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1. INTRODUCTION

1.1. CHLAMYDOMONAS AS A MODEL ORGANISM

Chlamydomonas reinhardtii, a unicellular green alga, is utilized as a plant model organism to
investigate cell and molecular biology since the 1950s 2. Its single chloroplast and the highly
conserved structure of the photosynthetic apparatus within the green lineage combined with
the ability of Chlamydomonas to also grow heterotrophically facilitated research especially
in the field of photosynthesis, chloroplast biogenesis and nuclear control of chloroplast
gene expression #3. Research on the structure of the Chlamydomonas flagella, their mode of
operation and the underlying molecular mechanisms of their assembly provided important
insights into flagella/basal body related diseases in mammals .

While these fields were extensively studied in the past, the techniques developed
and understanding gained for the model organism enabled research on a broad variety of
plant-related topics. The common motivation to favor the simple unicellular green alga over
higher plant model organisms are the advantages of a microbial-like system (fast culturing,
easy perturbations) and the reduced complexity of its gene families as exemplified with stress-
related protein families later on in this work. A prominent example is a Chlamydomonas eyespot
protein, Channelrhodopsin, which is responsible for the modulation of flagellar beating to
direct the alga towards optimal light intensities (phototaxis). The in-depth characterization
of this protein in Chlamydomonas opened up a completely new field within neurosciences,
now referred to as “optogenetics”. By directly transducing a light signal to the opening of an
ion channel within a single protein, Channelrhodopsin allows for optical controlled, very fast

induction of action potentials in neurons >®.
1.2. THE HEAT SHOCK RESPONSE

In order to maintain homeostasis and survive in a changing environment all living organisms
created cellular mechanisms to cope with various natural stress conditions 7. One of them, the
heat shock response (HSR), is a highly ordered genetic response to diverse environmental and
physiological stresses, as there are elevated temperatures, heavy metals, oxidants, bacterial/
viral infections and toxic chemicals 8. The occurrence of unfolded or misfolded proteins is the
common molecular consequence of these various proteotoxic stresses. Beside the inability
to fulfill their own functions, unfolded proteins are a constant threat to neighboring native
proteins by exposing normally buried hydrophobic regions to their local environment. These
regions may stabilize other proteins in unfavorable conformations and allow them to join
protein aggregates. Therefore, cells need a fast defense mechanism to avoid harmful effects.
The first indication for such a response to proteotoxic stress conditions was the appearance of
new puffs in polytene chromosomes of larval salivary glands of Drosophila busckii pointing to

a massive change in gene expression upon temperature shift °.
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The major product of the HSR is a specific set of proteins, the so-called heat shock
proteins (HSPs), consisting mainly of molecular chaperones and proteases. The HSP superfamily
is organized by molecular mass and groups into six major families: HSP100s, HSP90s, HSP70s,
HSP60s, HSP40s and small heat shock proteins (sHSPs) 1°. Whereas some of these proteins are
exclusively present under stress conditions, many of them also have essential proofreading
function in protein biogenesis and protein homeostasis under normal growth conditions %2,
They play roles in the assisted folding of newly synthesized or denatured proteins, in the
resolving of protein aggregates, in translocating proteins across membranes and in assembling
and disassembling of protein complexes. Furthermore, they target proteins to the protein

degradation machinery and modulate many signal transduction pathways 36,

1.2.1. HEAT SHOCK FACTORS (HSFS), TRANSCRIPTIONAL REGULATORS OF THE
HSR

The heat shock response in eukaryotes is regulated at the transcriptional level by the activity
of a specialized family of transcription factors, the so-called heat shock factors (HSFs) 7.
Their basic domain architecture is highly conserved and consists of three functional domains:
The N-terminal DNA binding domain, which is the most conserved part of HSF proteins,
an oligomerization domain and a C-terminal transactivation domain ?°. An overview of the
structure of the DNA binding domain and HSF domain organization from different organisms
is provided in Figure 1A/B.

The DNA binding domain (DBD) consists of a three a-helix bundle that is capped by
a four-stranded antiparallel B-sheet #?2, In addition, HSFs can contain a “wing”, a long, flexible
turn between B-sheet three and four, consisting of 15 amino acids, present only in non-plant
species ****. DNA contact is mainly mediated by the central helix-turn-helix motif consisting of
helix two and three of the a-helix bundle and the turn in between. Amino acids from the so-
called recognition helix (helix three), especially a highly conserved arginine residue, mediate
direct contact to nucleotides in the major groove of the DNA 2. The wing of the DBD is not
participating in the protein-DNA interface, as known from other “winged” helix-turn-helix
proteins. Instead, it participates in the oligomerization interface 22

HSFs bind to their target DNA only when assembled into trimers 2>, Mainly responsible
for the oligomerization is the second conserved region adjacent to the DBD. The oligomerization
domain consists of two hydrophobic heptad repeat regions (HR-A/B). They are a-helical regions
with hydrophobic amino acids (mainly leucine, isoleucine, valine) at every seventh position
thus creating a hydrophobic patch on one side of the helix, similar to leucine zippers >>%¢. Three
of these patches from individual HSF monomers allow trimerization, presumably via a triple-
stranded a-helical coiled-coil interaction %’.

Within the C-terminal transactivation domain (CTAD), proper localization and
interaction with the transcription machinery and enhancer proteins is realized in order to

promote transcription %. A conserved motif consisting of an Aromatic, large Hydrophobic and
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an Acidic amino acid residue (AHA) plays a major role in the transactivation process %2°,

Figure 1: Structural features of
HSFs

A: DNA binding domain
of  Kluyveromyces lactis:
Structure of the HSF DNA
binding domain attached
to DNA as determined by
Littlefield and Nelson, 1999.
The stereo views of the DNA
binding domain attached to
a HSE were generated with
Cn3D (NCBI). The a-helices
of the three oa-helix bundle
are labeled al, a2 and a3,
respectively; the B strands are

B g g g2 labeled 1, B2, B3 and B4. The
HsHSF1 first view is looking down on
N,.g n5 o Szon g ﬂc a-hfel_ix 3, the recogn‘ition helix
AtHSFAZg — ~ ° MTIT AN positioned in the major groove
N G ) of the DNA over the G of the
o A a8 g 2 fist nGAAn binding site. The

N S S . 5eCond View is looking down
oo g S RS & =®3g on the DNA, showing two DNA

binding domains attached to
the nnGAANNnTTCnn locus.

B: Domain architecture of HSFs: HSFs from Homo sapiens (HsHSF1), Arabidopsis thaliana (AtHSFAla)
and Chlamydomonas reinhardtii (CrHSF1). The conserved DNA binding domains (blue), the hydrophobic
heptad repeat regions involved in intra- or intermolecular helix-helix interactions (yellow), the
nuclear localization signal (red) and C-terminal activating elements (green) are presented. The known
phosphorylated (P, red), acetylated (A, green) and sumoylated (S, blue) amino acid residues in HsHSF1
involved in activation and attenuation are denoted.

1.2.1.1. THE COMPLEXITY OF THE HSF GENE FAMILY

Heat shock factors are highly conserved among all eukaryotes and are distinguished from other
transcription factors by their highly conserved DNA binding domain. Regarding the number of
HSFs and the presence and arrangement of domains many differences are found between
different species.

The best-studied HSF systems are found within mammals. Four different HSFs exist
in vertebrates, whereas not all are present throughout this subphylum. HSF1 and HSF2 are
ubiquitous while HSF4 is found only in mammals and HSF3 is specific for avian species ’.
HSF1 is expressed in almost all cell types at all developmental stages and is essential for the
induction of HSPs in response to proteotoxic stress conditions 3°. HSF2 is not able to bind to
HSP promoters alone, but in addition to HSF1, thereby modulating HSP gene expression, both
in a stimulating and repressing way 3.

In the green lineage the family of heat shock factors is extraordinarily complex with
for example 21 members in Arabidopsis thaliana and 25 members in rice (Oryza sativa) and
maize (Zea mays) 3>34. Therefore, HSFs were classified into three distinct subclasses (A, Band C)

according to the spacing between the HR-A and HR-B region and the presence (A) or absence
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(B, C) of the AHA motifs in their transactivation domains **. Whereas non-plant HSFs and HSFs
of plant class B contain no additional amino acids in between HR-A and HR-B, seven amino
acids were added to plant class C HSFs and twenty-one to members of plant class A HSFs **. The
latter were identified as activators of HSP gene expression, and thus are essential for plants to
cope with proteotoxic stresses 3>¢, HSFs of plant class B modulate HSP gene expression in a
similar way as already described for HSF2 in the vertebrate system. They act as co-activators or
repressors of transcription promoted by plant class A HSFs. Tomato HSFB1 is an example for a
co-activating B-type plant HSF. Acting in concert with an A-type HSF, tomato HSFA1, expression
of target genes is strongly increased upon stress treatment *’. In contrast, Arabidopsis AtHsfB1
is a repressor of gene expression. Lacking a short histone like motif in its CTAD necessary for
transcriptional activation, this B-type HSF is repressing AtHsfA4 promoted transcription of HSP
genes 738, |n addition, A-type HSFs are assembling into hetero-oligomeric supercomplexes,
as demonstrated for tomato HSFAla and HSFA2, to further increase expression of HSP genes
3940 Furthermore, the composition of the expressed HSF pool depends on the prevailing
stress condition #'. Taken together, plants developed a highly variable acclimation strategy to
proteotoxic stress conditions enabling specialized fine tuning to different chaperoning needs.

On the opposite, only a single HSF is sufficient for regulation of thermotolerance
in Saccharomyces cerevisiae, Chlamydomonas reinhardtii, Drosophila melanogaster and
Caenorhabditiselegans.Thisisespeciallyremarkablein case of thesingle HSFof Chlamydomonas,
which is phylogenetically located at the origin of the green lineage. Chlamydomonas HSF1 has
a high similarity to the domain architecture of plant class A HSFs, containing a 21 amino acid
insertion between the HR-A and B region and also AHA motifs in the CTAD. Another typical
feature of plant HSFs is their inducibility upon stress treatment. As Chlamydomonas HSF1
shares this trait with plant HSFs it is clearly distinct from the other single HSFs of worm, fly
and yeast %%, On the other hand, Chlamydomonas HSF1 is also distinct from plant HSFs. It is
constitutively trimeric, similar to yeast HSF, while plant HSFs trimerize upon occurrence of

proteotoxic stresses, similar to the single HSF in Drosophila and mammalian HSFs.
1.2.2. ELICITING A HSF1-DEPENDENT HEAT SHOCK RESPONSE

The triggering of a HSF-dependent stress response is a complex process and is differently
realized in various organisms. Upon stress, all HSFs are activated in a multistep process, which
can include the resolving of repressing protein-protein interactions, oligomerization, post-
translational modifications, translocation into the nucleus and stress-dependent accumulation
of HSF mRNA *°. The current model of eliciting and attenuating a stress response is summarized
in Figure 2.

Whereas yeast and Chlamydomonas HSFs are constitutively present in a trimeric
state already under normal growth conditions, controlling the transition from the monomeric
to the oligomeric HSF plays a major role during the activation of HSFs from plants, Drosophila

melanogaster and mammals 24#%42, Their HSFs are present as monomers which are detained
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from trimerization under non-stress conditions by a third conserved hydrophobic heptad repeat
region within the C-terminal transactivation domain (HR-C). Formation of an intramolecular
coiled-coil between the HR-C and HR-A/B regions prevents HSF trimer formation and also
transcription of target genes at ambient temperatures . Consistent with a regulation at the
level of HSF trimerization, chaperones of the HSP90 family are bound to HSF monomers under
non-stress conditions in human cell lines #*. Trimerization is inhibited presumably by favoring
the folding into the HR-C containing intramolecular coiled-coil instead of to an oligomerization
competent state *°. Upon stress, HSP90 chaperones are recruited from unfolded/misfolded
proteins and therefore release the previously bound HSF monomers which in turn are able to
trimerize.

The direct interaction between the HS transcription factor and a chaperone is an
elegant mechanism to directly transduce the chaperone need of the cell to increased gene
expression. There is good evidence that this type of regulation is also taking place during
other stages of the HSF activation process and is also involved in the attenuation of the HSF
dependent heat stress response *°. HSP90 containing complexes were not only shown to bind
to HSF monomers to inhibit trimerization, but also to bind to HSF trimers, thus affecting the
ability to bind to DNA “¢. HSP70 containing complexes, when present in excess, presumably
recognize HSF trimers as a substrate. The binding of HSP70 to the C-terminal transactivation

domain of HSF1 is realized directly by its substrate binding domain and is also ATP dependent,
[—

o%”

hyperphosphorylated

HSF trimer

transcriptional activation

attenuation

Figure 2: HSF1 activation cycle

Current model of the activation cycle of mammalian HSFs: Under ambient conditions, HSF monomers
are bound by HSP90s that inhibit trimer formation (1). Upon stress, unfolded proteins recruit HSP90s,
releasing HSF monomers which subsequently trimerize (2). HSF trimers are then hyperphosphorylated
and translocated into the nucleus where they bind to HSEs in promoters of stress related genes (3).
Once protein homeostasis is restored, the HSR is attenuated (4) through the binding of free chaperones
of the HSP70 and 40 class to the transactivation domain of HSFs (decreasing transactivation capacity)
and the acetylation of lysine 80 in the DNA binding domain (lowering DNA binding affinity). Adapted
from 9.
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as is true for other HSP70 substrates. In contrast to the HSP90 containing complexes, DNA
binding of HSF is not affected when in complex with HSP70. Instead, the trans-activating effect
on gene expression is reduced, thus allowing the repression of DNA-bound HSF complexes *’.

Furthermore, HSFs are subject of multiple post-translational modifications (included
in Figure 1A) that modulate HSF activity, including acetylation of a lysine within the DBD,
phosphorylation of several serine residues and sumoylation of lysine residues *°. HSF is
already constitutively phosphorylated at several positions under normal growth conditions,
but undergoes additional phosphorylations upon stress-treatment *¢. Two of the stress-
inducible phosphorylations, at serine 230 and 326 of human HSF1, are positively influencing
stress regulation %49, The opposite was shown for phosphorylation of serine 303 and 307,
which is constitutively present and responsible for repression of transactivation at ambient
temperatures *°. Sumoylation of lysine 298 in human HSF1 is negatively influencing the
transactivation of target genes and is thought to modulate the HSR *!. Acetylation within the
DBD is negatively affecting the DNA binding affinity of human HSF1 and therefore seems to
play an important role during attenuation of the stress response >,

In parallel, also the localization of HSF1 is highly regulated and plays an important
role during the activation cycle. Upon activation of the stress response, HSF is re-localized
from the cytosol into the nucleus and/or to distinct regions within the nucleus, so-called stress

granules 3.
1.2.3. HEAT SHOCK ELEMENTS

Trimeric HSFs bind with high affinity to specific cis-acting sequences in promoter regions, so-
called heat shock elements (HSEs). In general, HSEs consist of at least three alternating inverted
repeats of the pentameric sequence nGAAn, which is recognized by a HSF trimer (Figure 3).
Each pentamer is bound by one DNA binding domain in the major groove of the DNA 225456,
Consistent with a regulation at the level of trimerization, the binding affinity of a single HSF
monomer to a single nGAAn is rather weak. High-affinity DNA binding premises the presence
of three binding sites as well as trimerized HSF ?2. HSEs are highly conserved throughout
evolution and can be transferred between distantly related organisms while retaining their
regulatory pattern *’.

In principle, there are three different types of HSEs. In perfect HSEs the pentamers
are directly connected in an inverted orientation ("nTTCnnGAANNTTCn or nGAANNTTCnnGAAN),
while in gap-type HSEs there is one, in step-type HSEs there are two 5-p insertions between the
NGAAN pentamers>**%>°, While there seems to be a certain flexibility in the distance between the
pentamers contacted by a single trimer, the (multiple of) 5 bp spacing between the pentamers
is crucial for HSF binding. A proper spacing allows positioning of the binding nucleotides on
one side of the DNA double-helix and therefore allows binding of the, in terms of turning,
sterically limited trimer *%. Whereas yeast HSF1 is capable of binding all three types of HSEs,

regulation of the target genes is different between the HSE types. For example, in gap-type
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controlled genes in yeast the temperature 2
needs to be higher to induce the gene to 24
a full extent (39°C compared to 37°C for AA

perfect HSEs) . Moreover, gene induction 56 7 8 910 1121314 3
is dependent on a different part of the Figure 3: Heat shock elements

The position-specific weight matrix (PSWM) of heat
shock elements in Drosophila melanogaster is derived
the need of different co-activators for from a genome-wide ChIP-seq study and illustrated

H 270 67
transactivation at the different HSEs ©°. with WebLogo *. From *”.

transactivation domain thereby indicating

Therefore a single HSF, together with a

limited number of co-activator proteins, is capable of individually controlling different sets of
genes, a principle referred to as combinatorial control ¢+%2. Furthermore, HSEs differ in their
conservation to the nGAAn consensus and the position of the HSE within the promoter relative
to the transcriptional start site. These alterations offer a way to differently express various HSP
genes also within the perfect, gap-type and step-type group of target genes.

Additionally, most HSF-regulated genes harbor more than one HSE within their
promoter regions, thereby allowing the binding of multiple HSFs in a cooperative manner 223,
The trimeric nature of the HSFs thereby has interesting consequences as there are two distinct
binding interfaces, referred to as head-to-head (nGAAn to nTTCn) and tail-to-tail (nTTCn to
NGAAnN) orientation depending on the bordering pentamers of the two connected HSEs .
Cooperativity between two HSFs is more pronounced when the neighboring pentamers are in

the tail-to-tail conformation 24,
1.2.4. Targets of transcriptional regulation

The set of genes regulated in response to the onset of the proteotoxic stress determines
the acclimation strategy used and therefore is extensively studied in various organisms 8,
Different experimental approaches have been used in the past to determine HSF targets either
directly via Electrophoretic Mobility Shift Assays (EMSA) or Chromatin Immunoprecipitation
(ChIP), or indirectly by identifying genes differentially expressed between wild-type and
hsf mutants upon the onset of different proteotoxic stresses. Genome wide analysis with
microarrays and next-generation sequencing techniques allowed to extend the initial set of
regulated genes, which was mainly consisting of molecular chaperones and proteins involved
in protein degradation. HSF-binding to promoters of genes involved in cell wall biosynthesis,
signal transduction, small molecule transport and energy metabolism was demonstrated upon
stress treatment in yeast . In Drosophila, genes involved in general metabolism, signaling and
gene expression were shown to be directly regulated by HSF1 %. In mammalian cells, HSF1
was shown to regulate the expression of proteins from the extracellular matrix, for example
collagen COL4A6 ®. In general, in all studies binding of HSF to promoter regions correlated
well with stress-induced mRNA expression. Only in mammalian cells a small fraction of HSF1-
bound genes was not induced upon heat stress, indicating the need of additional activator
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proteins in these organisms to induce gene expression .
1.2.4.1. PLANT SPECIFIC TARGETS OF THE HSR

Plants harbor many HSFs, demonstrating the need of these organisms for a fine-tuned stress
response. To elucidate the targets of transcriptional activation is rather complicated in a
situation like this, as many closely related transcription factors potentially take over and also
alter the response in the respective knock-out strains. Nevertheless, several studies were
carried out where expression profiling in knock-out strains of individual HSFs compared to
wild type was used to identify genes regulated by the individual factors upon stress treatment.

Double knock-out of Arabidopsis HSFAla and HSFA1lb resulted in the differential
expression of 112 genes . Surprisingly only few of the identified genes belong to the classical
group of expected proteins, such as chaperones, co-chaperones, other HSFs and proteases.
Instead, other pathways were identified as targets of HSF-dependent activation for example
carbohydrate metabolism (the Raffinose family oligosaccharide (RFO) pathway). RFOs have
been found before to increase drought tolerance as potential osmoprotective substances °. In
contrast to HSFAla/b, analysis of the transcriptome of HSFA2 knock-out plants in Arabidopsis
revealed the central role of this transcription factor in the control of several chaperones from
different classes within all compartments of the cell (sHSPs, HSP70s, HSP100s) . Furthermore,
an interesting link was found to the detoxification of reactive oxygen species (ROS), given
that HSFA2 directly controls the expression of APX2, an ascorbate peroxidase. While APX1 is
the predominant APX isoform within the cytosol of Arabidopsis under ambient conditions,
this protein is heat-labile and replaced by APX2 under proteotoxic conditions ’2. All aerobic
organisms use these kind of enzymes which use ascorbate to reduce hydrogen peroxide for the
detoxification of ROS evolving during respiration in mitochondria. Photosynthetic organisms
are especially prone to ROS damage because they harbor a second source of ROS with the
photosynthetic electron transport chain. Expression profiling in HSFB1/B2b double knock-out
revealed that this transcription factor is not involved in HSP regulation at all 73. Instead, this
HSF indirectly represses the expression of genes that protect Arabidopsis from pathogens
(Pdf1.2a, Pdf1.2b).
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1.3. CHAPERONES OF THE HSP70 FAMILY

Several proteins need assistance in folding not only upon proteotoxic stresses but also at
ambient conditions. Originally identified in cells upon exposure to heat (Heat Shock Proteins),
chaperones of the HSP70 class offer the cell various functions for protein quality control under
all conditions. HSP70 chaperones assist in folding of newly synthesized polypeptide chains,
translocate proteins across cell membranes and assemble, disassemble or modify protein
complexes 157475,

An N-terminal ATPase domain (~45 kDa) and a C-terminal substrate-binding domain
(~25 kDa) build up the conserved core of all HSP70 proteins. Affinity for substrates and ATPase
activity are functionally connected and regulated by specific co-chaperones (illustrated in
Figure 4). When ATP is bound in the nucleotide binding pocket of the ATPase domain, the
substrate binding domain is forced into an open conformation, with only little affinity for
substrates . In this conformation, a specific class of co-chaperones, the so-called J-domain
proteins (JDP), has a high affinity for HSP70s. These co-chaperones bind to their substrates
and transfer them to the HSP70 chaperone to assist in folding ”’. The conserved J-domain is
thereby the domain interacting with HSP70s 78, Beside the eponymous J-domain, JDPs are highly
variable and outnumber in almost any organism the rather limited number of different HSP70s
9. Therefore, and because of different substrate specificities, JDPs are thought to organize
the wide range of substrates and consequently determine the functions of HSP70s 2°. Beside
delivering different substrates to the substrate binding domain of HSP70s, JDPs additionally
stimulate HSP70s ATPase activity 82, Hydrolysis of ATP induces a conformational change in
the substrate binding domain of HSP70s towards a closed conformation with high substrate
affinity. This leads to a tight biding of the presented substrate. In the ADP state, nucleotide
exchange factors (NEF), the second important class of co-chaperones, exhibit a high affinity
for HSP70s. Several types of NEFs can be distinguished, the bacterial GrpE, the eukaryotic
Bagl, Bag2, Hsp110/Grp170 and HspBP class. While structure and binding sites at HSP70s
of all NEFs are completely different, all NEFs, with the exception of HspBP, increase the rate

(1) JDP (2)

Figure 4: Functional cycle of HSP70s (see text
f