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CHAPTER 1

Protein Misassembly:
Macromolecular Crowding and Molecular Chaperones
R. John Ellis*

Abstract
he generic tendency of proteins to misassemble into nonfunctional, and sometimes
cytotoxic, structures poses a universal problem for all types of cell. This problem is
exacerbated by the high total concentration of macromolecules found within most in-
tracellular compartments but it is solved by the actions of molecular chaperones. This review
discusses some of the basic evidence and key concepts relating to this conclusion.

Introduction

A recent article in the journal Nature recommended authors to begin their review with a
story, a story that is amusing but also sets the scene. My story concerns a professor of biology
who decided to test the knowledge of his students at the end of his lecture course. He pointed
to a young woman in the front row and said to her “There is an organ of the human body that
under appropriate circumstances can increase in size by a factor of six-fold. What is that organ
and what are the circumstances?” The young woman blushed and exclaimed that she found
this question so offensive she would report the professor to the head of the university. The
professor ignored this response and repeated the question to the next student “What is the
organ of the body that can increase in size by six-fold?” This student replied that this organ is
the iris of the human eye, which expands from a pinpoint in bright light to wide open in dim
light. “Correct” said the professor, who then returned to the first student. “I have two things to
say to you. Firstly, you clearly have not been paying sufficient attention to my lectures and
secondly, I predict that at some point in the future you are going to be greatly disappointed!”

The point of this story is that the first student made an unwarranted assumption, unwar-
ranted in the quantitative sense. This point of this article is to explain why those people who
study the properties of isolated macromolecules in uncrowded buffers are similarly making
unwarranted assumptions about the quantitative relevance of their measurements to the prop-
erties of these molecules inside the cell. They are thereby ignoring the universal cellular feature
that explains the existence of molecular chaperones.

Inside the Cell

The term ‘crowded’ is a quick way of referring to the fact that the total concentration of
macromolecules inside cells is very high, a phenomenon called macromolecular crowding. The
cartoon in Figure 1A represents the densities and shapes of the macromolecules in part of the
cytosol of an animal cell, as drawn by David Goodsell and it is obvious why the term ‘crowded’

*R. John Ellis—Department of Biological Sciences, University of Warwick, Coventry CV4 7AL,
U.K. Email: jellis@bio.warwick.ac.uk

Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks,
edited by Peter Csermely and Laszlo Vigh. ©2007 Landes Bioscience
and Springer Science+Business Media.
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Figure 1. Proteins fold in highly crowded environments. A) representation of part of the cytosol
of an animal cell. Reprinted with permission (from ref. 31). B) Electron micrograph of a polysome
isolated from the salivary gland of the insect Chironomus x 140,000. At the bottom is the start
of the polysome, at the top the end, the rest looping out of shot. Reprinted with permission from
reference 32, ©1989 Springer Science and Business Media, LLC.

is appropriate. Note that the ribosomes are connected by strands of messenger RNA to form
polysomes. Figure 1B shows an actual polysome, isolated from the salivary gland of an insect
and spread out on the grid of an electron microscope. You can see the newly synthesized polypep-
tide chains growing longer as each ribosome slides along the messenger RNA, and you will
notice that these chains are close together—within touching distance. You can also see that, as
the chains get longer, they show signs of folding into more compact structures whilst still
attached to the ribosomes.

This proximity of identical, partly folded chains in the crowded environment of the cytosol
creates a danger—a danger that these chains will not fold and assemble correctly into functional
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proteins but will bind to one another to form nonfunctional misassemblies. It follows that
protein misassembly is a universal cellular problem created by the advantage of making several
protein chains at the same time from one molecule of messenger RNA. But the misassembly
problem is even wider than this, because it affects mature proteins as well, which can partly
unfold as a result of environmental stresses. The most distressing consequences of protein
misassembly are the human neurodegenerative diseases, characterised by the occurrence of
protein aggregates called amyloid plaques in the brain. In these diseases misassembly does not
take place at the stage of protein synthesis but when mature proteins partly unfold, but the
principle is the same—misassembly occurs when partly folded identical chains are close to one
another.

In the remainder of this article I shall discuss the reasons for believing that the dramatic
stimulation of protein misassembly by macromolecular crowding accounts for the existence of
proteins acting as molecular chaperones to combat this problem. This discussion will focus on
the historical origins of the molecular chaperone concept because the fact that most computer
databases rarely extend back more than about two decades is leading to ignorance of how this
paradigm shift occurred.

The Principle of Protein Self-Assembly: Yesterday and Today

If we ask why protein chains fold as they do, the answer was provided by the classic refold-
ing experiments initiated by Christian Anfinsen around 1956. In this type of experiment a
pure native protein is dissolved in dilute buffer and denatured by a high concentration of a
chaotrope such as urea. This treatment causes the protein to unfold and thereby lose its biologi-
cal properties, but if the concentration of chaotrope is lowered by 10 to 50-fold, Anfinsen
observed that many of the chains refold into their original functional conformations." This
type of experiment has been repeated many times with many proteins, and it is clear that the
majority of denatured proteins will refold into their original conformations in the absence of
either an energy source or other macromolecules—in other words, proteins can self-assemble
spontaneously by a process requiring only their primary structures. Despite the fact that the
rates and yields of refolded proteins are often too small to meet biological requirements, as was
pointed out by Anfinsen,? this observation led to the assumption that spontaneous assembly
also happens inside the cell. This assumption was reasonable because a basic principle of scien-
tific enquiry is Occam’s razor, which advises us not to complicate hypotheses unnecessarily, but
a series of observations made in the 1980s challenged this view. Two reports appeared that
newly synthesized polypeptide chains bind transiently to a preexisting protein before they fold.

The first report concerns the synthesis of the photosynthetic enzyme rubisco in higher
plants. Rubisco is a chloroplast enzyme, consisting of eight catalytic large subunits made by
chloroplast ribosomes and eight structural small subunits made by cytosolic ribosomes. It is
highly water-soluble, occurring at around 300g/1 in the chloroplast stroma, but it is also one of
the few proteins that fails to renature after dilution from a chaotrope. This failure stems from
the extreme hydrophobicity of the large subunits, which aggregate with one another to form a
water-insoluble precipitate. So we were surprised to find that when we allowed isolated chloro-
plasts to synthesize large subunits, these accumulate in a water-soluble form, despite the fact
that they do not assemble into the holoenzyme until late in the incubation (Fig. 2). This
solubility arises because newly synthesized large subunits bind transiently to another water-soluble
protein before they assemble with small subunits.® Sequencing of this large subunit binding
protein revealed that it is 50% identical to the GroEL protein of Escherichia coli, a protein
required for some bacteriophages to assemble in this bacterium but whose role in uninfected
cells was unknown at that time. This identity was interpreted in terms of the molecular chap-
erone concept, and it was Sean Hemmingsen who coined the name ‘chaperonin’ for this family
of molecular chaperone.*

The second report of a newly synthesized polypeptide binding to a preexisting protein
before folding was found during experiments with a cultured cell line derived from lymphocyte
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Figure 2. The newly synthesized large subunit of rubisco binds to another protein before assem-
bling into the holoenzyme. Intact chloroplasts were isolated from young pea leaves and incu-
bated with light as the energy source for protein synthesis and S35-methionine. Samples were
removed at intervals and stromal extracts prepared by osmotic lysis and centrigugation. Stromal
extracts were run on both native and SDS polyacrylamide gels and autoradiographed. Bands
corresponding to rubisco large subunit were excised from the gels and their radioactivity mea-
sured. Symbols: crosses, total large subunit from SDS gel; filled circles, large subunit attached to
binding protein from native gel; open circles, large subunit in holoenzyme from native gel.
Reprinted from reference 33.

precursors. These cells synthesize immunoglobin, an oligomeric protein composed of heavy
and light chains. Haas and Wabl found that in a cell line of preB lymphocytes that are unable
to make light chains, the heavy chains become bound to a preexisting small protein as they
enter the lumen of the endoplasmic reticulum. They called this protein BiP and suggested that
itis involved in the regulation of immunoglobulin assembly.’ BiP was later identified by Munro
and Pelham as a member of the heat shock protein 70 family.® We now know that both the
chaperonins and the hsp70 chaperones assist the folding of many newly synthesized proteins in

all types of cell.”
The Molecular Chaperone Concept

The term ‘molecular chaperone’ was coined by Ron Laskey in a Nature paper published in
1978 to describe a nuclear protein that solves a misassembly problem during the assembly of
nucleosomes in amphibian eggs. Nucleosomes are octamers of basic histone protein bound to
DNA by electrostatic interactions. Disruption of these interactions by high salt concentrations
enables the histones to be separated from the DNA, but mixing these components together at
physiological salt concentrations results in a failure of self-assembly—an insoluble precipitate
forms instead of nucleosomes. Laskey and his coworkers discovered that this failure can be
prevented by adding an abundant acidic nuclear protein called nucleoplasmin, which results in
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the correct assembly of nucleosome cores. The detailed mechanism is unclear but in general
terms nucleoplasmin is thought to solve the misassembly problem by binding its acidic groups
to the positively charged groups on the histones. This binding lowers their overall surface
charge and allows the intrinsic self-assembly properties of the histones to predominate over the
incorrect interactions favoured by the high densities of opposite charge. In the Discussion of
this paper, the term ‘molecular chaperone’ is used for the first time.®

Control experiments show that nucleoplasmin does not provide steric information required
for histones to bind correctly to DNA, nor is it a component of assembled nucleosomes. It is
these latter two features that laid the basic foundation of our current general concept of the
chaperone function, as I shall discuss later, but at this point I wish to emphasise that the role of
nucleoplasmin is in the later stages of protein assembly, beyond the folding of newly synthesized
histone chains, so the current common perception that chaperones are concerned solely with
protein folding is incorrect and has been incorrect since this subject started. I suspect that this
erroneous perception is retarding the search for chaperones that deal with the misassembly of
folded subunits rather than with the problems posed by the folding of newly synthesized chains.
It was only three years ago that a chaperone was found in red blood cells that mops up the excess
of alpha subunits of haemoglobin that would otherwise misassemble and damage these cells.” I
predict that more examples of this type of subunit chaperone will be found in the future.

Ron Laskey did not use the term molecular chaperone to describe any other protein or
develop the idea into a more general concept. This is where I enter the story. I read the Laskey
paper in 1985 and it struck me that his observations with nucleoplasmin could be thought of in
the same functional terms as the observations we had made about the rubisco binding protein,
and others such as Hugh Pelham and Jim Rothman had made about hsp70. So I proposed in
1987 the existence of a new type of general cellular function, defined as ensuring that the folding
of certain polypeptide chains and their assembly into oligomeric structures occur correctly.'?

The term molecular chaperone rapidly caught on and the number of papers using this term
contains to rise steadily, as you can see in Figure 3. The numbers of families of chaperone, as
defined by sequence similarity, is now well over 30. Some of these families, but by no means all,
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Figure 3. The onward march of molecular chaperones. A) Total number of papers published
containing the word ‘chaperone’in title or abstract, as derived from the Web of Science database.
B) The rising number of chaperone families, as defined by sequence similarity.
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are heat shock proteins and this reflects the fact that the need for chaperone function increases
after proteins have been denatured by environmental stresses. Many chaperones are involved in
protein folding but some are also assist disassembly processes, such as the remodelling of chro-
matin during fertilization and transcription, and the resolubilisation of insoluble aggregates
that have escaped the attention of other chaperones. This accumulation of discoveries supports
a new view of protein assembly. In this new view the principle of self-assembly is retained, but
before chaperones, this assembly was thought to be spontaneous and require no energy expen-
diture, whereas now self-assembly is seen in many instances to require assistance by chaper-
ones, some of which hydrolyse ATP. Thus the concept of spontaneous protein self-assembly has
been replaced by the concept of assisted protein self-assembly. This new view was first articu-
lated in a TiBS article in 1989 (see ref. 11), and has so far stood the test of time.

There is now a huge literature on the details of chaperone structure and function, but what
I wish to concentrate on in this article is why chaperones exist. Why do cells need a chaperone
function, given that most denatured proteins know how to fold correctly in the absence of
other macromolecules?

The Problem of Protein Misassembly

There are two answers to this question. The fact that proteins are made by polysomes en-
sures that identical partly folded chains are close together, as I indicated earlier. Moreover, these
chains grow vectorially so they cannot fold correctly until a complete folding domain has been
made, raising the possibility that incomplete domains may misfold. In addition to these fac-
tors, polysomes function within a highly crowded compartment. All these features favour a
process that competes with folding, the process of misassembly.

Misassembly is defined as the association of two or more polypeptide chains to form non-
functional structures; these structures may be as small as dimers or large enough to be in-
soluble. This emphasis on function serves to distinguish misassembly from the formation of
functional oligomers, which is thus termed oligomerization. Many authors use the term ‘aggre-
gation’ to describe misassembly, and point to the amyloid fibrils found in the brains of people
suffering from neurodegenerative disease as typical examples. The problem with this term is
that there are increasing reports of amyloid structures that do have biological functions, so the
essential distinction between aggregation and oligomerization has disappeared.'? Misassembly
should be distinguished from misfolding, which I define as the formation of a conformation
which cannot proceed to the functional conformation on a biologically relevant time scale.
Misassemblies are by definition misfolded, but there are very few reports of renaturing proteins
that misfold but remain monomeric. It seems likely that the vast majority of primary transla-
tion products are capable of folding correctly, provided they can avoid misassembly. It is for
this reason that I suggest that the essential problem that chaperones have evolved to combat is
misassembly rather than misfolding.

Protein misassembly has not been widely studied but two important aspects are established.
It has been known for many years that misassembly competes with folding in an Anfinsen-type
refolding experiment (Fig. 4A). Since misassembly is a high order process, it is very sensitive to
the concentration of the unfolded chains, so as this concentration rises, misassembly outcompetes
folding. The molecular basis for this competition is simply that polypeptide chains do not
distinguish between inter- and intra-molecular interactions. Protein chemists traditionally solve
this problem by lowering the concentration of the chains, and/or the temperature, but this
solution is not open to cells.

A more surprising feature of misassembly is that in many cases it is highly specific - chains
misassemble only if they are identical or very similar. This observation is interpreted to mean
that the aggregating species have a degree of secondary or tertiary structure - in other words
they are partly folded. This point was first established by adding total crude extracts of E. coli
cells to the 8M urea in a standard Anfinsen refolding experiment applied to tryptophanase
(Fig. 4B). The numbers marked with asterisks in the box indicate the enzymic activity of the
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Figure 4. Two properties of misassembly. A) Misassembly competes with refolding. Lactate
dehydrogenase was denatured by acid pH and then diluted into buffer at pH 7.0 and the regain
of enzymic activity measured. Reprinted with permission from reference 13, ©1979 American
Chemical Society. B) Misassembly is highly specific. Tryptophanase was denatured in 8M urea
with and without a crude total extract of E. coli and diluted into refolding buffer. The numbers
in the box are the specific activities of the tryptophanase recovered. Reprinted with permission
from reference 34, ©1974 Blackwell.

tryptophanase chains that have refolded after dilution of the urea, and you can see that this
activity is unaffected by the addition of 100 times as much total protein from E. coli to the
urea-containing buffer. Thus the several thousand different unfolded polypeptide chains in the
E. coli extract do not affect the competition between correct folding and misassembly.'? What
does affect this competition however, is the phenomenon of macromolecular crowding.

Macromolecular Crowding

We use the term ‘crowded’ rather than ‘concentrated” because in general no single macro-
molecular species occurs at a high concentration, but taken together, macromolecules occupy a
significant fraction of the total volume. This fraction is in the range 8-40%. That is, 8-40% of
the total volume is physically occupied by macromolecules and therefore is unavailable to other
molecules, just as in a football crowd most of the space is occupied by people and is unavailable
to other people—other people are sterically excluded. This steric exclusion of part of the vol-
ume generates considerable energetic consequences, whose magnitude is not generally appreci-
ated because it is so counter-intuitive—8-40% reduction in available volume does not sound
very much. You may think that it simply means that the concentration of macromolecules is
8-40% larger than it appears to be, but in reality this steric exclusion produces large highly
nonlinear effects on the effective concentration of macromolecules. This nonlinearity results in
an exquisite sensitivity of macromolecular properties to changes in their environment.

There exists a quantitative theory of crowding develoPed largely by Allen Minton, a bio-
physicist at the National Institutes of Health in America.'® This theory predicts two major
consequences of crowding. The first prediction is that crowding will reduce the diffusion rates
of both large and small molecules. There is good experimental evidence that diffusion is
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reduced in the range three-four fold in eukaryotic cells and eleven-fold in E. co/i relative to the
rate in water; prokaryotic cells appear to be more crowded than eukaryotic cells."” Much more
important with respect to misassembly however is the large increase in association constants
for macromolecules. For example, let us consider the association of two 40 kDa monomers
into a dimer. Suppose that the association constant for this oligomerization in water is 1.0.
Crowding theory predicts that the value of this constant inside a cell of £. co/i will be between
8 and 40, depending on what specific volume of the protein is assumed. If we suppose that the
dimers can form a homotetramer, the effect is even larger—the association constant is now
10,000 (see ref. 18).

This dramatic consequence arises because crowding increases the effective concentration of
macromolecules—in other words, it increases their thermodynamic activity. This increase in
activity is produced by the reduction in excluded volume when molecules bind to one another.
In fact macromolecular crowding is more precisely called ‘the excluded volume effect’. This
term emphasises the fact that crowding is a purely physical nonspecific effect based solely on
steric exclusion. As the number and the size of molecules in a solution increase, the less ran-
domly they can be distributed. So as the concentration rises, the free energy of the solution also
rises, because the entropy of each molecule becomes less. But if these molecules bind to one
another, the volume available to them increases, their entropy therefore is greater and the total
free energy of the solution decreases. In other words, the most favoured state is the state that
excludes the least volume to other macromolecules.

This is a general conclusion—it applies not just to associating macromolecules, but to all
processes where a change in excluded volume occurs. So it applies to the folding of newly
synthesized polypeptide chains, the folding of nucleic acid chains, the unfolding of mature
proteins as a result of environmental stresses such as high temperature, the condensation of
DNA in chromosomes, the operation of motile systems such as actin filaments and microtu-
bules, and, of particular relevance here, to the formation of protein misassemblies.

It is important to grasp that the effect of crowding on thermodynamic activity is highly
nonlinear with respect to the concentration of the crowding agent. The term ‘crowding agent’
is used to describe the molecules that cause the crowding. Figure 5A shows how the activity
coefficient, that is the ratio of the effective concentration to the actual concentration, varies
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Figure 5. A) Activity coefficients increase nonlinearly with cellular concentrations of macromol-
ecules. The log of the activity coefficient of hemoglobin is plotted against the concentration of
hemoglobin. Reprinted from reference 19. B) The effect of crowding on activity is exerted by large
molecules on large molecules. The change in activity coefficient of a test molecule introduced
into a solution of hemoglobin as crowding agent was measured with respect to the molecular
weight of the test molecule. Reprinted with author permission from reference 20.
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with the concentration of haemoglobin.'” Note that this is a log/linear plot and that the
activity coefficient rises in a nonlinear fashion with respect to the actual concentration. The
concentration of hemoglobin in red blood cells is about 340 g/l, so you can see that the
activity of haemoglobin inside the cell is more than two orders of magnitude greater than it
is in the dilute buffer where its properties are commonly studied.

Figure 5B plots the activity coefficient against molecular weight for a test molecule placed
in a background of hemoglobin at 300 g/1. So in this experiment the crowding agent is haemo-
globin and we are asking how the activity of another molecule placed in that solution depends
on the molecular weight of that molecule. Note that this is a log/log plot. You can see that the
effect of crowding on activity becomes significant only after about 10,000 molecular weight.*’
This is why we use the term ‘macromolecular crowding’ because the effect on the activity of
small molecules such as metabolites and inorganic ions is small by comparison.

I have so far talked about the effect of crowding on thermodynamics. What about effects on
kinetics? Figure 6 summarises the effects of crowding on reaction rates for a bimolecular associa-
tion reaction.”! The vertical axis of the graph is the log of the association rate constant. We can
consider two situations in turn. If the rate-limiting step is the encounter rate of the two compo-
nents A and B, then the reaction is diffusion-limited. But crowding reduces diffusion so in this
case the reaction rate will decrease as the concentration of crowding agent rises. However in the
other situation, the rate-limiting step is the conversion of the activated complex (or transition
state) to the dimer, so in this case the rate depends on the concentration of this complex. But
crowding increases association, so the equilibrium between A + B and the activated complex is
displaced to the right. Thus the reaction rate will rise as the concentration of crowding reagent
increases. However, if you think about it, the absolute upper limit of any bimolecular reaction
must be ultimately set by the encounter rate of the two molecules, so even for transition
state-limited reactions, the rate must eventually come down as the concentration of the crowd-
ing agent gets high enough. So we have a resultant curve between two opposing effects.

Thus we see that the effect of crowding on reaction rate is complex; it depends on the
nature of the reaction and where you are on the concentration axis. The sad fact however, is
that although these dramatic effects of crowding have been known for at least 25 years, the vast
majority of studies on isolated macromolecules, including those on protein folding, protein

BIMOLECULAR ASSOCIATION REACTION

A+ B<s—A-B'<— AB

e.g. DNA + gene activator ——— Active gene

Diffusion-limited

or
Partly folded protein chains —— Amyloid fibrils

Log association rate constant

Concentration of crowding agent
—_—

Figure 6. Effects of crowding on reaction rate. The change in association rate constant for the
bimolecularreaction A+ B = AB* + AB with respect to crowding agent is plotted in two situations:
A) where the encounter of A and B is rate-limiting; and B) where the conversion of the activated
complex AB* to AB is rate-limiting. Reprinted from reference 21.
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misassembly and molecular chaperones, continue to be done in uncrowded buffers. In my view
this is a mistake. Undil the effect of crowding agents becomes as routine to study as the effects
of pH or redox potential, the extrapolation of interpretations made from studies of isolated
systems to the intact cell must have a question mark hanging over them.**

Stimulation of Misassembly by Crowding Agents

The first demonstration that crowding agents increase the misassembly of refolding chains
was obtained with hen lysozyme.2?* Oxidised lysozyme refolds impeccably, achieving almost
complete recovery of enzymic activity in one or two seconds, but when the two four disulfide
bonds are reduced, the chains misassemble in the refolding buffer, the extent depending on their
concentration. Misassembly occurs because at least two disulfide bonds have to form by slow air
oxidation before the chains collapse and during this time the chains have a chance to misassemble
with one another. When several different crowding agents are added to the refolding buffer, all
the reduced chains misassemble but the refolding of oxidised chains is unaffected (Fig. 7).
Missasembly can be prevented by adding protein disulfide isomerase (PDI) to the refolding buffer.
Low concentrations of PDI act by speeding up the rate of disufide formation, which stabilises the
correctly folded chains, while higher concentrations act in a chaperone fashion. Further examples
of the stimulation of protein misassembly by crowding are discussed in reference 25.
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Figure 7. Crowding stimulates the misassembly of reduced lysozyme. Hen lysozyme was dena-
tured under reducing conditions, diluted into refolding buffer containing varying amounts of four
crowding agents and the regain of enzymic activity measured. In the absence of crowding agent,
the yield is about 20% under the conditions used. Symbols: squares, Ficoll 70; triangles, Dextran
70; circles, bovine serum albumin; inverted triangles, ovalbumin. Reprinted from reference 23.
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How do Chaperones Combat Misassembly?

If we survey the literature on the roles of many different chaperones in preventing the
misassembly of newly synthesized polypeptides, the picture looks complex, but I suggest that
the available data can be encompassed within just two basic principles of chaperone operation.

It is useful to divide chaperones into two classes on the basis of size. Small chaperones are
defined as those less than 200 kDa in size and include hsp70, hsp40, PDI and the very recently
discovered cases of membrane chaperones i.e., proteins that occur inside membranes and pre-
vent the aggregation of other transmembrane proteins.?® Small chaperones bind transiently to
short hydrophobic sequences as these appear on nascent or just released polypeptide chains,
and prevent them from both folding prematurely or misassembling together by binding to
these sequences for a time. These chaperones do notappear to affect protein conformation, but
function essentially by reducing the time potentially interactive surfaces are exposed by cycling
on and off these surfaces until they are buried by folding. Such a simple mechanism can be
thought of as analogous to tossing a hot potato from hand-to-hand until it has cooled, an
analogy suggested by Ulrich Hartl.

Large chaperones, exemplified by the chaperonins such as GroEL, function by a much
more sophisticated mechanism that uses what T call the Anfinsen cage principle.”” The
chaperonins function essentially by providing a molecular cage made of one oligomer of GroEL
capped by one oligomer of GroES. Single partly folded chains are encapsulated one at a time
inside this cage. The enclosed chain continues to fold in the absence of other folded chains
until the hydrophobic surfaces that cause misassembly are buried within the final folded struc-
ture. The time of folding inside this cage is set by the slow ATPase activity of the GroEL
subunits. Completion of ATP hydrolysis allows ATP to bind to the opposite end of the GroEL/
ES complex from the enclosed protein, and this binding triggers via allosteric interactions the
release of the folded chain into the cytosol.”

But suppose the released chain has not managed to bury its hydrophobic regions during the
time it is enclosed? It would be dangerous to release such misassembly-prone chains into the
cytosol but this problem is prevented by the crowded state of the cytosol. Experiment with
crowding agents added to isolated GroEL/ES complexes by Jorg Martin and Ulrich Hartl show
that crowding ensures that any such released, but partly folded chains, bind back to the same
GroEL molecule from which they have just been released.?®* So we reach the pleasing conclu-
sion that the chaperonins use the crowded state of the cytosol to combat the problem of protein
aggregation that has been created by crowding in the first place.

The Molecular Chaperone Function

My current definition of molecular chaperones is that they are a large and diverse group of
proteins that share the property of assisting the noncovalent assembly and/or disassembly of
other macromolecular structures, but which are not permanent components of these structures
when these are performing their normal biological functions.?® It is important to note that this
definition is functional and not structural, but it contains no constraints on the mechanisms by
which different chaperones may act; this is the reason for the use of the imprecise term ‘assist .
Thus molecular chaperones are not defined by a common mechanism or by sequence similar-
ity. In my view only two criteria need be satisfied to designate a macromolecule a molecular
chaperone. Firstly, it must in some sense assist the noncovalent assembly or disassembly of
some other macromolecular structure, the mechanism being irrelevant, and secondly, it must
not be a component of these structures when they are performing their normal biological
function. Note that the term ‘assembly’ is used in this definition in a very broad sense, and
includes the folding of newly synthesized or stress-denatured proteins, the unfolding of pro-
teins during transport across membranes, the association of monomers into oligomers and
macromolecular disassembly processes.

All these considerations can be reduced to a simple unifying concept of the chaperone
function, defined as the prevention and reversal of incorrect interactions that may occur when
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potentially interactive surfaces are exposed to the crowded intracellular environment. These
surfaces occur on nascent and newly synthesized polypeptide chains, on mature proteins un-
folded by environmental stresses, and also on folded proteins in near-native conformations, as
in signalling proteins such as the steroid receptor. Thus the term ‘molecular chaperone’ is not a
metaphor, nor an example of academic whimsy, but a precise description. The word ‘chaper-
one’ is appropriate because the traditional role of the human chaperone is to prevent incorrect
interactions between pairs of people without either providing the steric information required
for their correct interaction, or being present during married life - but often reappearing during
divorce and remarriage!

Acknowledgements
I thank Robert Freedman for his generous provision of Departmental facilities during my
retirement and Allen Minton for correcting my misconceptions about crowding theory.

References
1. Anfinsen CB. Principles that govern the folding of polypeptide chains. Science 1973; 181:223-230.

2. Epstein CJ, Goldberg RF, Anfinsen CB. The genetic control of tertiary protein structure: Studies
with model systems. Cold Spring Harbor Symp Quant Biol 1963; 28:439-448.

3. Barraclough R, Ellis R]. Protein synthesis in chloroplasts. IX. Assembly of newly synthesized large
subunits into ribulose bisphosphate carboxylase in isolated intact chloroplasts. Biochim Biophys
Acta 1980; 608:19-31.

4. Hemmingsen SM, Woolford C, van der Vies SM et al. Homologous plant and bacterial proteins
chaperone oligomeric protein assembly. Nature 1988; 333:330-334.

5. Haas 1G, Wabl M. Immunoglobulin heavy chain binding protein. Nature 1983; 306:387-389.

6. Munro S, Pelham SRB. An hsp70-like protein in the ER: Identity with the 78 kd glucose-regulated
protein and immunoglobulin heavy chain binding protein. Cell 1986; 46:291-300.

7. Young JC, Agashe VR, Siegers K et al. Pathways of chaperone-mediated folding in the cytosol.

Nature Revs Mol Cell Biol 2004; 5:781-791.

. Laskey RA, Honda BM, Mills AD et al. Nucleosomes are assembled by an acidic protein which

binds histones and transfers them to DNA. Nature 1978; 275:416-420.

.Kihm AJ, Kong YI, Hong W et al. An abundant erythroid protein that stabilizes free

alpha-hemoglobin. Nature 2002; 417:758-767.

10. Ellis R]. Proteins as molecular chaperones. Nature 1987; 328:378-379.

11. Ellis RJ, Hemmingsen SM. Molecular chaperones: Proteins essential for the biogenesis of some
macromolecular structures. Trends Biochem Sci 1989; 14:339-342.

12. Fowler DM, Koulov AV, Alory-Jost C. Functional amyloid formation in mammalian tissue. PloS
Biol 2006; 4:0001-0008.

13. Zettlmeiss G, Rudolph R, Jaenicke R. Reconstitution of lactic dehydrogenase. Noncovalent aggre-
gation vs. reactivation. 1. Physical properties and kinetics of aggregation. Biochemistry 1979;
18:5567-5571.

14. Minton AP. Molecular crowding: Analysis of effects of high concentrations of inert cosolutes on
biochemical equilibria and rates in terms of volume exclusion. Methods Enzym 1988; 295:127-149.

15. Minton AP. Implications of macromolecular crowding for protein assembly. Curr Opin Struct Biol
2000; 10:34-39.

16. Minton AP. The influence of macromolecular crowding and macromolecular confinement on bio-
chemical reactions in physiological media. J Biol Chem 2001; 276:10577-10580.

17. Ellis R]. Macromolecular crowding: An important but neglected aspect of the intracellular environ-
ment. Curr Opin Struct Biol 2001; 11:114-119.

18. Zimmerman SB, Trach SO. Estimation of macromolecular concentrations and excluded volume
effects for the cytoplasm of Escherichia coli. ] Mol Biol 1991; 222:599-620.

19. Minton AP. The effect of volume occupancy upon the thermodynamic activity of proteins: Some
biochemical consequences. Mol Cell Biochem 1983; 55:119-140.

20. Minton AP, Colclasure GC, Parker JC. Model for the role of macromolecular crowding in regula-
tion of cellular volume. Proc Natl Acad Sci USA 1992; 89:10504-10506.

21. Zimmerman SB, Minton AP. Macromolecular crowding: Biochemical, biophysical and physiologi-
cal consequences. Annu Rev Biophys Biomol Struct 1993; 22:27-65.

22. Ellis RJ. Macromolecular crowding: Obvious but underappreciated. Trends Biochem Sci 2001;
26:597-604.

o)

Nel



Protein Misassembly 13

23

24

25.
26.

27.
28.

29.
30.
31.
32.
33.

34.

.van den Berg B, Ellis RJ, Dobson CM. Effects of macromolecular crowding on protein folding
and aggregation. EMBO ] 1999; 18:6927-6933.

.van den Berg B, Wain R, Dobson CM et al. Macromolecular crowding perturbs protein refolding

kinetics: Implications for folding inside the cell. EMBO J 2000; 19:3870-3875.

Ellis RJ, Minton AP. Protein aggregation in crowded environments. Biol Chem 2006, (in press).
Kota J, Ljungdahl PO. Specialized membrane-localized chaperones prevent aggregation of polytopic

proteins in the ER. J Cell Biol 2005; 168:79-88.

Ellis R]. Revisiting the Anfinsen cage. Folding and Design 1996; 1:R9-R15.

Martin J, Hartl FU. The effect of macromolecular crowding on chaperonin-mediated protein fold-
ing. Proc Natl Acad Sci USA 94:1107-1112.

Martin J. Chaperonin function - Effects of crowding and confinement. ] Mol Recog 2004;
17:465-472.

Ellis R]. Chaperone function: The orthodox view. In: Henderson B, Pockley AG, eds. Molecular
Chaperones and Cell Signalling. Cambridge University Press, 2005:3-41.

Goodsell DS. The Machinery of Life. Springer-Verlag, 1992:68.

Kiseleva EV. Secretory protein synthesis in Chironomus salivary gland cells is not coupled with

protein translocation across endoplasmic reticulum membranes. Electron microscopic evidence. FEBS

Lett 1989; 257:251-253.

Musgrove JE, Ellis R]. The Rubisco large subunit binding protein. Phil Trans R Soc London B
1986; 313:419-428.

London ], Skrzynia C, Goldberg ME. Renaturation of E. coli tryptophanase after exposure to 8 M
urea. Evidence for the existence of nucleation centers. Eur J Biochem 1974; 47:409-415.



‘uonnquisi 10} 10N "eousIosolg sepueT WbuAdod 90026



‘uonnquisi 10} 10N "eousIosolg sepueT WbuAdod 90026



CHAPTER 2

The Cellular “Networking” of Mammalian
Hsp27 and Its Functions in the Control of
Protein Folding, Redox State and Apoptosis

André-Patrick Arrigo*

Abstract
( : ells possess effective mechanisms to cope with chronic or acute disturbance of homeo-

stasis. Key roles in maintaining or restoring homeostasis are played by the various heat

shock or stress proteins (Hsps). Among the Hsps, the group of proteins characterized
by low molecular masses (between 20 to 30 kDa) and homology to a-crystallin are called small
stress proteins (denoted sHsps). The present chapter summarizes the actual knowledge of the
protective mechanisms generated by the expression of mammalian Hsp27 (also denoted HspB1
in human) against the cytotoxicity induced by heat shock and oxidative stress. It also describes
the anti-apoptotic properties of Hsp27 and their putative consequences in different pathologi-
cal conditions.

Introduction

sHsps have been described first in Drosophila as being expressed concomitantly with the
high molecular masses heat shock proteins in cells exposed to a heat treament. At the molecu-
lar level, sHsps are characterized in their C-terminal moeity by a conserved sequence (the
alpha-crystallin domain) shared by mammalian alpha-crystallin polypeptide (Fig. 1). sHsps
have been described in every eukaryots studied so far* as well as in prokaryots.” For example,
the human genome contains 10 genes encoding different small stress proteins® (see Table 1).
Until recently, the most studied sHsps were the four Drosophila sHsps as well as Hsp27 and
aB-crystallin from mammals.” Hsp27 and oB-crystallin are characterized by a remarkable
variety of cellular functions, the first one being to protect the cell against conditions that would
otherwise be lethal to the cell. These sHsps increase the cellular resistance to different types of
stress, including heat shock,® oxidative conditions,””! exposure to cytotoxic drugs'* and
apoptotic inducers.">"” In vitro analysis have demonstrated that Hsp27 and oiB-crystallin share
an ATP-independent chaperone activity that counteracts protein denaturation and helps in the
refolding of denatured polypeptides.””*! However, a chaperone activity is not shared by all the
members of the human sHsps family (Table 1). Hsp27 is also known to modulate cell growth,

differentiation,'? intracellular redox state!" and tumorigenicity.'>* This sHsp also interacts
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Figure 1. Organization of Hsps polypeptides. Light box: conserved region; black box: WD/EPF
domain; gray box: alpha crystallin domain ; AAAAA flexible domain ; P: phosphorylated sites.
Amino acids number are indicated.

with the cytoskeleton and membranes and is involved in signaling via MAPKAP kinase 224 or
estrogen receptors®> pathways.

Hsp27 in Cells Exposed to Heat Shock

Cells are usually devoid of Hsp27 expression in the absence of heat shock. However, in
human, several types of cells, as for example cancer cells of carcinoma origin, constitutively
express Hsp27 (HspB1). In both types of cells, sub-lethal heat shock treatments up-regulate or
induce the synthesis of Hsp27 as a consequence of the transcriptional activation of hsp27 gene.
This transcriptional activation is mediated by HSF-1, a specific transcription factor, that once
trimerized binds HSE elements located in the promoter region of the genes encoding Hsps.?®
The heat induced synthesis of the different Hsps is coordinately regulated. This results in the
transient accumulation of the Hsps during and after the heat stress. In heat shock conditions,
human Hsp27 (HspB1) is phosphorylated at three serine sites by the MAPKAPK2/3 kinase.
This kinase is itself activated by the P38 stress kinase.”” Analysis of the structural organization
of the constitutively expressed and therefore preexisting Hsp27 polypeptide present in un-
stressed HeLa cells has revealed that this protein is in the form of spherical oligomers of heter-
ogenous native sizes, ranging from 140 to more than 800 kDa.?®?’ No X-ray structure has yet
been obtained due to the extreme difficulty to obtain pure crystals of mammalian Hsp27. In
heat shock conditions, the oligomerization of preexisting Hsp27 is drastically altered and re-
sembles that of the newly made Hsp27.%’ Indeed, heat shock induces the rapid formation of
small sized oligomers, a phenomenon which is followed by the generation of very large Hsp27
containing structures (also called heat shock granules).”” Phosphorylation is though to be re-
sponsible of the dissociation of Hsp27 oligomers during heat shock.*® The phenomenon is
transient and the structural organization of Hsp27 is back to normal several hours after the
heat stress.”” In unstressed cells, the constitutively expressed Hsp27 polypeptide is mainly cyto-
plasmic with a fraction being associated with membranous structures.”” In contrast, during
heat shock, Hsp27 is mostly associated with detergent resistant structures and redistributes
inside the nucleus if the heat stress is drastic enough (45°C, 30 min, Hela cells).?® In
thermotolerant cells, the structural organization and localization of Hsp27 is not altered by
heat shock.”’

Cells, genetically modified to constitutively express Hsp27 or aB-crystallin, are character-
ized by an enhanced resistance to the deleterious damages induced by heat shock.®?! Similar
observations were made in the case of Drosophila Hsp27°* and HspBS8, a recently described
new human sHsps™ (see Table 1). Since protein denaturation and aggregation are likely the
cause of the noxious effects of heat shock, studies have been performed to test the possibility of
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Table 1. The 10 different human sHsps and the proposed new (HspB) names for
human sHsps. Note that only four sHsps share a chaperone activity

Gene

HspB Other Localization on  Tissue

Name Name Chromosomes Expression Function(s)

HspB1 Hsp27, 4,7 p12,3 Many tissues Chaperone

Hsp28 including muscles Protection against stress,
Tumors apoptosis

HspB2 MKBP 11 g22 Binds myotonic dystrophy
protein kinase

HspB3 - 5ql11.2 Muscles Differentiation

HspB4 aA-crystallin 1 q22.3 Eye lens Chaperone

HspB5 aB-crystallin - 11 g22.3-q23.1 Many tissues Chaperone

including muscles Protection against stress,

apoptosis

HspB6 Hsp20 19q13.13 Smooth muscles Chaperone

Relaxation of vascular

smooth muscle

HspB7 cvHsp 1 p36.2-p34.3 Cardiovascular tissues ¢

HspB8 H11/Hsp22 12 q24.23 Muscle Protein Kinase (Thr/ser)

HspB9 - 17 g21.2 Testis ?

HspB10  ODF1 8 q22 Testis ?

Adapted from Kappe et al, Cell Stress and Chaperones 2003; 8:53-61.°

an in vivo chaperone activity associated to Hsp27 that could explain its cellular protective
activity. Extinction of thermosensitive luciferase light emission was used as an intracellular
marker of protein aggregation. No effect of Hsp27 was noticed towards the loss of luciferase
activity during heat shock. In contrast, after the heat shock, Hsp27 was found to accelerate the
recovery of luciferase activity. This suggests that, in vivo, Hsp27 accelerates the dissociation of
the aggregates formed by luciferase.’® In heat shock treated cells, Hsp27 also play a role in the
inhibition of translation of non heat shock induced mRNAs. This phenomenon results prob-
ably of the ability of Hsp27 to bind elF4G initiation factor and to facilitate dissociation of
cap-initiation complexes.®® Following a heat shock treatment, Hsp27 stimulates the recovery
of RNA splicing as well as RNA and protein synthesis.***’ In addition, phosphorylated Hsp27,
as it is observed in heat shock treated cells, helps in maintaining cytoskeletal architecture.”®%’
Taken together, these phenomena provide the cell with a survival advantage.

In vitro analysis have revealed that Hsp27 is a dynamic tetramer of tetramers with a unique
ability to refold and reassembles into its active quaternary structure after denaturation. At high
temperatures, the structures formed by Hsp27 increase in size but in slow equilibrium with the
hexadecameric form.*’ In heat shock conditions, Hsp27 is in the form of an oligomeric active
chaperone that binds and stores non native proteins (molten globules) and prevents their ag-
gregation®!* before subsequent refolding by ATP-dependent protein chaperones (Hsp70,
Hsp40, Hsp90 and co-chaperones) (see Fig. 2). Indeed, Hsp27 ability to refold denatured
polypeptides is poor compared to the high efficiency provided by the ATP-dependent Hsp70/
Hsp40 chaperone machinery.> Further in vitro analysis have demonstrated that phosphorylation
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Figure 2. Hsp27 function in cells exposed to agents or conditions that alter protein folding.
Denatured or oxidized are either rapidly refolded by ATP-dependent protein chaperones
(Hsp70, Hsp40, Hsp90 and co-chaperones Hip, Hop and Hsp90) or recognized by the CHIP
co-chaperone and send to degradation by the proteasome machinery. In case of an intense
stress, the high loads in denatured or oxidized proteins (molten globules) rapidly saturate the
Hsp70 refolding machinery, this results in the formation of aggregates (lipofuscin) that are very
deleterious to the cell. These aggregates may activate the PIDDosome machinery (made of the
polypeptides PIDD, RIADD and pro-caspase-2) leading to pro-caspase-2 activation and
apoptosis through the activation of downstream caspases. To counteract the problem and to
down-regulate the formation of aggregates, Hsp27 oligomers bind non native proteins and trap
them in very high molecular weight structures. These structures act as storage reservoirs.
Denatured proteins present in these reservoirs are less prone to aggregate. A more secure way
to process denatured proteins is then created by Hsp27 oligomeric structures. Hsp27 oligo-
mers generate also a pro-reduced state in the cells through the modulation of enzymes in-
volved in gluthatione-ROS pathway. This pro-reduced state counteracts ROS formation and
probably also aberrant protein interactions and lipofuscin formation. HS: heat shock.

significantly reduces Hsp27 ability to form reservoirs containing denatured substrates.* It is
not known whether phosphorylation is a negative regulator of the formation of reservoirs or is
part of a mechanism that promotes their dynamic recycling. On the other hand, the actin
polymerization-inhibiting activity associated to Hsp27 is inhibited when this protein in the
form of phosphorylated tetramers.” This phenomenon therefore favors F-actin reformation, 84’
Indeed, in heat treated cells, Hsp27 forms stable complexes with denatured F-actin preventing
its aggregation and facilitating its reformation.*®

Hsp27 in Cells Exposed to Oxidative Stress

Oxidative stress is common in eukaryotic cells since the use of molecular oxygen that leads
to respiratory energy production generates side products such as reactive oxygen species (ROS)
that become cytotoxic when they are produced at a too high concentration. As mentioned
above in the case of heat shock, the type of death that is triggered depends on the intensity of
the stress. Apoptosis is usually induced by a moderate oxidative stress, while a drastic exposure
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to oxidant conditions induces necrosis.”’ In the case of apoptosis, endogenous ROS induce a
glutathione depletion which triggers the mitochondrial apoptotic pathway** (see below). In
contrast, high levels of ROS result in necrosis probably because of irreversible oxidations that
inhibit caspases and decrease ATP intracellular levels.>>>

Sophisticated defenses (i.e., detoxifiant enzymes, vitamines C and E and thiol-containing
molecules, such as glutathione) are induced by the cells to protect themselves in the face of an
extracellular oxidizing environment.> To the list of protectors one can add the anti-apoptotic
protein Bcl2°%%7 and several sHsps, such as mammalian Hsp27 and a:B-crystallin and Droso-
phila sHsps."! Indeed, these sHsps have a cytoprotector effect in cells exposed to oxidative
stress induced by agents or conditions such as hydrogen peroxide, menadione, doxorubicin
and tumor necrosis factor (TNF).!>385803 [y unstressed cells, devoid of constitutively ex-
pressed sHsps, such as murine 1929,46:6061 yirine NTH 3T3-ras® and human colorectal can-
cer HT-29% cells, sHsps expression significantly decreases the basal level of intracellular reac-
tive oxygen species (ROS) as well as the burst of ROS generated by oxidative stress. This effect
is correlated with decreased lipid peroxidation and protein oxidation® and F-actin architecture
disruption.?®%¢7 Glutathione®® is an important factor of the protective activity of Hsp27
against oxidative stress.”” Consequently, Hsp27 does not counteract the oxidative stress gener-
ated by either buthionine sulfoximine (BSO) (a specific and essentially irreversible inhibitor of
Y-glutamyl-cysteine synthetase), or diethyl maleate (DEM) which binds the free sulthydryl
groups of glutathione. In unstressed murine cells that are devoid of endogenous sHsps expres-
sion, Hsp27 expression upregulates glutathione level and upholds this redox modulator in its
reduced form.>”**%7% However, in cells that already constitutively express high levels of Hsp27
(i.e HeLa cells), an expression vector mediated increase in Hsp27 level does not necessarly
upregulates glutathione level (probably because the maximum intracellular level of glutathione
is already reached in normal HeLa cells).” The expression and/or activity of enzymes involved
in the ROS-glutathione pathway, such as glucose-6-phosphate dehydrogenase, glutathione re-
ductase and glutathione transferase is often up-regulated in cells (particularly murine fibro-
blasts) expressing Hsp27. This phenomenon could be at the origin of the glutathione mediated
antioxidant power generated by the expression of Hsp27.%” Recently, we have observed that the
expression of Hsp27 or aB-crystallin downregulates iron intracellular level”! (Virot S and Arrigo
A.-P,, manuscript in preparation). This down-regulation could represent a key factor in the
protective mechanism of Hsp27 since free iron, through Fenton reaction, catalyzes the forma-
tion of hydroxyl radicals that oxidize proteins.

In oxidative conditions, Hsp27 mediated rise in reduced glutathione and/or the upholding
of this redox modulator in its reduced form appears directly responsible of the protection
observed at the level of the cell morphology, cytoskeletal architecture®®®” and mitochondrial
membrane potential.®*”° In addition, the cellular locale, oligomerization and phosphorylation
of Hsp27 are also drastically modified in cells undergoing oxdative stress. Formation of dimers
is also stimulated in cells exposed to oxidative stress. This occurs through the unique cysteine
residue present in Hsp27 which is essential for the protective activity of the protein.”? In this
respect, it is intriguing to note that only medium sized oligomers contain cysteine-dependent
dimers. In L1929 murine fibroblasts genetically modified to express human Hsp27, a one hour
exposure to TNFa, shifted, in an ROS-dependent manner, Hsp27 oligomers from an heterog-
enous native size distribution to large structures (u}) to 800 kDa). Thereafter, TNFa decreased
the size of Hsp27 oligomers to about 200 kDa.”*”* Hsp27 phosphorylated isoforms are recov-
ered as small or medium-sized oligomers (<300 kDa). These studies, together with the analysis
of Hsp27 mutants, led to the conclusion that the large unphosphorylated oligomers of Hsp27
represent the active form of the protein which modulates ROS and glutathione levels,** prob-
ably as a consequence of their in vitro chaperone activity.*® Moreover, Hsp27 large oligomers
may bind irreversibly oxidized polypeptides and stimulate their presentation to the
ubiquitin-independent 20S proteasome, a protein degradation machine with a high affinity for
oxidized proteins.”” This activity may then counteract the accumulation of lipofuscin made of
proteolysis resistant large aggregates of oxidized proteins.
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Hsp27 was also reported to sensitize some cells to oxidative stress in spite of its ability to
confer heat shock resistance.’’”®”” Hence, despite the proeminent role played by the chaper-
one activity associated to its large oligomers, the mechanism of action of Hsp27 is probably
stress- and cell-specific.

Hsp27 in Cells Committed to Apoptosis

Depending on their intensity, heat, oxidative or other types of stress induce at least two
major two types of cell death processes. In the case of cells exposed to mild stress, cells have the
opportunity to decide either to repair the damages or to commit suicide through an apoptotic
process. In contrast, drastic stress usually trigger cell necrosis. The execution phase of apoptosis
occurs through the proteolytic activation of specific proteases called caspases.”®”? Several dif-
ferent pathways lead to the activation of caspases, such as those triggered by death receptors™
and those which depend on the mitochondria-apoptosome machinery.®""** Apoprosis induced
by either heat shock or oxidative stress usually occurs through the mitochondria pathway of
activation.®?

Depending on its intensity heat shock induces first an apoptotic death while necrosis is ob-
served when the stress is drastic and impairs Hsps expression. Heat induced apoptotic process
requires cytochrome c release from mitochondria and caspase 3 activation® and is blocked by the
broad caspase inhibitor z-VAD-fmk.®% It has recently been described that apoptosis induced by
heat shock is dependent on the PIDDosome complex and pro-caspase-2 activation.®® For ex-
ample, caspase-2 (-/-) and RIADD (-/-) cells that are devoid of functional PIDDosome are resis-
tant to heat-induced apoptosis. Whether accumulation of denatured proteins, as it occurs during
heat shock, triggers the activation of the PIDDosome complex is an interesting hypothesis to be
tested (Fig. 2). Moreover, downstream of pro-caspase-2, the multidomain proapoptotic mol-
ecules Bax and Bak have been described to be directly activated by heat.*” It is not yet known if
Hsp27 or the other Hsps interfere specifically with these pathways.

We and others have reported that mammalian Hsp27, Drosophila Hsp27 as well as a-B
crystallin counteract apoptosis induced by the kinase C inhibitor staurosporine. Hsp27 from
human also protects against apoptosis induced by actinomycin D, camptothecin, Fas/APO-1
receptor,®® cisplatin,® the topoisomerase II inhibitor etoposide,®>®” and doxorubicin.®>?%%!
Hsp27 is less efficient in the protection against T antigen/p53°* and stimulated CTL cells
mediated apoptotic cell deaths.”

Concerning death ligands, we and others have shown that Hsp27 or alphaAB-crystallin
expression are negative regulators of TNFat and Fas ligand mediated cell death.”®%%4 Only the
phosphorylated dimeric form of Hsp27 has been shown to interact with DAXX, a mediator of
Fas-induced apoptosis, preventing the interaction of DAXX with both Fas and apoptotic sig-
naling kinase 1 (Ask1) and therefore blocking DAXX-mediated apoptosis.” In the case of the
ROS dependent necrotic cell death generated by TNFa, the formation of the large
unphosphorylated oligomers of Hsp27 which bear chaperone activity is observed. However,
since Hsp27 protects also against the apoptotic death induced by TNFa in the presence of
actinomycine D, an inhibitory action of this Hsp should also occur at the level of caspases.

We have observed that Hsp27 is a negative regulator of several different pathways whih
converge to mitochondria and trig%er the release in the cytosol of apoptogenic factors, such as
cytochrome ¢”° and Smac/Diablo.”” This activity of Hsp27 could be related, at least in part, to
the ability of Hsp27 to protect the integrity of F-actin microfilaments against the damages
induced by cytochalasin D or other apoptosis inducers (staurosporine, ROS, oxidative stress,
heat shock...). This study also led to the discovery of an apoptotic-signaling pathway linking
cytoskeleton damages to mitochondria.”® Hsp27 also acts downstream of mitochondria. For
example, Hsp27 was shown to interact with cytochrome c once this apoptogenic polypeptide is
released from mitochondria. Once bound to Hsp27, cytochrome c looses its ability to trigger
apoptosome formation.®””® Cytochrome ¢ probably interacts with the N-terminal part of Hsp27
polypeptide, between amino acids 51 and 88;°® a domain which is not related with the
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chaperone activity of Hsp27.” In contrast, Hsp27 does not interfere with the caspase inde-
pendent apoptosis inducing factor (AIF) which, once released from mitochondria, triggers
chromatin condensation and large-scale DNA fragmentation. Hsp27 has also been reported to
bind pro-caspase 3 and to interfere with its activation ; however, the structural organization of
Hsp27 responsible of this event is not known.'®

Studies performed with genetically manipulated HeLa cells which express reduced levels of
Hsp27 have revealed that the constitutive expression of this protein provides apoptotic resis-
tance to staurosporine, etoposide, Fas, or cytochalasin D. In HeLa cells, inducers-specific changes
in the structural organization and phosphorylation of Hsp27 are observed that correlate with
the decreased activation of caspases (Paul C, Arrigo A.-P. in preparation). For example, etoposide
induces the transient formation of large Hsp27 oligomers suggesting that only the chaperone-like
structure of the protein protects against this apoptotic agent. In contrast, staurosporine and
cytochalasin D induce the transient formation of two populations of oligomeric Hsp27 struc-
tures characterized by large and small molecular masses. As already mentioned above, inhibition
of DAXX-mediated cell death requires only the unphosphorylated dimers of Hsp27.”> Hence,
future studies will have to determine which oligomeric form of Hsp27 is active at the different
steps of the apoptotic pathways and whether activities other than the chaperone function (for-
mation of reservoirs) are also involved in the protection (see Fig. 3).

DR &
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Mitochondria

Active Caspase 9
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Pio caspase 3 —»
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Figure 3. Hsp27 function in the mitochondrial apoptotic pathway. In vitro caspase assay per-
formed with cytosolic post-mitochondrial fraction treated with cytochrome c and dATP revealed
that Hsp27, once in the form of large unphosphorylated oligomers, interferes with the activation
of pro-caspase-9 and pro-caspase-3 and copurifies with apoptosome containing fractions. Hsp27
in the form of medium sized or small oligomers may bind cytochrome c and only small oligomers
appear to be active upstream of mitochondria at the level of F-actin. The structural organization
of Hsp27 which is active in the case of the interaction with pro-caspase-3 is unknown.
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Hsp27 is transiently expressed during the early differentiation of different cell types.”!°"-1%*

Inhibition of Hsp27 accumulation results in differentiation failure, a phenomenon often ac-
companied by massive apoptosis induction.”>'%31% The mechanism by which Hsp27 controls
the differentiation program and negatively modulates apoptosis is unknown but correlates with
the formation of chaperone-like large Hsp27 oligomers. These large oligomers may avoid the
accumulation of junk protein structures that trigger abberrant differentiation processes and
apoptosis.

Conclusions and in Vivo Perspectives

Itis now well established that the expression of Hsp27 and alphaB-crystallin protect, through
their chaperone activity, cells against the deleterious damages induced by heat or oxidative
injuries. These proteins also reduce and/or delay different apoptotic processes. However, more
work is needed to better understand what is the exact role played by the « classical chaperone
function » of sHsps (such as the formation of reservoirs containing folding intermediates) in
their anti-apoptotic activity. Indeed, it is conceivable that, in addition to their chaperone func-
tion, other activities associated to these proteins may be required to fight against apoptotic cell
death. This hypothesis is strenghtened by the fact that some Hsp27 mutants which protect
against cytochrome ¢ induced apoptosis are not efficient against oxidative stress induced cell
death.”

In spite of the fact that the knock out of Hsp27 encoding gene is lethal, recent reports now
provide the evidences that, in vivo, Hsp27 also acts as a negative regulator of programmed cell
h,'% and therefore may play a crucial role in the development and integrity of organisms.
It is also well known that several human tumor cells constitutively express high levels of
Hsp27.'71% Moreover, Hsp27 has been described to have a potent tumorigenic activity,
probably because of its ability to counteracts apoptosis mediated by death ligants, hence allow-
ing cancer cells to escape the surveillance mediated by the immune system. In this respect,
modification of Hsp27 by the methylglyoxal-arginine adduct argpyrimidine (due to the high
level of non enzymatic glycation in glycolitic active cancer cells) stimulates its anti-apoptotic
activity''! and may be part of the mechanism triggered by some cancer cells for evasion of
apoptosis.''? Tt is also intriguing to note that elevated titers of serum antibodies to Hsp27
accompany several human diseases such as cancer and glaucoma. Hsp27 auto-immune anti-
bodies are associated with improved survival in patients with breast cancer''® probably because
of their ability to induce apoptosis by inactivating or attenuating the anti-apoptotic activity of
native Hsp27.!" These observations have led to the conclusion that Hsp27 is a potential thera-
peutic target for future clinical studies.'' !>

There are also several other pathological situations where high levels of Hsp27 are detected,
such as in the case of chronic liver damage,'?” neurodegenerescence pathologies and asthma.'2""122
In these pathologies, the protective mechanism provided by Hsp27 expression is supposed to
be beneficial as it fights against the pathological state. This assumption is supported by the fact
that mutations in several human sHsps, such as Hsp27 (HspB1), are associated with inherited
peripheral neuropathologies.'** Hence, more work is needed before future strategies aimed at
targetting Hsp27 function(s) in a specific disease could be planned.
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CHAPTER 3

Molecular Interaction Network
of the Hsp90 Chaperone System

Rongmin Zhao and Walid A. Houry*

Abstract

sp90 is an essential and ubiquitous molecular chaperone that is required for the proper
H folding of a set of client proteins at a late stage in their folding process. In eukaryotes,

cytoplasmic Hsp90 is absolutely essential for cell viability under all growth condi-
tions. The functional cycle of the Hsp90 system requires a cohort of cochaperones and cofac-
tors that regulate the activity of this chaperone. Hence, Hsp90 function is highly complex; in
order to understand that complexity, several groups have attempted to map out the interaction
network of this chaperone in yeast and mammalian systems using the latest available proteomic
and genomic tools. Interaction networks emerging from these large scale efforts clearly demon-
strate that Hsp90 plays a central role effecting multiple pathways and cellular processes. In
yeast Saccharomyces cerevisiae, Hsp90 was shown to interact directly or indirectly with at least
10% of the yeast ORFs. The systematic application of large scale approaches to map out the
Hsp90 chaperone network should allow the determination of the mechanisms employed by
this chaperone system to maintain protein homeostasis in the cell.

Introduction

Hsp90 is an abundant and essential molecular chaperone present in all eukaryotic cells.
Hsp90 has been implicated in mediating the folding of a specific set of substrate proteins,
which are typically called ‘clients’. Hsp90 clients are thought to interact with the chaperone in
a nearly native state at the late stage of de novo folding;" alternatively, Hsp90 can also enhance
the rate of reactivation of heat denatured proteins under stress conditions.” Although no com-
mon sequence or structural features have yet been identified for Hsp90 clients, however, many
of the early clients that were identified fell into two functional classes: transcription factors®
and protein kinases.? These early observations suggested the involvement of Hsp90 in modu-
lating signaling pathways. Hsp90 is, therefore, considered to be particularly important for cell
cycle control, organism development, and response to environmental stresses.”® Hsp90 has
become a novel anti-cancer drug target, and there are several drugs that specifically bind to
Hsp90 and are in clinical trials.”®

Hsp90 is a dimeric protein consisting of three domains: an N-terminal ATP-binding do-
main, a middle region, and a C-terminal domain involved in homodimerization. The N-terminal
domain has a unique fold termed the Bergerat fold.” Although the ATPase activity of Hsp90 is
weak, ATP binding and hydrolysis is crucial to the chaperone function.'” Several drugs that
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have been designed to target Hsp90, such as geldanamycin, bind in the ATP pocket at the
N-terminal domain. In eukaryotes, the C-terminal domain of cytosolic Hsp90 ends with a
conserved EEVD motif. This motif has been shown to be essential for the interaction of cyto-
solic Hsp90 with cofactors that contain o-helical tetratricopeptide repeat domains (TPR).
The Hsp90 functional cycle has been intensively investigated, however, due to the com-
plexity of this chaperone system and the diversity of the clients, a full understanding of the
molecular aspects of the cycle is still lacking. It is known that the activity of Hsp90 requires the
involvement of other chaperone systems such as Hsp70 and Hsp40 as well as several cofactors
(Fig. 1). The Hsp90 functional cycle has been well-studied for the case of steroid hormone
receptors (Fig. 1).>!! It is thought that the monomeric inactive receptor is initially recognized
by the Hsp70/40 system and, subsequently, transferred to Hsp90. The formation of a complex
between Hsp70 and Hsp90 is mediated by the scaffold protein Hop/p60 (Stil in yeast). In
yeast, Stil has been shown to be an activator of the Hsp70 ATPase and an inhibitor of Hsp90
ATPase, although mammalian Hop does not seem to have such an effect.'*'> Subsequently,
other cyclophilins (e.g., yeast Cpr6 and Cpr7) and immunophilins (e.g., yeast Cnsl) as well as
the cochaperone p23 (Sbal in yeast) interact with the Hsp70/40-Hop-Hsp90-substrate complex

& hormone
Ahal?
HAT?

.%

p23
PPI

mature intermediate
complex complex

Figure 1. The Hsp90 functional cycle. A nascent polypeptide chain of a steroid hormone
receptor, for example, is initially recognized by the Hsp70/Hsp40 system. Hop (yeast Sti1)
binds both Hsp70 and Hsp90 to form the intermediate complex allowing the transfer of the
substrate protein to Hsp90. Subsequently, p23 (yeast Sbal) and other cyclophilins and
immunophilins (indicated by PPI) bind Hsp90, releasing Hsp70/Hsp40 and Hop. In the result-
ing mature complex, Hsp90 is stabilized in the ATP state by p23. If the substrate is a protein
kinase, Cdc37 is also involved in stabilizing this complex (not shown). Upon entry of the
hormone into the cell, the receptor binds the hormone and is released from Hsp90. The release
is promoted by Ahal which enhances the ATPase activity of the chaperone and, in mammalian
cells, is also possibly promoted by the acetylation of the chaperone.
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resulting in the release of Hsp70/40 and Hop. p23 stabilizes the Hsp90-receptor complex in
the ATP state. Upon arrival of the hormone into the cell, the receptor binds the hormone and
is released from Hsp90 upon hydrolysis of the chaperone-bound ATP to ADP; the receptor is
then active as a dimer and translocates into the nucleus. The ATPase activity of Hsp90 is
enhanced by the cofactor Ahal/Hch1."*1> It has also been demonstrated that Hsp90 activity
can be regulated by phosphorylation by the phosphatase Ppt1'® in yeast and by acetylation/
deacetylation by an unknown HAT and by HDAC6 in mammalian cells, respectively.'”'8
Several other Hsp90 cofactors are also known, such as Cdc37 and CHIP, and they affect the
chaperone activity in different manners. It is generally thought that different Hsp90 cofactors
target the chaperone to different sets of substrates.

Recently, several systematic genomic and proteomic approaches were employed in order to
map out the Hsp90 molecular interaction network. These approaches provide a global view of
the influence of the Hsp90 system on multiple processes and complexes in the cell. They also
shed more light on the mechanism of Hsp90 function. The description of these approaches
follows below.

Mapping the Hsp90 Physical Interaction Network

The Hsp90 physical interactors represent a class of proteins that either directly interact with
Hsp90 or that are part of complexes that interact with Hsp90. Most of these Hsp90 physical
interactors are thought to mainly include Hsp90 cofactors and cochaperones as well as Hsp90
clients. Two different methods have been employed to map out such interactors: (1) pull-down
or immunoprecipitation of the chaperone to isolate Hsp90-containing complexes followed by
mass spectrometry to identify proteins in those complexes, and (2) two-hybrid method to
identify proteins that, predominantly, directly bind to Hsp90.

Isolation of Hsp90 Complexes Followed by Mass Spectrometry

Isolation of Hsp90 complexes followed by mass spectrometry to identify components of the
complexes is an effective and straight forward approach to explore the Hsp90 interactors. Ma-
trix assisted laser desorption ionization time of flight (MALDI-ToF), tandem electrospray mass
spectrometry (MS/MS), or liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) have been extensively used to identify single proteins or protein mixtures'” in
gels or in solution. While protein identification might be robust, this approach greatly depends
on the quality of purified complexes.

This method has been used to isolate Hsp90 complexes either by affinity pull-down of
ta;ged Hsp90 in yeast or by coimmunoprecipitation of Hsp90 from mammalian cells. Zhao et
al*’ introduced a TAP-tag to endogenous Hsp90 in yeast, while keeping the gene under the
control of its own promoter. The TAP-tag is a tandem affinity purification tag containing two
IgG binding domains from Protein A and a calmodulin binding peptide motif separated by a
tobacco etch virus (TEV) protease cut site.”! Yeast has two virtually identical HSP90 genes, one
termed HSP82, which is heat shock induced, while the other is termed HSC82, which is con-
stitutively expressed. The proteins are localized in the cytoplasm. Strains were constructed in
which endogenous HSC82 or HSP82 were C-terminally TAP-tagged, in addition, a third strain
was constructed in which HSP82 was deleted, while HSC82 was N-terminally TAP-tagged.
Hsp90-containing complexes were then isolated on IgG beads, released using TEV protease,
further purified on calmodulin beads in the presence of calcium, and then released by addition
of EGTA to chelate the calcium. This ap£roach allowed the isolation of native protein com-
plexes that were purified to more than 10° fold to virtual homogeneity. Since the EEVD motif
at the C-terminus of Hsp90 is essential for the interaction of Hsp90 cofactors with the chaper-
one, most of the useful complexes were obtained from the third strain in which HSC82 was
N-terminally TAP-tagged and HSP82 was deleted. It should be noted that, in this approach,
the addition of the tag might affect Hsp90 activity. Indeed, the yeast strain with N-terminally
TAP-tagged Hsp90 had slight temperature sensitivity. Isolated proteins were identified by mass
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spectrometry and some ‘hits’ were then verified using reverse pull-downs in which the identi-
fied proteins were TAP-tagged and pulled-down.

To 1dent1fy Hsp90 interactors in mammalian systems, Falsone et al*? used a commercially
available anti-Hsp90 antibody to immunoprecipitate Hsp90 complexes from human embry-
onic kidney (HEK293) cells. One of the hits was verified by determining that its levels were
sensitive to the inhibition of Hsp90 by the drug geldanamycin. It should be noted that in the
human | genome there are seventeen genes which have been detected to belong to the Hsp90
family.?” Six of these genes were recognized as functional, while the other eleven genes were
classified as pseudogenes. These Hsp90s are present in different compartments of the eukary-
otic cell further complicating the studies on mammalian Hsp90.

Two Hybrid Screens

The yeast two- hybrld (2H) system is one of the most widely used methods to screen or
confirm protein-protein interactions.* The basic principle of this system is that a protein X,
the bait, is fused to a DNA binding domain (DBD), which is commonly derived from the
Gal4 or LexA transcription factors. Protein Y, the prey, is fused to a transcription activation
domain (AD). If proteins X and Y interact, then AD and DBD are brought close to each other,
triggering the activation of a downstream reporter gene.

Despite the popularity of this method, there are several drawbacks that have to be consid-
ered. The interactions have to occur in the nucleus and a nuclear targeting sequence is present
in the constructs used. In this regard, yeast Hsp90 is predominantly cytoplasmlc and it has been
reported that the chaperone has a cytoplasmic localization signal in its sequence.?’ The nuclear
localization signal in the DBD domain may not be strong enough to bring the large Hsp90 to
the nucleus and this is indeed observed for full-length yeast Hsp90 (R. Zhao and W.A. Houry,
unpublished results). Also, the DBD-Hsp90 fusion might not be fully active. It has been re-
ported thata C- termmal Hsp90-Gal4 fusion can support yeast growth better than an N-terminal
Gal4-Hsp90 fusion.?® Also, the interaction between Hsp90 and its client proteins is probably
transient and the interaction might not be strong enough to activate the downstream reforter
gene. Nevertheless, this approach has been successfully used by the Piper and Houry groups”®*"#%
to map out the Hsp90 2H interaction network using an ordered array of about 6000 yeast
OREFs fused to Gal4 activation domain that was created by Uetz et al.”

Mapping the Hsp90 Genetic Interaction Network

Hsp90 genetic interactors represent a class of proteins that are involved in a pathway where
Hsp90 also plays key functions in parallel. Hsp90 genetic interactors may or may not directly
interact with the chaperone, but both, the chaperone and its genetic interactor, are required for
the successful function of a particular essential cellular process or pathway, and consequently,
for cell viability. The large scale identification of Hsp90 genetic interactors has been success-
fully used for yeast Hsp90.%

Synthetic Genetic Array

Synthetic genetic array (SGA) analysis is based on the principle of synthetlc lethality devel-
oped for the budding yeast Saccharomyces cerevisiae.®® For this organism, about 80% of the
open reading frames are nonessential.”’ Tong et al*® developed automated methods to screen
for synthetic lethality of a given knockout strain against the systematic gene deletion array®>>?
consisting of about 4700 haploid strains each of which has a marked deletion of one nonessen-
tial gene. A knockout strain is mated with the deletion array to eventually obtain strains with
double deletions. If these strains are sick or not viable, then the two deleted genes are said to be
genetic interactors. Putative hits can be verified by tetrad analysis or random spore analysis.
The detailed method and its application has recently been reviewed in reference 34.

This screen is ideally designed for a query of nonessential gene; however, it is also suitable
for an essential gene query if a conditional knockout, such a temperature sensitive mutant of
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the essential gene, is available. Hsp90 is essential in all eukaryotic cells. A number of tempera-
ture sensitive yeast Hsp82 mutants such as Hsp82(G170D), Hsp82(G313S), and
Hsp82(E381K) have already been identified and characterized.® An SGA analysis of Hsp90
interactors has recently been carried out using a strain in which hsc82 is deleted and HSP82 is
rendered temperature sensitive by introducing the G170D mutation.”” The screen was carried
out at the semi-permissive temperature of 35°C.

Chemical Genetic Screen/Drug Screen

The chemical genetic screen or drug screen is based on the principle of synthetic lethality
and takes advantage of the unique bar codes introduced to mark each deletion mutant in the
systematic deletion array.** These bar codes can be amplified using common primers. In this
method, the bar-coded haploid deletion mutants of the nonessential genes® are pooled and
grown in liquid culture containing an Hsp90 specific drug inhibitor, geldanamycin, to chal-
lenge Hsp90 function. Strains containing deleted genes that are synthetic lethal or synthetic
sick with Hsp90 will die or grow slower compared to other strains. The same experiment is
repeated in the absence of the drug. The common primers are then used to amplify genomic
DNA from the pooled strains and the resultant products are hybridized onto specific DNA
oligo array chips. Strains that do not grow or that grow slowly in the presence of the drug will
not give a signal or will give a lower signal when compared to the signal obtained in the absence
of the drug. The hits obtained from applying this technique should closely overlap with the hits
obtained from the SGA analysis as both methods depend on the same principle of synthetic
lethality. Zhao et al*® employed this method to determine yeast Hsp90 genetic interactors
using the drug geldanamycin (geldanamycin screen or GS).

The Hsp90 Interactome

Yeast is currently the ideal system for large-scale genetic and proteomic studies due to the
ready availability of many tools for such studies in this organism. Figure 2A gives an overview
of the number of hits obtained using the four different methods described above for yeast
Hsp90 as reported by Zhao et al.® The Hsp90 interactors (over 600 ORFs) represent about
10% of the yeast proteome and are distributed among multiple cellular functional categories
(Fig. 3) suggesting that Hsp90 is involved in many processes. One feature that stands out in
Figure 2A is that there is little overlap among the different datasets obtained using the different
methods. This reflects the experimental differences between the methods used as each method
favors certain types of interactions. The best overlap was obtained between the SGA and the
geldanamycin screen (GS). A total of 451 Hsp90 genetic interactors were identified from the
two screens with an overlap of 49 hits. These 49 hits represent a high fidelity dataset that could
then be pursued further for more detailed biochemical studies. The overlap is considered to be
reasonable.

On the other hand, the physical interaction screens gave a total of 208 hits with an overlap
of only 10 hits between the TAP and 2H screens (Fig. 2A), which is less than expected. The
differences might arise because the 2H screen predominantly detects binary interactions, while
the TAP method detects interactions between the bait and a complex of polypeptides that need
not directly bind to the protein bait. Hence, the 2H screen might reveal weaker interactions
than the TAP screen.

It is interesting to note that no protein was simultaneously detected by the four methods
used and that only Cpr6, Cpr7, Stil, and Mon1 were detected by three of the four screens.
Cpr6, Cpr7, and Stil are all well-established Hsp90 cofactors, while the interaction of Hsp90
with Mon1 has not been reported before; therefore, Mon1 is likely an Hsp90 substrate. Mon1
is poorly studied; however, it is known to form a complex with another protein termed Cezl
that binds the vacuolar membrane and is involved in homotypic vacuole fusion.*®3” This might
implicate Hsp90 in vacuolar trafficking.
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Figure 2. The Hsp90 interactome. A) Venn diagram showing the overlap among proteins iden-
tified by Zhao et al®® to interact physically or genetically with yeast Hsp90. Reproduced wtih
permission from reference 20, ©2005 Elsevier. B) Overlap in the 2H yeast Hsp90 interactors
identified by Zhao et al?® and Millson et al.?% C) Features of the mammalian Hsp90 interactors
identified by Falsone et al?? as compared to yeast orthologues.

There were 22 proteins that were found to have the unique property of interacting with
Hsp90 physically and genetically (Fig. 2A).%° These proteins are either important cofactors of
the Hsp90 chaperone system that become essential when the chaperone’s activity is reduced.
Alternatively, these proteins are substrates of Hsp90 that physically interact with the chaper-
one. In this scenario, Hsp90 might affect directly or indirectly the folding of two proteins X
and Y and is found to physically interact with X (one of the 22 proteins). X and Y have to be
genetic interactors such that strains deleted of both the X and Y genes are not viable. Hence,
when Hsp90 function is compromised, X and Y will not fold properly and synthetic lethality
results when X is deleted in a strain background with reduced Hsp90 activity. Identifying two
proteins to be physically as well as genetically interacting is not expected to be common and
might be a peculiar property of chaperones.



Molecular Interaction Network of the Hsp90 Chaperone System 33

SGA
cellular fate/organization GS
cellular transport cellular fate/organization
protein fate cellular transport
transcription protein fate
cell cycle and DNA processing transcription
metabolism metabolism

AN

Hsp90
TAP 2H
cellular transport cellular fate/organization
protein fate protein fate
transcription transcription
cell cycle and DNA processing metabolism

metabolism

Figure 3. Hsp90 influences multiple cellular processes. The yeast Hsp90 interactors identified
by Zhao et al.?° are distributed among a variety of functional categories. Functional categories
which contain more than 10% of interactors for each screening method are listed.

2H screens for yeast Hsp90 have also been carried out by Millson et al.””»*® Initially, the
group used full length Hsc82 as bait; however, even with DBD domain fused to the C-terminus
of Hsc82, which is reported to have similar activity as the wild type chaperone, only four
interactors were identified including the known Hsp90 cofactors Ahal and Hch1.? To detect
Hsp90 clients that probably only weakly interact with Hsp90, Millson et al repeated the 2H
screen using a mutant Hsp82(E33A). This form of Hsp90 is barely functional and is thought
not to proceed to the final maturation step in the chaperone functional cycle due to failed ATP
hydrolysis, which in turn is thought to hold the client proteins tighter rendering them easier to
detect by 2H. A total of 177 genes including some known Hsp90 cochaperones and substrates
were identified using this approach.?® In this regard, it is surprising to find that one-third (59
out of 177) of the ORFs identified by Millson et al*® are putative membrane proteins, putting
into question the validity of this screen.

In comparison, Zhao et al*” used full length yeast Hsp82 as well as the different domains of
Hsp82 as baits. This approach might be better in identifying physiological substrates and co-
factors of Hsp90 as compared to the use of an inactive mutant of the chaperone.?® A total of 90
Hsp90 interactors were identified®’ mostly by binding to Hsp90 domains as only 8 interactors
were found to bind to full length Hsp82. In this screen, only 6 proteins out of the 90 are
putative membrane proteins.

Eight proteins overlap between the 2H datasets of Zhao et al*” and Millson et al*® (Fig. 2B).
These proteins are: Ahal, Arr3, Bsd2, Cnsl, She3, Slt2, Sor2, and Tah1. This low overlap might
reflect differences in experimental conditions and baits used. The 8 proteins are probably robust
interactors of Hsp90. In fact, it is already known that Aha1'*!> and Cns1® are Hsp90 cofactors
that interact with Hsp90 in vivo and in vitro. Furthermore, Zhao et al** and Millson et al*®
verified the interaction of Hsp90 with Tah1 and SIt2, respectively, using in vitro assays.

The high throughput analysis of mammalian Hsp90 interactors is limited. Physical interactors
of mammalian Hsp90 in HEK293 cells were identified using a simple procedure of immuno-
precipitation of Hsp90 complexes and the identification of proteins in those complexes using
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nano-LC-MS/MS.** Falsone et al** identified 39 proteins as Hsp90 interactors (Fig. 2C). These
proteins include metabolic enzymes, ribosomal subunits, and components of the cytoskeleton.
However, many of the known Hsp90 interactors were not detected. The identified proteins are
mostly housekeeping proteins and are abundant in the cell. This reflects the nature of the
coimmunoprecipitation method; that is, most of the weak and transient interactions, espe-
cially with low abundance proteins, are missed. However, even for the short list of human
Hsp90 physical interactors obtained, it is noticed that 36 out of 39 of the interactors (except
for P04075, QINR45 and Q96KMS) have close yeast orthologues (Fig. 2C). Some of these
orthologues (yeast Actl, Mdh3, Tdh3, and Yer156¢ which correspond to human P63261,
P00338, P00354, and QIHBO07, respectively) were also found to physically interact with the
yeast Hsp90 by TAP?or 2H?® screens (Fig. 2C). This may suggest that not only the Hsp90
chaperone machinery itself, but also the core Hsp90 chaperone network may be somewhat
conserved across organisms.

Perspectives and Future Directions

The integrated approach used by Zhao et al** could also be used for other chaperone sys-
tems in yeast. The ultimate goal of mapping the chaperone interaction networks in the cell is to
determine the in vivo mechanisms that govern protein homeostasis. In other words, if these
screens are repeated often enough and if high fidelity data sets are obtained using multiple
methods under different conditions, can a set of rules be eventually derived that would allow us
to a priori predict how a given protein will fold inside the cell: what chaperone systems are
recruited to help in the folding process and what types of interactions are important for proper
de novo folding?

None of the current reported large-scale interaction studies on Hsp90 have been able to
find a consensus sequence or structural motif that is preferentially recognized by this chaper-
one. This is in contrast to other simpler systems such as Hsp60 in E. coli (GroEL) in which
preferential binding of GroEL to af folds or TIM barrels has been suggested.?*“ This seems
to point to the functional complexity of the Hsp90 system and the fact that substrate specific-
ity is probably dictated, to a certain extent, by the cofactors and cochaperones of Hsp90. There-
fore, mapping the chaperone interaction networks must be carried out using multiple genetic
and proteomic screens and varying experimental conditions in order to obtain a comprehen-
sive view of the cellular protein folding landscape and in order to minimize false negative and
false positive hits. For example, even with the integrated proteomic and genomic approach
employed by Zhao et al,?® some well-established Hsp90 interactors were missed such as Sbal/
p23 and Hap1. The interaction between Hsp90 and Sbal/p23 is stable only in the presence of
ATP. In another example, physical interactions with membrane proteins are usually difficult to
detect. The application of a recently developed split-ubiquitin membrane yeast two-hybrid
system might allow the detection of such interactors. 142

With the development of new techniques, the integrated approach used by Zhao et a
could also be applied for mammalian Hsp90: genetic interactors can be revealed using RNA
interference technology, while physical interactors can be studied using 2H and pull-down/
mass spectrometry methods. Furthermore, investigating Hsp90 interactors in a particular tis-
sue or organ, such as human liver or kidney, might be more meaningful than a whole
genome-wide screen of Hsp90 interactors. The interactions identified in these organs or tissues
could reveal site-specific roles of Hsp90. Finally, quantitative proteomics has been used as a
sensitive method to monitor the dynamics of a proteome.*? Future studies should concentrate
on examining the change of the Hsp90 interactome under different stress conditions. Hence,
the hope is that future chaperone networks will evolve from static pictures to dynamic entities.

120
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CHAPTER 4

Organization of the Functions and
Components of the Endoplasmic Reticulum

Yuichiro Shimizu and Linda M. Hendershot*

Abstract
’ I Y he endoplasmic reticulum is the site of entry into the secretory pathway and represents

a major and particularly crowded site of protein biosynthesis. In addition to the

complexity of protein folding in any organelle, the ER environment poses further
dangers and constraints to the process. A quality control apparatus exists to monitor the matu-
ration of proteins in the ER. Nascent polypeptide chains are specifically prevented from travel-
ing further along the secretory pathway until they have completed their folding or assembly.
Proteins that cannot achieve a proper conformation are recognized and removed from the ER
for degradation by the 26S proteasome. Finally, the homeostasis of the ER is vigilantly moni-
tored and changes that impinge upon the proper maturation of proteins in this organelle lead
to the activation of a signal transduction cascade that serves to restore balance to the ER.
Recent studies suggest that some of these diverse functions may be achieved due to the organi-
zation of the ER into functional and perhaps even physical sub-domains.

Introduction

The endoplasmic reticulum (ER) is a command center of the cell that is second only to the
nucleus in terms to the breath of its influence on other organelles and activities. It is a major site
of protein synthesis, contains the cellular calcium stores that are an essential component of
many signaling pathways, and is the proximal site of a signal transduction cascade that responds
to cellular stress conditions and serves to maintain homeostasis of the cell. All eucaryotic cells
possess an ER, which can comprise nearly 50% of the membranes of a cell. Its functions can be
divided into those that occur on the cytosolic side of the membrane (where protein translation
and degradation occur) and the lumenal space (where most other ER functions take place).

Overview of Protein Biosynthesis in the ER

Proteins that will populate single membrane bound organelles of the cell, as well as those
destined for expression on the cell surface or secretion, are synthesized on membrane bound
polyribosomes or rough ER, where, in the case of mammalian cells, they will be cotranslationally
translocated into the lumen of the ER. The nascent polypeptide chain is transported through
the transolocon, which is composed of Sec61 a, 3, and y and translocation associated protein
(TRAM).'3 Once inside the ER, the nascent chain begins to fold cotranslationally, and disul-
fide bonds are formed to stabilize protein folding and assembly of subunits. Most secretory

*Corresponding Author: Linda M. Hendershot—Department of Genetics and Tumor Cell
Biology, St. Jude Children’s Research Hospital, 332 N. Lauderdale Memphis, Tennessee
38105, U.S.A. Email: linda.hendershot@stjude.org

Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks,
edited by Peter Csermely and Laszlo Vigh. ©2007 Landes Bioscience
and Springer Science+Business Media.




38 Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks

pathway proteins are modified cotranslationally by the addition of a complex core of sugars
that are added in block to asparagine residues within a N-X-S/T sequence as it emerges from
the translocon. The N-linked glycans immediately become the target of enzymes that con-
tinuously add and remove sugars from the core. The composition of the glycan moiety is the
basis of systems that recognize the folding state of the protein (see below). This highly charged
moiety attached to an unfolded protein also limits the folding pathways that are available to the
nascent protein. Mutations or drugs that prevent N-linked glycosylation dramatically affect
protein folding in the ER, suggesting that proteins in this organelle may have evolved to place
glycosylation sites at critical regions of the protein to ensure they do not fold improperly.

When protein folding and assembly are completed, the protein can be transferred out of the
ER through ER exit sites on the smooth face of the ER and transported to the Golgi for further
modification and sorting along the secretory pathway.” It is well-accepted that the ER is di-
vided into spatially distinct regions for translocation and transport and in fact these regions can
be separated physically by density centrifugation of ER that has been disrupted into vesicles. If
however, the nascent polypeptide does not fold properly, it will be detected by an ER quality
control system and retrotranslocated to the cytosol for degradation by the 26S proteasome. It is
not clear whether this function also exists in a separate region of the ER or how the ER main-
tains these three distinct functions that would be expected to have different requirements in
terms of components and ER conditions (Fig. 1).

Antegrade transport
from ER

‘oxidizing”

Translocation
modification
folding/assembly

Unfolding/
disassembly
retrotranslocation

‘oxidizing” " .
oxidizing reducing”

Figure 1. The ER houses numerous diverse functions. The ER is a major site of protein synthesis.
Proteins enter the ER through a region termed the rough ER (black arrow), which is an oxidizing
environment that promotes protein folding and assembly. Properly matured proteins exit the ER
for the Golgi from the smooth ER (grey arrow), and it is believed that this region of the ER would
also be oxidizing to maintain the disulfide bonds that stabilize protein folding. Proteins that fail
to mature properly are identified and translocated back to the cytosol. It is not known which
region of the ER supports this activity (dashed arrow) nor is the oxidizing status of this “region”
known, but it is likely to be somewhat more reducing than the other two regions. Finally, the
folding environment is monitored and corrected by activating a signal transduction pathway that
serves to restore ER homeostasis. The “locations” of the signal transducers are not known, but
it is anticipated that they would be required in both the folding and the retrotranslocation sites.
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The ER Possesses a Unique Environment for Protein Folding

The environment of the ER introduces additional dangers for the nascent protein beyond
those encountered by proteins folding in the cytosol, but in some cases it can offer advantages.
The concentration of unfolded or partially folded proteins is particularly high in the ER, which
would be expected to dramatically increase the potential for aggregation or inappropriate inter-
and intra-molecular interactions between nascent proteins. This is prevented by a correspond-
ingly high concentration of molecular chaperones and foldin% enzymes in this organelle. In
addition, the ER lumen has a much higher oxidizing potential.” This promotes disulfide bond
formation between cysteine residues, while few disulfide bonds are formed in proteins synthe-
sized in the cytosol due to the low redox state.”* Although disulfide bonds serve to stabilize a
propetly folded protein or subunit interaction, the fact that the correct disulfide bond often
must form between cysteine residues that are far apart on the linear sequence or between cys-
teines in other subunits increases the possibility that transient, inappropriate interactions could
be stabilized by the formation of a disulfide bond. This must be prevented or resolved if it
occurs. The maintenance of an oxidizing environment in the ER is achieved by Erol, which is
oxidized by molecular oxygen. Oxidized Erol can then oxidize proteins like protein disulfide
isomerase, ”'% which possess oxy-reductase activity. The oxidized forms of these proteins are
then able to facilitate oxidation of the unfolded proteins associated with them, whereas the
reduced forms of these proteins are thought to reduce substrate proteins. Thus, the balance
between formation and disruption of disulfide bonds is regulated by the oxidation status of the
ER, which in turn contributes to stabilizing or destabilizing the folding of proteins in this
organelle. The latter is likely to be important for the dislocation of proteins back to the cytosol
for degradation, although it is unclear how both systems might work in the same organelle and
raises the possibility of separate domains or subcompartments within the ER (Fig. 1).

In addition, the ER has high concentrations of Ca®* and ATP, which contribute to the
folding efficiency of the chaperones.!"'? High concentrations of ER calcium are achieved through
the action of the ER calcium ATPase and ryanodine receptors and are stored via weak associa-
tions with several abundant ER chaperones including BiP, GRP94, calnexin and calreticulin.
The binding of calcium to acidic residues on nascent proteins can affect side chain interactions
that are a fundamental basis of protein folding. Thus, ER proteins have evolved to fold in a
calcium rich environment and decreases in ER calcium levels adversely affect folding in this
organelle.”® Although it would appear that the environment of the ER could interfere with
protein folding, some dedicated secretory cells (i.e., hepatocytes, pancreatic f islet cells, and
plasma cells) are able to successfully fold and export very large quantities of proteins. For ex-
ample, a single plasma cell is able to produce and secrete thousands of immunoglobulin (Ig)
molecules per second, which requires the formation of ~100,000 disulfide bonds and addition
of ~50,000 N-linked glycans.14

The ER Quality Control System

A critical checkpoint in the protein maturation process in the ER is the identification of
proteins that have not completed folding, have folded improperly, or have not acquired the
proper subunit complement. An elaborate quality control system exists, which is able to distin-
guish between these intermediates based on the identification of hydrophobic residues that
have not been properly buried, N-linked sugars that are not properly modified, and unpaired
or mispaired cysteines that result in exposed thiols or improper disulfide bond formations,
respectively. For the most part, these systems are not specific for individual proteins but instead
identify features that are common to unfolded proteins, although protein-specific quality con-
trol mechanisms do exist. The proper conformational maturation of most nascent secretory
pathway proteins is both aided and monitored by a large number of ER chaperones, their
cofactors, and folding enzymes."”> The components and mechanisms of action of two major
chaperone systems have been best studied. The first ER chaperone to be identified in any
organism was BiP'®!7 the ER Hsp70 family member, which recognizes hydrophobic side chains
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that are exposed on unfolded regions of a nascent protein.'® BiP can bind to nascent chains
cotranslationally and the binding is usually transient, except in the case of unpartnered sub-
units or mutant proteins. Like all Hsp70 proteins, BiP binds both ADP and ATP, which serve
to regulate its binding and release from nascent chains.'>? The ATPase cycle of Hsp70 pro-
teins is both positively and negatively regulated by a number of chaperones and cofactors. To
date five DnaJ homologues have been identified (ERdj1-5) that stimulate the ATPase activity
of BiP'® and at least one nucleotide releasing factor, BAP/SIs1/Sil1p.*! ERdj3 binds directly to
some secretory pathway proteins and is thought to recruit BiP and stabilize its binding. By
releasing ADP and allowing ATP to bind, BAP accelerates the release of BiP from the unfolded
protein and allows folding to occur.

The processing of N-linked glycans is closely linked to the folding status of the protein
through the action of glucosidases I and II, UDP-glucosyltransferase (UGT), and ER-localized
a-mannosidase.”>** Glucosidases I and II sequentially trim the outer two glucoses from a
precursor high mannose glycan (GlesMangGlcNAc,) that is added en bloc to the translocating
polypeptide chain reducing it to a mono-glucosylated state (Gle;MangGlcNAc,). Calnexin
(CNX) and calreticulin (CRT), which constitute the second major chaperone system in the
ER, bind specifically to this mono-glucosylated glycan until %lucosidase IT removes the final
glucose from the core resulting in a MangGlcNAG; structure.?#?> UGT recognizes both un-
folded regions on a protein and the MangGlcNAc, glycan,?® and as long as unfolded regions
remain on the protein, UGT can reglucosylate the glycan moiety, thus recreating the CNX/
CRT binding motif. If however, the substrate has completed folding and is ready for further
transport to the Golgi complex; one mannose is trimmed before the protein exits the ER. This
abolishes the ability of UGT to recognize the protein and stops the CNX/CRT cycle.

Finally, oxy-reductases, like protein disulfide isomerase (PDI) and ERp57, catalyze disul-
fide bond formation between unpaired cysteine residues in proteins as they fold and in some
cases break these bonds to either achieve proper folding or to prepare a partially folded protein
for retrotranslocation.””*® The activity of these enzymes are supported by specific interaction
with chaperones (i.e., PDI-BiP or ERp57-CNX/CRT), which bind and consequently stabilize
the substrate so that the reductases can access it efficiently.

Once folding and disulfide bond formation are complete and the features recognized by
these systems are no longer exposed, the protein in many cases is free to move along the secre-
tory pathway to the Golgi. However, proteins that fail ER quality control inspection are recog-
nized, translocated back through the ER membrane and targeted for degradation by the 26S
proteasome (Fig. 2). The components of this “retrotranslocon” are not completely understood
but recent studies suggest that it is composed of Derlin, a multi-pass transmembrane protein,
p97 a member of the AAA ATPase family that provides energy for extracting the protein,
Vimp, Hrd1, an E3 ubiquitin ligase, and Herp.** Proteins that are in the process of folding
must somehow be distinguished from proteins that are unable to fold completely as they share
the same common features. In the case of glycoproteins, this involves recognition of a mannose
trimmed form of N-linked glycans (Gleg.3MangGlcNAc,) by EDEM, and this interaction re-
moves the protein from a “folding” pathway and puts it on a “degradation” pathway.*"** How-
ever, the Mang form is commonly produced during the normal maturation process before
transport of the folded protein to the Golgi complex by the action of a resident mannosidase.
Therefore it is not entirely clear how the substrate’s native and nonnative states are distin-
guished. This could be explained if the site for retrotranslocation was separate from the sites of
exit for Golgi transport. The mechanism for targeting nonglycosylated proteins for degrada-
tion is even less well understood.

A balance exists between protein folding and degradation in cells under normal physiological
conditions that in most cases favors protein folding. However, changes in the cellular environment
can often impact on protein folding in the ER by either altering the redox potential, the ability
to glycosylate proteins or the storage of calcium in this organelle. These changes in ER homeo-
stasis can shift the balance and lead to the accumulation of unfolded proteins in the ER.*34
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Figure 2. ER functions require a distinct complement of proteins. Secretory pathway proteins
enter the ER through a membrane channel known as the translocon (1). This proteinaceous pore
is comprised of the Sec61 complex (light blue), a DnaJ family member (red) that serves to recruit
BiP andto pullthe nascent polypeptide into the ER and oligosaccharyl transferase (purple), which
adds complex N-linked sugars to the extended chain. The protein begins to fold (2), a process
that is both aided and monitored through the action of a large number of resident ER chaperones
and folding enzymes. If a protein achieves the proper tertiary structure, it is no longer a substrate
for molecular chaperones and will leave the ER for the Golgi through ER exit sites (3). However,
proteins that fail to fold properly are identified, unfolded, and translocated back to the cytosol
for degradation by the 26S proteasome (dark pink) (4). The nature of the retrotranslocon is not
well understood, but appears to be formed by several transmembrane proteins including Derlin
(yellow), which is thought to form the channel, VIMP (purple), which binds to both Derlin and
p97 (blue) an ATPase that provides energy for extracting the protein, and Hrd1, an E3 ligase that
adds ubiquitin to the substrate. Finally, in order to maintain ER homeostasis in the face of
increased demands on the ER or adverse conditions in the ER, 3 transmembrane proteins, Irel
(green), PERK (dark blue), and ATF6 (yellow) exist that sense ER stress via interactions with BiP
(turquoise) and upon activation signal the UPR (5). Acolor version of this figure is available online
at http://www.Eurekah.com.

The cell has the ability to recognize this change via three resident ER transmembrane proteins,
Irel, PERK and ATF6 that activate a signal transduction cascade termed the “unfolded protein
response”.”” Together these transducers up-regulate ER chaperones and folding enzymes to
prevent aggregation of unfolded proteins, transiently inhibit translation to limit the accumula-
tion of proteins, and increase the degradative capacity of the cell to reduce the load of unfolded
proteins. These responses serve to protect the cell and maintain ER homeostasis, but in ex-
treme or prolonged conditions of ER stress, proapoptotic responses, includin§ caspase 12/4,
CHOP, and JNK, are activated to eliminate the cell and protect the organism. 6,37

Chaperone Selection during Protein Maturation in the ER

The nascent polypeptide moves through the ribosome channel and translocon in a prima-
rily unfolded state that does not appear to progress beyond a-helix formation.**” Tt is largely
protected against degradation while in these two channels.**#! As the growing polypeptide
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chain enters inside the ER a choice is usually made between the two major chaperone systems
depending on certain features of the nascent polypeptide chain. If an N-linked glycan is added
within the first ~50 residues of the protein, the calnexin system will be engaged, whereas if no
glycan is present, BiP will bind.*** In addition to protecting the nascent unfolded protein
from aggregation, it is thought that the binding of chaperones very early can further serve to
pull the substrate into the lumen or prevent it from slipping back to the cytosol. However, the
largely cotranslational nature of translocation in higher eukaryotes is likely to have less of a
requirement for the latter function.

Proteins that remain in the ER for prolonged times in an unfolded state become sub-
strates for ER associated degradation (ERAD).*>* This requires first distinguishing a pro-
tein that will not fold from those that are in the process of folding. In the case of substrates
using the CNX/CRT system, part of the identification of terminally misfolded proteins in-
volves EDEM, which can recognize glycan structures that are formed due to a competition
between mannosidases and UGT.*® In many cases the protein is likely to have partially folded
and must be unfolded for efficient extraction from the ER. In the case of BACE457 and a
temperature-sensitive mutant of the VSV protein G, ts045, it appears these CNX substrates
are transferred to BiP/PDI prior to degradation for further unfolding.*>* Based on the fact
that glucosidase I and IT can remove glycans irrespective of substrate’s conformational state,*
while UGT only reglucosylates nearly native glycoprotein folding intermediates,”* Molinari
etal (ref. 50.) have hypothesized that if glucosidase II acted on the monoglucosylated glycan
of a more unfolded glycoprotein, UGT would no longer bind and reglucosylate the glycan.
This would cause the protein to exit the CNX/CRT cycle and allow BiP to bind. The fact
that UGT is a component of the BiP chaperone complex®? (see below) makes this a particu-
larly appealing idea, since competition between neighboring BiP and UGT could possibly
determine the fate of the substrate. In addition, the presence of PDI in the BiP complex
could serve to break disulfide bonds if it was in a partially oxidized state.

Organization of a Subset of Chaperones into Large

Preformed Complexes

In a number of studies, multiple ER chaperones were shown to associate with a given na-
scent protein. For example, both thyroglobulin®® and HCGB>* can be cross-linked to Bil
GRP94, and ERp72 during their maturation. In addition, multiple chaperones including
calnexin, calreticulin, BiP and GRP94 were found to interact with newly synthesized influenza
hemagglutinin protein,’” while unoxidized Ig LC formed transient disulfide bonds with both
PDI and ERp72, probably in order to trap the immature (unoxidized) protein in the ER undil
it is properly processed.’® However, it was not clear from these studies if the different chaper-
ones were binding to distinct regions of the unfolded protein, if each bound to somewhat
different folding states of a protein, or if the chaperones reacted as a complex to the same
exposed hydrophobic region on the nascent protein.

In the case of Ig heavy chains, a preformed complex including Bil, GRP94, CaBP1, PDI,
ERdj3, Hsp40, cyclophilin B, ERp72, GRP170, UGT, and SDF2-L1 is formed and binds
together to the CH1 domain of the heavy chain.’? Factors involved in the CNX/CRT system
were largely absent from the complex, with the exception of UGT, which might serve as a link
between the two chaperone systems. The complex existed in multiple cell types where it had a
similar composition suggesting that this may represent a common organization of the chaper-
ones in the ER. This could serve to concentrate a number of folding enzymes and chaperones
onto the nascent protein making them available if needed. The absence of members of the
CNX/CRT system from the complex suggests that there is a spatial separation to the two
chaperone systems in addition to the functional and temporal separation that has been re-
ported for many substrates. However, the fact that several proteins have been found to associate
with both the BiP and the CNX/CRT system means that either the two systems are in close
proximity or that distinct pools of the protein bind to each of the chaperones. Further support
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for a separation between these two chaperone systems comes from studies on what has been
termed the ER quality control compartment. Using fluorescence microscopy, the precursor of
human asialoglycoprotein receptor, H2a, and the free heavy chains of MHC class I molecules
were shown to accumulate in a compartment containing calnexin and calreticulin, but not Bil}
PDI, or UDP-GT, when proteasomal degradation was inhibited.””>8

Although it seems reasonable that the organization of chaperones and folding enzymes into
a complex would allow them to work together more efficiently, only limited data are available
to support this idea. Argon and coworkers showed the sequential interaction of BiP and GRP94
with Ig LC.” In a separate study GRP94 remained bound to Ig HC in vitro even after BiP was
released with ATP% In the first case the results suggest that BiP delivers the substrate to GRP94
and then leaves, whereas in the second case, they suggest that both BiP and GRP94 bind
simultaneously, although independently to the substrate. Data showing that BiP and
GRP94 exist as a complex that binds together to the CH1 domain of Ig HC appears inconsis-
tent with these results at first glalnce.52 However, it should be noted that neither of these two
studies used cross-linkers to stabilize binding of the various components of the complex. Thus,
it is possible in the first study that the chaperone complex can associate with the nascent LC
through BiP and that as the protein begins to fold that the complex “rolls over” to allow GRP94
to bind directly. In the absence of crosslinker this would appear as BiP binding alone first and
GRP94 second. In addition to evidence suggesting a collaboration between BiP and GRP94, a
synergistic action between BiP and PDI were also suggested in a yeast expression system,’! and
in an in vitro system.* These studies suggested that BiP binds to unfolded or denatured anti-
body fragments and keeps them in a conformation in which the cysteine residues are more
readily accessible for PDI to catalyze disulfide bond formation. The association of both BiP
and PDI with an aggregated pancreatic isoform of human f-secretase (BACE457), which had
formed 4r;onnative disulfide bonds in vivo, further suggests a cooperation between BiP and PDI
in vivo.

Components of the Calnexin/Calreticulin System

and Their Organization

CNX and CRT are highly homologous (membrane bound and soluble respectively) lectin-like
proteins that bind to the monoglucosylated N-linked glycans of nascent polypeptide chains
translocated into the ER.2%%* Although there are redundancies in substrate specificities be-
tween CNX and CRT as expected by their similarities,**® various studies demonstrated that
CNX and CRT have different properties in substrate binding,°**” including kinetics and dura-
tion of binding during substrate maturation.®*%” These findings led to a number of studies
trying to explain the observed differences. Given that both CNX and CRT possess identical
lectin binding specificities and affinities,”® one possible explanation could be distance con-
straints that might arise for the membrane anchored CNX that could develop as the polypep-
tide elongates in the ER lumen. This idea was examined by expressing either membrane bound
CRT or transmembrane deleted CNX in vivo compared with the activity of wild-type CNX or
CRT, respectively.”"”2 The study revealed that the functions were largely interchangeable, which
confirmed the importance of their spatial distribution. Also, by expressing translocation inter-
mediates of hemagglutinin, Hebert and coworkers showed that CNX binding could be de-
tected very soon after the polypeptide entered the ER, while the binding of CRT required the
synthesis of at least 30 additional amino acids.®®

Although the association of CXN/CRT with unfolded substrates is functionally dependent
on the action of UGT, there are no data to demonstrate that they are in a physical complex
with each other. Thus, it is unclear if their concentrations and affinities for substrates in the ER
are high enough to allow them to perform their functions efficiently without forming a com-
plex or if they do enjoy an association that has not been revealed. Like BiP, which is associated
with oxy-reductases (PDI and ERp72), the CXN/CRT system has its own dedicated
oxy-reductase, ERp57, which binds directly to the chaperones at their P domain.”>”4
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Possible Advantages and Constraints That an Organization of ER
Chaperones Might Imposed

Both the BiP and CXN/CRT systems are associated with a “cofactor” that can either form
or reduce disulfide bonds in the substrate protein depending on its oxidation status. This would
provide the chaperone systems with the ability to aid in both the folding of nascent proteins as
well as the disposal of misfolded ones. How the necessary function is specifically called upon is
not known, but could be achieved if there were sub-regions of the ER that varied in terms of
their oxidizing state. This could be achieved by regulating the concentration of molecular oxy-
gen, Erol, or even as yet to be identified reductases within subregions of the ER. However,
there are currently no data to support this idea or to clarify how the ER is able to separate its
essential functions of folding and retaining nascent proteins in the ER, releasing proteins that
have matured properly for transport to the Golgi, and identifying proteins that fail to fold and
targeting them for degradation. Recent studies have begun to reveal an organization to the ER
that was not previously appreciated. It is likely that studies in the near future will further
illuminate how the diverse functions of this complicated organelle are balanced to allow a
secretory cell to produce large quantities of properly matured proteins efficiently and with a
high degree of fidelity. It is equally likely that the organization of the ER will be at the heart of this.
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CHAPTER 5

Molecular Crime and Cellular Punishment:

Active Detoxification of Misfolded and Aggregated Proteins
in the Cell by the Chaperone and Protease Networks

Marie-Pierre Hinault and Pierre Goloubinoff*

Abstract
l abile or mutation-sensitised proteins may spontaneously convert into aggregation-prone
conformations that may be toxic and infectious. This hazardous behavior, which
can be described as a form of “molecular criminality”, can be actively counteracted in the
cell by a network of molecular chaperone and proteases. Similar to law enforcement agents,
molecular chaperones and proteases can specifically identify, apprehend, unfold and thus neu-
tralize “criminal” protein conformers, allowing them to subsequently refold into harmless func-
tional proteins. Irreversibly damaged polypeptides that have lost the ability to natively refold
are preferentially degraded by highly controlled ATP-consuming proteases. Damaged proteins
that escape proteasomal degradation can also be “incarcerated” into dense amyloids, “evicted”
from the cell, or internally “exiled” to the lysosome to be hydrolysed and recycled. Thus, re-
markable parallels exist between molecular and human forms of criminality, as well as in the
cellular and social responses to various forms of crime. Yet, differences also exist: whereas pro-
grammed death is the preferred solution chosen by aged and aggregation-stressed cells, collec-
tive suicide is seldom chosen by lawless societies. Significantly, there is no cellular equivalent
for the role of familial care and of education in general, which is so crucial to the proper
shaping of functional persons in the society. Unlike in the cell, humanism introduces a bias
against radical solutions such as capital punishment, favouring crime prevention, reeducation
and social reinsertion of criminals.

The Criminal Nature of Protein Aggregation in the Cell

Because of their structural and functional complexity, proteins are particularly fragile macro-
molecules, especially under environmental stress. Heat-shock, light, oxidation, dehydration or
pathogen attacks may cause labile proteins to partially unfold in the cell, resulting in their loss of
function, misfolding and aggregation. Anfinsen has shown that the primary sequence of all
proteins should, in principle, contain all the information needed to spontaneously fold, or re-
fold, into natively functional proteins." However, when nascent polypeptides exit the ribosome
in the unfolded state, or when labile proteins are partially unfolded by stress, they may fault and
instead of folding properly, achieve misfolded conformations that abnormally expose hydropho-
bic surfaces and are enriched in B-strands.” Seeking stabilization, newly exposed hydrophobic
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surfaces tend to spontaneously associate to form stable protein aggregates,” or to combine with

cellular membranes, thereby disturbing vital membranal functions (for a review, see ref. 4).

The toxicity of aggregates from proteins such as SOD-1, a-synuclein and PrP*, respec-
tively causing familial amyotrophic lateral sclerosis, Parkinson’s and prion diseases, may result
from several factors:® (1) loss of function, (2) filling of precious cytoplasm space, (3) unlawful
interactions with native and misfolded proteins and (4) disruption of membranes. Notice-
ably, the aggregated form of a-synuclein can spontaneously insert into the plasma membranes
of neurones and form pores® and thus induce programmed cell death and Parkinsonian symp-
toms (for a review, see ref. 7). Some protein aggregates may induce the aggregation of other
proteins, an intra- and inter-cellular self-feeding process known in its most extreme form as
prion propagation.®

One could thus describe the misfolding and aggregation events that may take place within
a small minority of stress- or mutation-labile proteins in the cell, as being a form of molecular
criminality. Whereas after a stress, some labile proteins may still choose the native refolding
pathway, others may choose a “wrong” or “criminal” path of refolding, leading to confronta-
tional interactions with the surrounding proteins and membranes, with strong negative effects
on cell fitness and survival.

Each protein in the cell has its own intrinsic propensity to unfold and misfold spontane-
ously, a tendency, which increases with mutations and variations of environmental conditions.
Thus, a continuous flux of toxic misfolded proteins, which because of cumulative damages
may increase with age, is expected to spontaneously form during the lifetime of a cell. Depend-
ing on their cellular concentration, misfolded species tend to assemble into stable protein ag-
gregates in the cytoplasm, which in itself is extremely dense and viscous, with 350 mg native
proteins per mL.? Thus, the cytoplasm resembles the centre of a large city, in which densely
crowded proteins, each with a different complementing function, need to move randomly in
order to meet and timely interact with rare specific partners. Most native proteins expose repul-
sive negative charges on their surfaces and refrain from exposing hydrophobic segments. Thus
native proteins can optimally move in the highly promiscuous environment of the cytoplasm
while avoiding each other.

In this context, the spontaneous conversion of a native protein into a “criminal” misfolded
one, exposing positive charges and new hydrophobic surfaces, will greatly increase the friction
between the macromolecules and thus the viscosity of the cytoplasm. Increased cytoplasmic
viscosity is expected to reduce the freedom of movements and consequently generally impair
the function of many cytoplasmic proteins, in addition to the other above-mentioned cyto-
toxic effects of aggregates.”!®!! Similarly, near native protein subunits, on their way to assem-
bly into native oligomers, may also present problematic surfaces to the surrounding, which
would need to be neutralised, for example by transient association with binding chaperones
(see below).

Defence Mechanisms against Protein Aggregation in the Cell

During their lifetime, cells have to maintain a battery of defences that can reduce the
concentration of the toxic misfolded protein species as they form, and maintain them below
critical toxic concentrations. Very early in evolution, bacteria and eukaryotes have developed
defence mechanisms against “criminal” protein aggregation, in the form of two main classes
of proteins: the molecular chaperones (typically Hsp90, Hsp70, Hsp60, Hsp27) and the
ATP-dependant proteases (typically Lon, ClpC/X/P, FtsH, HslU/V, and the 26S
proteasome),'? which can be paralleled in the human society to the police and judicial sys-
tems, respectively (Fig. 1).

Without stress, the molecular chaperones and the proteases are expressed in the cytoplasm
at low concentrations, which are sufficient to carry the physiological and housekeeping func-
tions, and to remove sporadically-forming misfolded protein species. In contrast, during a
stress such as heat shock, many molecular chaperones and proteases are massively synthetized
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Figure 1. Consecutive lines of defence against the formation of toxic protein conformers in the
cell. NT: Non Toxic conformers, LT: Less Toxic conformers, CT: Cytotoxic conformers.

by the cell.’® The stress-inducible nature of many molecular chaperones has led to their early
classification among the heat shock proteins (HSPs), according to their apparent molecular
weights in gels: Hsp100, Hsp90, Hsp70 (Hsp40, Hsp20), Hsp60 (Hsp10) and Hsp22/27 in
eukaryotes (co-chaperones in brackets), corresponding in bacteria to ClpB, HtpG, DnaK (Dna],
GrpE), GroEL (GroES), IbpA/B, respectively. Different chaperones display mutually nonex-
clusive properties. Some “binding” chaperones, such as Hsp90, Hsp70, Hsp60, Hsp40 and
Hsp22/27 can provide adhesive surfaces, which upon interaction with partially denatured
polypeptides or oligomerizing subunits, can passively reduce the extent of aggregation.'*!
Unfolding chaperones, such as Hsp100, Hsp70 and HspG60 (possibly also Hsp90), are involved
in the ATP-dependent unfolding (followed by the spontaneous native refolding) of denatured
polypeptides'®! (for a review, see ref. 18). Misfolded polypeptides may be transferred from
“binding” to “unfolding” chaperones, thereby allowing optimal cooperation in the recovery of
native proteins by the various chaperone systems.

The common denominator to all classes of molecular chaperones is their ability to identify
rare misfolded (delinquent) proteins within a large crowd of native functional ones. Like effi-
cient police officers, molecular chaperones can discriminate between potentially toxic misfolded
proteins and apprehend them without disturbing the “law abiding” surrounding functional
proteins. Hence, Hsp70, Hsp90, Hsp100 and the ATPases guarding the entrance to the
proteasome can interact with abnormally exposed hydrophobic structures at the surface of
misfolded proteins.'?*’ Molecular chaperones have a high affinity for misfolded proteins -typi-
cal of an enzyme-to-substrate relationship-, and a low affinity for natively folded proteins -typical
to an enzyme-to-product relationship.'® We therefore suggest to define the molecular chaper-
ones as enzymes that can accelerate the unfolding of their misfolded protein substrates and
assist the later to reach a state from which they can spontaneously convert into low affinity,
natively folded products. To overcome the energetic barrier between the stable misfolded ag-
gregated state of the substrate and the unstable transiently unfolded intermediate leading to the
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low affinity chaperone product, the energy of ATP hydrolysis is used by some ATPase chaper-
ones to apply an unfolding force on the misfolded substrate.

The capture of an unfolding protein by a molecular chaperone is only the beginning of an
evaluation process between a possible subsequent native refolding and a costly degradation,
followed by an even costlier resynthesis of the irreversibly damaged molecules. Thus, the un-
folding ATPase chaperones Hsp100, Hsp70 and GroEL use the energy of ATP hydrolysis to
forcefully unfold transiently bound (apprehended) misfolded and aggregated polypeptides,
allowing them, once released, to refold into native functional proteins.!” This approach
resembles that of social reeducation programs offered to minor criminals, leading to their pos-
sible social reinsertion.

Laskey has first proposed the term “molecular chaperone” for nucleoplasmin.?! John Ellis
thereafter suggested extending the definition of a social chaperone to describe the molecular
mechanism of GroEL-related proteins,”* whereby a molecular chaperone would become a (ma-
ture) protein escorting (young) nascent proteins to (social) gatherings, to prevent improper
associations (aggregation). Nearly two decades later, we find that this definition, implying a
rather passive, energetically inexpensive mechanism, is still applicable to some simple binding
chaperones, such as the small HSPs. However, it has since been demonstrated that ATPase
chaperones, such as GroEL,?® Hsp70 and Hsp100 carry much more active functions:'® they
can convert part of the energy of ATP hydrolysis to repair structural damages in stably misfolded
and already aggregated proteins (see Fig. 1). Unfolding chaperones can forcefully disentangle
stably associated partners of a protein aggregate and, moreover, unfold (“re-educate”) formerly
stable “criminal” misfolded polypeptides into “born again” native, law-abiding functional mem-
bers of the society of proteins in the cell. Unless plagued by recidivist criminal proteins, this
solution is apparently less costly, in terms of ATP-consumption, than the alternative of having
to degrade and resynthesize indiscriminately all the misfolded proteins that form during the
lifetime of a cell. Molecular recidivism is possible when a misfolded protein becomes irrevers-
ibly damaged, for example by oxidation or breakage and has lost its intrinsic ability to regain its
native functional structure. As in the case of social reeducation and reinsertion services, the
problem with recidivism is that “criminal” molecules may block the unfolding chaperone sys-
tems and prevent potentially recoverable proteins from being reactivated.

To this aim, the cells have placed the repairing system carried by the chaperones in compe-
tition with more radical systems carried by proteases, leading to the elimination and recycling
of the toxic protein conformers. Thus, misfolded polypeptides that remain misfolded too long,
despite the recurrent futile unfolding attempts by ATPase chaperones, may sooner or later
interact with a protease and be degraded.

There are extreme situations in nature where the chaperone and protease systems become
overloaded by toxic protein forms. This is the case when mutant proteins are overexpressed, or
when the molecular chaperones and proteases are insufficiently produced by aging mammalian
cell, which poorly react to inflammation and environmental stresses (for a review, see ref. 24).
Then, an excess of toxic misfolded proteins in the cell can be compacted into less toxic inclu-
sion bodies by the aggresome, an active ATP-consuming mechanism involving molecular mo-
tors and the microtubule cytoskeleton? (Fig. 1). The social equivalent to the aggresome would
be incarceration, and to the ATP needed for the process, the salary of the jail keepers (Table 1).
Others toxic aggregates can be actively secreted from the cell, socially equivalent to banishment.
This is the case of PrP> prions and the AB-peptides that accumulate as compact protein deposits
outside the cell. 2?7 Active secretion of toxic aggregates to the lysosome for degradation by non-
specific proteolytic enzymes could be compared to active deportation to death camps.

By far, the most frequent strategy used by eukaryotic cells to eliminate “recidivist” toxic
protein conformers from the cytoplasm is controlled (ATP-consuming) degradation by the
proteasome, whose social analogy would be that of a tribunal ruling for capital punishments.
The decision to destroy proteins in the cell depends on a very sophisticated molecular system
that, in a first step, must discriminate nonrecoverable delinquent molecules from the recoverable
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Table 1. Equivalent terms between molecular and social organization levels of life

Protein in the Cell

Human in the Society

Various problems leading to criminality
Natively folded functional protein
Folding of a simple nascent protein
Folding of a multi-domain nascent protein
Folding of a mutant protein

Folding of a damaged protein

Negative repulsive charges on native proteins
Stress, environmental pressures on proteins

Natively folded stable protein under stress
Osmolytes that stabilize native proteins
Protein unfolding and inactivation (stress)
Proteins misfolding

Protein with exposed hydrophobic surfaces

Protein aggregation
Recoverable toxic protein aggregate,
Nonrecoverable toxic protein aggregate

Aggregation prone mutant protein
Propagation of protein aggregates

No obvious equivalent in the cell
No obvious equivalent in the cell
No obvious equivalent in the cell
No obvious equivalent in the cell
No obvious equivalent in the cell

Various solutions to criminality
Inflammation
Fever
Excessive inflammation

Emission of Reactive Oxygen species (ROS)

Peroxidases, catalases, glutathione
Apoptosis

Compacting aggregates by the aggresome
Compacted amyloids and fibres
Exocytosis, secretion of toxic aggregates
Secretion of aggregates to the lysosome
Molecular chaperones

Binding chaperone (sHsps, Hsp40)

Unfolding chaperones (Hsp70, Hsp100)

E3-Ubiquitin ligase, lid of the proteasome
ClpA, ClpX, HslU

ATP

Proteasome chamber, ClpP, HslV

Tricorn proteases, aminopeptidases

Law abiding mature functional citizen

Maturing adolescent without problems

Maturing adolescent with potential problems

Maturing individual with an inherited propensity
to criminality

Maturing individual who has been abused in his
childhood

Politeness, courtesy, civility

Stress, environmental pressures on functional
individuals

Functional (employed) individual under pressure

Social security, welfare that stabilize labile proteins

Dismissal of a functional employee

Dismissed employee turning into a criminal

Rude, aggressive beggar

Gang formation, association of criminals, mobs

Redeemable criminal causing short-term damages

Nonredeemable criminal causing long-term
damages

Multi-recidivist criminal

Corruption of functional (key) members
of the society

Parental care

Affection, love, empathy

Education, Teacher

School

Morality, empathy, humanism

Establishment of a state of emergency

Recruitment of law enforcement agents

Abolition of civil rights

Smoking, drugs abuse, gambling,
self-destructive behaviour

Drug detoxification and rehabilitation programmes

Collective suicide

Active imprisonment of criminals

Partially neutralized criminals (prisoners)

Eviction of criminals

Deportation of criminals to death camps

Law enforcement officers

Social worker, community educator,
counsellor, priest

Psychotherapist, rehabilitation services, probation
officers, correctional treatment specialists.

Judges

Judges

Salaries of policemen, social workers and judges

Execution chamber

Funeral and burial services
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ones and from the majority of “law abiding” native proteins in the cytoplasm, and in a second
step, must deliver these delinquent molecules to the death chamber of the proteasome.?’ This
high level of scrutiny is essential to prevent costly judicial errors in the cell.'* A blind execu-
tioner cannot be allowed to ram freely within a dense crowd of law-abiding citizens, waving his
axe indiscriminately. Again, the molecular chaperones, in particular Hsp70, as zealous police
officers, are the first to point out the damaged delinquent proteins and, in close collaboration
with molecular “judges”, direct them either to reinsertion programs or to elimination.
Poly-Ubiquitin proteins which will be destined to proteasomal degradation. Poly-Ubiquitin
proteins would be the social equivalent to the infamous nazi mark of the yellow star. The
ATPase proteins guarding the lid of the proteolytic chamber of the proteasome, like the
E3-Ubiquitin ligases, which designate the proteins doomed to degradation, can be considered
as “molecular judges” (Table 1).

Figure 1 summarizes the various lines of defences that can be used by the eukaryotic cell to
prevent the formation of toxic protein conformers and to detoxify those which have already
formed. Stress or mutations may cause the partial unfolding of labile native proteins. Unfold-
ing can be prevented by the presence of stabilizing osmolytes, such as glycine betaine, proline
and trehalose.”® Partially unfolded species may then convert into cytotoxic, misfolded species,
which may further associate into toxic aggregates. Binding chaperones, such as Hsp27, can
prevent aggregation. ATP-hydrolysing chaperones, such as Hsp70 and Hsp100 can actively
unfold toxic misfolded and aggregated conformers, converting them into nontoxic native pro-
teins. Alternatively, irreversibly damaged, toxic conformers are degraded by ATPase-gated pro-
teases. Failing that, they can be compacted into the cytoplasm by the aggresome, or secreted
outside the cell, to be concentrated into compact, less toxic amyloids. Others are targeted to
the lysosome and degraded into amino acids, to be recycled into the energy-consuming resyn-
thesis of functional proteins.

Aging and Conformational Diseases: Failures of Law Enforcement

Leading to Lawlessness

In aging mammalian cells, the levels of molecular chaperones and proteases are significantly
decreased and, in parallel, irreversibly damaged proteins accumulate.””* In addition to their
general cytotoxic effect, irreversibly damaged proteins can inhibit the activity of the remaining
minority of active chaperones and proteases. At this stage, old or mutant cells often choose
suicide, which may be advantageous to some forms of life, as in the case of cancer cells, or of
infected plant tissues that prevent the propagation of the pathogen to the whole plant.

Interestingly, Hsp70 has been shown to protect against cell death by directly interfering
with the mitochondrial apoptosis pathway.>! This is exemplified in the case of the acute respi-
ratory distress syndrome (ARDS), which is an inflammatory response in the lungs culminating
in necrosis and fatal apoptosis. Sepsis-induced ARDS in rats correlates with the specific failure
of Hsp70 expression in alveolar tissues.’” In contrast, in a rat model of sepsis-induced ARDS,
adenovirus-mediated transient expression of Hsp70 in the lungs effectively prevented apoptosis,
lung failure and dramatically improved survival.*> The overproduction of molecular chaper-
ones observed following treatments with various nonsteroidal anti-inflammatory drugs
(NSAIDs), such as sodium szdicylatte,13 ibuaprofen,34 and less classical Hsp-inducers such as
celastrol,? resveratrol (the French paradox),® geranylgeranylacetone,” may be responsible for
the observed reduction of damages related to reactive oxygen species and induced programmed
cell death in various damaging contexts, such as ARDS,?® post-ischemic reperfusions,®® exces-
sive inflammation, toxic protein aggregation and protein-conformation neurodegenerative dis-
cases and aging.

Human societies seldom choose collective suicide in response to lawlessness, which is a
noticeable difference between cellular and social levels of crime responses. Yet, as in the cell, a
massive build up of law-enforcement forces, when energetically still possible, may gradually
decrease lawlessness and restore cellular functions in societies, as well as in cells otherwise doomed
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to self destruction. This is observed in the case of apoprotic tissues treated with NSAIDs or low
doses of Hsp-inducing poisons.?*4’ Another major difference between criminal molecules in
the cell and social criminals is the extreme dependence of human newborns toward their par-
ents and siblings. Unlike proteins, the successful formation of a functional member of the
human society demands a massive, long-term investment from the progenitors and the educa-
tion system. This phenomenon, which has no obvious parallel in the cell, could not withstand
selective pressures of evolution, unless the existence of powerful ties between relatives in the
human society, namely affective ties, that do not readily disappear once the person has become
a functional unit of the society, or a criminal. In contrast to children, nascent proteins exit the
ribosome with all the information necessary for their spontaneous folding into functional units
of the cell. Unlike parental education, no new information is to be transmitted to a folding
protein by the molecular chaperones. Chaperones may only passively prevent proteins from
leaving, or actively return astrayed proteins on their innate native folding path.

The resilient affective ties between humans, especially from the same family or clan, have
gradually influenced policies of crime management by human societies, especially in recent
history, with the appearance of humanism. Whereas ribosomes have apparently no particular
feelings towards the proteins they synthesize, siblings of convicted criminals and less-related
humanists have become increasingly reluctant to accept irreversible radical solutions to social
criminality, such as torture, amputations and executions, and encouraged solutions whereby
criminals may be reeducated, pardoned, reinserted as functional members of the society, and in
the worst case, incarcerated for a half life period, at most.

Nonetheless, many remarkable parallels, sometimes ethically questionable, but didactically
appealing, do exist between the proteins in the cell, and humans in the society (see Table 1).
These parallels were initially expressed by the adequate, albeit incomplete, social term “chaper-
one”, suggesting only a rather passive defence mechanism against toxic protein aggregations in
the cell. They can inspire scientists and politicians alike, in their commons search for solutions
to crime: may it be molecular crime, as in the case of aggregate-induced neurodegeneration and
aging, or social crime, as in the case of mobs burning foreign embassies, or terrorists waging
war on the democracies of the world.
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CHAPTER 6

Chaperones as Parts of Cellular Networks

Peter Csermely,* Csaba Soti and Gregory L Blatch

Abstract

he most important interactions between cellular molecules have a high affinity, are

unique and specific, and require a network approach for a detailed description.

Molecular chaperones usually have many first and second neighbors in protein-protein
interaction networks and they play a prominent role in signaling and transcriptional regula-
tory networks of the cell. Chaperones may uncouple protein, signaling, membranous, organellar
and transcriptional networks during stress, which gives an additional protection for the cell at
the network-level. Recent advances uncovered that chaperones act as genetic buffers stabiliz-
ing the phenotype of various cells and organisms. This chaperone effect on the emergent
properties of cellular networks may be generalized to proteins having a specific, central posi-
tion and low affinity, weak links in protein networks. Cellular networks are preferentially
remodeled in various diseases and aging, which may help us to design novel therapeutic and
anti-aging strategies.

Introduction: Cellular Networks and Chaperones

Most of the molecular interactions of our cells have a low affinity, are rather unspecific,
and can be described in general terms. An example for this is the self-association of lipids to
membranes. However, the most important interactions between cellular molecules have a
high affinity, are unique and specific, and require a network approach for a better understand-
ing and prediction of their changes after various environmental changes, like stress.'® One of
the good examples for the network description of unique cellular interactions between mol-
ecules is the protein-protein interaction network (Fig. 1), where the elements of the network
are proteins, and the links between them are permanent or transient bonds.*® At a higher
level of complexity we have networks of protein complexes (sometimes built together with
lipid membranes), where the individual complexes are modules of the protein-protein net-
work. The cytoskeletal network and the membranous, organellar network are good examples
of these, larger networks. In the cytoskeletal network, we have individual cytoskeletal fila-
ments, like actin, tubulin filaments, or their junctions as the elements of the network, and the
bonds between them are the links. In the membranous, organellar network various membrane
segments (membrane vesicles, domains, rafts, of cellular membranes) and cellular organelles
(mitochondria, lysosomes, segments of the endoplasmic reticulum, etc.) are the elements, and
they are linked by protein complexes and/or membrane channels. Both the membranes and
the organelles contain large protein-protein interaction networks. In signaling networks the
elements are proteins or protein complexes and the links are highly specific interactions be-
tween them, which undergo a profound change (either activation or inhibition), when a
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Figure 1. Cellular networks. The figure illustrates the most important networks in our cells. The
protein-protein interaction network, the cytoskeletal network and the membranous, organellar
networks provide a general scaffold of the cell containing the physical interactions between
cellular proteins. Other networks, like the signaling, transcriptional, or metabolic networks are
functionally defined. In the signaling network elements of various signaling pathways are
linked by the interactions between them. In the transcriptional regulatory network the ele-
ments are the transcription factors and the genes, and the connecting links are functional
interactions between them. In the metabolic network we have the various metabolites as
elements and the enzyme reactions as links. All these networks highly overlap with each other,
and some of them contain modules of other networks.

specific signal reaches the cell.” In metabolic networks the network elements are metabolites,
such as glucose, or adenine, and the links between them are the enzyme reactions, which
transform one metabolite from the other.® Finally, gene transcription networks have two types
of elements, transcriptional factor-complexes and the DNA gene sequences, which they regu-
late. Here the transcriptional factor-complexes may initiate or block the transcription of the
gene’s messenger RNA. The links between these elements are the functional (and physical)
interactions between the proteins (sometimes RNAs) and various parts of the gene sequences
in the cellular DNA.’

Cellular networks are often small worlds, where from a given element any other elements of
the network can be reached via only a few other elements. Networks of our cells usually have a
scale-free degree distribution, which means that these networks have hubs, i.e., elements, which
have a large number of neighbors. These networks are rich in motifs, which are regularly ap-
pearing combinations of a few adjacent network elements, and contain hierarchical modules,
or in other words: are forming hierarchical communities.'® The complex architecture of cellu-
lar networks is needed to fulfill four simultaneous tasks (Fig. 2). (1) The first task is the local
dissipation of the perturbations/noise coming from outside the cell, and from the stochastic
elements of intracellular reactions. (2) The second task is the efficient and reliable global trans-
mission of signals from one distant element of the cell to another. (3) The third task is the
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Figure 2. Major tasks of cellular networks. 1) Local dissipation of the perturbations/noise
coming from outside the cell, and from the stochastic elements of intracellular reactions. 2)
Efficient and reliable global transmission of signals from one element of the cell to another. 3)
Discrimination between signals and noise via the continuous remodeling of these networks
during the evolutionary learning process of the cell. 4) Protection against the continuous
random damage of free radicals and other harmful effects during stress and aging.

discrimination between signals and noise via the continuous remodeling of these networks
during the evolutionary learning process of the cell. (4) The fourth task is the protection against
the continuous random damage of free radicals and other harmful effects during stress and
aging. During the execution of these tasks the assembly of network elements produces a vast
number of emergent properties of networks, which can only be understood, if we study the
whole network and cannot be predicted knowing the behavior of any of its elements.

The cellular networks use all their features mentioned above to solve their tasks. As a rela-
tively simplified view, hubs help to confine most of the perturbations to a local environment,
while the small world character allows the global propagation of signals. Motifs and hierarchi-
cal modules help both the discrimination between the two, and provide stability at the network
level (which is helped by a number of repair functions at the molecular level).” However, this
summary of the major features of cellular networks is largely a generalization, and needs to be
validated through critical scrutiny of the datasets, sampling procedures and methods of data
analysis at each network examined.'%

Molecular chaperones mostly form low affinity, dynamic temporary interactions (weak links)
in cellular networks (Table 1).!%'* Chaperones generally have a large number of partners, thus
they behave like hubs of protein-protein interaction or transcriptional regulatory networks.!>1¢
Moreover, many chaperone effects (like cell survival, changes in the phenotype diversity, etc.)
are typical emergent network properties, which can rarely be understood by studying exclu-
sively the individual chaperone/client interactions. Thus the network approach is a promising
tool to explain some key aspects of chaperone function.!”
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Table 1. High and low confidence chaperone neighbors in the yeast protein-protein
interaction network

Chaperone High Confidence Low Confidence
Class Partners Partners
Hsp70 0 28
Hsp90 0 30
Average 1 19

The mean of the partners of the respective chaperone classes (containing the cochaperones as well)
was calculated using the annotated yeast protein-protein interaction database of reference 4. High
confidence partners are enriched in high affinity chaperone-neighbor interactions. Low confidence
partners may contain a considerable amount of artifacts, but may also be enriched in low affinity
chaperone-neighbor interactions. The average is the average number of neighbors of all proteins in
the database. The differences between the chaperone class values and the average values were not
significant due to the high S.D.

Chaperones in Cellular Networks

Chaperones form large complexes and have a large number of cochaperones to regulate
their activity, binding properties and function.'®?! These chaperone complexes regulate local
protein networks, such as the mitochondrial protein transport apparatus as well as the assembly
and substrate specificity of the major cytoplasmic proteolytic system, the proteasome.?2
Chaperones may be important elements to promote the cross-talk between various signaling
processes. The Hsp90 chaperone complex promotes the maturation of over a hundred kinase
substrates.!#!> Chaperones have a large number of second neighbors in the yeast protein-protein
interaction network (Table 2). The large proportion of hubs in the close vicinity of chaperones
gives a central position to these proteins in the protein-protein network, which may help the
chaperone-mediated cross talk between signaling pathways.

Chaperones have an important role in membrane stabilization.”>*” Their membrane asso-
ciation links chaperones to the membrane network of the cell integrating the plasma mem-
brane, the endoplasmic reticulum (ER), the Golgi apparatus, various vesicles, the nuclear mem-
brane and mitochondria together.?*-%°

Table 2. First and second neighbors of molecular chaperones in the yeast
protein-protein interaction network

Chaperone First Second % of Hub
Class Neighbors Neighbors Neighbors
Hsp70 31 93 41
Hsp90 33 137 49
Average 25 60 28

The mean of the number of first and second neighbors of the respective chaperone classes
(containing the cochaperones as well) was calculated using the annotated yeast protein-protein
interaction database of reference 4. Hubs are neighbors having more than a 100 interacting proteins.
The average is the average number of neighbors of all proteins in the database. The differences
between the chaperone class values and the average values were not significant due to the high S.D.
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At the end of seventies Porter and coworkers reported various and often quite poorly iden-
tifiable, cytoplasmic filamentous structures and called them the microtrabecular network of
the cytoplasm.>"** Although a rather energetic debate has developed about the validity of the
electron microscopic evidence of the microtrabeculae, several inde ;Jendent findings support
the existence of the cytoplasmic macromolecular organization.>” This cytoplasmic mesh-
work not only serves as a scaffold to organize and direct macromolecular traffic, but may also
behave as a mesh modulating cytoplasmic streaming assumed to be in the range of 1 to 80 ptm/

¢.® The major cytoplasmic chaperones (TCP1/Hsp60, Hsp70 and Hsp90 and their associ-
ated proteins) may well form a part of this cytoplasmic macromolecular network.®%?

Molecular chaperones translocate to the cell nucleus, and protect it after stress by a direct
protection and repalr of damaged proteins, and by changing the intranuclear traffic and nuclear
organization. 4! Stress-induced nuclear translocation of chaperones may preserve the nuclear
remodeling capacity during environmental damage protecting the integrity of DNA. Addi-
tionally, chaperones regulate both the activation and the disassembly of numerous transcrip-
tional complexes, thus chaperones emerge as key regulators of the transcriptional network. 243

De-coupling of network elements and modules is a generally used method to stop the propa-
gation of damage.' When the cell experiences stress, chaperones become increasingly occu-
pied by damaged proteins. This, together with the stress-induced translocation of chaperones
to the nucleus mentioned before, might lead to an “automatic” de-coupling of all
chaperone-mediated networks including protein-protein, signaling, transcriptional regulatory
as well as membranous, organellar networks providing an additional safety measure for the cell.”

Chaperone-Mediated Emergent Properties of Cellular Networks

As we have seen before, chaperones are involved in the regulation of signaling, membra-
nous, organellar, cytoskeletal and transcriptional networks. However, relatively little is known
on the chaperone-mediated, emergent properties of cellular functions. As mentioned before,
these emergent properties are properties of the cell, or the whole organism, which can not be
linked to the behavior of any of their particular elements, but emerge as a concerted action of
the whole cellular network. One of the best examples of chaperone-mediated emergent net-
work properties was shown by Susannah Rutherford and Susan Lindquist, when they discov-
ered that Hsp90 acts as a buffer to conceal the phenotype of the genetic changes in Drosophila
melanogaster.** Chaperone-induced genetic buffering is released upon stress, which causes the
sudden appearance of the phenotype of previously hidden mutations, helps population sur-
vival and gives a possible molecular mechanism for fast evolutionary changes. On the other
hand, the stress-induced appearance of genetic variation at the level of the phenotype cleanses
the genome of the population by allowing the exposure and gradual disappearance of disadvan-
tageous mutations by natural selection. After the initial report of Rutherford and Lindquist in
reference 44 on Hsp90, the effect was extended to other chaperones and to Escherichia coli,
Ambzdopszs thaliana and the evolution of resistance in fungi.*>*’ The Hsp90-mediated buffer-
ing might have an eplggenetlc origin due to the Hsp90-induced heritable changes in the
chromatin structure.

Chaperones are highly conserved proteins, therefore similar mechanisms might operate in
humans.®’ Moreover, the tremendous advance of medicine and the profound changes in hu-
man lifestyle in the last two hundred years significantly decreased natural selection, and poten-
tially helped the accumulation of hidden mutations in the human genome. In the first approxi-
mation this is not a problem, since we have a large amount of chaperones and other buffering
systems to hide these disadvantageous mutations. However, the amount of damaged or newly
folded proteins and the available chaperone capacity are two sides of a carefully balanced sys-
tem in our cells. An excess of chaperone substrates or diminished chaperone content might
both induce a “chaperone-overload”, i.e., a relative deficit of available active, unloaded chaper-
ones.”® Chaperone overload becomes especially large in aged subjects, where protein damage is
abundant, and both chaperone induction and chaperone function are impaired. A special case
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of chaperone-overload occurs in folding diseases including various forms of neurodegeneration,
such as Alzheimer’s disease, Parkinson’s disease or Hungtington’s disease, where a misfolded
and usually not degraded protein sequesters most chaperones.”®>® In consequence of the chap-
erone overload, the protein products harboring the “hidden mutations” may be released, and
may contribute to the development of civilization diseases, such as cancer, atherosclerosis and
diabetes. Since relatively few generations have been passed from the beginning of the medical
revolution and lifestyle changes in the 19th century, this effect is most probably negligible
today. However, it increases with each generation. Still, we probably have many hundreds of
years to think about a possible solution, which gives us time to learn much more and reconcile
the serious ethical concerns with a possible solution.>

In recent years the scientific community has became increasingly aware of the idea that
not only chaperones but a large number of other proteins may also regulate the diversity of
the phenotype.>14>45¢ Though a relatively small number of regulators were uncovered yet, a
common molecular mechanism, such as the involvement in signaling or modifications of
histones and DNA structure seems to be an unlikely explanation for all the effects observed.
If a general explanation is sought, it is more likely to be related to the network properties of
the cell. In this context, chaperones are typical weak linkers, providing low affinity, low
probability contacts with other proteins (for a grossly simplified illustration, see Table 1).
Weak links are known to help system stability in a large variety of networks from macromol-
ecules to social networks and ecosystems, which may be a general network-level phenom-
enon explaining many of the genetic buffering effects. Currently we do not know, what
position is required, if any, in the network for these ‘weak links’ besides their low affinity and
transient interactions. The central position of chaperones demonstrated in Table 2 may be
an additional hallmark of stabilizing weak links.>!*

Chaperone Therapies

Cellular networks are remodeled in various diseases and after stress. Proper interventions to
push the equilibrium towards the original state may not be limited to single-target drugs,
which have a well-designed, high affinity interaction with one of the cellular proteins. In agree-
ment with this general assumption, several examples show that multi-target therapy may be
superior to the usual single-target approach. The best known examples of multi-target drugs
include Aspirin, Metformin or Gleevec as well as combinatorial therapy and natural remedies,
such as herbal teas.”” Due to the multiple regulatory roles of chaperones, chaperone-modulators
provide additional examples for multi-target drugs. Indeed, chaperone substitution (in the
form of chemical chaperones), the helg of chaperone induction and chaperone inhibition are
all promising therapeutic strategies.”® !

Conclusion

Chaperones regulate cellular functions at two levels. In several cases they interact with a
specific target protein, and become mandatory to its folding as well as for the assistance in the
formation of specific protein complexes (and in the prevention of the assembly of others).
These specific interactions make chaperones important parts of the core of cellular networks,
such as the protein net, the signaling network, the membranous and organellar network as well
as the transcriptional network. However, in most cases chaperones have only a low affinity,
temporary interactions, i.e., ‘weak links’ with most of their targets. Changes of these interac-
tions do not affect the general behavior of the whole network, the cell. However, an inhibition
of these weak links might lead to a rise in cellular noise, the destabilization and des-integration
of the whole network. By this complex version of the ‘error-catastrophe’, chaperone inhibitors
help us to combat cancer. In contrast, chaperone activation may decrease cellular noise, stabi-
lize and integrate cells and thus give a general aid against aging and diseases. Thus, besides
slowing the development or reversing protein folding diseases, chaperone-therapies may also
generally benefit the aging organism by stabilizing its cells and functions. Properly working
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chaperones may be key players to help us to reach improved life conditions in an advanced age.
The assessment of the multiple roles of chaperones in the context of cellular networks is only
just beginning.
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CHAPTER 7

Chaperones as Parts of Organelle Networks

Gyorgy Szabadkai* and Rosario Rizzuto

Abstract

he efficiency, divergence and specificity of virtually all intracellular metabolic and

signalling pathways largely depend on their compartmentalized organization. A

corollary of the requirement of compartmentalization is the dynamic structural parti-
tion of the intracellular space by endomembrane systems. A branch of these membranes com-
municate with the extracellular space through the endo- and exocytotic processes. Others, like
the mitochondrial and endoplasmic reticulum networks accomplish a further role, being fun-
damental for the maintenance of cellular energy balance and for determination of cell fate
under stress conditions. Recent structural and functional studies revealed that the interaction
of these networks and the connectivity state of mitochondria controls metabolic flow, protein
transport, intracellular Ca®* signalling, and cell death. Moreover, reflecting the fact that the
above processes are accomplished in a microdomain between collaborating organelle mem-
branes, the existence of macromolecular complexes at their contact sites have also been re-
vealed. Being not only assistants of nascent protein folding, chaperones are proposed to partici-
pate in assembling and maintaining the function of the above complexes. In this chapter we
discuss recently found examples of such an assembly of protein interactions driven by chaper-
one proteins, and their role in regulating physiological and pathological processes.

Introduction

The functionality of eukaryotic cells lies on their complex and highly dynamic endomembrane
system, composed of the endocytotic machinery, the secretory membranes and the mitochon-
drial network. Membranes at the interface of these systems display dynamic interactions with
each other, ensuring protein transport, signal transmission between compartments, and regula-
tion of network shape/connectivity. A long time known function of chaperone proteins is to
regulate the assembly of local protein complexes involved in specific organelle function (e.g.,
mitochondrial or ER protein import). Recently, a novel concept arose, pointing to a more
complex, integrating role of these proteins, i.e., to stabilize larger intracellular morphological
and functional networks through weak but numerous links.' One of the most important
predictions of such kind of organization is that while under normal conditions chaperoning
elements ensure interactions between cellular organelles, during cellular stress their
hyperactivation is needed for coping with stress, leading to more intense communication in the
regulated networks. Along these lines, exhaustion of this ‘network chaperoning’ function will
lead to decomposition of normal cellular function, thus it will lie at the base of a wide range of
pathophysiological conditions. Indeed, chaperones in the endoplasmic reticulum (ER) have
now a well established role in sensing and signalling stress conditions and executing defence
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responses such as the unfolded protein response (UPR).*” A similar, but less characterized
stress response has been also observed in the mitochondrial network, following insults leading
impairment of protein folding in the organelle. Moreover, following ER stress, mitochondria
seems to be directly activated by ER-derived signals and they are the target of numerous pro-
and anti- cell death mechanisms.

To discuss the potential role of chaperones in the interaction between organellar networks
we will use the above described paradigm as an example and we will refer to eventual similari-
ties to mechanisms described in other interacting organelle networks. First, we will briefly
describe the regulation of dynamics how ER-mitochondria interaction evolved, presumably by
the help of numerous chaperoning activities; then, through the example of recent data on
ER-mitochondrial Ca®* metabolic and cell death signalling, we will discuss the eventual spe-
cific functions which chaperons might fulfil in microdomains between these organelles; finally,
we will describe the perspectives related to chaperone assisted organellar interactions under
pathophysiological conditions.

Biogenesis of the ER and Mitochondrial Networks:

A Role for Chaperons in Interorganellar Communication?

The endoplasmic reticulum (ER), adjoining to the nuclear envelope, forms a continuous
network in virtually all cell types that is the major site of lipid biosynthesis, protein folding and
the entry point into the secretory pathway. Thus the ER can be considered the common ances-
tor of all membranes downstream in this pathway, including the Golgi, secretory vesicles, the
lysosomes, and the plasma membrane.*!" The biogenesis of the ER is a result of coordinate
activation of protein and lipid biosynthesis, as deduced from experiments showing the interde-
pendency of the unfolded protein response (UPR) and inositol response pathways.® These
works also provided the clue that chaperoning inside the ER lumen plays an important role in
organelle biogenesis and network formation. Indeed, during UPR, accumulation of unfolded
proteins (e.g., by a disequilibrium between the amount of proteins processed in the secretory
pathway and the actual requirement of protein synthesis at a given developmental stage of the
cell) leads to activation of a transcriptome including ER chaperones (to ensure proper folding
in the ER lumen), and concerted activation of genes involved in phospholipid synthesis can
also be observed during this process.'>'? Similar mechanisms operate during ‘ER stress’ condi-
tions, which now seems to be involved in pathogenesis of several diseases (see below).47

In contrast to the ER, the mitochondrial network* is apparently shaped in a more variable
and complex way, depending on cell type and metabolic state. These features of mitochondrial
morphology seems to reflect a complex evolutionary path evolving from their o-proteobacterial
ancestor, since, to the best of our knowledge, it had a quite standard ovoid shape.M’l(’ The
mitochondrial proteome consists of about 500-1500 proteins of which only a minor fraction
(8 proteins in yeast and 13 in humans) is encoded by mitochondrial DNA. Thus, during
mitochondrial biogenesis, virtually all mitochondrial proteins are synthesized as precursor
polypeptides in the cytosol and are imported post-translationally into the organelle.'” Defec-
tive protein folding and processing in the organelle, e.g., due to the impairment of the assem-
bly of multi-subunit mitochondrial complexes or downregulation of genes encoding mito-
chondrial chaperones or proteases, lead to a mitochondria-specific (ER independent) ‘stress’
response, comprising transcriptional ugregulation of matrix chaperones such as Hsp60, mtHsp70
(also known as Grp—75/mortalin).18‘ 0

* Whether mitochondria form a ‘real’ network, is still a matter of debate. E.g., from a structural
pointof view, there has never been documentation of a network of mitochondria in the neurons
or glia of brain tissue. Although, a mitochondrial network is not disputed in lower organisms,
such as yeast or in most cultured cell lines. On the other hand, from a functional point of view
we can define mitochondria asa communication “network” wherein the mitochondria of a cell
respond in a concerted fashion to a stimulus, then “network” is probably the right term to use
for mitochondria of all eukaryotic cells.
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In this manner, the ER and mitochondrial network appear to function in an analogous way
in utilizing chaperones to maintain correct organelle function. Moreover, the biogenesis of
both organelles relies on protein import from the cytosolic compartment, marking out a cross-
road for newly synthesized proteins in the cytosol.”! The proper protein sorting into the or-
ganelles is driven by a complex protein interaction network.”* The general model for protein
recognition and transport at the mitochondrial outer membrane and the ER are fascinatingly
similar and relies on a series of chaperones interacting with the ER and mitochondrial mem-
branes: first, either cytosolic chaperones of the Hsp70 family, or occupancy of the C-terminal
region of nascent chains in the ribosomal exit site prevents premature stable folding of preproteins.
Membrane-bound receptors (such as Tom70 and Tom20 of the mitochondrial outer mem-
brane translocase complex [TOM], and the Signal recognition particle [Srp] of the ER mem-
brane) bind preproteins and transfer them into the translocation channel (Tom40 of the OMM
and the Sec61 complex of the ER). Mitochondria have to operate with further complexes of
IMM to ensure translocation and insertion of matrix and IMM proteins (Tim22 and Tim23,
respectively).!”? Finally, protein motors and chaperones in the matrix and the ER lumen
(mtHsp70/Grp-75 and BiP/Grp-78 in the ER and mitochondsria, respectively) complete the
transport task. This protein sorting task of the cytosolic chaperone network requires several
other elements, such as Hsp90 and its co-chaperone interactors.”

A recent meticulous proteomic analysis of the different mitochondrial compartments shed
light on the existence of a conserved subset of matrix preproteins, which reside also on the
OMM surface.”> Among them, mitochondrial matrix chaperones (Grp-75, Hsp60) were also
found, indicating that they may localize along the whole protein translocation pathway, and
that they could play a role in interacting with the cytosolic or ER protein sorting machinery,
thus also ER membrane proteins. A corollary of the latter assumption is that the ER and
mitochondria are located close enough to mediate these interactions. Indeed, recently signifi-
cant progress has been achieved in exploring the morphological characteristics of their interac-
tion. This topic is extensively covered and illustrated in recent reviews (see refs. 26-28), here we
just mention that a close, synaptic-like apposition of the organelles was clearly demonstrated in
a broad variety of cell types using light and electron microscopy studies (Fig. 1).2%-

It is now generally accepted that even if the ER forms a structurally cohesive network, it
contains functionally and structurally separate sub-domains, specialized to a defined function
(for a recent see review ref. 9). Indeed, the ER-mitochondria interface seems to be one these
specialized domains, containing smooth ER membrane, surrounded by attached ribosomes.>
This specific ER compartment involved in interactions with mitochondria can be isolated as a
light mitochondrial fraction by density fradient centrifugation and is called as
mitochondria-associated membranes (MAM).? Originally it was recognized as a fraction en-
riched of phospholipid synthetic and transfer activities, but now it has been shown to have a
role in other signaling pathways, like Ca** and apoptotic signaling following ER stress.*>%

A further implication of chaperones at the ER-mitochondria interface came from the de-
scription of an alternative protein sorting pathway, independent of the one described above. In
this path, Ydj1, the yeast homologue of HDJ2 (a DJ-domain containing co-chaperone, known
to function as regulator of ATPase activity of hsp70 family proteins), assists the Hsc70 (Ssa in
yeast)-mediated post-translational targeting of some proteins to both mitochondria and the
endoplasmic reticulum by transiently associating with ER and mitochondria membranes through
its covalently attached lipid moiety.?” Similarly, other reports, by analysing alternative mito-
chondrial and ER targeting sequences (e.g., tail anchors), showed that the two organelles may
share particular proteins, including also integral membrane proteins.**4

In summary, the biogenesis of the ER and mitochondria requires a continuous flow of their
protein components in a tight microdomain between the organelles, through alternative routes
which are delineated by a cluster of chaperones. Along these lines, a further avenue to explore
is how these processes might provide a dynamic framework to maintain organelle interactions.
In the next section, we will discuss this prospect, through the example of ER-mitochondrial
Ca®* signalling machinery.
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Figure 1. Visualization of the three dimensional structure and colocalization of the ER and
mitochondrial network. HeLa cells were transfected with ER targeted mRFP1 and mitochondrially
targeted GFP (as described in refs. 76, 101), and digital microscopy, 3D deconvolution and
image reconstruction was applied.”® The left panel shows the original images of one focal
plane, overlayed on the middle panel (ER—red; mitochondria—green). The right panels show
3D surface rendered images using the same colour code. The top right panel shows the
interconnected network, rendered transparent on the right middle panel. The bottom right
panel shows the mitochondrial network with the surface colocalizing with the ER (shown in
red). A color version of this figure is available online at www.Eurekah.com.

ER-Mitochondrial Ca** Transfer: A Major Example

of Organelle Interactions

A significant part of our current view on ER-mitochondrial interactions arose from the
investigation of Ca? signal transmission between these organelles; an affirmation which might
reflect its importance in cellular signalling but also the availability of technical approaches to
study Ca®* signals. Introduction of protein based Ca?* sensitive probes like aequorins and
GFP/YFP fusion proteins with genetically engineered Ca? binding sites, tar;eted to different
subcellular locations facilitated profoundly the development of this field.*!*

The outer mitochondrial membrane (OMM) is permeable to ions of a limited size, owing
to the abundance of the large conductance channel VDAC (for the role of the channel in
metabolic channelling, see refs. 43, 44). Indeed, recent data shows that the availability and
selective placement of VDAC channels at ER/mitochondria contact sites facilitates mito-
chondrial Ca** accumulation, in keeping with the idea that the latter process requires the fast
and efficient transfer of Ca?* microdomains from the mouth of the Ca?* channels located in
neighbouring ER to the transporters of the inner mitochondrial membrane (IMM).*>4 The
IMM is an ion impermeable membrane, forming foldings into the internal space, known as
cristae.’* The activity of respiratory chain complexes allows the translocation of H* into the
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intermembrane space (IMS), with consequent generation of an electrochemical gradient (Auy),
composed of a chemical (ApH) and electrical (AW,,) component, the latter being about -180
mV, negative inside, thus providing a huge driving force for Ca®* entry into the organelle. As
to the uptake route, its molecular identity is still unknown. It is suggested to be a gated
channel rather than a carrier, showing a Ca®* activated second order kinetics, with a separate
Ca®* activation and a Ca®* transport site. % Based on these properties, the rate of mitochon-
drial Ca®* uptake through the channel was shown to be significant only above an ‘activatory’
threshold (200- 300 nM), also known as ‘set point’. A known inhibitor of Ca** uptake into
mitochondria is ruthenium red (RuR), of which the binding site however, was shown to be on
the OMM located VDAC channel.“®%’ This latter finding indicates that, similarly to the
protein translocation mechanisms, Ca®* transport through the two mitochondrial membranes
is mediated by interacting protein complexes of both the OMM and IMM, presumably at the
contact sites between the two membranes.’® Interestingly, at these contact sites a non specific
ion- and metabolite-channel activity of major pathophysiological interest has been character-
ized in the past years, commonly referred to the permeability transition pore (PTP).>! This
high-conductance channel was shown to be a multiprotein complex (the putatively essential
components being VDAC, the adenine-nucleotide translocase [ANT] of the IMM and
cyclophilin D from the matrix side), and is activated by [Ca?'] increase in the mitochondrial
matrix and oxidation of critical cysteins of its protein components.”>>* Since this channel
was shown to display several conductance state, and the Ca” uniporter mechanism is sensi-
tive to RuR acting on VDAC, one can imagine that this or a similar protein complex mediates
Ca** uptake under physiological conditions. Importantly, reflecting the relatively low affinity
of Ca®* activation of the uniporter, efficient mitochondrial Ca** uptake in intact cells was
shown to be dependent on the close apposition of mitochondria to Ca®* release sites of the
ER or the sarcoplasmic reticulum.”®>® Here, at mouth of Ca**release channels (inositol 1,4,5
trisphosphate receptor, IP3R or the ryanodine receptor, RyR, respectively), during Ca®* re-
lease, a high [Ca®*] microdomain is formed, which in turn is instantly transferred to the
mitochondrial matrix.

Taken together, the ER-mitochondria Ca®* transmission machinery represents a transport
system for which necessary is (i) the interaction of two organelles, (ii) and the interaction of
channelling proteins of three adjacent membranes. Augmenting the complexity of the system,
these interactions do not seem to be static, considering the continuous dynamic structural
remodelling of both the ER and mitochondrial networks in living cells.””” Moreover,
ER-mitochondrial interactions and mitochondrial mobility were shown to be regulated by
Ca®* itself.?

Chaperone Control of ER-Mitochondrial Interaction along the Ca**

Signal Transmission Pathway

The morphological and functional description of the above detailed complex machineries
logically led to the question: what are the molecular components that bring together this path-
way? To answer this challenge, first, biochemical studies, exploring protein interactions with
the already known components provided some clues. Surprisingly, a two-hybrid study, using
VDAC as a bait (see ref. 59), has identified mtHsp70/Grp75, the above mentioned mitochon-
drial matrix chaperone as a VDAC interactor, which not only attached to VDAC, located in
the OMM, but was able also to change its conductance properties, proving the physiological
significance of the interaction. This study called to mind that several lines of recent evidence
showed the presence of different classes of chaperone proteins along the ER-mitochondrial
Ca?* transfer route. Indeed, the IP5R and RyR Ca®* release channels, as well as VDAC were
shown to be important nodes of protein interaction networks (described in detail in the re-
views refs. 43, 60-63), among which several exhibit chaperone activity.(’1 The broad interaction
modules of the IP3R and VDAGC, and the particular role of chaperones in that network are
shown on (Fig. 2) and are described in more detail in the figure legend. Seeing the vast presence
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Figure 2, viewed on previous page. Components of the Ca* signal transmission axis between
the ER and mitochondria, and its interaction points with chaperone networks. The left panels
show the cellular interaction network of the IP3R (upper) and VDAC proteins (lower) as browsed
from the HIMAP human protein-protein interaction map (www.himap.org), based on two-hybrid
datasets, literature-confirmed interactions (Human Protein Reference Database, www.hprd.org)
and prediction algorithms.'®? Gene names are shown as defined in the OMIM database
(www.ncbi.nlm.nih.gov). Highlighted genes represent subsets of proteins with similar function
or subcellular localization. The right panel shows literature based interactions of chaperone
proteins (showed in ovals, blue: ER origin; red: cytosolic origin; green: mitochondrial origin) with
the Ca?* signal transmission machinery from the endoplasmic reticulum (ER) to the mitochondria
(OMM: outer mitochondrial membrane; IMM: inner mitochondrial membrane). Abbreviations
and citations proving interaction not mentioned in the text: cbd: calbindin; cnx: calnexin;'% crt:
calreticulin;'* cyp-D: cyclophilin-D;'% FKBP: FK506 binding protein;®® mtc: mitocalcin.'%
Note the multiple localization of Hsp60 and Grp75.8%1%7 A color version of this figure is available
online at www.Eurekah.com.

of chaperones in this system, again an apparent question arises: what can be their function in
the Ca?* signal transmission machinery, apparently unrelated to protein folding and transfer?

The first clue emerges from an analogous system at the plasmamembrane-ER interface,
described in hippocampal neurons. In their postsynaptic density the Homer and Shank pro-
teins play a scaffolding role to maintain the interaction between the glutamatergic receptors of
the postsynaptic membrane and the Ca?* signalling components of the ER: the IP;R and ER
Ca®* ATPases (SERCAs).% Strikingly, overexpression of Homerlb and Shank1b induces
relocation to plasmamembrane not only of the above Ca®* transport proteins but also of
calreticulin and calbindin, Ca** binding chaperones of the ER lumen and membrane, respec-
tively.®> Similarly, we can propose that the chaperones found at the ER-mitochondrial interface
may structurally bring together the building blocks of the Ca®* transfer system. A noticeable
difference between the two systems would be the ATP dependent dynamic binding/scaffolding
of the Hsp70/90 family chaperones, which might represent a target for unlocking the interac-
tion under conditions when the ATP supply is not sufficient, i.e., under stress conditions (see
also below).

A second plausible role for chaperone association to ER and mitochondrial Ca** channels is
the modulation of the ion channel function itself. Indeed, both the peptydil-prolyl isomerase/
immunophilin FK506 binding protein (FKBP12) binding to the IP3Rs and RyRs, and mtHsp70/
Grp75 binding to VDAC was shown to modify their conductance.”® While the effect on the
RyRs of FKBP12 was shown not to be related to its enzyme activity (ref. 67), it appears to
stabilize the receptor homo- and heterodimers through a conformational effect.®® Direct, du-
rable binding of FKBP12 to the IP3R was failed to be shown (ref. 69), still it is able to inhibit
Ca®* release through both Ca** channels.”® Another member of the FKBP family of proteins,
FKBP52 binds to Hsp90 (see protein sorting to mitochondria above), and through binding to
the dynein motor on the microtubule network it directs translocation of glucocorticoid recep-
tors and p53 to the nucleus.”"”* The finding that mtHsp70/Grp75 also interacts with the dynein
light chain component TCTEL and p53, and that VDAC docks both former proteins (refs. 59,
73), raise the possibility that also the presence of FKBP (family member 12) close to the IP;R
and RyR, plays a similar role, i.e., it recruits regulatory factors on the surface of mitochondria
and the ER. In this case, mtHsp70/Grp75 can be a regulatory protein by its plain interaction,
since its ATPase domain was shown to be dispensable for modifying VDAC conductance.”

Our recent findings along the ER-mitochondria Ca®* signal transmission axis provided fur-
ther confirmation of chaperone mediated coupling between these two organelles. We have found
that the IP3R and VDAC-1 reside in a common macromolecular complex, localized in the
above described mitochondria-associated subfraction of the ER (MAM). Moreover, in this com-
plex the N-terminal ligand binding domain of the IP3R was found to directly enhance mito-
chondrial Ca** accumulation. Since the downregulation of the OMM localized mtHsp70/Grp75
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abolished this effect, we concluded that a chaperone-mediated direct coupling between the
organelles is mediated by these three proteins (Szabadkai, Bianchi et al, manuscript submitted).

To summarize the above described scenario, we can embed these findings in the concept
that chaperones, through their interaction with the elements of a signal transduction pathway
between the ER and mitochondria, build up and maintain the integrity of the interacting
surface the two organelles. Pending on results and new experimental approaches that will clarify
the nature and strength of interaction of chaperones with the Ca** signalling protein compo-
nents, they mi%ht also underlie the emerging concept of stabilization of networks by weak,
transient links."

Here we considered Ca®* merely as an example of a substance transferred from the ER to
mitochondria, but we have also to mention that Ca®*, as a messenger released from the ER, was
shown to determine functional properties and integrity of the mitochondrial network. El-
evated [Ca?] in the cytosol and the ER-mitochondrial interface may induce two different
responses from the mitochondrial remodelling apparatus. The Ca** induced translocation of
the mitochondrial fission factor Drp-1 induces mitochondrial fragmentation, i.e., disintegration
of the continuous mitochondrial network.”#”> The functional consequence of the breakdown
of the network is well illustrated by the block of intramitochondrial Ca®* waves, which in the
normal mitochondrial network was shown to be initiated close to the ER Ca?* release sites and
to be responsible for the complete upload of the integral mitochondrial network.”®””

Thus, in summary, the chaperone mediated interaction between the ER and mitochondria
appears as a novel way to integrate organellar networks and by regulating signalling between
the organelles, might be responsible for controlling organellar and cellular function. Apart
from massive biochemical work to identify interacting partners of the chaperons located at the
organellar interface, detailed mathematical modelling of the network properties will be neces-
sary to show the exact role of these proteins.

Perspectives: The Role of Chaperone Mediated ER-Mitochondria
Coupling in Cell Death

Mitochondrial Ca®* overload, originating from Ca®* release from the ER, has been shown
to play a crucial role in apoptosis induction caused by certain proapoptotic stimuli, such as C,
ceramide.”®®° C, ceramide was shown to directly induce Ca?* release from the ER Ca*" store
(ref. 79) and also to sensitize mitochondria to Ca?* impulses from InsP; or ryanodine receptor
(InsP3R, RyR) mediated Ca®* release, leading to OMM permeabilization (OMP), mitochon-
drial permeability transition (MPT) and depolarization.”® This is followed by the release of
proapoptotic factors (e.g., cytochrome ¢) activating the effector caspases and finally triggering
apoptotic cell death.®! Importantly, mitochondrial depolarization in these cases is propagated
as a wave throughout the cells, pointing to a fundamental role of mitochondrial network integ-
rity in apoprtotic signaling.®? The overall picture emerging from a series of recent studies is that
an important mechanism underlying the sensitivity of cells to apoptosis is the up- and
downregulation of steady state [Ca®*],, by pro- and antiapoptotic factors, respectively. The
resulting increase or decrease of Ca”* release from the ER and Ca®* uptake into mitochondria
in turn is pivotal in triggering apoptotic signals through the mitochondrial pathway.®® Indeed,
Bcl-2 was shown to reduce steady state [Ca®*]., leading to a marked inhibition in apoptotic
death and preservation of the mitochondrial structure.”” Similarly, following overexpression of
calreticulin (an abundant luminal ER Ca?* buffer) which does not raise [Ca**].,, but does
increase the releasable Ca®* pool, cell survival is drastically reduced upon C,-ceramide treat-
ment.”? Furthermore, cell lines derived from calreticulin knock-out mice are more resistant to
apoptosis, indicating that the crucial requirement is the amount of released Ca** and not
[Ca?*]...8* Scorrano and coworkers provided further evidence in favor of the hypothesis that
Ca®* movement from the ER to mitochondria is a key process in the activation of apoptosis by
a number of stimuli.®> They showed that mouse embryonic fibroblasts deficient of the two
proapoptotic proteins Bax and Bak double knock out (DKO) cells, are markedly resistant to a
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variety of apoprtotic stimuli and have a much reduced Ca?* concentration in the ER. If the ER
Ca®" levels are restored by recombinantly overexpressing the sarco-endoplasmic reticulum Ca**
ATPase (SERCA), not only mitochondrial Ca®* uptake in response to stimulation is reestab-
lished, but the cells regain sensitivity to apoptotic stimuli such as arachidonic acid, C;-ceramide
and oxidative stress. An important positive feed-back loop was recently added to this picture,
by showing that cytochrome ¢, released from the mitochondria, binds to the IP3R and further
stimulates Ca* release from the ER even at low IP5 concentrations, leading to PTP opening,
ulterior breakdown of mitochondrial network, and metabolic failure.3°

Several heat shock proteins have been demonstrated to directly interact with various com-
ponents of the cell death machinery, both upstream and downstream of the above described
mitochondrial events. Indeed, as extensively (reviewed in refs. 87-89), chaperones (the cytoso-
lic Hsp40, Hsp70 and Hsp90) promote cell survival by preventing the Bax/Bad and tBid in-
duced OMP, or by promoting the antiapoptotic action of Bcl-2 (FKPB38, ref. 90). In a broader
context it means that they help to maintain the rheostat between the action of pro- and
antiapoptotic Bcl-2 family members.”! As for the pathways downstream of mitochondria, Hsp70
and Hsp27 were shown to bind to proapoptotic factors (AIF and cytochrome ¢, respectively)
released from the intermembrane space, thus inhibiting the activation of the apoptosome.”>”>

Apart from identifying the role of the individual chaperone proteins in the complex apoptotic
pathways, a more general question arises: how the above described role of chaperones in inte-
grating organellar networks could be applied to the cell death process? The answer appears to
be rather complex. Above we concluded that the links provided by different chaperones are
necessary for efficient signalling between the ER and mitochondria. Indeed, downregulation of
any of these proteins (Grp78, Grp75, Hsp60) leads to increased cell death.®3%7%4 A reasonable
explanation for this effect is the uncoupling of organelle interaction, disrupting normal or-
ganelle biogenesis, e.g., due to reduced protein import and metabolic disturbances, potential
mechanisms, still awaiting experimental demonstration. On the other hand, several line of
evidence show that massive signaling from the ER to mitochondria is necessary also to induce
the mitochondrial pathway of cell death. This include the above described Ca?* signaling path-
way (refs. 83, 95), but unrelated pathways were also demonstrated, such as Bax translocation
following cleavage of the ER membrane protein Bap31 (ref. 75), or ROS or RNS signaling
during ER stress.”® In these cases, overexpression of chaperones are mostly protective. For
instance, Grp75-transfected cells show resistance to cell death induction by different proapoptotic
agents (refs. 97, 98), leading to extended life span and in certain cases cell transformation and
tumorigenesis.”’ Similar protective mechanisms were described for other chaperones (Grp78,
HspG60), participating in organelle communication.?”%’

Thus, to rationalize the impact of chaperone linkage between the ER and mitochondria on
cell death we can propose two scenarios. First, chaperones may not only maintain the commu-
nication between these organelles, but they can have a buffering role, i.e., they can also protect
from excessive death signal transduction. This hypothesis is validated by the finding that Grp75,
apart from maintaining contact between the IP;R and VDAC (Szabadkai, Bianchi et al., manu-
script in preparation) reduces also the cation selectivity (is that also of Ca**) of VDAC, thus
protecting from Ca®* overload and mitochondrial permeability transition.”> An increased
colocalization between the ER and mitochondria and Ca** induced cell death was shown by
applying recombinant linkers between the ER and OMM, or by inducing ER stress (Csordas
and Hajnoczky; Chami and Paterlini-Brechot, manuscripts in preparation). Moreover, to sub-
stantiate the role of chaperones in this ER-mitochondrial signalling process, Grp78, which
normally reside in the ER lumen, during ER stress was shown to translocate even to the mito-
chondria.”” The exact role of Grp78 in mitochondria was not described in this work, but our
finding that Grp78 interacts with VDAC (in a yeast two-hybrid screen) indicates, that it might
also control VDAC conductance.

A second scenario may envisage that chaperones, by recognizing multiple targets in the
diverse death signalling pathways, discriminate between ‘normal” and ‘dangerous’ targets, and
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thus they can counter the vicious effect of death inducing signals. Hsp27, a small cytoplasmic
chaperone, binds to cytochrome ¢ released from the mitochondria, preventing cytochrome ¢
induced apoptosome activation (ref. 93). In the context of ER-mitochondria communication,
it might also inhibit the positive feedback loop induced by cytochrome ¢ on the ER surface by
interacting with the IP3R (ref. 86, see also above). Similarly, as recently proposed by Lemasters
and He, chaperones (e.g., Hsp25 of the mitochondrial matrix, ref. 100) may recognize the
unfolded state of the protein components of permeability transition pore, and thus might be
able protect mitochondria by blocking conductance through these misfolded protein clusters.>>

Conclusions

In summary, the authors of this chapter, by performing an uncountable number of experi-
ments exploring the role of Grp75 on mitochondrial Ca®* signaling and cell death, recognized
that chaperones, by interacting the actual bait (VDAC) in the actual two-hybrid screen, may
not only represent an artefact of the experimental approach, but can also have a significant
contribution to the mechanisms determining cell signalling and cell fate under stress conditions.
During this route, Katiuscia Bianchi and Diego De Stefani gave us an immense contribution,
and we hope that conserving our interactions, we will describe the above outlined picture in
more details, leading to innovations to alleviate stress induced impairment of organelle, cell
and organism function.
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CHAPTER 8

Heat Shock Factor 1 as a Coordinator
of Stress and Developmental Pathways

Julius Anckar and Lea Sistonen*

Abstract

he transition from normal growth conditions to stressful conditions is accompanied by

a robust upregulation of heat shock proteins, which dampen the cytotoxicity caused by

misfolded and denatured proteins. The most prominent part of this transition occurs
on the transcriptional level. In mammals, protein-damaging stress leads to the activation of
heat shock factor 1 (HSF1), which binds to upstream regulatory sequences in the promoters of
heat shock genes. The activation of HSF1 proceeds through a multi-step pathway, involving a
monomer-to-trimer transition, nuclear accumulation and extensive posttranslational modifi-
cations. In addition to its established role as the main regulator of heat shock genes, new data
link HSF1 to developmental pathways. In this chapter, we examine the established stress-related
functions and prospect the intriguing role of HSF1 as a developmental coordinator.

Introduction

One year after the identification of mRNA in 1961, Ferruccio Ritossa reported a different
puffing pattern in the polytene chromosomes of Drosozphild after an accidental upshift in tem-
perature of an incubator containing Drosophila larvae."” Subsequent analysis of the heat-induced
puffs verified that the loci were transcriptionally active regions, in which mRNAs coding for
heat shock proteins (Hsps) were synthesized.” The transcriptional response to hyperthermia and
other protein-damaging stresses has later been shown to be a highly regulated process in which
the transcription of most nonstress genes is repressed, but that of heat shock genes rapidly
upregulated.” Hence, the cell possesses a machinery for the privileged transcription and transla-
tion of stress-related genes and mRNA. In invertebrates such as yeast, nematode and fruit fly, the
transcriptional activation of the heat shock response is regulated by a single heat shock factor
(HSF). Vertebrates, on the other hand, have evolved a family of HSF members, HSF1-4, of
which HSF3 is specific for avian species and HSF4 for mammals.* HSF1 is the mammalian
counterpart of the single invertebrate HSF and cannot be replaced by other HSF members,
since the heat shock response is obliterated in mice and fibroblasts lacking Asf1.>° In contrast,
HSF2 and HSF4 are known to play important roles in differentiation and development. For
example, /sf2 knockout mice have an intact heat shock response, but disrupted spermatogenesis
and neuronal development.”® HSF4, on the other hand, is expressed in only a few tissues and
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required for proper eye development.”'® These differences notwithstanding, the different HSFs
may have overlapping roles in target gene regulation, as discussed later in this chapter.

Functional Domains of HSF1

Although different HSFs play distinct biological roles, they share certain conserved func-
tional domains, of which the N-terminal helix-loop-helix DNA-binding domain is best pre-
served (see Fig. 1). HSFs bind to DNA as trimers, in which an individual DNA-binding do-
main recognizes the pentameric sequence nGAAn in the major groove of the DNA double
helix."! The concurrent binding of all DNA-binding domains of the trimer to three adjacent
nGAAn repeats is required for stable binding.'" Thus, the minimal functional upstream regu-
latory elements recognized by HSF1 contain at least three nGAAn repeats, and are called heat
shock elements (HSEs). The promoters of most 4sp genes contain more than one HSE, allow-
ing for multiple HSF1 trimers to bind simultaneously. It has been convincingly shown that
HSF1 binds to HSEs in a cooperative manner, in which one DNA-bound trimer facilitates the
binding of the next trimer.'*'® Such cooperativity may be involved in regulating the magni-
tude of HSF1-mediated transcription, although some HSEs are not required for downstream
gene expression.!! Furthermore, the precise architecture of the HSE is an important determi-
nant in gene-specific expression. For example, yeast HSF adopts different conformations when
bound to typical and atypical HSEs and displays distinct requirements for temperature and
posttranslational modifications depending on HSE architecture.'*!

The regions involved in regulating HSF1 trimerization have been thoroughly investigated
in mutagenesis studies. The oligomerization domain is found adjacent to the DNA-binding
domain and is characterized by hydrophobic amino acids at every seventh residue.'® In the
trimeric HSF1, these heptad repeats (HR-A/B; Fig. 1) are proposed to form an unusual
triple-stranded coiled-coil configuration through the interactions of the hydrophobic residues.”
In addition, most members of the HSF family contain an additional C-terminal heptad repeat
(HR-C). Whereas a deletion of HR-A/B abolishes the HSF1 trimer formation, the deletion of
HR-C generates a constitutively trimeric HSF1, suggesting that HR-C negatively regulates
HSF1 trimerization.'® In accordance, HSF of Saccharomyces cerevisiae and Kluyveromyces lactis
as well as mammalian HSF4, which lack a conserved HR-C, are constitutively trimeric.'>20
These data have impelled a model in which the HR-C represses HSF1 trimerization by folding
back and directly interacting with the HR-A/B. The hydrophobic contacts between HR-A/B
and HR-C are thought to restrain the HR-A/B, forming an intramolecular coiled-coil and
thereby maintaining the monomeric HSF1 in a closed inactive state in the absence of stress.'!

ScHSF  — — s — S — 833

dHSF — = 691 DBD
hHSF1 e ] 529 R HRAB/C
hHSF2 ——- - . 536 RD
cHSF3 — B 467 EEE AD
hHSF4 —,—— 493

Figure 1. Functional regions of HSF family members. The helix-loop-helix DNA-binding domain
(DBD) is the most conserved region within the HSF family. DNA-binding activity is achieved
through homo- or heterotrimerization, and regulated by three leucin-zipper-like heptad-repeat
domains (HR-A/B/C). The centrally located regulatory domain (RD) of HSF1 is extensively modified
posttranslationally and regulates HSF1 transactivation capacity, conveyed by the C-terminal
activation domain (AD). HSF of S. cerevisiae has both an N-terminal and a C-terminal activation
domain. Note that the regulatory and activation domains of dHSF1, cHSF3 and hHSF4 are yet
poorly characterized. The numbers indicate the last amino acid of the protein. Abbreviations: h:
human; c: chicken; Sc: S. cerevisiae; d: Drosophila. Modified from reference 83.
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The last 150 C-terminal residues of mammalian HSF1 encompass the transactivation do-
main, which is rich in hydrophobic and acidic amino acids (Fig. 1). 1.2 As discussed below, the
transactivation domain interacts with several regulatory proteins as well as with components of
the preinitiation complex. Under nonstressful conditions, the transactivation domain is kept
inactive by a regulatory domain, which is found between the HR-A/B and HR-C domains
(Fig. 1).> Whereas the isolated HSF1 transactivation domain possesses constitutive transcrip-
tional activity, the fusion of the re gulatory domain to the transactivation domain leads to
stress-inducible HSF1 activation.*>*® Thus, the regulatory domain can work as a gatekeeper,
on which stress stimuli act to unleash the function of the transactivation domain.

Activation Mechanisms of HSF1

Under normal growth conditions, HSF1 is found mainly as transcrlptlonally inactive mono-
mers in the nucleoplasm and, to a minor extent, in the cytosol.?#?> The inactive state is thought
to be maintained through both mtermolecular and intramolecular interactions as well as by
posttranslatlonal modifications (Fig. 2).26 Although the signals regulating HSF1 can be of
diverse origin, including pathophysiological conditions, developmental cues and env1ronmen—
tal stresses, they are similar in that they generate an increase in nonnative proteins.”® This has
led to a widely accepted model in which the elevated level of misfolded protein intermediates
liberates Hsps from HSF1, thereby allowing HSF1 to be converted into an active state (re-
viewed in Chapter 8). Indeed, injection of denatured, but not native proteins into Xenopus
oocytes is enough to trigger HSF1 activation. *Ttis also known that different stressors can have
additive or synergistic effects on Asp gene transcrlptlon, Wthh could reflect a common signal-
ing pathway from protein damage to HSF1 activation.”
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Figure 2. Multistep activation mechanism of HSF1. When exposed to stress, HSF1 acquires
DNA-binding activity through a monomer-to-trimer transition and nuclear accumulation. In the
nucleus, HSF1 binds to HSEs, consisting of repetitive nGAAn sequences, in the promoters of
target genes such as hsps. During activation, HSF1 is hyperphosphorylated (P) at several serine
residues, mostly in the RD. For simplicity, only a few phosphorylation sites are indicated. Phos-
phorylation of serine 303 is required for the stress-inducible SUMO modification of lysine 298,
which represses the transcriptional activity of HSF1. +1 denotes the transcription start site.
Abbreviations for the functional domains of HSF1 are as indicated in Figure 1.
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The activation mechanism seems to be more multifaceted than depicted above, since HSF1
also possesses an intrinsic ability to sense stresses such as elevated temperatures and changed
redox states. Recombinant HSF1 from different species can be activated by various stressors,
such as heat, H,0, and low pH.?*3! Ahn and Thiele noted that two conserved cysteine residues
in the DNA-binding domain of HSF1 were crucial for HSF1 trimer formation in vitro, and
suggested that disulfide bonds between these cysteines would function as a stress sensor for
HSF1 trimerization.?! This built-in sensor capacity of HSF1 might also explain the extreme
rapidity of HSF1 activation in response to severe stress. In fact, binding of HSF to the Droso-
phila hsp70 promoter is detected already within seconds after the onset of heat shock, and the
number of HSF molecules on the promoter reaches saturated levels in about one minute.*
Although little is known about how HSF1 is converted from a latent monomer to a transcrip-
tionally active trimer, the rapidity of the process strongly implies the involvement of posttrans-
lational modifications in the transcriptional onset of HSF1 target genes. Concurrently with the
cloning of HSF from yeast, HSF was found to be extensively phosphorylated, and a recent
mass spectrometric analysis revealed that human HSF1 is phosphorylated on at least 12 sites,
most of which are located in the regulatory domain.**** Therefore, stress-induced phosphory-
lation of the regulatory domain likely acts as a switch that relieves the inhibitory effect of the
regulatory domain on HSF1 transactivation capacity.

It is interesting to note that although HSF1 is rapidly hyperphosphorylated upon various
stresses and in a manner that correlates with its transactivation capacity, only a few studies
have been able to directly link phosphorylation to HSF1 transcriptional activity.***® On the
contrary, most phosphorylation events have been shown to repress the transcriptional activity
of HSF1. A particularly interesting example is the phosphorylation of serines 303 and 307,
located in the regulatory domain. The phosphorylation of these residues maintains HSF1 in
a transcriptionally inactive state under nonstress conditions, but this inhibitory effect can be
overridden by heat shock.?>%? A putative mechanism for this regulatory role was presented by
Wang and coworkers, who reported that phosphorylation of $303 and S307 mediated an
interaction between HSF1 and the scaffolding protein 14-3-3¢ followed by a sequestration of
HSF1 in the cytoplasm.“*4! The phosphorylation of the serines might be a hierarchical event,
in which ERK-primed phosghorylation of S307 would be required for GSK33-mediated
phosphorylation of $303.%2% Nevertheless, mutation of $303 alone leads to a dramatic dere-
pression of HSF1 activity, demonstrating a functional independence between the two phos-
phorylation events.>>** The mechanism behind the repressive function of $303 phosphory-
lation was revealed when it was shown to be a prerequisite for yet another posttranslational
modification, the covalent attachment of a protein called SUMO (small ubiquitin-like modi-
fier) to the adjacent lysine 298.9° SUMO is a member of the ubiquitin-like protein superfam-
ily of modifiers and an established regulator of transcription.*® For most transcriptional regu-
lators, such as Sp3, Elk-1 and HSF2, sumoylation negatively regulates the transactivation
capacity of the substrate.””*® Accordingly, the phosphorylation-dependent sumoylation in-
hibits the transcriptional activity of HSF1 in vivo (Fig. 2).* SUMO modification usually
requires the consensus tetrapeptide (I/V/L)-K-X-E, in which X denotes any amino acid and
K the target lysine to which SUMO becomes artached. Interestingly, the identification of
phosphorylation-dependent sumoylation of HSF1 was the preamble to the recent discovery
that several transcriptional regulators contain a corresponding phosphorylation-dependent
sumoylation motif (IVL)-K-X-E-X-X-S-P, called PDSM, and that this regulatory mechanism
is a conserved feature for a number of transcriptional players.®

Regulation of hsp Gene Transcription by HSF1

The hsp70 promoter is an established model system for inductive transcriptional responses
and by far the best studied among the HSF/HSF1-responsive promoters. The details of how
HSF1 triggers hsp70 transcription are, however, not fully understood. The uninduced Asp/0
promoter is primed for transcription in that it is occupied by a transcriptionally engaged, but
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stalled RNA polymerase 1T (RNAP I1).“>* Upon heat shock, RNAP II is released from its
dormant state and the transcript is rapidly elongated. In vitro, the stalling of RNAP I is greatly
enhanced by nucleosome formation, suggesting that chromatin remodeling is pertinent for the
release of the paused RNAP I1.°! Subsequently, certain hydrophobic residues in the HSF1
activation domain were shown to stimulate RNAP II release, and directly interact with BRGI,
the ATPase subunit of the chromatin-remodeller SWI/SNE>4 The maturation of RNAP II
into an active elongating complex is accompanied by site-specific hyperphosphorylation of the
C-terminal domain of RNAP II. In Drosophila, heat shock induces the recruitment of P-TEFb
kinase to heat shock loci. The P-TEFb kinase is composed of a Cdk9 subunit and a cyclin T
subunit, and known to hyperphosphorylate the C-terminal domain of RNAP I1.>> When
P-TEFb is artificially recruited to the Asp70 promoter, hsp/01s transcribed also under nonstressful
conditions, suggesting that heat-induced recruitment of P-TEFb to heat shock loci could act as
aswitch in stress-induced transcription of /sp genes.>® Accordingly, the translocation of P-TEFb
to heat shock loci is abrogated in the absence of Drosophila HSE, but the recruitment does not
seem to be due to a direct interaction between these two proteins.*® Interestingly, inhibition of
P-TEFb kinase activity does not affect the maturation of the stalled RNAP II complex, but
instead leads to defect processing of the 3' end of hsp70 and hsp26 transcripts.”” In addition,
mammalian HSF1 interacts with symplekin, a scaffold for polyadenylation factors, and this
interaction is required for efficient polyadenylation of Asp70 transcripts.’® Together, these in-
triguing findings that HSF1 not only activates Asp gene transcription but also participates in
mRNA processing broaden the repertoire of mechanisms by which HSF1 regulates the expres-
sion of heat shock genes.

Upon heat shock, HSF recruits the Mediator coactivator to heat shock loci.”> Mediator
complexes regulate a wide range of genes through relaying activating signals from transcription
factors to the basal transcription machinery. In contrast to P-TEFb, the recruitment of Mediator
occurs through a direct interaction with HSE since the activation domain of Drosophila HSF
binds to the TRAPS80 subunit of the Mediator complex.”® HSF1 activity may further be con-
veyed to the preinitiation complex more directly, which is supported by findings that the activa-
tion domain of HSF1 binds to the TATA-binding protein TBP as well as to other components
of the preinitiation complex, including TFIIB in vitro.°*®! These results may indicate that a
spatial constraint regulates the interaction between HSF1 and the general transcription machin-
ery and possibly explain why most HSE:s lie in close proximity to the transcription start site.'!

Stress-Specific Activation of HSF1

Activation of HSF1 by stresses that are greatly different in nature raises the important ques-
tion whether the HSF1-activating stressors simply signal through a common pathway or whether
distinct stimuli differentially modulate HSF1-dependent transcriptional processes. Several re-
ports have provided evidence for the latter, showing that the mechanism of HSF1 activation
and HSF1-dependent transcription can proceed in a stimulus-specific manner. For example,
studies in S. cerevisiae have demonstrated that both glucose starvation and heat shock lead to
HSF-mediated transcription of the CUPI gene, but through distinct mechanisms.®? Specifi-
cally, during glucose starvation HSF interacts with and is phosphorylated by the Snfl kinase,
which is required for HSF activation. However, HSF activation by heat shock is not Snfl
dependent, demonstrating the involvement of stress-specific signal transduction pathways in
HSF activation.®® Similarly, HSF activated by oxidative stress shows a phosphorylation pattern
distinct from HSF activated by heat.* Although phosphorylation is involved in a stress-specific
activation mechanism of HSF, it may also specify the subset of HSF target genes that are to be
transcribed in response to a particular stress. A mutation that inhibits HSF phosphorylation
impairs transcription of HSF targets which have short or mildly dispersed nGAAn elements in
their promoter regions, but does not significantly affect transcription of genes with multiple
copies of nGAAn pentamers.'’
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In mammals, little is known how HSF1 activation can be adjusted according to different
signals. By introduction of dominant-negative forms of the SWI/SNF ATPases BRG1 and
BRM, de la Serna and coworkers noticed a differential SWI/SNF dependency of HSF1-mediated
transcription. Whereas the transcriptional activation of Asp/0 by arsenite or cadmium was
severely impaired by the disruption of SWI/SNF activity, hsp/0 transcription by heat shock
was unaffected.®> Further studies are necessary, since chromatin immunoprecipitation and re-
striction enzyme accessibility of the Asp /70 promoter demonstrated that the direct recruitment
of SWI/SNF by HSF1 is essential for chromatin accessibility and efficient 4sp70 transcription
during heat shock.>® The differential activation of /sp70 by heat and arsenite was further eluci-
dated when Thomson and coworkers noticed that 4sp70 induction by arsenite, but not by heat
shock, was dependent on the p38 MAP kinase pathway, perhaps due to specific histone phos-
phorylation mediated by p38 signaling.® Moreover, during both stresses HSF1 was found
responsible for targeting histone H4 acetylation to Asp70 chromatin, highlighting the impor-
tance of epigenetic modifications in HSF1-mediated stimulus-specific transcription.

HSF1 as a Developmental Regulator

Albeit HSF1 plays its most prominent role in protecting cells and organisms from proteotoxic
stresses, several lines of genetic evidence support a versatile role for HSF1 in regulation of
development. In yeast, HSF is essential for viability also under normal growth conditions, and
more recently, a genome-wide analysis of S. cerevisiae HSF targets showed that HSF partici-
pates in diverse biological pathways, such as energy metabolism, synthesis of cytoskeletal com-
ponents and vesicular transport.>>*”%® In higher invertebrates and vertebrates, HSF/HSF1 is
not required for survival, but its absence causes severe reproductive disturbances, a reduction in
body size and deficient embryonic development. For examgle, the deletion of the Asfgene leads
to defect oogenesis and larvae development in Drosophila.®® hsfl knockout mice undergo nor-
mal oogenesis but have malformed chorioallantoic placenta, resulting in high prenatal lethality.
Moreover, hsf1 - females are infertile, which is due to HSF1 being a maternal factor.”? In the
testis, HSF1 plays a dual role in the protection against harmful signals. Whereas HSF1 acts as
a survival factor of more immature germ cells in testes exposed to hyperthermia, it is also
required for apoptosis of pachytene spermatocytes in response to thermal insults.”! Accord-
ingly, the expression of a constitutively active form of HSF1 inhibits the grogression of sper-
matogenesis and leads to apoptosis of spermatocytes at the pachytene stage.”* It is interesting to
note that the threshold for HSF1 activation is reduced in pachytene spermatocytes relative to
somatic cells, implying that HSF1 could play a role in monitoring the quality control of male
germ cells.>74

HSF1-Mediated Expression of Cytokines

The requirement for HSF1 in developmental pathways does not seem to be explicitly due
to altered Hsp levels, emphasizing the importance of other HSF1 targets. An interesting excep-
tion is seen in the mouse heart, where the disruption of AsfI causes decreased constitutive
expression of several Hs;)s, which is intimately associated with impaired redox homeostasis and
mitochondrial damage.” Transcriptional profiling of AsfI-deficient fibroblasts has revealed that
HSF1 regulates several genes also under nonstressful conditions. Surprisingly, the transcription
of many of these genes is not enhanced by heat shock, suggesting that the stress-dependent
activation of HSF1 may favor the expression of only a subset of its target genes.”*”” Among the
nonstress HSF1 targets, locally acting signal molecules, including cytokines and chemokines,
make up a significant part.”® One of these targets, /L-6 was shown to be under direct control of
HSF1 in spleen cells. IL-6 is a multi-functional cytokine that participates in immune responses
and inflammation and is important for B cell differentiation and maturation into plasma cells.”®
Accordingly, in response to immunization, the Asf1 knockout mice show an impaired produc-
tion of immunoglobulins, especially IgG2a.”®
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In the olfactory epithelium of pubescent mice, HSF1 acquires DNA-binding activity dur-
ing post-natal week 4. One of the targets of this activation is another member of the IL-6
family, leukemia inhibitory factor (LIF), a pleiotropic cytokine implicated in numerous devel-
opmental pathways.””® Interestingly, HSF1 seems to repress the expression of LIF, thereby
allowing the differentiation of the olfactory epithelium.®® Negative regulation by HSF1 is also
involved in modulating the expression of the proinflammatory tumor necrosis factor alpha
(TNFa). When hsfI” mice were injected with an LDsy dose of bacterial lipopolysaccharide
LPS, they displayed an increased mortality and abnormally high expression of TNFo.® The
fascinating concept of HSF1 functioning both as a transcriptional activator and as a transcrip-
tional repressor in a context-dependent manner markedly broadens the biological role of HSF1.
The repressive function of HSF1 was originally introduced by Cahill and coworkers, who
reported that the LPS-induced interleukin 1f gene expression could be inhibited by HSF1
activation.®’ This phenomenon was subsequently shown to be mediated through the direct
interaction between HSF1 and C/EBPB, a regulator of /Z-1 transcription. In most cases,
however, the mechanism of HSF1-mediated repression is poorly understood. Moreover, pos-
sible indirect effects of HSF1 activity may be emphasized through the complexity of cytokine
signaling networks, accentuating the need for further studies to elucidate the intriguing func-
tion of HSF1 in cytokine expression.

Heat Shock Factors Working Together

Since the DNA-binding and oligomerization domains are particularily well conserved within
the HSF family, it is not surprising that different HSFs display similar fundamental properties.
This is especially evident in vitro, where all HSFs are able to form trimers and bind to the same
HSE;, stron§ly suggesting that different members of the HSF family could share a subset of
target genes.® Nevertheless, as HSF1 cannot be substituted by other HSF members, and the
hsfl, hsf2 and hsf4 knockout mice have clearlg distinct phenotypes, the HSFs might be re-
stricted to different fields of action in vivo.o>10:84 Recently, however, HSF1 was found to
converge with HSF4 in the regulation of eye development. In certain Chinese and Danish
families, mutations in the HSF4 DNA-binding domain were found to be the cause of autoso-
mal dominant lamellar and Marnier cataract, and shortly thereafter, 4sf% null mice were shown
to develop cataract during the early postnatal period.” !4 The hsfZ" lens contains inclusion-like
structures of protein aggregates, perhaps due to an increased expression of fibroblast growth
factors (FGFs) and a decrease in protective y-crystallins and Hsps, particularly Hsp27, in lens
cells.!*®* Surprisingly, HSF1 and HSF4 have opposing effects on FGF expression in the lens.
Both HSF1 and HSF4 bind to the FGF7 promoter, but whereas the expression of FGF7 is
increased in Asf4”", it is decreased in AsfI”" and returned to normal levels in the Asf1/hsf4 double
knockout mice.'® Similarly, the increased LIF expression in the absence of hsfl is partially
relieved by the simultaneous disruption of Asf4, demonstrating an intimate relationship be-
tween these two factors in the maintenance of sensory systems.*

The generation of double knockout mice has provided valuable information for a func-
tional relationship also between HSF1 and HSF2. While spermatogenesis is normal in hsfI™"
mice and only modestly impaired in /52”7 mice, the simultaneous disruption of both /sfI and
hsf2 leads to male infertility.”®*> A gene expression analysis of the 4sf1/hsf2 double knockout
testis revealed that many genes involved in spermatogenesis were downregulated, suggesting
that HSF1 and HSF2 could have complementary or interdependent functions in the regula-
tion of male fertility.®> The notion that HSF1 and HSF2 could share a subset of target genes
was initially proposed when HSF2 was found to bind to the }Jgp70 promoter upon hemin-induced
erythroid differentiation of K562 erythroleukemia cells.?® More recently, an extensive pro-
moter analysis in K562 cells by Trinklein and coworkers demonstrated that both HSF1 and
HSF2 are recruited to several 4sp promoters in response to hemin treatment, implyin% that
HSF2 could be involved in regulating the expression of a broad repertoire of Asp genes.”” An
elegant mechanism by which HSF2 could influence the transcription of heat shock genes was
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recently presented by Xing and coworkers, who reported that HSF2 maintains chromatin ac-
cessibility of the inducible Asp/0 gene during the M phase in mitosis, a phenomenon called
bookmarking, and that this function is required for HSF1-mediated transcription of 4sp70 in
the G1 phase.®® The putative modulatory role of HSF2 in HSF1-mediated transcription could
also result from heterocomplex formation, since the direct interaction between HSF1 and HSF2
as well as the colocalization of HSF1 and HSF2 in nuclear stress bodies is dependent on intact
oligomerization domains.*° This hypothesis is further supported by the recent observation
that upon proteasome inhibition, both HSF1 and HSF2 bind to the clusterin promoter in the
context of chromatin and to oligonucleotides containing binding sites for only one HSF tri-
mer.”! Although the fundamental question of how HSF2 modulates HSF1-mediated tran-
scription remains to be answered, the prospect of cooperative heterogenous HSF complexes
certainly adds a novel flavor to the transcriptional regulation of heat shock genes as well as
other targets.

Future Perspectives

Although the heat shock response was initially described already four decades ago, the mo-
lecular details of this strictly regulated process are only beginning to emerge. For example, the
essential questions how cells are able to sense stress signals and how these signals are subse-
quently conveyed to HSF1 for transcription of Asp genes need to be explored more thoroughly.
While genome-wide analyses may provide further understanding of target gene selectivity in
response to specific stress stimuli, it is becoming evident that distinct stressors employ different
signaling pathways for activation of the same HSF1 target genes. The elucidation of how
stress-specific networks are organized poses an intriguing challenge for future studies. More-
over, the involvement of HSF1 in several developmental pathways brings unforeseen complex-
ity to the mechanisms of HSF1 action. The recent discoveries of HSF1 functioning in tight
cooperation with other HSFs during development propose that such cross talk might occur
also upon exposure to stress stimuli. To this end, analyses of the posttranscriptional regulation,
to which HSF2 and HSF4 are subjected under stressful conditions, likely provide novel in-
sights into how these factors contribute to the heat shock response.
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CHAPTER 9

Chaperone Regulation of the Heat Shock

Protein Response

Richard Voellmy* and Frank Boellmann

Abstract

he heat shock protein response appears to be triggered primarily by nonnative proteins

accumulating in a stressed cell and results in increased expression of heat shock proteins

(HSPs). Many heat shock proteins prevent protein aggregation and participate in re-
folding or elimination of misfolded proteins in their capacity as chaperones. Even though
several mechanisms exist to regulate the abundance of cytosolic and nuclear chaperones, activa-
tion of heat shock transcription factor 1 (HSF1) is an essential aspect of the heat shock protein
response. HSPs and co-chaperones that are assembled into multichaperone complexes regulate
HSF1 activity at different levels. HSP90-containing multichaperone complexes appear to be
the most relevant repressors of HSF1 activity. Because HSP90-containing multichaperone com-
plexes interact not only specifically with client proteins including HSF1 but also generically
with nonnative proteins, the concentration of nonnative proteins influences assembly on HSF1
of HSP90-containing complexes that repress activation, and may play a role in inactivation, of
the transcription factor. Proteins that are unable to achieve stable tertiary structures and remain
chaperone substrates are targeted for proteasomal degradation through polyubiquitination by
co-chaperone CHIP. CHIP can activate HSF1 to regulate the protein quality control system
that balances protection and degradation of chaperone substrates.

Introduction

The term “heat shock protein response” relates to the induction of heat shock or stress
protein (HSP) synthesis that occurs in eukaryotic cells subsequent to heat treatment or expo-
sure to other proteotoxic stress. The transcriptional response to heat and other proteotoxic
stress is mediated by so-called heat shock transcription factors (HSF).! Vertebrate animals
and plants express several different but related HSFs. Among the different vertebrate HSFs, the
factor termed HSF1 is essentially required for stress regulation of HSP expression.’® However,
itis noted that other HSF family members also may contribute and, in some cases, play critical
roles in regulating the response.”” Disruption of HSF in invertebrates abolishes the heat shock
response in a similar way as disruption of HSF1 in vertebrates.'*"

In this chapter we are primarily concerned with the regulation of vertebrate, in particular
human, HSF1 and the single HSF species of invertebrate organisms such as Saccharomyces
cerevisiae and Drosophila melanogaster that perform the function of vertebrate HSF1 in these
organisms (also referred to herein as HSF1 for simplicity). Sequence and functional features of

*Corresponding Author: Richard Voellmy—HSF Pharmaceuticals SA, Avenue des Cerisiers
39B, 1009 Pully, Switzerland. Email: rvoellmy@hsfpharma.com

Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks,
edited by Peter Csermely and Laszlo Vigh. ©2007 Landes Bioscience
and Springer Science+Business Media.




90 Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks

DNA binding Trimerization — Repeession ot —_— — -Lramsciptin
LI | e Transcription activation
1 16 81 116 121137 175 182 203 206 230 303 307 326 363 384 409 463 474 529

W Hetix=Turn-Helix [T S8 S S [HR=G] TR |
LT = 1]

Repression of trimerization

m Nuclear localization signal (3 basic residues K/R)

HR Hydrophobic repeat (leucine zipper)
CTR  C-terminal repeat of vertebrate Hsf1 /Hsf2
5 Phosphorylatable serine residues that regulate HSF1 activity

Figure 1. Linear map of human HSF1. Numbers refer to positions in the sequence of the HSF1
protein. Functions of individual domains/regions are indicated above and below the map.

a typical HSF1 are outlined in Figure 1, using human HSF1 as the example. A DNA—binding
domain comprising a winged, helix-turn-helix motif is located near the amino terminus.'¢"!

The domain is capable of interacting specifically with so-called heat shock element (HSE)
sequences present in the promoters of heat shock protein (4sp) genes.”*! A long, interrupted,
hydrophobic repeat sequence (HR-A/B) is situated adjacent to the DNA-binding domain. The
presence of at least a portion of this sequence is required for oligomerization of the factor.!?2%3
HSF1 includes an additional hydrophobic repeat sequence (HR-C) in the carboxy-terminal
third of its sequence. Studies on mammalian and Drosophila HSF1 identified transactivation
domains near the carboxy ends of these factors.?*%” Regulation of HSF1 activity is largely

controlled posttranslationally and not at the level of synthesis/degradation of the transcription
factor.20:28-31

Feedback Regulation of the Heat Shock Protein Response
by Stress-Inducible Chaperones

In their early studies of cultured Drosophila cells, Lindquist and colleagues observed that,
under conditions of moderate heat stress, the heat shock protein response was self-regulated,
meaning that HSP expression increased rapidly after initiation of a heat treatment, continued
for some time and then decreased to a low rate approximately corresponding to the prestress
rate (a phenomenon later called attenuation).’>? Reduction of rates of heat-induced tran-
scription or translation resulted in an extension of the period of elevated Asp gene transcription
during stress recovery, suggesting that one or more newly synthesized HSPs feedback-regulated
the heat shock protein response. Since activation of Asp gene transcription did not require new
protein synthesis, it was also recognized that the heat shock protein response is regulated both
transcriptionally and post-transcriptionally. Attenuation of the stress protein response was sub-
sequently also observed and studied in mammalian cells.** The signal that triggers the heat
shock protein response appears to be accumulation of nonnative proteins resulting from chemical
or physical denaturation.’>*! Many HSPs can bind such nonnative proteins, assist in their
refolding or target them for degradation, preventing cytotoxic protein aggregation. Proteins
that display these capabilities are known as molecular chaperones.

Hsps and Co-Chaperones Repress Activation of HSF1

Homotrimerization of HSF1 was found to be essential for DNA binding and, therefore,
absolutely required for its function as a transcriptional activator.>*23424 Heat or hydrogen
peroxide exposure can induce this trimerization in vitro, arguing for an inherent ability of
HSF1 to sense these stresses.®%7 Several observations, however, suggested the existence of a
cellular mechanism(s) that keeps HSF1 in a nonhomooligomeric state in the absence of a
stress. When human HSF1 was introduced into Drosophila or Xenopus laevis cells, the factor
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was induced to trimerize at the low heat shock temperatures characteristic of the latter cells,
demonstrating that it is not an absolute temperature that results in activation of the transcrip-
tion factor.”** Another observation in favor of a cellular mechanism negatively regulating the
transcription factor was that overexpression of HSF1 from transduced genes resulted in accu-
mulation of trimeric HSF1 even in the absence of a stress. This observation suggested the
existence of a cellular repressor of trimerization that was titrated in these experiments.?® When
it was found that the transcriptional activity of homotrimeric HSF1 derived from overexpression
was negligible compared to that of stress-activated factor, it became obvious that additional
layers of regulation exist. It is noted that regulation at multiple levels had been postulated
earlier based on observations that compounds such as salicylates, menadione and hydrogen
peroxide induced HSE DNA-binding activity but not expression of inducible /sp genes.**°
Even prior to the latter observations, heat exposure of an erythroleukemia cell line was reported
to result in HSE DNA-binding activity but not in increased HSP expression.’!

The search for factors that repress HSF1 homooligomerization initially focused on HSP70
after heterocomplexes with monomeric HSF1 could be shown to exist in unstressed cells.’>>®
However, several eukaryotic species contain very low levels of endogenous HSP70 and are
perfectly capable of suppressing HSF1 activity in the absence of a stress.”® To develop a
general model of HSF1 regulation, the possible involvement of other chaperones was exam-
ined as well. Several observations that will be reviewed in more detail in the next section
pointed to HSP90 and HSP90-containing multichaperone complexes as the key regulators of
HSF1 activity.

HSP90-Containing Multichaperone Complexes Regulate HSF1
Oligomeric Status and Transcriptional Competence

Repression of Oligomerization of HSF1 in the Absence of a Stress

Exposure of cells to benzoquinone ansamycins herbimycin A and geldanamycin was found
to induce homotrimerization of HSF1 and result in an increased rate of expression of HSPs.1:7-60
Geldanamycin is known to bind in the ATP-binding pocket of HSP90 with apparent specific-
ity and to alter HSP90 function.®""®* Together, these findings suggested that HSP90, alone or
in concert with other factors, repressed HSF1 oligomerization in the absence of a stress. The
observations of Nadeau et al and Nair et al of in vitro interactions between HSF1 and HSP90
were consistent with this hypothesis.**®> To obtain more definitive information about the
involvement of HSP90 in HSF1 regulation, an in vitro system derived from HeLa cells was
developed by Zou et al that was capable of reproducing important aspects of the in vivo regu-
lation of HSF1 oligomeric status: HSF1 oligomerization and HSE DNA-binding activity were
induced upon exposure to elevated temperature, or addition of geldanamycin or chemically
denatured proteins.®® Immunodepletion of HSP90 induced specific HSE DNA-binding activ-
ity in this system. Back addition of purified HSP90 immediately following HSP90
immunodepletion prevented an increase in HSE DNA-binding activity. Ali et al carried out
corresponding experiments in vivo, using Xenopus oocytes that were microinjected with anti-
bodies and/or HSP90.%® Results obtained essentially mirrored those of the Zou et al study.
Genetic evidence for a functional role of HSP90 in HSF1 regulation in yeast was reported by
Duina et al.%” In a complementary type of study, Zhao et al demonstrated that overexpression
of HSP90 desensitized heat induction of HSE DNA-binding activity in mammalian cells.*®
Other experiments examined the abundance of HSF1-HSP90 complexes in HeLa cells prior to
and during a heat stress using in situ cross-linking techniques.®” Results revealed that the level
of HSF1-HSP90 decreased dramatically in the course of a 15-min exposure of the cells to
moderately severe heat. Another study demonstrated that administration to cardiac cells of
geldanamycin also reduced the concentration of HSF1-HSP90 complexes.”® Taken together,
these results provide strong evidence that HSF1 oligomerization is inhibited by HSP90 that
binds to HSF1 polypeptide in the absence of a stress.
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Typically, Hsp90 does not bind its client proteins alone but as part of an HSP90-containing
multichaperone complex. In the case of steroid receptors, where this has been studied exten-
sively, “mature” multichaperone complexes comprise HSP90, P23 and an immunophilin.”!
Assembly of this type of complexes appears to be the end result of several intermediate assem-
bly steps, involving initial binding by HSP70 and HSP40, introduction of HSP90 through
adapter protein HOP and replacement of the resulting HSP90-containing multichaperone
complex by above-mentioned mature HSP90-containing complex. Results obtained by
Bharadwaj et al and Duina et al suggested that a similar mature HSP90-containing
multichaperone complex assembled on HSF1 polypeptide.®”””? The study by Baradwaj et al
showed that 1mmunodeplet10n not only of HSP90 butalso of P23 enhanced HSE DNA-binding
activity in Xenopus oocytes.”* Duina et al pr0v1ded evidence for an involvement of an
immunophilin, a CYP40-like cyclophlhn, in repression of HSF1 activity in yeast.” Finally,
Marchler and Wu obtained data supporting the notion that HSF1 polygeptlde undergoes a
similar series of chaperone complex assembly reactions as steroid receptors.”® The latter authors
reported that siRNA depletion of HSP70, DROJ1 (HSP40) or HSP90 increased the HSE
DNA-binding activity of Drosophila HSF1. Codepletion of HSP70 and HSP40 or HSP90 and
HSP40 produced synergistic effects. In conclusion, the information available suggests that a
mature HSP90-containing multichaperone complex similar to that associating with steroid
receptors assembles on HSF1 polypeptide and prevents oligomerization of the HSF1 in the
absence of a stress.

Repression of Transcriptional Competence of HSFI in the Absence

of a Stress

Transcriptional competence of HSF1, i.e., the ability of the factor to transactivate Asp genes,
is regulated independent from oligomeric status. A so-called regulatory domain was defined in
the HSF1 polypeptide that is required for repression of transcriptional competence in the
absence of a stress.”*?® Deletion of this sequence or parts thereof results in a factor that effec-
tively transactivates /sp genes when overexpressed in the absence of a stress. As discussed be-
fore, overexpression of wildtype HSF1 titrates the mechanism that represses oligomerization
but not that controlling transcriptional competence. Nair et al and Guo et al found that
Hsp90-containing multichaperone complexes (HSP90-P23-FKBP52 and others) assembled
on trimeric HSF1 in vitro and that components of these complexes also associated with trim-
eric HSF1 in vivo.*>® Interestingly, FKBP52 appeared to only interact with trimeric but not
(or differently) with nontrimeric HSF1 in human HelLa cells. Therefore, FKBP52 could be
used as a marker for HSP90-containing complexes associating with trimeric HSF1. Using this
tool and working with HeLa cells transfected to overexpress an HSF1 form (a LexA-HSF1
chimera), Guo et al were able to examine in parallel HSF1 transcrlptlonal competence and
relative concentration of HSP90-containing complexes associated with trimeric HSF1.% The
authors reported that, in different experimental situations that caused concentration of chaper-
one substrates to rise, concentration of HSP90-containing complexes found in association
with trimeric HSF1 declined and transcriptional competence of HSF1 increased. Further-
more, they observed that mutations in the HSF1 regulatory domain that increased transcrip-
tional competence impaired the assembly of HSP90-containing complexes. These findings
strongly suggest the existence of a mechanism that can prevent inadvertently formed HSF1
trimers from becoming active transcription factors in the absence of a stress and involves as-
sembly of HSP90-containing multichaperone complexes such as HSP90-P23-FKBP52 on such
HSF1 trimers. The mechanism may also serve to ensure that HSF1 activity increases propor-
tionally with the level of stress a cell is exposed to. This function of the mechanism becomes
plausible if one considers that mammalian HSF1 trimers are relatively stable to dissociation, at
least in vitro. Consequently, homooligomerization of HSF1 cannot be expected to maintain
proportionality with the stress level, except at relatively low stress intensities. The notion that
assembly of HSP90-containing multichaperone complexes on HSF1 trimers serves to
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downmodulate HSF1 activity under all but the most extreme stress conditions is also sup-
ported by the observation that, upon exposure of human cells to a moderately severe stress, the
HSF1-FKBP52 interaction increased during the exposure and remained prominent even after
essentially all HSF1 molecules had been incorporated in homotrimers.*” Tt is conceivable that
the mechanism also plays a role in inactivation and, possibly, even dissociation of HSF1 trimers
that occurs subsequent to a stress.

Another mechanism for repression of HSF1 transcriptional competence was described by
Shi et al.”4 These authors observed that HSP70 and HSP40 were capable of binding to the
transcriptional activation domain region of HSF1. Overexpression of HSP70 or HSP40 re-
pressed transactivation by a GAL4-HSF1 transcriptional activation domain chimera. These
results support the notion that transcriptional competence of HSF1 may be suppressed during
recovery from a stress by binding of HSP70 or HSP40, and, possibly, subsequent assembly of
a multichaperone complex in the HSF1 transcriptional activation domain region.

Regulation of HSF1 by CHIP as Part of the Protein Quality

Control System

HSPs and chaperones in general are directly responsible for the establishment, protection
and restoration of protein functionality. However, when a cell is unable to salvage proteins that
are irreparably damaged, trapped in a nonnative conformation or unable to participate in the
formation of their native complexes, it needs to eliminate these proteins to prevent unregulated
protein aggregation. Chaperones are an integral part of this process. Eukaryotic cells target
intracellular proteins for degradation E{)f the *°S proteasome complex through covalent attach-
ment of polyubiquitin side chains.”>”® The interplay and partitioning of proteins between
protection/refolding and proteasomal degradation is known as the protein quality control sys-
tem.”” At this date, only one protein of higher eukaryotes is known that is able to target chap-
erone substrates (i.e., nonnative or misfolded proteins) for proteasomal degradation by facili-
tating their polyubiquitination. This co-chaperone has been named CHIP (C-terminus of
HSP70-interacting protein).”® CHIP is able to target nonnative proteins to the proteasome
because it contains not only a tetratricopeptide repeat (TPR) domain but also a U-Box domain
that has E3 ubiquitin ligase activity.””** The TPR domain is responsible for binding the con-
served C-terminus of several chaperones (HSC70, HSP70 and HSP90), and the E3 ubiquitin
ligase activity of CHIP is able to attach polyubiquitin side chains to a chaperone-bound non-
native protein. The N-terminal TPR domain is separated from the C-terminal U-Box domain
by a charged domain that is required for homodimerization of the protein.®' Inactivation of
any of the TPR, charged or U-Box domains abolishes the ability of CHIP to ubiquitinate
chaperone-bound proteins.

Under normal growth conditions, the cell apparently achieves a dynamic equilibrium be-
tween chaperone-dependent protein protection and chaperone-directed proteasomal protein
degradation. This equilibrium manifests itself in the stringency of the protein quality control,
or in how many of the naturally occurring chaperone substrates (e.g., spontaneously unfolded
proteins) are targeted for degradation. In the case of the cystic fibrosis transmembrane receptor,
it has been clearly demonstrated that raising the concentration of CHIP increases the strin-
gency of the protein quality control system.*”*> Another model substrate used to illustrate the
ability of CHIP to influence protein quality control was p53.54 Not only could endogenous
levels of p53 be reduced by CHIP overexpression, but p53 protein levels increased after deple-
tion of CHIP by specific siRNA transfection. The protein level of CHIP therefore seems to
determine whether a chaperone substrate either achieves its final conformation and seizes to be
a chaperone substrate or whether it will be polyubiquitinated and subsequently degraded. How
an appropriate CHIP level and, hence, level of protein quality control is established and main-
tained is not well understood at this time. One aspect of the mechanism that contributes to a
balanced protein quality control is the activation of HSF1 and, consequently, the heat shock
protein response by increased levels of CHIP3> Activation of HSF1 and the ensuing increase in
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chaperone concentration occurring at elevated levels of CHIP should counteract an undue
increase in stringency of protein quality control. Experimental results suggest direct and/or
indirect mechanisms for this functional interaction between HSF1 and CHIP. In order to
activate HSF1, CHIP needs to be able to bind chaperones via its TPR domain.?> Hence, CHIP
appears to interfere with the assembly of Hsp90-containing chaperone complexes on HSF1 or
may force dissassembly of these chaperone complexes, resulting in activation of the transcrip-
tion factor. Other results favor a direct involvement of CHIP in HSF1 activation, suggesting a
direct physical interaction between HSF1 and CHIP in vivo and in vitro.5% Genomic inacti-
vation of endogenous CHIP in mouse cells led to an impairment of the heat shock protein
response.®> This finding was interpreted as evidence for a direct connection between HSF1 and
CHIP. However, cells lacking CHIP can be expected to have a chronically elevated level of
nonnative proteins that may attenuate the stress-induced heat shock protein response. Direct
and indirect explanations for the activation of HSF1 by CHIP are not mutually exclusive; both
may contribute to balancing the stringency of the protein quality control.

The only known transcriptional mechanism that can influence the protein level of CHIP is
tissue-specific induction of its mRNA expression. Interestingly, elevated levels of CHIP tran-
scription occur in tissues that are known for their elevated oxygen consumption, such as heart,
pancreas and skeletal muscle, and are perhaps more prone to oxidative damage.®>” In such
tissues, in which both CHIP and heat shock protein levels may be elevated when compared to
other tissues, protein protection and degradation should remain balanced, but the cells should
have acquired a higher capacity for partitioning damaged proteins between chaperones and the
proteasome. Recent evidence demonstrates that CHIP in fact plays an important role in maxi-
mal cardioprotection after myocardial infarction.®”

Synopsis

A graphic representation of interactions between HSF1, chaperone complexes (prominently
including HSP90-containing complexes), nonnative proteins and CHIP is provided in Figure 2.

HSP90-containing multichaperone complexes (and, possibly, HSP90 alone) appear to re-
press oligomerization of nonhomotrimeric and transcriptional competence of homotrimeric
HSF1. These complexes exert their repressing effects by dynamically interacting with HSF1.
When a cell is exposed to a proteotoxic stress, cellular proteins are denatured at an elevated rate
and begin to accumulate in the cell. Because such nonnative proteins are substrates of chaper-
ones, total concentration of client proteins of chaperones increases, and the rate of assembly of
HSP90-containing chaperone complexes on HSF1 and, hence, the concentration of
chaperone-bound HSF1 decrease. Unbound HSF1 homotrimerizes, acquires transcriptional
competence and then transactivates Asp genes. HSP concentration in the cell begins to rise.
During and subsequent to the proteotoxic stress, HSPs and co—chaperones engage in the dis-
posal of stress-unfolded proteins, either by chaperoning their refolding or their proteolytic
degradation. The newly synthesized HSPs accelerate these processes (observed as feedback regu-
lation). The proper balance between the cell’s capacities for refolding and degrading nonnative
proteins is maintained by CHIP that modulates HSF1 activity prior to (background HSF1
activity) and during the stress. Presumably, when the concentration of nonnative proteins in
the cell has returned to a level that is close to the prestress level, HSF1 activity is suppressed,
trimeric factor is induced to dissociate, and nonhomooligomeric HSF1 reassociates with
HSP90-containing chaperone complex that inhibits its reoligomerization. Although little is
known about the type and number of reactions involved in returning active HSF1 to its inac-
tive form, we believe that most of them will be found to be chaperone-mediated. We know this
to be true for at the least the final reaction that consists of reassembly of HSP90-containing
chaperone complex on HSF1 polypeptide.

Although the interactions with chaperones and chaperone complexes discussed herein are
important aspects of the control of HSF1 activity, the transcription factor is exposed to several
other regulatory influences. It is sumoylated, phosphorylated, and associates with regulatory



Chaperone Regulation of the Heat Shock Protein Response 95

HSF1 repressed by chaperone

: Activated trimeric HSF1
complexes (at multiple levels)

Chaperone complex

Protein aggregate Nonnative protein Chaperone complex inactivated by CHIP

Nonnative protein bound CHIP

Nonnative protein
to chaperone complex

Poly-ubiquitinated protein

Folded protein targeted for proteasomal degradation

Figure 2. Network of functional interactions relevant to regulation of the heat shock protein
response and protein quality control. The illustration shows how chaperone complexes (and/
or chaperones) are shared between nonnative proteins and client protein HSF1, and how CHIP
affects HSF1 activity through inactivation of chaperone complexes and protein quality through
ubiquitination of chaperone complex-bound, nonnative proteins.

factors such as DAXX and 14-3-3epsilon, other transcription factors such as STAT-1 and
NF-IL6, chromatin, splicing factors, chromatin-remodeling factors and components of the
transcriptional machinery.®® DAXX is a nuclear protein that in a stressed cell appears to inter-
act with trimeric HSF1 and enhance activation of its transcriptional competence.®” As dis-
cussed before, HSF1 trimers resulting from overexpression from transduced AsfI genes possess
only marginal transcriptional competence in an unstressed cell. Coexpression of DAXX dra-
matically enhances the activity of these HSF1 trimers. Considering that transcriptional com-
petence of the latter HSF1 trimers is repressed by dynamically bound HSP90-containing chap-
erone complexes, the finding suggests the possibility that DAXX may function to assist trimeric
HSF1 in shedding its repressive HSP90 complex(es) in a stressed cell.

Functional activation of HSF1 after stress exposure correlates with elevated levels of serine
and threonine phosphorylation of the factor.®® Only a small number of the 12 Ehosphorylation
sites of human HSF1 identified to date (Ser'?!, Ser?, Ser*”?, Ser’®, Ser’”’, Ser? 14 °ger319)
Ser’?6, Ser’*, Ser’®3, Ser®!” and Ser*4) appears to play a role in activation of the factor during a
stress (Ser®?, Ser’2%) or inactivation subsequent to a stress (Ser’®3, Ser’?, Ser?03) 889091 A gen-
eralized connection between chaperone binding or release from binding and phosphorylation of
HSF1 was not established. However, Wang et al recently reported results suggesting that
phosphorylation of Ser'?! of human HSF1 suppresses activation by stabilizing the interaction



96 Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks

between nonhomotrimeric factor and HSP90 complex.”? Phosphorylation of Ser'*! increases
under proinflammatory conditions but not during proteotoxic stress (i.e., heat). It remains to be
examined whether stress-induced phosphorylation of HSF1 destabilizes (e.g., in the case of
Ser® and/or Ser’?®) or stabilizes (e.g., in the case of Ser’®, Ser’” and/or Ser®®®) interactions
between HSF1 and HSP90-containing chaperone complexes. It is noted that such auxiliary
roles for HSF1 phosphorylation would be consistent with the finding that phosphorylation of
none of the known sites is absolutely required for activation of HSF1 in response to a stress and
subsequent inactivation in the wake of the stress.

Much needs to be learned about the interplay between chaperone complexes and other
regulatory factors. The small amount of information available today and presented above hope-
fully will trigger further investigation.
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CHAPTER 10

Mechanisms of Activation
and Regulation of the Heat
Shock-Sensitive Signaling Pathways

Sébastien Ian Nadeau and Jacques Landry*

Abstract

eat shock (HS), like many other stresses, induces specific and highly regulated
H signaling cascades that promote cellular homeostasis. The three major

mitogen-activated protein kinases (MAPK) and protein kinase B (PKB/Akt) are the
most notable of these HS-stimulated pathways. Their activation occurs rapidly and sooner
than the transcriptional upregulation of heat shock proteins (Hsp), which generate a transient
state of extreme resistance against subsequent thermal stress. The direct connection of these
signaling pathways to cellular death or survival mechanisms suggests that they contribute im-
portantly to the HS response. Some of them may counteract early noxious effects of heat, while
others may bolster key apoptosis events. The triggering events responsible for activating these
pathways are unclear. Protein denaturation, specific and nonspecific receptor activation, mem-
brane alteration and chromatin structure perturbation are potential initiating factors.

Introduction

The cellular ability to resist and rapidly adapt to hazardous environmental conditions was
one of the main prerequisites for the development of living organisms during evolution. Sud-
den changes in temperature are among the earliest and most ubiquitous insults that cells had to
cope with to preserve their structural and enzymatic integrity. Accordingly, the HS response is
one of the most ancient and conserved cellular stress responses. This response is characterized
by the transcriptional activation and accumulation of a set of proteins known as heat shock
proteins (Hsp), which provide a state of extreme thermal resistance to the cells."” The com-
mon view on the protective function of Hsp relies on their chaperone activity, i.e., their capac-
ity to bind unfolded or damaged proteins and prevent their aggregation as well as enhancing
refolding or degradation.®”

The accumulation of heat-denatured proteins appears to be the main trigger of the Hsp
transcriptional response.® At normal temperatures, most Hsp are expressed at a low basal level,
keeping the HS transcriptional factor (HSF) in a repressed conformation. Relief of repression
occurs via the titration of the Hsp by the stress-induced denaturation of native proteins. This
leads to the activation of HSF by homotrimerization and to the accumulation of the Hsp
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which, in mammals, occurs over a few hours and lasts for 2-3 days. The cellular increase in Hsp
enhances cell resistance against subsequent protein-denaturing stresses and turns off HSF in a
negative feedback loop.”

The attention directed towards the transcriptional activation and function of Hsp has over-
shadowed an aspect of the HS response that might be fundamental for cell adaptation. Prior to
the accumulation of Hsp, HS rapidly activates many distinct signaling pathways. The exact
mechanisms of activation of these pathways and their cellular functions during thermal stress
are still ill-defined. However, studies on other cellular stress responses have indicated that these
transducing pathways regulate many aspects of survival or death, and therefore are primordial
determinants of cell fates.

Major Signaling Pathways Activated Heat Shock

HS activates in minutes an array of signal-transducing kinases, which comprise the three
mitogen-activated protein kinase (MAPK) pathways, namely the extracellular signal-regulated
kinase (ERK), c-jun N-terminal kinase (JNK) and p38.14‘18 MAPK cascades are organized
hierarchically into three-layered phosphorylation modules, where each MAPK is the specific
target of a restricted number of MAPK kinases (MAP2K), which in turn are phosphorylated
by stimulus-specific MAP2K kinases (MAP3K)."92! Protein kinase B (PKB/Akt) is another
important kinase rapidly stimulated by heat stress.”” The early induction of the pathways
leading to MAPK and PKB induction can either serve to trigger adaptative responses or be
used to signal cell death. As discussed below, many studies have shown that most of these
signaling cascades can have both pro-survival and pro-death functions. This plasticity in me-
diating diverses responses depends on many factors, such as the nature and intensity of the
stimulus applied and the cellular context (i.e., cell-cycle, cell type and extracellular condi-
tions). Such adverse consequences highlight the need for a tight control over the activation of
these pathways in order to elicit adequate responses. Current experimental data effectively
indicate that HS-induced pathways are highly regulated and rely upon very specific and dis-
tinct mechanisms of induction.

Activation of the ERK Pathway (Fig. 1)

The ERK kinases ERK1 and ERK2 (also known as p44/p42) are preferentially activated by
growth-promoting stimuli such as growth factors and oncogenes.”” However, many stressful
agents including HS also activate them.'®?42° It is still not totally clear how HS induces ERK.
It was initially found that ERK activation by HS requires the phosphorylation and activation
of the epidermal growth factor receptor (EGFR), probably in conjunction with another ty-
rosine kinase such as c-Src, which is also induced by HS.?” Activation of EGFR by HS likely
induces the downstream canonical ERK pathways involving the MAP3K Raf-1 and the MAP2K
MEK1/2, since the expression of a dominant negative mutant of Raf-1 inhibited HS-induced
ERK activity.?’ Interestingly, the activation of EGFR by HS is ligand-independent. This mode
of induction resembles the activation of the ERK pathway by ultraviolet (UV) light,
hyperosmolarity and hydrogen peroxide (H,O5), which all hif. ack growth factor receptors from
their normal physiological function to initiate stress signals.”*>' In contrast, other reports claimed
that ERK activation by HS is indegendent of both EGFR and Raf-1, but still depends on the
action of the MAP2K MEK1/2.3%33 However, the use of suramin, an extracellular antagonist
of several membrane receptors, reduced significantly this activation, therefore confirming that
some cell surface receptors are indeed involved in the activation of ERK by HS.*”%® A possible
explanation for these different results was provided from another study that showed that the
mechanisms of ERK activation are different depending on the strength of the HS.** ERK
activation appears to result not only from the stimulation of the MAP2K MEK1/2 and up-
stream pathways, but also from the inhibition of ERK dephosphorylation. Under mild HS
conditions, ERK is strongly activated by MEK1/2. As the heat treatment becomes more severe,
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Figure 1. Major players in the HS-activation of the PKB and ERK pathways. See text for details.

the activation of MEK1/2 diminishes gradually, whereas the ERK dual specificity phosphatases
MKP3 and MKP1 are rapidly insolubilized and inactivated by heat-aggregation. Thus, during
a prolonged or acute HS, the inhibition of phosphatases and the consequent lack of dephos-
phorylation may be more important than the action of an upstream activator to explain the
sustained induction of ERK. Interestingly, Hsp70 overexpression prevents activation of ERK
by two distinct mechanisms. It can stabilize the ERK phosphatases through a chaperone
dependent-mechanism and block MEK1/2 activation in a chaperone-independent mechanism.’
The inhibitory effect of Hs§)70 on MEK1/2 may be through the regulation of Raf-1 activity by
the Hsp70 cofactor Bag-1.%

Although a sustained activation of ERK in a variety of stress conditions can lead to cell
death, ERK is generally considered as a pro-survival kinase.***’ Accordingly, preventing the
activation of ERK during HS by the MEK inhibitor PD98059 or overexpression of a
dominant-negative construct is sufficient to greatly reduce cell survival.>*%° The exact mecha-
nisms by which ERK promotes long term cell survival following hyperthermia are not under-
stood. One consequence of ERK activation under both growth and HS conditions is the direct
phosphorylation of HSF1 on serine 307.%! Phosphorylation on some specific residues modu-
lates the transcriptional activity of HSF1.%? Intriguingly, the HSF1 phosphorylation by ERK
rather promotes its repression. "™ The phosphorylation of HSF1 on serine 307 is a necessary
step for its binding to the scaffold protein 14-3-3¢.%4%> During serum stimulation, this associa-
tion negatively regulates HSF1 activity by favoring its cytoplasmic sequestration, thereby in-
suring a low basal activity under nonstressful conditions.** This physical interaction also takes
place during HS and might be implicated in the progressive shut-down of HSF1 during the
HS recovery period.*> However, it is not clear how HSF1 phosphorylation/repression can con-
tribute to the protective activity of ERK during HS.
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Activation of the JNK Pathway (Fig. 2)

The HS activation of the JNK pathway shows major similarities with the activation of
ERK. Although its induction does not initially proceed from a receptor-born signal, it also
arises from the heat-inactivation of a JNK phosphatase.’*%” Indeed, JNK activation is mainly
caused by the heat-induced insolubilization and inactivation of the dual specificity JNK phos-
phatase M3/6 in a manner akin to MKP1 and MKP3 in the ERK pathway.”’*® The basal
activities of the MAP2K MKK4 is nonetheless essential to initiate this pathway since the ab-
sence of an activable form of this kinase abrogates JNK activation. 42 Hence, without any
proper phosphatase activity to counteract the accumulation of active JNK, only a slight in-
crease in the activities of upstream signaling elements is sufficient to augment drastically the
amount of hyperphosphorylated JNK. This model agrees with the observation that MKK4 is
indeed minimally activated by HS, as compared to other stresses such as UV light, but still
causes a strong induction of ]NK./’G’53 However, little is known about the mechanisms of acti-
vation of MKK4 during HS. The small GTPase Racl might play a role since the presence of a
dominant negative form of this protein reduces partly the heat activation of JNK.>*

In contrast to the ERK pathway, JNK is generally considered as an apoptosis-promoting
pathway. JNK can mediate cell death signals initiated by a variety of stress factors including UV
light, TNFa and HS.>>>7 Under these stresses, JNK activation can cause the efflux of cyto-
chrome ¢ from mitochondria, either via the phosphorylation/inactivation of the anti—ago totic
proteins Bcl-2 and Bel-x or the cleavage/activation of the pro-apoptotic protein Bid.”>>¢585
The release of cytochrome ¢ from mitochondria leads to the execution of the apoptotic cascade
triggered by activated caspases. Stabilization of the tumor suppressor p53 is another mecha-
nism by which JNK can promote apoptosis. In unstressed cells, JNK can bind p53 and targets
it to ubiquitylation and proteasomal degradation.®® Upon stress-activation, JNK phosphorylates
p53, thus reducing its degradation.®! The subsequent increased stability and accumulation of
p53 may contribute to HS-induced cell-cycle arrest and/or apoptosis. Apart from its apoptosis
promoting activities, JNK can also causes the phosphorylation of HSF1. Two opposing effects
have been reported. On one hand, the phosphorylation of serine 363 of HSF1 by JNK sup-
presses its transcriptional activity, in a manner similar to ERK phosphorylation.®? Under more
severe HS conditions, JNK phosphorylation at an unknown site seems to enhance HSF1 activ-
ity and stabilization.%®

In some cells, blocking JNK activation during HS is sufficient for protection and accord-
ingly, the state of thermotolerance that develops after a priming HS closely correlates with the
downregulation of JNK.** As in the case of ERK, Hsp70 negatively regulates JNK activa-
tion. This inhibitory action arises either through the direct binding of Hsp70 to JNK, which
prevents its activation, or by the Hsp70-mediated protection of the heat-denatured JNK phos-
phatase.”:°¢7 The mechanism involved in this protection is unclear since the ATPase activity
(hence the refolding activity) of Hsp70 is not required for blocking the JNK pathway.®® This
might explain the surprising finding that in some cells, a chaperone-defective mutant of Hsp70
can still give protection against HS.%”7? It is intriguing that the regulation of the ERK and
JNK pathways following heat stress are quite similar, whereas their respective function in the
fate of heat-shocked cells is antagonistic.

Activation of the p38 Pathway (Fig. 2)

HS activates the p38 pathway by a mechanism that is both distinct from ERK and JNK and
very specific to HS. In contrast to ERK, p38 activation is not antagonized by a dominant
negative mutant of EGFR nor a specific EGFR inhibitor, tyrphostin AG1478.%” Moreover,
suramin does not block its activation whereas it completely prevents the activation of ERK by
HS and the activation of JNK by UV light and hyperosmotic shock.?”#%3%5% Unlike ERK and
JNK, HS-induced p38 is not due to the inactivation of a phosphatase.*® The p38 activation by
HS rather needs the successive induction of a specific set of kinases, namely, the MAP3K
apoptosis signal-regulating kinase-1 (ASK1) followed by the MAP2K MKK3/6.7*7! ASK1 is
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Figure 2. Major players in the HS-activation of the p38 and JNK pathways. See text for details.

the upstream MAP3K also responsible for relaying the oxidative stress signal to JNK and p38
via the dissociation from Ask1 of the redox sensible inhibitor thioredoxin.”*”® HS-activation
of ASK1 instead involves the dissociation of another repressor, the glutathione S-transferase-u1
(GSTM1).”! Accordingly, the overexpression of GSTM1 inhibits the activation of p38 by HS.”!
However, the specific factors that lead to the dissociation of GSTM1 from ASK1 upon HS are
still unknown. One hypothesis is that GSTM1, which is known to bind hydrophobic mol-
ecules, could be titrated by the production of sphingosine and ceramide during HS, thus re-
leasing the basal repression on ASK1.7477

The importance of p38 activation during HS is underscored by the fact that one down-
stream target of the pathway is a major thermoprotective Hsp, Hsp27/HspB1.7%7% Hsp27 is
phothorylated within minutes of HS by MAPKAP kinase 2 (MAPKAPK-2), a direct target of
p38."880 Hsp27 phosphorylation is transient, last typically 2 to 3 h and vanishes before the
protein starts to increase its concentration as a result of the transcriptional activation of the HS
genes. Phosphorylation induces major structural changes in the supramolecular organization
of Hsp27, shifting it from large oligomers towards dimers, and appears to have a thermoprotective
role since nonphosphorylatable mutants of Hsp27 are much less active in thermoprotection.®"%2
Whereas induction of p38 may be very useful in the first minutes of HS to rapidly promote,
through Hsp27, intrinsic protective activity, its inappropriate activation can also be very harm-
ful. In fact, numerous studies have characterized pro-apoptotic functions for p38 that are very
similar to those of JNK.8¥#7 Paradoxically, even Hsp27 phosphorylation can become harmful
in some circumstances, particularly when Hsp27 is present at high concentration or when the
ERK pathway is not activated at the same time.®® Hsp27 is an actin polymerization factor and
its phosphorylation enhances the stability and even promotes the ?olymerization of actin fila-
ments under stressful conditions, such as HS and oxidative stress.®""%? Overstimulated or badly
timed phosphorylation of Hsp27 can lead to extensive cell blebbing and apoptosis by mediating
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inappropriate actin polymerization.®*® For this reason, activation of p38 is tightly regulated.
Like JNK, p38 is not reactivated during the induced-state of thermotolerance and its capacity
to induce Hsp27 phosphorylation inversely correlates with cell thermoresistance. Indeed, a
first HS treatment totally desensitizes cell to reinduction of Hsp27 phosphor;rlation by any
subsequent HS in the time frame corresponding to the thermotolerant state.”” During this
period, all the abovementioned elements of the p38 pathway become completely insensitive to
another heat treatment.”"" In contrast to ERK and JNK, p38 desensitization is not a
Hsp70-related effect.”® Observations inferred from classical homologous and heterologous de-
sensitization experiments strongly suggest that the mechanism of activation of p38 by HS is
highly specific. Indeed, the HS-desensitized p38 pathway remains fully activable by other stresses
such as hyperosmolarity, arsenite and H,O,, and by many agonists such as EGE platelet-derived
growth factor (PDGF), tumor necrosis factor (TNF), fresh serum, and tetradecanoylphorbol-13
acetate (TPA; unpublished results).”® The mechanisms responsible for this desensitization are
unknown. Indirect evidence suggested the existence of an upstream element of the p38 path-
way, which is rapidly inactivated by heat stress.”’

Activation of the PKB Pathway (Fig. 1)

Concomitantly to MAPK stimulation, thermal stress also induces the well-known pro-survival
pathway composed of phosphatidylinositol 3-kinase (PI3K) and PKB. Probably by the action
of a tyrosine kinase, HS causes the rapid activation of PI3K that generates the formation of the
lipid-bound phosphatidylinositol 3,4-diphosphate (PIP2) and phosphatidylinositol 3,4,5-triph-
osphate (PIP3).”” The accumulation of PIP3 favors the membrane translocation of PKB that is
subsequently activated by phosphoinositide-dependent kinase 1 and 2 (PDK1/2).”' The acti-
vation of PKB during HS needs the prior activation of PI3K since the pretreatment with any of
the PI3K inhibitors, namely wortmannin, LY294002 and caffeine (unpublished results) com-
pletely block this induction.”*?? As for the ERK pathway, PKB activation mediates a primor-
dial survival response in heat-stressed cells. Thus, the inhibition of PKB augments drastically
the apoptosis of heat-shocked cells and increases significantly their susceptibility to cell death
even under mild HS conditions.**?*?> Unpublished data from our lab suggest that, in contrast
to the MAPK, the activation of PKB is not desensitized by a prior HS treatment. This suggests
that activation of PKB is important for the survival of heat-shocked cells even in the course of
thermotolerance when Hsp are fully expressed. However, how this survival function is medi-
ated during HS has not been investigated.

Since PKB is known to inhibit many proteins closely implicated in apoptosis, its rapid
activation during HS likely dampers many coinduced pro-death mechanisms. For example,
PKB activation can restrict the induction of MKK4/JNK pathway, inactivates the pro-apoptotic
protein Bad, influence the stability of p53 and affects the transcriptional response to apoptotic
stimuli by acting on Forkhead factors.”® 1% Inhibition of glycogen synthase kinase-3 3 (GSK3p)
by PKB phosphorylation is another event that could play an important role in the regulation of
the HS response. Indeed, GSK3p overexpression impairs HSF1 activation by HS and results in
reduction of Hsp70 production.”® This effect seems to be mediated by the GSK3f
directed-phosphorylation of HSF1 on serine 303.%! This phosphorylation, in conjunction to
the ERK-mediated Fhosphorylation of serine 307, is another essential step for the binding of
14-3-3¢ to HSF1.4"% Thus, by inhibiting GSK3p, PKB might indirectly modulates HSF1
stimulation.

Like the MAPK, the Hsp also seem to modulate the activity of PKB. Hsp90 has a major
impact on PKB regulation since both PDK1 and PKB are clients of Hsp90 and are rapidly
degraded in the presence of Hsp90 inhibitors.'?"'%? PKB also interact with Hsp27, however,
the significance of this interaction is not clear, neither for the protective activity of Hsp27 nor
for that of PKB.'% Tt was shown that under oxidative stress, PKB can also negatively regulate
ASK1, thereby attenuating the activation of the p38 pathway.!*! These data suggest that PKB
might play a role in the activation/desensitization of the p38 pathway by HS. However, the HS
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activation of the p38 pathway is not impaired by the inhibition of PKB, nor does the chemical
inhibition of p38 by SB203580 interferes with the activation of PKB by HS.”*? Thus, despite
the possible links between the two pathways, current evidence indicates that there is no direct
cross-talk involved during heat stress.

Molecular Origin of the Heat Shock Signal

What is (are) the initial event(s) that trigger(s) the activation of these signaling pathways? As
a global physical stress, HS profoundly alters all cellular structures and metabolic processes.
Heat rapidly induces structural changes in cytoskeletal integrity: intermediate filaments are
destabilized and form aggregates around the nucleus, the actin network is reorganized and
microtubules are disintegrated.'*>"'%” In some cell types, the Golgi apparatus is fragmented and
mitochondria become swollen.!”” The respiratory chain reaction of mitochondria is greatly
reduced by the decoupling of oxidative phosphorylation with the electron chain transport.'%®
Perturbations at the initiation and elongation steps impaired strongly DNA replication, whereas
splicing of RNA is inhibited and protein synthesis is strongly reduced and redirected toward
the preferential translation of Hsp messenger RNA.'!1* I theory, activation of kinase cas-
cades may occur as a feedback reaction to the accumulation of any of these damages. Another
possibility, which intuitively would appear better for cell homeostasis, is that the signal might
be generated before any damage occurs,. For this, one needs to postulate the existence of an
efficient HS-sensor.

HS is a potent proteotoxic stress and as such, a compelling hypothesis would be that dena-
tured proteins provide the initial signal for the activation of the MAPK and PKB pathways. As
mentioned before, accumulation of denatured proteins, by titrating the basally expressed Hsp,
are responsible in a large part for the activation of HSE The role of protein denaturation is,
however, much less clear in the case of kinase activation. The finding that Hsp70 overexpression
can block the HS-activation of these pathways could support this view.>*!'! However, the
results are difficult to interpret since chaperone dead mutants of Hsp70 work as well as wild
type.%® It was also demonstrated that p38 and JNK are induced upon the accumulation and
aggregation of polyglutamine-containing proteins such as huntingtin and androgen receptor,
which are responsible for the Huntington and Kennedy’s diseases, respectively.*”-1'2 However,
in contrast to HS where denatured proteins accumulate in minutes, the actual aggregation of
polyglutamine is a slow process that takes days and thus it is not possible to determine whether
the activation process is direct. Finally, we have found that some pathways such as the PKB
pathway are activated in thermotolerant cells (HS-primed cells that have accumulated the full
complement of Hsp) as well as in control cells, suggesting that the bulk denaturation of pro-
teins, which is expected to occur at a much reduced rate in thermotolerant cells, is not the early
signaling event for activation of these pathways. More subtle changes in the conformation
(activation) of specific molecules are more likely to be at the origin of the signal for at least
some of these pathways.

Many pieces of indirect evidence suggest a model in which the initial HS signal would
originate from the cellular membrane and involve receptors or receptor-like molecules.''® This
concept is not unique to thermal stress since activation of the ERK and JNK pathways by UV
light and osmotic shock also involves agonist-independent receptor activation.®*° It has been
shown repeatedly that HS causes an overall gradual increase in the fluidity of the cell mem-
brane as the temperature increases.''*!!> Interestedly, the hyperfluidization of cell membranes
induces an Hsp response very similar to that induced by HS.!'*!!® (see also the chapter by
Laszlo Vigh in this volume for more details). HS-induced increase in membrane fluidity might
also accelerate the clustering of receptors into lipid rafts, thereby changing the activation threshold
of certain receptors leading to agonist-independent activation. The ERK pathway is already
known to be heat-activated by the agonist-independent activation of a receptor, probably
EGFR.” PKB is commonly activated via PI3K downstream of membrane receptors and may
be similarly activated by HS.''” Furthermore, the HS desensitization of the p38 pathway is
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reminiscent of the growth factor receptor desensitization that follows their stimulation. Inter-
estingly, clathrin, one of the major components of the machinery involved in the internaliza-
tion and desensitization of these receptors, is tyrosine-phosphorylated in response to HS (Dorion,
S and Landry J, unpublished results) and H,O,. Under oxidative stress, this phosghorylation
seems to affect positively the endocytosis of certain molecules, such as transferrin.'?” Moreover,
the phosphorylation of clathrin by the tyrosine kinase Src has already been shown to favor the
uptake of the agonist-stimulated EGFR.'*! The possibility that heat might activate some spe-
cific membrane receptor is further accredited by the discovery of a receptor for noxious heat
stimuli in nociceptive neurons.'** Curiously, this receptor was first described as a cation chan-
nel activated by capsaicin, the irritating ingredient of chili peppers. In the case of HS, a modi-
fication in the structure or the gating potential of the receptor is responsible for activation. 2124
Whether such HS receptor exists in all cell types is not clear. However, capsaicin does activate
p38 in many cells types (Dorion, S and Landry J, unpublished results).

In addition to facilitating receptor activation, HS-induced changes in the fluidity of the
bilayer lipid membrane might alter membrane tension and stretching. Membrane stretching
leads to the activation of the MAPK pathways in a variety of cell types.!?>12® Furthermore, in
yeast, the cell wall mechanosensor Wscl is required for HS-activation of a specific stress kinase
pathway composed of PKC1 and Mpkl and is a critical determinant for the induction of
thermotolerance.'?”'?® Yeast strains defective in Wscl or any of the proteins of the down-
stream HS-activated pathway are characterized by increased cell lysis at high temperatures, a
phenotype very similar to that observed in HSF1 mutant strains.'**'* The plasma membrane
may still contribute in another way to the early HS-induced cell responses. HS induces the
production of certain lipid signaling molecules derived from sphingolipids, such as ceramide.”>””
These lipids ;)lay pivotal roles in the stimulation of signaling pathways under a variety of stress
conditions.'”! For example, the formation of ceramide following exposure to environmental
stresses can lead to the activation of the JNK pathway and promotes apoptosis.'** An earlier
study described that ceramide could induce the enhancement of gene transcription for
aB-crystallin, one of the small Hsp.”® Interestedly, another product of ceramide metabolism,
sphingosine 1-phosphate, might contribute to the induction of the p38 pathway.'*

A final possibility is that the chromatin acts as a thermosensor and is at the origin of the
early HS signal. This hypothesis is suggested from the observation that ataxia-telangiectasia
mutated (ATM) is activated during HS and that two probable targets of this kinase, the histone
H2AX and p53 are rapidly phosphorylated in the course of HS (our unpublished observa-
tion).'**137 ATM is a member of the phosphoinositide-3-kinase-related protein kinase (PIKK)
family considered as major players in the initiation of the genotoxic stress response and phos-
phorylation of H2AX is generally considered as a marker of DNA damage. It is unlikely that
HS induces significant DNA damage.'?® It appears more likely that, as shown for hyperosmotic
stress, induction of H2AX and ATM occur as a response to HS-induced perturbations in the
structure of chromatin.'?? A large molecular organization such as the chromatin is in all likeliness
a very sensitive sensor for small changes in temperature. This is particularly interesting consid-
ering that a molecular connection has already been suggested and partly characterized between
PIKK and MAPK and PKB activation.?®'40-142

Conclusion

The rapidity of activation, specificity and tight regulation of the signaling pathways acti-
vated by HS suggest an important role in the early cell response. One can envision that these
pathways not only connect to cell death and survival pathways but also to numerous cellular
processes allowing cells to rapidly react and thereby keeping an optimal functional state under
mild variation in temperature. An important aspect in future work will be to integrate all the
information obtained on individual pathways, in individual cell lines and at different tempera-
tures into a global picture of the HS response.
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CHAPTER 11

Membrane-Regulated Stress Response:
A Theoretical and Practical Approach

Ldszlé Vigh,* Zsolt Torok, Gdbor Balogh, Attila Glatz, Stefano Piotto
and Ibolya Horvéth

Abstract
ﬁ number of observations have lent support to a model in which thermal stress is trans-

duced into a signal at the level of the cellular membranes. Our alternative, but not

exclusive, approach is based on the concept that the initial stress-sensing events are
associated with the physical state and lipid composition of cellular membranes, i.e., the subtle
alteration(s) of membrane fluidity, phase state, and/or microheterogeneity may operate as a
cellular thermometer. In fact, various pathological states and aging are associated with typical
“membrane defects” and simultaneous dysregulation of heat shock protein synthesis. The dis-
covery of nonproteotoxic membrane-lipid interacting compounds, capable of modulating
membrane microdomains engaged in primary stress sensing may be of paramount importance
for the design of new drugs with the ability to induce or attenuate the level of particular heat
shock proteins.

Introduction

During recent decades, a mounting volume of evidence has demonstrated that, when sub-
jected to a wide variety of environmental assaults, ranging from extreme temperatures to meta-
bolic poisons, cells of widely differing origins respond in a highly conserved and universal man-
ner, producing stress proteins. Functional analysis of the minimal stress proteome of all cellular
organisms has revealed at least 6 distinct categories, providing information concerning key as-
pects of the cellular stress response.' Seemingly different stress stimuli always led to an increased
expression of the same group of proteins, and many of the agents that induced the stress protein
response were protein denaturants. As a landmark result of these studies, the injection of dena-
tured proteins into living cells was sufficient to induce a stress protein response.” These observa-
tions gave rise to the conclusion, that the stress response is universally initiated by the accumu-
lation of denatured or misfolded proteins.’ Following the establishment of a novel role for
certain stress proteins as molecular chaperones in unstressed cells, from the early 1990s most of
the investigators in this field turned their attention to chaperone research. Scientists began to
realize the enormous impact to be expected from the pharmacological manipulation of the
expression of stress proteins. Paradoxically, in parallel with efforts aimed at the development of
heat shock protein (HSP)-inducing or inhibiting agents, the basic question of the molecular

mechanism of stress sensing and signaling again became timely and of enormous interest.*
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The discovery of compounds such as bimoclomol and derivatives that can upregulate HSPs
without evidence of proteotoxicity®” stimulated us to reinvestigate this question. We discuss
here a model in which the initial stress signal may originate from the cellular membranes,
related to the fluidity and microdomain organization and may involve lipases, receptors,
receptor-like molecules. Theoretically, pharmacologic methods are applicable to correct mem-
brane defects and normalize the dysregulated stress protein response in disease states.® The
study of “membrane-based” cellular stress poses a number of unique intellectual and technical
questions, which will also be discussed. The discovery of new drugs is a process generally based
on the knowledge of an exactly defined target molecule. In the literature, drug discovery is often
referred to as involving high-throughput methods that utilize combinatorial chemistry, genomics
and proteomics information as starting point. Changes in the lipid organization of the plasma
membrane can modify cell signaling events, but lipid membranes are not a conventional target
for the design of new drugs.” Consequently, computer simulations are generally confined to the
investigation of drug-substrate interactions. In this context, we set out to explore some recent
advances in the computer simulation of lipid membranes.

The Evolution of the “Membrane Sensor” Hypothesis with the Aid
of Unicellular Stress Models: The Beauty of Simplicity

It has long been well known that, during abrupt temperature fluctuations, membranes prove
to be among the most thermally sensitive macromolecular structures within cells. Not surpris-
ingly, therefore, membranes are one of the main cellular targets of temperature adaptation.'®!!
Many organisms are known to adapt via the extent of unsaturation of their constituent mem-
brane lipids.'* The readily transformable unicellular cyanobacteria have proved to be particu-
larly suitable for studies of temperature stress response at the molecular level. The general
features of their plasma and thylakoid membranes resemble those of the chloroplasts of higher
plants in terms of both lipid composition and the assembly of membranes.'

As it is totally nonspecific in its effects on the cellular metabolism, temperature is a blunt
instrument with which to dissect the mechanisms involved in this response. Nevertheless, ap-
plication of the technique of homogeneous catalytic hydrogenation!*!® allowed the controlled
in vivo in situ hydrogenation of unsaturated membrane lipids with apparently no effects other
than ordering of the membrane interior.

Catalytic hydrogenation has been demonstrated to be a useful method for investigation of
the molecular basis of cellular chilling sensitivity in various in vivo unicellular model systems,
such as cyanobacteria,'*"° the green alga Dunaliella salina® or the ciliated protozoan Terrahy-
mena mimbres,”® and also in vitro, using isolated membranes of very different origins.'® The
phase behavior of membrane lipids of the cyanobacterium Anacystis nidulans was believed to be
the primary factor underlying the chilling sensitivity of this organism, and catalytic hydrogena-
tion studies were undertaken to examine this hypothesis. With appropriate selection of the
reaction conditions, the initial phase of in vivo membrane lipid hydrogenation was confined to
the outer cell surface membrane. Such a cytoplasmic membrane-selective in vivo hydrogena-
tion was associated with an increased leakiness to solutes, and fluid-to-gel-phase separation of
the membrane components occurred at relatively high temperatures.”” As judged by the K*
release, (reflecting the leakiness of the cytoplasmic membrane), and the rate of O, evolution
(an index of the integrity of the inner, thylakoid membrane), 28°C-grown cells subjected to
surface membrane-specific hydrogenation displayed a susceptibility to chilling injury similar to
that of their 38°C-grown counterparts. This finding furnished the first support for the hypoth-
esis that the phase behavior of the cytoplasmic membrane, as modulated by the degree of
unsaturation of the constituent membrane lipids, is directly related to the susceptibility of the
cells to chilling damage.

The surface membrane-selective hydrogenation of another blue-green alga, Synechocystis,
stimulated the transcription of the desaturase desA gene in the same way*' as cooling.”* Once
again, only the plasma membrane was hydrogenated, and it was therefore proposed that this
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Figure 1. Activation of the desaturase desA in the cyanobacterium Synechocystis PCC 6803 by
low- temperature stress and by isothermal catalytic hydrogenation of the unsaturated mem-
brane lipids.?

membrane must act as a sensor of altered saturation, or “fluidity”, thereby initiating a control
response, the ultimate effect of which is increased transcription of a desaturase gene, desA (Fig.
1). The desaturase proteins are then synthesized de novo and targeted to both the plasma and
thylakoid membrane in order to catalyze the desaturation of lipid fatty acyl chains and com-
pensate for the decrease in membrane fluidity caused by hydrogenation or exposure to low
temperature. Isothermally hydrogenated cells displayed a heightened sensitivity to cooling in
the activation of desA transcription, 1mply1ng that membrane hydrogenatlon and cooling have
additive effects, and that cooling exerts its effect through changes in membrane fluidity.*! It
later emerged that there is a very tight coordination between the physical state of the mem-
branes and the expression of cold-inducible genes, other than desA. The operation of a
thermosensor, histidine kinase Hik33, which perceives the cold-signal via the rigidification of
membrane lipids and ultimately conveys signals to desaturase genes, was later elucidated in
detail.” The sensory kinase Hik33 includes a type-P linker, a leucine zipper, and a PAS do-
main. The type-P linker contains two helical regions in tandem, which are assumed to trans-
duce stress signals via intramolecular structural changes that result from interactions between
the two helical regions and lead to the intermolecular dimerization of Hik33 monomers. Through
the application of either the exposure of cells to low temperature or catalytic membrane hydro-
genation, it was documented that, whereas the more ordered (less “fluid”) lipid molecules
move closer, this membrane rearrangement pushes the linker domains of Hik33 closer to each
other, with resultant autophosphorylatlon of the histidine kmase domains (P). Hik33 is also
involved in the perception of hyperosmotic stress and salt stress.>* The activated Hik33 dimers
phosphorylate the response regulator (Fig. 2A). The existence of similar two-component sys-
tems, consisting of a membrane-associated Hik, and a cognate response regulator (Rre), has
likewise been well established in E. coli and B. subtilis. Their regulation in response to stress can
be either positive or negative.?*

In conclusion, the discovery of a feedback between the membrane fluidity and the expres-
sion of genes for desaturases on cyanobacterial models suggested the presence of a
surface-membrane-embedded temperature sensor. In a wider sense, these results yielded the
first direct evidence that the dynamic properties and structure of membranes affect the gene
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Figure 2. A) Cold activation of a primary low-temperature sensor in the cyanobacterium, the
membrane-associated histidine kinase, Hik33. Via response regulator(s), Rre(s), Hik33 is ulti-
mately linked to fatty acid desaturases and can be stimulated by membrane rigidification and
simultaneous formation of the gel lipid phase, attained either by low- temperature shift or by
catalytic membrane lipid hydrogenation.?' B) A heat shock (shear stress, membrane fludizers,
etc.) induced increase in membrane fluidity can activate growth factor receptors (GFRs) even in
a ligand-independent manner. Membrane hyperfluidization may accelerate the clustering of
GFRsinto lipid microdomains and their autophosphorylation. This leads to a down-stream signal
cascade through RAF and PI3K, leading to ERK and GSK3 phosphorylation, respectively, with
concomitant upregulation of HSP synthesis (typically as described by Khalegue et al®? for ErbB
activation in tumor cells). Note the striking similarity of the low-temperature induced (probably
fluid-to-gel phase transition) membrane changes on the activation of HIK33, leading to upregulated
desaturases, and, the high-temperature-induced upregulation of HS genes via GFR dimerization.
Both end-products, i.e., lipids with more unsaturated acyl chains and certain subpopulations of
HSPs, are capable of stabilizing membranes under extreme temperature stress.

transcriptional activity . On the other hand, this observation served as a landmark in studies of
the potential roles of the lipid phase and fluidity changes of membranes in high-temperature
sensing and concomitant activation of heat shock (HS) genes.”

In fact, the genetic modification of the lipid unsaturation and thereby the membrane physi-
cal state in the yeast Saccharomyces cerevisiae obtained by over-expression of a desaturase gene,
was shown to reset the optimal temperature of heat shock response (HSR) and altered the
expression of the hgp70 and hsp82 genes.?® In agreement with the above findings, in a series of
studies, Curran and coworkers demonstrated that the heat sensitivity of the HSR* and the
general stress response”® (GSR) pathways depend critically on the fatty acid composition of the
membrane lipids present in the yeast cells. Furthermore, these studies excluded direct thermal
denaturation of the cellular proteins as the trigger for the activation of these major stress-signaling
pathways since the addition of different fatty acids to the growth media led to different thresh-
olds of the HSR. It was suggested that HS is detected by a membrane-linked thermostat(s),
whose activation is a consequence not only of the elevated temperature, but also of the specific
composition and physical state of the membrane lipids.
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HS promotes at least two MAPK-driven signal transduction pathways in Schizosaccharomyces
pombe. Interestingly, their high-temperature-induced phosphorylations display striking differ-
ences. The high-temperature-induced phosphorylation of MAPK Sty1/Spcl appears to de-
pend on the inhibitory phosphatases, Pyp1,2, rather than the downstream MAPKK Wis1,%
similarly as for mammalian ERK kinase (for details, see the chapter by Nadeau and Landry). In
contrast, the HS- (and other)-induced phosphorylation of the “cell-integrity” responsive MAPK,
Pmk1 (p42/44), seems to be completely dependent on the donwnstream MAPK kinases. Fur-
thermore, the time course of phosphorylation and the cellular localization of the two MAPKSs
display intriguing differences,”® holding out the promise of an understanding of their distinct,
stress-stimulated operation in real-time measurements. Besides the above-mentioned altered
features, both styl* and pmk1* proved to be dispensable under normal conditions, but the
mutants exhibit a heat-sensitive phenotype.*?! Deletion of any of the two MAPKs caused
osmosensitivity,”> whereas pmk1 is involved in the “cell-integrity” pathway.*® In contrast with
these MAPKs, the HS factor (HSF) is required for growth even in the absence of HS. The
Drosophila melanogaster HSF can rescue the lethality, and the S. pombe HSF is able to bind to
the HS element (HSE) of the human 4sp70 gene.®® It has also been demonstrated that strains
bearing different Asf7 deletions exhibit an altered 3%rowth capability when exposed to different
kinds of stress (e.g., heat or cadmium treatment).”” The striking similarities of the human and
S. pombe signal transduction pathways suggest that S. pombe might serve as a powerful and
complementary model with which to explore membrane-associated stress sensors and stress
signaling in mammalian cells.

A close correlation has also been observed between the physical state of the thylakoid mem-
brane and the threshold temperatures required for maximal activation of HS-inducible genes
(i.e., dnak; groESL, cpn60and hsp17)>*1? in Synechocystis cells. Overproduction of a Synechocystis
A" desaturase in Salmonella typhi, which is inactive enzymatically under the experimental
conditions, but which inserts into the membranes, was also able to cause resetting of the HSR
in parallel with a considerable effect on the virulence of this pathogen. A substantially higher
membrane protein content (i.e., an unbalanced protein/phospholipid ratio) was found in the
membranes of the transformed cells. As evidence that the desaturase-transformed cells are un-
able to accommodate the extra membrane protein properly, they displayed an elevated perme-
ability in their outer membrane even under nonstressed conditions (Colonna-Romano S, Eletto
AM, Torok Zs et al unpublished). An unbalanced membrane phospholipid composition was
shown to affect the expression of several regulatory genes in E. coli.’” Overproduction of the
membrane-bound sn-glycerol-acyltransferse in E. coli triggered a HSR.*® Treatment of E. coli
with nonlethal doses of heat or of the membrane-perturbing agent benzyl alcohol caused tran-
sient membrane fluidization and permeabilization, and induced the transcription of the entire
array of heat shock genes in a sigma-32 (0°%)-dependent manner. This early response was fol-
lowed by a rapid adaptation (priming) of the cells to an otherwise lethal elevated temperature,
in strong correlation with an observed remodeling of the composition and alkyl chain
unsaturation of the membrane lipids. Just like the activation of /s genes, however, the acquisi-
tion of cellular thermotolerance in benzyl alcohol-primed E. coli cells was unrelated to protein
denaturation.?” The benzyl alcohol-mediated induction of chaperones in E. coli improves the
native folding of aggregation-prone recombinant proteins, thereby substituting the more de-
manding approach of chaperone coexpression.” When heat treatment is to be avoided, as in
the case of heterologously expressing heat-sensitive proteins, the membrane fluidizer-induced
expression of recombinant proteins by a conditional HS promoter may serve as a novel and
efficient biotechnological tool. !

We assume that, both in E. coli and in Salmonella, a high-temperature signal is transduced,
in part, via the CpxA-CpxR phospho-relay system. CpxA is a histidine kinase that contains two
transmembrane regions, and CpxR is a response regulator that functions as a transcription
factor to regulate the expression of heat-inducible genes.*? Since the activity of CpxA is greatly
influenced by the composition of membrane lipids,” it is tempting to suggest that CpxA
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might also sense changes in the physical state of the membrane lipids of E. coli and Salmonella
cells exposed to high-temperature stress.*”

A reporter system based on the highly thermostable enzyme lichenase was recently designed
for the analysis of Synechocystis HS promoters when heterologously induced in E. coli. Suprisingly,
the cyanobacterial groESL promoter was not only recognized by the E. co/i transcriptional appa-
ratus, but was regulated by changes in the membrane fluidity of the host attained by benzyl
alcohol administration. In E. colz, most HS genes are controlled by 0, the product of the rpoH
gene, which is completely absent in cyanobacteria. Instead, a CIRCE (Controling Inverted Re-
peat of Chaperone Expression) element is present upstream of the Synechocystis groESL operon,
which is controled by the repressor s7cA (heat regulation at CIRCE).!># Whereas its mecha-
nism is unknown, the data demonstrate that the membrane physical properties of a Gram-negative
bacterium, such as E. coli are capable of regulating the HS promoter from a distantly related
photosynthetic cyanobacterium, apparently in a 6°*- independent manner (Shigapova N, Balogi
Zs, Fodor E et al, unpublished). Overall, a common denominator for the effects of cold stress
and HS, i.e., a change in membrane fluidity, clearly appears to play the primary role in the
perception of temperature changes causing the transcriptional induction of desaturases at cold
and a reset of HS gene transcription at high temperature in these unicellular models.

Evidence Concerning the Operation of Membrane-Associated
Stress Sensing and Signaling Mechanisms in Mammalian Cells.
Membrane Lipids May Provide the Molecular Switch for Stress
Sensing and Signaling

There is a large body of evidence, much of which was eatlier ignored or simply overlooked,
that membrane-associated stress sensing and signaling mechanisms operate in mammalian cells.
The formation of isofluid membrane states by the administration of benzyl alcohol and heptanol,
which corresponded to mild HS-induced hyperfluidization, resulted in almost identical down-
shifts in the temperature thresholds of the HSR, accompanied by the synthesis of stress pro-
teins at the growth temperature in human erythroleukemic (K562) cells.®® Like thermal stress,
membrane fluidizers elicited nearly identical rises of cytosolic Ca**, in both Ca**-containing
and Ca**-free media and closely similar extents of increase in mitochondrial hyperpolarization.
Most importantly, neither of the membrane fluidizers caused any detectable protein denatur-
ation at concentrations that induced the HSP response. Again, the induction of HSP70, HSP40
and HSP27 by paeoniflorin, a major active constituent of a herbal medicine, was shown to be
mediated by HSF1, in the complete absence of proteotoxicity.®® The coinducing effect of the
hydroxylamine derivative bimoclomol on HSP expression® was also demonstrated to be medi-
ated via HSF1,% and the presence of bimoclomol did not affect protein denaturation in vari-
ous mammalian cells. Instead, the compound (and its analogs) specifically interacts with and
significantly increases the fluidity of negatively-charged membrane lipids. In accordance with
this, the HSP-coinducing activity of bimoclomol appeared susceptible to the fatty acid compo-
sition and membrane physical state of the target cells (Vigh L., unpublished). Additionally,
bimoclomol was revealed to be an efficient inhibitor of bilayer-to-nonbilayer lipid-phase tran-
sitions.” It has been suggested that, while sensitizing the cellular membranes under mild HS
conditions, the drug and its analogs ensure simultaneous protection against irreversible mem-
brane damage at higher temperatures.” Whereas bimoclomol was observed to have potential
thera;)eutic value in the treatment of diabetes, a cardiac dysfunction and cerebrovascular disor-
ders,” another, closely-related bimoclomol analog, arimoclomol, delayed the disease progres-
sion in amyotrophic lateral sclerosis.*® As reviewed elsewhere,”® pharmacological activation of
the HSP response with lipid-interacting HSP coinducers may be a successful therapeutic ap-
proach for the treatment of most varied diseases.

It was recently suggested that the mode of action of non proteotoxic membrane perturbants
(e.g., benzyl alcohol) resembles mild, “fever-like” HS* and in its underlying mechanism can be
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analogous to shear stress. The fact that hemodynamic shear stress, an important determinant of
vascular remodeling and atherogenesis, is able to increase HSP expression in cells under isother-
mal conditions, is well established and has significant clinical consequences. HSP70 induction
has been demonstrated in the arterial wall in response to acute hypertension, balloon angioplasty
and advanced lesions of atherosclerosis.’® The mechanical stress-induced Hsp70 expression in
arterial smooth muscle cells was shown to be regulated by the small G proteins Ras and Rac via
PI3K.”! The key shear stress responses, including the HSP response, are apparently linked within
a single, integrin-mediated pathway. A fluorescence resonance energy transfer (FRET) study
localized activated Racl in the direction of flow during shear stress. It was shown that, in parallel
with increased membrane fluidity in the upstream side of the cells, shear stress results in the
remodeling of focal adhesions, with new adhesions forming preferentially toward the down-
stream edge of the cells. Active Racl binds preferentially to low-density, cholesterol-rich mem-
branes (rafts) and this binding step is specifically determined, at least in part, by the composition
and physical state of the membrane lipids.>

Analogously to shear stress or oxidative stress, moderate HS has been observed to induce
membrane translocation of Racl and membrane ruffling in a Rac1-dependent manner, whereas
increased HSP expression is paralleled by the activation of HSF1.>? In favor of a membrane
stress sensor model, it has been suggested that the potential sensing mechanism of mild HS is
based on membrane fluidization and/or rearrangement,’ closely resembling the HSP induc-
tion attained by nonproteotoxic membrane fluidizers. Membrane rearrangement by mild HS
or membrane hyperfluidization may activate growth factor receptor tyrosine kinases by causing
their nonspecific clustcring.8 As described earlier, the activation of such cell surface receptors
has other potential consequences, including the activation of PI3K, which in turn activates
Racl. Racl may stimulate NADPH oxidase which produces H,O, and therefore the
stress-stimulated nonspecific clustering of cell surface receptors, providing a possible avenue
for the oxidative burst and activation of the HyO,-induced stress signaling mechanism.! A
Racl-dependent HS signal pathway very probably plays an important role in physiological
thermal stress responses such as fever. Rather than acting as a proteotoxic stress, fever may
function as a key, membrane-mediated signal required for resetting the body conditions. In
contrast with the poikilotherms, mammalian acclimation is limited to a very narrow range of
changes in body temperature; accordingly, little is known about membrane and lipid remodel-
ing under such acclimation conditions. The marked changes in the affinity of various
G-protein-coupled receptors and Na-K-ATPase activity during the course of heat acclimation
in mammals imply the possibility of significant and specific changes in membrane lipid com-
position,’* since alterations in the functions of these proteins have been documented to be
strongly membrane lipid-dependent.’

In conclusion, while many inducers of the HSR may function through a protein unfolding
mechanism, the above observations clearly suggest that some inducers may work through a
distinct mechanism.>>” Moreover, a membrane sensor model could explain specific HSP ex-
pression patterns with different sensors. This model predicts that the plasma membrane, which
is the barrier to the external environment and well suited for sensing thermal stress, acts as an
important regulatory interface. Hence, even subtle alterations in the lipid phase of surface
membranes (“membrane defects”) may influence membrane-initiated stress-signaling processes
by causing changes in fluidity, membrane thickness or the clustering of receptors or other
proteins localized in the surface membranes.

It was suggested recently that in such prominent disease states as insulin-resistant diabetes
and cancer, where the directions of HSP dysregulation and membrane fluidity run in parallel,
but strikingly opposite manners, there must exist a conserved signaling cascade which is uni-
formly controlled by membrane hyperstructures and ultimately affects the level of HSP expres-
sion as well (Vigh L, Horvath I, Maresca B et al, unpublished). We believe that the signaling
from the transmembrane growth factor receptors to HS genes fulfills such a criterion. PI3K,
Akt and GSK3, a negative regulator of HSF1 activation,”® are central components of this
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signaling cascade . Diabetes is associated with a low HSP level, and with decreased PI3K and
enhanced GSK3 activities.”® Correction of a low HSP state improves insulin resistance. A close
chemical relative of bimoclomol, BRX-220, has been reported to increase the insulin sensitiv-
ity of both Zucker diabetic fatty rats and streptozotocin-diabetic rats.®* Another bimoclomol
analog, the HSP coinducer BGP-15, has passed successfully a Phase Ila human clinical trial as
an insulin-sensitizer compound. Similarly to several other insulin sensitizers,®’ BGP-15
upregulated Akt kinase and acted as an GSK3 inhibitor. However, the operation of such a
signaling cascade also provides a potential mechanism for the widespread elevation in HSP
expression in cancer (Fig. 2B). As recently documented by Khaleque et al,*> an HSP elevation
in tumor cells can be induced by the highly malignant growth factor heregulin 1 (HRGf1),
which causes homo- and heterodimerization between each member of the four ErbB receptor
molecules via “horizontal signaling” in the plane of the plasma membrane. Just like the inter-
molecular dimerization of membrane-associated Hik33, which serves as the first key step in
low-temperature sensing and signaling, with resultant upregulation of desaturases in prokary-
otes (Fig. 2A), the formation of raft-associated GFR dimers is followed by tyrosine phosphory-
lation of their intracellular domains in mammalian cells (Fig. 2B). The major downstream
signaling pathways include the Ras-Raf1-Mek-ERK and PI3K-PDK1-Akt pathways.®> HRGB1
appears to be linked to HSP expression by its activation of HSF1 through inhibition of the
constitutive kinase GSK3.

It may be noted that the transmission of a signal from the cell surface to HS genes following
mild HS, shear stress or growth factors, with the involvement of the activation of receptors or
receptor-like molecules and their clustering into lipid rafts, is uniformly dependent on precise
regulation by the lipid composition of the membranes. The localization of growth factor recep-
tors to distinct microdomains appears to modulate both their ligand binding and tyrosine
kinase activities.> Moreover, the major signal termination mechanism, i.e., the lateral move-
ment of dimerized receptors in the plane of the surface membrane and the delivery of activated
receptor-containing endosomes, is totally lipid-dependent.®*®>

The precise role played by lipid microdomains in membrane-directed stress sensing and
signaling is far from clear. Their studies have been hampered by the lack of suitable physical
methods for the visualization of membrane microdomains in intact cells.*® As compared
with unicellular model organisms, the membrane structures in mammalian cells display enor-
mous lipid variety, multiple functions, locations, associations and intimate links with
neighbouring membranes, and this makes their study extremely difficult. It is tempting to
speculate that one of the major roles of the more than one thousand lipid molecular species in
mammalian membranes is to provide an on-off switch for signaling events at the membrane
level.®*¢” Membrane lipids are among the molecules that adapt best in response to various
perturbations. Even subtle changes in the compositions of acyl chains or head groups can alter
the packing arrangements of lipids within a bilayer. As a chain reaction, altered lipid packing
properties change the balance between bilayer and nonbilayer lipids, affect the bilayer stabil-
ity and fluidity, and also the lipid-protein interactions and microdomain organizations. Ex-
ternal factors, including temperature, chemicals, ions, radiation, pressure, nutrients, the growth
phase of the culture, etc., are all capable of changing the membrane packing order and lipid
composition.® Finally, it should be born in mind that the lipid-selective association of certain
HSPs may also lead to an increased membrane molecular order and may result in
downregulation of the HS gene expression.®57°

In recent years, our understanding of the plasma membrane has changed considerably as
our knowledge of lipid microdomains has expanded. These include structures known as lipid
rafts and caveolae, which are readily identified by their unique lipid constituents. Cholesterol,
sphingolipids and specific phospholipids with more saturated fatty acyl chain moieties are
typically highly enriched in these lipid microdomains. Since lipid microdomains have been
widely shown to play important roles in the compartmentalization, modulation and integra-
tion of cell signaling, we suggest that these microdomains may additionally have an influential
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role in stress sensing and signaling. Favorable interactions between cholesterol and the satu-
rated lipids result in patches of liquid-ordered (L,) or raft domains from the remaining
liquid-disordered (L4) membranes. Specific signaling proteins are targeted to or concentrated
in rafts in consequence of the greater solubility of their lipid anchors in L, than in Ly compart-
ments.”! Since the raft structure is also dependent on the thermally controlled lipid-phase
behavior, even mild changes in temperature could result in a fundamentally altered solubility
and consequently redistribution of these proteins in the rafts. More severe heat may result in
complete raft dissolution and disruption of the signaling activities.® It was recently documented
by means of single-molecule microscopy that diffusional trapping through protein-protein in-
teractions does indeed create plasma membrane microdomains that concentrate or exclude cell
surface proteins, facilitating cell signalling.72 Different fluorescence imaging techniques, add-
ing the beauty of visualization to the scientific information,”? in conjunction with computa-
tional modeling techniques (see later), can promote a better understanding of the network of
complex molecular interactions taking place within membranes under stress conditions.

Stress Response Profiling: Can We “Zoom In” on Membrane

Hyperstructures Engaded in the Generation of Stress Signal?

Most of the experiments targeted toward an understanding of stress signaling are per-
formed on one or just a few cells, or on many cells, but without a knowledge of the prehis-
tory of each individual cell. It is critical that cells in culture can be quite heterogeneous and
present a wide variety of phenotypes. This heterogeneity can result from the cells being in
different stages of the cell cycle, or from other intrinsic differences between the cells. A
recent study of transcription activation in a serum starvation assay highlighted the wide
variety of responses among individual cells, even though the large differences between the
control and treatment groups were scored in a population assay such as an immunoblot.”
For this reason, it is necessary to record data from many individual cells so as to aquire a
statistically significant sampling of cellular behavior and dynamics. This quest depends heavily
on molecular imaging, which shows when and where genetically or biochemically defined
molecules, signals or processes appear, interact and disappear, in time and space. With
high-content cellular analysis, it is necessary to perform high-throughput phenotype profil-
ing, linking gene expression to biochemical signaling pathways in the cell and, ultimately, to
cell behavior.”* During or after the imposition of stress on cells, it becomes possible to zoom
in on individual cells or individual fluorescently tagged molecules, using an ultrasensitive,
high-speed camera to observe what happens as each cell reacts to the particular treatment.””
A change may occur in the topology of a particular membrane domain, a candidate from
which an initial HS signal could originate, or a membrane receptor may be activated, allow-
ing the monitoring in real time as a receptor complex responds and activates signaling path-
ways. An intracellular signaling molecule tagged with a fluorescent protein could light up as
it interacts with another component of the signaling pathway, perhaps relaying instructions
to the nucleus to activate or deactivate a particular stress defensive gene. The particularly
valuable aspect of this methodology is not the astounding visual images it produces, but
rather the abundant and diverse data that can be extracted from those images—data that
afford a better understanding of what is happening in the cell in response to stress. Image
analysis of this nature requires efficient imaging algorithms, such as the open source Cell
Profiler (www.cellprofiler.org), which provides a selection of tools for automatic analysis of
the cell morphology, and the localization and intensity distribution of fluorescent markers
(Carpenter AE, Jones TR, Lamprecht M et al, unpublished). Investigators can exploit the
flexibility of the data analysis software to design their own algorithms from the building
blocks provided, customizing the data-mining tools to optimize the data output. The poten-
tial applications and ultimate value of high content screening and cellular image analysis are
limited only by the imagination and expertise of the investigator who is using them to probe
stress sensing and cell behavior.
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Can We Point to Lipid Molecular Species Engaged in Stress Sensing
and Signaling?

The diversity of the membrane constituent phospholipids originates from the differences in
head groups, acyl chains, and the degree of unsaturation, resulting in several hundred coexisting
lipid molecular species within a given cell. This polymorphism permits the regulation of mem-
brane fluidity in poikilothermal organisms. The organized self-assembly of functional
signal-generating protein-lipid complexes leads to a wide range of chemical and physical mem-
brane properties, through which the membrane-associated events are regulated and coordinated.

By means of a combination of thin-layer separation techniques with MS in the
cyanobacterium Synechocystis, a highly saturated monoglucosyldiacylglycerol (MGIcDG) mo-
lecular species (“heat shock lipid”) was identified; this has the ability to cause membrane
rigidification and to counteract the formation of nonbilayer structures during heat/light stress.
Moreover, MGlcDG expressed the strongest interaction with the membrane-stabilizing small
HSE, HSP17.7¢ Specific HSP-lipid interactions may be unrecognized means for the spatial
separation and distinct compartmentalization of HSPs to lipid domains, which are thought to
be involved in various signaling pathways.® Another HS lipid, cholesteryl glucoside (CGl), was
shown to accumulate rapidly in cells from molds to humans following exposure to environ-
mental stress. CGl production is followed by the activation of certain PKCs and the induction
of HSPs.”77¢

Lipids and lipid-derived metabolites may also contribute to the early HS-induced cell
responses. Among others, arachidonate, certain prostaglandins, IP3 and ceramides have been
proved to be second messengers of the HSR.® The source lipids of signaling molecules are
localized in different compartments of the cell. The mapping of time and stimulus-dependent
changes in the lipidome of plasmamembrane, rafts, mitochondria ER, Golgi or nuclear mem-
branes requires appropriate subcellular fractionation and lipid isolation. In principle, com-
plete characterization of the lipid components of these membranes or membrane
microdomains is essential for an understanding of how the membrane senses and copes with
environmental stress.

The cross-talk between the raft proteins and lipids would trigger a remodeling of the
newly-formed raft to optimize the stability of the new structure. This might be accomplished
by excluding some proteins and lipids from the raft, while recruiting others. It is tempting to
speculate that, in response to stress conditions, chemical (e.g., oxidation) and physical (e.g.,
fluidity) changes in these lipids might result in the recruitment/exclusion of other proteins
and/or lipids, leading to a unique remodeled composition, thereby provoking the generation of
stress signals.

However, it should be pointed out that no two rafts or membrane preparations yield the
same analytical result, and there is no isolation procedure that does not involve loss of several
components during “disassembly” of the cells. These caveats provide the impulse for the devel-
opment of whole-cell or organ analysis with the aim of the creation of overall lipid maps after
different perturbations. The ESI/MS of lipids is the most sensitive, discriminating and direct
method for identification of the complete set of lipid molecular species.”” %!

Furthermore, lipidomics today is extended toward the more polar extraction procedures
and the inspection of unknown peaks of possible new moieties. In this manner, the entire
spectrum of new metabolites can be identified and the potential signaling functions of these
molecules can be determined. The question arises as to how the observed lipidomic and
metabolic fingerprints will help in the elucidation of the sensing and signaling of stress. The
plethora of new data requires different statistical approaches, which are not limited to simple
statistical metrics. Supervised and unsupervised classification methods, such as discriminant,
cluster and principal component analgsis, multidimensional scaling or other pattern recog-
nition techniques, will be important®*®? for the identification of significant and reproduc-
ible changes in the patterns of lipid species changes in response to stress or other stimuli. An
understanding of the potential signaling function of these metabolites or the importance of
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Figure 3. The lipidome of the cells was determined by direct-injection ESI tandem mass
spectrometry (Balogh and Liebisch, unpublished) and the molecular species compositions of
PC (phosphatidylcholine), PE (phosphatidylethanolamine), PEP (Phoshaptidyl- ethanolamine
plasmalogen), PS (Phosphatidylserine), PI (Phosphatidylinositol) , SPM (Sphingomyelin), LPC
(Lysophosphatydilcholine), Cer (Ceramide), Glucer (Glucosyl ceramide) , Chol (Cholesterol)
and Chol-e (Cholesterol esther) were calculated. First, the meaningful components (based on
measurement accuracy and the relative quantity) were selected (approximately 100 of 300
species) and the values were transformed to Z-scores. For multidimensional scaling, the Eu-
clidean distance was used. Two principal components (P1 and P2) were extracted. The groups
represent the positive or negative participation associated with a given component.

a specific lipid composition of a membrane domain requires the correlation of the alterations
with physiological data with the aid of system-biological methods.

In order to illustrate the power of these statistical procedures, the lipidome changes of B16
mouse melanoma cells under different circumstances are presented in Figure 3. B16 cells were
subjected to different stimuli or plated with low or high numbers of cells. Besides the choles-
terol level, the molecular species compositions of several lipid classes were determined. Figure 3
shows the principal components represented in a two-dimensional scaling model. The princi-
pal component P1 extracted those molecular species which can be clearly attributed to the lipid
changes due to the distinct initial cell densities, while the lipid molecular species belonging in
component P2 were mainly altered by other stimuli. Our parallel investigations on the gene
expression patterns by the chip method and the induction of HSPs by RT-PCR revealed that
the lipid status plays a regulatory role in the stress response (Balogh G. and Vigh L, unpub-
lished). The combination of gene expression and lipidome data by appropriate statistical meth-
ods will trigger the postulation of new theories with higher explanatory relevance.

Computational Methods for the Design of Subtle Interactions

between Lipids and Proteins of Membranes

The interest of computational biologists has recently focused on the active roles of phospho-
lipids in affecting the behavior of membrane proteins,® the assembly of protein-lipid arrays and
the modulation of protein-protein interactions.®> Lipid and protein-lipid- phase equilibria are
also believed to be relevant for membrane fusion and raft formation. Computational methods
can provide useful information on the inner organization of membranes, which are normally
inaccessible by direct experimental investigations. During the past twenty years, atomistic simu-
lation and, in particular, full atom Molecular Dynamics (MD), have been developed to a degree
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Figure 4. Simulation methods schematically ordered as functions of the time and length scales.
Some relevant membrane events are indicated.

that allowss prediction of the structural characteristics with acceptable precision. Besides MD,
computer modeling also utilizes coarse grain (CG) dynamics, quantitative structure analysis
relationship methods (QSAR) and quantum mechanics/molecular mechanics (QM/MM), which
have a large potential for the investigation of biological structures (Fig. 4).

A number of atomistic simulations have been performed to reproduce and predict many
fundamental properties of lipid membranes.5*%” However, with today’s computers and algo-
rithms, the size of the systems and the time scales for which phospholipid bilayers can be
studied preclude the scrupulous examination of many phenomena such as the cooperative
motion in phase transitions, or the interaction of proteins with the membrane or the flip-flop.
For these reasons, numerous strategies have been conceived to extend the temporal and spa-
tial limits of MD, which are capable of covering a large spatial and time scale, but with a
reduced level of detail in the representation of the membrane. CG models are an improve-
ment toward the study of collective phenomena in membranes®® which are not accessible by
the MD approach.

CG simulation are extremely effective in simulating both the formation and the be-
havior of a mixed bilayer. In Figure 5 the spontaneous formation of a bilayer of
dimirystoyl-phospahtidylcholine/dimirystoyl-phosphatidylethanolamine (DMPC/DMPE) was
calculated through the use of CG dynamics. The simplification introduced with CG can strongly
affect the possibilities of investigations of protein folding and protein-membrane interactions.
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Figure 5. Spontaneous organization of DMPC/DMPE and water into a bilayer structure (CG
simulation).

The continuous development of new parameterization techniques will hopefully permit
the simulation of ever more complicated mixtures of lipids, and consequently a better mim-
icking of membranes. Evidently, simulations and fast computers are not sufficient for the
generation of new understanding: new models are necessary as well. A model is a simple way
of describing and/or predicting scientific results, which is known to yield an incorrect or
incomplete description. Models may be simple mathematical descriptions or completely
nonmathematical. In recent decades, continuous efforts have been made to reformulate bio-
logical concepts into a more formal, mathematical language, allowing the prediction and
understanding of phenomena without the performance of difficult experiments. The most
difficult problem in the simulation of lipid membrane behavior is the lack of correct models.
Implicit in most membrane studies is the idea of an “average membrane” or, in other words,
the idea that a membrane with a given lipid composition exists for each cell (which is not
true, of course). As described eatlier, a cell membrane is organized in discrete domains, and
the knowledge of the ligpid composition is therefore necessary for the simulation of mem-
brane suprastructures.®” A tremendous improvement of the computer simulations of lipid
rafts will be possible in the coming years with the accumulation of experimental data on
lipid composition and with the availability of faster computers. The design of new
membrane-interacting drugs (such as the stress protein coinducer bimoclomol and its ana-
logs) will be assisted by the molecular simulation of membranes and proteins. It will be
possible to highlight slight conformational changes induced in a membrane protein induced
in the target raft by a chemical, physical (e.g., temperature) or biological alteration of the
bilayer. Nevertheless, the generation of new models for membrane behavior is a task which
cannot be performed via molecular (or CG) dynamics, since these are not intrinsically able
to observe properties which are not encoded in the simulation. There are computational
methods, which to some extent, are able to generate models that can ultimately be validated
via MD. Examples come from genetic algorithms (GAs) and neural networks.

GAs permit computers to generate new, random data. In combination with a fitness func-
tion, only the best data are randomly exchanged and mutated until a new generation of data is
produced. In all cells, the genetic material is DNA, which is described in terms of base pairs. A
string of three base pairs makes up a codon, which corresponds to a specific amino acid in the
coded protein. As in real genes, GAs operate on a sort of genetic material, but as a substitute of
DNA; the “genetic material” is a linear string of symbols. The computer equivalent of the base
pairs and codon is replaced by a symbol or numbers that represent any structural unit.

We recently (Piotto S, Bianchino E., unpublished) extracted information on the antimicro-
bial activities of short peptides (Fig. 6) through the successful application of GA techniques.
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Natural antimicrobial peptides generally consist of 10-20 amino acids and afford the first line
of defense against infections in all metazoans and plants. Several mechanisms have been pro-
posed to explain their activity, but only computational analysis of the similarity, carried out
with a GA, permits extrapolation of the chemical-physical parameters responsible for the cor-
responding perturbation of a cell membrane.

Today, more than ever, experiments are becoming electronic; this approach allows not only
the management and analysis of vast data sets, but also their acquisition in the first place. There
is a widespread tendency to perform in silico experiments, not only to investigate the interac-
tions of small molecules with a protein, but also to analyze changes in the membrane physical
state. The development of computer modeling requires both new formalisms and new meth-
ods to implement these formalisms in physical devices.

Conclusions

In the past decade, a membrane sensor model has evolved which predicts the existence of
a membrane-associated stress sensing and signaling mechanism from prokaryotes to mam-
malian cells. Changes in the physical state or composition of lipid molecular species with the
concomitant reorganization of such membrane microdomains (rafts) may serve as the mo-
lecular switch for the operation of these “cellular thermometers”. Single-cell fluorescence
imaging technologies, real-time detection and the monitoring of rafts and combination of
these technologies with lipidomics and computational methods may allow the identification
and characterization of these hypothetical stress-sensory domains. HSPs could be induced or
inhibited by drugs that specifically change the operation of such sensory lipid-protein mem-
brane hyperstructures.
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CHAPTER 12

Beyond the Lipid Hypothesis:

Mechanisms Underlying Phenotypic Plasticity in Inducible
Cold Tolerance

Scott A.L. Hayward, Patricia A. Murray, Andrew Y. Gracey and Andrew R.

Cossins*

Abstract

he physiological adjustment of organisms in response to temperature variation is a

crucial part of coping with environmental stress. An important component of the cold

response is the increase in membrane lipid unsaturation, and this has been linked to an
enhanced resistance to the debilitating or lethal effects of cold. Underpinning the lipid re-
sponse is the upregulation of fatty acid desaturases (des), particularly those introducing double
bonds at the 9-10 position of saturated fatty acids. For plants and microbes there is good
genetic evidence that regulation of des genes, and the consequent changes in lipid saturation,
are causally linked to generation of a cold-tolerant phenotype. In animals, however, supporting
evidence is almost entirely limited to correlations of saturation with cold conditions. We de-
scribe our recent attempts to provide a direct test of this relationship by genetic manipulation
of the nematode Caenorbabditis elegans. We show that this species displays a strong cold toler-
ant phenotype induced by prior conditioning to cold, and that this is directly linked to
upregulated des activity. However, whilst genetic disruption of des activity and lipid unsaturation
significantly reduced cold tolerance, animals retained a substantial component of their stress
tolerant phenotype produced by cold conditioning. This indicates that mechanisms other than
lipid unsaturation play an important role in cold adaptation.

Introduction

Cold presents a major problem for all living organisms by reducing the rates of molecular
processes that underpin life, and by causing damaging and lethal effects at low extremes."?
Poikilotherms in particular, whose tissues, cells and molecules are exposed to the full effects of
any environmental temperature variation, often display powerful adaptive responses to cold,
which can be classified into two broad groups: (i) capacity adaptations, which occur over the
normal range of temperatures and promote the constancy of life functions; and (ii) resistance
adaptations, which enhance resistance to the debilitating and even lethal effects of extreme
cold.! Resistance adaptations thus underlie the adaptive transition to an enhanced stress toler-
ant phenotype and can occur within minutes/hours - 7apid cold hardening, or take days/weeks
of conditioning to sub-lethal temperatures - acclimation. Understanding the magnitude and
limitations of these responses, their impact upon fitness and identifying the underlying
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mechanisms is central to ecophysiology. In addition, the study of stress adaptation provides the
basis for addressing environmental health problems, toxicological risk assessment, utilizing
bioindication processes to monitor climate change, and the improvement of clinical techniques.

A historically important and central concept in cold adaptation research is the idea that
bodily lipids alter their physical properties in response to cold exposure, and that this mediates
cold adapration in its various forms. This originated over a century ago, when Henriques and
Hansen® noted the higher melting point of subcutaneous fats in pigs raised wearing clothing,
which resulted in increased tissue temperature. From these somewhat bizarre beginnings, the
‘lipid hypothesis of temperature adaptation” has developed to encompass the idea of an optimal
physical condition (variously termed fluidity or hydrocarbon physical ordering) of cellular and
sub-cellular membranes for supporting critical membrane-associated functions, and a homeo-
static mechanism for preserving this property in the face of environmental disturbance. Thus,
acute cold causes some disturbance to membrane properties which leads to disrupted function
or injury, but prior conditioning alters physical properties to offer protection.’ While the pri-
mary lesion inflicted through cold exposure has not been identified with any great precision, it
is thought to involve either a disruption in the performance of membrane-bound proteins, or
a disturbance to normal membrane permeability. The process of conserving membrane physi-
cal state under fluctuating environmental conditions has been termed ‘homeoviscous adapta-
tion® and has found application in a wide variety of organisms from microbes to mammals.
The lipid hypothesis has also been invoked in a variety of other phenomena including environ-
mentally adaptive dormancies, such as insect diapause,” and mechanisms of anesthesia.®

Here we review evidence in favour of the lipid hypothesis and explore the extent to which
this mechanism accounts for inducible increases in cold tolerance, and for the inducible cold
resistant phenotype of the whole organism. We highlight recent gene manipulation work in
plants and microorganisms that strongly support the hypothesis, and comment on the paucity
of equivalent data in animals.

Cold Adaptation and the Lipid Hypothesis

The recognition that lipid compositional adjustments underpin the acquired protection to
chilling (i.e., nonfreeze), through preconditioning or acclimation, originates from the early
work of Heilbrunn,” and membrane adaptation is now widely regarded as a central contributor
to low temperature survival of all organisms, including bacteria, " plants'! and poikilothermic
animals."? Prior exposure to cool conditions typically leads to an increase in the proportion of
unsaturated fatty acids in membrane phospholipids, at the expense of saturated fatty acids, the
increased hydrocarbon disorder compensating for the rigidifying effects of cooling.'* There is
now a huge literature since the 1950s supporting this basic observation using progressively
more sophisticated analytical techniques. As a result, the syndrome now also includes changes
in phospholipid headgroup class,'* molecular species composition,' cholesterol content,!” as
well as a distinction between lipid raft and nonraft regions.'® Most attention however has
focused on the mechanisms of changing fatty acid unsaturation, and evidence has accumulated
in all domains of life for a key role of fatty acid desaturases, since they alone insert double
bonds at specific positions of the fatty acyl chain. Evidence that acyl desaturase activity con-
tributes directly to chilling resistance is strong, at least for prokaryotes and plants, where ge-
netic or gene expression manipulation has allowed this hypothesis and its implications to be
evaluated. In contrast, while considerable circumstantial evidence exists supporting the role of
membrane lipid unsaturation in acquired cold tolerance in animals, clear indications of a causal
relationship are at present limited.

Evidence in Prokaryotes

The unicellular cyanobacterium Synechosystis sp. PCC 6803 (hereafter Synechosystis) is per-
haps the most intensively studied prokaryote with respect to membrane adaptation in response
to cold. Systematic mutagenesis of potential cold sensors and signal transducers, in combination
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with DNA microarrays, have advanced considerably our understanding of the cold stress re-
sponse'” and have also highlighted a critical homeoviscous function for fatty acid desaturases.

Inactivation of the A9 desaturase gene in Synechosystis is lethal.'® In contrast, A12-desaturase
mutants are viable, but have a dramatically different fatty acid composition relative to wild
type cells.'”?! The resultant strains were characterised by a considerable increase in the level of
oleic acid, at the expense of polyunsaturated fatty acids, and by a strong sensitivity to cold
exposure.'® Combined inactivation of A12 and AG genes resulted in the complete inability to
synthesise polyunsaturated fatty acids, and cells were unable to recover from cold-induced
photosystem damage.?® Further evidence supporting the importance of polyunsaturated fatty
acids to cold tolerance was provided by experiments with Synechococcus sp PCC 7942, which
has a single A9 desaturase and can only synthesize monounsaturated fatty acids. When ma-
nipulated to express the A12 gene of Synechocystis, considerable amounts of di-unsaturated
fatty acids were produced and the cold tolerance of cells increased.”® In contrast, targeted
inactivation of the -3 desaturase in Synechocystis, which introduces a double bond into fatty
acids that already have a double bond at the A12 position, had a limited influence on cold
tolerance,”® unless combined with conditions of nutrient limitation.?! Thus cold protection
was dependent upon position-specific desaturase reactions. Experimentally increasing mem-
brane rigidity, through a catalyst-mediated hydrogenation reaction, provided direct support
that desaturase transcript induction was linked to membrane physical condition through di-
minishing quantities of polyunsaturated fatty acids.* Vigh and colleagues®® thus suggested
that membrane fluidity is the first signal in the perception of cold, and that desaturase induc-
tion occurs when this change exceeds a critical threshold.

Evidence in Plants

The use of compounds which inhibit the synthesis of polyunsaturated fattg/ acids provided
perhaps the first direct evidence of their importance cold tolerance in plants.”> However, clear
genetic proof of the relationship between desaturase enzyme activity and cold tolerance in
plants did not emerge until the isolation of fatty acid desaturase (fzd) mutants in Arabidopsis
thaliana.®® Several mutants, defective in the desaturation of membrane lipids, have been iden-
tified,””?? each having reduced amounts of polyunsaturated fatty acids and greater chilling
susceptibility relative to wild type plants.’®! fad genes from A. thaliana, e.g., fad7 (the gene
for chloroplast w-3 fatty acid desaturase), have also been successfully introduced into tobacco
plants with a resultant increase in trienoic fatty acids and enhanced cold tolerance.*? In addi-
tion, transgenic tobacco plants expressing A9-desaturase genes from A. thaliana® or
cyanobacterium®* have greatly reduced saturated fatty acid content and significantly increased
chilling resistance. Other genes involved in fatty acid desaturation pathways have generated
similar results, for example glycerol-3-phosphate acyltransferase, a key enzyme determining
the extent of cis-unsaturation in the phosphatidylglycerol. Plants overexpressing this gene had
increased levels of saturated and trans-monounsaturated molecular species of
phosphatidylglycerol chloroplast membranes®®® and demonstrated reduced recovery from
chilling in both the photosynthetic machinery®” and reproductive organs.>® Interestingly, si-
lencing of chloroplast -3 fatty acid desaturase in tobacco plants enhanced their ability to
photosynthesize at high temperatures, while mutants lacking w-3 fatty acid desaturase in the
endoplasmic reticulum showed wild type photosynthetic activity.® Thus, adaptation to tem-
perature change in the chloroplast fatty acids may have a greater influence on survival of tem-
perature stress than in nonchloroplast lipids in plants.*®

Evidence in Animals

The principal evidence in favour of the lipid hypothesis in animals comes from correlated
changes in lipid unsaturation and cold tolerance. Examples of this relationship continue to
emerge from the literature and, for invertebrates at least, a reasonable diversity of organisms
and tissues have been studied to date.?** In contrast, studies investigating homeoviscous ad-
aptation in poikilothermic vertebrates appear to be exclusively restricted to fish.>
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Typically these works have mainly been directed at followmg the effects of cold acclimation,
but Logue and colleagues™® demonstrated a clear cut increase in unsaturation of membrane
phosphoglycerides from fish living at high latitudes, including in polar waters, compared to
warm water fish species and homeotherms. This effect was linked particularly to the s7-2 posi-
tion of the ethanolamine phosphoglycerides with the replacement of a saturate with a
A9-monunsaturate, a change that has the greatest effect upon membrane physical properties.
Wodtke and colleagues®” first convincingly showed that a hepatic A9-desaturase in fish was
substantially induced in the 5-7 days following transfer to the cold. Wodtke and Cossins®® later
found that the time course of induction was broadly similar to that of changes in membrane
physical structure, the implication being that homeoviscous adaptation was a direct result of
the changing expression of this gene. Tiku et al*’ cloned a A9-desaturase from carp and dem-
onstrated that cold induction of enzyme activity was caused by both post-translational and
transcrlptlonal mechanisms, whlch together accounted for the graded, but transient, response
to increasing cold. Polley et al® subsequently identified a second hepatic isoform and showed
that only one of the two hepatic isoforms was induced transcrlptlonally by cold.

Using cDNA microarrays to screen for changmg gene expression in multlple tissues, Gracey
et al’! detected desaturase transcripts in a variety of tissues other than liver in the common
carp. Thus, the key gene accounting for increased unsaturation in the cold has a widespread
distribution in animals and earlier ideas on its restriction to hepatic tissues are giving way to a
much wider tissue distribution. Most recently, the Cossins group has discovered new 9-desaturase
isoforms in fugu and the zebrafish, which arose from an ancient duplication event that pre-
ceded that of the carp hepatic isoforms (Evans H, Cossins AR, Berenbrink M, unpublished
studies). One of the new isoforms was brain-specific but at present its cold-inducibility is not
known.

In animals the most direct evidence in favour of a role for desaturases enzymes in establish-
ing the cold tolerant phenotype comes from genetic manipulation of Drosophila melanogaster.
Greenberg et al>® used site-directed gene replacement to transfer a geographically differentiated
desaturase allele between ‘African’ and ‘Cosmopolitan’ races of Drosophila within an otherwise
identical genetic background. A significant decrease in cold tolerance was noted when the
‘African’ allele was artificially introduced into ‘Cosmopolitan’ flies, and it was suggested the loss
of this allele facilitated the spread of this species out of African to more temperate latitudes.
Recent studies with Drosophila have also suggested an important role for homeoviscous adapta-
tion during rapid cold hardening.>

Caenorhabditis elegans Cold Tolerance and the Contribution

of Desaturases

Thus, whilst persuasive, the evidence to date in favour of the lipid hypothesis in animals is
generally restricted to compositional studies and new information on the cold induction of
desaturase enzymes. Together these support the hypothesis but do not constitute strong tests,
since their relationship may be correlative rather than causative. We sought to address this
problem by seeking to manipulate the expression of the desaturase gene(s), and thus enzymatic
activity, to control the saturation of membrane lipids. We then determined whether this treat-
ment influenced cold tolerance.

The nematode C. elegans offers many well-appreciated advantages as a subject for experi-
mental study, ;)artlcularly the ability to control gene expression using interfering double
stranded RNA.> In unpublished work we have established that this species possesses a strong
cold tolerance phenotype, with an increase in the time to 50% mortality (I'T’sp) at 0°C from
~20h, when reared at 25°C, to almost 80h after 12 days acclimation to 10°C (Fig. 1). Of the 7
acyl CoA desaturases in C. e/fgdm only fat-7 transcripts were up-regulated (20-fold) upon
transfer of worms to 10°C.°® This was blocked by amanitin, indicating that increased
transcript levels resulted from de novo transcription rather than just the increased stabilization
of the mRNA. Knockdown of fzz-7 by RNAi was >90% effective, and this partially ablated the
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Figure 1. Effect of acclimation period at 10°C on C. elegans mortality (LTs) following exposure
to 0°C. N ranges from 3-13. Means = SD are presented.

chill-induced change in lipid composition and the degree of cold tolerance. However, a com-
pensatory increase in faz-5 transcript abundance was noted, indicating a functional linkage in
the expression of these two genes. By combining RNAI for faz-7 with a genetic knockout
(mutant strain) of the associated fa#-5, lipid saturation was brought under experimental con-
trol and acquired cold tolerance was substantially reduced. At both 10 and 25°C the manipu-
lation of desaturase genes caused substantial changes in lipid saturation, and this was directly
linked to changes in cold tolerance. However, the change in cold tolerance caused by transfer to
10°C was substantially greater than could be explained by this lipid effect alone, i.e., 25 and
10°C-cultured worms had very different tolerance phenotypes even when manipulated to ex-
press the same lipid saturation (Fig. 2). Indeed, we calculated that only 15% of the cold toler-
ance response could be quantitatively attributed to changes in lipid saturation.

Thus, our work suggests that other stress adaptive mechanisms must operate independently
of homeoviscous adaptation. Equally, cold tolerance mechanisms initiated via the membrane
response cannot be contributing to the cold tolerant phenotype in manipulated worms, as all
mechanisms downstream of homeoviscous adaptation are made redundant. This has caused us
to focus on other response mechanisms and to explore potential interactions between alter-
ations in lipid composition and these other stress responses.
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NonLipid Mechanisms of Cold Tolerance

While heat stress induces a highly conserved heat shock protein (Hsp) response in all organ-
isms, a similar set of cold inducible proteins have not been identified. Indeed, the application
of microarrays to study genome-wide responses to cold in different organisms has highlighted
considerable diversity,’'>7"®" and a conserved cold response, certainly in eukaryotes, is not
clearly evident. Despite this, several common mechanisms appear to underpin low tempera-
ture adaptation at the cellular level, and represent the most likely candidates contributing to a
stress tolerant phenotype in conjunction with homeoviscous adaptation.

One well studied component of cold adaptation in prokaryotes is the preservation of ribo-
some function, with strong evidence suggesting the cold shock response is initiated by an inhi-
bition of translation.®! In the bacterium Escherichia coli a family of structurally related pro-
teins, CspA, CspB and CspG show the highest induction response to cold, and act as RNA
chaperones.®! Homologues in other Erokaryotes and eukaryotes have been identified and, while
these are not always cold inducible,**® clearly the preservation of ribosomal function is critical
to organism survival post cold exposure.

Another common component of the cold stress response is the accumulation
low-molecular-mass polyhydric alcohols and sugars, such as glycerol and trehalose.%* While
these have primarily been studied with respect to protection against freezing, i.e., as
cryoprotectants,’® they can also contribute to chill tolerance.®® In addition, microarrays have
consistently identified genes regulating the synthesis or transport of cryoprotectants as cold
shock stimulons.*®

The role of HSPs during cold acclimation has received limited attention, but HSP-induced
cross-tolerance between different environmental stressors®® suggests that some underlying mecha-
nisms of cold adaptation may be similar to those of heat stress. To date, however, the results are
somewhat equivocal with evidence for both the cold downregulation®® and up-regulation® of
Hsp transcripts.
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Thus, multiple mechanisms underpin the phenotypic transition within acquired cold toler-
ance. Furthermore, these mechanisms probably do not operate in isolation, but interact closely
in generating the stress tolerant phenotype. Understanding their relative importance and the
extent to which they interact, and so offer a redundant capacity, remains an important goal.

Interaction and Compensatory Mechanisms

As outlined earlier, interactions between physiological mechanisms of stress adaptation can
result in compensatory responses when one mechanism is perturbed, e.g., between faz-5 and
Jar-7 in C. elegans. Such interactions and compensatory responses have received limited atten-
tion, especially in multi-cellular organisms, but we now know that they are important, and
identifying their complexity is fundamental to understanding ecophysiological adaptability.
Studies targeting these interactions could also identify mechanisms of cross-tolerance between
stress mechanisms, and highlight the best gene targets for the more complete disruption of
stress responses.

There is growing evidence to indicate that membrane lipid order, as affected by lipid satu-
ration, is a critical parameter regulating Hsp gene expression. For example, manipulation of
membrane composition and/or fluidity altered the threshold temperature of Hsp expression in
both yeast® and bacteria.®® The yeast study also noted that the A9-desaturase activity directly
influenced Hsp transcription. Recent, as yet unpublished, work from our lab has generated
similar results with C. elegans. As described earlier, combining RNAI for fzz7 with a genetic
knockout (mutant strain) of the associated faz-5 allowed lipid saturation to be controlled, and
the resultant worms had distinctly lower Hsp70 transcript abundance under heat stress, when
compared to wild type animals (Fig. 3). Circumstantial evidence supporting this relationship is
provided by data from a variety of organisms indicating that temperature acclimation, which
influences membrane lipid composition, also changes Hsp expression thresholds.®” A
membrane-Hsp association is further supported by data suggesting that lipid interactions dif-
ferentiate the constitutive (Hsc70) and stress-induced (Hsp70) heat shock protein response.70
Recent studies have shown that Hsps, in turn, may be involved in a feedback process by their
stabilizing effects on membrane proteins and lipids.”!

Interestingly, trehalose and glycerol are also likely to influence both membrane adaptation
and Hsp transcription. Trehalose interacts with, and directly protects, lipid membranes and
proteins during cold stress,”> and glycerol can also influence Hsp expression thresholds.”® Thus
any alteration in levels of these cryoprotectants during acclimation may interfere with
homeoviscous adaptation and/or the Hsp response.

Conclusions

The question of cold tolerance in animals remains enigmatic. Much of the work over the
past 50 years has focused on changing lipid composition in the cold, yet this has never been
unequivocally linked to changes in cold tolerance. The evidence is much more persuasive in
microbes and plants where genetic manipulation has established that lipid biosynthetic genes,
notably the desaturases, mediate this effect. In animals, recent work has identified a network of
desaturase genes expressed in many different tissues, and that they are cold-inducible. Our
work with the genetic manipulation of A9-desaturase in C. elegans offers the first direct test in
an animal species of the relationship between lipid saturation and the cold tolerance pheno-
type; and our results indicate that, at best, the lipid response accounts for only a small fraction
of acquired cold tolerance. C. elegans in many ways is an ideal organism to study the mecha-
nisms underpinning environmental adaptation, with access to RNAI libraries and mutant strains
etc., providing the opportunity to quantify the impact of any gene upon environmentally-relevant
stress tolerance phenotypes. We can also manipulate genes in groups to overcome the problem
of redundant or overlapping mechanisms to study how interactions impact on the phenotype.
The key and as yet unanswered question is whether the outcome of this work is directly trans-
latable to other animal species, and particularly to vertebrates.
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CHAPTER 13

Trehalose As a “Chemical Chaperone”:

Fact and Fantasy
John H. Crowe*

Abstract
T rehalose is a disaccharide of glucose that is found at high concentrations in a wide

variety of organisms that naturally survive drying in nature. Many years ago we

reported that this molecule has the remarkable ability to stabilize membranes and pro-
teins in the dry state. A mechanism for the stabilization rapidly emerged, and it was sufficiently
attractive that a myth grew up about trehalose as a universal protectant and chemical chaper-
one. Many of the claims in this regard can be explained by what is now known about the
physical properties of this interesting sugar. It is emerging that these properties may make it
unusually useful in stabilizing intact cells in the dry state.

Sugars and Stabilization of Biological Materials

We reported two decades ago that biomolecules and molecular assemblages such as mem-
branes and proteins can be stabilized in the dry state in the presence of a sugar found at high
concentrations in many anhydrobiotic organisms, trehalose.! We also showed that trehalose
was clearly superior to other sugars in this regard.? This effect seemed so clear it quickly led to
wide-spread, and often uncritical, use of the sugar for preservation and other purposes. In fact,
an array of applications for trehalose have been reported, ranging from stabilization of vaccines
and liposomes to hypothermic storage of human organs.? Other workers showed that it might
even be efficacious in treatment of dry eye syndrome or dry skin in humans.** Trehalose is
prominently listed as an ingredient in cosmetics, apparently because it is reputed to inhibit
oxidation of certain fatty acids in vitro that might be related to body odor. Trehalose has been
shown by several groups to suppress free radical damage, protect against anoxia, inhibit dental
caries, enhance ethanol production during fermentation, stabilize the flavor in foods, and to
protect plants against physical stress.”'? According to one group, trehalose inhibits bone re-
sorption in ovariectomized mice, apparently by suppressing osteoclast differentiation; the sug-
gestion followed that trehalose might be used to treat osteoporosis in humans.'*!> More re-
cently, Tanaka et al'® reported that trehalose could be used to inhibit the protein aggregation
associated with Huntington’s disease in vivo in a rat model for this disease. That report that has
already led to an unorthodox clinical trial in humans.'”

A myth has grown up about trehalose and its properties, as a result of which it is being
applied, sometimes rather uncritically, to a myriad of biological and clinical problems. Thus,
we are making special efforts in the literature to clarify the properties of trehalose that make it
useful for stabilization of biomaterials and to dispel the most misleading aspects of this myth.
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Origins of the Trehalose Myth

We recently reviewed the history of this field (sce ref. 3) and provide only a brief summary
here. The key observations were: (1) The first model membrane investigated was sarcoplasmic
reticulum, isolated from lobster muscle (reviewed in ref. 18). We found that trehalose was
without question superior to all other sugars tested at preserving these membranes during
drying. However, we later obtained evidence that these SR membranes have a mechanism for
translocating trehalose across the bilayer. We suggest that other sugars such as sucrose might
preserve the membranes at concentrations similar to those seen with trehalose if they had access
to the aqueous interior. (2) Initial scudies with liposomes, from the mid-1980s (reviewed in ref.
19), were done with a phosphoplipid with low T\,,. When the liposomes were freeze dried with
trehalose and rehydrated, the vesicles were seen to be intact, and nearly 100% of the trapped
solute was retained. It quickly emerged that stabilization of these liposomes, and other vesicles
prepared from low melting point lipids, had two requirements, as illustrated in Figure 1: (a)
inhibition of fusion between the dry vesicles; and (b) depression of Ty, in the dry state. In the
hydrated state, T}, for egg PC is about -1°C and rises to about + 70°C when it is dried without
trehalose. In the presence of trehalose, Ty, is depressed in the dry state to - 20°C. Thus, the lipid
remains in liquid crystalline phase in the dry state, and phase transitions are not seen during

Dry Trehalose
Tm= 40 °C
H%Efr;ale_t; ?{C:) PC ; ; ’ abo\.re Tm ; ; '

Dry + Trehalose m=-20 °C
Tm=-20°C

Heat ‘ ‘

above Tm

Dry Trehalose _
099 <
I e
Hydrated DPPC
Tm=41°C bel =
Dry + Trehalose R

Tm =60°C
Tm =24 °C

Figure 1. Mechanism for stabilization of phospholipid bilayers in the dry state. Adapted from
reference 18.
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rehydration. The significance of this phase transition during rehydration is that, when phos-
pholipids pass through such transitions, the bilayer becomes transiently leaky. The physical
basis for this leakiness has recently been investigated in some detail.”” These effects were re-
ported first for trehalose (reviewed in ref. 19). When we compared the effects of other sugars
and polymers on the preservation, we found that, with vesicles made from lipids with low T4,
trehalose appeared to be significantly superior to the best of the additives tested. Oligosaccha-
rides larger than trisaccharides did not work at all.*! Other sugars, particularly disaccharides,
did provide good stabilization of egg PC vesicles in the dry state, but much higher concentra-
tions than trehalose were required, at least according to initial reports. However, as freeze-drying
technology improved, the differences between disaccharides tended to disappear, and the myth
eventually got modified to encompass disaccharides in general. Nevertheless, the observation
that trehalose was significantly more effective at low concentrations under suboptimal condi-
tions for freeze drying requires explanation, which we provide later. (3) At first it appeared that
the ability to preserve liposomes in the dry state is restricted to disaccharides. Subsequently, we
found this is not the case. For example, DPPC is a lipid with saturated acyl chains and thus an
elevated Ty, (41°C). When it is dried without trehalose T\, rises to about 110°C; with trehalose
present T4, rises to about 65°C (reviewed in ref. 22). Thus, DPPC is in gel phase at all stages of
the freeze-drying and rehydration process, and one would expect that inhibition of fusion
might be sufficient for the stabilization. In other words, any inert solute that would separate
the vesicles in the dry state and thus prevent aggregation and fusion should stabilize the dry
vesicles. That appears to be the case; a high molecular weight (450,000) HES has no effect on
T, in dry DPPC, but preserves the vesicles, nevertheless.

The Mechanism of Depression of Tm

The Mechanism of Depression of Tm has received a great deal of attention since the discov-
ery of this effect.”” Three main hypotheses have emerged: The water replacement hypothesis
suggests that sugars can replace water molecules by forming hydro4gen binds with polar resi-
dues, thereby stabilizing the structure in the absence of water.>?>242¢ The water entrapment
hypothesis suggests that sugars concentrate water near surfaces, thereby preserving its salva-
tion.””"* The vitrification hypothesis suggests that the sugars form amorphous glasses, thus
reducing structural fluctuations.**!

A consensus has emerged that these three mechanisms are not mutually exclusive (reviewed
in ref. 3). Vitrification may occur simultaneously with direct interactions between the sugar
and polar residues. Direct interaction, on the other hand, has been demonstrated by a wide
variety of physical techniques, including infrared spectroscopy, NMR, and X-ray.?>3%-3¢

Theoretical analyses have contributed greatly to this field in recent years. Chandrasekhar
and Gaber®” and Rudolph et al®® in the earliest studies, showed that trehalose can form ener-
getically stable conformations with phospholipids, binding three adjacent phospholipids in the
dry state. Similarly, trehalose-protein interactions have been studied by simulations, with simi-
lar conclusions.?®?? More recently, Sum et al*” showed by molecular simulations that the sug-
ars adapt molecular conformations that permit them to fit onto the surface topology of the
bilayer through hydrogen bonds. The sugars interact with up to three adjacent phospholipids.
Pereira et al*’ produced complementary results from molecular dynamics simulations, with
comparable conclusions.

Trehalose Stabilizes Microdomains in Membranes

Phase separation is segregation of membrane components in the plane of the bilayer. Al-
though there are lingering doubts about whether or not phase separated domains in native mem-
branes are real (see refs. 41-43) or artifacts (see refs. 44-46), there is abundant evidence that these
domains, known as “rafts”, are involved in such processes (among others) as signaling, endocytosi,
and viral zlssembly.47‘51 Although several forces are involved, one of the main driving forces for
phase separation is the hydrophobic mismatch, which arises from a difference in membrane
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thickness between two species within a bilayer, such as a protein and a lipid or a lipid and a
lipid.*>>® The differences in thickness lead to exposure of hydrophobic residues to water and,
consequently, to a decrease in entropy of the system resulting from ordering of the water. Thus,
the assembly of components of similar thickness into relatively homogeneous domains is entropi-
cally driven. The net increase in entropy driving the process is contributed by water.

Phase separated domains in lipid bilayers are becoming increasingly well understood (see
ref. 54 for a recent review). Thus, we have investigated whether the domains can be maintained
in freeze-dried liposomes. DLPC (Tm = 0°C) and DSPC (Tm = 50°C) are well known to
undergo complete phase separation in the fully hydrated state.”>>® When these liposomes were
dried, the two lipids underwent extensive mixing. In samples dried with trehalose, by contrast,
the DLPC transition is depressed to about -20°C, and the DSPC transition increases by about
10°C and becomes more cooperative, suggesting that it is more like pure DSPC. Thus, the
phase separation—and the domain structure—are maintained by the trehalose in the dry state.
Other pairs of lipids that phase separate when fully hydrated give similar results.

We propose that trehalose maintains phase separation in this mixture of lipids in the dry
state by the following mechanism.*® The DLPC fraction, with its low Tm in the hydrated state,
might be expected to behave like unsaturated lipids, in that Tm in the dry state is reduced to a
minimal and stable value immediately after drying with trehalose, regardless of the thermal
history. That appears to be the case. The DSPC fraction, by contrast, would be expected to
behave like DPPC, as described earlier. DSPC is in gel phase in the hydrated state at room
temperature, and it remains in gel phase when it is dried with trehalose. In other words, we are
proposing that by maintaining one of the lipids in liquid crystalline phase during drying, while
the other remains in gel phase, trehalose maintains the phase separation (Fig. 2). We suggest
that this is the fundamental mechanism by which trehalose maintains phase separated domains

in membranes drying.

- Trehalose \- Trehalose

All gel, mixed Rafts gel, lipids with lower Tm
liquid crystalline, phase
separated.

Figure 2. Mechanism of preservation of phase separated microdomains in dry membranes.
Adapted from reference 54.
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There Is More Than One Way to the Same End

Although the occurrence of trehalose at high concentrations is common in anhydrobiotic
animals, some such animals have only small amounts of trehalose or none at all.”"° It is tempt-
ing to construe these findings as evidence against a role for sugars in anhydrobiosis.®! We suggest
that it is not the sugars per se that are of interest in this regard, but rather the physical principles
of the requirements for stabilization, as described above. There are multiple ways to achieve such
stabilization: (1) Hydroxyethyl starch (HES) alone will not stabilize dry membrane vesicles com-
posed of lipids with low Tm, but a combination of a low molecular weight sugar such as glucose
and HES can be effective.®* Here is the apparent mechanism: glucose depresses Ty, in the dry
lipid, but has little effect on inhibiting fusion, except at extremely high concentrations. On the
other hand, the polymer has no effect on the phase transition, but inhibits fusion. Thus, the
combination of the two meets both requirements, while neither alone does 50.%% It seems likely
that such combinations of molecules might be found in anhydrobiotes in nature. (2) In fact, a
glycan isolated from the desiccation tolerant alga Nostoc apparently works in conjunction with
oligosaccharides.®> Similarly, certain proteins have been shown to affect the phase state of the
su(%ars and either enhance or are required for stabilization (reviewed in ref. 64). (3) Hincha et
al” have shown that fructans from desiccation tolerant higher plants will by themselves both
inhibit fusion and reduce T, in dry phospholipids such as egg PC. The mechanism behind this
effect is still unclear. The interaction is similar to that shown by sugars, but it is also specific to
fructans and is not shown by other polymers.®® In a related study, Hincha et al®’ reported that a
series of raffinose family oligosaccharides are all capable of stabilizing dry liposomes. (4) Hincha
and Hagemann®® recently studied effects of other compatible solutes on stabilization of lipo-
somes by sugars. This approach is in its eatliest stages, but those authors found that some com-
patible solutes improve the stabilization in the presence of sugars, suggesting that the solutes
might decrease the amount of sugar required in vivo. (5) Hoekstra and Golovina® have reported
that amphiphiles that are free in the cytoplasm in fully hydrated cells of anhydrobiotes appar-
ently insert into membranes during dehydration. The role of this phenomenon in stabilization
is uncertain, but presumably the amphiphiles alter the order of the acyl chains. (6) Goodrich et
al”® reported that disaccharides tethered to the bilayer surface by a flexible linker esterified to
cholesterol has an effect on membrane stability similar to that seen in the free sugar. Such mol-
ecules could provide stability in anhydrobiotes, although they have not yet been reported. How-
ever, Popova and Hincha”! recently found that digalactosyl diacylglycerol depressed Tm in dry
phospholipids, perhaps in keeping with this suggestion.

The point is there are many ways to achieve stability. Once an understanding of the physical
requirements for preservation was achieved, it became apparent that many routes can lead to
the same end. Similar observations on the stability of dry proteins have been made by Carpen-
ter and his group, with similar conclusions.”™

Trehalose Has Useful Properties, Nevertheless

We implied above that trehalose works well for freeze-drying liposomes under less than
optimal conditions. The same applies for storage under conditions that would normally de-
grade the biomaterial. Bacteria freeze-dried in the presence of trehalose showed remarkably
high survival immediately after freeze drying. Furthermore, t the bacteria freeze-dried with
trehalose retained high viability even after long exposure to moist air.”* By contrast, when the
bacteria were freeze-dried with sucrose they showed lower initial survival, and when they were
exposed to moist air viability deceased rapidly. Further, when immunoconjugates were freeze
dried with trehalose or other disaccharides all the sugars provided reasonable levels of preserva-
tion. However, when the dry samples were stored at high relative humilities and temperatures,
those dried with trehalose were stable for much longer than those dried with other sugars.”®
This finding is of some considerable significance since there is a need for shipping
immunoconjugates, vaccines, antisera and the like to locales where they would be exposed to
high temperatures and humidities as soon as they are exposed to air.
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Figure 3. The relationship between the glass transition temperature (Tg) and water content of
trehalose, known as a state diagram. Below Tg membrane vesicles are rigidly held in the glassy
matrix, but above Tg mobility of the system increases such that the vesicles may come in contact
and undergo fusion. Data for Tg from reference 74. Fusion studies from reference 31.

Glass Transitions and Stability

Using liposomes as a model, we attempted to find a mechanism for long term stability in
the presence of trehalose. As with the bacteria and immunoconjugates, the dry liposomes ex-
posed to increased relative humidity rapidly leaked their contents when they were dried with
sucrose, but not when they were dried with trehalose.>'”# The liposomes underwent extensive
fusion in the moist air when dried with sucrose, but not with trehalose.

Trehalose, along with many other sugars, forms a glass when it is dried. This glass undergoes
a transition from a highly viscous fluid to a highly mobile system when it is heated above a
characteristic temperature, Tg, which increases sharply as dehydration progresses, resulting in
what is known as a state diagram (Fig. 3). The importance of the state diagram is as follows. It
has become widely accepted that stability of dry materials in which close approach of surfaces
must be prevented requires that the material remain below the curve for the state diagram, i.e.,
it must be maintained in the glassy state. Above the curve the mobility of the system increases,
while below it the materials are held in a relatively rigid matrix (Fig. 3). For instance, heating a
sample containing liposomes above Tg results in increased mobility to the point where fusion
occurs in the concentrated solution. Brief excursions above the curve are not necessarily dam-
aging, since the surface to surface interaction has a kinetic component. Because of this kinetic
component, there is a lot of confusion in the literature concerning whether the glassy state is
even required for stabilization.

T, for trehalose Js much higher than that for sucrose (Fig. 4), a finding first reported by
Green and Angell.”> As a result, one would expect that addition of small amounts of water to
sucrose by adsorption in moist air would decrease T, to below the storage temperature, while at
the same water content Ty for trehalose would be above the storage temperature. Indeed, at
water contents around 5%, Tg for trehalose is about 40°C, while that for sucrose is about
15°C. Tg for glucose at a similar water content is about -10°C (Fig. 4). One would predict that
atsuch water contents trehalose would be the only one of these three sugars that would stabilize
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Figure 4. Comparison of state diagrams for trehalose, sucrose, and glucose. Data from
reference 74.

the sample, and this appears to be the case. This would seem to provide an explanation for the
superior stability of, for example, the immunoconjugates stored in sucrose or trehalose de-
scribed above. We stress, however, that the elevated Tg seen in trehalose is not anomalous.
Indeed, trehalose lies at the end of a continuum of sugars that show increasing T, (40), al-
though the basis for this effect is not understood.

NonEnzymatic Browning and Stability of the Glycosidic Bond

The Maillard (browning) reaction between reducing sugars and proteins in the dry state has
often been invoked as a major source of damage,”® and the fact that both sucrose and trehalose
are nonreducing sugars may explain at least partly why they are the natural products accumu-
lated by anhydrobiotic organisms. However, the glycosidic bonds linking the monomers in
sucrose and trehalose have very different susceptibilities to hydrolysis.”””® For instance, the
activation energy for acid hydrolysis in aqueous solution is nearly twice that that for other
disaccharides.”” When O’Brien’” and subsequently Schebor et al’® incubated a freeze dried
model system (albumin, with the addition of lysine) with sucrose, trehalose, and glucose at
relative humidities in excess of 20%, the rate of browning seen with sucrose approached that of
glucose—as much as 2000 times faster than that with trehalose, although they observed a
distinct lag in the onset of browning (Fig. 5). Schebor et al found that a peak in the appearance
of monosaccharides occurs prior to the onset of browning, after which free monosaccharides
decline, coincidentally with the onset of browning (Fig. 5). These observations strongly suggest
that the browning seen with sucrose—but not with trehalose—is due to hydrolysis of the
glycosidic bond during storage.

The glassy state is undoubtedly related to these effects; if the samples are stored at very low
humidities only minimal amounts of hydrolysis and subsequent browning were seen in the
sucrose preparations.”””® Nevertheless, since sucrose is the major sugar associated with desicca-
tion tolerance in higher plants, consideration of the mechanisms by which devitrification at
moderate water contents and hydrolysis of the glycosidic bond in sucrose glasses are obviated in
anhydrobiotic plants is instructive.
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Figure 5. Browning of dry proteins (top) and release of monosaccharides by trehalose and sucrose
during storage. Adapted from reference 78.

Sugar Glasses in Plant Anhydrobiotes

Buitink has published an elegant series of studies of the properties of glasses in vivo in
anhydrobiotic 8glamts (see refs. 79,80), along with a superb review of the work (see ref. 81).
Briefly, Koster®” found that mixtures of sugars similar to those found in desiccation tolerant
(corn) embryonic axes (85% (w/w) sucrose, 15% (w/w) raffinose) formed glasses at tempera-
tures above 0°C, while sugar mixtures similar to those found in desiccation-sensitive axes (75%
(w/w) glucose, 25% (w/w) sucrose) formed glasses only at subzero temperatures. These and
similar data suggested that sugar mixtures form glasses in plant anhydrobiotes, but subsequent
studies indicated that the intracellular glasses are not composed of sugars alone. The state
diagram for intact pollen of cat tail at first glance seems to agree reasonably well with that for
sucrose (the major sugar in these pollen grains). However, subtle differences can be seen that
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have turned out to be significant: at low water contents Tg in the intact pollen is higher than
predicted based on the state diagram for the sugar, while at low water contents it is lower than
predicted.”” Furthermore, the temperature at which the glass collapses (Tc), which occurs sev-
eral degrees above Tg, is elevated by as much as 40°C in intact pollen and other
anhydrobiotes.*™®! The outcome of these studies is a clear indication that glasses in intact
anhydrobiotic plants are not composed simply of mixtures of sugars.

Wolkers et al®? developed a powerful approach based on infrared spectroscopy that permit-
ted characterization of cytoplasmic glasses. The measurement—rvibrational frequency of the
-OH stretch in sugars—permitted an estimate of the length and strength of hydrogen bonds
within the glass. Using this technique, Wolkers et al**%> found that the molecular density of
the cytoplasm resembled that of protein glasses more than that of sucrose, a finding that ini-
tially suggested that sucrose may be a relatively minor player in formation of the cytoplasmic
glass. However, studies on molecular motion in protein glasses have shown that rotational
mobility of the proteins is almost twice that seen in the cytoplasmic glass.** The conclusion is
that the cytoplasmic glass is likely to consist of a mixture of sucrose and proteins. The most
likely candidates for the protein component are the late embryogenesis abundant (LEA) pro-
teins that are accumulated in seeds and pollen late in development, and there is some evidence
suggesting that this is the case; when extracts are made from wheat embryos a sucrose in large
amounts was coisolated with the LEA proteins.®® Exhaustive dialysis removed only a fraction
of the sucrose, indicating that it is tightly bound to the protein.

The conclusion from these studies is that at least in plants cytoplasmic glasses consist of
sugar-protein mixtures. The apparent elevation of Tg and the collapse temperature by addition
of the protein to the glass is likely to lead to increased stability of the kind seen in trehalose
alone in vitro, owing to its elevated Tg. Thus, devitrification at moderate water contents is
obviated. The problem of stability of the glycosidic bond in sucrose during storage in the dry
state is somewhat more problematic, but it seems likely that the association with the protein
fraction, leading to the elevated Tg, could limit accessibility of water to the bond, thus limiting
hydrolysis.

Lessons from Nature Can Be Used to Preserve Intact Cells
in the Dry State

Clearly, trehalose must be introduced into the cytoplasm of a cell if it is to be effective at
stabilizing intracellular proteins and membranes during dehydration. Previous efforts centered
around this fundamental problem involving molecular engineering have not been particularly
successful.”-%® More recently, Wolkers et al*” made the surprising discovery that when human
blood platelets are placed in the presence of modest amounts of trehalose, they take it up by
fluid phase endocytosis, and the intact sugar ends up in the cytoplasm. Wolkers et al were able
to show only indirectly that trehalose is in the cytoplasm, but subsequent studies have shown
that this is so. Oliver et al”® have followed the fate of the sugar once it enters the endocytotic
pathway in a stem cell line, using fluorescence microscopy. The fluorescence initially appears in
vesicles, but with time it becomes diffuse, suggesting that the sugar is released into the cyto-
plasm. The mechanism of release is not entirely clear, but we have proposed that the sugars
follow the pathway described in Figure 6. The endocytotic vesicles progress through the nor-
mal pathway to lysosomes. It is well established that low molecular weight compounds such as
glucose readily cross the lysosomal membrane into the cytoplasm, but there is very little evi-
dence concerning the fate of disaccharides in lysosomes.”' Incubation of cells in sucrose led to
persistent vesiculation, suggesting that, apparently unlike trehalose, sucrose is retained in the
lysosomes. This seems surprising because even though lysosomes lack invertase and thus can-
not break the glycosidic bond in sucrose enzymatically, the glycosidic bond in sucrose should
be hydrolyzed at the pH known to occur in lysosomes, while that of trehalose should not.”!
Thus, if anything, one would expect that the sucrose, broken down into component glucose
and fructose, should cross the lysosomal membrane into the cytosol by means of the glucose
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Figure 6. Proposed mechanism for loading disaccharides into cell, based on data of (ref. 90)
and unpublished data of Auh et al. Trehalose (solid double dots, representing two glucose
monomers) and sucrose (open and solid mixed dots, representing glucose and fructose mono-
mers) enter the cell by fluid phase endocytosis (A) and are passed down the lysosomal pathway
(B). We suggest that the stability of the glycosidic bond in trehalose will permit trehalose to
survive at lysosomal pH, but that sucrose might be hydrolyzed. We further propose that
trehalose, sucrose, glucose, and fructose will all leak into the cytoplasm due to the known
effects of pH on permeability of phospholipid bilayers.2®

carrier, while the still intact trehalose should be retained. This matter is unresolved, but we
suspect that the lysosomal pH itself might lead to leakage; when liposomes loaded with a polar
fluorescent marker about the same size as trehalose were subjected to lysosomal pH, the marker
leaked across the bilayer into the external medium.?® We suggest that the pH gradient across
the lysosomal membrane might lead to leakage of trehalose and other low molecular weight
molecules into the cytosol. At any rate, we have found that trehalose can be introduced into the
cytoplasm of every cell we have tested, so long as the cell has a functional fluid phase endocy-
totic pathway.

Successful Freeze-Drying of Trehalose-Loaded Cells

We have recently reported successful freeze-drying of glatelets, with a detailed discussion of
the procedure, which results in survival exceeding 90%.* We started this project at the invita-
tion of the Department of Defense, where there is an obvious need for platelets for use in severe
trauma cases. At present, platelets are stored in blood banks for a maximum of 3-5 days, by
Federal regulation, after which they are discarded. Furthermore, the platelets are stored at room
temperature; they cannot even be refrigerated without rendering them useless therapeutically, a
phenomenon for which we have provided an explanation.”””” There is a chronic shortage of
platelets in hospitals, and field hospitals operated by the military rarely have access to platelets
at all. Thus, prolonging the shelf life of platelets would be a valuable contribution. The
freeze-dried platelets have the following properties: (a) The dry platelets are stable for at least
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two years when stored at room temperature, under vacuum. During that time we have seen no
loss of platelets. (b) The freeze-dried, rehydrated cells respond to normal platelet agonists in-
cluding thrombin, ADT, collagen, and ristocetin. (c) Studies on the morphology of the
trehalose-loaded, freeze-dried, and rehydrated platelets show that they are affected by the dry-
ing, but are morphologically similar to fresh platelets. When they were dried without trehalose,
on the other hand, most of the platelets disintegrated during the rehydration event, but of the
small number that were left, most had fused with adjacent cells, forming an insoluble clump.
(d) We have extended the freeze-drying to mouse and pig platelets as animal models for in vivo
testing.

The rehydrated platelets are far from perfect, but they nevertheless show surprisingly good
regulation of key elements of cellular physiology such as intracellular calcium (Auh et al, 2004).%®
For instance, when fresh platelets are challenged with thrombin they show an increase in [Ca;]
that is dose dependent. The rehydrated platelets show a similar response, although it is strongly
attenuated. Nevertheless, the increase in [Ca;] appears to be sufficient to trigger morphological
and physiological changes necessary for coagulation.

Can Nucleated Cells Be Stabilized in the Dry State?

Platelets are admittedly specialized cellular fragments, so it seemed likely at the outset that

the single perturbation of adding trehalose might not be sufficient to stabilize more complex
living cells. Indeed, this appears to be the case. When 293 cells were dried without prior load-
ing with trehalose by the fluid phase endocytosis described previously they all died at fairly
high water contents.”” When they were loaded with trehalose survival was extended consider-
ably, but the cells nevertheless died when water content was reduced below about 0.3 g H,O/
g dry wgt. Thus, we have begun studies on effects of stress proteins on improving survival of
nucleated cells at lower water contents and settled on p26 a small a-crystallin stress protein
from desiccation tolerant Artemia cysts, discovered by Clegg and his colleagues.' 1% In Artemia,
p26 protects against many different stresses.'*"!%” In addition, p26 has been shown to protect
synergistically with trehalose in vitro conditions or when loaded artificially into mammalian
cells.'*®1%? Along the same lines, Singer and Lindquist''®"!!" previously showed that trehalose
acts synergistically with heat shock proteins in protein folding.
1'% isolated and cloned the gene for this protein and transfected 293 cells with it.
They generously supplied us with the transfected cells. To our surprise, this protein signifi-
cantly improved the survival to low water contents, even though the levels of expression have
been very low—much less than that reported by Clegg for Artemia cysts.'”” The protein alone
does nothing to improve survival; trehalose is required as well, and the two appear to act syner-
gistically. The effects of expression of this gene become even more pronounced in the time
following rehydration; the cells expressing p26 showed a ten fold increase in colony growth
over those without the protein. Metabolism, expressed in terms of Alamar blue reduction,
improved at least five fold compared with cells dried with trehalose alone.

What Is the Role of p26 in Stabilizing Dry Nucleated Cells?

One hypothesis is that p26 participates in modulating the structure of the sugar glass, as
suggested from the findings of Wolkers®® and Buitink and Leprince.®' However, the expression
levels are so low in this case that we doubt that the protein would have much effect on the glass.
We favor instead the catalytic-like functions ascribed to stress proteins. A possible role for heat
shock proteins in the protection of mammalian cells during dehydration stress has not been
addressed, but there are indications from other organisms implicating HSPs in this regard. For
instance, a drought-resistant form of maize expresses a 45 Kd HSP that is not found in
drought-sensitive lines."'* Further, crossing the drought-resistant and sensitive lines led to F2
plants in which tolerance to soil drying was associated with expression of the 45Kd HSP!''? In
addition, the flesh fly Sarcophaga crassipalpis expresses two inducible HSPs (HSP23 and HSP70)
during dehydration of nondiapausing pupae.''® In diapausing pupae, these proteins are al-
ready highly expressed, and desiccation does not cause a further increase in expression.
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The most important mechanism by which heat shock proteins protect cells from various
stresses has traditionally been considered the protein chaperone function, assisting nascent and
misfolded proteins to gain their proper folded configuration.!'*!> However, an association of
stress proteins with membranes has more recently been described.!'*12° In fact, the “mem-
brane trigger” hypothesis suggests that the membrane may serve as an indicator, sensing the
initial stress and leading to the expression of heat shock proteins within the cell.'*""'?* Finally,
in addition to the protein and membrane effects, heat shock proteins have also been implicated
in the inhibition of apoptosis and oxidative damage.'?*!*® Finally, even more recent results
have shown that arbutin, a glycosylated hydroquinone found at high concentrations in certain
resurrection plants, also enhances survival of mammalian cells, in concert with trehalose.'??
This small molecule is known to have antioxidant properties and to interact with membranes
in the dry state, both of which observations seem consistent with the suggestions above.

Summary and Conclusions

Under ideal conditions for drying and storage, trehalose is probably no more effective than
other oligosaccharides at preserving biomaterials. However, under suboptimal conditions it
can be very effective and is thus still a preferred excipient. There is growing evidence that
additional modifications to the cellular milieu will probably be required if we are to achieve a
stable, freeze-dried mammalian cell, including expression of stress proteins, as reported here,
and administration of antioxidants and inhibitors of enzyme activity, as described elsewhere.'*
Thus, we have come full circle over the past decades on the requirements for stabilization of
cells in the dry state; 34 years ago, we suggested that survival of living cells in the dry state is a
complex phenomenon that is likely to involve multiple adaptations.'™" With the discovery that
membranes and proteins, and human platelets can be stabilized by the single perturbation of
adding trehalose, we suggested that this single lesson from nature might be sufficient, at least
under ideal storage conditions. However, the studies on nucleated cells summarized here indi-
cate that the original viewpoint on this matter'®" is most likely the correct one.
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CHAPTER 14

Chaperones As Part of Inmune Networks

Zoltin Prohdszka*

Abstract
etwork theory is increasingly accepted as a basic regulatory mechanism in diverse
| \ | immunological functions. Heat shock proteins (Hsps) are involved in multiple
networks in the immune system. Hsps themselves (foreign or endogenous) acti-
vate innate immunity and play important roles to deliver self or nonself materials to antigen
presenting cells. However, Hsps are immunodominant antigens during infectious diseases making
self Hsps endangered targets of autoimmunity by cross-reactive clones. Therefore, it is not
surprising that the mechanism of protection of self Hsps is not clonal deletion in natural self
tolerance; rather, self Hsps are protected by active regulating natural autoimmunity. The active
regulatory/protective immunity is accomplished by natural autoantibodies and regulatory T
cells, both recognizing Hsps. The multiple involvements of Hsps in immune networks make
them ideal targets of therapy in autoimmune diseases. Indeed, immunotherapy with Hsps was
recently reported to be effective treatment modality against cancer, arthritis or diabetes mellitus.

Introduction

Owing to their highly conserved and inducible nature stress proteins are ideal messengers of
cellular stress. Nearly all pathogen microorganisms studied till now possess heat inducible stress
protein genes and respond to the thermal (and other) stresses of infection with increased heat
shock protein (Hsp) expression. Higher organisms have innate sense, by means of innate im-
munity, to respond stress signals, on one hand. On the other hand, basically the same mol-
ecules may messenger stress of the host organism, making altered self ‘dangerous’, in case, for
example, of cell necrosis." However, the innate role of Hsps may become problematic in the
new world of the adaptive immunity. With the appearance of specific receptors (i.e., antibodies
and T cell receptors) the overexpressed and conserved stress proteins turn into first class targets
of autoimmunity by means of infection induced molecular mimicry. The highly conserved
Hsps, which are present in all mammalian cells, need therefore special protection in the ‘adap-
tive world’. In this Chapter recent data on the relationship of Hsps with innate immunity, their
protection by regulating autoimmunity will be summarized and a new concept on their em-
bedment in multiple networks of the organism will be presented.

Activation of Innate Immunity by Heat Shock Proteins

Mammalian heat shock proteins were described to activate innate immunity by nonclonal
receptors belonging to the family of pattern recognition receptors such us Toll-like receptors.
Members belonging to the 70- and 60-kDa Hsp family were mostly investigated and TLR2
and TLR4 were reported as important players in the transduction of signals. However, the

*Zoltan Prohaszka—IIIrd Department of Internal Medicine, Semmelweis University, H-1125
Budapest, Kitvolgyi st. 4, Hungary. Email: prohoz@kut.sote.hu

Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks,
edited by Peter Csermely and Laszlo Vigh. ©2007 Landes Bioscience
and Springer Science+Business Media.




160 Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks

binding receptors for Hsps are not yet completely known or debated (see ref. 2) and some of
the effects Hsps on the target cells seemed to be indistinguishable from effects of endotoxins
(LPS). This similarity between the effects of Hsps and LPS lend credence to the hypothesis that
the so-called cytokine effects of Hsps are due to contaminants copurified with the recombinant
proteins used in such experiments (reviewed in ref. 3). In some recent studies this hypothesis
was 1nvest1gated in details and Gao and Tsan pinpointed out the importance for caution while
interpreting the results of studies with recombinant Hsps.? We learned from the works of Gao
and Tsan that usually applied methods to control endotoxin contamination (polymyxin B
treatment and boiling of proteins) might be inappropriate and much more attention has to be
paid to control endotoxin effects in studies on innate immunity. However, several recent inde-
pendent lines of evidence obtained in well conducted and controlled experiments suggest that
Hsps, nevertheless, do manifest innate immune activities that are not due to bacterial contami-
nants. These include: activation of DCs and macrophages by mammalian Hsp70 and gp96
purified by a pyrogen-free method (see ref. 5); activation of macrophages via TLR2- and
TLR4-signaling by mammalian cells displaying Hsp70 on their surface.® Furthermore, Habich
et al reported results of elegant binding studies using fluorochrome labeled Hsp60 prepara-
tions. In these studies specific epitopes of Hsp60 were identified for binding to primary mac-
rophages.” Importantly, these epitopes overlap with B-cell epitopes of the molecule (see below).
In addition, the same group determined the binding site of Hsp60 for lipopolysaccharide as
well (see ref. 8), indicating that endotoxin is not just a simple contaminant in recombinant
Hsp60 preparation, rather, it might reflect an inherent property of this protein as a sensor and
messenger of danger. Interestingly, Hsp70 and Hsp90 have also been reported to act as recep-
tors for LPS.”!° In conclusion, all of the above experiments indicate that Hsps play i important
roles in the activation of innate immunity, but critical works rightly call our attention to the
fact that Hsps are likely found in complexes with self or nonself material.

Immunological Protection of Heat Shock Proteins

As mentioned above, Hsps are structurally highly conserved molecules from eubacteria till
humans what is true for their molecular structure, biochemical properties but partly even for
their 1mmunolog1cal (epitope) structure. It is not surprising, therefore, that several autoantigens
characterized in different autoimmune conditions share some of their epitopes with Hsps.'!
These findings indeed support the long lasting observation that infections may induce autoim-
mune processes. More surprising is the fact, however, that autoimmune diseases are rare dis-
eases and are characterized by well defined autoimmune reaction to only a few number of
autoantigens in a conserved nature. Furthermore, according to the idea that the source of self
tolerance is the clonal deletion, one may speculate that the closer a molecule is to self, the less
immunogenic it should be. It is surprising, therefore, to find that among the major antigens
recognized during a wide variety of infections many belong to conserved protein families shar-
ing extensive sequence identity with host’s molecules, for example Hsps. One interesting hy-
pothesis, dealing with the above listed controversies, was presented by Irun Cohen and co-
workers, called ‘the immunological homunculus’.'* The idea is that some, perhaps all, major
autoantigens are indeed dominant because each of them is encoded in the organizational struc-
ture of the immune system. Each dominant self antigen is served by an interacting set of T and
B cells that includes cells with receptors for the antigen (antigen-specific) and cells with recep-
tors for the antigen-specific receptors (anti-idiotypic). Some of these lymphocytes suppress and
others stimulate. Owing to the mutual connections between the various interacting lympho-
cytes in the network, some lymphocytes become activated even without being driven by con-
tact with specific antigen in an immunogenic form. The state of autonomous activity defined
by a pattern of interconnected lymphocytes constitutes a functional representation of the par-
ticular self antigen around which the network is organized. In other words, the picture of the
self antigen is encoded within a cohort of lymphocytes.
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At the time of the presentation of the immunological homunculus, the information that
cells of innate immunity, and even B cells, possess more abundant and effective receptors (as
compared to the specific ones), the pattern recognition receptors (PRRs, i.e., Toll-like recep-
tors), for the conserved antigens, for example for Hsps, was not available. Most probable the
recognition of the conserved molecules by PRRs is also a fundamental mechanism why these
molecules became immunodominant during infection. Although the idea on ‘immunological
homunculus’ was debated in the meantime and the conception is far from a general acceptance
in the immunologists’ community, some recent results support the existence of regulating natural
autoimmunity. Heat shock proteins seem to be an important contributor to, and target of,
these regulatory mechanisms.

Role of Natural Autoantibody Networks in Regulation

of Autoimmunity

Natural antibodies refer to antibodies that are present in the serum of healthy individuals
in the absence of deliberate immunization with the target antigen.'®> Autoantibodies are
immunoglobulins that react with at least one self antigen, whether they originate form healthy
individuals or patients with autoimmune disease. The importance of natural antibodies reac-
tive with self antigens (natural autoantibodies, NAA) has earlier been neglected, as tolerance
to self was thought to be primarily dependent on the deletion of autoreactive clones during
ontogeny. It is now established, that NAAs are present in almost all vertebrates investigated
until now.'* NAAs may belong to IgM, IgG or IgA isotypes, whereas in humans IgG domi-
nates. Natural autoreactive B cells are endowed with some switching ability in the absence of
cognate interactions with T cells. NAAs are characterized by polyreactivity resulting in spe-
cific reactivity patterns. NAAs are characterized by a broad range of affinities having mainly
dissociation constants in the micromolar range. The notion that an antibody has to be of
high affinity in order to be biologically relevant originates primarily from the analysis of the
requirements for an efficient immune response against pathogens. This concept does not
necessarily apply to natural antibodies. Specific polyreactive recognition patterns of low af-
finity antibodies may result in novel biological properties that emerge from the organization
of networks. The biological activities of such networks may not be predicted from activities
of individual members of the network.

Evidence for the intrinsic network regulation of autoreactive antibody repertoires include
(reviewed in ref. 15): (i) the V-region-dependent connectivity between NAA; (i) the restricted
pattern of reactivity to a set of self antigens that is conserved among healthy individuals and
throughout life; (iii) the spontaneous fluctuations of concentrations of NAAs over time; and iv,
the suppression of pathogenic autoreactive clones by infusions of normal polyvalent IgG (IVIG)
in patients with autoimmune diseases.

Polyreactivity and V-region-dependent connectivity are basic features of NAAs comprising
interactions with other IgG- and immunological active molecules. Reactivities of NAAs to-
wards cytokines and cytokine receptors, cell surface receptors (such as CD4 or MHC class 1
molecules), adhesion molecules, coagulation factors and heat shock proteins have been reported. 15

Anti-Hsp90 reacting antibodies were recently shown to be part of the natural autoantibody
repertoire and were characterized as broadly cross-reacting antibodies mainly belonging to the
IgG2 subclass.'® Furthermore, in the study of Pashov and coworkers, 16 although the anti-Hsp90
antibodies bound to the same set of antigens in the patients, there were quantitative differences
among the antibodies tested. Thus, the natural autoantibody repertoire qualitatively seems to
be invariable, directed against a highly conserved set of immunodominant antigens including
Hsp90. Work in our laboratory in the past years was focused on the analysis of anti-Hsp60 and
anti-Hsp70 IgG autoantibodies. In a recent review paper supporting evidence was summarized
on the view that anti-Hsp60 IgG autoantibodies belong to NAAs.!” These antibodies are present
in all healthy individuals investigated and in IVIG preparations as well.'® In our recent studies
anti-Hsp60 autoantibody level-associated genetic factors were determined. Allelic variants of
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Figure 1. 1gG anti-Hsp70 autoantibodies are present in the normal immunoglobulin prepara-
tion (IVIG) and in normal human serum (NHS). ELISA plates were coated with human heat
shock protein 70 (2 ug/ml) and incubated with serial dilutions of IVIG (A) or NHS (B). Uncoated
wells were used as control. Anti-Hsp70 IgG antibodies were determined as described earlier.??
Means of two parallel measurements and SD are plotted, the experiment was repeated four
times with identical results.

promoter polymorphism -174 of interleukine-6 (IL-6) were shown to associate with anti-Hsp60
concentrations in two independent populations (ref. 19 and unpublished studies from the
author’s lab). Furthermore, allelic determinants of immunoglobulin constant regions (KM de-
terminants) have also been shown to associate with increased autoantibody levels.”’ Most im-
portantly, IL-6 and Ig KM determinants were in epistatic interaction in the regulation of
anti-Hsp60 levels.”! IgM and IgD natural autoantibodies to Hsp70 have earlier been reported
in normal mice.** This observation is strengthened by recent results on the presence of
anti-Hsp70 IgG reactivity in all healthy human serum samples tested (see refs. 23,24) and in
IVIG preparation (Fig. 1).

Taken together natural autoantibodies to different families of Hsps are present in sera of
healthy individuals. These anti-Hsp antibodies—although directly not yet investigated—most
probably operate in networks like other NAAs. Since Hsp70 and Hsp60 has been reported to
be present in the circulation of healthy individuals (see refs. 24-26) and heat shock proteins
might be expressed on the surface of stressed or transformed cells, this setting preferentially
give rise to the formation of self regulating networks. Importantly, B cell- and receptor binding
epitopes of HspG60 are partly overlapping (see refs. 7,18) indicating functional relevance of
NAAs in the possible regulation of biological activities of Hsp60.

Heat Shock Proteins as Negotiators between Promotion
of Inflammation or Control of Autoimmunity
Heat shock proteins present in the circulation of healthy individuals and patients might
originate from cells of the organism or from colonizing or pathogenic microorganisms. The
source of Hsps, their complexes with self- or foreign materials and the nature of the host’s
regulating immune network is decisive on the shape of subsequent immunological events.
Hsps originating from self tissues (endogenous Hsps) are present in healthy and diseased
subjects.?*2% The source of these Hsps is likely cellular necrosis (passive release), but active
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release (i.e., secretion of small membrane vesicles) can not be excluded. Indeed, exosomes have
repeatedly been shown to contain cytoplasmic members of Hsp families.”” These molecules
might carry endogenous peptides and deliver them to antigen presenting cells thus signalling
the state of self to other cells. Srivastava and colleagues recently reviewed the potential of Hsps
eliciting anti-tumor immune responses.”® Furthermore, endogenous Hsps may stimulate regu-
latory T-cells that control pathogenic T cells for self antigens other than Hsps.?> However,
Hsps originating from infecting agents might be complexed with endotoxins and other bacte-
rial materials making these complexes highly active in initiating inflammation (see above).
Thus, depending on the source of Hsp material and the surrounding of recognition processes
immunological responses of the host may be very diverse. In other words Hsps may both
promote or regulate inflammatory processes having fundamental relevance to pathologi-
cal conditions.

The best studied exam[i)les in this field are adjuvant arthritis (see ref. 30) and autoimmune
diabetes mellitus type 1.°>! In adjuvant arthritis a pathogenic role of T cell reactivity to a
nonconserved epitope of Hsp65 (AA180-188) has been shown.? Later studies confirmed that
the self antigen recognized by this clone is not Hsp60 but the cartilage proteoglycan. Further-
more, Hsp65 can be used effectively to prevent different experimental arthritis types, and this
is based on a general anti-inflammatory pathway induced by Hsp65.%334 The protective effects
of Hsp65 depend on cell mediated processes that induce regulatory cells turning down inflam-
mation. In case of diabetes mellitus a beta-cell target antigen in nonobese diabetic (NOD)
mice is a molecule cross-reactive with the Hsp65. The importance of hsp65 in the pathogenesis
of the disease was confirmed by the ability of clones of anti-hsp65 T cells to cause insulitis and
hyperglycemia in young NOD/Lt mice. Moreover, hsp65 antigen could be used either to in-
duce diabetes or to vaccinate against diabetes, depending on the form of its administration to
prediabetic NOD/Lt mice.” Subsequent research recognized the minimum structure
(AA437-460 called p277) of Hsp60 arresting the destruction of the beta-cells in NOD mice.°
The mechanism of protection against diabetes in the NOD mice is characterized by the shift of
Th1/Th2 balance towards Th2, by the downregulation of T-cell and IgG responses against self
antigens but no modification of spontaneous Th1 cytokine secretion to Hsp65 peptide. The
successful formulation of the p277 peptide (DiaPep277) led to the initiation of phase I and II
human studies with prosperous results.

Taken together the above summarized experimental data strongly support the view that the
conserved heat shock protein (self or foreign) molecules are indeed negotiators between pro-
motion of inflammation or control of autoimmunity.*® Translation of this knowledge into
practical usage in human health will most probably help to control some of the autoimmune
diseases.

Heat Shock Proteins as Elements of Multiple Networks

Jerne suggested some 25 years ago that immunoglobulin idiotypes are organized as net-
work of complementary shapes.*’ Network regulation in immunology was neglected for
longer time and tolerance was regarded as result of the elimination of all self-reactive clones.
However, accumulating data suggested that basic functions of regulatory T cells and natural
autoantibodies are related to network operation, thus more and more light was shed onto
this area of immunology.**! Conventional immune responses and much of their regulation
are satisfactorily explained by clonal selection principles, such as somatic mutation and ‘in-
duced fic’ and clonal selection also contributes the rational basis for anti-infectious protec-
tion. However, core operation of immune networks has little to do with immune responses,
but is fundamental to the understanding of questions that were not solved by the clonal
selection theory. These unresolved areas include internal lymphocyte activities, natural anti-
body production in unimmunized animals, preimmune repertoire selection, tolerance and
self-nonself discrimination, memory and the evolution of immune systems.?? Basic features
of Hsps make them core elements (or using the network term: hubs) in immunological
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Figure 2. Heat shock proteins in multiple immunological networks and presentation of their
putative complex roles in promotion or control of inflammation and autoimmunity. Hsps
present in mammalian host organisms may originate from endogenous or exogenous sources.
Endogenous Hsps may be released by host cells during necrosis passively or by active secretion
by means of small membrane vesicles (exosomes). Endogenously released Hsps carry self
peptides and may ‘signal’ the composition of self to other tissues in the body. Pathogen mi-
crobes or organisms of the body’s normal flora may constitute sources of exogenous Hsps. Hsps
from both sources can form complexes with hydrophobic materials such as endotoxins result-
ing in highly proinflammatory motifs. Hsps are potent inducers of regulatory T cells, however,
they may also contribute to the activation of effector T cells via interactions with antigen
presenting cells. The type of reaction (proinflammatory or regulatory) depends on the compo-
sition of Hsp material present. ‘Dangerous’ complexes induce maturation and activation of
APCs via pattern recognition receptors whereas ‘nondangerous’ Hsps promote regulatory T
cell activity downregulating inflammation. The network of natural antibodies contains
polyreactive, low-affinity antibodies reacting with Hsps as well. The interaction of these
antibodies with Hsps is the fine-tuning mechanism in the regulation of inflammation during
infection, stress, trauma or development of tissues. (Please note that the various networks on
the figure are only illustrative).

networks. These features include their presence in almost all living organisms in conserved
manner, their immunodominance and their pivotal immunological activities (recognition
by several classes of receptors). Figure 2 illustrates the complex role of Hsps in immunologi-
cal processes. Research in the past years could focus only on parts of this complex picture.
Future research, however, has to deal with the challenges illustrated on Figure 2, i.e., upcom-
ing studies need to use all of the modern technological, genomical and bioinformatical ap-
proaches to task on understanding the complete processes. Taking Hsps as parts of multiple
networks will help to delineate their multiple and decisive roles in promotion or regulation
of inflammatory and autoimmune processes.
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CHAPTER 15

The Stress of Misfolded Proteins:
C. elegans Models for Neurodegenerative Disease and Aging

Heather R. Brignull, James F. Morley and Richard I. Morimoto*

Abstract

growing number of human neurodegenerative diseases are associated with the expres-
Asion of misfolded proteins that oligomerize and form aggregate structures. Over time,

accumulation of misfolded proteins leads to the disruption of cellular protein folding
homeostasis and eventually to cellular dysfunction and death. To investigate the relationship
between misfolded proteins, neuropathology and aging, we have developed models utilizing
the nematode C. elegans. In addition to being genetically tractable, C. elegans have rapid growth
rates and short life-cycles, providing unique advantages for modeling neurodegenerative dis-
eases of aging caused by the stress of misfolded proteins. The C. elegans models described here
express polyglutamine expansion-containing proteins, as occur in Huntington’s Disease. Through
the use of tissue-specific expression of different lengths of fluorescently tagged polyglutamine
repeats, we have examined the dynamics of aggregate formation both within individual cells
and over time throughout the lifetime of individual animals, identifying aging and other ge-
netic modifiers as an important physiologic determinant of aggregation and toxicity.

Introduction

Misfolded proteins, aggregates, and inclusion bodies are hallmarks of a range of
neurodegenerative disorders including Alzheimer’s disease (AD), Parkinson’s disease (PD), prion
disorders, amyotrophic lateral sclerosis (ALS), and polyglutamine (polyQ) diseases that in-
clude Huntington’s disease (HD) and related ataxias.!” Each of these disorders exhibits
aging-dependent onset and selective neuronal vulnerability despite widespread expression of
the related proteins, and a progressive, usually fatal clinical course. The deposition of intra- or
extracellular protein aggregates is a well-conserved pathological feature and has been the focus
of extensive investigation.” Despite differences in the underlying genes involved, inheritance
and clinical presentation, the similarities observed have led to the proposal of shared patho-
genic mechanisms and the hope that insights into one process may be generalized to others.

In support of this premise is growing evidence that the cellular protein guality control
system appears to be an underlying common denominator of these diseases.” For example,
genes involved in protein folding and degradation, including molecular chaperones and com-
ponents of the proteasome, have been shown to modulate onset, development and progression
in models of multiple neurodegenerative diseases.”” Further, it has been suggested that despite
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the absence of sequence homology, different disease-related proteins share a common ability to
adopt similar proteotoxic conformations and that these might be used as therapeutic targets.®”

Models of Neurodegenerative Disease

Some of these disorders, including the polyQ diseases, exhibit familial inheritance, allowing
the use of genetic studies and positional cloning to identify single gene alterations underlying
the disorders.'%'3 Other diseases are sporadic, but rare familial forms have allowed the identi-
fication of candidate genes that could reveal insights into pathology. These include mutations
of amyloid Jprecursor protein in AD, parkin and a-synuclein in PD and superoxide dismutase
in ALS.""? Identification of these genes has led to the development of many model systems to
investigate the underlying pathology and to identify factors and pathways that modify the
disease process.

In addition to transgenic mouse and cell culture models has been the development of inver-
tebrate models using Drosophila and C. elegans for the study of neurodegenerative disease.”%>4
As described here for C. elegans, these systems provide a genetic approach for identification of
modifiers of both cellular and behavioral phenotypes which together with a relative ease of
technical manipulation facilitates rapid, high-throughput testing of hypotheses.

In a number of cases, disease gene orthologs have been identified and their loss of function
phenotypes observed. For example, inactivation of the fly parkin gene results in a degenerative
phenotype.?>?® However, pathogenic mechanisms in neurodegeneration often involve a gain
of function toxicity allowing these disorders to be modeled using transgenic overexpression of
human disease-related proteins regardless of whether a clear ortholog can be identified. Expres-
sion of polyQ containing proteins is neurotoxic in both Drosophila retinal neurons and C.
elegans chemosensory or mechanosensory neurons despite the absence of clear disease gene
orthologs.””° Similar strategies have been used to examine the toxicity of APP, SOD, a-synuclein
in flies and worms.?!"31-3¢ Despite the idiosyncrasies of different models, each provides unique
insights that clearly validate the general approach.

C. elegans Model of polyQ Disease

Our studies have focused initially on polyQ expansions as occur in Huntington’s Disease
and related disorders including several spinocerebellar ataxias and Kennedy’s Disease.” 1" At
least nine human neurodegenerative diseases are associated with polyQ expansions within oth-
erwise unrelated genes. In addition to a shared pathogenic motif, gene products associated with
this class of neurodegenerative diseases are ubiquitously expressed but affect only neurons.
Even within neuronal tissues, discases show subset-specific aggregation, toxicity, and death, 14!

Expression of expanded polyQ, with or without flanking sequences from the endogenous
proteins—or when inserted into an unrelated protein—is sufficient to recapitulate pathologi-
cal features of the diseases in multiple model systems including the appearance of protein
aggregates, loss of cell function, and cell death.“*#>*> This suggests a central role for the polyQ
expansion in these disorders and supports an approach whereby expression of isolated polyQ
expansions without flanking sequences could lend insight into shared features of these disorders.

In vivo, pathogenesis is length-dependent and results from a toxic gain of function.?” 404647
Genetic studies have established that Huntingtin alleles from normal chromosomes contain
fewer than 30-34 CAG repeats, whereas those from affected chromosomes contain greater than
35-40 repeats.*s Analysis of patient databases has established a strong inverse correlation be-
tween repeat length and age of onset.®®* Similar length dependencies are seen for the other
polyQ repeat diseases suggesting a 35-40 residue threshold at which the disease gene products
are converted to a proteotoxic state.

C. elegans, as a model has certain advantages for the study polyQ expansions. C. elegans is
a roundworm that in its free-living form can be found in a variety of soil habitats. In the
laboratory, the animals can be readily cultured in large numbers on agar plates seeded with a
lawn of E. coli, as wild-type adult animals reach a maximum length of approximately 1mm.
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The adult stage is preceded by progression through embryonic development, four stereo-
typed larval stages and an additional alternative quiescent form—termed the dauer larva—
that can be accessed under conditions of low food, high population density or conditions
otherwise unfavorable for growth. This life cycle is completed in approximately 2 days under
typical growth conditions (20-25°C).

Atall stages of development, C. elegans are transparent, permitting easy detection of fluores-
cent proteins in live animals. The hermaphrodite body plan is relatively simple, comprised of
959 somatic cells of which 302 cells are neurons. Despite the small number of cells C. elegans
have multiple complex tissues types including intestine, muscle, hypodermis and a fully differ-
entiated nervous system. Furthermore, C. elegans displagf conservation of basic molecular mecha-
nisms enabling comparison with vertebrate models.”*? Thus, despite its simplicity and ease of
handling, studies in C. elegans can offer insight into processes unique to complex multicellular
organisms.

The C. elegans polyQ Series in Neurons

To determine the effect of polyQ proteins in the neurons of C. elegans, we took a broad
approach and expressed polyQ proteins throughout the nervous system. Phenotypes such as
aggregation and neurotoxicity would therefore be the result of an integrated, system wide stress
response rather than the stress response of a few isolated cells. Transgenic lines were generated
using a range of polyQ expansion proteins (Q0, Q19, Q35, Q40, Q67, Q86) tagged with a
fluorescent protein, and then expressed in neurons.

In young adult animals, expression of Q19 resulted in a pattern of diffuse neuronal distri-
bution that persisted throughout the life of the animal, similar to control animals expressing
the fluorescent marker (Q0). In Q19 animals cell bodies of commissural neurons (Fig. 1B,
arrow) and the dorsal nerve cord (DNC) (Fig. 1B, open arrow), can be observed. The DNC is
formed almost exclusively of neuronal processes and therefore displays a smooth, diffuse fluo-
rescent intensity in Q19 animals. By comparison, the ventral nerve cord (VNC) contains vis-
ible cell bodies scattered along its length (Fig. 1B, triangle).

Figure 1. Poly-Q length dependent changes in protein distribution patterns. Pan-neuronal
Q19::CFP has a soluble distribution pattern (A,B) while Q86::CFP is distributed into discreet
foci (C,D). Arrows indicate commissural neurons. Open arrow indicates DNC, triangle indi-
cates VNC, scale bar = 100 um. E) Flattened z-stacks of C. elegans head, scale bar = 50 um.
Expressing arange of polyQ lengths reveals that proteins with tracts of <Q40 maintain a soluble
distribution pattern while those =Q67 form foci. All animals depicted are young adults, four
days post-hatch.
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Distribution of Q86 protein was strikingly different from the diffuse distribution of Q19
protein. Throughout the nervous system, Q86 protein was limited to discrete foci, indicating
polyQ length-dependent aggregation in C. elegans neurons (Fig. 1C-D). Q86 foci were de-
tected in the earliest larval stage and persisted throughout the lifespan of the animal suggesting
that length-dependent changes in distribution of proteins with long polyQ expansions oc-
curred independent of neuronal subtype in C. elegans.

To determine the threshold length required to change the distribution pattern from diffuse
(Q19) to foci (Q86), we expressed Q35, Q40, and Q67 fused to a fluorescent reporter. Ani-
mals expressing proteins with =Q40 display clearly delineated neuronal cell bodies and pro-
cesses, suggesting the presence of soluble proteins. The soluble distribution pattern of QO,
Q19, Q35 and Q40 can be clearly observed in the head of C. elegans where the distinctive
neuroanatomy of chemosensory processes (Fig. 1E, arrow) and the circumpharyngeal nerve
ring can be identified (Fig. 1E, triangle). Q67 formed foci exclusively, similar to those observed
in neurons of Q86 C. elegans (Fig. 1E). In contrast, the distribution pattern of proteins =Q40
never resembled that of Q67 or Q86. The polyQ length-dependent changes in protein distri-
bution shown here, together with a threshold for foci formation of >Q40, recapitulate two of
the major features of most polyQ-repeat diseases.

Biophysical Properties of polyQ Proteins in Neurons of Live Animals

The soluble distribution pattern of protein with <Q40 was visually distinct from Q67 and
Q86. To assess whether the visual changes in distribution correspond to changes in protein
solubility, we employed fluorescence recovery after photobleaching (FRAP) analysis. Deter-
mining the rate of recovery after photobleaching in an individual neuron provides a direct
measure of protein solubility and mobility and therefore enabled us to discriminate between
changes in distribution due to protein aggregation, in which interacting proteins are stably
associated and immobile, or changes due to restricted subcellular localization.>>>*

FRAP experiments on live animals that expressed a soluble control, Q0 or Q19, showed
rapid recovery from photobleaching (Fig. 2A,B) consistent with soluble protein (Fig. 2D).
However, foci bleached in Q86 neurons did not recover, indicating that the protein was immo-
bile, from which we concluded that protein aggregates had formed (Fig. 2C,D). FRAP results
were confirmed by Western blot analysis showing that Q86 aggregates were resistant to 5%
SDS treatment, characteristic of polyQ aggregates.”>>® Therefore, aggregates in our analysis of
C. elegans neurons were visually distinct foci formed by stably associated, immobile proteins.
Q86 aggregates failed to recover from photobleaching in all neurons examined, a result which
suggests that polyQ aggregates form independently of cell-type. This observation is consistent
with the extensive distribution of Q86 proteins into foci as described (Fig. 1C-E).

It has been proposed that polyQ expansions result in the formation of B-sheet structures
that self-associate and lead to aggregation.””® This hypothesis predicts that in addition to
being immobile and resistant to SDS, polyQ proteins in aggregates would be closely associated
in an ordered structure. Fluorescence Resonance Energy Transfer (FRET) is a technique devel-
oped for in vitro biochemical studies and applied to cell culture to determine in vivo, the
proximity of two proteins. The resolution of this technique is in the nanometer range; FRET is
maximal at 50A and will not occur if proteins are more than 100A apart. This technique has
been widely employed to show protein interactions in vitro and in cell culture.”>*® We there-
fore performed FRET experiments to determine whether polyQ proteins in C. elegans neurons
are sufficiently ordered, and in molecular proximity for energy transfer between CFP and YEP.

FRET efficiencies were determined for neurons of a live animals using the acceptor
photobleaching technique in which donor (CFP) intensity is compared before and after accep-
tor (YFP) photobleaching.®! In C. elegans expressing both Q19::CFP and Q19::YFP, acceptor
photobleaching had no effect on donor intensity, similar to negative control animals (Fig.
3C-F). These results show that, indirectly, FRET was not occurring between Q19 proteins. In
contrast, FRET was observed in neuronal aggregates of expanded polyQ proteins. C. elegans



The Stress of Misfolded Proteins 171

A.Pre-Bleach | Post-Bleach Recovery

D. 120%
100%

80% -
5 50%
40% -
20%
0% ] L] L] L] ] L ]
6 4 38 72 106 140 174 208
Time (g8)

Figure 2. Solubility of PolyQ foci is consistent with aggregation. FRAP in C. elegans neurons
expressing Q19::YFP, a photobleached area (box) recovers rapidly (B,D), similar to QO (A,D)
indicating soluble proteins while bleached Q86::YFP foci do not recover (C,D). Therefore,
Q86::YFP foci are insoluble, consistent with aggregation. Quantification (D) is =5 experiments
with SEM. Signal intensity is measured in the color scale (A) where blue is least intense and red
ismostintense. Bar=5um. Acolor version of this figure is available online at www.Eurekah.com.

coexpressing Q86::CFP and Q86::YFP showed an increase in donor intensity following accep-
tor photobleaching, similar to positive of animals expressing a chimeric protein of CFP linked
to YFP (Fig. 3A-B,G-H).”” FRET positive aggregates were detected in a wide range of neurons
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Figure 3. Q86 protein in neuronal aggregates exhibits FRET, indicating close and roughly
ordered interactions at the molecular level. YFP photobleaching is seen on the YFP channel,
(panels A,C,E,G) and its effect on CFP donor intensity in the same cell (panels B,D,F,H). Control
animals expressing CFP::YFP FRET (A,B), Ej = 0.248(x 0.089) while CFP and YFP coexpression
(C,D) do not FRET, Ej = 0.001 (+ 0.025). Neurons coexpressing Q19::CFP and Q19::YFP (E,F)
do not FRET, E; = -0.090(= -0.057) while coexpression of Q86::CFP and Q86::YFP (G,H) does
produce FRET, E; = 0.224(+ 0.076). Cells shown are representative of FRET experiments.
Intensity is by a color scale (G) where blue is least intense and red is most intense. Scale bar
= 2 um. A color version of this figure is available online at www.Eurekah.com.
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with no clear correlation between FRET intensity and cell-type. The visible redistribution of
Q67 and Q86 into foci, combined with SDS resistance, FRAP and FRET data, shows that
large polyQ expansions form insoluble, ordered aggregates in neurons throughout the nervous
system of C. elegans with no evidence of cell-specific solubility.

PolyQ Length-Dependent Aggregation Correlates
with Neuronal Dysfunction

In human disease, and in mouse, Drosophila, and cell culture studies of polyQ pathogenesis,
aggregation is often accompanied by cellular dysfunction, although it remains unknown whether
the toxic species are polyQ aggregates visible by light rmcroscopy or some intermediate ollgo—
meric species along the pathway to aggregate formation.®® To test whether polyQ aggregation
in C. elegans neurons was accompanied by neurotoxicity, we examined behavioral phenotypes
regulated by the nervous system. The most striking phenotype was a polyQ length-dependent
loss of coordinated movement leading to nearly complete paralysis. More than 60 neurons in
C. elfgam enervate muscle cells. Dysfunction or loss of these neurons results in lack of coordi-
nation or paralysis.®**> Q0 or Q19 animals with no visible polyQ aggregates showed rapid
movement similar to wild type (N2) animals and Q19 showed a slight decrease. Animals with
visible aggregates, Q67 and Q86, had limited capacity for coordinated movement exhibiting a
decrease of 85% and 89% respectively, relative to QO (Fig. 4). These results suggest that forma-
tion of visible polyQ aggregates correlates with neuronal dysfunction.

Unexpectedly, pan-neuronal expression of intermediate polyQ lengths, Q35 and Q40, also
affected behavior. In contrast to the clear phenotypic differences observed between transgenic
animals that expressed short or long polyQ proteins, individual Q35 and Q40 animals dis-
played heterogeneity in behavioral phenotypes (Fig. 4). These results did not seem to correlate
with the soluble distribution pattern of Q35 and Q40 proteins, visually distinct from the
extensive foci formation in Q67 and Q86 animals (Fig. 1E). Behavioral toxicity in intermedi-
ate animals may have resulted from aggregation in a sub-set of neurons, or Q35 and Q40
proteins may display subtle differences in biochemical state, both of which could result in
neurotoxicity without overt foci formation.
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Figure 4. Increases in polyQ length correlate with neuronal dysfunction. Each point represents
the average motility of a single young adult animal (4 days) over thirty seconds. Motilit}/ was
quantified by determining the frequency with which animals thrashed when in liquid.'%*

Dynamic Biophysical Properties of Intermediate polyQ Tracts
in the Ventral Nerve Cord

To determine whether there was a link between behavioral phenotypes and biochemical
states in Q40 animals we examined neurons associated with motility, where the most signifi-
cant differences in polyQ length-dependent toxicity were observed. The highest concentration
of neurons that regulate motility are found in the VNC. FRAP experiments on multiple neu-
rons distributed throughout the VNC of a single animal reveals that Q40::YFP solubility is
heterogeneous. Recovery of Q40 protein ranged from soluble, similar to Q19, or insoluble like
Q86 despite the absence of overt visual foci. Areas displaying rapid, but incomplete recovery
were also observed, suggesting some neurons may combine both soluble and immobile protein
components. While areas of insoluble Q40 protein were observed all along the VNC, only
soluble Q40 was observed in neurons in head or tail ganglia.

The heterogeneity of intermediate polyQ protein solubility led us to hypothesize that het-
erogeneity might also exist in the distribution pattern of Q40 proteins, although it was not
detected at the resolution of our earlier microscopy studies. Upon reexamination of the visual
distribution of Q40 protein at higher magnification, we found subtle yet consistent changes in
distribution, with Q40::YFP proteins localized to areas of increased fluorescent intensity form-
ing oblong shapes with well defined, tapered ends that were not observed in animals expressing
either short or long polyQ expansion. Although the distribution pattern of Q40 protein local-
ization at high magnification was distinct from other polyQ containing animals, it could not
be detected under a simple dissection microscopes.

To determine whether the intermediate length Q40 protein displays intermolecular inter-
actions distinct from short (Q19) or long (Q86) polyQ proteins we performed FRET analysis.
In a single young adult Q40 animal, we tested areas along the entire length of the VNC by
FRAP to enable correlation of FRET results with Q40 solubility. Immediately following FRAP,
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the same region was tested for FRET. In regions of where FRAP results indicate soluble
Q40 protein, photobleaching of the acceptor has little effect on donor intensity suggest-
ing that no significant Q40-Q40 protein interactions are occurring. Conversely, in re-
gions where FRAP reveals insoluble Q40 protein, intermolecular interactions of Q40
proteins causes FRET. The efficiency of interaction for Q40 proteins reveals two distinct
populations coexist within the neurons of a single Q40 animal whereas Q19 or Q86
animals display only a single type of intermolecular interaction. Together, the comple-
mentary techniques of FRET and FRAP present a profile of Q40 proteins in vivo that
reveals heterogeneity of biophysical states of an intermediate-length polyQ protein which
is distinct from the homogeneous states observed for long or short polyQ proteins in the
neurons of a multicellular organism.

These results suggest that Q40 protein can exhibit polymorphic subcellular distribu-
tion, solubility, and intermolecular interactions in an individual animal, unlike Q86 that
exhibits an invariant immobile state, consistent intermolecular interactions and consis-
tent distribution into foci. Variable biophysical properties of Q40 protein combined with
the motility assay in which behavior of individual Q40 animals ranges from wild type to
severely impaired, shows that polyQ-mediated neurotoxicity in C. elegans can be ob-
served in the absence of overt foci formation.
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Figure 5. Solubility of polyQ proteins in specific neurons is independent of aging. A) Specific
neurons are identified in the flattened z-stack of a representative Q40 animal (8 days old) and
(B) FRAP results are shown for each neuron. Q40 protein in the neurons analyzed remains
soluble even as animals age. C) FRAP data shown are the average for each specific neuron, with
standard deviation, analyzed in animals from 4 to 8 days of age.
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Neuron-Specific Responses to polyQ Proteins

Our observation that solubility of Q40 proteins in C. elegans can vary between different
areas of the nervous system suggests that there are modifiers acting on simple polyQ proteins
independent of protein context. The observed variability in polyQ protein solubility could be
stochastic rather than a neuron-specific response. To address this, we performed FRAP experi-
ments on several specific neurons in addition to the VNC. We reasoned that if solubility of
Q40 protein is stochastic, protein solubility in a specific neuron will vary between animals.
However, if polyQ protein solubility is neuron-specific, FRAP results should be consistent in
all animals tested. FRAP analysis of specific neurons in multiple animals and show that Q40
protein is consistently soluble whereas the VINC displays polymorphic Q40 solubility in all C.
elegans examined (Fig. 5A,B). These results suggest that polyQ solubility is consistent in spe-
cific classes of neurons. We hypothesize that polyQ solubility is modulated by some property of
the neuron in which it is expressed, such as neuronal function, connectivity, activity levels, or
expression levels of the polyQ protein.

Another characteristic that could have a major effect on polyQ solubility in neurons is the
age of the animal. Aging is well established as a major contributor to the onset of polyQ repeat
diseases in both humans and in model systems. We therefore examined specific neurons in
animals of different ages show that in specific neurons, Q40 protein remains soluble in animals
up to 10 days of age (Fig. 5C). In contrast, the VNC displays insoluble protein as early as three
days and polymorphic solubility of Q40 persists as the animals age. These results showed that
Q40 can exhibit polymorphic biochemical properties and remained soluble in some neurons
while becoming aggregated in the VNC. It also suggested that some neurons displaying soluble
Q40 protein are able to maintain solubility as they age. These properties of Q40 are in contrast
to the complete aggregation of Q67 or Q86 proteins observed in C. elegans nervous system
(Fig. 1) and suggest that for intermediate Q lengths, age is not the only modifier of polyQ
protein solubility.

C. elegans model provides a unique tool for investigating the basis of neuron-specific toxic-
ity associated with the expression of polyQ proteins. Behavioral and molecular characterization
of polyQ expansions in a pan-neuronal system is the first step in establishing a model in which
neuron-specific, novel modifiers of polyQ-mediated pathogenesis can be identified. Addition-
ally, establishing this system in neurons provides the baseline for future studies to examine one
of the major modifiers of polyQ pathogenesis: tissue type. Development of a neuronal model
in C. elegans opens the way to comparative studies on how nonneuronal tissue, such as muscle,
responds to polyQ proteins.

The C. elegans polyQ Series in Muscle Cells

In addition to providing a second tissue for comparative studies, C. elegans muscle cells have
some advantages for studying the basic properties of misfolded proteins in vivo. Muscle cells
are significantly larger than neurons facilitating work under comparatively low magnification.
In addition, C. elegans muscle cells are sensitive to RNA interference (RNAI) while neurons are
refractory. Therefore, a muscle cell model is ideal for rapid, genome wide screening.

Using a similar approach to that described above, fluorescently tagged polyQ proteins
were expressed in muscle cells of C. elegans. We generated a series of transgenic animals
expressing polyQ repeats of different lengths, with greater resolution at the intermediate
lengths (Q0, Q19, Q29, Q33, Q35, Q40, Q44, Q64, and Q82). In young adult animals
expressing repeats of Q35 or fewer, we observed diffuse fluorescence in all expressing cells
while animals expressing muscle Q44, Q64 or Q82 exhibited fluorescence in discreet foci
similar to that observed in neurons (Fig. 6A, Fig. 1). Muscle Q40 animals displayed a poly-
morphic distribution with diffuse fluorescence in some cells and foci in others, similar to
neuronal Q40 but more easily observed due to the size of muscle cells. In the C. elegans
muscle cell model, there is a shift in the cellular distribution of polyQ protein in young adult
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Figure 6. Expression of different polyQ::YFP lengths in C. elegans body-wall muscle cells
shows a length-dependent aggregation phenotype. Fluorescence images of young adult C.
elegans expressing different lengths of polyQ::YFP (QO0, Q19, Q29, Q33, Q35, Q40, Q44,
Q64,Q82). Animals expressing repeats of =<Q35::YFP show a diffuse fluorescence in all muscle
cells; in contrast, animals expressing =Q44 repeats exhibited punctate distribution of fluores-
cence Animals expressing muscle Q40 showed a polymorphic phenotype with both diffuse
and punctate fluorescence distribution. (Bar = 0.1 mm). B) Quantification of motility index for
young adult Q0, Q19, Q29, Q35, Q40, Q82, and unc-54(r293) animals. Data are mean = SD
for at least 50 animals of each type as percentage of N2 motility. C) Correlation between the
number of Q40 foci in the muscle cells of an individual animal and their motility.

animals between 35-40 repeats, reminiscent of the pathogenic threshold, of 30-40 repeats,
observed in the human diseases.

To determine whether there is polyQ-mediated dysfunction in muscle, we examined motil-
ity and found that Q19, Q29 or Q35 animals behaved similarly to wild type (N2) while Q82
animals displayed severely decreased motility (Fig. 6B). The intermediate Q40 animals, which
had aggregates in some cells but not in others, exhibited an intermediate motility defect with a
high degree of variation. The polyQ-dependent motility phenotype observed in the muscle cell
model was parallel to that of the neuronal model. However, the larger size of body wall muscle
cells made it possible to examine how polyQ aggregation correlates with cellular dysfunction.
When individual animals were assayed for motility and then scored for the number of Q40
aggregates, it became clear that in muscle cells, aggregation is directly correlation with cellular
dysfunction (Fig. 6C).%

Aging Influences the Threshold for polyQ Aggregation and Toxicity
Despite the expression of aggregation-prone proteins throughout the lifetime of the or-
ganism, pathology associated with diseases such as Huntington’s, Alzheimer’s and Parkinson’s
are typically not manifest until late in life. This motivated us to study the behavior of polyQ
proteins during aging. We performed experiments in which individual Q0, Q29, Q33, Q35,
Q40, and Q82 animals were examined daily for the appearance of protein aggregates and
motility. Relative to Q40 and Q82 animals that quickly accumulated aggregates and exhib-
ited a rapid decline in motility, Q33 and Q35 animals exhibited an initial lag prior to the
gradual accumulation of aggregates, however to levels much lower than for Q40 or Q82
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Figure 7. Influence of aging on polyQ aggregation and toxicity. A) Accumulation of aggregates
in Q82, Q40, Q35,Q33,Q29, and QO during aging. Data are mean = SEM. Twenty-four animals
of each type are represented at day 1. Cohort sizes decreased as animals died during the
experiment, but each data point represents at least five animals. B) Motility index as a function
of age for the same cohorts of animals described in A. Data are mean = SD as a percentage of
age-matched QO animals. C-E) Fluorescence images of the head of an individual Q35 animal
at4 (C), 7 (D), and 10 (E) days of age, illustrating age-dependent accumulation of aggregates.
Arrowheads indicate positions of the same aggregates on different days. In E, the animal is
rotated slightly relative to its position in D.



178 Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks

(Fig. 7A). For example, aging-dependent aggregate accumulation can be readily observed by
comparison of the same Q35 animal at 4, 7, and 10 days (Fig. 7C-E).

In all cases, we observed an aging-dependent loss of motility relative to controls. These
results reveal that the threshold for polyQ aggregation and toxicity in C. elegans muscle cells
is not static, but rather age-dependent. At 3 days of age or less, only animals expressing Q40
or greater exhibit aggregates (Figs. 6, 7), whereas at 4-5 days the threshold shifts and aggre-
gates appear in Q33 and Q35 animals (Fig. 7A). In Q29 animals, the threshold again shifts
(>9-10 days) (Fig. 7). Thus, the threshold for polyQ aggregation is dynamic and likely re-
flects a balance of different factors including repeat length and changes in the protein fold-
ing environment.

Longevity Genes Influence Aging-Dependent Aggregation
and Toxicity of polyQ Proteins

Our results reveal that the threshold for polyQ aggregation and cytotoxicity in vivo is dy-
namic over the lifetime of an animal. Does this dynamic behavior result from the intrinsic
properties of a protein motif, or, do changes over time reflect the influence of aging-related
alterations in the cell? The idea that the molecular determinants of longevity might influence
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Figure 8. An extended lifespan mutation delays polyQ aggregate accumulation and onset of
toxicity. A) Differential interference contrast (Left) and fluorescence (Right) micrographs show-
ing embryos expressing Q82 in wild-type (A), age-1(hx546) (B) genetic backgrounds. (Bars =
5 um.). C) Aggregate accumulation in larval animals expressing Q40 or Q82 in the indicated
genetic backgrounds relative to aggregate accumulation in wild-type background. Mean =
SEM. D) Motility index for animals expressing Q40 or Q82 in the indicated genetic back-
grounds. Data are mean = SEM for 30 animals of each type. Motility of nontransgenic wild-type
and age-1 animals was similar to that of wildtype (N2).
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polyQ-mediated toxicity is supported by observations that the time until pathology develops -
days in C. elegans, weeks in Drosophila, months in mice, and years in humans - correlates
approximately with the lifespan of the organism. Here, again, the C. elegans model was a tre-
mendous advantage as the availability of mutants with extended lifespans allowed us to test
these ideas directly.

To accomplish this, we generated transgenic animals expressing Q82 in the background of
the age-1(hx546) mutation or age-1 RNAI. age-1 encodes a phosphoinositide-3 kinase that
functions in an insulin-like signaling (ILS) pathway, and mutations in this gene can extend
lifespan by 1.5-2 fold.®”%® Q82 in the age-1 background (Q82;age-1) exhibited reduced aggre-
gate formation in embryos relative to Q82 in the wild type background (Fig. 8). Q82 aggregate
formation was also reduced 30-50% during larval stages (1-2 days old) in age-7 animals com-
pared to wild type background and remained significantly lower through 4-5 days of age.%®
Parallel motility assays also demonstrated a delay in onset of the motility defect, consistent
with slower aggregate accumulation in Q82;age-1 animals (Fig. 8).

In wild type animals, the kinase activity of AGE-1 is required in a signaling cascade that
results in constitutive repression of the fork head transcription factor DAF-16 leading to nor-
mal lifespan.®”*>7% Derepression of DAF-16 in age-1 animals results in extended lifespan, and
daf-16 mutations suppress the longevity phenotype. To examine whether age-1 effects on lon-
gevity and polyQ aggregation and toxicity are mediated through similar regulatory pathways,
we tested whether age-1 suppression of Q82 phenotypes was affected by inactivation of daf-16
using RNAI. Q82;age-1;daf-16 animals exhibited aggregation and motility phenotypes similar
to Q82 expressed in wild type background. Thus, the dual effects of age-1 on longevity and
polyQ-mediated toxicity share a common genetic pathway.

Our demonstration that a mutation conferring longevity also delays polyQ aggregation and
toxicity suggests a novel link between the genetic regulation of aging and aging-related disease.
In subsequent studies, we and others have demonstrated that the molecular link between these
pathways is regulated, in part, by factors that detect and respond to misfolded proteins - namely
heat shock transcription factor (HSF) and molecular chaperones/heat shock proteins. For ex-
ample, it has been shown that inhibition of HSF-1 function leads to decreased lifespan and an
accelerated aging 7pz)henotype in C. elegans.”'7® Conversely, overexpression of HSF-1 in C. elegans
extends lifespan.”#”? Additionally, inactivation of d2f16, hsf-1 or small heat shock proteins in
C. elegans accelerated the aggregation of polyQ expansion proteins supporting the idea that ILS
could coordinately influence aging and protein aggregation through the action of DAF-16,
HSF-1 and molecular chaperones.

Genome-Wide RNAi Screening Identifies Novel Regulators of polyQ
Aggregation and Toxicity

The results described above identify ILS as a genetic pathway that can influence the course
of polyQ-mediated phenotypes. What other pathways might exert similar effects? Numerous
over-expression and genetic studies in mammalian and Drosophila models have identified vari-
ous enhancers or suppressors of polyQ-mediated aggregation and toxicity.”*7® This is
well-illustrated by the large number of approaches in which various molecular chaperones ei-
ther alone or in combination have been shown to influence polyQ-mediated pheno-
types.””747678 While one could argue which of these modifiers is the “key” to determining the
fate of aggregation-prone proteins, we interpret these results to suggest that the transition of
polyQ proteins from a soluble to an aggregated state is the result of a balance in which multiple
pathways are likely to cooperate. To identify the complete protein-folding buffer involved in
polyQ transition from a soluble to an aggregated state we used a genome-wide RNAi approach.

RNAI is a commonly used reverse-genetics approach in C. elegans allowing the targeted
down-regulation of specific genes by introduction of small fragments of cognate double-stranded
RNAs.””%° This technique has been adapted to genome-wide screens with a library consisting
of 16,757 bacterial clones covering 86% of the predicted C. elegans genome.®#* RNAi has the
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Table 1. Genome-wide RNAI screen for modifiers of polyQ aggregation identified
186 genes, in five classes. These genes all function normally to suppress
aggregation; therefore knockdown by RNAI resulted in increased aggregation.

tProduction Misfolded Proteins | Clearance of Misfolded Proteins
= l i, ™ &
—
W
RNA synthesis & Protein Protein Protein Protein
processing (31) synthesis (59) folding (11) transport (18) degradation (16)
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additional advantages of allowing detection of lethal positives and the immediate identification
of the target genes. Although genome-wide RNAI screens may miss certain genes secondary to
variation in mRNA depletion and relative inefficiency of the mechanism in neurons, this ap-
proach offers an extremely powerful and rapid tool to identify the set of genes that modify a
given phenotype.

To identify genes that prevent polyQ aggregate formation we used C. elegans strains ex-
pressing polyQ lengths close to the aggregation threshold, Q33 and Q35 strains, in an RNAi
genetic screen. To validate this strategy, we first tested the full range of polyQ strains with a
group of candidate modifiers, genes containing the TPR domain and therefore likely to act
as molecular chaperones. Animals with knock down of candidate modifiers were analyzed
for premature appearance of aggregates upon selective RNAi. Of the 72 candidate gene modi-
fiers analyzed only four showed an earlier appearance of foci in Q33 and Q35 animals reveal-
ing an unexpected specificity among known modifiers of protein folding.®> These effects
were dependent on the presence of an expanded polyQ motif as no foci were observed for
any of the 72 RNAI bacterial clones in either Q0 or Q24 animals. The fluorescent foci
induced by RNAi-treatment were biophysically and biochemically identical to aggregates of
long polyQ stretches as judged by FRAP analysis and SDS-PAGE.

Having validated the reliability of our approach, we screened the C. elegans genome and
identified a total of 186 genes that induced earlier onset of the aggregation phenotype in
Q35 animals. These modifiers fall into 5 major classes: genes involved in RNA metabolism,
protein synthesis, protein folding, protein trafficking and protein degradation (Table 1).
Examples of some of these genes are: RNA helicases, splicing factors and transcription fac-
tors for RNA metabolism; initiation and elongation factors and ribosomal subunits for pro-
tein synthesis; chaperonins and Hsp70 family members for protein folding; nuclear import
and cytoskeletal genes for protein trafficking and proteasomal genes for protein degradation.
A common feature is an expected imbalance between protein synthesis, folding and degrada-
tion triggered by their disruption. In this context, these 5 classes can then be further grouped
in two major categories: genes whose disruption leads to an increase in misfolded protein
production and genes that when disrupted lead to a decreased clearance of misfolded pro-
teins and proper protein turnover. Our results reveal that the transition between soluble and
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aggregated states of polyQ proteins is regulated by a much more complex integration of
events, extending beyond the immediate involvement of chaperone-mediated folding and
proteasomal degradation.

Our findings suggest a model in which each step in the birth, life and death of a protein
influences the capacity of the cellular protein folding buffer. For example, perturbation of the
RNA-processing machinery caused accelerated aggregation of Q35 perhaps due to an increased
burden of abnormal proteins requiring the activity of the protein folding buffer. Uncovering
the role of these genes in the disease process suggests that there may be no single molecular
mechanism responsible for polyQQ-mediated pathology.

Global Disruption of Folding Homeostasis by polyQ Proteins

The widespread effect of polyQ proteins leads to the question of whether polyQ proteins
cause cellular dysfunction by a generalized destabilization of the cellular protein folding
environment. We utilized our C elegans models of polyQ aggregation in neuron or muscle cell
models to examine the effect of polyQ protein on cells” ability to maintain protein-folding
homeostasis. To test the hypothesis that polyQ proteins disrupt protein homeostasis, we took a
genetic approach using diverse C. elegans temperature-sensitive (ts) mutations to examine whether
their functionality at the permissive condition is affected by expression of aggregation-prone
polyQ-expansions. Since many ts mutant proteins are highly dependent on the cellular folding
environmentthey represent highly sensitive indicators of a disruption in protein homeostasis.
The neuronal and muscle polyQ models described above were crossed into ts mutants to deter-
mine the effect of polyQ proteins on cellular homeostasis.** 5

Animals expressing ts mutant of the C. elegans homolog of a muscle paramyosin (UNC-15)
were crossed to C. elegans polyQm strains, and phenotypes were examined at both permissive
and restrictive temperature conditions. With the paramyosin ts mutation alone, animals do not
display overt phenotypes at the permissive temperature, however at the restrictive temperature
the ts mutation disrupts thick filament formation and leads to phenotypes including embry-
onic and larval lethality and slow movement in adults (Fig. 9A). In animals expressing only
Q40m, neither lethality nor paralysis was observed.®” In contrast, more than 40% of embryos
coexpressing Q40m and paramyosin ts failed to hatch or move at the permissive temperature
(Fig. 9B). This effect was polyQ length-dependent, because coexpression of smaller polyQ
expansions with paramyosin(ts) decreased penetrance of ts phenotypes (Fig. 9B). Examination
of muscle structure in paramyosin(ts) + Q40m embryos at the permissive temperature revealed
a disrupted pattern of actin staining, similar to the pattern in paramyosin(ts) embryos at the
restrictive temperature and absent at the permissive temperature or in wild-type animals. Thus,
in muscle cells expression of an aggregation-prone polyQ protein is sufficient to cause a
paramyosin ts mutation to exhibit its mutant phenotype at the permissive condition.

To determine whether this effect of polyQ expansions is specific to muscle or extends to
other tissues, we examined neurons. Animals expressing a ts mutation in the neuronal protein
dynamin-1 [dynamin(ts)] become paralyzed at the restrictive temperature but have normal
motility at the lower, permissive temperature.®® With the coexpression of pan-neuronal Q40,
dynamin(ts) animals display severe impairment of mobility at the permissive temperature (Fig.
9C). This effect was length dependent since no phenotypes were observed in animals coexpressing
the nonaggregating Q19n. Thus, expression of polyQ expansions phenocopies temperature-
sensitive mutations in both muscle and neuronal cells at permissive conditions, and this ge-
netic interaction reflects the propensity of polyQ proteins to aggregate. These observations
were confirmed by testing a wide range of characterized ts mutations. Strains expressing ts
mutant proteins UNC-54, UNC-52, LET-60 (C. elegans homologs of myosin, perlecan, and
ras-1, respectively), or UNC-45 together with Q24m or Q40m were scored for specific ts
phenotypes at the permissive temperature. For all lines generated, the ts mutant phenotype was
exposed at permissive conditions in the presence of the aggregation prone Q40m but not by
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Figure 9. Aggregation-prone proteins alter the conditions required to expose phenotypes depen-
dent on temperature sensitive mutations. Aggregation-prone proteins expose temperature sen-
sitive phenotypes of paramyosin(ts) (B,F), dynamin(ts) (C) and ras(ts) (D) mutants at permissive
temperatures. A) DIC images of age-synchronized 3-fold paramyosin(ts) embryos at indicated
temperatures. Arrows indicate embryos with abnormal body shape. (B) Percentage of unhatched
embryos and paralyzed L1 larvae. Data are the mean = SD, =380 embryos per data point. C)
Percentage of uncoordinated age-synchronized young adult animals. D) Percentage of animals
exhibiting either Osm (black) or the combined Let/Lva (grey) phenotypes. Data are the mean =
SD, 270 synchronized adults for Osm and =270 embryos for Let/Lva. ras(ts) + Q40m denotes
ras(ts) animals heterozygous for Q40m. E) Synergistic effect of elevated temperature and polyQ
expansions on paramyosin(ts). Percentage of unhatched embryos and paralyzed L1 larvae for
paramyosin(ts) (grey) and paramyosin(ts)+Q35m (black) at indicated temperatures. Data are the
mean = SD, 2300 embryos for each data point. In animals expressing polyQn (neuronal)-YFP
proteins (Q19n, Q40n, Q67n). Data are the mean = SD, =80 animals per data point.

non aggregating Q24m (Table 2). Thus, the chronic expression of an aggregation-prone polyQ
protein interferes with the function of multiple structurally and functionally unrelated proteins.
The interaction between polyQ expansions and ts mutant proteins could be cell autono-
mous or dependent on intercellular interactions. We took advantage of tissue-specific pheno-
types caused by expression of ras(ts) protein to examine this question. At the restrictive tem-
perature, animals carrying the ras(ts) mutation display phenotypes of embryonic lethality/larval
development phenotype (Let/Lva), a defect in osmoregulation (Osm) likely reflecting neuronal
dysfunction and a multivulva phenotype (Muv), resulting from dysfunction in the hypoder-
mis.?? We scored these phenotypes upon expression of polyQ in neuronal or muscle cells.
PolyQ expansions in neurons led to exposure of the Osm phenotype in ras(ts) animals at the
permissive temperature but had no effect on the Let/Lva phenotype (Fig. 9D). Conversely,
expression of Q40m in muscle cells of ras(ts) animals caused increased penetrance of Let/Lva
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Figure 10. PolyQ expansions affect the folding of a ts mutant of paramyosin. A,B) Confocal
images of anti-paramyosin immunostained (red) body wall muscle cells of synchronized young
adults expressing indicated proteins. Arrows: normal muscle sarcomeres, arrowheads: abnormal
paramyosin(ts) assemblies. Green color is Q40m-YFP fluorescent protein. Scale bar is 10 um.

phenotype but did not expose the neuronal Osm phenotype (Fig. 9D, Table 2). Neither neu-
ronal nor muscle cell expression of polyQ expansions caused the hypodermal Muv phenotype.
A similar control was performed with paramyosin(ts),and was not affected by polyQ expan-
sions in neurons (Q67n). Likewise, polyQ expansions did not affect phenotypes that did not
involve ts proteins (caused either by RNAI or gene deletion). Thus, the effect of polyQ expan-
sions on mutant ts proteins reflects specific genetic interactions within the same cell type and
does not result from decreased fitness of the organism.

To understand the nature of this interaction, we examined the cellular localization of
paramyosin(ts) protein when coexpressed with Q40m. The paramyosin ts mutation affects
protein interactions which, at restrictive temperature, results in mislocalization into foci (Fig.
10A).%” When paramyosin(ts) protein is coexpressed with Q40m, it mislocalizes into foci at
the permissive temperature, distinct from Q40m aggregates (Fig. 10B). Thus, expression of
Q40m uncovers the protein folding defect in paramyosin(ts) mutant. In view of this, the dif-
ferential penetrance of ts phenotypes (Table 2) may reflect the sensitivity of each ts mutation to
disruption of the folding environment.

Aggregation-prone proteins may exert their destabilizing effects by placing a stress on the
folding capacity of the cell. If so, additional stress, such as elevated temperature may act in
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synergy with polyQ aggregates to further destabilize ts mutants. Indeed, expression of an inter-
mediate (Q35m) expansion shifted the permissive temperature at which paramyosin(ts) was
fully inactivated (Fig. 9E). Furthermore, we observed increased penetrance of ts phenotypes in
homozygous Q40 animals as compared to heterozygous, consistent with the earlier onset of
aggregation in homozygous Q40 animals (Table 2). If the levels of polyQ affect the folding of
the ts protein, does the misfolding of the ts protein, in turn, intensify misfolding of polyQ? To
answer that question, we quantified mQ40 aggregation in ts backgrounds and found that ag-
gregation was enhanced dramatically. In contrast, mutations that cause a loss of function rather
than a ts phenotype did not enhance aggregation. From a genetic perspective, temperature-
sensitive mutations in proteins unrelated to cellular folding or clearance pathways behaved as
modifiers of polyQ aggregation. This suggests that a positive feedback mechanism exists to
enhance the disruption of cellular folding homeostasis.

The appearance of misfolded protein in the cell normally activates a stress response that
increases protein refolding and turnover and thus rebalances the folding environment.”>?! In
contrast, our results point to the unexpected sensitivity of cellular folding homeostasis to the
chronic expression of misfolded proteins under physiological conditions. It is possible that the
low flux of misfolded protein in conformational diseases may alone lack the capacity to activate
the homeostatic stress response. This suggests that the stress response fails to compensate for
the chronic expression of misfolded proteins in human disease.

One potential interpretation of our results is that the protein folding capacity of the cell,
integrated at a systems level, is a reflection of expressed protein polymorphisms and random
mutations,”” which in themselves do not lead to disease because of the balance achieved by
folding and clearance mechanisms. However, these proteins may misfold and in turn contrib-
ute to the progressive disruption of the folding environment when this balance becomes over-
whelmed, e.g., by the expression of an aggregation-prone protein in conformational diseases.

Conclusion

In our C. elegans model for the expression of isolated polyQ repeats we focused on the
effects of polyQ-containing proteins in neurons or muscle cells. Expression of isolated polyQ
motifs rather than full-length disease-related proteins enables us to uncover conserved features
underlying a range of neurodegenerative diseases. A genome wide RNAI screen identified mul-
tiple molecular chaperones that have been implicated in polyQ diseases, as well as AD and PD.
These studies have revealed a common set of factors that link the genetic regulation of protein
homeostasis, stress responsiveness and longevity. Thus, longevity and fitness may be, at least in
part, a consequence of the efficient detection, capture and resolution of misfolded and
aggregation-prone proteins. The presence of marginally stable or folding-defective proteins in
the genetic background of conformational diseases reveals potent extrinsic factors that can
modify aggregation and toxicity. Given the prevalence of polymorphisms in the human ge-
nome,”” the expression of metastable proteins could contribute to variability of disease onset
and progression.”® This interpretation also provides a mechanistic basis to the notion that the
late onset of protein misfolding diseases may be due to gradual accumulation of damaged
proteins, resulting in a compromise in folding capacity.”” Cellular degeneration in diseases of
protein conformation is unlikely to be due to a single defect. Thus, the many toxic effects on
various cellular processes attributed to misfolded proteins”>*?1% could in fact be an integral
part of the global disruption of protein homeostasis.
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CHAPTER 16

Hsp90 and Developmental Networks

Suzannah Rutherford,* Jennifer R. Knapp and Peter Csermely

Abstract

he most abundant cytoplasmic chaperone of eukaryotic cells, Hsp90 is a hub

in developmental regulatory networks and the first example described of the

phenomenon of molecular buffering. As a chaperone for many different signaling
proteins, Hsp90 maintains the clarity and strength of communication within and between
cells, concealing developmental and stochastic variations that otherwise cause abrupt morpho-
logical changes in a large variety of organisms, including Drosophila and Arabidopsis. The chap-
ter provides a framework for understanding how Hsp90 controls the sudden appearance of
novel morphologies. We start with a discussion of the longstanding problem of hidden poly-
genic variation and then introduce the idea of signal transduction thresholds in mediating the
effect of Hsp90 on the expression of phenotypic variation. This leads to a discussion of the role
of nonlinearity in creating thresholds for sudden changes in cellular responses to developmen-
tal signals. We end with speculation on the potentially pivotal role of Hsp90 in controlling the
developmental networks that determine morphological stasis and change in evolution.

Introduction

Hsp90 is a hub in developmental regulatory networks. By maintaining the activity of over
150 signal transduction proteins in many different developmental pathways, the Hsp90 chap-
erone controls the strength of signaling, not only by its client proteins, but through the path-
ways in which they reside. Hsp90 target pathways regulate multiple processes including cell
cycle and transcriptional control, as well as chromatin remodeling, growth control, apoptosis,
stress responses and response to differentiation signals.'®> Many Hsp90-dependent pathways
are both ancient and conserved. For example, Hsp90 controls the activity of four of eight
ancient signaling pathways that arose before the protostome-deuterostome split. These path-
ways form a “basic evolutionary toolkit™ that is thought to have enabled the evolution of most
of biletarian diversity (Table 1). It is not yet understood how the same genes and pathways
produce such dramatically different morphologies. One possibility is that evolution occurs via
small changes in the structure and connectivity of signal transduction networks, the intricate
web of cellular communications and responses that orchestrate development.

Perhaps surprising given their intricacy, biological networks are by nature highly error toler-
ant and self-correcting. Part of this stability has to do with positive and negative feedback and
the complexity of inter-connections. In addition, biological networks are “scale-free”. The number
of interactions between nodes (genes or proteins) follows a power-law distribution - meaning
that a few percent of nodes (such as Hsp90) have huge numbers of interactions, but most
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Table 1. A conserved group of signaling pathways, believed to have arisen before the
protostome-deuterostome split, has been deployed to different ends
throughout bilateran development. Shown are the eight major pathways and
examples of Hsp90 client proteins imbedded in each.

Pathway Hsp90 Targets References

Hedgehog (Hh) - _
Wingless related (Wnt) - -

Transforming growth factor B Tak1* 50
Receptor tyrosine kinase (RTK) IKK; ERB2; AKT 51-54
Notch - -
JAK/STAT Stat1, Stat3 55
Nuclear hormone pathways Nuclear hormonre receptors 56
Apoptosis Caspase 9, Bid 57,58

*Tak1 is a noncanonical effector of TGFB signaling.

nodes having very few interactions (~2).> The resulting behavior of scale-free networks is
therefore robust to the random loss of a high percent of nodes.® However rare, highly-connected
nodes such as Hsp90 are control points whose loss is devastating to network function. The
“structural stability, dynamic behavior, robustness and error and attack tolerance” depend on
the integrity of highly connected nodes (hubs), particularly those positioned high in the hier-
archy of network structure (Fig. 1).”® For example, hubs such as Hsp90 provide a connection
between many different modules of the network (meaning clusters of nodes more intercon-
nected among themselves than to nodes in other modules).

Several years ago, one of the authors (S. Rutherford) discovered that modest (<50%) reduc-
tion of Hsp90 uncovers a remarkable reserve of previously hidden morphogenic variation in
Drosophila.” Hsp90-buffered changes are highly dependent on genetic background and results
from the segregation, in normal populations, of likely hundreds to thousands of alleles with
generally small effects on the strength of signaling through Hsp90-dependent pathways. Nor-
mally this genetic variation is hidden, and therefore has neutral effects on fitness. However, when
the strength of Hsp90 signaling pathways is reduced beyond critical threshold levels, normally
stable phenotypes can abruptly change.'® Waddington called the error tolerance and self-correcting
behavior of developmental processes canalization.''? In line with Waddington’s original con-
cept of canalization, Hsp90-dependent changes in morphology are not quantitative in nature,
but are either highly discrete or qualitative (Rutherford et al, submitted for publication). Indeed,
a characteristic and almost unifying feature of life is its highly discrete nature. From species to
individuals, organs, cell types and physiological and sub-cellular systems: perturbations change
probabilities of alternative types, but rarely result in the generation of intermediate forms.

Here we present a framework for understanding Hsp90 buffering and variation in develop-
ment. We begin with a discussion of the longstanding problem of hidden genetic variation. We
then cover Hsp90 and signal transduction thresholds, the role of nonlinearity in creating thresh-
olds in development, and end with speculation on Hsp90 potentially pivotal role in control-
ling the networks that control the balance of developmental stasis and change.

Hidden Genetic Variation

“We are largely ignorant of the answer to a question of fundamental importance: How much
[and which] variation has direct phenotypic or functional effects that influence the survival and
reproduction of individuals?” Quote from special committee charged with evaluating the Hu-
man Genome Diversity Project.'?
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Figure 1. Meta-network of cellular and developmental processes (modules or sub-networks)
controlled by Hsp90. A hierarchical network model predicts many properties of Hsp90 buff-
ering, such as control of the modularity, robustness and balance between the functions making
up the meta-network of development. Within each module Hsp90 has targets in both activating
and inhibitory pathways, suggesting that balance within each module is also maintained.

Estimates of nucleotide polymorphism in Drosophila or human populations suggest that
there are hundreds of thousands to millions of nucleotide differences between the genomes of
unrelated individuals.'*!> However, extensive surveys of wild populations of flies reveal very
little variation in phenotype.'® Indeed, the Neutral Theory asserts that a large amount of the
genetic variation in populations has little or no effect on phenotype.'” Yet a substantial, if
unknown, amount of silent variation is ‘conditionally cryptic’ and can contribute to phenotypic
variance or disease in the appropriate context.'®*° Many factors allow the accumulation and
maintenance of cryptic variation. It has long been known that under differing environmental or
genetic conditions, latent genetic variation is expressed.”’ The hidden genetic variance attribut-
able to conditionally cryptic alleles has traditionally been the province of evolutionary and
quantitative genetics. For example, dominance interactions between alleles at a given locus,
epistatic interaction between alleles at different loci, and genotype-by-environment interactions
all buffer the expression of genetic variation.'® However, the molecular basis of natural quanti-
tative variation, whether conditionally cryptic or not, remains an open question.*!

Early Drosophila geneticists attempted to catalog second-site modifier mutations and envi-
ronmental effects on mutant phenotypes. However, both expressivity (severity) and penetrance
(fraction affected) of mutant phenotypes are altered by so numerous factors it seems likely that
their sheer number and the difficulty of their isolation eventually simply overwhelmed the
early efforts. The gradual reduction in the phenotypic expression of deleterious mutations by
ongoing fitness selection in the mutant stocks has been extensively documented. Perhaps most
dramatic is the polygenic suppression of Drosophila eyeless (ey) mutations. When first isolated,
ey mutations cause the complete loss of visible eye structures. The ey mutations are never-the-less
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extremely sensitive to environmental effects, and are easily suppressed by the rapid accumula-
tion of ubiquitous and abundant polygenic modifiers that restore a normal eye structure and
vision.* Outcrossing these stocks again restores the ey phenotype and shows that the mutatation
was still present, but “hidden” by modifier alleles. As eye structure is normally invariant, these
modifier alleles normally constitute cryptic genetic variation with hidden potential to affect
eye development. Perhaps most astounding, ectopic expression of the ¢y/Pax-6 transcription
factor drives the formation of Drosophila eye structures in multiple tissues of the adult fly (for
example on wings, legs, antennae).”’ Because Pax-6 function is both necessary and sufficient
for eye development, and is highly conserved throughout evolution, it has been called the
“master control gene” for eye development.?* While Pax-6 may be the one of the best examples
of a master control gene, its singularity and importance is questionable as its leading role in this
process can be by-passed by polygenic variants and environmental effects.'® These studies dem-
onstrate the abundance of developmental variation and alternate routes to the development of
indistinguishable morphological endpoints.

Conversely, the increased variation in phenotype revealed by major developmental muta-
tions is common and well-documented, and is a form of gene-interaction or epistasis.'®*
Reducing Hsp90 either genetically, or with an inhibitor, has pleiotropic effects on many mor-
phogenic processes, uncovering variation depending on both Hsp90 reduction and its interac-
tion with trait-specific genetic backgrounds. The diversion of Hsp90 to proteins damaged by
heat or other stress provides environmental control of Hsp90-dependent genetic and
genotype-by-environment variation. Recent work has shown that other chaperones involved in
protein folding, such as Hsp70 and Hsp60 family members, also buffer genetic variation, likely
through a direct molecular effect on sequence variants that cannot fold normally without their
assistance.”®?” By contrast, we believe Hsp90 effects are largely indirect.”® Rather than buffer-
ing variant client proteins directly, allowing them to fold, accumulating evidence indicates that
Hsp90 acts through enhancing and suppressing effects of genetic variation and the environ-
ment on the strength and fidelity of developmental signaling pathways.

Hsp90 and Signal Transduction Thresholds

Our thinking about Hsp90-buffered variation centers on the idea of thresholds for the
expression of phenotypes in response to continuously varying strengths of signaling through
Hsp90 target pathways. The genetic interactions of Hsp90 with client proteins in signal trans-
duction pathways demonstrate the existence of thresholds, and are easily understood in light of
the large body of previous work on the evolutionarily conserved biochemical and genetic re-
quirement for Hsp90 by specific client proteins.' When Hsp90 levels are decreased by muta-
tion or by inhibitors, signal transduction clients begin to loose activity, and the strength of
target pathways becomes severely reduced.”?! Threshold trait models were developed in the
context of quantitative and population genetics and are often used to describe the genetics of
human disease.’* In development, thresholds are transitions between continuous inputs and
discrete outputs. Many binary cell-fate decisions are controlled by thresholds. Specific genetic
interactions between Hsp90 and signaling pathways dominantly reveal phenotypic thresholds.
Loss of Hsp90 function is lethal to most cells in most organisms, in Drosophila heterozygous
(recessive) Hsp90 mutations dominantly enhance and suppress sensitizing (cryptic) mutations
in many Hs§90 client pathways. Hsp90 heterozygotes fail to complement Cdc37 heterozygous
mutations,® suppress an over-activated phenotype of the Torso receptor tyrosine kinase,?* en-
hance Cdc2 mutant heterozygotes®® and enhance or suppress under- and over-activated com-
ponents of the sevenless (sev) mitogen activated protein kinase (MAPK) pathway.

The well-characterized MAPK signaling pathways initiated at the Drosophila sev receptor is
a model for Hsp90 interactions with signaling near trait thresholds. High-level activation of
the sev pathway promotes the normal photoreceptor cell fate, while lower-level activation of
the pathway results in a default nonneuronal fate and loss of a photoreceptor. This decision is
an all-or-none switch; no intermediate cell-types are found. If signaling is too high or in the
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wrong place, extra photoreceptors are produced, giving flies a gain-of-function rough eye phe-
notype. A series of molecular genetic screens were instrumental in identifying the components
of receptor tyrosine kinase signaling pathways. Endogenous members of the sev cascade were
replaced with marginally over- or under-activated analogs and the temperature adjusted so that
flies have normal or gain-of-function phenotypes.?>>” Heterozygous mutations in other com-
ponents of the pathway (7/+), which are normally ‘cryptic’ recessive mutations, behave like
dominant enhancer or suppressor mutations in the appropriate genetic background. Tellingly,
when sev signaling is reduced toward a lower threshold, Hsp90 mutations also reduce signaling
further, resulting in the loss-of-function phenotype seen with heterozygous mutations in other
pathway members.>>*° Similarly, when the sev pathway is over-activated beyond an upper
threshold (gain of function phenotype), heterozygous Hsp90 mutations reduce activity and
restore a normal, smooth eye phenotype.’®* The genetic interaction of Hsp90 in many client
pathways shows that it can reduce signaling near thresholds for the expression of mutant phe-
notypes. If target pathways are sensitive to reduction of Hsp90 client functions, the same result
is produced simply reducing Hsp90 activity.

The level of extrinsic or intrinsic noise in signaling and the cell sensitivity could also modu-
late the expression of phenotypes near signal transduction thresholds. This phenomenon is
called either stochastic resonance or stochastic focusing, depending on the whether the noise is
extrinsic or intrinsic, respectively. If noise is low, a low level signal may not pass the signal
transduction threshold. On the contrary, if the noise is hi§h, the same low level signal will pass
the same threshold a higher fraction of the time (Fig. 2).**! By decreasing the “noisiness” of
cellular signals, molecular chaperones would also modulate the sensitivities of signal transduc-
tion near trait thresholds. When Hsp90 is inhibited, increased developmental and/or purely
environmental noise may allow normally-lower signals to pass the same sensitivity thresholds,
increasing phenotypic diversity at the whole-cell, or whole-organism level.*?

detection
threshold

low chaperones
high noise

signa

high chaperones
low noise

time

Figure 2. Stochastic resonance as a possible reason for chaperone-induced buffering in the
diversity of developmental changes. Stochastic resonance is the phenomenon, where intrinsic
or extrinsic noise helps a low level signal to surpass a signal transduction threshold. If molecu-
lar chaperones decrease the noise of cellular processes, this may also contribute to their
buffering effects of developmental changes by not allowing low-level signals to act.
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Nonlinearity in Developmental Responses to Signal Transduction

The ability to produce all-or-none or switch like behavior in response to continuous
variation in the strength of the underlying developmental signal may be a common theme in
biology.***> For example, the addition of upstream kinases in MAPK signaling creates a
sigmoidal (threshold) response over a narrow ralnge.44 The addition of positive feedback can
sharply amplify a graded input to produce a steep and sudden (“switch-like”) change in
output.”” We suggest that such nonlinearity in the response of phenotype to underlying
developmental signals is a common feature of development, and produces much of the ob-
served discrete behavior of biological systems. Given nonlinearity in Hsp90 target pathways,
when Hsp90 is reduced, signaling is reduced. We believe that the sudden changes in mor-
phology, or changes in previously invariant quantitative traits reflects the fact that thresholds
have been crossed.

A Pivotal Role for Hsp90 in Network Evolvability?

The activity of signal transduction clients and therefore client pathways decrease sharply
with modest decreases in Hsp90 function. Through these target proteins, Hsp90 simulta-
neously controls output of multiple target pathways imbedded in many different develop-
mental processes such as regulation of cell-cycle, apoptosis or differentiation responses. Each
of these processes is controlled by a complex sub-network of signaling pathways that inte-
grate developmental cues to generate appropriate responses. Hsp90 may be uniquely posi-
tioned to balance the stability and modularity of the ‘meta-network’ of processes that make
up development, linking network sensitivity and behavior to the environment.

If the meta-network of development were a mobile with groups of hanging objects (nodes),
we suggest that Hsp90 would be at the center of the mobile, supporting several groups of
objects (‘sub-networks” or modules). Linkages between each sub network and Hsp90 are
represented by the strings that support the mobile. The effective concentration of Hsp90
available for signal transduction determines the overall height (activity) of the meta-network,
and the connectivity or separation of the modules—complete loss of Hsp90 world fragment
the modules into isolated sub-networks. By reducing or increasing several target protein
functions simultaneously, we suggest that Hsp90 maintains the balance of the system. The
overall height (activity) between the subnetworks is shifted ensemble with the degree of
environmental stress.

Pushing the metaphor a little further, we suggest that Hsp90 also maintains balance within
each sub-network. For example, both cdc28 (a key activator of the cell cycle) and weel (an
inhibitory kinase that acts on cdc28) are Hsp90 targets. Decreases in both activating and in-
hibiting pathways would balance out the effect of varying Hsp90 on the rate of the cell cycle. It
seems reasonable to expect that in most cases selection has sculpted the set of targets in activat-
ing and inhibitory pathways such that the balance of their function is maintained. Normal
changes in Hsp90 availability would have no net effect. However, if natural variation or the
environment has already destabilized the network balance, bringing an activating or inhibitory
pathway close to its threshold, further reduction of signaling by loss of Hsp90 function could
result in thresholds being breached and previously hidden phenotypes revealed.

Extending our thoughts beyond the role of Hsp90 to a general molecular buffering effect of
chaperones, we have to note that chaperones provide low affinity, transient contacts with other
proteins. Weak links are known to help system stability in a large variety of networks from
macromolecules to social networks and ecosystems, which may be a general network-level phe-
nomenon explaining many of the genetic buffering effects. > Besides molecular buffering by
Hsp90 and other chaperones, a large number of other mechanisms may also control the diver-
sity of the phenotype.?74 A single common mechanism, such as involvement in signaling or
epigenetic modifications of histones and DNA structure, seems unlikely to explain all of the
effects observed. If a general explanation is sought, we believe it is more likely to be related to
the overall structure of developmental networks and their emergent properties.
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