hyperimmune sera was shown to

- This result

cross-react with the purified GroEL protei
provided further evidence that Rs cpn60 was a true

chaperonin protei

Musgrove et a/. (1987) had reported that the pea plastid
chaperonin dissociated into its monomeric form when

incubated in the presence of Mg-ATP at low temperature. Rs

cpn60 was also shown to dissociate under si lar
conditions. However, in this case a dimeric form appeared
to be the final product. This difference may be a

ions of the

reflection of the different subunit composi
proteins. The plastid chaperonin is composed of o and 8
subunits while Rs cpn60, like the GroEL protein, appeared

to be composed of a single type of subunit. The GroEL

protein has also been shown to dissociate in the presence

of Mg-ATP (Go loubinoff et a!., 1989a). Although the

subunit composition of the dissociated form is unknown,

ke Rs cpn60 it does not become monomeric.

Structural studies on partially purified Rs cpn60 have

shown that this protein is superficially (raw electron

microscope data) very si ar to the other cpn60 proteins

so far examined. Top views of individual particles clearly
display seven-fold rotational symmetry, while side views
show the characteristic brick-like appearance of cpn60s

with four equally spaced striations perpendicular to the

axis of the particle. The dimensions of the particles are

ar to those of other cpn60 proteins so far

also vary si
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examined. Carazo et a/. (1991) have suggested that si
and seven—fold forms of the cpnSO proteins from E. coli
and B. subtilis exist in a temperature-regulated
equilibrium, with the six-fold form being dominant at
lower temperatures. Carazo et al. (1991) also demonstrated

that when preparations of predominantly seven-fold

symmetry parti es were d lyzed at pH 5. the number of

six-fold views were dramatical increased. Careful

examination of electron micrographs of the Rt cpné60

es

preparation does not reveal the presence of any part
with an obvious six-fold axis of symmetry. It is, however,
possible that such particles might emerge if R.
aphaeroidaa is grown at a lower temperature or Rs cpn60
preparations dialyzed against acidic buffers.

When the raw electron microscope data was subjected to
image processing, structural details at a resolution of
20 A could be seen. When these images were compared to
similar ones of the GroEL protein, differences in the fine
structure could be discerned. Of particular interest is
the appearance of an inner ring of electron dense areas in

e. In section 3.5. 1 have speculated

the Rs cpn60 part
that the biogenesis of these proteins, plasmid-encoded
GroEL versus chromosmally encoded Rs cpn60, may be an
important contributing factor to these differences.
However, the obvious point, that these are different
proteins, must not be overlooked. Before any firm
conclusions can be drawn it will be necessary to compare
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the appearance of plasmid and chromosoma Ily encoded cpn60

is end 1 have

that or inates from a single species. To t
prepared E. coll chromosoma l-encoded GroEL. Analysis of

this material at Birkbeck has revealed differences between

the plasm and chromosoma 1-encoded proteins. However,
the differences are not as great as those between Rs cpn60
and plasmid-encoded GroEL.

Finally, preliminary attempts have been been made to

clone and characterize the cpn60 genes from R. vannie/ii
and R. sphaaroidas. When digests of chromosomal DNA from

these species were probed with a DNA fragment containing

the E. co groEL and groES genes at high stringency, only
the R. vannialii DNA gave a signal that was considered to
be suitable for subsequent cloning of a cpn60 gene. The
strategy adopted was to initially clone the R. vannie/i/
gene and then to use this as a probe for the R.
sphaaroidas gene. Unfortunately, the only positive clone
detected appeared to have undergone a large deletion and
no further attempts to characterize the cpn60 genes were
made for the reasons already outlined (see 3.7.). DNA from
an archaebacterium, S. acidocaldarius. was also
interrogated but failed to hybridize to the groEL/ES
probe. The recent findings that archaebacteria express a
TCP-1 homologue could explain this result (Trent at al.,
1991; see Chapter 5>.

In summary: R. sphaaroidas grown under

photoheterotrophic cond ons appears to express a single
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4.1.

Chapter 4

The atraaa responea of Rhodobaetar aohaaroldaa

Introduction

In this chapter the response of R. sphaaroides to a
number of stresses is described. These studies focus
exclusively on the alterations in protein synthesis that
occur when this bacterium is exposed to an environmental
stress. In particular, the effects on the synthesis of Rs
cpn60 have been investigated.

The stress response was discussed, briefly, in the
Introduction (1.3.10) and has been reviewed extensively in
recent years (Neidhardt at a!., 1984; Gottesman. 1984;

Lindquist. 1986; Lindquist and Craig, 1988; Gross at al..

1990; Morimoto at al.. 1990; Schlesinger, 1990). To
recapitulate; this response involves a transient increase

h  the

in the expression of a small number of genes,
consequent production of a small number of proteins. These
proteins are commonly referred to as the heat shock
proteins (hsps) or stress proteins. Typically, the first
signs of a heat shock response are detected within a

inute of the temperature increase, with the response

reaching a peak after 20-60 minutes depending on the
organism and the type of stress (Neidherdt at al.. 1984).
In E. coli there are about 20 known heat shock proteins
(Kamath-Loeb and Gross, 1991) which vary greatly both in

ize and abundance. Representatives of the heat shock
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proteins are amongst the most acidic and basic proteins

found in E. coli (Neidhardt

Experimental evidence
stresses that cause
proteins also
(Ananthan et al.,

are known to

ble 4. 1. Agents or treatments
Inducing agent
or treatment
Group 1
Ethanol
Amino acid analogues, puromycin
Group N

Heat shock

Heavy metals, copper-chelating
groups, arsenite, iodoacetamide,
p-chloromercur ibenzoate

Return from anoxia, hydrogen
peroxide, supero. e ions and
other free radicals

Ammonium chloride

Amytal, antimyc azide,
dinitrophenol, rotenone, heptyl-
hydroxy-quinoline N-oxide,
ionophores

Hydroxyl

Group

et al..

the dénaturation of

1986). The table below

induce hsp synthesis

1984) .

indicates that environmental

intracellular

induce the synthesis of heat shock proteins

lists agents that

in eukaryotes.

that activate hap genes.

Proposed effects

Translation errors
Abnormal proteins

Increased unfolding of proteins
Binding to sulphydryl groups,
conformational changes in

proteins
Oxygen toxicity, free radical
fragmentation of proteins

Inh n of proteolysis

Inhibition of oxidative
phosphorylation, changes in
redox state, covalent modifi
cations of proteins

Cleavage of asparagine-glycine
bonds in proteins

I treatments cause the dénaturation of newly made proteins.

Group Il treatments cause the dénaturation of preexisting proteins.

All of the treatments described above cause

modification of the normal

cell. Ananthan at at. (1986)

and hap genes
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state of proteins within the

cted purified proteins

into frog oocytes and demonstrated that if



the proteins were denatured prior to injection, the hap

genes were subsequently activated. The observation that
abnormal proteins elicit a stress response has been
repeated several times in both eukaryotes (Munro and

Pelham, 1985; Kozutsumi et a/., 1988) and prokaryotes

(Goff and Goldberg, 1985; Parsell and Sauer, 1989),
similar range of stresses being known to induce hsp

synthesis in prokaryotes (see Morimoto et a/., 1990).

Thus, it appears that the primary e tor of the stress
response is the presence or production of abnormal
prote ins .

Craig and Gross (1991) have proposed that hsp70 acts as

a cel ar thermometer. In E. coli DnaK, the hsp70

homo logue, along with the the GrpE and DnalJ proteins, are
involved in every process known to regulate the levels of
032m These proteins have been shown to negatively regulate

a32 i three ways: they are required for translational

regulation of a32 synthesis at high temperature, for
inactivation of a32 after shift to low temperature and

they facilitate degradation of a32 at all temperatures

(Strauss et a/.. 1990; Tilly et a/., 1989). The abnormal
proteins produced when cells are exposed to an

environmental stress interact ith, and deplete, the

levels of free hsp70 (DnaK and other homologues) (see

=

Craig and Gross, 1991). The reduced level of free hsp70

thought to interfere with the ab ty of the cell to
regulate the degradation, and repress, the synthesis of
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038m The 32 protein then enhances the synthesis of the
whole range of heat shock proteins (Craig and Gross.
1991>.

The heat shock or stress response cannot be clearly
separated from other stress systems. For example, deletion
of the rpoH gene from E. coli leads to the sensitization
of these cells to oxidative stress (Kogoma and Yura,
1992), and the groE genes are known to play an important

role in SOS repair (Liu and Tessman, 1990). Furthermore,

various stresses have been shown to cause differenti
induction of the heat shock, SO0S and oxidative stress
regulons in E. coli (VanBogelen efc al., 1987).

In the series of experiments presented here,
chemoheterotrophically grown cultures of R. sphaeroides
have been subjected to a variety of stresses, during which

cells were pulse-labelled with 35S methionine. Alterations

in protein synthesis have been visualized by
autoradiography of proteins resolved in polyacrylamide

is study, attention has been focussed on the

gels. In t

effects of these stresses on the synthesis of the R.

sphaaroides chaperoni

Reapon»e of R. mphaaroidaa to heat shock
R. aphaeroidas cultures were grown at 300C throughout

this study. In these heat shock experiments, cultures were

subjected to a temperature shift to *2<>C during the mid-

phase of growth. Temperature shifts of this

exponenti
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lagnitude are known to produce a clear heat shock response

in a variety of organisms including E. coli (see Neidhardt

et a/., 1984). iquots of a culture, grown at 300C, were
transferred to Universal bottles prewarmed to 420C, and
labelling was carried out and cell-free extracts prepared
as described in Materials and Methods (2.10.). Proteins
were analysed by both native- and SDS-PAGE. Figures 4.2.1.
and 4.2.2. show the results of these analyses. The times

noted i the figures represent the time at which label was

added to the culture after commencement of the shock. It
should be noted that cells were labelled for 15 minutes so
that, for example, the t = 0 sample represents protein
synthesis over the subsequent 15 minutes.

As expected, the heat shock causes a marked alteration
in protein synthesis. Native gel analysis shows transient
increases in the rate of synthesis of about 10 proteins,
while SDS-PAGE reveals a transient increase in the
synthesis of about the same number of proteins. Obviously
a two-dimensional analysis would be expected to identify
several more heat shock-inducible proteins. As expected,

these proteins are induced to varying extents at different

times during the heat shock. Some general comments w
first be made regarding the general pattern of protein
synthesis after heat shock, before a more detailed
discussion of the regulation of Rs cpnCO under these

condi tions.



Figure 4.2.1. Nstlvs gel «mlvil« of protein «yntht»!» in ft

mphmmroidm* after hast.shock

R. sphaeroides cells were pulse-labelled with 1JSS1 methionine for
15 minutes at various times after a shift in growth temperature from
300C to 42°C. Ce free extracts were prepared by sonication and
equal amounts of soluble cell protein, 40 pg, were loaded to each
lane of a 4-30* native gel. Tracks are numbered according to the
time, in minutes, when label was added. Control samples, Ocon and
60con, from a culture aliquot maintained at 30»C were taken at the
beginning and end of the experiment.

A. Coomassie-stalned gel.

B. Autoradiograph of dried gel.
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Figure 4.2.2. 8D8-PAGB analysts of protein synthesla in ft

sphm9roid*B efter beet shock

R. aphmeroidas cells were pulse-label led with £3SS1 methionine for
15 minutes at various times after a shift in growth temperature from
300C to 42*>C. Cell-free extracts were prepared by sonication, boiled
in sample buffer, and equal amounts of soluble call protein, 20 pg.
were loaded to each lane of a 10-30* SDS-polyecrylamide gel. Tracks
are numbered according to the time, in minutes, when label was added.
Control samples, Ocon and 60con, from a culture aliquot maintained at
300C were taken at the beginning and end of the experiment.

A. Coomassie-stained gel .

B. Autoradiograph of dried gel.
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Protein synthesis induced by the heat shock appears to
fall into three broad expression groups:
1. those proteins whose synthesis is induced briefly

lowed by

during the first 20 minutes of the heat shock, f
a rapid decline in synthesis.

2. those proteins whose synthesis appears to peak
somewhat later and to be fol lowed by a more gradual
decline in synthesis (Rs cpn60 falls into this group)

3. proteins whose synthesis is maintained at elevated
levels after induction by heat shock.

Table 4.2.1. lists the heat shock proteins identified
after native and SDS-PAGE and places them in the groups

described above.

Table 4.2.i. Heat shock proteins identified after native

end 8D8-PAGB.

Native gel analysis SDS gel analysis
Protein Mr Protein Mr
number» X 10-3 Group Group
1 670 2 1 >94 1
2 104 2 2 >94 1
3 87 2 3 84 2
4 69 1 4 72 2
5 <67 3 5 58 2
6 <67 3 6 44 2
7 <67 3 7 38 2
8 <67 3 8 33 2
9 <67 3 9 1
10 18 3
n <14.4 3

t Protein number refers to the numbers used to identify proteins
gures 4..2.1. and 4.2.2.
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The information presented in Table 4.2.1 is notable for
the quite different view of the heat shock response
presented by the native- and SDS-PAGE analyses. Most of
the heat shock proteins detected by native gel analysis
fall into group 3, while most of those detected by SDS gel
analysis fall into group 2. Both gel systems have a
maximum acrylamide concentration of 30*. and would be

low molecular weight proteins of

expected to reta
approximately the same size. Thus, all the heat shock
proteins detected by SDS-PAGE would also be expected to be
resolved on native gels, although these proteins could be
found in higher molecular weight multimeric complexes.
Bearing this in mind, it was expected that the expression
group profile would be similar in each gel system.
However, this has not proved to be the case. One possible
explanation for the increased occurrence of group 3 heat
shock proteins on native gels, is that members of group 3
detected by SDS-PAGE (proteins 10 and 11) could be members
of a range of multimeric complexes in vivo. This would
also explain the decreased relative intensity of the group
3 proteins on native gels. The group 1 and several of the
group 2 proteins detected by SDS-PAGE are fairly faint and
may simply have escaped detection on native gels. In
retrospect a much longer exposure of the native gel may
have yielded some additional information.

No attempt has been made to identify heat shock proteins
other than Rs cpn60 and 1 would generally consider
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speculation as to the identity of these proteins on the

basi of molecular weight alone to be a fruitless

exercise. However, the Mr 72,000 protein detected after
SDS-PAGE (protein 4, Figure 4.2.2.) is worthy of some
comment. The stained gel indicates that this is a fairly
abundant protein and its apparent molecular weight, along

its elevated rate of synthesis after heat shock,

indicate that it could be the R. sphaaroidas DnaK (hsp70>
homo logue. This protein does not. however, appear to be
detected after native gel electrophoresis. A heat shock
protein of Mr 69,000 is detected on native gels, but this
protein falls into a different expression group and it is
by no means certain that this is the same protein detected

by SDS-PAGE. If any substantial amount of this protein

exists in a monomeric form in vivo, one would expect it to
be readily detectable on native gels. The hsp70 proteins
are known to interact with a wide variety of normal and
abnormal proteins and to be involved in a number of
cellular processes (see Pelham, 1986; Deshaies at a/.,
1988; Chiroco at a/., 1988; Georgopolous efc a/., 1990;
Gross, at al.. 1990; Flynn at al.. 1991). Furthermore,

although hsp70s are purified predominantly as monomers,

the functional form of this protein is believed to be a
mu Itimer of unknown size (see Craig and Gross, 1991). This

plethora of nteractions would be expected to abolish any

single hsp70*band on native gels. Overall, these
observations provide circumstantial evidence that the Mr
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72.000 protein i

likely to be the R. sphaeroides hsp70
homo logue.

The most striking feature of both analyses is a large
increase in the synthesis of Rs cpn60. This induction of
Rs cpn60 synthesis reaches a peak in the first 25 minutes
after commencement of the shock (see track 4, t = 10,

Figures 4.2.1. and 4.2.2.) and then gradually d

shes

over the next 50 minutes, with the final samp at t =

60. showing a level of synthesis that is similar to that

of unshocked cells. Unshocked control cultures at t = 60
show a small increase in Rs cpn60 synthesis compared to
those at t = 0. This could be a consequence of
transferring the cells to a less highly aerated growth
regime for labelling purposes. The relative increase in Rs

cpn60 synthesis was quantified by scanning densitometry

and these results are summarized in Table 4.2.2.

Table 4.2.2. Relative lIncrease In synthesis of R» cpn0O

during heat ehock.

Time after Relative increase in Rs cpn60
start of shock synthesis
(minutes) Native gel* SDS-PAGE*
0 (control)» 1.0 1.0
o 2.5 4.2
5 12.4 10.3
10 16.1 7.8
15 8.3 5.3
30 6.1 3.0
60 15 1.2
60 (control) L6 Li

t Bands quan ed by integrating volumes.

t Bands quantified by integrating areas.

* The control tracks were not subjected to heat shock and
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the t = 0 (control) value was used to normalize the relative
increase of Rs cpn60 synthesis.

The overall view presented by both methods of

quantification is of a rapid induction of Rs cpn60

synthesis, with the increase peaking after about 20-25

ne. However, the

minutes and followed by a gradual decl

details are somewhat ifferent, with the apparent peak of
induction as measured from an SDS-polyacryl amide gel

irds

taking place slightly earlier, and being about two t
of that calculated from native gels. These differences are
thought to be largely artefacts arising from methods of
measurement. Quantification of the Rs cpn60 band on native
gels is thought to be somewhat more accurate, since this
band is well separated from any other protein bands

le variations in background were minimized by

(poss

determ

ng the background in each track Just below the
chaperonin band). However, it is important not to forget
that the native chaperonin would be expected to be
associated with other proteins in vivo, and that such
proteins would tend to slightly inflate the apparent
induction of Rs cpn60 synthesis. On the other hand, when
attempting to quantify the Rs cpn60 band intensity in SDS
gels, one needs to bear in mind the likelihood of
interference from other proteins of a similar relative

ty. Any such protein would be expected to grossly

mob

distort the measurements of relative band intensity.



The likelihood thet other proteins would be associated
with the native Rs cpn60 band was investigated. This was
done by cutting out a strip containing the Rs cpn60
protein from a dried, unstained native gel, then
submerging this in solubilization buffer layered on a

flat-topped stacker of a 10-30X SDS polyacrylamide gel.

rate in solub zation

The strip was allowed to equi
buffer for one hour «t room temperature before
electrophoresis. After electrophoresis the gel was
stained, destained, dried and then subjected to
autoradiography with Hyperfilm (Amersham) for a period of
104 days.

The stained gel (Figure 4.2.3.) shows a somewhat

Besides the expected Rs

puzzling polypeptide profi

cpn60 band, there is also a band of Mr 15,000. Initia

it was thought that this could be the Rs cpnlO

ince Terlesky

polypeptide. However, this seems unlikely,
and Tabita (1991) have isolated a cpnlO protein from R.

sphaero ides and shown that it has a subunit Mr of 13,000.

Th leaves the possi lity that the Mr 15,000 polypeptide

is lysozyme, used during preparation of the cell-free
extracts, which has a molecular weight of 14,400 (Merck
Index, 1984). Unfortunately, the amounts of the
polypeptides on the stained gel could not be quantified;

le to determine whether the Mr 15,000

thus it is not poss

polypeptide is present in a quantity that suggests the
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Fisui " 4-2.3. BP8-PAGB «n«ly»l« of pulaa-laballad Ra cpn60

exclead frow a nativ mm1l

Rs cpn60

Cel I-free extracts from heat shocked, pulse-labelled R. sphaeroides
calls »ere resolved in a 4-30X native gel, 40 pg/track, which was
dried without prior sta ng. After autoradiography the Rs cpn60 band
was excised, submerged in 2 > sample buffer on top of a flat-topped
10-30X SDS-polyacrylamide gel for a period of 1 hour, and then
alectrophoresed as usual. Tracks are numbered according the time, in
minutes, when label was added. Control samples, Ocon and 60con, from
a culture aliquot maintained at 300C were taken at the beginning and
end of the experiment.

A. Coomassie-stained gel.

B. Autoradiograph of dried gel.
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43«

formation of a stable binary complex with Rs cpn60.
Furthermore, it is impossible to say whether the Mr 15,000
polypeptide could have displaced other polypeptides from

Rs cpn60, bound to a subpopulation of “"empty” Rs cpnSO or

interacted non-specifical Iy with the chaperonin.
Two major observations can be made as a result of the
autoradiographic analysis (Figure 4.2.3.). Firstly, no
polypeptides of Mr greater than 58,000 appear to be
associated with the Rs cpn60 protein. Secondly, the
profile and amount of protein found in association with Rs
cpn60 varies during the course of the heat shock. There

e interpretations of these observations.

are two possi
One is that the ladder of polypeptides below the Rs cpn60

band is the product of proteolysis of the Rs cpn60 protein

and any other polypeptide<s) that are associated with
The other is that there is a limit on the size of

polypeptide that can form an association with Rs cpn60
protein. Neither possibility can be eliminated on the

result alone. These observations will be

basis of t
discussed in more detail in the concluding part of this

chapter.

R-tlPonif of R. mphmmroidmm to a variety of other atraaaea

The response of R. sphaeroides to a variety of stresses
was studied, again with particular emphasis on the
synthesis of Rs cpn60. The stresses imposed were exposure
to 5* <v/v) ethanol; 100 |iM hydrogen peroxide; 0.5 M
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sodium chloride; 600 |iN cadmium sulphate and a transition
from aerobic to anaerobic growth. Each of these stresses
had quite distinct effects on the synthesis of Rs cpn60.
Exposure to 100 pM hydrogen peroxide led to a virtual
abolition of all protein synthesis at this concentration,
sodium chloride and ethanol caused a fairly long and
gradual induction of Rs cpn60 synthesis, and cadmium
sulphate appeared to upregulate synthesis to a new basal
level (Figures 4.3.1.; 4.3.2.). Examination of the
autoradiographs presented in these figures shows that
besides the different effects of these stresses on Rs
cpn60 synthesis, each treatment gives rise to a unique
protein synthesis profile. The relative increases in Rs
cpn60, measured from autoradiographs of native gels, over

the course of these stresses are shown in Table 4.3.1.

Table 4.3.1. «mtheel .e of R» cpn00O

ixpoturt to mvariety of »trote».

Relative increase* in Rs cpn60

Stress synthesis after time in minutes

5 15 45 90

Ethanol 5% (v/v) 2.1 2.3 5.3 3.9

Cadmium 600 pM 2.0 1.7 2.3 1.8

NaCl 500 mM 0.8 2.2 4.9 ND
HaOa, 100 uM Protein synthesis reduced

¢ Increase was normalized relative to synthesis of an
unstressed control sample taken 5 minutes into the experiment.
ND Not determined.
Again significantly different views of the stress

response are presented by native- and SDS-PAGE analyses.
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Figure 4.3.1. Natty gel «nilytl« of prottln »ynthfl» in FC

mphmaroidaa i ffr txpoiurt to a varlttv of

R. sphaeroides cells were pulse-label led with [3®8S1 methionine for
15 minutes at various times after exposure to various stresses. Cell-

free extracts were prepared by sonication and equal amounts

soluble cell protei

native gel . The gel was then Coomassie-stained, dried
autoradiographed. Tracks are numbered according to the time,
minutes, when labelwas added. Et = 5% (v/v) ethanol; Cd = 600 pM
cadmium; Hp = 100 pH H202 ; No = 500 pM NaCl. Control

and 90con, from a culture aliquot not exposed to stress were taken at

the beginning and end of the experiment.
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in ft

8DS-PAGB «n«ly»l> of protein »ynthfi

gure *.3.2.
mphmmroidma after exposure to m variety of

R. sphaeroides cells were pulse-labelled with [3*S1 methionine for
15 minutes at various times after exposure to various stresses. Cell-
free extracts were prepared by sonication, boiled in sample buffer,
and equal amounts of soluble ce protein. 15 pg, were loaded to each
lane of a 10-30* SDS-polyacrylamide gel. The gel was then Coomassie-
stained, dried and autoradiographed. Tracks are numbered according to
the time, in minutes, when label was added. Et = 5* <v/v> ethanol; Cd
* 600 pM cadmium; Hp = 100 pM H20a; Na = 500 pH NaCl . Control
samples, 5con and 90con. from a culture aliquot not exposed to stress
were taken at the beginning and end of the experiment.
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In particular cadmium induced synthesis of Rs cpn60

appears to fall off more rapidly when visualized in SDS-
polyacrylamide gels. At the same time a polypeptide of
Mr 24,000 is fairly strongly induced (Figure 4.3.2, Cd t
45 and 90). Perhaps this polypeptide could form an
association with Rs cpn60. Unfortunately time did not
permit a repeat of a "cutout™ experiment to determine
whether such an association exists.

In the case of a shift from chemoheterotrophic to
photoheterotrophlc growth, protein synthesis appeared to
cease immediately, compared to the unshifted control, and
only resumed after a period of about 18 hours (Figure
4.3.3.). Colony counts were determined before and after
stress. Only ethanol treatment led to a count reduction,
of about 15%. 1In all the other cases there was an

iability

inhibition of growth but no apparent loss of
(data not shown).

The pattern of protein synthesis observed when R.
aphaaroidea was shifted from chemoheterotrophic to
photoheterotrophlc growth was not unexpected. Chory at al.
(1984) studied the effects of a rapid switch from
chemoheterotrophic to photoheterotrophic growth on
cultures of R. aphaaroidaa. They found that this abrupt
changa 1in growth conditions resulted in an immediate
cessation of cell growth and whole cell protein. DNA and

phospho id accumulation. Detectable cell growth and

whole cell protein accumulation resumed approximately
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Figui

*.3.3. H«tlv* Ktl «n>ly«l» of protsln »ynth*»!» In R-

aphaaroides after < shift from chamohetsro-

trophic to photohatsrotrophlc growth conditions

R. aphaeroidea calls were pulse-label led with [J*S1 methionine for
15 minutes at various times after a shift from chemoheterotrophic to
photoheterotrophic growth conditions. Cell-free extracts were
prepared by sonication and equal amounts of soluble cell protein, 30
pg. were loaded to each lane of a 4-30% native gel . The gel was then
Coomassie-stained, dried and autoradiographed. Tracks are numbered
according to the time, in hours, when label was added. A control
sample, Ocon, was taken at the beginning of the experiment.
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4.4.

12 hours later. It was hoped that an examination of
protein synthesis over this period might provide some
insights concerning the synthesis of Rs cpn60. The data
presented in Figure 4.3.3. shows a slight increase in Rs
cpn60 synthesis over and above that of other proteins when
protein synthesis resumes. However, the two hour gaps
between samples may have been too long to pick up any
large induction when growth resumed.

Conclusions

In this chapter the effect of various stresses on R.
sphaero ides protein synthesis, Rs cpn60 synthesis in
particular, has been studied. The stress response is
thought to be universal and so it is not at all surprising
to have observed such a response in R. sphmmroidms.

Of the conditions studied here, a shift from 30<>C to

42<>C el

ited by far the strongest and most rapid
incraase in Rs cpn60 synthesis. This response reached a
maximum at 15 to 20 minutes after the temperature upshift.
Using scanning densitometry quantification of 3*S
methionina incorporation, synthesis of Rs cpnCO at the
peak of tha response was calculated to increase
approximately 16-fold when resolved In native gels, or
about 10-fold when SDS-polyacryl amide gels were used in
the analysis. This magnitude of Rs cpn60 synthesis is
similar to that observad whan E. coll cultures are
subjected to an identical temperature shift, from 30°C to
42°C (Neidhardt mt ml.. 1982; sae Gross at a/., 1990).
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After reaching this peak the response rapidly decayed, so
that levels of Rs cpn60 synthesis had returned to near
background levels about one hour after induction of the
response. Again, the response is similar to that observed
in E. coli (Straus et a/., 1987). but the time course of
the response is somewhat slower. This is not unexpected
since the doubling time for R. aphmmroidms grown under

ons at 30<>C is approximately 3

chemoheterotrophic cond

hours, while that of E. coli grown at 30<>C in a rich

medium is approximately 30 minutes (Herendeen et a/.,
1979).

It was the demonstration of an interaction between newly

synthesized Rubisco large subunits and the pea plasti
chaperonin (Barraclough and Ellis. 1980), that was pivotal
in the formulation of the molecular chaperone concept
(Ellis, 1987). This interaction was demonstrated by

ing the plastid chaperonin from native gels and then

exc
reso ng this material in SDS polyacrylamide gels.
However, these observations related to a special case:
that of protein synthesis in illuminated, isolated

chioroplasts (Barraclough and Ellis, 1980). Since then,
the role of chaperonins in preventing improper
interactions between proteins has become well established
(see Goloubinoff et ml., 1990a, b; Martin et ml., 1991).
Furthermore, it has been shown that the GroEL protein is a

that is essential for E. coll viability

heat shock protei
at all growth temperatures (Fayet et ml., 1989). Thus, it

-193-



would seem likely that cpn60s are normally associated with
a variety of substrate proteins in vivo.

To date, very little data is available concerning the
physical interaction of substrate proteins with
chaperonins in vivo. It was thought that the material
generated in the heat shock experiments conducted here,
could be used in an attempt to determine the range of
proteins that normally interact with Rs cpn60, and

determine how this range might be influenced during heat

shock. The strategy used was similar to that used by
Barraclough and Ellis <1980) to uncover the association
between the large subunit of Rubisco and the plastid
chaperonin. The results of this analysis are somewhat
equivocal. After an extended period of autoradiography
<104 days), a ladder of polypeptides with Mrs <60,000 was

this ladder

detected. The profile of polypeptides i

varied during the course of the heat shock (Figure

ty

4.2.3.). It is not possi e to say with any certai
whether these polypeptides represent bound substrate
proteins or are the result of proteolysis of Rs cpn60. An

added complication is the presence of an Mr 15,000

polypeptide that appears to be a component of the native

Rs cpn60 band. It is probable thet this polypeptide
lysozyme. The nature of the interaction between Rs cpn60
and lysozyme, and any effect this may have had on the

inding of other substrate proteins, is not at all clear.

The total absence of any polypeptides of Mr >60,000,
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ev«n after such a long exposure, could Indicate that

proteins of this size do not interact with the chaperonin

i the normal course of events. Electron microscope data

presented in Section 3.6. indicate that subtrate proteins
might be bound in the central cavity of the Rs cpn60
tetradecamer. If a protein must be sequestered within the
Rs cpn60 molecule for the chaperonin to aid in its

folding, this would be expected to place a size constraint

on substrate proteins. It should be noted, however, that
significantly fewer high molecular weight proteins were
synthesized after heat shock. If the size constraint
observed here represents a correct view of the size of
chaperonin substrate proteins, it would provide strong
evidence for the Anfinsen cage model of chaperonin action
proposed by John Ellis (personal communication). |In this
model the final stages of protein folding would take place

ithin a cage formed by the central pore of the cpn60

tetradecamer. This cage is thought to provide an

environment in which the substrate protein is effectively

sequestered from other proteins, that is, is nfinitely

uted, and can thus continue to fold without

Interference from other proteins. Obviously, evidence for

a role of the chaperonins in the folding of large (Mr

>70,000) proteins would seriously challenge the val
of this model. Such evidence, however, has not been
forthcoming.

The Jlargest protein that has been shown to be a
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substrate for GroEL is a-glucosidase from yeast with an Mr

of 68,000 (H8I1l-Neugebauer and Rudolph, 1991>. However,
none of the substrate proteins were selected with the aim

. Recently Viitanen

of testing the Anfinsen cage hypothes
efr al. (1992) reported that when 3$s-label led, soluble
proteins from E. coli were diluted from 5 M guanidine-HCI
into a solution containing GroEL, about 50% of the
labelled protein was found in association with the
chaperonin. These workers also state, but do not present
the data, that >90% of the bound proteins can be
discharged by the addition of ATP. In personal
communications with John Ellis they have reported that
high molecular weight species are bound to the chaperonin.
This work suggests that the Anfinsen cage model 1is wrong.

However, several alternative explanations of these

observations are possible. Firstly, although the
chaperonins are reputed to prevent improper interactions
between proteins, it is not inconceivable that some

proteins could interact improperly with the chaperonin.

to a chaperonin

Diluting a denatured cell-free extract i
solution would surely provide ideal conditions for such
improper interactions to take place. Secondly, although
the discharge of bound proteins by ATP addition would
appear to indicate a specific interaction, previous
studies by the same group have shown that addition of ATP
to GroEL, whether it is complexed to a substrate protein
or not, causes the complex to dissociate into a form of
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unknown, multimeric structure (Goloubinoff et al., 1989a).

Thus the apparent discharge could simply be the result of

isruption of the native GroEL protei

The fact that the polypeptide profiles of the t = 0 and

t = 5 heat shock samples are so different, could indicate
that the flux of polypeptides passing through the
chaperonin is increased after heat shock. On the other
hand, heat shock is known to upregulate the synthesis of

at least one protease, CIpB, in E. col

(Squires at al.,

1991). Such a protease i

R. sphaaroidaa might cause an

increased level of degradation of Rs cpn60 during the

course of the heat shock. It would, however, be quite
strange for a heat shock protease thought to target
abnormal proteins, to also target what is one of the most
important proteins in the cell under any conditions. The
intensity of the bands in the ladder does not, however,
seem to be correlated with that of the Rs cpn60 band (see
in particular lanes 2 and 3, Figure 4.2.3.). This
observation may support the argument for an increased Tflux

of proteins through Rs cpn 60 after heat shock. Thi

increased flux appears to be maintained even though there
is a progressive reduction in protein synthesis throughout
the period of the shock (Figures 4.2.1. and 4.2.2.).

The regulation of protein synthesis i

response to other
stresses showed characteristics that were unique for each
type of stress. Hydrogen peroxide at 100 mM was found to
rapidly repress all protein synthesis in R. sphaaroidaa.
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VanBogelen et al. <1987) had previously shown that
hydrogen peroxide only weakly induced the synthesis of
heat shock proteins. However, protein synthesis was not
completely suppressed since oxidative stress proteins were
strongly induced. Unfortunately, VanBogelen efc al. <1987)
did not report the concentration of hydrogen peroxide

added to their cultures. Hebert et al. <1991) had shown

that addi on of hydrogen peroxide, final concentrations
50 mM and 100 mM. to cultures of the archaebacterium
Mathanococcua voltaa caused a marked alteration in the

pattern of protein synthesis. However, protein synthesis

was elevated rather than inhibited in these experiments.

ive

Thus it would appear that R. aphaaroidaa is more sensi
than M. vo/tae to oxidative stress. It is, nevertheless,

le that reduced concentrations of hydrogen peroxide

poss
might induce the synthesis of a subset of proteins in R.
aphaaroidaa.

The other stresses all caused an increase in the
synthesis of Rs cpn60. Both 5% <v/v) ethanol and 500 mM
NaCl caused an approximately 5-fold induction of Rs cpn60,
as measured from native gels. In both cases a relatively
slow induction of Rs cpn60 synthesis took place, with the

peak of synthesis occurring more than 45 minutes after

exposure to stresses. The slow induction of protei
synthesis after exposure to ethanol is similar to that
observed in B. aubtllia (Arnosti at al., 1986),

Paaudomonaa aaruginoaa (Allan at al!., 1988) and E. coll
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(Neidhardt at a/.. 1984). While 500 mM NaCl caused a

similar increase in the rate of synthesis of Rs cpné60,
both quantitatively and temporally, the overall protein
synthesis profile is quite different from that observed

ttle

after ethanol stress. There appears to be
repression of synthesis of proteins after treatment with
NaCl and nothing like the heat shock response is induced.
High salt is known to not induce a heat shock response in

(Neidhardt et a/., 1984).

After exposure to cadmium, a quite different response

was observed. Relative Rs cpn60 synthesis very rap

level unt the

tained at t

doubled, and was then mai
final sample was harvested after 105 minutes. The cadmium
treatment causes a substantial repression in overall
protein synthesis that is first detected after the t = 45
minute sample. The synthesis of several proteins is
induced during the early part of the stress (t = 5 and t =
15 minutes), with a protein of Mr 50,000 being
particularly strongly induced (Figure 4.3.2.). This
protein is likely to be monomeric, since native gel
analysis reveals the presence of a strongly induced Mr
<67,000 protein in these samples (Figure 4.3.1.). It is
possible that the same protein is also mildly induced
after exposure to ethanol.

VanBoge len et a/. (1987) reported that cadmium did not
induce the synthesis of the GroEL protein, although it did
induce the synthesis of several other heat shock proteins.
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The induction detected in the experiments presented here,
although relatively low, is quite clear. It is possible
that VanBogelen et al. (1987) did detect this level of

cant.

induction but did not consider it to be sign

Comparison of native- and SDS-PAGE analyses of protein
synthesis after imposition of a stress again show possibly
significant differences. In particular the induction of Rs
cpn60 synthesis by cadmium appears to be somewhat
different in these analyses. It would be interesting to
analyse stress-induced, labelled. Rs cpn60 from dried
native gels in SDS polyacyl amide gels. This type of
analysis might reveal differences in the profile of
associated polypeptides which might be important in
determining whether the polypeptide ladder seen in the
heat shock "cutout” experiment is the result of specific
association of polypeptides with Rs cpn60 or degradation
of Rs cpn60.

A switch from chemoheterotrophic to photoheterotrophic
growth caused a complete halt in protein synthesis.

Prote synthesis was arrested for a period of

approximately 18 hours before pre-shift levels of
synthesis were re-established. These observations confirm
those of Chory at al. (1984), who reported that the
accumulation of whole cell protein in R. aphaaroidaa was
halted for a period of approximately 12 hours after a

ar switch in growth conditions. When protein

s
synthesis resumed, synthesis of Rs cpn60 was slightly
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levated relative to other proteins and the chemo-

heterotrophically grown control.

These studies on the response of R. aphaeroides to a
variety of stresses have not revealed any major surprises.
The general pattern of protein synthesis after heat shock
and other stresses, except for exposure to hydrogen
peroxide, 1is similar to that observed in other organisms.
R. sphaeroides appears to be very sensitive to oxidative
stress with hydrogen peroxide greatly inhibiting protein
syrthesi s .

The investigation into the nature of the proteins found
in association with Rs cpn60 has produced some thought-
provoking observations. It does appear that there is a
size constraint substrate on proteins. This constraint
provides the first physical evidence supporting the
Anfinsen cage model of chaperonin action. However, the
evidence presented is open to other interpretations;
further studies are required to clear up the proteolysis

versus bound substrate argument.



Chapter 5

Attempts to__ldentify end purify e putative cytosolic chaperonin

5.1.

from the leevee of Pimum sativum

Introduction

In the Introduction (1.4.4.) it was noted that all the

ied are of either bacter

cpn60 proteins so far identi
or membrane-bound organellar origin. The chaperonins are a
highly conserved family of proteins with typically >40% of
the amino acids along the entire length of chaperonin
sequences being identical (Hemmingsen et a/.. 1988).
Chaperonins clearly play an important role in protein
assembly and have been shown to be essential for viability
of E. coll (Fayet et a/., 1989). Given these observations
on the nature of the chaperonins it seems extremely likely
that a functional cpn60 homologue must be present in the

- At the time that this

cytosol of eukaryotic cell
research was started it was somewhat surprising that no
such homologue had been identified.

Van der Vies (1989) used 11 chaperonin sequences to

search the PIR (Protein Ildentification Resource) database,
using the computer program FASTP. This program uses an
algorithm developed by Lipman and Pearson (1985) to

identify regions of similar sequence, then scores the

aligned identical and differing residues i those regions
by means of an amino acid replaceability matrix. An

I score calculated from the best sub-sequence

init
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gnment is used to rank sequences found in the database.

a

An optimized score, which allows for insertions and
deletions, is then calculated for sequences with high-

arities. Optimized scores of related

ranking si
sequences will often be more than double the initial score

while the scores remain much the same for unrelated

proteins. When the biological context of a potent

relationsh is unknown, an estimate of the statistical

significance, z. of a relationship is useful. Calculation
of z is as foilows:

larity score - mean of random scores)
standard deviation of random scores

z = (si

Random scores are generated by comparing the query
sequence with randomly permuted versions of the
potentially related sequence. Lipman and Pearson (1985)

suggested that a z value >3 indicates possible

biologically significant sequence s arity, z >6

probably significant and z >10 significant.

The results of the search conducted by van der
(1989) are reproduced in Table 5.1. The numbers in this

table represent z values calculated using the optimized

si larity scores. Table 5.1. clearly shows that only one

protein, ¢-complex polypeptide Ib (TCP-1b), consistently

scores >10 when compared with a number of cpn60 sequences.

We decided to investigate whether this protein might be a

cytosolic chaperonin. Keith Willison and Victoria Lewis,

members of a group that has studied the ¢-complex
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Table 5.1. Protein» relatad to the chaparonlna

N Z value
Protein
M M2 P1 P2 P3 P4 Ps cl c2 Cc3 Cc4
DNA directed RNA 5 S 4 7 7
polymerase
Myosin heaw chain 7

g

5

w

w

~

o~
©
8
©

30.S ribosomal 6 7 9
protein A

Apolipoprotcin 6 6 8 7
B 100 precursor

Cytochrome h 4 S 6 5

Fusion glycoprotein 9 10 10 7

Heat shock p70 4 6 3
(1rypjnoiom)

DNA K protein 6 4 S

z values calculated using optimized similarity scores (Lipman and
Pearson. 1985). z value >3 indicates possible biologically
significant sequence similarity, z >6 probably significant and z >10
significant. Chaperonins: MI. human mitochondrial; M2, yeast
mitochondria; PI. Mycobacterium leprae; P2, Mycobacterium
tuberculosis; P3. E. coli; P4, Coxi a burnetti; P5. Anacystis
nidutans; CIl. Ricinus communis plastid a; C2, Triticum aestivum
plastid a; C3 Brassica napus plastid o; C4, Brassica napus plastid B.

After van der Vies (1989).
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mammals for many years, kindly supplied us with monoclonal
antibodies that recognise a murine TCP-1 protein and
agreed to allow us to use these antibodies to search for a
TCP-1 homo logue in higher plants.

In the rest of this introductory section | shall briefly
outline the main features of the t-complex with particular

emphasis on TCP-1 and then describe why Pisum sativum was

chosen for this study.
5 1.1. The__¢-complex
Before entering into any description of the ¢-complex,
one should be aware that some of the terms commonly used

to describe the ¢-complex have meanings that differ from

the conventional defi ons. A gene complex or complex

genetic locus is usually defined as a cluster of two or

more closely nked and functionally related genes (see
Silver, 1985). The ¢-complex, however, does not represent
a particular family of genes and is only identified as
being the region of a chromosome that can be occupied by a
complete ¢-haplotype. A haplotype is usually defined as a
particular set of alleles present at closely linked (and
often functionally related) loci on any one chromosome

(see Silver, 1985). In contrast, the ¢-heplotype

rep-esents a variant region of the chromosome rather than

a set of al les (see Silver, 1985; see below).
The mouse ¢-complex has attracted the attention of

for some 60 years (see Silver, 1985). The
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study of the T-locus began with the detection of a
dominant mutation referred to as Brachyury (T) (see
Bennett, 1975). This spontaneous mutation produced short
tails in heterozygous mice and was shown to be lethal in
homozygotes (see Bennett, 1975). Shortly after the

discovery of T, it was shown that apparently normal mice

d origins had a gene that interacted

of two different wi

tially

ith T to produce a new phenotype, taillessness.

the genetics of the system appeared to be remarkably

imple. Tailless mice of any one stock bred true,

suggesting that taillessness was produced by a balanced
lethal system. In this system two allelic genes, one
dominant (TO and one recessive (t), each lethal when
homozygous, were responsible for the tailless condition.

ustrated below:

Such a system is

Parents T/t x T/t
Offspring T/T T/t t/t
(dead as tailless (dead as
embryos) embryos >

nteraction

This suggested a simple locus model for the
of these two mutations. There is indeed a well defined and

simple T-locus near the centromere on mouse chromosome 17

Silver, 1985). However, it soon became clear that the
t-haplotypes are not single-locus mutations.

A large body of evidence has shown that t-chromosomes

are variants of mouse chromosome 17 that exist natural

in wild mouse populations. The principal variation in t-
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chromosomes consists of at least four inversions spanning
approximately 30 Mb of DNA. It accounts for most of the
proximal one third of the chromosome, that s,
approximately 1IX of the mouse genome (Herrmann et a/.,
1987; Hammer et «/.. 1989). This region is known to

loci (Lyon efc a/., 1988) and

contain around 100 genet
includes the 7-locus as well as the entire major
histocompatibility complex and expresses pleiotropic
effects on tail length, fertility, embryogenesis, male
transmission ratio and meiotic recombination (Dunn and
Gluecksohn-Schoenheimer. 1950; see Gluecksohn Waelsch.
1989). Sequence comparison of Tcp-1e and Tcp-1* cDNAs and

n the

their introns indicated that t-haplotypes arose wit

ison efc a/.,

genus Mus one to two mi on years ago (
1986 ) .
The t—hap lotype appears to have maintained itself as a

we 11 defined genomic entity by suppression of

recombination along its length, and propagation of itself

through mouse populations by means of a male-speci

transmission ratio distortion (TRD) in its favour (Silver,
1985). The suppression of recombination appears to be the
result of a basic non-homology in the genomic organization
of the wild type and t-haplotype forms of chromosome 17
(Silver and Artzt, 1981). The TRD of heterozygous t/+
males results in the recovery of the t-bearing chromosome
among progeny in vast excess of the Mendelian expectation,
so that wild males that carry a complete t-haplotype will

-207-



transmit it to nearly all (often greater than 99%) of
their progeny (see Silver, 1985). Males doubly
heterozygous for complementing t-haplotypes are completely

lethals

sterile while homozygous animals are embryoni
(see Bennet, 1975). The unusual properties of the t
complex have generated so much interest that its area on
chromosome 17 has become "one of the most completely
analyzed regions of any mammalian chromosome™ (see
Gluecksohn Waelsch, 1989).

While the genetics of the t-complex have been studied
for over 60 years, it is only in the last 13 years that
any significant progress has been made in identifying
proteins specified by genes within the fc-complex. Since
the t-haplotype has profound effects on fertility and
causes the TRD, it was likely that a comparative analysis
of testicular cell proteins from wild-type and t-bearing

ce would identify fc-specific proteins. In the first

unambiguous analyses of this type, 2-dimensional gel
electrophoresis was used to identify a series of (-encoded
polypeptides (Silver et a/.. 1979; 1983). Silver efc al.
(1983) were able to identify at least nine fc-haplotype-
specific proteins which they named (-complex protein-1
(TCP-1) through to (-complex protein-9 (TCP-9). Today
these proteins are usually referred to as (-complex

polypeptides. To date, very little is known of the

biochemical and functional properties of these proteins.
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5.1.2. TCP-1I
TCP-1 1is by far the most intensively studied of the t-

identified in mice

complex polypeptides. It was in
as an abundant, testicular t-speclfic protein of Mr 63,000

ith an isoelectric point of pH 6.9 (Silver ct a/., 1979).

Cel from animals that did not carry a t-haplotype

expressed a slightly more basic, 0.03 pH units, form of

this protein (Silver et a/., 1979). These proteins are now

known as TCP-1A and TCP-1B respectively (Danska and

ver. 1980).
TCP-1 has been shown to be expressed in al I mouse cel 1

lines, tissues and developmental stages analyzed to date

(Silver et al., 1979; Silver and White, 1982; Nozakl at
.. 1986), ith the exception of two-cell embryos (Nozaki
at al., 1986) and mature sperm (Willison at al., 1989).

The highest 1level of expression is observed in testicular
cells (Silver at al., 1979). Dudley at al. (1984) have
used a Tcp-1 cDNA clone to demonstrate the appearance of
stable Tcp-1 transcripts throughout spermatogenesis, with
Tcp-1 mRNA levels reaching a peak of accumulation in

spermatids. The Jlevel of transcripts was shown to be 22.4

times higher in whole adult mouse testis RNA than in liver

RNA (Dudley at al.. 1984).

TCP—1 is a well conserved molecule. Tcp-1 DNA sequences
from mouse, Tcp-1- and Tcp-1*, (Willison at al., 1986),
human (Willison at al., 1987), Droaophila malanogaatar

(Urslc and Ganetxky, 1988) and S. caravlalaa (Ursic and
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Culbertson, 1991) have been determined, and shown to share
extensive identity at both the DNA and deduced amino acid
sequence level. Willison efc at. (1989) used bacterially
expressed TCP-IB to produce a panel of monoclonal
antibodies, which recognized TCP-1 homologues in both
somatic and germ cells from a large variety of vertebrate
species. The widespread distribution and strong
conservation of both the primary structure and antigenic
epitopes, strongly indicate that TCP-1 proteins are

required for an essential cellular function. The

demonstration that Tcp-1 is an essenti gene in S.

aa (Ursic and Culbertson, 1991), and the failure

carmvi

to identify viable mice homozygously deleted for the Tcp-1

gene ( ison et a/., 1989), have confirmed this view.
Identification of the sub-cellular location of TCP-1 has
proved to be somewhat difficult. Silver et al. (1979)

suggested that TCP-1 must be a cell surface protein, since

ted proteolysis of viable testicular cells caused

selective cleavage of TCP-1 relative to other cell

ternal. Subsequently the

proteins known to be
subcellular distribution of TCP-1 was examined in F9
teratocarcinoma cells and testicular cells (Silver and
White, 1982). Cells were fractionated into four
compartments (nuclear, mitochondrial, crude membrane
pellet and soluble cytoplasmic). This analysis revealed

the presence"of significant levels of TCP-1 in all

fractions and that there were stri ng differences in the
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distibution of TCP-1 in these cell lines (Silver and
White. 1982).

Although these results present a rather confusing

picture, ver and White (1982) suggested that a portion
of the extracellular matrix might be trapped into co-

The differences in distribution

purification with nuc
between the two cell lines are ascribed to fact that F9

teratocarcinoma cells do not have a well-defined

extracel ar matrix, while testicular cells have a highly
organized extrace llular matrix. It was suggested that the
extrace lar form of TCP-1 can thus be easily purified

away from the former type of matrix, but not the latter

ver and White (1982) went on to compare the

type. Si
extraction properties of TCP-1 under a variety of
treatments with those of proteins of known subcellular
location, and concluded that TCP-1 was indeed associated
with the cell surface matrix. The presence of 50% of TCP-1
in the F9 teratocarcinoma soluble cytoplasmic fraction is
largely passed over without comment, although they do
suggest that the nature of TCP-1 intra- and/or
intermolecular interactions might be under some form of
tissue-specific control.

ison et a/. (1989) used a bank of monoclonal

antibodies that recognise TCP-1 in an attempt to determine
its subcellular location. Both indirect immunofluorescence
and immunogold localization studies indicated that TCP-1

was peripherally associated with the cytoplasmic aspect of
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membranes of the trans-Gol network. Analysis of

microsomal and cytoso fractions prepared from
postnuclear supernatants demonstrated that, while most of
the TCP-1 was associated with the membrane fraction, 5-10%

was consistently found in the cytosolic fraction (Willison

et ml.. 1989). These workers also examined the subcel
distribution of TCP-1 in spermatids, and observed that

the

there appeared to be extensive alterations i
distribution of TCP-1 at different stages of development.
In early spermatids immunoflourescence was detected in

structures resembling the enlarged Gol apparatus

characteristic of these cells, as well as in a structure

close to the nucleus that was thought to be the pro-

acrosomal granule. This observation is interesting since
enlargement of the Golgi apparatus during the early

spermatid stages plays a key role in acrosome formation.
Furthermore, coated vesicles budding from the trans face

of the Golgi and fusing with the developing acrosome are

thought to convey the 1lytic enzymes that comprise the

acrosome content (see Willison et a/., 1989). W son et
ml. (1989) also observed that the distribution of TCP-1
was significantly altered in noninterphase cells. The

and

Go

apparatus is known to fragment during mitosi
this fragmentation can be reproduced experimentally by
treatment with the microtubule depolymerizing drug,
nocodazol. When cells were treated with this drug, the
distribution of TCP-1 was altered in a manner that
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suggested to the authors that TCP-1 associated with
membranes which are dependent on microtubules for their
perinuclear organization (Willison efc a/., 1989). The true

ignificance of this observation has recently become

be discussed at the end of t

apparent and wi s chapter.
Willison et a/. (1989) were consistently unable to

detect TCP-1 on the surface of tissue culture or germ

cells. The deduced amino acid sequence of TCP-1 reveals a

protein that lacks a signal sequence and is devoid of

hydrophobic domains (Willison et a/., 1986), and is thus

unlikely to be a secretory or integral membrane protei

Willison et at. (1989) were unable to reconcile their

results with the biochemical data suggesting that TCP-1 is

associated with the extracel lar matrix (Silver et al._,

1979; Silver and White. 1982). More recently Willison
(personal communication) has suggested that TCP-1 is

largely found in the cytosol, and that only a much smaller

proportion the protein is associated with the trans-Golgi

network. Wh localization studies have not given clear-
cut answers it is clear that at least a portion of the

TCP-1 prote located in the cytosol . We decided to

determine whether a homologue of this protein is present

in P. sativum.

5.1.3. Pjoyis matlyum ss. a te»t organism
The P. sativum plastid chaperonin was first identified
by Barraclough and Ellis (1980) in work carried out at the
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University of War

ick. This discovery was crucial in the
formulation of the molecular chaperone concept. In the
years since the discovery of this protein, considerable
expertise and knowledge has been gained regarding the
purification and biochemical properties of this protein.
P. sativum is easy to grow, purification of the plastid
chaperonin is relatively simple and antibodies to this

are availabl

protei . Thus, P. sativum appeared to be a

good model system to investigate the presence of a
putative cytosolic chaperonin in a photosynthetic

eukaryote.

Identlficetion of m putstive TCP-1 horoologue In
P. sativum

e without

This investigation would not have been possi
Keith Willison"s kind gift of TCP-1-specific monoclonal
antibodies. 91a is a monoclonal antibody that recognizes
an epitope residing between residues 306-492 of the murine

TCP-1 sequence, whi

e 84a recognizes a more C-terminal
epitope (Willison at a-., 1989). Both of these monoclonal
antibodies were used to probe proteins from several

sources (Fig. 5.2.1.). 1In these experiments a biotinylated

sheep anti-rat antibody/streptavi n detection system was

used. Controls in which the western blots were incubated
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in the absence of primary antibody, demonstrated that t

detection system non-specifically interacted with

polypeptide bands in all the preparations analyzed. Whi

this detection system was adequate for the detection of

c antigens the number of non-specific interactions

spec
was undesirable and also gave the developed blots an
untidy and confusing appearance. In later experiments (see
Figure 5.4.1.) a peroxidase-linked secondary antibody was
used for detection. This system is simpler, the blots
being developed after incubation with secondary antibody

instead of first being incubated with streptavidin. It is

also faster, it costs no more than the biotin/streptavidin

system and produces fewer non-specific interactions. Given
these observations 1 find it somewhat surprising that the

n system is used at all!

tin/streptavi

Probing with the 91a antibody and using the

n detection system clearly detected a

b

tin/streptavi

polypeptide of Mr 57,000 in a P. sativum total leaf

extract (F 5.2.1.). This polypeptide is slightly

smaller than the polypeptide detected in a mouse extract
and no such polypeptide was detected in bacterial,

mitochondrial or chloroplast extracts. 84a detected a

single band in a mouse extract and, surprisingly, a large

extract. This is

number of bands in a mouse mitochondr
presumably a result of the increased loading of

the total

proteins relative to those

mitochondr
extract. 84a also interacted weakly with several bands in
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P. sativum total and chloroplast extracts. However, none

of these bands corresponds to the one detected by 9la

the P. sativum total cell extract.

The results obtained with 91a indicated that there may
be a TCP-1 homo logue in P. sativum, and that this protein
is only detected in total cell extracts and is apparently
absent from mitochondrial and chloroplast extracts. These
observations are consistent with, but by no means proof
of. a cytosolic location of this protein. Attempts to
determine the subcellular location of this protein in P.
sativum cells were then made, using 9l1a as a probe. The
multiplicity of polypeptides detected in various extracts
using 84a as a probe suggested that this monoclonal would
not be suitable for use in immunocytochemical studies, and

no further work was done using this antibody.

Attempt» to dtttrmint the subcallular distribution of a
putatlvs p. sativum TCP-1 homolosue

The data presented above clearly demonstrated that 9la
detected a single protein in total P. sativum leaf
extracts, and that this protein did not appear to be

present in the chloroplasts of this tissue. It was

important in t ne the precise

study to deter

ar distribution of t To t

subcel s prote s end, pea

1®sf. root and anther preparations were studied in

immunogol localization experiments, using 9la as a probe.

tial experiments a low stringency method was used
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in which sections of gluteraldehyde-fixed plant material

mounted on electron icroscope grids were first blocked in

the presence of 3X <w/v) BSA, then incubated in the
presence of 9la for either 1 hour at room temperature or
16 hours at 4*>C was used. After washing, grids were
incubated in the presence of secondary antibody, 5 nm

go ld-labelled goat anti-rat 1gG, for 1 hour at room

temperature. After stai ng electron microscopy revealed

gold particles in most compartments of the cell, including

the chloroplasts. gure 5.3.1. shows typical results
obtained using leaf material. No gold particles were

lar

observed in the cell wall, vacuoles and intrace
spaces. Since the biochemical data presented in Section
5.2. had indicated that the putative TCP-1 homologue was
not present in chloroplasts, this result was treated with
some scepticism. On control grids incubated in the absence
of primary antibody, few if any gold particles were seen
in any one field (data not shown), indicating that 9la was

indeed mediating the binding of the secondary antibody.

These observations raised the possi ity that the
observed binding of 91a was non-specific.

This was investigated by varying the conditions under

which antibody binding took place. All of these conditions
involved the use of more stringent binding and washing
conditions, including conditions lIdentical to those used
for western blots. As the stringency of the binding and
washing conditions was increased, there was a general
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Figure 5.3.1. Attempted Immunogold locelleetlon of e putative

TCP-1 honwloKue 1In pee leavee

This figure contains two micrographs that show most
compartments of the P. sativum leaf cell. Sections were
incubated in the presence of 9ia (dilution 1 in 50) for 16

hours at (DC. Sections were then label led with secondary

antibody, 5 nm go label led goat anti-rat 1IgG . for 1 hour
at room temperature. Sections were negatively stained with

2% <w/v) uranyl acetate.

An electron-dense gold particle is highlighted with an
arrow in each micrograph. Cell components are identified

as foilows:

C = chloroplast
S = stroma
G * granum

M m mitochondrion

N = nucleus
NE = nuclear envelope
Ch = chromatin

cCw = cell well

L/P = lysosomes/peroxisomes
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reduction in the number of gold particles seen in any

field (data not shown). Under the most stringent

conditions, nding of secondary antibody was virtual

abolished, so that controls incubated in the absence of
9la were indistinguishable from those incubated in the
presence of 9l1la (data not shown).

These results indicated that the binding of 9l1la observed

under low stringency condi ons was non-specific and that
high stringency conditions abolished this binding.
Furthermore, the observation that 91a clearly recognizes
an SDS-denatured protein on western blots suggests that

the epitope recognized by 9la is buried in the native

protein and is thus inaccessible to this antibody.

Immunopréc tation of the native murine TCP-1 protein by

9l1a (Willison et al., 1989) indicates that i

this protein
the epitope recognized by 9la is present on the surface of
the protein. The significance of the difference between
the native putative P. sativum TCP-1 homologue and the
native murine protein 1is unknown. Whatever the reasons for

the non-specific binding of 9l1a to plant tissue, it was

clear that an unequivocal determination of the subce lar
location of the putative TCP-1 homologue would be
impossible using this antibody.

The results of this study also clearly demonstrated that

immunocytochemi cal data on their own must be treated with

extreme caution. |Immunogold localization techniques are a

powerful tool for studying the distribution of ind dual
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cellular proteins. However, thout supporting evidence

onal biochemical subcellular fractionation and

from trad
purification techniques, results obtained using this
particular methodology are of little, if any. value.
Attempts to establish the intracellular distribution of
the putative TCP-1 homo logue using the 91a monoclonal
antibody had failed. Therefore, the only way forward
appeared to be to attempt to purify this protein and then

produce antisera that would, hopefull recognise the

native form of this protein. This antiserum would then be
used to repeat the localization studies. It should be
noted that Willison et a/. (1989) have already attempted

to raise antibodies to the native murine TCP-1 protei

but these attempts were unsuccessf

Attampta to purify a putative TCP-1 homologue from the
leaves of PLeativua

In attempting to purify a putative TCP-1 homologue, a
single consideration has strongly influenced the strategy

used. Thi

is that the putative TCP-1 homologue is a

cytosolic chaperonin and thus might be expected to share
many features, particularly high native molecular weight,
with the known cpn60 proteins.

Two methods were used to prepare leaf extracts (see
2.9.1.2.). In the first method pea leaves (50 g) from 10
day old plants were harvested and ground in a pestle and

mortar in a small volume (20 ml) of TEMMO buffer
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and

containing 1 mM PMSF. After expression through musl

removal of cellular debris by centrifugation, this extract
was applied directly to an 8-28% (w/v) sucrose density
gradient. Initial results were promising. However, these
preparations were often contaminated with debris that

tended to peel off the walls of the centrifuge tubes

during fractionation (data not shown). Even after

centrifugation this material was almost imposs to
filter prior to column chromatography. This problem was
solved by subjecting the crude leaf extract to ammonium
sulphate precipitation. Figure 5.4.1. shows the results of
a series of ammonium sulphate fractionations. Clearly,

most of the putative TCP-1 homologue is contained i the

40-50% (of ammonium sulphate saturation) cut. In
subsequent experiments a fairly broad cut, 25-60%, was
used. The material from such a cut contained relatively

little cellular debris and was easi

y filtered after SDGC.
Preparations conducted in this manner are referred to as
grind preparations.

The grind preparation method was, however, not suitable

for large scale (>200 g) leaf extract preparations. The

main reason for this was that considerable physical
strength was required to grind the pea leaves to a smooth
paste. It soon became apparent that such a procedure was
time-consuming, physically demanding and, for the latter
reason, could not easily be repeated by other researchers.

For these reasons a different approach was taken: leaves
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(usually 500 g) were homogenized in a large volume of

TEMMO buffer in a Polytron blender. The leaf extract was

then treated in the same way as extracts from grind

preparetions. This second method of preparation is
referred to as a blender preparation.

Figure 5.4.2. shows the results of an analysis of a pea
leaf extract prepared by the grind method. Fractions from
sucrose density gradients were analysed by SDS-PAGE,
followed by western blot analysis using 9la as the primary
antibody. This analysis clearly demonstrated that the
putative TCP-1 homologue sediments slightly faster than
the Rubisco peak. The distribution of the putative TCP-1

lar to that of

homologue relative to Rubisco is very si
Rs cpn60 relative to R. sphaeroides Rubisco in SDGC
fractionated cell-free extracts of R. sphaaroidas (see

its native form, the putative

Figure 3.3.2.). Thus, i
TCP-1 homologue is a component of a multimeric complex
which is approximately the same size as the Rs cpn60
native protein. Two other bands of higher and Ilower
molecular weight than the putative TCP-1 homologue were
detected. These bands were not detected consistently, from
batch to batch of peroxidase-1linked antibody. However,
control blots indicated that this binding was non-specific

(data not shown).

Will Ison efc al. (1989) had suggested that the murine
TCP-1 protein was rather labile under various extraction
conditions. The stability of the putative TCP-1 homologue
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Figure 5.4.2. Analv i» of P. wtivua laaf axtract fr«ctlon>t»d
by contlnuou» «ucroM density gradient

centrifusati on
135709 11 1315 17 19 21 23 25 27

Mr x 10-3

94 -»

Putativa
TCP-1
homologue

Putative
TCP-1
homologue
Rubisco
Lsu

1 ml fractions from a continuous sucrose gradient were collected.
20 )il aliquots were resolved in 10% SDS-polyacrylamide gels <T =
10.1%, C * 1%). Tracks are numbered by gradient fraction, the bottom
of the gradient being fraction 1

A. Western blot probed with 9la (1:500 ution) and intnunoreactive
bands detected using peroxidase-linked anti-rat Ig.

B. Coomassie-stained gel.
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was tested by incubating aliquots of pooled sucrose
gradient fractions at 18DC, in the presence of a variety
of protease inhibitors recommended for use during
isolation of plastid proteins (Gray. 1982). The inhibitors

used and their target proteases are listed below:

Protease inhibitor Target protease
Phenylmethyl sulphony I fluoride Serine proteases
(PMSF) and thiol proteases
Mercuric chloride (HgCl2> Th prot<
Diazoacetyl nor-leucine methyl Carboxyl proti

ester (DAN) + Cu»*

Ethylenediaminetetra-acetic ac Meta llo-proteases
(EDTA).

The pooled sucrose gradient fractions were prepared i

TEMM buf fer (see 2.4.4.). Normal leaf extracts were

prepared in TEMM contai ng 2-mercaptoethanol (TEMM8). The

poss ty that the 2-mercaptoethanol might activate

thiol proteases was investigated by incubation in the

presence of this reagent. Another aliquot was incubated in

the presence of added magnesium since Wil 1lson had

suggested that added magnesium, ight aid in the
purification of TCP-1 (Willison, personal communication).
A control sample was boiled in solubilization buffer at

the start of the experiment.

igure 5.4.3. shows the results of these stability

studies. It should be noted that the material used in this
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Figur« 5.4.3. Stab

ty of th> P. MMMWMput«tiv Tcp-i
homo logue

1 day 2 days
1234567012345¢67

Putative
TCP-1
homologue

Putative
TCP-1
homologue

Pooled sucrose density gradient fractions were incubated in the
presence of various protease inhibitors for the times noted. Track 1,
I mM PMSF; 2, 5 mM HgCl2 . 3. 5 mM DAN + 5 mM copper (Il) acetate; 4.
10 mM EDTA; 5. 50 mM MgSO#; 6. 50 mM 2-mercaptoethanol ; 7, no
addition; Con = control sample boiled in solubilization buffer at the
start of the experiment. 10 [d aliquots were resolved in 10% SDS-
polyacry lamide gels <T * 10.1%, C = 1% and western blotted onto
nitrocellulose membranes. Blots were probed with 91a (1:500 dilution)
and iimunoreact ive bands detected using peroxidase-linked anti-rat

8 -
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experiment had already been exposed to PMSF during
preparation of the leaf extract. No significant
degradation of the putative TCP-1 homo logue occurred in
any of the samples during the first two days of
incubation. After four days, the aliquot containing
DAN/Cu2* appeared to contain significantly less of the
putative TCP-1 homo logue relative to the control sample.
After nine days, barely any TCP-1 homologue could be

detected in the aliquots containing added DAN/Cu2* or

MgSO«. The aliquot conta ng 2-mercaptoethanol produced

al

weak signal relative to the control, wh quots

ional EDTA were

containing HgCl12 . additional PMSF or addi

lar to the control. No degradation products were

very si
detected in any of the incubations. However, it is qui e
possible that higher protein loadings may have revealed
the presence of such products. Interestingly, aliquots

that were incubated in the presence of HgC1l2 appeared to

contain a lower mob ity species of the TCP-1 homologue.

Since the higher mobility species seen in all the other

incubations is not present, it 1is poss e that HgC12

inhibits a protease that is activated during sample

s reduces

preparation or that inding of HgCl2 to th

ity of the polypeptide. There is no evidence that
this protease, should it exist, 1is active under normal

ions. In view of these observations no

ication condi

a

protease inhibitors, other than PMSF, were included in the

extraction buffar, and no protaasa Inhibitors were
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included in subsequent purification steps.

Having demonstrated that the putative TCP-1 homologue

had si lar characteristics to Rs cpn60 during the tial

stages of purification, it was decided to continue the

ication in the same manner as used for Rs cpn60

puri

ication. Thus, pooled fractions from sucrose density

puri
gradients were then subjected to anion exchange
chromatography on a Mono Q column. Figure 5.4.4. shows the
western blot analysis of fractions eluted from the Mono Q
column. The putative TCP-1 homologue eluted from the

column on the shoulder of the Rubisco peak at a NaCl

concentration of approximately 370 mM. Again t

scent of the Rs cpn60. When fractions

behaviour 1is rem
from the Mono Q column were resolved in a 4-30% native
polyacrylamide gel (Fig. 5.4.5.), a number of high
molecular weight protein bands of relatively low abundance
were detected on the edge of the Rubisco peak. These bands
were considered to be likely candidates for a putative

TCP-1 homologue containing native protein

Several attempts were made to identify which of these

proteins, if any, might contai the putative TCP-1
homologue. This was done by excising bands from unstained
native gels and then analysing them in SDS-polyacrylamide

. Unfortunately,

gels, followed by western blot analysi

ed to reveal the presence of the putative

this method fai

TCP-1 homologue in any of these bands (data not shown).

This failure was not taken to mean that this polypeptide
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Figure 5.4.4. Fractlonatlon_of pool ad P. aatlvum me r o««

don».Ity gradi ant material by lon «xchingt,

Mono Q. chromatograp hy

10 20 30 40 50
Fraction number

24 25 26 27 28 29 30 31 32 33 34 35 36 37

66
Putative
*TCP-1
homologue

45
36 »
142”7
A. Elution profi Column flow rete of 0.5 ml/i -
1ml. The NeCl gradient was developed as shown. Tot
35 mg.
B. aliquots were resolved in 10X SDS-polyacryl amide gels
(T = 10. c = IX) and western lotted onto nitrocel
membranes . Blots were probed with 9la (1:500 dilution) and
1g.

immunoreac tive bands detected using peroxidase-1 inked anti-rat

-230-






definitely was not present in any of these bands, since
the resolution of polypeptides after this type of analysis
was very poor and the putative TCP-1 homologue might have
smeared down the gel to such an extent that it escaped
detect ion .

An abundant species of Mr 670,000 that was reasonably
well separated from the Rublsco peak was thought to be the
plastid cpn60. In separate experiments western blot
analysis of Mono Q fractions from the shoulder of the
Rubisco peak across the presumed plastid cpn60 peak was
performed. Figure 5.4.6. shows the results of such an

analysis after blots had been probed with 9la and anti-

plastid chaperonin. The anti lastid chaperoni polyclonal

antibody predominantly detects two major proteins of Mr
58,000 and 57,000. These proteins represent the a and 8
subunits respectively of the native plastid chaperonin
(Musgrove efc a/., 1987). The blots clearly demonstrate
that 91a does not cross-react with the plastid chaperonin,
thus confirming and extending the observation that 9la
does not recognise the chloroplast protein (see Fig.
5.2.1.). However, the possibilty that 9la is recognizing a

chaperonin or other protein from another membrane-bound

organe , for example the mitochondrion, cannot be
excluded at this stage. Again the observed properties of
the putative TCP-1 homologue appeared to be very similar
to those of a chaperonin, in this case the plastid

chaperonin .
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Figure 5.4.6. Selected Mono Q fractions probed with 9le end

P. »«tlvum entl-plaet id cheperonin

91A _ AMTI-cpn60

13
21 22 2324 25 26 0 21 22 2324 25 26

18.4-"

Fractions were resolved in 10* SDS-pol yacrylamide gels (T = 10. IX,
C = 1*> and western blotted onto nitrocellulose membranes. Blots were
probed with 9la <1:500 dilution) or P. sativum anti-plastid
chaperonin (1:1000) ution. Immunoreactive bands were detected
using peroxidase-1 inked anti-rat lg and peroxidase-linked anti-rabbit
Ig respectively. Tracks are numbered by fraction number, CMW
coloured molecular weight markers (BRL). P. sativum anti
chaperonin was the kind gift of Dr Saskia van der Vies.
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When the putative TCP-1 homo logue-conta ng fractions

were pooled, ted two-fold and subjected to a second

bout of anion exchange chromatography, the protein of

interest st e

ted with the Rubisco peak even though a
step, designed to elute the Rubisco peak alone, was

included in the gradient (F

. 5.4.7.). 1t was hoped that
alteration of the NaCl gradient parameters would allow the
putative TCP-1 peak to be separated from the Rubisco peak.
Flattening the gradient did not achieve any significant
improvement. Attempts to introduce a step in the gradient
that would elute the Rubisco peak first followed by the
putative TCP-1 homo logue on restarting the gradient also

failed (data not shown).

Further purification of the putative TCP-1 homologue

It was obvious from these tial steps that

purification of the putative TCP-1 homologue was going to

be more difficult than purification of either the plastid

chaperonin or the Rs cpn60 protein. The mai problem to be
overcome was to separate the putative TCP-1 homo lgue from
the Rubisco protein.

A number of other chromatographic techniques were used

in attempts to attain this goal. Amicon dye-affinity

usefulness in

columns were screened for their potent
purifying the putative TCP-1 homologue (data not shown).
Of these columns, the Green A matrix appeared to most
promising. Figure 5.5.1. shows the fractionation of pooled
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Figure 5.4.7. Froctlonot lon of poolod P. mmtiwis Mono Q

fraction« by = second round of ion exchange,

Wyl

A. Elution profile. Column flow rete of 0.5 ml/min. Fraction size

Iml

B. 20 |[il fractions were resolved in 10% SDS-po lyacry lamide gels
<T = 10.1%, c = 1% and western blotted onto itrocellulose
membranes . Blots were probed with 9la (1:500 and

immunoreactive bands detected using peroxidase-1 inked ant
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Figure 5.5.1. Fractionation of pooled F{Sativum sucrose
density »radiant material by dye-ligand,

Graan A. afflnlty chromatography

A. Elution profile. Column flow rate of 2 ml/min. Fraction size
2.5 ml. Total protein loaded 160 mg.

aliquots were resolved in 10* SDS-pol yacry lamide gels
. c * IX) and western blotted onto
membranes. Blots were probed with 9la (1:500
iimunoreactive bands detected using peroxidase-1 inked ant
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on a Green A column.

sucrose density gradient materi
This matrix appeared to bind very few proteins other than
Rubisco and the putative TCP-1 homo logue. However, once
again, the putative TCP-1 homo logue eluted as a shoulder
on the Rubisco peak. Although Rubisco was present, this
treatment represented a substantial purification step and
use of the Green A column was further investigated. Again,
attempts to separate the putative TCP-1 homo logue from the
Rubisco peak by varying gradient parameters were
unsuccessful (data not shown).

The most promising way to remove the Rubisco appeared to

be by affinity chromatography, using anti-Rubisco cross-

linked to a suitable matri It seemed likely that any

polyclonal antisera raised against the P. sativum Rubisco

would not be suitable for this purpose, since the antigen
used to raise such antisera would almost certainly be
contaminated with the putative TCP-1 homologue protein. A
monoclonal antibody raised against the P. sativum Rubisco
protein appeared to be the ideal solution to this problem.
Unfortunately no such antibody was at hand and time
constraints did not permit the production of a bank of

anti-P. sativum Rubisco antibodies. Alfred Keys of the

Rothamstead plant research institute was kind enough to
provide a sample of a Sepharose-linked anti-wheat Rubisco
monoclonal antibody. However, when the relevant fractions
obtained from Green A chromatography were pooled and
applied to the Rubisco affinity column, no binding of the
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Rublsco could be detected at all (data not shown). This
appeared to indicate that the affinity column carried a
monoclonal that did not recognise the P. sativum Rubisco.
No further work was done with this antibody.

Another approach to the Rubisco problem was to reduce

the amount of Rubisco in the starting materi . This was
achieved by growing peas in the dark for seven days. The
etiolated peas were then harvested by removal of the
leaves and the stem material was treated by the blender
method of extract preparation. Extracts prepared in this
way were fractionated by sucrose density gradient
centrifugation and the appropriate fractions analysed on a
Mono Q column. Figure 5.5.2. shows the western blot
analysis of pooled fractions retained after sucrose
density gradient centrifugation and Mono Q chromatography.
Although the quantity of Rubisco in these extracts was
greatly reduced, this method of preparation did not appear

is was that so

to be promising. The main reason for t
little material was recovered from the ground-up stems;

was harvested from six trays of

only 350 g stem materi
peas. After sucrose density gradient centrifugation,
approximately 44 mg of material was collected. The
putative TCP-1 homo logue was then further purified by FPLC
Mono Q chromatography. Peak fractions were pooled,

tation, and

concentrated by ammonium sulphate preci
resuspended in 0.6 ml buffer. When 25 pi of this material
was subjected to western blot analysis, an immunoreactiv«
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gur* 5.5.2. Atfpfd purification Pf thi ivum putrtlv,

TCP-1 hpmolo*uf frora root-t

Putative
TCP-1
homologue

Polypeptides were resolved in 10*  SDS-pol y«cry l«mi de gels
(T = 10.1», ¢ * 1. Treck 1, pooled sucrose density gradient
material from leef (12.5 »al>; 2. pooled sucrose density gradient
material from root (25 pi); 3. pooled Mono Q fractions from root
25 pi).
¢ A.p C)oomassia—atained gel

B «astern blot probed with 9la (1:500 dilution) and immunoreact

bands detected using peroxidase-linked anti-rat Ig.
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band could be detected but the quantity of protein in this

band was so low that it was not possi e to identify the

ds of

corresponding band in a stained gel. Such low y

combined with the

only partially purified protei
difficulty of growing etiolated peas (these were often

contaminated with fungi and large amounts of the starting
material had to be discarded), led to the abandonment of

s line of investigation.

It seemed obvious from the preceding results that the
putative TCP-1 homologue was not a very abundant protein
in extracts of P. sativum. This in itself was somewhat
worrying since bacterial and organellar chaperonins are
characteristically abundant proteins. 1In an attempt to
produce enough of the TCP-1 homologue to at Jleast attain
an N-terminal sequence, it was decided to use far greater

I for these

amounts of pea leaves as the starting materi
purifications. In such experiments, 500 g of pea leaves
was harvested and processed using the blender method. The
material gathered after ammonium sulphate precipitation
was dialysed overnight against grind buffer and then
loaded onto eight standard sucrose gradients (see
2.9.2.2.). After centrifugation the gradients were
fractionated as usual and. after filtration, the TCP-1
homo logue-containing material was Jloaded onto a HilLoad
(26/10) Q Sepharose High Performance column (2.9.3. 1.).
Material was eluted from the column by developing a
similar salt gradient to that used for elution from Mono Q
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columns. Fractions were analysed by western blot analysis
(Figure 5.5.3.). This type of gradient on the HiLoad Q
column appeared to give a slightly better resolution than
that obtained with the Mono Q column. In particular, the
resolution of the putative TCP-1/Rubisco peak from the
plastid chaperonin peak was considerably improved. This

ited in the preparation of

latter property has been expl
very high purity plastid chaperonin protein (Linda Barnet,
personal communication).

The fractions containing the putative TCP-1 homologue
were pooled, ammonium sulphate precipitated and
resuspended in 20 mM Tris-HCI pH 7.5. This material was
then subjected to chromatography on a variety of columns,
including Green A, Mono Q and S-400 (size exclusion).
Regardless of the nature of the second column used the
subsequent recovery of the putative TCP-1 homologue was
either much lower than expected or, in the case of the S-

I could be detected

400 column, no immunoreactive mater
at all (data not shown). These observations indicated that
something was happening to the native protein during the
purification. Since previous results had suggested that
the polypeptide was reasonably stable (see Fig. 5.4.3.),

kely change was the

it was thought that the most |
dissociation of the native protein into lower molecular
weight forms with different chromatographic properties.
Previous attempts at western blot analysis of sucrose
density gradient fractions resolved in native gels had not
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Figure 5.5.3. Fractionation of poolad P. sativum sucrose
danalty gradient fractions by lon exchange,

HlLoad Q, chromatography

10 20 30 40 50 60 70
Fraction number

R 28 30 32 34 36 38 40 42 44 46 48 50 52

WYy

A. Elution profile. Column flow rat* of 10 ml/min. Fraction size

15 ml. The NaCl gradient was developed as shown. Total prot loaded
800 mg.

B. 25 pi fractions were resolved in 10X SDS-polyacrylamide gels
<T * 10.1X, C = IX) and western tted onto nitrocellulose
membranes. Blots were probed with a (1:500 dilution) and

insnunoreactlve bands detected using peroxidase-1 inked anti-rat Ig.
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revealed the presence of any immunoreactive mater
appeared to confirm the view gained from immunogold

studies that 9la does not cross-read with the native form

of the putative TCP-1 homologue. The possi lity that the
native form was dissociating was investigated by western
blot analysis of HiLoad Q anion exchange fractions
resolved in non-denaturing polyacrylamide gels. This
analysis clearly shows the appearance of a number of
immunoreactive bands after anion exchange chromatography,
while none were detected after the initial SDGC

fractionation <Fig. 5.5.4.). Western blot analysis of SDGC

fractions resolved in SDS-polyacryl amide gels (F

5.4.2.) had indicated that the putative TCP-1 homologue

was present in a high molecular weight complex. Thi
analysis did not reveal the presence of any significant

in forms of lower

amounts of immunoreactive mater
molecular weight than Rubisco. After anion exchange
chromatography these, Jlower molecular weight complexes
were observed, indicating that this procedure either
enriches previously undetected lower molecular weight
species or causes the dissociation of the native complex.
The failure of 9la to detect any of the putative TCP-1
homologue in immunogold localization experiments (see
Section 5.3.) indicates that the lower molecular weight
forms, detectable by 9l1a in western blot analyses, do not
occur naturally, and that their appearance is a direct
consequence of the chromatographic technique used.
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Figure 5.5.4. Western blot enelyele of _|

irllelly purified

putetlve TCP-1 homolopus resolved In e native

«ai
1 2

Mr x 10'3

669— »

440

232

140— »

67— »

P. sativum leaf extracts were fractionated by sucrose density

gradient centrifugation, and then by ion exchange. Mono  Q,
chromatography. Fractions containing the putative TCP-1 homologue
were pooled in each case. Track 1, 50 tl pooled Mono Q material 2,
50 pi pooled sucrose gradient material. Proteins were resolved in 4-
30* native polyacrylamide gels and western blotted onto

nitrocellulose membranes. Blots were probed with 91a (1:500 dilution)
and immunoreactive bands detected using peroxidase-linked anti-rat
e
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Presumably the salt required to elute the TCP-1 protein
from the column caused the dissociation of the naturally
occuring complex. It does not seem likely, however, that

an increase ionic strength alone can be responsible for

this dissociation, since a complex conta ing the putative
TCP-i homo logue did not appear to be dissociated after

tation (see 5.4.1.).

ammonium sulphate prec

It was thought that an increase in the hydrophobici ty of
the elution buffers might stabilize the protein. To this
end. several runs were conducted in the presence of 10X
(v/v) ethylene glycol. This procedure did not, however,
improve the recovery of the putative TCP-1 homologue (data
not shown). Willison (personal communication) had

suggested that the addi on of magnesium might facilitate

cation of a TCP-1 homologue. A series of

the pur
experiments were conducted in which magnesium was added to
the elution buffers at variety of concentrations. Again no
noticeable improvement in recovery of the protein was
noted, although it seems possible that an impairment of
the column®s binding properties might be at least in part
responsible for this result. Unfortunately time did not
permit a repeat series of these experiments. The inclusion
of Triton X-100 in buffers was also investigated, again
without achieving any noticeable improvements (data not

shown).
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5.6.

Conclusion»

The main objectives of this part of the research, to
purify a putative TCP-1 homologue from P. sativum and
determine its subcellular location, have not been
achieved. In the attempt to realize these aims, several

properties of the putative TCP-1 homologue have been

identified.

The putative TCP-1 homologue was shown to be a component
of a high molecular weight complex which sediments in
sucrose gradients in a manner similar to that observed for

the P. sativum plastid chaperonin and the R. sphaaroidas

. The complex also eluted from ion exchange

chaperoni
columns (Mono Q and HiLoad Q> at a sodium chloride
concentration (about 370 mM> similar to that required for

the course of

elution of other chaperonins prepared
this study. These include the pea plastid chaperonin, the

(Rs cpn60> and the E. coli

R. sphaaroidas chaperoni
chaperonin (GroEL). Thus the gross physical features of
the complex, molecular weight and net charge of the native

protei were similar to those expected for a chaperonin-

type molecule. It was tially thought that it would be
quite simple to purify this protein sufficiently to obtain
sequence and structural data. This has not turned out to
be the case. Two major problems were encountered while
trying to purify this protein. Firstly, the putative TCP-1

ication

ied with Rubisco in every puri

homologue co-pur
technique used. Secondly, it became apparent at a fairly
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late stage in the study that the native protein appeared
to dissociate into smaller multimeric forms upon elution
from ion exchange columns. Attempts were made to stabilize
the native form but unfortunately none of these appeared
to be successful.

A major drawback has been the failure of the 91a
monoclonal antibody to recognise the native protein. An
antibody that did recognize the native protein would have
permitted the identification of the complex on native
gels- This in turn might have allowed the amount and

to be quantified. It

ion of the protei

subunit composi

would almost certainly have allowed the subcel lar
distribution of the putative TCP-1 homo logue to be
determined. This was also a major aim of the work

undertaken, since the interest in the TCP-1 protein was

tially stimulated by the thought that it might

represent an example of a cytosolic chaperonin. Given what
is known of the functions of the prokaryotic and
organeliar chaperonins, it seemed strange that no

cytosolic homo logue had been identified. The quest for a

cytosolic chaperonin is of fundamental ogical
significance. Failure to find a cytoslic chaperonin would

pose fundamental questions about protein folding in the

cytosol, and indeed about the presumed role in prote

folding of the chaperonins in prokaryotes and organelles.

At the same time, the detection of a cytosolic chaperoni
like molecule with limited sequence similarity to the
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known chaperonins might have revealed important

cance of

information regarding the functional signi
various parts of the native protein.

Although it has not been possible to demonstrate that

the P . sativum putative TCP-1 homologue was a cytoso
chaperonin. several recent reports have tended to support
the idea that TCP-1 may indeed be a cytosolic chaperonin.
There are several lines of evidence suggesting that
components of the archaebacteria are evolutionarily
related to proteins in the eukaryotic cytosol (Dahlmann,
at al., 1989; Ilwabe et a/., 1989; Auer at a!-- 1989).
Gupta (1990) had postulated that the divergence of TCP-1
from the cpn60 group of proteins suggested that TCP-1 may
have directly descended from a universal ancestor (or
progenote) via the eukaryotic lineage.

Proteins antigenical ly related to the cpn60s have been
detected in archaebacteria (Thole efc a/.. 1988), but until
recently nothing was known of the structure and primary
amino acid sequence of these proteins. Phipps at al.

isolated from an

(1991) have described a protei
archaebacterium, the hyperthermophile Pyrodictium
occultum, which, 1like the cpn60s, 1is a large cylindrical
protein that exhibits an ATPase activity. This protein is
composed of equimolar amounts of two polypeptides of Mr
56,000 and 59,000. The ATPase activity of this protein is

extremely stable and has a temperature optimum of 1000C.

lar

Like the cpn60s, this complex is a major cel
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component and selectively accumulates in cells after heat
shock (Phipps et a/., 1991). Unlike the cpn60s, this
protein complex appears to have an eight-fold axis of
symmetry. Antiserum against the P. occul tum protein was
shown to react with polypeptides of similar size in a wide
range of archaebacteria, as well as two proteins in E.
coli. However, no cross-reaction with proteins from a

yeast cell extract was detected, and this report makes no

mention of the protein poss y being related to the TCP-t
prote in .

More recently, Trent et al. (1991) have presented
evidence that a major heat shock protein isolated from

thermophilic archaebacteriurn Sulfolobus shibatae is

related to TCP-1. This protein, referred to as TF55

(thermoph factor 55), was shown to be composed of a
single Mr 55,000 polypeptide, and to have a similar
double-ring structure to the cpn60s and the P. occultum

- However, in this case most end views of the

prote
protein had nine-fold symmetry, while a few views with
eight-fold symmetry were also seen. This group went on to

demonstrate that the TF55 protein complex is an ATPase

ar to that reported for the

with an acti ty very s

(Trent et al., 1991). Most important they

GroEL protei

were able to demonstrate that the native TF55 protei
could bind to unfolded proteins, although the discharge of
the substrate proteins in an activa form was not
demonstrated. So far no relationship between the TF55
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protein and that isolated from P. occultum has been

demonstrated. However, given what is known of the

structure and enzymatic act ies of these proteins, it
would be somewhat surprising if they turned out to be
unrelated.

The progress made regarding a potential archaebacterial

ilar to the cpn60s, ha

TCP-1 homologue with properties si

been matched by recent developments in the eukaryotic

field. The TCP-1 homologue from S. cereviaiaa has been
shown to share 72% amino acid sequence identity with the
mouse protein (Ursic and Ganetzky, 1988). A cold-impaired

the yeast

recessive mutation, tcp-1-1, was constructed i

gene. Cells carrying this mutation were shown to grow

linearly rather than exponentially at the restrictive
temperature (1500 (Ursic and Culbertson, 1991). Further

is mutation

analysis of the phenotypic effects of t

demonstrated that both mullinucleate and anucleate cel
accumulated with time at the restrictive temperature, and
that these cells were more sensitive to drugs which

inhibited microtubule polymerization than were the wild

type. lIndirect immunofluorescence with «-tubulin-specific
antibodies revealed that abnormal microtubular structures
accumulated when cells were grown at the restrictive
temperature (Ursic and Culbertson, 1991). The clear
implication from these studies is that the TCP-1 protein
plays a role in microtubule-mediated processes.

These observations have been strongly supported and
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expanded upon in a recent report from Yaffe et a/. (1992).
This group examined the biogenesis of or- and 2-tubulin in
rabbit reticulocyte lysates, observing that newly

n subunits entered a 900 kD complex in a

synthesized tubu
protease-sensitive conformation. The 900 kD complex was
shown to be composed of a major species of 58 kD as well
as several other minor species of approximately the same

ze. The 58 kD species was shown to cross-react strongly

with 91a, the monoclonal antibody used in this study. 9la

th the TF55 protei (yaffe et

teract

did not, however,

1992). Yaffe et at. (1992) also demonstrated that the

or- and 8-tubulin subunits could be discharged from the 900
kD complex by the addition of MgATP, but not by

nonhydro lyzable analogues. They have also presented
evidence that these proteins are discharged from the
complex in an assembly-competent form. Yaffe et al. (1992)
reported that these in vitro observations will soon be
supported by data gathered from in vivo experiments which

also demonstrate an association between the 900 kD complex

and newly translated tubu . Finally, Yaffe et al. (1992)
have claimed to have preliminary data suggesting that the

TCP-1 complex associates with other newly synthesized

proteins besides tubu
These new studies on eukaryotic TCP-1 homologues
strongly support the argument that this protein is a

- However, structural information

cytosolic chaperon
about the native TCP-1 proteins is still rather scanty.
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Lewis et al. (1992) have purified mouse TCP-1 contai ng

prote complex, and have suggested that in the native

state, TCP-1 is associated with at least four other
unidentified proteins of about the same size as the TCP-1
polypeptide, and with two members of the hsp70 family.

Lewi at al. (1992) have argued that the hsp70 proteins

teract directly with the TCP-1 complex in vivo but

ight
are not part of the complex itself. The other proteins
associated with the TCP-1 protein have been dubbed TAPs
(TCP-1 associated polypeptides) and Lewis at al. (1992)
suggest that the possible protein folding capability of

the TCP-1-containing complex may be regulated in part by

their unique associations with other polypeptides. If it

does transpire that there is a family of TCP-1-containing
complexes whose subunit compositions determine their

ties, this will pose intriguing

substrate specif
questions about the manner in which these proteins

recognise different, presumably unfolded, substrates.

Electron microscopy of the purified TCP-1l-containing
protein(s) revealed the now familiar, stacked ring
structure. Top views indicated that the subunits were
arranged in rings of eight or nine subunits and most
closely resembled the putative TCP-1 homologues discussed
above, rather the cpn60 proteins.

The widespread cytosolic occurrance of TCP-1 homologues
in eukaryotic cells and the emerging consensus regarding
their role in protein folding, indicates that there is
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likely to be a TCP-1 homo logue in the cytosol of higher

plants. The gross physical characteristics of the protei
that 1 have attempted to purify in this study would seem
to indicate that this protein is indeed a TCP-1 homologue.
However, it does appear that there might be significant

fferences between t protein and the other TCP-1

homo logues so far described. The basic purification
protocols used in all the studies discussed above involved
sucrose and/or glycerol gradient centrifugation, followed
by ion exchange chromatography. In none of these studies
was there any indication of fundamental instability of the
complex during purification.

The way forward in the purification of the putative TCP-
1 homologue from P. sativum is far from clear. If the

ight be

ty problem cannot be overcome, it

instab

itation

possible to purify the protein by immune preci
using one of the antibodies, excepting 9la, used in the
above studies. On the other hand, more information might
be gathered by attempting to clone a TCP-1 homologue gene
from P. sativum, or perhaps by using a cDNA to express the

protei in E. coli to construct a bank of monoclonal

antibodies that might be useful for purification.
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6.

1.

Chapter 0

iscussion and Conclusions

Overview

The chaperoning are a class of sequence-related protein
belonging to the molecular chaperone family. The members
of this family are thought to function by preventing

improper interactions taking place between partia

folded and unfolded proteins. Chaperonins have been

identified in all the eubacteria and membrane-bound

organelles so far studied and have been shown to be
essential for cell viability (Fayet et a/., 1988). Given

that the chaperonins show such high sequence similarity

and appear to be so important in modulating protei

folding, it was somewhat mysterious that no cytosol
homologue of these proteins has been identified in
eukaryotes.

In this study two subjects have been investigated. The

ed the identification of and further

first topic enta

studies on a GroEL <cpn60) homologue i

the purple non-
sulphur bacterium R. sphaaroidas. The second topic has

concerned attempts to identify and purify a putative

cytosolic chaperonin from P. sativum. After summari ng
the work conducted in the experimental sections I will

consider the possible modes of actions of the chaperonins

Finally, 1w briefly discuss experimental strategies
for carrying this work forward.
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*e ldentification and eh>r«cttrintlon of >n

R-_ephmaroidma conCco protaln

The cpn60 proteins have a characteristic tetradecameric
structure composed of two stacked rings of seven subunits
each. Besides having a high molecular weight, typically
about 800,000 kD, they are also very abundant proteins;
usually about IX of total cell protein under normal growth
conditions. Native gel analysis of R. sphaeroides cell-
free extracts revealed the presence of just such a
protein. This protein was purified using a combination of
size fractionation and anion exchange chromatography. The

has an Mr of 670,000, as

purified native protei
determined by native-PAGE, and was shown to be composed of
a single polypeptide of Mr 58,000, as determined by SDS-

PAGE. N-terminal sequence of this polypeptide was shown to

be identical to the E. coli GroEL polypeptide at 15 of the

19 positions determined. Antisera raised against this
polypeptide were shown to cross-react with both the GroEL

and pea plastid chaperonins.

Structural analysis of the part y purified native

protein was conducted in collaboration with Helen Saib
and coworkers of Birkbeck College, London. Electron

micrographs of protein preparations clearly showed the
seven-fold symmetry that is characteristic of “top”™ views

de” views, 1in common with other

of the chaperonins.
chaperonins, have a rectangular appearance with four
equally spaced, approximately equally dense, transverse
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striations. These views are consistent with a cylindrical
shape for the protein. This cylinder is approximately 12
nm in diameter and about 9 nm in height. |Image processing
of electron microscope images has enhanced the resolution
such that structural features as small as 20 A across can

teresting

be visualized. This treatment revealed several
features. An outer ring of seven e lectron-dense areas
corresponds to the points of the seven-fold structure.

w this ring are another seven, smaller, electron-

th

dense regions, whilst the centre of the structure shows an

area of ntermediate electron density. Images of the E.

co plasmid-encoded GroEL protein do not contain the

inner ring of electron density, and the centre of the
GroEL protein does not appear to contain any electron-
dense material. Speculations as to the possible functional
significance of these differences were presented in
Section 3.8.. Later in this Chapter these observations
will be further discussed with regard to current models of
the mode of action of chaperonins.

The synthesis of Rs cpn60 after R. sphaero ides was
exposed to a variety of stresses, was investigated. These
studies did not yield any major surprises. After a shift
in growth temperature from 30»C to 42<>C, there was a
transient increase in Rs cpn60 synthesis. This increase in
synthesis reached a peak 15 to 20 minutes after the
temperature shift, followed by a rapid decline in
synthesis to near control levels approximately 1 hour
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after induction of the heat shock response. This response
was accompanied by an increase in the rate of synthesis of
a small number of proteins, while that of most other
proteins was repressed. When E. coli is exposed to an
identical shift in growth temperature, the synthesis of

ilar pattern of

the GroEL protein exhibits a broadly sim

synthesi (Neidhardt et a/., 1982; see Gross et a/.,

1990). Other stresses, including exposure to 5% (v/v)
ethanol, 100 mM hydrogen peroxide, 500 mM sodium chloride,

600 pM cadmium sulphate and shift from chemoheterotrophic

to photoheterotrophi ¢ growth conditions, each produced
unique changes in the protein synthesis profiles.
Exposure to ethanol caused a relatively slow induction
of Rs cpn60 synthesis. The peak of the response occurred
more than 45 minutes after exposure to ethanol, when the
rate of synthesis of Rs cpn60 was elevated approximately

5-F . This response is similar to that observed in a

number of organisms including E. co (Neidhardt et a/.,
1984), B. subtil is (Arnosti et al!., 1986) and P.
aeruginosa (Allan et a/., 1988). 500 mM sodium chloride

caused a similar induction of Rs cpn60, although there

appeared to be little repression of overall prot

synthesis after this treatment. igh salt is known not to

induce a stress response in E . coll (Neidhardt et a/.,

1984). Treatment with cadmium caused a substanti
repression in overall protein synthesis which was only

detected some 45 minutes after imposi

ion of the stress.
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while synthesis of Rs cpn60 was rapidly doubled and
maintained at this level throughout the experiment.
VanBogeilen efc al. (1987) reported that exposure of E. coli
to cadmium did not induce the synthesis of the GroEL

e that a low level of

. However, it is possi

prote

lar to that observed in R. sphaeroides might

induction si
have escaped notice. Hydrogen peroxide 1is known to induce
a stress response in which the synthesis of a small group
of proteins is increased in both E. coli (VanBogelen et

al., 1987) and M. voltae (Hebert et al., 1991). In R.

sphaeroides, exposure to 100 mM hydrogen peroxide rap
repressed the synthesis of all proteins. Thus it would
seem that R. sphaeroides is particularly sensitive to
oxidative stress. It is, however, possible that exposure
to lower levels of hydrogen peroxide might elicit a more

typical stress response.

A shift from chemoheterotrophic to photoheterotrophlc

growth conditions caused a complete cessation of protei

synthesis which was maintained for a period of

lar to that

approximately 18 hours. This response is si
observed by Chory et al. (1984). When protein synthesis
was resumed, no differential induction of Rs cpn60 was
observed. Terlesky and Tabita (1991) determined the levels
of cpn60 in R. sphaeroides strain HR, a derivative of
strain ATCC 17023, grown under a variety of conditions:

When cultures were grown chemoheterotrophically at

300c, the cpnSO comprised 3.5X of the soluble protei
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Under photoheterotrophic conditions, the corresponding
percentage was 6.7%, and under photolithoautotrophic
conditions, 9.3X. After growth at 400C under photo-

11 thoautotrophic conditions, the cpn60 comprised an
astonishing 28.5% of the soluble protein (Terlesky and
Tabita, 1991). Although levels in photoheterotrophically
grown cultures were approximately double those of
chemoheterotrophically grown cultures, the growth shift
experiments conducted in this work did not indicate that
there was any strong induction of Rs cpn60 synthesis when
photoheterotrophic growth commenced.

The material produced during the heat shock experiments
was used to gain an impression of the range of proteins

that normally interact with Rs cpn60, and of how this

range might be influenced during heat shock. These
experiments indicated that there might be a size
constraint on proteins capable of interaction with Rs

cpn60, and that the flux of proteins through Rs cpn60 is

altered during heat shock. Reservations about t

terpretation of the results have been discussed in

Section 4.4.. The possib y that there is indeed a size
restriction on the proteins that can interact with Rs
cpn60 are discussed with regard to possible mechanisms of

chaperonln action later in this Chapter.
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6ele2e Th« Mirch for m possible cytosolic chiptronln In
PiBum amtiyum
Although chaperonins appear to be ubiquitous in

eubacteria and membrane-bound organelles, the

ident cation of a cytosolic homo logue has proved to be
elusive. All the chaperonins so far identified display
greater than 40% sequence identity at the amino acid

level. A search of the data banks conducted by van der

ies (1989) did not identify any cytosolic proteins with

level of sequence identity. However, a protein of
unknown function, the mouse TCP-1 protein, did show
significant homology to the chaperonins.

Keith Willi son of the Chester Beatty Laboratories kindly
agreed to supply monoclonal antibodies that cross-react

- These monoclonals were used in western

th this protei
blot analyses of protein extracts from a variety of
sources. The 9l1a monoclonal was shown to cross-react with
a polypeptide that was present in P. sativum total leaf
extracts, but not in the chloroplasts of this plant, in
mitochondria of /2. communis, nor in E. coll. It was hoped

immunol oca lization

that this monoclonal could be used i
studies to confirm that the antigen had a cytosolic
location. Immunogold localization experiments, however,

ar distribution of this

failed to identify the subcel

protein, and subsequent experiments demonstrated that 91a

did not recognize the native form of this protein.
Attempts were then made to purify this protein. The
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gross characteristics of the protein recognised by 9la
were found to be consistent with those of a chaperonin-
type protein. The sedimentation of the native protein in
sucrose density gradients was consistent with it being a
member of a large multimeric complex which co-purified
with the plastid chaperonin and Rubisco. This native
protein also co-precipitated with the plastid chaperonin
in ammonium sulphate cuts, and eluted from a Mono Q anion
exchange at a slightly lower sodium chloride
concentration. Native gel analysis of sucrose density
gradient fractions revealed the presence of a number of

large proteins that were considered to be likely

candidates for the P. sativum cytosolic chaperon
However, when these protein bands were excised from dried

resolved in SDS polyacrylamide gels and

native ge
subjected to western blot analysis using 91a as a probe,
no immunoreactive material was detected.

Subsequent attempts to purify the native putative TCP-1
homologue, using a variety of chromatographic techniques,

were unsuccessful. The main reasons for this appeared to

be significant losses of immunoreactive materi during
chromatography, and the fact that none of the columns used
adequately separated the putative TCP-1 homologue from
Rubisco. Western blot analysis of Mono Q fractions
resolved in native gels revealed a number of
immunoreactive bands. These observations indicated that

the native multimeric complex tended to dissociate in the
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ice of concentrations of sodium chloride typically
used to elute this protein. Attempts to stabilize the
native protein by increasing the hydrophobicity of elution
buffers were unsuccessful. Etiolated peas were used to

ze the Rubisco problem. However, using this material

m

Large

proved to be problematic

as a source of protei
amounts of biomass were required and the etiolated peas
were susceptible to fungal contamination. Furthermore,

partial purification of the putative TCP-1 homo logue

indicated that this protein was not very abundant in leaf
extracts. Chaperonins are characteristically abundant
proteins in eubacteria and membrane-bound organelles, and
the apparently low abundance of the putative TCP-1

homo logue is somewhat worrying. However, even though this
protein appears to be of low abundance in pea leaf
extracts, this is not sufficient reason to abandon the
idea that the putative TCP-1 homologue might be a
component of cytosolic chaperonin. Only further
purification, sequence and functional analysis of this
protein will demonstrate its role in pea leaves.

Poss e mechanism« of chaperonin action

Studies on the possible mechanisms of chaperonin action
were briefly discussed in the Introduction (1.4.3.). As
stated before, the mechanism by which cpn60s recognise
nonnative proteins and modulate their folding, is only
poorly understood. An idea of the uncertainty surrounding
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the mode of action of the chaperonins is suggested by the
following observations:

Most studies have suggested that the cpn60s interact
with a molten globule state of the substrate protein (see

Marti et al., 1991; Goloubinoff et a/., 1989a). However,

Badcoe et al. (1991) have presented evidence that GroEL
interacts with a more unfolded state of lactate
dehydrogenase and does not recognise the molten globule
state at all. GroEL has been shown to exhibit a weak
ATPase activity, but determinations of this activity vary

at least 40-fold between different laboratories (Gray and

Fersht, 1991; Viitanen et al., 1990; Hendrix, 1979).

GroES, cpnl0, inhibits this act ty (Gray and Fersht.

1991; Martin et al., 1991; Chandrasekhar et al., 1986;
Viitanen et al., 1990). When an unfolded protein,
rhodanese, is added to GroEL and GroES in the presence of

ATP there is a roughly 40-fold increase in the GroES-
supressed rate of ATP hydrolysis (Martin et al., 1991). In
vitro experiments have shown that GroES and ATP are often

essential requirements for discharge of bound substrate

protein from GroEL (Martin et al., 1991; Goloubinoff et

al., 1989a). However, several proteins do not require
GroES for their discharge (Martin et al., 1991; Buchner et
al., 1991; Badcoe et al., 1991; H6l11-Neugebauer and

Rudolph, 1991), although discharge is somewhat slower in
these cases. The release of some proteins from GroEL has
been shown to take place in the absence of GroES and the
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presence of nonhydro lyzable ATP analogues (Viitanen efc
a/., 1991; Badcoe et a/., 1991). These observations have
been interpreted to mean that the energy required to

dissociate the GroEL-substrate protein complex 1is provided

by the ATP binding energy, and that ATP turnover
required to switch GroEL between high and Jlow substrate
affinity states.

The question of which features of the unfolded protein
are recognised by the cpn60s remains largely unresolved.
Landry and Gierasch (1991) have presented evidence that
GroEL binds a peptide in an or-helical conformation, and
that modification of this peptide to reduce its intrinsic
propensity to take up an or-helical structure, lowered its
affinity for GroEL. Although this work is the first to
identify a structural motif which interacts with a

chaperonin, the actual interactions are likely to be

somewhat more complicated. Zahn and Pliickthun (1992) have
recently shown that a single-chain antibody containing no
«-helices was able to compete with O-lactamase for binding

of GroEL, thus indicating that substrate recognition by

ited to «-helices.

GroEL cannot be 1i

The above gives an impression of the many controvers
aspects of this field. Another question that, has rarely

the literature, is that of the location

been addressed i
of substrate proteins bound to cpn60s. There are two
current views regarding the location of the substrate

. One of these could be referred to as the cogwheel

protei

_26%-



hypothesis and the other as the Anfinsen cage hypothesi
The cogwheel hypothesis was proposed by Georgopolous and

Ang (1990). Although this model does not explicitly state

the location of the substrate protein on the chaperoni
the general impression given is that substrate proteins
are bound on the outer surface of GroEL, and that the role
of the GroES protein is as a cogwheel which displaces the
bound proteins. Georgopolous and Ang (1990) propose that
the hydrolysis of ATP by GroEL provides the energy for

t igure 6.2.1.). This model would not be

is displacement (
expected to impose any size limitation on substrate

proteins.

The Anfinsen cage hypothesis was proposed by John E
(personal communication). This model explicitly states
that substrate proteins are sequestered within the cpn60
mu 1timer. Similar models have been proposed by Creighton
(1991) and Nilsson and Anderson (1991). However, no

evidence has been provided in support of this model. The

observation that there may be a size tation on

proteins found in association with Rs cpn60, could

indicate that only proteins that can fit, in their
entirety, into the central cavity of Rs cpn60 can be

Evidence that such a

substrates for this chaperon

cavity exists has been provided by Helen Sa (personal
communication). Three-dimensional reconstructions created
from a series of tilted electron microscope images show

that the Rs cpn60 mu ltimer is composed of two halves, with
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Figure 6.2.1. "Cogwh»fl" model of c¢haptronlin action

A model for the intracellular action of the GroEL and GroES chaperomnt_The GroEL
chaperonin can bind to many, bt perhaps not all. unfolded polypeptides, some of which may still
be nascent (4) The bound polypeptide s either not released or released very slowly The
envisioned role of the GIoES protein is as a cop«heel, displacing the bound polypeptides The
hydrolysis of ATP by GroEL protides the energy for such a displacement The released

may intra- or folding Eventually. the GroE chaperon-
ins dissociate, allowing GroEL to recycle

After Georgopolous and Ang (1990).



each half having two pairs of "jaws™ (data not shown). A
cartoon of the appearance of these ™jaws™ is shown in

1 three-dimensional reconstruction

Figure 6.2.2. The f
looks very much like a cage (data not shown). Addition of
MgATP to partially purified Rs cpn60 causes a major
conformational change, in which the two outer striations
of the Rs cpn60 side view almost completely disappear
(Helen Saibil, personal communication). These images
suggest that the "jaws™ might have opened up. Nilsson and
Anderson (1991) also invoke a major conformational change
under these conditions. They suggest that during this

process the interior reactive surface of the chaperonin is

converted into an unreactive relatively hydroph c state.
How does the cpnlO protein fit into this scenario? While
in vitro studies have shown that a cpnlO protein is not

always required for discharge of substrate proteins, it is

the presence of

known that cpnlO interacts with cpné60
MgATP. This interaction has been exploited in the

cation of cpnl0 proteins from a number of sources

pur
(Chandrasekhar efc a/., 1986; Terlesky and Tabita, 1991;
Lubben efc a/., 1990). Intracellular levels of ATP would

thus be expected to favour an association between cpn60

and cpnlO in vivo. It is possi that those proteins that
are discharged from cpn60 by ATP alone in vitro, are only
weakly bound to cpn60, while those that require the

presence of cpnlO are more strongly bound. The observation

of Gray and Fersht (1991) that the cooperativity of ATP
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hydrolysis by GroEL is increased by GroES, could support
this view. The points discussed above have been
incorporated into the Anfinsen cage model shown in Figure

s mode 1, GroES aids in the discharge of

6.2.2.. In t
substrate proteins. This differs from the model of
Creighton (1991), which proposes that GroES acts by simply
preventing the dissociation of bound protein from GroEL
until ATP hydrolysis is completed. Creighton (1991) also
proposed that the substrate protein would tend to refold

whi

the energy of ATP hydrolysis passes the substrate
from one half of the tetradecamer to the other. This seems

kely since the three-dimensional reconstruction of the

un
Rs cpn60 tetratdecamer does not reveal a channel between
the two halves of the molecule (data not shown).

The model proposed by Nilsson and Anderson (1991)
differs from that presented in Figure 6.2.2. in that it
does not include a size constraint. Nilsson and Anderson
(1991) suggested that cpn60s bind target protein domains,
and that in multidomain proteins the N- and C-terminal
amino acid stretches would protrude from the holes at each
end of the chaperonin. Again the three dimensional Rs

ikely to be

cpn60 reconstruction indicates that this is un
the case.

The model presented in Figure 6.2.2. attempts to explain
all the 1in vitro observations of the mode of action the
chaperonins (see 1.4.) and present a scheme for the normal
in vivo mode of action. An obvious problem with model is
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Figure 6.2.2. a”-typ« model of chaperonin ecti on

affinity form

* intermediate folding state
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that it only invokes a heptameric form of cpn60 for full

functionality. Such a form has been isolated from beef

liver itochondria (Viitanen et al!., 1992a). This form was

shown to Tfacilitate the formation of catalytical ly active
Rubisco from an unfolded state in the presence of
mammalian cpnlO. and MgATP (Viitanen et a/., 1992a).

e that the basic functional unit of

Thus, it seems poss
cpn60 is a single heptameric ring. However, the fact the
vast majority of the chaperonins examined are
tetradecamers indicates a functional significance of this
form. Helen Saibil (personal communication) has expressed
the view that cpnlO may bind to one side of the cpn60
tetradecamer thus causing the other side of the molecule
to be opened up with the resulting release of bound
substrate protein. This view, however, disregards the data

of

tanen et el. (1992a).

Future work

An obvious priority in any future work on the R.
sphaeroidea cpn60 would be to obtain its gene sequence.
Some preliminary work was done in this direction, but this
work was abandoned for the reasons outlined in Chapter 3.
However, the superb two- and three-dimensional images of
the Rs cpn60 protein that have been obtained, have made
the need for the total gene sequence much more pressing.

Structural predictions from the gene sequence could

poss y be fitted to these images, and might provide
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valuable nformation about the interior surface of the

chaperoni in particular. Obviously X-ray crystallographic

data would be most suitable for this purpose. Protein
preparations have been supplied to Steve Wood of Birkbeck
College but so far, as with other cpn60s, no satisfactory
crystals have been obtained.

Another area warranting further investigation is the

e size constraint on chaperonin substrate proteins.

poss

One approach would be to select a protein of Mr >100,000,

denature it in a chaotrope and d te it into a
chaperonin-containing solution. It would then be possible
to determine whether such a substrate forms a stable
association with the chaperonin and what conditions are
required for its discharge. Such experiments would perhaps
be best conducted using the well-characterized GroEL/GroES
system.

I am, however, somewhat sceptical about the overall

validity of this approach. Firstly, the possibility that

unfolded proteins might, upon d tion, form an improper”
association with a chaperonin cannot be entirely excluded.
Secondly, evidence that such a protein is discharged from
a chaperonin could be a side effect of gross
conformational changes in the chaperonin, rather than a

direct consequence of these changes. Thirdly, the final

aim of all studies in cell ogy must be to understand
events In vivo. For these reasons, it would perhaps be
better to attempt to determine the range of proteins that
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associate with cpn60 in vivo. In vivo expression of large
proteins from plasmid vectors could aid in determining
whether the chaperonins would interact with such proteins.
Even if such an association was demonstrated, it would be
interesting to carry out competition studies, either in
vitro or in vivo, to determine whether the chaperonins
exhibit any preference for protein substrates in a
particular size range.

The study of the putative TCP-1 homologue in P. sativum

should probably, at least for the time being, be

abandoned. It is clear that TCP-1 and its homologues can
be more readily studied in archaebacteria (Phipps et at.,
1991; Trent at a/., 1991), yeast (Ursic and Culbertson,

1991) and mice (Lewis et al!., 1992). Studies conducted in

reticulocyte lysates have begun to bear fruit regarding
the chaperoning action of TCP-1 homologues (Yaffe et al.,

1992; Gao at al.. 1992). These studies have confirmed that

TCP-1 is a cytosolic chaperonin and rapid advances can be

expected in this field. Current studies are fairly similar

to early studies in the chaperon field. Many interesting

questions still remai to be answered. For example: |Is

there a cytosolic cpnlO protein? Is the protein fol
capability of TCP-1l-containing complexes regulated, at
least in part, by their unique association with other
polypeptides (see Lewis et ai., 1992)?

The introduction of the molecular chaperone concept has
profoundly altered the way we think of protein folding in
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th® cell. It is extrordinary that while many of the
molecular chaperones are abundant well characterized
proteins their true functional significance is only now

becomimg apparent. Undoubtedly this fascinating field w

yield many important discoveries in the not too distant

future .
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