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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 1. 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 2,3. 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 4. 

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 5,6. 

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 9. 
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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) 10. 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 11,12. 
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 13-16. 

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) 17-19. 
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 20. 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 α-helix bundle that is capped by 
a four-stranded antiparallel β-sheet 21,22. In addition, HSFs can contain a “wing”, a long, flexible 
turn between β-sheet three and four, consisting of 15 amino acids, present only in non-plant 
species 23,24. DNA contact is mainly mediated by the central helix-turn-helix motif consisting of 
helix two and three of the α-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 22. 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 25. 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 α-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 25,26. Three 
of these patches from individual HSF monomers allow trimerization, presumably via a triple-
stranded α-helical coiled-coil interaction 27. 

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 28. A conserved motif consisting of an Aromatic, large Hydrophobic and 
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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 7. 
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 30. 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 31. 

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) 32-34. Therefore, HSFs were classified into three distinct subclasses (A, B and C) 
according to the spacing between the HR-A and HR-B region and the presence (A) or absence 

an Acidic amino acid residue (AHA) plays a major role in the transactivation process 28,29.
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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 α-helices 
of the three α-helix bundle 
are labeled α1, α2 and α3, 
respectively; the β strands are 
labeled β1, β2, β3 and β4. The 
first view is looking down on 
α-helix 3, the recognition helix 
positioned in the major groove 
of the DNA over the G of the 
fist nGAAn binding site. The 
second view is looking down 
on the DNA, showing two DNA 
binding domains attached to 
the nnGAAnnTTCnn locus. 

B: Domain architecture of HSFs: HSFs from Homo sapiens (HsHSF1), Arabidopsis thaliana (AtHSFA1a) 
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.
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(B, C) of the AHA motifs in their transactivation domains 34. 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 34. The 
latter were identified as activators of HSP gene expression, and thus are essential for plants to 
cope with proteotoxic stresses 35,36. 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 37. 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 37,38. In addition, A-type HSFs are assembling into hetero-oligomeric supercomplexes, 
as demonstrated for tomato HSFA1a and HSFA2, to further increase expression of HSP genes 
39,40. Furthermore, the composition of the expressed HSF pool depends on the prevailing 
stress condition 41. 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 
Caenorhabditis elegans. This is especially remarkable in case of the single HSF of 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 24. 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 19. 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 24,25,42. 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 42,43. 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 44. Trimerization is inhibited presumably by favoring 
the folding into the HR-C containing intramolecular coiled-coil instead of to an oligomerization 
competent state 45. 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 19. 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 46. 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, 
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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 19.
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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 47. 

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 19. HSF is 
already constitutively phosphorylated at several positions under normal growth conditions, 
but undergoes additional phosphorylations upon stress-treatment 48. Two of the stress-
inducible phosphorylations, at serine 230 and 326 of human HSF1, are positively influencing 
stress regulation 48,49. The opposite was shown for phosphorylation of serine 303 and 307, 
which is constitutively present and responsible for repression of transactivation at ambient 
temperatures 50. Sumoylation of lysine 298 in human HSF1 is negatively influencing the 
transactivation of target genes and is thought to modulate the HSR 51. 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 52.

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 53.

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 22,54-56. 
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 22. HSEs are highly conserved throughout 
evolution and can be transferred between distantly related organisms while retaining their 
regulatory pattern 57.

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 54,58,59. 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 58. 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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limited number of co-activator proteins, is capable of individually controlling different sets of 
genes, a principle referred to as combinatorial control 61,62. 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 22,63. 
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 
nGAAn) 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 22,64 .

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 65-68. 
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 66. In Drosophila, genes involved in general metabolism, signaling and 
gene expression were shown to be directly regulated by HSF1 69. In mammalian cells, HSF1 
was shown to regulate the expression of proteins from the extracellular matrix, for example 
collagen COL4A6 65. 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 

Figure 3: Heat shock elements
The position-specific weight matrix (PSWM) of heat 
shock elements in Drosophila melanogaster is derived 
from a genome-wide ChIP-seq study and illustrated 
with WebLogo 270. From 67.

controlled genes in yeast the temperature 
needs to be higher to induce the gene to 
a full extent (39°C compared to 37°C for 
perfect HSEs) 60. Moreover, gene induction 
is dependent on a different part of the 
transactivation domain thereby indicating 
the need of different co-activators for 
transactivation at the different HSEs 60. 
Therefore a single HSF, together with a 
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proteins in these organisms to induce gene expression 65. 

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 HSFA1a and HSFA1b resulted in the differential 
expression of 112 genes 68. 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 70. In 
contrast to HSFA1a/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) 71. 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 72. 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 11,15,74,75. 

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 76. 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 77. 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 
79. Therefore, and because of different substrate specificities, JDPs are thought to organize 
the wide range of substrates and consequently determine the functions of HSP70s 80. Beside 
delivering different substrates to the substrate binding domain of HSP70s, JDPs additionally 
stimulate HSP70s ATPase activity 81,82. 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 
Bag1, 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 
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of ADP release and subsequent ATP binding of HSP70s in a similar way, by stabilizing similar 
conformations of the ATPase domain 83,84. The exchange of the nucleotide again promotes a 
transition of the substrate binding domain, this time back to the open conformation with low 
substrate affinity. Upon nucleotide exchange, HSP70 has completed the cycle and is ready to 
start a new cycle. How folding is promoted in the substrate during biding to HSP70s is still 
under debate. An attractive hypothesis by Goloubinoff and coworkers suggests that HSP70s 
do not contribute to the folding process at all, but act as unfoldases of presented misfolded 
substrates 85. Tight binding, driven by ATP hydrolysis, forces the misfolded substrate into a 
different, rather unfolded conformation. The unfolded substrate contains more free energy 
and therefore has a second chance to spontaneously fold to its native state. If spontaneous 
folding is not successful, chaperone-mediated unfolding will be repeated until the substrate 
finally reaches the native state. This mechanism, although ATP consuming for every cycle of 
unfolding, is still several thousand times less expensive than degradation and resynthesis of 
the protein. As an additional function, simple binding of chaperones to hydrophobic patches 
reduces the chance of aggregation, an important process during stress referred as ‘holdase” 
activity 15. 

In general, substrates of HSP70s are recognized by a 4 to 5 amino acid long 
hydrophobic patch, that is flanked by basic amino acids 86. Exposure of hydrophobic amino 
acids to the aqueous phase is generally very rare in native, soluble proteins, since the building 
out of buried hydrophobic cores is a major driving force of protein folding. The binding motif 
is quite general, statistically it can be found every 36 amino acids in virtually any protein, and 
therefore allows HSP70s to bind and subsequently unfold almost all proteins when necessary 
86.

1.3.1.	 HSP70s in the chloroplast

HSP70s are present in all compartments of the eukaryotic cell including the chloroplast. In the 
past, research has focused especially on mitochondria, the cytosol and the ER while only little 
effort was taken to understand plastidic HSP70s, especially those in the stroma 87. The so far best 
studied HSP70 system within the chloroplast is found in Chlamydomonas reinhardtii 88. Here, 
there is only a single major HSP70 localized in the stroma, termed HSP70B 89. The HSP70B gene 
was found to be upregulated by dark-light transitions and upon different environmental stress 
conditions like heat shock, high light and photoinhibition 89-91. Antisense and overexpression 
Chlamydomonas strains were used to investigate HSP70B function during photoinhibition. 
Here, HSP70B was found to play an important role in photoprotection of PSII core subunits 
during stress and in the repair of damaged PSII centers during the recovery process 91. Further 
functional characterization has proven to be difficult. Mutants lacking stromal HSP70s could 
not be obtained so far in any plant organism and constitutive knock-down approaches failed 
to reduce protein levels beyond 80% of wild-type levels 91-93. Therefore, different approaches 
were taken to investigate the function of plastidic HSP70s. Initial approaches using co-
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immunoprecipitations and comparative genomics led to the identification of several co-
chaperones and also of a target of stromal HSP70B in Chlamydomonas. 

At first, the nucleotide exchange factor in the stroma was identified and termed CGE1 
(Chloroplast GrpE homolog 1) 94,95. CGE1 binds to HSP70B as a dimer, similar to its bacterial 
ancestor GrpE. Interestingly, the CGE1 gene is expressed in two splice variants, resulting in 
the addition of two extra amino acids close to the N-terminal tail when translated from the 
longer transcript 95. This longer splice variant has a higher affinity for HSP70B and was shown 
to be the dominant isoform at elevated temperatures, while the short one is more abundant 
at ambient temperatures 94. 

At least five different J-domain proteins are present in the chloroplast of 
Chlamydomonas, termed Chloroplast DnaJ homologs (CDJ) one to five. Four of these proteins 
have been subject of closer investigation 96-98. CDJ1 groups into JDP class I that in addition to 
the J-domain contains a glycine-rich and a cysteine-rich region including four zinc fingers 99. 
Class I JDPs are generally believed to deliver unfolded substrates and to have a broad substrate 
spectrum 79. In contrast to CDJ1, CDJ2 does not contain the glycine-rich and zinc-finger domains 
and therefore groups into class III of J-domain proteins. CDJ2 seems to be a JDP with a specific 
function with VIPP1 as prominent substrate that is presented to HSP70B 96. VIPP1 is present in 
the cell as monomers, dimers and high molecular weight oligomers. These constitute rings of 
an approximate diameter of 28-37 nm that may further assemble into rod-shaped complexes 
96,100. HSP70B was shown to be catalyze the assembly and disassembly of these oligomeric 
complexes. CDJ3-5 are also of JDP class III proteins but contain a bacterial ferredoxin domain 
harboring a 4Fe/4S cluster in addition to the J-domain 97. CDJ3 is strongly induced when cells 
are shifted from dark into the light and is associated with RNA. It was therefore hypothesized 
that CDJ3 uses its Fe/S cluster to redox-dependently recruit HSP70B to complexes controlling 
transcription/translation that are subsequently modulated by the chaperone 97. 

Similar to mitochondrial HSP70s, chloroplast HSP70B needs an additional co-
chaperone to reach it’s native state, the HEP2 protein (HSP70 Escort Protein 2). HEP2 most likely 
is required for the folding of HSP70B into the native state after its import into the chloroplast 
101. In contrast, the mitochondrial homolog HEP1 appears to bind to the ATPase and linker 
domains of mitochondrial HSP70s in the ADP state to prevent also self-aggregation during the 
running chaperoning cycle 102,103. 

HSP70B was also found to interact with a chaperone of the HSP90 class, HSP90C 
104,105. In other compartments, especially the ER and the cytosol, HSP70-HSP90 complexes are 
ubiquitous and especially important in regulating proteins involved in signaling, like receptors, 
transcription factors and kinases 106.

Further functional assignments were made in higher plants (Physcomitrella patens 
and Arabidopsis thaliana). Stromal HSP70 proteins were found to interact with components 
of the chloroplast import machinery 92,93. Consequently, the import rate of precursors proteins 
was affected in respective mutant strains with reduced functional HSP70 content. 
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1.4.	 Reverse genetics in Chlamydomonas reinhardtii

The recent release of the complete nuclear genome sequence of Chlamydomonas uncovered 
more than 15.000 protein coding genes, most of them with so far unknown function 107. With 
the nuclear genome all three genomes of Chlamydomonas are sequenced by now and are 
tractable and amenable to molecular analysis 107-109. Different methods for transformation of 
the genomes have been set up: particle gun bombardment is used for transforming any of the 
three genomes 110-112, agitation with glass beads drives DNA into the nuclear and chloroplast 
genomes 113,114 and electroporation allows to manipulate the nuclear genome 115. Furthermore, 
the genome sequence of Chlamydomonas enabled in silico analyses like comparative genomic 
studies for the identification of various new plant related genes, for example the members of 
the “GreenCut2”, containing 311 out of 597 genes with unknown function, conserved only in 
organisms with plastids 116. Consequently, the development of reverse genetics strategies to 
study the function of these interesting unknown genes became increasingly important and 
several new reverse genetics methods have been developed for Chlamydomonas 117,118. 

1.4.1.	 Gene targeting in Chlamydomonas

Different strategies have emerged in various organisms to provide gene-specific mutants. 
Targeted gene knock-out can be achieved by homologous recombination or the creation and 
screening of randomly generated insertional or chemically induced mutant libraries 119.

Homologous recombination (HR) is a cellular mechanism used during cell growth 
for the repair of DNA double-strand breaks, damaged replication forks, and during telomere 
maintenance. During meiosis, HR is used to generate diversity among the progeny by 
recombining different alleles and ensuring correct chromosome segregation 120. A homologous 
template DNA sequence is thereby used to restore, in case of the endogenous repair 
mechanism, or manipulate, in case of a biotechnological application, a specific genomic DNA 
sequence 120. As a tool in reverse genetics it therefore allows a broad range of applications: 
Gene knock-out can be achieved by creating null alleles with the insertion of a selectable 
marker into the coding sequence. In-detail gene characterization is done using in vitro modified 
sequences (knock-in) to alter single amino acids. Introducing in-frame reporter genes or 
affinity tags allows for example to determine subcellular localization and to identify interacting 
proteins 121,122. Especially in yeast HR is applied regularly and very successfully. For example, 
in-frame insertion of the coding sequence of the green fluorescent protein (GFP) directly at 
the position of the stop codon in all open reading frames (ORFs) via HR enabled the subcellular 
localization of ~75% of the yeast proteome and generated a library of immeasurable value 
for detailed research 122,123. In Chlamydomonas, HR is routinely used to modify the plastidic 
genome 124. However, in the nuclear genome HR is a very inefficient process, as it is in most 
higher eukaryotes where random insertion into the genome dominates HR 125. A method using 
single-stranded DNA as template has been developed by the group of Peter Hegemann, which 
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allowed for a strong increase in the ratio of homologous towards non-homologous integration 
to about 1-2 % 126,127. Unfortunately, these improvements have not established HR as a routine 
tool for reverse genetics approaches in Chlamydomonas. 

Sequence-indexed, insertional mutant libraries facilitate gene function analysis in 
many model organisms. A prominent example is the Agrobacterium tumefaciens-derived T-DNA 
mutant collection of Arabidopsis thaliana 128. The labor intense and cost-intensive long-term 
culturing/storing of Chlamydomonas so far limited similar attempts in this alga. Therefore, in 
the past, immediate screening in phenotypically pre-selected mutant collections allowed for 
the identification of gene specific mutants 117,129. Pazour and Whitman used a forward genetic 
strategy to select for strains with phenotypes in motility and then probed within the subset of 
mutants for the integrity of their specific target genes 129. More recently, the group of Arthur 
Grossman has further improved this strategy by allowing the identification of DNA inserts at any 
non-essential gene locus without previous phenotypic pre-selection 117. To ensure knock-out in 
specific target genes, a large number of mutants must be created and screened in a short-term 
period. They therefore developed a PCR-based screening strategy to identify specific knock-
outs among 100.000 independent mutant strains using pools of different sizes. Although this 
method is still quite labor intensive and limited to non-essential genes, it will definitely lead to 
a large number of knock-out mutants especially in previously unstudied genes lacking obvious 
phenotypes.

Chemical compounds like ethyl methanesulfonate (EMS), or physical damage 
mediated by radiation, increase the frequency especially of point mutations or deletions 
in genomes of different organisms 130. In addition to loss-of-function mutations, chemical 
mutagens generate a wide range of mutations allowing in-depth characterization of the mutated 
genes. Specifically designed high throughput screening systems allow for the identification of 
point mutations in genes of interest, for example TILLING (Targeting Induced Local Lesions 
In Genomes) 131,132. Methods for radiation induced mutagenesis combined with TILLING are 
currently under development in the group of Krishna Niyogi but, up to now, have not been 
published for Chlamydomonas.

1.4.2.	 RNA interference (RNAi)

The most popular reverse genetics strategies in Chlamydomonas reinhardtii are based on 
RNA interference (RNAi) 133-135. In contrast to in cis acting gene targeting methods these 
strategies act in trans and do not require the modification of the target gene locus itself. 
RNAi is an evolutionary conserved endogenous mechanism for silencing gene expression that 
uses 20-30 bp small RNA (sRNA) guiding molecules to target complementary nucleic acids 
136-139. The sRNA is thereby directly bound by a protein of the Argonaute protein family which 
itself is incorporated into the RISC (RNA Induced Silencing Complex) or RITS (RNA Induced 
Transcriptional Silencing) effector complexes. Silencing is thereby not restricted to fine-tune 
endogenous gene expression but also controls transposable elements in the genome and is 
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widely used as a defense mechanism against intruding nucleic acids 140,141.
RNAi mechanisms are subdivided into three major classes (siRNA, miRNA, piRNA), 

depending on the origin of the guiding sRNA molecule. These pathways are illustrated in Figure 
5. Small interfering RNAs (siRNA) originate from: (1) long, almost perfectly matching double-
stranded RNAs which again originate either from extended endogenous inverted repeats (also 
termed hairpin RNAs, hpRNAs) (2) from transposable elements that either contain inverted 
repeats within their flanking regions or are clustered in altered orientation (3) from a gene 
(not necessarily from a single locus) transcribed in sense and antisense direction (bidirectional 
transcription) (4) from overlapping genes on opposite DNA strands (cis natural antisense 
transcripts - cisNATs) (5) from the activity of RNA-dependent RNA polymerases (RdRPs) 142-144. 
These long dsRNAs are then processed to 21-22 nucleotide short, double-stranded siRNAs 
with a two-nucleotide 3’ overhang by a tandem ribonuclease domain of the RNAseIII family 
in a protein called Dicer 145. One of the two strands of the double-stranded siRNA, the so-
called guide strand, which has a lower thermodynamic stability at the 5’ end, is then ultimately 
incorporated into the Argonaute protein, while the other strand (also-called passenger strand) 
is rapidly degraded 146,147. Such siRNA-guided Argonaute effector complexes then identify their 
targets by Watson-Crick base pairing matching to the siRNA guide strand. 

In contrast, micro RNAs (miRNAs) originate from non-protein-coding genes whose 
DNA polymerase II derived long transcripts fold into imperfectly matching dsRNAs. These 
primary miRNA precursors (pri-miRNAs) form a complex, stem-loop containing secondary 
structure 148-153. Whereas multiple siRNAs are processed from a single siRNA precursor, miRNA 
precursors result in a single miRNA species. In animals, the pri-miRNAs are processed in the 
nucleus by a second RNAseIII domain-containing enzyme called Drosha first to ~70 bp long, 
so-called pre-miRNAs 154. The latter are exported and further processed in the cytosol by Dicer 
to the mature ~22 bp short miRNA 155. In contrast to that, there is only a single enzyme in 
plants (Dicer-like 1 (DCL1)) that is located in the nucleus and catalyzes both steps in miRNA 
maturation 156. The double stranded miRNA is then incorporated into an Argonaute protein 
and processed to miRNA/miRNA* similar to the guide/passenger strand mechanism described 
for the siRNAs.

The third class of small guiding RNAs is termed piRNAs because of their association 
with Piwi proteins, a subclass of proteins within the Argonaute protein family 157-162. piRNA 
precursors are localized within specialized clusters in the genome and include no dsRNA 
intermediate during their maturation 163,164. Consequently, they are directly synthesized from 
single-stranded RNA templates by the intrinsic Piwi RNAse activity in a Dicer-independent 
pathway 164,165.

There are several distinct effector mechanisms for RNAi-induced silencing including 
mRNA degradation, inhibition of translation and silencing of the gene locus, also summarized 
in Figure 5. mRNA degradation can be achieved directly via an intrinsic RNAseH domain of 
the Argonaute protein itself 166,167. The target RNA molecule is thereby cut in the middle of 
the sRNA directed site, between nucleotide 10 and 11, as counted from the 5’ end of the 



-17-Introduction 

sRNA guide 143. If not degraded, translation of target mRNAs is reduced or even completely 
blocked. Several different mechanisms are used for this purpose that are still under debate 
168,169. One mechanism currently discussed is the competitive binding of the Argonaute protein 
itself to the 7-methylguanosine cap of mRNAs. This conserved cap structure of eukaryotic 
mRNAs has to be bound by an eukaryotic initiation factor (eIF4F) in order to convey translation 
170. Another mechanism used is miRNA-mediated de-adenylation of poly(A) tails. When this 
structure of mRNAs is missing the poly(A)-binding protein cannot bind which is also affecting 
stability of the initiation complex leading to less pronounced translation 171,172. Additionally, 
the RNAi machinery can directly inhibit mRNA synthesis by halting elongation of nascent 
transcripts or affecting the chromatin state at the target gene locus 173-175. For example, 
facultative heterochromatin formation is induced and responsible for transcriptional silencing 
of transposons in near-centromere located regions in the genome of Schizosaccharomyces 
pombe 174. 

Figure 5: Biogenesis of small RNAs 
Small interfering RNAs (siRNA): The processing of endo-siRNA originating from various sources (see 
text for details) requires a Dicer/DCL type nuclease in the cytosol before loading the ~21-bp double-
stranded siRNA onto an Argonaute protein. The siRNA is finally mounted onto an Argonaute protein 
and integrated into the RNA Induced Silencing Complex (RISC) or RNA Induced Transcriptional Silencing 
complex (RITS). Accordingly, target mRNAs are degraded (RISC) or the target locus is silenced (RITS).
MicroRNAs (miRNA): Primary transcripts of miRNAs (pri-miRNAs) originate from RNA polymerase II 
transcribed miRNA genes or from intron regions of host genes. Processing involves Drosha and Dicer in 
animals, Dicer-like proteins in plants (DCL) and results in ~22 bp miRNA/miRNA* duplexes (see text for 
details). After their loading onto Argonaute proteins, miRNAs cause translational arrest or target mRNA 
destabilization in animals or mRNA cleavage in plants.
PIWI-interacting RNA (piRNA): piRNAs are processed Dicer-independently from single-stranded 
RNA precursors originating largely from particular intergenic regions known as piRNA clusters. Most 
probably, piRNAs are directly processed by proteins of an Argonaute subfamily, the Piwi proteins. 
piRNAs are most of the times involved in the silencing of transposable elements. Adapted from 271.
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1.4.2.1.	 siRNA based tools for reverse genetics in Chlamydomonas

While the mechanism of downregulation became evident at the beginning of the 21st century, 
RNAi-based methods had been routinely used for gene targeting much earlier, especially in 
plants 137,176. First indications for an existing RNA silencing mechanism in Chlamydomonas were 
found in the late 1990s. Cerrutti and coworkers observed a rapid degradation of the aadA mRNA 
(conferring spectinomycin resistance) when Chlamydomonas cells were not cultivated under 
selective pressure 177. The transcription rate was unaffected and furthermore the production 
of an antisense transcript was observed, probably originating from an endogenous promoter 
at the integration site. The first RNAi based knock-down approach in Chlamydomonas was 
then applied two years later with a successful underexpression of HSP70B, a nuclear encoded 
70kDa chaperone targeted to the chloroplast, with an antisense RNA producing construct 
91. The expression of the antisense RNA from a strong promoter led to mildly reduced basal 
levels of the endogenous HSP70B mRNA (50-80 % of wild-type levels) and likewise protein 
levels (~80 % of wild-type levels), thus allowing the characterization of HSP70B especially in 
situations where chaperone protein levels needed to be adjusted quickly (i.e. after heat shock 
treatment, dark-light transition or during photoinhibition) 91. Two years later, Fuhrmann and 
colleagues used the already gained knowledge about the RNAi mechanism and demonstrated 
the efficient downregulation of the Chlamyopsin (COP) gene with a hairpin construct directly 
generating dsRNA 178. In the following years, constructs of both types have been applied 
successfully in several reverse genetics experiments 134.

1.4.2.2.	 Artificial miRNAs increase specificity and applicability

Several problems are inherent to siRNA-based silencing strategies. Primary siRNAs, products 
of the introduced dsRNA generating construct, target in 50-70% of the cases other mRNAs, in 
addition to the intended target, albeit with a lower but sufficient affinity for downregulation 
179. The binding of the siRNA-guided RISC complex to (off-)target mRNAs in plants is followed 
by recruitment of RdRPs to the cleaved mRNA. The RdRP synthesizes dsRNA which in turn is 
a target for the RNAi machinery. Thereby resulting so-called secondary siRNAs have a high 
affinity for their respective targets, and therefore lead to efficient downregulation of additional 
mRNAs, a phenomenon called off-target down-regulation, transitivity, or spreading 180. In 
Chlamydomonas, a severe problem for siRNA-based approaches is silencing of the inverted 
repeat constructs, thereby reducing the time when the gene of interest is underexpressed to 
only a few weeks 181. 

In order to increase the specificity of RNAi-based reverse genetics methods the group 
of Detlef Weigel redesigned the guiding part of endogenous miRNAs of Arabidopsis thaliana 
and created so called artificial miRNAs (amiRNAs) 182. miRNAs in animals lead to translational 
arrest of a large number of target mRNAs, due to a limited complementarity between the 
miRNA guide and the target mRNAs in the seed region of the miRNA (base 2-8 of the 21-24 
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bp miRNA). In contrast, miRNAs in plants require a high level of homology with their target 
throughout the complete sequence for efficient binding and subsequent degradation, thus 
allowing their use for specific reverse genetics approaches 183. In contrast to long dsRNA that 
lead to the production of multiple small siRNAs, the single guiding RNA within the miRNA 
stem-loop structure allows a precise prediction of the potential target and off-targets of the 
amiRNAs 184. 

miRNAs were believed to have evolved within multicellular organisms until 
the discovery of miRNAs in deep sequencing analyses of the small RNA population of 
Chlamydomonas 185,186. Two independent groups have then established the amiRNA technique 
for the specific silencing of Chlamydomonas genes 118,187. Examples of all types of amiRNA 
constructs present in Chlamydomonas at the beginning of this work are illustrated in Figure 
6. The Chlamydomonas transcriptome was added to the web microRNA designer (WMD) tool 
developed by the group of Detlef Weigel to allow for a convenient, automated amiRNA design 
for any target gene. Especially off-targeting, optimal parameters for amiRNA maturation, and 
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Figure 6: amiRNAs in 
Chlamydomonas reinhardtii
A: cre-MIR1162 based 
amiRNA: Secondary structure 
of the amiRNA precursor 
used by Zhao and coworkers 
to target the MAA7 mRNA 
187. The 22-bp framed region 
is altered compared to the 
natural cre-MIR1162 and is 
finally incorporated into the 
effector complexes. Structure 
prediction was performed 
by RNAfold on the Vienna 
RNA webserver 272. Centroid 
structure drawing encoding 
base-pair probabilities with 
a color code. For unpaired 
regions the color denotes the 
probability of being unpaired.
B: cre-MIR1157 based 
amiRNA: Secondary structure 
of the amiRNA precursor 
targeting COX90 based on 
the vector developed by 
Molnar and colleagues 118. 
The introduced SpeI site 
allowing for simplified cloning 
is highlighted, as is the miRNA/
miRNA* region.

C: Different constructs for targeted knock-down using amiRNA in Chlamydomonas: The selection 
marker (green), promoter (red), 5’UTR (light blue), transcribed region (blue) and terminators (yellow) 
are drawn to size. For selection either the ARG7 gene, conferring arginine prototrophy, or AphVIII, 
conferring resistance against Paromomycin, are used. Promoters from the PSAD gene as well as the 
HSP70A/RBCS2 tandem promoter drive the expression of the modified precursor (amiRNApre) of cre-
MIR1162 (pCB740a) and cre-MIR1157 (all other constructs). To increase expression, the first intron of 
RBCS2 (IRBCS2 ) was cloned into pCB740 and pChlamiRNA3int 118,187,273. 
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thermodynamic stability of the amiRNA/mRNA duplex are considered by the WMD tool 118,184. 
Yijun Qi’s group adapted the backbone of miRNA 1162 for constitutive down-regulation of the 
tryptophan synthase (MAA7) and the two genes encoding the small subunit of Rubisco (RBCS1/
RBCS2) with a single amiRNA 187. miRNA 1162 was chosen because of its high expression level 
throughout different cell types. Both constructs led to down-regulation of their respective 
target genes and to the occurrence of expected phenotypes. Whereas the construct targeting 
MAA7 led to the silencing of the MAA7 gene in about 95% of all transformants, the two-gene-
targeting construct against the highly expressed RBCS1/2 genes was less effective (~45 %) 187. 

Based on the precursor of the endogenous miRNA 1157, Attila Molnar and colleagues 
developed two vectors using different promoters and selection markers for the constitutive 
expression of amiRNAs in Chlamydomonas. miRNA 1157 is also highly expressed in vegetative 
cells and gametes, both under autotrophic and heterotrophic growth conditions 186. In general, 
these constructs are more advanced than those from the Yi group. They do not rely on the 
terminator sequence from the RBCS2 gene, which potentially promotes antisense RNA 
synthesis in vivo 188. Instead, the construct harbors two different terminator sequences (RPL12 
and 192566 terminator), one to terminate the regular amiRNA precursor and the second to 
avoid antisense RNA production from nearby promoters behind the amiRNA at the site of 
integration. To facilitate cloning, a SpeI restriction site was introduced directly in front of the 
(guiding) miRNA coding sequence. This allows the use of dsDNA oligos with 5’ and 3’ SpeI 
compatible ends to introduce the amiRNA instead of a PCR-based cloning procedure. 

As a byproduct, all of the amiRNA constructs are much shorter than the long, inverted-
repeat constructs generating siRNAs. This increases the number of successful transformations 
of the complete construct and therefore knock-down strains (up to ~95% in case of MAA7 
gene) 187. Furthermore, miRNAs are not prone to self-silencing in Chlamydomonas, probably 
also a result of the reduced length 118.

1.4.2.3.	 Inducible knock-down approaches

Assigning gene function on the basis of a phenotype observed in constitutive knock-out/down 
mutants may be corrupted by the appearance of strong secondary phenotypes that conceal 
the primary function of the target protein. Additionally, constitutive knock-out/down does 
not allow to assess functions of essential proteins. Furthermore, multicellular eukaryotes, but 
also single-celled organisms differentiating into different cell types, need specialized knock-
down tools for the targeting of genes in specific situations to further dissect their function. 
These situations include distinct tissues, different developmental stages or the activation of 
specific genetic programs like stress responses or acclimation to nutrient availability. To tackle 
these demands, RNAi constructs driven from specialized, inducible promoters allow for a 
developmental or conditional resolving of phenotypes and have proven their benefit to gene 
characterization in several higher plant species 189. 

An ideal inducible knock-down system should provide strong repression under non-
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inducing conditions, high expression levels upon activation, and should not influence the 
organism by the method of induction. A simple example for such a system is the AlcR/AlcA 
regulon. It utilizes a two-component system consisting of the AlcR regulator and the AlcA 
promoter region from Aspergillus nidulans, a filamentous fungus 190. The AlcR transcription 
factor is activated in the presence of ethanol/acetaldehyde and subsequently binds to 
regulatory elements within target gene promoters, for example the AlcA promoter encoding 
an alcohol dehydrogenase. The binding of AlcR leads to a strong induction of gene expression 
and therefore allows the utilization of ethanol as a carbon source in the fungus 190,191. AlcR itself 
harbors all necessary features for the recognition of the inducing compound and induction 
of gene expression, therefore no additional factors are required for this system in order to 
control any attached DNA sequence 192. A hairpin RNAi construct in tobacco was successfully 
controlled with the AlcR/AlcA system and used to target genes in the chlorophyll biosynthesis 
pathway 193. Furthermore, this system was also applied to control the first amiRNA in higher 
plants, and was successfully targeting GUN4 alone and CPC/TRY/EPC2 simultaneously 182. In 
Chlamydomonas, so far no inducible amiRNA system was applied. The only so far reported 
inducible knock-down approach used an endogenous regulator to control an inverted repeat 
construct producing siRNAs. Under the control of the inducible NIT1 promoter the centrin 
gene was successfully knocked down 194. 

1.5.	 Aims of this work

In a previous study, HSF1 was identified as a key regulator of the heat stress response (HSR) in 
Chlamydomonas 24. The aim of this thesis was therefore to dissect the HSF1-dependent HSR 
in more detail. Three different approaches should provide further insights into the subject. (1) 
A pharmaceutical approach: challenging different steps during activation and attenuation of 
the stress response with specific inhibitors was expected to allow for a deeper understanding 
of the regulation and stress sensing processes. (2) A microarray-based transcriptome analysis 
in wild-type and knock-down strains should allow for the identification of plant-specific target 
genes of HSF1. (3) Preliminary results pointed to a role of HSP70B in stress signaling of the 
chloroplast, which I was to examine more closely in HSP70B knock-down strains. Especially 
the essential nature of stromal HSP70s made it necessary to develop an inducible system for 
targeted knock-down in order to achieve a higher degree of underexpression. The advantages 
of the newly developed amiRNA system by Molnar et al. were therefore to be combined with 
an inducible promoter (NIT1) to enable the time-resolved analyses of phenotypes 118.
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2.	 Summarizing discussion

2.1.	 General features of the HSR in Chlamydomonas

So far, only little evidence is provided in the literature on the elementary principles of the 
heat shock response (HSR) in Chlamydomonas 24. We therefore first used a pharmaceutical 
approach and applied several inhibitors to Chlamydomonas cell cultures affecting different 
steps in the activation and attenuation of the stress response (Manuscript 1). This strategy was 
already successfully used before in Chlamydomonas to dissect the nitrogen deprivation/blue 
light signaling pathway resulting in gametogenesis 195. 

I will briefly summarize the state of the research on this project at the beginning of 
my PhD. Initial studies already showed that Chlamydomonas HSF1 is multiply phosphorylated 
upon the onset of heat stress 24. The application of a competitive inhibitor of protein kinases, 
staurosporine, to heat shocked cells demonstrated that phosphorylation of HSF1 is affecting 
the ability of HSF1 to promote transcription at target promoters (Manuscript 1, Figure 1). The 
initial trigger that leads to activation of the HSR appears to be the accumulation of unfolded 
proteins. Feeding with an arginine analog, canavanine, that impedes the formation of a normal 
secondary structure, resulted in the activation of HSF1 at ambient temperatures (Manuscript 
1, Figure 3). Application of an inhibitor of cytosolic protein synthesis (cycloheximide) revealed 
that for attenuation of the HSR specific proteins have to be synthesized de novo after the onset 
of heat stress (Manuscript 1, Figure 2). 

Taken together, the results so far strongly suggested that the general features of 
the HSR known from mammalian systems are also valid for Chlamydomonas. First, the HSR is 
elicited by the occurrence of unfolded proteins. Second, in the absence of regulation at the level 
of trimerization, phosphorylation plays an essential role in the activation of HSF1. And finally, 
the synthesis of nuclear-encoded proteins (presumably chaperones and/or phosphatases) is 
necessary for attenuation of the stress response. 

2.1.1.	 Role of cytosolic chaperones in the HSR of Chlamydomonas

We wanted to investigate the role of molecular chaperones in signalling or relaying the 
stress state of the cell to HSF1, a process first uncovered in mammalian systems that is also 
conserved in higher plants 45,196. Cytosolic HSP70A was already found to interact with HSF1, but 
the interaction was sustained during the heat shock treatment 24. Besides HSP70s, especially 
HSP90s are known from other systems to bind to HSFs at ambient conditions 44,45. This 
interaction between HSP90 and HSF plays a central role in current models of the activation 
of the HSR because directly connecting the occurrence of unfolded proteins to the activation 
of the HSF (Figure 2). This system represents an elegant mechanism for stress sensing and 
subsequent signal transduction 19. 

We therefore aimed to investigate whether cytosolic HSP90A played a role in the 
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HSR of Chlamydomonas. For this, we first used co-immunoprecipitation (CoIP) to investigate 
whether there was a direct interaction between HSP90A and HSF1 in Chlamydomonas 
(Manuscript 1, Figure 6). Indeed, I could detect a weak interaction between HSF1 and HSP90A 
in the absence of stress. Surprisingly, I could show that HSP90A, like HSP70A, binds to HSF1 also 
after the onset of heat stress (Manuscript 1, Figure 6). HSP90s in higher plants bind to HSF via 
the C-terminus, probably recognizing HSF as a substrate 196. As a second approach, I therefore 
applied two inhibitors, radicicol and geldanamycin, that specifically inhibit HSP90 activity 
(Manuscript 1, Figure 4 and 5). When added at ambient conditions to Chlamydomonas cell 
cultures, both inhibitors were successful in eliciting a stress response at high concentrations. 
The inhibitor-induced stress response was not as pronounced and not as immediate as the 
HSR elicited upon heat stress. 

Taken together, HSP90A is an important player in the Chlamydomonas HSR and 
contributes to the HSF1-dependent activation of target genes. From our data, i.e. the constitutive 
interaction between HSF1 and HSP90A and the slow induction of the inhibitor-induced stress 
response, we would not propose a direct function of HSP90A in stress signal transduction or 
stress sensing. Especially the activation of HSF by radicicol and geldanamycin is discussed in the 
literature as evidence for a direct role of HSP90s in relaying the stress response to HSFs 19,197. In 
general, HSP90s are not required for general protein folding but interact preferentially with a 
specific subset of partially folded, metastable proteins 198-200. Inhibiting HSP90s therefore may 
result in the release and aggregation of its client proteins, which might be sufficient to induce 
a HSF-dependent stress response at ambient conditions. As this induction would depend on 
the accumulation of unfolded/aggregated proteins, our observations on the slow induction of 
the HSR upon geldanamycin/radicicol feeding might be explained by a buffering through other 
chaperone classes. 

We therefore rather propose an indirect role of HSP90A in modulating the HSR in 
Chlamydomonas. The direct interaction of HSP90A with HSF1 may assist in the HSF1-directed 
assembly or disassembly of protein complexes, for example to initiate or pause transcription. 
A recent report in Drosophila supports this hypothesis by directly linking HSP90 to a protein 
involved in sustainment of paused DNA polymerase II also at HSF1 regulated promoters 201. 

2.1.2.	 Stress sensing and signal transduction

When the HSP90A/HSF1 complex is not involved in sensing and relaying the stress signal to 
HSF1, what could be the sensor? Recently, there was compelling evidence that a calcium channel 
is involved in eliciting a HSR in the moss Physcomitrella patens 202. The authors proposed that 
temperature changes affect membrane-fluidity which in turn regulates Ca2+ influx via a Ca2+ 
channel across the plasma membrane. Ca2+ inflow again activates a calmodulin-dependent 
stress kinase to eventually mediate HSF1 hyperphosphorylation 203. Also this hypothesis 
represents an elegant mechanism for stress sensing, however it is challenging our view that 
unfolded proteins trigger the stress response in Chlamydomonas. 
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To test whether inflow of extracellular calcium plays a role in stress sensing we 
applied two extracellular Ca2+ chelators, EGTA and BAPTA, to washed Chlamydomonas cells and 
studied the influence on HSF1 target gene expression upon stress treatment (Manuscript 1, 
Figure 7). Intriguingly, BAPTA and EGTA produced different results concerning the involvement 
of calcium influx on the stress response. BAPTA was able to delay the induction of stress-
related genes and consequently reduced thermotolerance, while EGTA failed to affect the 
stress response, even at 40 times higher concentrations than necessary to affect Ca2+ influx in 
Chlamydomonas 204. Both inhibitors have a comparable preference for Ca2+ over other ions but 
BAPTA binds Ca2+ about 100 times faster than EGTA 205. It might therefore be possible that the 
Ca2+ pools employed for the HSR are only transiently available and therefore only accessible to 
BAPTA. Alternatively, Ca2+ pools might be accessible to BAPTA for other reasons, for example 
sterical limitations. Another explanation might be, that BAPTA, in contrast to EGTA, is known 
to also affect processes independent of its Ca2+ binding properties 206. Therefore BAPTA might 
interfere with stress responsive pathways at other instances than Ca2+ influx, for example a 
membrane-bound sensor that is not a channel. Ca2+ influx might play a role in stress signaling 
also in Chlamydomonas, but is it the sensor? Interestingly, HSP90 inhibitors induced a stress 
response in moss at ambient conditions that is dependent on Ca2+ influx 202. This could imply 
that stress sensing is realized by a chaperone-bound (HSP70 and/or HSP90) client protein, 
in the simplest case the Ca2+ channel itself, that is released from an inhibiting complex upon 
occurrence of stress. The stress-dependent Ca2+ influx further amplifies the signal, finally 
resulting in HSF1 phosphorylation.

Temperature stress has a severe impact on chloroplasts and results in decreased 
photosynthesis rates and carbon fixation under stress conditions 207,208. Therefore, acclimation 
of the chloroplast to elevated temperatures is a necessity in photosynthetic organisms. In other 
compartments, i.e. in mitochondria and the ER, proteotoxic stress is handled individually, each 
in a separate, HSF-independent pathway 209,210. Surprisingly, the use of antisense constructs 
targeting HSP70B revealed that underexpressing strains are affected in the entire cell’s HSR 
(Manuscript 1, Figures 8-10). In addition, several plastidic chaperone genes are directly 
controlled at the transcriptional level by HSF1, as judged from the reduction of their transcripts 
in HSF1-underexpressing strains, for example ClpB3, HSP22F, HSP90C and HSP70B (Article 2, 
Figure 1 and Manuscript 2, Figure 2) 24 as well as the direct binding of HSF1 to promoters 
of the plastidic chaperone genes CLPB3 and HSP22F (Article 2, Figure 3 and Manuscript 2, 
Figure 6). These results suggest, that in contrast to other compartments the stress state of the 
chloroplast is integrated into the HSF1-dependent HSR.

A summary of our current working model of the HSF1-dependent stress response in 
Chlamydomonas is presented in Figure 7: when the amount of unfolded/misfolded proteins 
exceeds the chaperoning capacity of the cell, the stress sensor is released from an inhibiting, 
chaperone-containing complex. The released sensor releases a signal cascade that is amplified 
via Ca2+ influx and finally results in the activation of HSF1 via hyper-phosphorylation by a stress 
kinase. The simplest conceivable scenario would require only two components: A stress-
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sensing Ca2+ channel that would be directly bound by inhibiting chaperones, and a calmodulin-
dependent kinase (CaMK), that directly phosphorylates HSF1. Hyper-phosphorylated HSF1 
binds to HSEs within target gene promoters to enhance the chaperoning capacity in the cell. 
Attenuation is also realized via post-translational modification of HSF1. The stress kinase is 
inactivated when surplus chaperones inhibit the sensor again and, additionally, a phosphatase 
is either de novo synthesized or activated to actively remove necessary phosphorylations from 
active HSF1. The phosphatase should also require chaperone activity to ensure proteostasis 
before attenuation. HSP70A/HSP90A complexes attached to HSF1 are necessary, for example 
by recruiting DNA Polymerase II in order to convey transcription. The chloroplast-derived 
signal is integrated either at the level of the cytoplasmic stress sensor or later on during 
signal transduction, or might completely independently result in further modification of HSF1, 
allowing a fine-tuning of the response.

Figure 7: Current working model of the HSF1-dependent HSR in Chlamydomonas
Native proteins (blue circles) unfold upon the occurrence of a proteotoxic stress and accumulate 
in the cytosol and chloroplast (1). Chaperones (among others: HSP70B (chloroplast), HSP90A and 
HSP70A (cytosol)) are attracted by the unfolded proteins (blue squares) and release the stress sensor 
(red square) from an inhibiting complex. The activated sensor (red square) activates a signal cascade 
that includes Ca2+ influx via a membrane-bound Ca2+ channel (2) and the activation of a calmodulin 
dependent kinase (CaMK) (3). Inactive HSF1 trimers (4) are transferred into hyper-phosphorylated, 
activated trimers by a stress kinase (SK). HSF1 binds to heat shock elements (HSEs) within promoters 
of stress-related genes to promote transcription (5). Adjusting the chaperoning capacity to the specific 
need during proteotoxic conditions finally results in inactivation of the stress kinase by depleting 
unfolded proteins from the cytosol and the chloroplast (5). 
A phosphatase (Pase), that requires chaperoning activity to reach an active conformation, de-
phosphorylates and consequently inactivates HSF1 in the attenuation phase (6). HSP70A/HSP90A 
complexes attached to HSF1 contribute to HSF1-mediated transcriptional regulation, for example by 
recruiting DNA Polymerase II (Pol II) in order to convey transcription. 
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2.2.	 Development of an inducible amiRNA system for 
Chlamydomonas

In order to further dissect the stress response, especially the HSP70B-related signaling 
component from the chloroplast, a more efficient knock-down system was to be employed. 
Stromal HSP70s have been demonstrated to be essential in higher plants and might also be 
essential in Chlamydomonas, as judged from poor underexpression in constitutive antisense 
strains 91,211. In order to study essential processes requiring HSP70B that so far escaped 
conventional knock-out or antisense strategies, inducible underexpression is the method of 
choice 193,212-214. During my PhD thesis I therefore extended the Chlamydomonas toolkit by an 
inducible artificial microRNA (amiRNA) system (Article 1). amiRNAs have several advantages 
over hairpin-derived RNAi silencing tools as already pointed out in the introduction. They offer 
a high level of specificity and are less prone to self-silencing 118. 

2.2.1.	 Vector features

The vector on which my amiRNA construct (summarized in Figure 8) is derives from a recently 
developed constitutive amiRNA system for Chlamydomonas 118. This vector offers a convenient 
cloning strategy for routine application which is also featured by the inducible system now. The 
region in the miRNA precursor (cre-1157) targeting the gene of interest is small enough (~90 
bp) to allow direct synthesis of the miRNA*/ miRNA cassettes as DNA oligonucleotides. When 
the oligos are synthesized with a 2-bp overhang on either side compatible with a SpeI digestion 
site they can directly be inserted into the restriction site of the vector. Termination is realized 
by a region consisting of two inverted 3’ UTRs to prevent read-through transcription from 
nearby promoters close to the 3’ end 118. For selection, the ARG7 gene from Chlamydomonas 
is used, which restores arginine prototrophy in arginine auxotrophic mutant strains. 

To ensure a tight control, the choice of the promoter controlling expression of the 
amiRNA construct is the most crucial step for the inducible knock-down system. The use of 
transgenic systems is rather difficult in Chlamydomonas as constructs containing foreign DNA 
sequences are readily silenced 177. Therefore, the choice is limited to inducible endogenous 
systems. In addition, the mechanism of induction should not interfere with gene expression 
in related pathways, which is especially difficult when studying stress responses, and should 
also allow for a convenient use in the lab. Copper responsive promoters, for example that 
of cytochrome c6 (CYC6), have been used before in Chlamydomonas for inducible gene 
expression 215. However, inducing copper deficiency requires long-term cultivation on copper-
free medium, a procedure that makes it complicated to find the exact point of induction of 
the amiRNA. The addition of Ni2+/Co2+ is also inducing copper responsive promoters, but is 
also known to induce the expression of stress responsive genes 216. Other well-characterized 
inducible promoters are also not suitable, for example the promoter of the carbonic anhydrase, 
CAH1, that requires high levels of CO2 for repression, a tedious and expensive procedure in the 
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lab. Activating the promoter of arylsulfatase (ARS) induction requires depletion from sulfur, 
which is cheap and easy to control but results in pleiotropic phenotypes, for example PSII 
depletion, starch accumulation and growth arrest 217,218. We therefore took advantage of the 
tight regulation of the NIT1 promoter to control the expression of the amiRNA (Article 1). This 
promoter has already proven to be suitable for inducible expression in Chlamydomonas and 
also of an RNAi hairpin construct 194,219. The native NIT1 promoter drives expression of nitrate 
reductase (NR) catalyzing the reduction of nitrate to nitrite, the first step in nitrate assimilation 
220. If available, ammonium is the preferred nitrogen source, as it requires the least energy 
for assimilation 221-223. The NIT1 promoter is therefore tightly controlled on the by the NIT2 
transcription factor which serves as an activator in the presence of nitrate as sole nitrogen 
source 220,224. In addition, ammonium directly represses the expression of the NIT1 gene by a 
so far unknown mechanism 221. 

Ammonium and nitrate are both natural sources of nitrogen for Chlamydomonas, 
thus their utilization should be an integral part of acclimation to nutrient availability and 
should not elicit stress responses. Indeed, I carefully studied the expression of stress related 
genes upon switching the nitrogen source and did not find increased stress gene expression in 
the long term (Manuscript 3, Figure 3 and 6). However, switching the nitrogen sources requires 
at least three centrifugation steps to completely exchange the growth media, a process shown 
to transiently induce stress genes (Article 1, Figure 3). This is certainly a disadvantage of the 
system, but as target protein depletion requires much more time (Article 1, Figure 3B) the 
transient induction of stress genes is unlikely to affect the interpretation of phenotypes. 
Nevertheless, a proper empty vector control needs to be included in all experiments using this 
system.

2.2.2.	 Application – Proof of principle 

So far, only the strong constitutive PSAD and HSP70A-RBCS2 promoters were used to drive 
amiRNA expression in Chlamydomonas 118,187. During my PhD thesis I successfully applied the 
nitrogen source dependent expression of amiRNAs targeting HSF1 and HSP70B (Article 1, 
Manuscript 3). Expression of both amiRNAs successfully decreased the levels of the respective 
mRNAs and corresponding protein levels. Furthermore, VIPP1, VIPP2, HSP90C, and SECA 
protein levels were successfully reduced using similar constructs in our group, as well as the 
levels of PETO and CAS in the labs of Olivier Vallon and Michael Hippler, respectively 90,225. 

The level of depletion strongly varied for the different target proteins, probably 
depending on the abundance of the target mRNA in the cell. Especially for highly expressed 
genes, like VIPP1 and CAS, corresponding protein levels could not be decreased to the same 
extent as with strong constitutive promoters 90,225. As the degree of downregulation of the 
target gene is strongly depending on the expression level of the amiRNA this might indicate 
that the induced NIT1 promoter is not as strong as the constitutive HSP70A-RBCS2 tandem 
promoter 182,226. In addition, the number of underexpressing strains displaying phenotypes is 
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significantly smaller when the inducible system is used. About 5 % of the strains that express 
the ARG7 gene showed also reduced levels of HSF1 or HSP70B and corresponding phenotypes. 
The constitutive constructs produced phenotypes in almost every second transformant 
118,187. The smaller number of transformants can be explained by the HSP70A-RBCS2 tandem 
promoter driving all the constitutive amiRNA constructs, where the HSP70A promoter was 
shown to increase the chance that close-by promoters are expressed at a random integration 
site in the genome (transcriptional state enhancer) 91,227-229. Taken together, compared to the 
constitutive HSP70A-RBCS2 promoter-driven constructs, NIT1-controlled construct are less 
strong expressed in fewer transformants.

The time-resolved analysis of phenotypes plays an important role when using 
inducible knock-down strains, especially when it comes to essential genes where there is only 
a limited time frame to study gene-specific phenotypes. I therefore studied the dynamics of 
underexpression for HSF1 and HSP70B. HSF1 mRNA was declining already 1-2 hours after 
switching the nitrogen source while protein levels start to decline 6-8 hours after the switch 
(Article 1, Figure 2 and 3). After about 24 hours, almost no protein was detectable anymore. 
The half-life of HSF1 protein correlated thereby largely with the doubling time of the cells, 
indicating that HSF1 seems to be a quite stable protein that is diluted out by growth. In terms 
of the kinetics, similar results were obtained for HSP70B (Manuscript 3, Figure 2 and 5). It 
seems that acclimation to the altered nitrogen availability takes a few hours until cells are able 
to divide again (Manuscript 3, Figure 1 and 6). Indeed a strong induction of the NIT1 gene was 
observed within the first hours on nitrate-containing medium, while in the long term NIT1 
expression is maintained at a basal level (Article 1, Figure 3). Therefore, within a limited time 
frame, between 4 and 24 hours after the exchange of the nitrogen source, target protein levels 
decline gradually and allow for a detailed characterization of phenotypes.

Inducible knock-down strains using the NIT1 promoter can also be used to study 
gain of function phenotypes. For example, when HSF1 protein is repleted, after shifting cells 
grown on nitrate back to ammonium, cells regain thermotolerance (Article 1, Figure 4). Here, 
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Figure 8: inducible amiRNAs 
A: Construct for inducible amiRNA 
expression (pMS539): The selection 
marker (ARG7, green), promoter 
(NIT1, red), 5’UTR (light blue), 
transcribed precursor (amiRNApre, 
blue) and terminators (yellow) are 
drawn accurate to size.
B: amiRNA targeting HSF1: 
Secondary structure of the amiRNA 
precursor targeting HSF1 based on 
the vector developed by Molnar 
and colleagues 118. Sequences of the 
miRNA incorporated into Argonaute 
proteins, the region targeted in the 
HSF1 mRNA, and deduced amino 
acid sequence of the DNA-binding 
domain of HSF1 are shown.
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the addition of ammonium to nitrate-containing media is also sufficient to repress the NIT1 
promoter, therefore not requiring any centrifugation steps. Surprisingly, protein levels recover 
much more slowly than they deplete (Article 1, Figure 4). Moreover, induction seems to be 
more a stepwise than a gradual procedure, as judged from basically no recovery of HSF1 protein 
within the first 24 hours. We therefore assume that miRNAs remain loaded on Argonaute for 
a considerable time period and suppress mRNA levels of HSF1.

2.3.	 Identification of potential HSF1 target genes

In order to identify potential plant-specific target genes of HSF1, we used RNAi and amiRNA 
mediated knock-down and compared the transcriptome between wild-type and hsf1 mutant 
strains upon stress treatment using microarrays and qRT-PCR (Manuscript 2) 230,231. Compared 
to the current state of the Chlamydomonas genome (version 5, published online in June, 
2012) that includes the information from several recently performed RNAseq studies, the used 
microarrays developed in 2008 cover about 45% of all known genes 231. This is still suitable 
to identify pathways affected by HSF1 depletion but, of course, is not sufficient to provide a 
complete dataset of potentially HSF1-regulated genes.

2.3.1.	 HSF1-dependently regulated processes (Plant-specific features)

In total, 978 genes were differentially expressed upon heat shock in HSF1 knock-down 
compared to wild type strains (Manuscript 2, Figure 1). To identify plant-related pathways, 
a bin enrichment analysis was conducted among these differentially expressed genes. For 
classification, the Chlamydomonas MapMan ontology was used in its most recent version 232. 
Four of the most general categories were overrepresented in the dataset, namely tetrapyrrole 
biosynthesis (19), stress (20), redox regulation (21) and protein (29) (Manuscript 2, Figure 4). 

Several members of the canonical, heat stress gene families (chaperones and 
proteases) are found within two of these categories: protein.folding (29.6) and stress.abiotic 
(20.2) 87. Not surprisingly, genes encoding chaperones showed the strongest induction upon 
heat shock which was abolished in HSF1-depleted strains (Manuscript 2, Figure 4C). In contrast 
to previous studies carried out in Arabidopsis, genes encoding members of all chaperone 
families (sHSPs, HSP60s, HSP70s, HSP90s, HSP100s) were found to be regulated by HSF1 and 
all bins containing chaperone-encoding genes were found to change significantly dependent 
on HSF1 (Manuscript 2, Table 1). Among the significant HSF1-dependently regulated genes, 
several are coding for chloroplast chaperones and co-chaperones, further confirming the role 
of HSF1 in acclimation of chloroplast protein homeostasis during heat stress (Manuscript 2, 
Table 1).

While transcript levels from genes of the stress, redox regulation and protein categories 
increase HSF1-dependently upon stress treatment, as expected for a transcription factor 
known as activator, expression of genes within the tetrapyrrole group is HSF1-dependently 
reduced. Repression of chlorophyll biosynthesis upon different stress conditions was quite 
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frequently observed in higher plants and it is widely believed that this repression limits the 
generation of reactive oxygen species (ROS) 233-235. So far, involved transcriptional regulators 
have not been identified. However, analysis of promoter regions of several genes involved in 
tetrapyrrole biogenesis did not reveal potential HSEs. Therefore one can only speculate on the 
role of HSF1 in repressing the expression of these genes upon heat shock. One explanation 
might be that HSF1 controls the expression of a specific repressor binding to the promoter 
regions of genes from the tetrapyrrole biosynthesis pathway.

Beside tetrapyrrole biosynthesis, there is a second category of proteins enriched 
that performs plant-specific processes: protein.targeting (29.3). Especially, transcripts from 
translocons involved in transport into the chloroplast and into mitochondria are HSF1-
dependently increased upon heat shock (Manuscript 2, Table 2). In addition, two genes 
involved in protein transport within the chloroplast are HSF1-dependently increased, both 
of which are involved in the biogenesis of thylakoid membrane proteins: FFC (Fifty-Four-
Chloroplast Homologue), a subunit of the chloroplast signal recognition particle involved 
in LHC integration in thylakoids, and TATa, a subunit of the Sec independent twin-arginine 
translocon in the thylakoid membrane 236.

2.3.2.	 Direct targets

The set of differentially expressed genes contains a number of candidates that are increasingly 
expressed upon HSF1 depletion, for example the tetrapyrrole biosynthesis genes already 
mentioned above. This type of regulation is rather indirectly dependent on HSF1, a transcription 
factor known as an activator of transcription. In addition, high affinity targets are still able 
to recruit remaining HSF1 in knock-down strains and consequently are not significantly 
differentially expressed. To identify direct HSF1 targets we therefore performed a clustering 
approach within the whole dataset (not only the significant regulated subset), searching for 
genes increasingly expressed upon heat shock (Manuscript 2, Figure 5). 581 candidates were 
identified showing a unique expression signature qualifying them for beeing controlled by 
HSF1. At a limited number of interesting loci we analyzed promoter regions for the presence of 
heat shock elements (HSE) and performed chromatin immunoprecipitation (ChIP) experiments 
with antibodies against HSF1 to directly probe for HSF1 binding in vivo.

Promoters from four out of nine tested genes were directly bound by HSF1: HSP70G, 
HSF1, CLPB3 and MPA1 (Manuscript 2, Figure 6B). Two of the genes, HSP70G and CLPB3, 
encode for chaperones probably located in the ER and in the chloroplast, respectively. Only 
little is known about the third gene (MPA1). In Chlamydomonas, MPA1 is strongly induced in 
phosphate depleted cells lacking PSR1, the transcription factor necessary for acclimation to 
phosphate-limiting conditions 237. MPA1 is homologous to yeast DCR2 (30% identical and 46% 
similar residues), a phosphatase involved in regulating the unfolded protein response (UPR) 
in the ER 238. The UPR in yeast is regulated by the trans-membrane kinase/endonuclease Ire1. 
This protein oligomerizes upon occurrence of unfolded proteins in the ER and subsequently is 
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auto-phosphorylated in trans at the cytoplasmic side 239. The phosphorylated Ire1 protein is 
capable of processing an intron in the mRNA of the transcription factor HAC1, necessary for 
the proper translation and subsequent transcriptional activation of the UPR target genes 240. 
The MPA1 homolog DCR2 was found to dephosphorylate Ire1 and therefore to inactivate the 
UPR 238. Consequently, transcriptional activation of MPA1 by HSF1 might be used to inactivate 
the UPR in response to heat stress.

2.3.3.	 Feedback control

The last, very interesting promoter region identified as a direct target of HSF1 is the HSF1 
promoter itself (Manuscript 2, Figure 6B). A unique feature of the HSR in plants compared 
to all other so far studied organisms is the heat shock inducibility of HSF genes 241,242. For 
the first time we observed that HSF1 is directly responsible for its induction. The additional 
HSF1 synthesized during heat shock (see Figure 7, step 5) might either further enhance 
transcription (positive feedback loop) or contribute to the attenuation of the HSR, as newly 
synthesized, unphosphorylated and therefore inactive HSF1 might compete with activated 
hyper-phosphorylated HSF1 already present during stress for target gene promoter binding 
(negative feedback loop).

To understand the role of the additionally produced HSF1 protein, we made use 
of the properties of our inducible amiRNA system and performed a heat shock experiment 
where production of additional HSF1 was abolished (Manuscript 2, Figure 7). We could show 
that the additional HSF1 protein was necessary to further enhance transcription of target 
genes and therefore is required for a positive feedback loop. It might be possible that the 
additional protein is necessary to also induce a second set of targets with lower affinity binding 
sites. Within higher plants, the network of HSFs is extraordinary complex. Several HSFs are 
expressed only upon stress treatment, consequently modulate the HSR and therefore allow 
for fine-tuning of the stress response. In Chlamydomonas with only a single inducible HSF, this 
type of regulation is already realized and therefore might represent the initial evolutionary 
event that enables the more fine-scaled stress response in plant systems.

2.3.4.	 Regulation of the stress response at the epigenetic level

The promoter regions of CDJ1, TIC40, TIC110, FFC and LHCBM9 were not directly bound by 
HSF1 (Manuscript 2, Figure 6). However, all of them harbor HSEs comparable to those within 
promoters that showed HSF1 binding. In Drosophila, the chromatin surrounding the HSE has 
to be in a specific configuration in order to allow HSF1 binding 67. Especially acetylation of 
lysine residues of histones H3 and H4 played an important role in this regulation. 

We therefore analyzed chromatin structure at ambient and elevated temperatures 
in exemplary stress-responsive promoters (Article 2 and Manuscript 2). At ambient conditions 
there was virtually no difference between the chromatin state of HSF1-occupied promoters 
and those that don’t show HSF1 binding (Manuscript 2, Figure 6). We therefore conclude that, 
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in contrast to Drosophila, specific chromatin modifications in the proximity of HSEs are not 
influencing the binding of HSF1 to promoters in Chlamydomonas. We rather hypothesize that 
either the presence of additional, so far unknown cis elements, or nucleosome positioning 
determine HSF1 binding. The latter hypothesis is supported by the observation that HSEs 
within the (HSF1-bound) HSP70A promoter are found within the nucleosome linker region 243.

In general, we found HSF1-bound heat shock genes to be highly regulated at the 
chromatin level upon switching to elevated temperatures. Especially acetylation of lysines 
at histones H3 and H4 is increased and the positioning of nucleosomes is altered (Article 2, 
Figure 4 and Manuscript 2, Figure 6) 243. Thereby, HSF1 binding is preceding the modification 
of the histones as well as eviction/sliding of nucleosomes (Article 2, Figure 5). Interestingly, 
genes that are activated upon heat shock but are not directly bound by HSF1 showed also no 
alterations at the chromatin level (Manuscript 2, Figure 6 and S2). This indicates that indeed a 
different mechanism is used for the activation of these genes upon heat shock.

2.4.	 Functional analysis of the essential chloroplast chaperone 
HSP70B

After the successful development of the inducible amiRNA construct, we applied the system for 
the characterization of the stromal chaperone HSP70B (Manuscript 3). Using this technique, 
protein levels of HSP70B were decreased to ~ 20% of wild type levels about 24 hours after 
switching the nitrogen source. Coincidently, 24 hours after exchanging the nitrogen source, cells 
stopped to divide and growth arrested (Manuscript 3, Figure 2). Reduced growth rates upon 
depletion of HSP70B by 20% were also reported in a previous study 91. Despite tremendous 
effort, knock-down strains with further reduced protein levels could not be obtained (Michael 
Schroda, personal communication). In addition, a knock-out of a stromal HSP70 (Hsp70-2) was 
lethal in the moss Physcomitrella patens 93 and simultaneous knock-out of the two stromal 
Hsp70s from Arabidopsis (cpHsc70-1 and cpHsc70-2, 91% identity) did also not yield viable 
progeny 211. Taken together, functions inherent to stromal HSP70s seem to be essential for cell 
growth throughout the green lineage.

Several observations were made indicating that Chlamydomonas cells are reversibly 
arrested in growth and not irreversibly damaged, at least within the first 48 hours after induction 
of the amiRNA: first, when HSP70B levels were allowed to recover, no obvious differences 
in growth rates were observed between inducible knock-down strains and wildtype in the 
subsequent days (Manuscript 3, Figure 2). Second, cells accumulate large amounts of starch 
when arrested in growth (Manuscript 3, Figure 4 and S2), indicating that metabolism is still 
generating energy for sugar synthesis and storage. Starch accumulation is frequently observed 
in nutrient limited, growth-arrested Chlamydomonas cells 244. And last, microscopy analyses 
and cell measurements showed that cells are intact and cell size is increased in HSP70B knock-
down strains, demonstrating that cells are indeed viable but fail to divide (Manuscript 3, Figure 
2 and S4).
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2.4.1.	 Consequences of chaperone depletion on the VIPP1 substrate

The so far only known substrate of the HSP70B chaperone system in the chloroplast of 
Chlamydomonas is the VIPP1 protein 96, where HSP70B catalyzes the interconversion between 
oligomeric and monomeric states 100. VIPP1 is strongly accumulating in inducibly HSP70B 
depleted cells (Manuscript 3, Figure 3), starting already early upon depletion of HSP70B. 
This clearly indicates that VIPP1 function is affected in HSP70B depleted cells, resulting in a 
feedback in order to increase levels of functional VIPP1. This is supported by the increased 
expression of the VIPP2 protein upon HSP70B depletion, a homolog of VIPP1 only present 
in green alga and moss (Manuscript 3, Figure 3). VIPP2 is only weakly expressed at ambient 
conditions and was shown to be expressed at high levels only in VIPP1 knock-down strains and 
after high light exposure 90. 

Additional phenotypes of VIPP1 knock-down strains are also found in inducibly 
HSP70B depleted cells, for example high light sensitivity (Manuscript 3, Figure 4) and, more 
specifically, aberrant structures at the origin of thylakoid membranes (Manuscript 3, Figure 5). 
Interestingly, the distribution between VIPP1 oligomers and monomers is distorted in inducible 
HSP70B knock-down strains (Manuscript 3, Figure 4 and S2). Depending on the HSP70B protein 
level, lower molecular weight isoforms of VIPP1 are depleted, while higher molecular weight 
isoforms increase strongly. Apparently, the dynamic interconversion between monomers and 
oligomers catalyzed by HSP70B is crucial for the function of VIPP1. 

2.4.2.	 Essential functions of HSP70B

HSP70B is the only prominent HSP70 in the stroma of the Chlamydomonas chloroplast and 
therefore probably involved in a plethora of processes 245. It is therefore hard to determine 
which function of HSP70B eventually is responsible to what extent for the growth arrest. 
Two functions were assigned to HSP70B in previous studies, assembly/disassembly of VIPP1 
oligomers and a role in photoprotection and repair of PSII core subunits during photoinhibition 
91,100. PSII protein levels, as well as other proteins from photosystems, seem to be only slightly 
affected within the first 36 hours of HSP70B depletion (Manuscript 3, Figure S5). Photosynthesis 
is also a dispensable process for Chlamydomonas, as it can grow on acetate that is included 
in our standard medium 246. Knock-down strains of VIPP1 were also characterized previously 
and did not show significant growth defects at ambient conditions 90. Therefore, affecting the 
repair process of PSII and VIPP1 function in general is rather unlikely to directly cause the 
observed growth-arrest in HSP70B knock-down strains. 

In higher plants, stromal HSP70s were found to contribute to the import of nuclear 
encoded proteins into the chloroplast 92,93. This is an essential process, as judged from 
phenotypes of knock-out plants depleted from central proteins of the TIC and TOC translocons 
247-249. Accumulation of preproteins that still include the N-terminal extension was found in 
mutants defective in transport, as the transit peptide normally is cleaved off in the stroma 
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after successful import 250,251. However, within our protein analyses we followed many nuclear-
encoded chloroplast proteins in HSP70B-depleted cells, i.e. VIPP1/2, CGE1, CDJ1/2/4, HSP90C 
and did not observe the accumulation of unprocessed isoforms. We therefore conclude that 
potential functions of HSP70B in import are also either minor or can be fully compensated 
by other chaperones, i.e. ClpC, and therefore contributes only weakly to the growth arrest 
phenotype.

From the data gathered in this work, we would therefore propose two processes 
that potentially contribute to the growth arrest: a nutrient-limitation induced growth arrest, 
resulting from misfolding of HSP70B-dependent substrates involved in biosynthetic processes, 
and a stress-response induced growth arrest, probably resulting from unfolding and aggregation 
of HSP70B substrates in general. 

Essential processes carried out by the chloroplast are the assimilation of nutrients (C, 
N, S) and their conversion into building blocks for cell growth (i.e. amino acids, fatty acids and 
nucleotides) 252. Especially starch accumulation and ATG8-mediated autophagy is observed in 
response to nutrient limitation, two phenotypes we observed also in inducibly HSP70B depleted 
cells (Manuscript 3, Figure 5, 6 and S6) 244,253. We therefore tested if the addition of amino 
acids is capable of reverting the growth-arrested phenotype. Among 8 amino acids tested, 
specifically the addition of arginine at concentrations similar to those provided to auxotrophic 
strains allowed HSP70B-depleted cells to resume exponential growth (Manuscript 3, Figure 7 
and S7). Arginine is the only amino acid that is actively imported into Chlamydomonas cells, 
probably because of the absence of proper transporters for other amino acids 254,255. We 
therefore cannot exclude that amino acids that did not rescue the growth arrest phenotype 
would do so if properly imported. 

There are several possibilities at which level arginine might rescue the HSP70B 
depletion induced growth arrest. Arginine anabolism might be directly impaired, as several 
steps of arginine biosynthesis are localized in the chloroplast 256. In addition, Chlamydomonas 
can grow on arginine as sole nitrogen source, so nitrogen fixation might be non-functional 
in HSP70B-depleted cells 254. Nitrate fixation requires uptake of nitrate into the cytosol via a 
specific transporter where subsequent reduction to nitrite is taking place, catalyzed by nitrate 
reductase (NR) 221. A second transporter imports nitrite into the chloroplast where the nitrite 
reductase (NiR) reduces nitrite to ammonium, which is ATP dependently incorporated into 
glutamate creating glutamine by an enzyme called glutamine synthetase (GS). Glutamine is 
converted together with 2-oxoglutarate to two molecules of glutamate by an enzyme called 
glutamate synthase (GOGAT) as the final step of nitrogen fixation. 

While the initial steps take place in the cytosol, NiR, GS and GOGAT might depend 
on HSP70B as they are located in the chloroplast. However, Chlamydomonas can use several 
amino acids as alternative nitrogen sources. Most of them are not imported into the cell, 
but are substrates of an unspecific extracellular amino acid oxidase/deaminase that produces 
ammonium in the extracellular space, which is subsequently imported and incorporated into 
glutamate via GS/GOGAT 257,258. However, the addition of several amino acids to HSP70B-
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depleted cells that were previously shown to serve as substrate of the amino acid deaminase 
(lysine, valine, leucine, isoleucine, methionine) did not result in a release of the growth arrest 
(Manuscript 3, Figure S7). This pathway would bypass the plastidic NiR, but obviously is not 
sufficient to rescue the growth arrest. 

Arginine itself is degraded to proline, allowing the assimilation of three nitrogen 
molecules. The first two are generated by arginase, generating ornithine from arginine and 
releasing urea, which is degraded to ammonium and incorporated into glutamate, also requiring 
the GS/GOGAT cycle. The last nitrogen is directly incorporated into glutamate from ornithine by 
ornithine aminotransferase, and therefore allows to bypass the GS/GOGAT cycle for nitrogen 
assimilation. However, ornithine was not able to revert the growth arrest phenotype when fed 
to HSP70B-depleted cells (Manuscript 3, Figure 7), indicating that bypassing GS/GOGAT is also 
not sufficient to suppress the phenotype. However, in this case, we cannot exclude that uptake 
of ornithine is also not possible for Chlamydomonas and GS/GOGAT is still the growth limiting 
factor that is bypassed by arginine uptake. Taken together, additional research is required to 
identify the substrate, either GS/GOGAT or the enzyme in arginine biosynthesis that directly 
requires HSP70B for proper function.

Two stress responses, the HSF1-dependent HSR and macroautophagy, were 
activated in HSP70B depleted cells (Manuscript 3, Figure 6 and S6). Both stress responses are 
known to induce a growth-arrest also in Chlamydomonas 259,260. In a previous study in yeast, 
HSF1 was closely linked to TOR (Target Of Rapamycin) kinase 261, a central regulator of cell 
growth in response to nutrient availability and environmental cues 262. Moreover, a recent 
study in human cell lines showed that HSF1 is directly phosphorylated by TOR kinase and 
that this phosphorylation is necessary for HSF1 activation, indicating that TOR is also involved 
in eliciting the HSR 263. Autophagy is also activated in nutrient-limited, growth-arrested cells 
via the TOR signaling pathway 260,264. It is therefore possible that the induction of the HSR 
and macroautophagy is a consequence from nutrient limitation and a TOR-mediated growth-
arrest.

2.4.3.	 A novel approach to identify HSP70B substrates

Previous attempts to identify targets of HSP70B did not reveal candidate proteins that would 
explain the observed phenotype. In order to find the substrates of the HSP70B chaperone 
machinery in biosynthetic pathways, a new method has to be developed, allowing for the 
specific identification of interacting proteins (Article 3). HSP70-substrate interactions are only 
transient, depend on PTMs, correct protein stoichiometry and often require co-chaperones 
(J-domain proteins) for their delivery to the chaperone. We were therefore working with cell 
lysates that should closely reflect the in vivo situation, and used a co-immunoprecipitation 
(CoIP) approach to find specific targets of HSP70B 265,266. Novel interaction partners are then 
identified in an untargeted way by tandem mass spectrometry (LC-MS/MS). However, this 
strategy is often perturbed by a high false positive discovery rate, mainly derived from the 
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high sensitivity of modern mass spectrometers that confidently detect traces of unspecifically 
precipitating proteins. It therefore requires tedious verification of candidate interaction 
partners to prove specific interactions. Alternatively, a recently developed method based on 
stable isotope labeling and the use of knock-down mutants allows to quantitatively distinguish 
between specific interacting proteins and contaminants 267. 

I introduced two improvements to the original method to allow for identification 
of interaction partners of HSP70B in Chlamydomonas: (1) 15N metabolic labeling was used 
instead of labeled amino acids to quantify precipitated proteins. 15N metabolic labeling is 
much cheaper and can be applied to plants, fungi and bacteria that are prototrophic for amino 
acids. In addition, the problem of arginine-to-proline interconversion for quantification of 
the mass spectrometry data does not apply 104,268. (2) Affinity modulation by ATP/ADP was 
used to reduce the amount of specifically precipitated proteins instead of using knock-down 
mutants. HSP70s are known to specifically interact with their co-chaperones and substrates 
in an ATP-dependent manner. Binding to substrates is thereby more pronounced in the ADP 
state (closed conformation of the substrate binding domain, Figure 4) 269. This strategy has 
several advantages over the use of knock-down strains. Two different concentrations of the 
target protein are present in the experiment when using knock-down and wildtype strains, 
requiring a careful titration of the antibodies to allow for quantitation. Moreover, knock-down 
of a target protein has consequences on the expression of related proteins, as demonstrated 
for example for the VIPP1 protein in case of HSP70B (Manuscript 3, Figure 3), and therefore 
might hamper distinguishing true from false interaction partners. 

So far, I was able to demonstrate that this method is indeed able to capture 
interacting proteins dependent on the bound nucleotide (ATP/ADP). As a proof of principle, 
the specific interaction of HSP70B with its nucleotide exchange factor CGE1 in the ADP state 
was successfully demonstrated (Article 3, Figure 2 and 3). 

2.4.4.	 Outlook

The identification of the link to biosynthetic processes is one of the major findings in this 
work. To further establish this connection of HSP70B in general and especially in arginine 
biosynthesis or nitrogen assimilation will be one of the upcoming challenges in this project. 
However, specific substrates so far escaped our approach and make it necessary to further 
improve the method especially in terms of sensitivity. 

In addition, the VIPP1 protein, the so far only known target of HSP70B, was strongly 
accumulating in HSP70B knock-down strains, probably resulting from a feedback to increase 
functional levels of VIPP1. Other targets might accumulate in a similar manner, so candidates 
can be derived from studying proteome dynamics upon HSP70B depletion. Such an experiment 
would also allow to study other aspects of this study in more detail, for example the 
accumulation of pre-proteins (transit peptides) to study the influence on chloroplast import.
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Abstract Several RNA silencing strategies employing
antisense or inverted repeat constructs have been applied to
Chlamydomonas reinhardtii. Problems inherent to these
strategies, like oV-target eVects by unpredictable generation
of siRNAs, were solved previously by constructs allowing
for routine expression of speciWc artiWcial microRNAs
(amiRNAs). Yet missing was a routine tool for inducible
amiRNA expression, which to establish was the aim of this
work. For this, we equipped a recently developed amiRNA
expression vector with the NIT1 promoter, which is
repressed by ammonium and activated by nitrate. We tested
this conditional amiRNA vector with heat shock factor 1
(HSF1) as target. HSF1 transcripts in transformants were
already reduced »2 h after transfer from ammonium to
nitrate-containing medium. In contrast, HSF1 protein levels
declined only »8 h after the shift and were strongly
reduced after 24 h, suggesting that HSF1 is a stable protein
and diluted out by growth. HSF1 levels recovered partly
when transformant cells were shifted back to ammonium
for 72 h. Transformants developed thermosensitivity only
on nitrate and thermosensitivity correlated with strong
reduction in HSF1 levels, hence supporting our earlier con-
clusion that HSF1 is a key regulator for thermotolerance in
Chlamydomonas.

Keywords Nitrate reductase · Inducible expression · 
ArtiWcial microRNA · Chlamydomonas · Heat shock 
factor · Thermosensitivity

Introduction

The steadily growing number of sequenced genomes has
strongly facilitated the identiWcation of interesting genes by
comparative genomics, which in turn creates a demand for
eYcient reverse genetics approaches for gene function
analyses. The latter are facilitated by indexed mutant librar-
ies and RNA silencing tools that meanwhile are available
for many organisms. However, assigning gene function on
the basis of a phenotype observed in constitutive knock-
out/down mutants may be corrupted by the appearance of
strong secondary phenotypes that conceal the primary
eVect. Moreover, functions of essential genes cannot be
studied. Both drawbacks of constitutive knock-out/down
mutants can be remedied by inducible RNA silencing tools,
which allow for kinetically resolving the development of
phenotypes and are available e.g. for several higher plant
species (Moore et al. 2006).

Chlamydomonas reinhardtii has long been used as a
plant model organism for studying various aspects in cell
biology (Harris 2008). The main advantages of Chlamydo-
monas are its simple handling, short generation time and
easy genetics. Moreover, it is yet the only organism that
allows genetic manipulation of its three genomes (chloro-
plast, mitochondrial and nuclear), which are all sequenced
(Merchant et al. 2007). Compared to higher plants, gene
families in Chlamydomonas in general are much less com-
plex, therefore facilitating functional genomics (Schroda
2004). Finally, a plethora of molecular tools have been
developed for Chlamydomonas in recent years. For exam-
ple, vectors for the expression of antisense and inverted
repeat constructs have been successfully implemented
(Schroda 2006), including an inverted repeat construct
under control of the inducible NIT1 promoter (Koblenz and
Lechtreck 2005). However, inverted repeat constructs are
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extremely prone to silencing (Yamasaki et al. 2008) and
give rise to unpredictable siRNAs that may have oV-target
eVects (Xu et al. 2006). The recent Wnding of microRNAs
in Chlamydomonas (Molnar et al. 2007; Zhao et al. 2007)
has prompted the development of vectors mediating the
expression of artiWcial microRNAs (amiRNAs) that contain
a deWned, target speciWc miRNA and apparently are not
prone to silencing (Molnar et al. 2009; Zhao et al. 2009).
Here, we report the development of a vector for Chlamydo-
monas that combines conditional gene expression via the
NIT1 promoter with the advantages of amiRNA speciWcity.
To demonstrate the eYciency of this inducible amiRNA
system, we have targeted the HSF1 mRNA and conWrm the
role of HSF1 as key regulator of the stress response in
Chlamydomonas.

Materials and methods

Strains and culture conditions

Chlamydomonas reinhardtii strain cw15-325 (cwd mt+ arg7
nit1+ nit2+), kindly provided by R. Matagne (University of
Liège, Belgium), was used as recipient strain for transfor-
mation with HSF1-amiRNA construct pMS540 (see below)
and control construct pCB412 (Schroda et al. 1999). Strains
were grown mixotrophically in tris–acetate-phosphate
(TAP) medium (Harris 2008) on a rotatory shaker at 25°C
and »30 �E m¡2 s¡1. The TAP medium was supplemented
with 50 mg L¡1 of arginine when required.

Vector construction

At Wrst, 791 bp of 5� sequence from the NIT1 gene were
ampliWed by PCR using primers 5�-ATGGaTcCATcTAg
AGGTGaCCCGCCAGCC-3� and 5�-TGGtggcCAtTttAA
AgGCtagCGGACTCTCGAGC-3� (lower case letters indi-
cate nucleotides altered to introduce recognition sites for
restriction enzymes BamHI-XbaI-BstEII and MscI-NheI
into forward and reverse primer, respectively), and plasmid
pMN24 as template (Fernandez et al. 1989). The 791 bp
PCR product, consisting of promoter and 5� UTR
sequences, was digested with XbaI and MscI and ligated
into XbaI/MscI-digested pMS179 (Schulz-RaVelt et al.
2010), yielding pMS287. Next, 138 bp of microRNA
sequence were ampliWed by PCR using primers 5�-GAGAt
CTAGAGGTGTTGGGTC-3� and 5�-aaaCCatggACTAGT
AGCTGGAACACTGC-3� (lower case letters indicate
nucleotides altered to introduce recognition sites for restric-
tion enzymes XbaI and NcoI into forward and reverse
primer, respectively), and plasmid pChlamiRNA2 as tem-
plate (Molnar et al. 2009). The PCR product was digested
with XbaI and NcoI and ligated into NheI/NcoI-digested

pMS287, generating pMS538. Finally, pMS538 was
digested with XbaI and SpeI to release an 878-bp 5�-NIT1/
microRNA fragment, which was ligated into XbaI/
SpeI-digested, shrimp alkaline phosphatase-treated
pChlamiRNA2 to yield pMS539.

The miRNA targeting Chlamydomonas HSF1 was
designed according to the detailed instructions given by
Molnar et al. (2009) using the WMD2 tool at http://wmd2.
weigelworld.org (Ossowski et al. 2008). Resulting oligonu-
cleotides 5�-ctagtACCCACCACCATTCCTAATCAtctcgc
tgatcggcaccatgggggtggtggtgatcagcgctaTGATAAGGAAT
GGTGGTGGGTg-3� and 5�-ctagcACCCACCACCATTCC
TTATCAtagcgctgatcaccaccacccccatggtgccgatcagcgagaTG
ATTAGGAATGGTGGTGGGTa-3� (uppercase letters indi-
cate miRNA*/miRNA sequences) were annealed by boiling
and slowly cooling-down in a thermocycler and ligated into
SpeI-digested pMS539, yielding pMS540. Screening for
correct clones was done as described by Molnar et al.
(2009). pMS540 was linearized by digestion with HindIII
and transformed into Chlamydomonas strain cw  15-325 by
vortexing with glass beads (Kindle 1990).

Shifts from repressive to inducing conditions

For RNA and protein gel blot analyses, cells were grown in
100 mL of TAP–NH4Cl medium to a maximal density of
»5 £ 106 cells/mL. Cells were centrifuged at 2,500g for
4 min at 25°C. The cell pellet was resuspended twice in
50 mL TAP–N medium in a 50-mL falcon tube and centri-
fuged at 3,100g for 2 min at 25°C to remove remaining
TAP–NH4Cl. The cells were resuspended in TAP–KNO3 to
a density of 2 £ 106 cells/mL and if necessary, diluted dur-
ing the experiment to ensure that cell densities never
exceeded 6 £ 106 cells/mL. RNA extraction and hybridiza-
tion were performed as described previously (Liu et al.
2005). Probes used for hybridization were: a 805-bp frag-
ment from the NIT1 gene which was ampliWed by RT-PCR
with primers 5�-ATGCTGAAGAAGAGCATTGGC-3�

and 5�-CCATCAGGTTCCAGGTGATCA-3� on RNA iso-
lated from TAP–KNO3 grown cells; a 2,358-bp NheI-XbaI
fragment from the HSF1 gene; the full length »1-kb cDNA
of CBLP2. Radioactive signals were detected using BAS-IP
MS2040 phosphorimager plates (Raytest), scanned with a
Typhoon TRIO + phosphorimager with ImageQuant TL
Software (Amersham Biosciences) and quantiWed using the
Quantity One 4.5.1 program (Bio-Rad). Protein extraction
and gel blot analysis were done as reported in (Willmund
and Schroda 2005). Antisera used were against Chlamydo-
monas HSF1 (Schulz-RaVelt et al. 2007) and CF1�
(Lemaire and Wollman 1989). For phenotype analyses,
cells were grown in TAP–NH4Cl medium to a density of
»6 £ 106 cells/mL at »30 �E m¡2 s¡1 and diluted into
TAP–NH4Cl or TAP–KNO3 medium to a density of
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»105 cells/mL 2 days before the experiment. Cells were
then grown again to a density of »3 £ 106 cells/mL and
50 �l were spotted on TAP agar plates containing 7.5 mM
KNO3 or 7.5 mM NH4Cl, respectively, as nitrogen source.
Plates were incubated at 30 �E m¡2 s¡1 for 3 days at 25°C,
which if indicated were interspersed with two 2-h incuba-
tions at 40°C in the light (heat shocks were done in 24-h
intervals).

Shifts from inducing to repressive conditions

Cells were grown for 3 days in TAP–KNO3 medium to a
density of »4 £ 106 cells/mL at »30 �E m¡2 s¡1 and
diluted into TAP–KNO3 or TAP–NH4Cl medium to a den-
sity of »105 cells/mL and grown for another 3 days. Pro-
tein extraction and immunoblot analysis were done as
described above. For phenotype analysis, cells were grown
for 3 days in TAP–KNO3 medium to a density of
»4 £ 106 cells/mL at »30 �E m¡2 s¡1 and diluted into
TAP–KNO3 or TAP–NH4Cl medium to a density of
»105 cells/mL. After another 3 days of growth in TAP–
KNO3 or TAP–NH4Cl medium, respectively, cultures were
split and either continued to be incubated at 25°C, or heat-
shocked at 40°C for 2 h in the light. 50 �l (» 2 £ 105 cells)
were spotted on TAP agar plates containing 7.5 mM KNO3

or 7.5 mM NH4Cl, respectively, as nitrogen source. Plates
were incubated at »30 �E m¡2 s¡1 for 3 days at 25°C.

Results

Two independent groups recently reported on vectors for
the speciWc downregulation of Chlamydomonas genes by
artiWcial microRNAs (amiRNAs) (Molnar et al. 2009; Zhao
et al. 2009). Both groups employed the strong constitutive
HSP70A-RBCS2 promoter to drive expression of modiWed
precursors of natural Chlamydomonas miRNAs. The vec-
tors generated by Molnar et al. also allow for the conve-
nient design of amiRNAs based on the WMD web tool
(Ossowski et al. 2008) and for easy cloning of designed oli-
gonucleotides into a unique SpeI site engineered into the
miRNA precursor. To further improve this convenient
tool, we replaced the HSP70A-RBCS2 promoter in
pChlamiRNA2 (Molnar et al. 2009) with the NIT1 pro-
moter, which controls expression of the Chlamydomonas
nitrate reductase gene (Fernandez et al. 1989) (Fig. 1a). The
NIT1 gene is repressed when cells are grown with ammo-
nium and induced with nitrate as nitrogen source (Quesada
and Fernandez 1994). This regulation is mediated by
sequences present in the region 282 nt upstream from the
translational start site of the NIT1 gene and is maintained in
a transgene setting (Ohresser et al. 1997). Hence, while
fully supporting the convenient designing and cloning

concept of Molnar et al., modiWed vector pMS539 should
allow for conditional amiRNA expression based on the
nitrogen source used.

To test the usefulness of pMS539, we designed an ami-
RNA targeting the coding region of the heat shock factor 1
(HSF1) transcript and cloned it into pMS539 to generate
pMS540 (Fig. 1a). We chose the HSF1 gene as target
because Chlamydomonas strains with strongly reduced
HSF1 levels were found to be viable under non-stress con-
ditions, but were severely thermosensitive (Schulz-RaVelt
et al. 2007), hence providing a simple screen for strains
with low HSF1 levels. pMS540 was transformed into a cell
wall deWcient, arginine auxotrophic strain containing func-
tional copies of the NIT1 and NIT2 genes. The NIT2 gene
encodes a transcription factor that is required for nitrate
signalling on the NIT1 promoter (Camargo et al. 2007).
Transformants were selected for arginine prototrophy. Of
100 transformants that were grown on TAP–KNO3 plates
and subjected to two 2-h heat shock treatments, six
appeared to be thermosensitive (data not shown). In one of
these transformants, HSF1 accumulated to wild-type levels
(Fig. 1b), thus thermosensitivity might have arisen from
integration of the vector into another gene essential for
thermotolerance, like HSP101 (Sanchez and Lindquist
1990). Two of the six transformants had moderately
reduced HSF1 levels and three had very low HSF1 levels
(Fig. 1b). Accordingly, the latter three were highly thermo-
sensitive (Fig. 1c).

We next wanted to test whether reduced HSF1 levels and
thermosensitivity correlated with nitrate-induced expres-
sion of pMS540. For this, we grew a transformant gener-
ated with the empty vector and two pMS540 transformants
(#5 and #22) with strong phenotypes using ammonium or
nitrate as nitrogen source and analysed their HSF1 protein
levels and thermosensitivity. As expected, HSF1 protein
levels were only reduced in the transformants grown on
nitrate, whereas they were unaVected in control cells grown
on either nitrogen source or in transformants grown on
ammonium (Fig. 2a). Accordingly, both pMS540 transfor-
mants were thermosensitive only on nitrate, but not on
ammonium, whereas the control was thermotolerant on
either nitrogen source (Fig. 2b).

Next, we aimed at following the kinetics of HSF1 down-
regulation induced by shifting the nitrogen source from
ammonium to nitrate. To this end, we monitored HSF1
mRNA levels within the Wrst 8 h and HSF1 protein levels
within the Wrst 24 h after the shift. We observed a decline in
HSF1 mRNA levels around 2 h after the shift, right after
expression of the native NIT1 transcript had peaked
(Figs. 3a, b; Quesada and Fernandez 1994). Hence, as
observed by Molnar et al. (2009) and Zhao et al. (2009),
amiRNAs in Chlamydomonas apparently act by impacting
the level of transcript accumulation. We consistently
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observed that transcript levels of HSF1 and heat shock
genes increase at varying extent shortly after changing the
medium (Fig. 3b, data not shown). Most likely, centrifuga-
tion and washing steps stress cells slightly. At the protein
level, a clear decline in HSF1 levels in transformants #5
and #22 was observed only 8 h after shifting cells to nitrate-
containing medium, while HSF1 was strongly reduced 24 h
after the shift (Fig. 3c). As expected, no change in HSF1
levels after shifting the nitrogen source was observed in
control cells.

Finally, we asked whether HSF1-amiRNA strains were
able to reconstitute HSF1 levels and thermotolerance when
the nitrogen source was shifted back from nitrate to ammo-
nium. For this, HSF1 levels were monitored in control cells
and transformants #5 and #22 that, after growth on nitrate
for 3 days, were shifted to ammonium as nitrogen source.
As shown in Fig. 4a, this treatment resulted in a gradual
recovery of HSF1 levels in transformants #5 and #22,
although wild-type HSF1 levels were not fully recovered
even after cells were grown for 3 days on ammonium. This
might be due to a slow translation rate of HSF1 transcripts
under non-stress conditions. Alternatively, Argonaute pro-
teins loaded with the HSF1-miRNA might be stable and

continue to aVect HSF1 transcripts until diluted out by
growth. In any case, as shown in Fig. 4b, the partly recov-
ered HSF1 levels in transformant #5 were suYcient to re-
establish thermotolerance that was lost when cells were
grown on nitrate.

Discussion

In this work, we extend the Chlamydomonas toolkit by an
inducible artiWcial microRNA (amiRNA) vector. In this
vector, amiRNA expression is mediated by the NIT1 pro-
moter, which is repressed when cells are grown on ammo-
nium and induced when they are grown on nitrate as
nitrogen source (Fig. 3a; Ohresser et al. 1997; Quesada and
Fernandez 1994). The NIT1 promoter has already been
employed successfully in Chlamydomonas to drive induc-
ible expression of an inverted repeat construct targeting
centrin (Koblenz and Lechtreck 2005). However, the con-
struction of inverted repeat constructs is tedious, as it
requires gene dependent, multi-step cloning strategies.
Moreover, siRNAs generated from inverted repeat con-
structs are unpredictable and may have oV-target eVects

Fig. 1 Construct for the conditional expression of an HSF1-amiRNA
and preliminary analysis of HSF1-underexpressing strains. a Schemat-
ic drawing of inducible amiRNA construct pMS540 and its target re-
gion in the HSF1 transcript. Construct pMS540 is based on
pChlamiRNA2 (Molnar et al. 2009), which itself is a derivative of
pCB740 (Schroda et al. 1999). pMS540 contains the ARG7 gene as
selectable marker, 465 nt of NIT1 promoter sequence, 294 nt of NIT1
5� UTR connected to the modiWed precursor of natural miRNA
cre-MIR1157, and the two 3� UTRs from RPL12 and estExt_
fgenesh2_pg.C_31002 as inverted terminator. The amiRNA generated
by pMS540 targets the region coding for the extreme N-terminal part
of HSF1, which includes the HSF1 DNA-binding domain (shown in
bold letters). Base-pairing nucleotides of the amiRNA and HSF1

mRNA are shaded in grey. b Immunoblot analysis of transformants
with reduced HSF1 protein levels. Total protein corresponding to 2 �g
chlorophyll was extracted from control cells (Con) and six pMS540
transformants grown directly in TAP with 7.5 mM KNO3 as nitrogen
source to a density of »5 £ 106 cells mL¡1 and separated on a 10%
SDS–polyacrylamide gel. Levels of HSF1 protein relative to loading
control CF1� were analysed by immunoblotting. Control cells are the
cw15-325 recipient strain transformed with the ARG7 gene (pCB412)
alone. c Analysis of thermotolerance of control and HSF1-amiRNA
strains. Cells were spotted on TAP–KNO3 agar plates and incubated in
the light for 3 days continuously at 25°C (CL) or interspersed with two
2-h heat shock treatments at 40°C (HS)
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(Xu et al. 2006). Our vector is based on a construct devel-
oped by Molnar et al. (2009), which allows for the conve-
nient cloning of amiRNAs that can easily be designed and
tested for speciWcity by the WMD web tool (Ossowski et al.
2008). Hence, our vector combines easy cloning with con-
ditional expression of speciWc amiRNAs regulated by phys-
iological concentrations of natural nitrogen sources.

Using the strong constitutive HSP70A-RBCS2 promoter
to drive amiRNA expression, Molnar et al. (2009) and Zhao
et al. (2009) observed strong phenotypes in 16–72% of
transformants obtained for the four target genes investi-
gated. In contrast, only 5% of transformants generated with
NIT1 promoter-driven HSF1-amiRNA exhibited a thermo-
sensitive phenotype. Koblenz and Lechtreck (2005) also
observed generally weaker phenotypes in transformants
containing the inverted repeat construct under control of the
NIT1 promoter as compared to the HSP70A-RBCS2 pro-
moter. As the degree of downregulation of the target gene
correlates with the amiRNA expression level (Molnar et al.
2007; Ossowski et al. 2008), the higher numbers of trans-
formants with strong phenotypes reported previously for
amiRNA constructs might be due to on average higher pro-
moter activity of HSP70A-RBCS2 compared to NIT1. Alter-
natively, this eVect might be due to the ability of the

Fig. 2 Analysis of HSF1 expression levels and phenotype of
HSF1-amiRNA strains under repressive and inducing conditions. a
HSF1 expression levels in HSF1-amiRNA strains. Two independent
pMS540 transformants (#5 and #22) and control cells transformed with
the empty vector (Con) were grown with KNO3 or NH4Cl as nitrogen
source. Total protein corresponding to 2 �g chlorophyll was extracted,
separated on a 10% SDS–polyacrylamide gel, and levels of HSF1 pro-
tein relative to loading control CF1� were analysed by immunoblot-
ting. b Analysis of thermotolerance of control and HSF1-amiRNA
strains under repressive and inducing conditions. Cells were spotted on
TAP–NH4Cl and TAP–KNO3 agar plates and treated as described in
Fig. 1C

Fig. 3 Time course analysis of the expression of selected gene prod-
ucts in HSF1-amiRNA cells after shifting to inducing conditions.
a Analysis of mRNA expression in HSF1-amiRNA strains. Control cells
transformed with the empty vector (Con) and HSF1-amiRNA strain #5
were grown in TAP–NH4Cl and transferred to TAP–KNO3. Total RNA
was isolated from samples taken from both cultures at the time points
indicated and accumulation of the HSF1 and NIT1 transcripts relative to
loading control CBLP2 was monitored by northern analysis. b Quanti-
Wcation of HSF1 mRNA levels. Signals from HSF1 corrected for un-
equal loading on the basis of CBLP2 signals were quantiWed from
northern experiments described in Fig. 3a and plotted as fold change
relative to the Wrst time point. Three experiments with control cells and
Wve with HSF1-amiRNA strains #5 and #22 were considered. Error
bars depict the standard error of the mean. c Time resolved analysis of
HSF1 protein levels. Control cells (Con) and HSF1-amiRNA strains #5
and #22 were grown in TAP–NH4Cl and transferred to TAP–KNO3.
Total protein corresponding to 2 �g chlorophyll was extracted from
samples taken from both cultures at the time points indicated, separated
on a 10% SDS–polyacrylamide gel, and accumulation of HSF1 relative
to loading control CF1� was monitored by immunoblotting
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HSP70A promoter to act as transcriptional state enhancer,
i.e., to improve the chance that a randomly integrated trans-
gene is expressed (Lodha et al. 2008; Schroda et al. 2002).
In light of the frequently observed silencing of transgenes
in Chlamydomonas (Schroda 2006), it may be worth men-
tioning that nitrate-induced downregulation of HSF1 and
thermosensitivity in transformants #5 and #22 could be
fully reproduced even after maintaining them on TAP–
NH4Cl for 9 months.

We have frequently observed a slight induction of stress
genes apparently resulting from centrifugation and washing
steps required for shifting the nitrogen source (Fig. 3b).
This certainly is a disadvantage of using the NIT1 promoter
for regulated amiRNA expression. However, as eVects on
target protein accumulation occur only several hours later
(Figs. 3c, 4a), the inXicted brief stress is unlikely to aVect
the development of phenotypes arising from downregula-
tion of the speciWc target protein given that the target pro-
tein has a low turnover rate. Moreover, the stress will
similarly aVect control cultures for which cells are shifted
back to ammonium so that any eVect of stress induction on
the observed phenotypes can be readily determined.
Despite these potential disadvantages inherent to using the

NIT1 promoter to regulate amiRNA expression, the NIT1
promoter has several advantages over other characterised,
inducible Chlamydomonas promoters such as those for
cytochrome c6 (Quinn et al. 2003), CAH1 encoding a peri-
plasmic carbonic anhydrase (Kucho et al. 1999), or
HSP70A encoding a cytosolic Hsp70 (Schroda et al. 2000):
(i) it is very tightly regulated (Fig. 3a; Quesada and Fernandez
1994); (ii) induction by shifting the nitrogen source is sim-
ple to perform and may be used to monitor the development
of loss of function phenotypes (NH4 ! NO3; Fig. 3c) or
gain of function phenotypes (NO3 ! NH4; Fig. 4); (iii)
induction is persistent and does not inXict long-term physi-
ological stress to the cells. The latter aspect is important in
light of the long induction times required for diluting out a
stable protein to low levels (Fig. 3c) or to re-establish wild-
type levels of the target protein (Fig. 4a). However, it
should be kept in mind that frequently used Chlamydo-
monas strains, like CC124, are nit1¡ nit2¡ and therefore
cannot grow on nitrate (Harris 2008).

In addition to demonstrating a proof of principle, the
inducible downregulation of HSF1 and the development of
the resulting thermosensitive phenotype caused by the
expression of our amiRNA transcript allow us to draw two
more conclusions: (i) HSF1 levels decline by a factor of »2
every »8 h (Fig. 3c), the latter roughly corresponding to
the generation time of Chlamydomonas (Harris 2008).
Hence, HSF1 must be a stable protein and reduction in
HSF1 levels appears to result from a simple dilution by
growth after amiRNA-mediated removal of HSF1 tran-
script abolishes synthesis of new HSF1. (ii) Even though
the speciWc HSF1-amiRNA targeted a diVerent region in
the HSF1 transcript than our previously reported HSF1-
inverted repeat construct (Schulz-RaVelt et al. 2007), a
similar level of thermosensitivity was induced. This corrob-
orates our earlier Wndings that HSF1 is a key regulator of
the stress response in Chlamydomonas.
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Transcription Factor–Dependent Chromatin Remodeling at
Heat Shock and Copper-Responsive Promoters in
Chlamydomonas reinhardtii W OA

Daniela Strenkert, Stefan Schmollinger, Frederik Sommer, Miriam Schulz-Raffelt,1 and Michael Schroda2

Max-Planck-Institut für Molekulare Pflanzenphysiologie, D-14476 Potsdam-Golm, Germany

How transcription factors affect chromatin structure to regulate gene expression in response to changes in environmental

conditions is poorly understood in the green lineage. To shed light on this issue, we used chromatin immunoprecipitation

and formaldehyde-assisted isolation of regulatory elements to investigate the chromatin structure at target genes of HSF1

and CRR1, key transcriptional regulators of the heat shock and copper starvation responses, respectively, in the unicellular

green alga Chlamydomonas reinhardtii. Generally, we detected lower nucleosome occupancy, higher levels of histone H3/4

acetylation, and lower levels of histone H3 Lys 4 (H3K4) monomethylation at promoter regions of active genes compared

with inactive promoters and transcribed and intergenic regions. Specifically, we find that activated HSF1 and CRR1

transcription factors mediate the acetylation of histones H3/4, nucleosome eviction, remodeling of the H3K4 mono- and

dimethylation marks, and transcription initiation/elongation. By this, HSF1 and CRR1 quite individually remodel and activate

target promoters that may be inactive and embedded into closed chromatin (HSP22F/CYC6) or weakly active and embedded

into partially opened (CPX1) or completely opened chromatin (HSP70A/CRD1). We also observed HSF1-independent histone

H3/4 deacetylation at the RBCS2 promoter after heat shock, suggesting interplay of specific and presumably more generally

acting factors to adapt gene expression to the new requirements of a changing environment.

INTRODUCTION

Living organisms may acclimate to abiotic stress by the up- and

downregulation of specific sets of genes. Since chromatin re-

modeling plays an important role in the regulation of gene ex-

pression in all eukaryotes examined to date (Kouzarides, 2007; Li

et al., 2007), we are interested in how chromatin remodeling af-

fects gene expression in plant systems as a consequence of

changes in environmental conditions. We studied this issue in the

unicellular green alga Chlamydomonas reinhardtii. Chlamydomonas

has the advantage that changes in environmental conditionsmay

be homogeneously and instantaneously applied to all cells in a

cell culture. Moreover, in contrast with land plants,Chlamydomonas

cells are not differentiated into different cell types or organized

into different tissues. The stress responses on which our studies

focus, those permitting acclimation to heat shock and copper

deficiency, are well characterized in Chlamydomonas and there-

fore well suited for investigations into transcriptional regulation at

the chromatin level (Merchant et al., 2006; Schulz-Raffelt et al.,

2007).

The heat shock response is regulated by evolutionarily

conserved heat shock transcription factors (HSFs), which are

activated by hyperphosphorylation and bind as trimers to cis-

regulatory motifs known as heat shock elements (HSEs) (Sorger

and Pelham, 1988; Sorger and Nelson, 1989). HSEs contain at

least three 59-nGAAn-39 repeats in alternating orientations and

are present in the promoters of heat shock genes in a diverse set

of organisms (Pelham, 1982). As deletion of HSEs from the

Chlamydomonas HSP70A promoter entirely abolishes its heat

shock inducibility, HSEs are also clearly indispensable for the

regulation of the heat shock response inChlamydomonas (Lodha

et al., 2008). Chlamydomonas contains a single canonical HSF

(HSF1), which possesses all features typical for plant (class A)

HSFs and represents a key regulator of the stress response in

this alga (Schulz-Raffelt et al., 2007). Like in the yeast Saccha-

romyces cerevisiae (but in contrast with the situation for other

organisms), Chlamydomonas HSF1 forms trimers constitutively

and becomes activated by hyperphosphorylation. The two heat

shock genes investigated in this work are HSP70A and HSP22F.

HSP70A encodes a cytosolic chaperone, which is constitutively

expressed and further induced after heat shock (Müller et al.,

1992). HSP22F encodes a small heat shock protein that is most

likely targeted to the chloroplast (Schroda and Vallon, 2008) and

only expressed under stress conditions like heat shock (thiswork).

The copper response regulator (CRR1) is the key regulator of

copper homeostasis in Chlamydomonas as it mediates activa-

tion and repression of target genes of the copper response

pathway. CRR1 contains a plant-specific DNA binding domain

named SBP that recognizes defined copper response elements

(CuREs) with a 59-GTAC-39 core sequence. CRR1 binding to the

CuREs within the CYC6, CPX1, and CRD1 promoters leads to
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transcriptional activation of these genes (Quinn and Merchant,

1995; Kropat et al., 2005; Sommer et al., 2010). The CYC6 gene

encodes cytochrome c6 (Merchant and Bogorad, 1986), which

substitutes for the copper-containing plastocyanin in photosyn-

thetic electron transport under copper deficiency conditions

(Wood, 1978; Merchant and Bogorad, 1987). The CPX1 gene

encodes coprogen oxidase (Quinn et al., 1999), and the copper

response defect1 (CRD1) gene encodes a plastid-localized pu-

tative diiron protein that is required for the synthesis of proto-

chlorophyllide (Moseley et al., 2000; Tottey et al., 2003). Hence,

the CPX1 and CRD1 gene products both are involved in tetra-

pyrrole biosynthesis.

Chromatin structure is dictated in large part by posttransla-

tional modifications of the unstructured N termini of histones

(Luger, 2003; Kouzarides, 2007). Of the many known histone

modifications, several are especially intensely studied because

they are consistently associatedwith increased or reduced levels

of transcription. These include acetylation of histone H3 at Lys-9

and -14, of histone H4 at Lys-5/8/12/16 and methylation of

histone H3 at Lys-4 (Li et al., 2007).

Histone Lys acetylation is mediated by histone acetyltransfer-

ases, which in turn are recruited by transcription factors that bind

to cis-regulatory elements on the underlying DNA (de la Cruz

et al., 2005). Histone acetylation again may be recognized by

proteins containing bromodomains (Owen et al., 2000) or tandem

PHD fingers (Zeng et al., 2010) that may themselves be histone

acetyltransferases, factors with ATP-dependent chromatin re-

modeling activity like SNF2 or Brahma, or components of chro-

matin remodeling complexes like CHRAC, SAGA, or RSC (Aalfs

and Kingston, 2000).

Methyl marks are deposited by methyl-transferases that may,

for example, be recruited by the Ser5-phosphorylated RNA

polymerase II to target methylation of nucleosomes at the 59
ends of active genes (Krogan et al., 2003; Ng et al., 2003). Lys

methylation is recognized by proteins containing chromodo-

mains, WD40 repeats, or PHD fingers via aromatic cages, which

allow discriminating between mono-, di-, and trimethylated

lysines (Couture et al., 2006; Li et al., 2006; Ruthenburg et al.,

2006). ING2 (inhibitor of growth) is an example of a protein that

harbors a PHD finger that recognizes trimethylated Lys-4 at

histone H3, which is typically present at promoters of highly

transcribed genes (Peña et al., 2006). ING2 in turnmay recruit the

mSin3a-histone deacetylase complex to repress active genes in

response to DNA damage (Shi et al., 2006).

With the goal of determining the relationship between chro-

matin state and transcriptional activation of heat shock and

copper-regulated genes inChlamydomonas, wemonitored tran-

scription factor binding, nucleosome occupancy, and levels of

histone H3/4 acetylation and histone H3 Lys 4 (H3K4) mono- and

dimethylation at heat shock and copper-regulated genes using

chromatin immunoprecipitation (ChIP), while in parallel moni-

toring changes in RNA abundance by quantitative real-time

RT-PCR (qRT-PCR). The gene encoding the small subunit of

ribulose-1,5-bisphosphate carboxylase/oxygenase 2 (RBCS2)

was included as control. We also used formaldehyde-assisted

isolation of regulatory elements (FAIRE) (Giresi et al., 2007) to

obtain additional information concerning the chromatin state

under different environmental conditions. Combined, these

approaches provided us with insights into the underlying mech-

anisms of chromatin remodeling preceding transcriptional activa-

tion in Chlamydomonas.

RESULTS

HSF1 Is Required for Target Gene Activation by Heat Shock

To study the role of the HSF1 transcription factor in regulating

chromatin structure at its target genes, we needed hsf1 mutant

strains. As a stable hsf1 knockout mutant is not available, we

generated strains that are downregulated for HSF1 using RNA

interference (RNAi) and artificial microRNA (amiRNA) ap-

proaches as described previously (Schulz-Raffelt et al., 2007;

Schmollinger et al., 2010). HSF1-RNAi and HSF1-amiRNA

strains were both selected on the basis of thermosensitivity

and therefore contained similarly low levels of residual HSF1

protein (Figure 1A; see Supplemental Figure 1A online). As

expected, the downregulation of HSF1 strongly impaired but

did not entirely abolish the transcription of HSF1 target genes

under heat stress: compared with control strains, heat shock–

induced transcript accumulation for HSP70A, HSF1, and

HSP22F in these lines was reduced on average from ;6.5-fold

to ;2.5-fold, ;16-fold to ;2.7-fold, and ;840-fold to ;6.6-

fold, respectively (Figure 1B; seeSupplemental Figure 1Bonline).

Heat shock had no effect on the accumulation of RBCS2 and

CYC6 transcripts in control and HSF1-underexpressing lines

(Figure 1B).

HSF1 Binds to the Control Regions of the HSP70A and

HSP22F Promoters

To characterize the interaction of HSF1 with its predicted target

promoters, we performed ChIP assays on control and HSF1-

RNAi/amiRNA lines with an affinity-purified polyclonal antiserum

against HSF1 (Schulz-Raffelt et al., 2007; see Supplemental

Figures 2A and 2B online). Reduced HSF1 accumulation in cells

used for ChIP was verified prior to each experiment (Figure 1A).

The amounts of precipitated DNA fragments from the HSP70A,

HSP22F, RBCS2, and CYC6 promoters were subsequently

quantified by quantitative real-time PCR (qPCR); the amplified

regions of the genes are summarized in Figure 2. The specificity

of the ChIPs was verified by comparing signals obtained with

antibodies against HSF1 with those obtained with antibodies

against VIPP2 as a control (see Supplemental Figures 2C and 2D

online). In control strains, under nonstress conditions, ChIP with

HSF1 antibodies enriched the HSP70A and HSP22F promoter

fragments ;3.4- and ;2-fold, respectively, compared with the

RBCS2 and CYC6 promoters (Figure 3). Heat shock led to

;13.3- and ;8-fold enrichments of HSP70A and HSP22F

promoter fragments, respectively, compared with RBCS2 and

CYC6 promoters. Under nonstress conditions, ;1.6 times less

HSP70A promoter fragments was precipitated fromHSF1-RNAi/

amiRNA strains compared with the control strain, while no

change was observed in the amount of precipitated HSP22F

promoter fragments. Under heat shock conditions,;3-fold less

HSP70A promoter fragments was precipitated in HSF1-RNAi/

amiRNA strains compared with the control strain and enrichment

2286 The Plant Cell
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of HSP22F promoter fragments was completely abolished.

These data suggest that HSF1 constitutively binds to the

HSP70A promoter, but not the HSP22F promoter, and that

binding at both promoters increases;4-fold during heat stress.

Moreover, HSF1 appears to have a higher affinity for theHSP70A

promoter than for the HSP22F promoter, as judged from the

binding of residual HSF1 toHSP70A but not toHSP22F inHSF1-

RNAi/amiRNA strains.

HSF1 Appears to Be Responsible for

Nucleosome Remodeling

To analyze whether HSF1 affects nucleosome occupancy at its

target promoters, we performedChIPwith antibodies against the

C terminus of core histoneH3,which is knownnot to bemodified.

For a better comparability of biological replicates, we normalized

values resulting from qPCR quantification of precipitated DNA

fragments relative to those obtained for amplification of 10%

input DNAand to the values obtained for theCYC6promoter. The

CYC6 promoter is inactive in the presence of copper (Quinn and

Merchant, 1995), which explainswhy heat shock had no effect on

mRNA expression, nucleosome occupancy, or histone modifi-

cations atCYC6 (Figure 1B; see Supplemental Figures 4B and 5A

online).

In nonstressed control cells, nucleosome occupancy at the

heat shock gene promoters was 30 to 50% lower than at the

CYC6 promoter. Heat shock led to a further reduction of nucle-

osome occupancy by;1.6-fold at theHSP22F promoter and by

;10-fold at theHSP70A promoter (Figure 4A; see Supplemental

Figure 4A online). The latter result was consistent with the

observation that much lower levels of HSP70A promoter frag-

ments were precipitated with antibodies against modified his-

tones from heat shock samples compared with nonstressed

controls (see below). In the HSF1-RNAi/amiRNA strains, we

observed the same ;10-fold reduction of nucleosome occu-

pancy at the HSP70A promoter after heat shock as seen in the

control strain, whereas the reduction of nucleosome occupancy

at the HSP22F promoter was less pronounced. This suggested

Figure 1. Analysis of Protein and Transcript Levels in HSF1-Under-

expressing Strains Prior to ChIP Analysis.

(A) HSF1 abundance is reduced in HSF1-amiRNA and -RNAi strains.

Control,HSF1-amiRNA, andHSF1-RNAi lines were kept under nonstress

conditions (CL) or subjected to heat shock (HS) for 30 min. Whole-cell

proteins were extracted, and proteins corresponding to 2 mg chlorophyll

were separated by SDS-PAGE and analyzed by immunoblotting using

antisera against HSF1 and CF1b (as loading control).

(B) Accumulation of selected transcripts in control and HSF1-RNAi/

amiRNA cells. RNA was extracted from nonstressed cells and cells

subjected to a 30-min heat shock for analysis by qRT-PCR using the

comparative CT method with CBLP2 as control gene. Primer efficiencies

and qRT-PCR end products (amplicons) for all target transcripts are

presented in Supplemental Figure 3 online. Shown are fold changes in

transcript accumulation between stressed versus nonstressed condi-

tions in control (black) and HSF1-RNAi/amiRNA lines (white), respec-

tively. Three technical replicates each from HSF1-RNAi line #10

(triangles) and HSF1-amiRNA line #5 (diamonds) were performed.

Figure 2. Regions Amplified from Chromatin Immunoprecipitates by

qPCR.

Shown are the six genes investigated in this study. Promoter regions are

indicated by gray boxes, transcriptional start sites (TS) by arrows,

translated regions by black boxes, untranslated regions by white boxes,

and introns by thin lines. The HSP70A promoter has two transcriptional

start sites designated TSA1 and TSA2 (von Gromoff et al., 2006). Vertical

black lines designate putative HSEs in the HSP70A and HSP22F pro-

moter regions and putative CuREs in the CYC6, CPX1, and CRD1

promoters. Gray bars designate the regions amplified by qPCR (if not

indicated otherwise, region I was used by default for HSP22F and CYC6).

Chromatin Remodeling in Chlamydomonas 2287
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that HSF1 was to some extent responsible for reducing nucle-

osome occupancy at the HSP22F promoter. This may be true

also for the HSP70A promoter but might be concealed by its

higher affinity for HSF1, leading to binding of the residual HSF1

present in HSF1-RNAi/amiRNA strains (Figure 3).

Interestingly, nucleosome occupancy at the RBCS2 promoter

increased by ;20% after heat shock (Figure 4A). As this effect

was observed equally in control and HSF1-RNAi/amiRNA strains,

it appears to be independent of HSF1.

HSF1 Promotes Increased Levels of Histone H3/H4

Acetylation at Heat Shock Gene Promoters

The levels of histone H3 and H4 acetylation and the methylation

state of Lys-4 (K4) at histoneH3 are known to be crucialmarks for

the regulation of euchromatic genes. Hence, we wanted to

determine whether HSF1 binding to the heat shock gene pro-

moters influences levels of H3/4 acetylation and H3K4 mono-

and dimethylation of local nucleosomes.We first performedChIP

analyses using antibodies against di-acetylated histone H3 and

tetra-acetylated histone H4. We chose to generally express

histone modifications (e.g., Figure 4B) relative to the abundance

of nucleosomes at the DNA fragment investigated (Figure 4A) to

account for variations in nucleosome occupancy.

Strikingly, in control cells, histone H3 was acetylated at;14-

fold higher levels at the HSP70A promoter than at the CYC6

promoter (Figure 4B). Although the low nucleosome occupancy

of the HSP70A promoter during heat shock makes correct

quantification of histone modifications difficult, H3 acetylation

levels appeared to be equally high under nonstress and stress

conditions. By contrast, histone H3 acetylation levels at the

HSP70A promoter were ;35 to 50% lower in HSF1-RNAi/

amiRNA strains under nonstress and stress conditions, thus

pointing to a role of HSF1 in promoting histone H3 acetylation. In

contrast with the HSP70A promoter, histone H3 acetylation

levels at the HSP22F promoter under nonstress conditions were

only slightly elevated when compared with the CYC6 promoter.

Levels of H3 acetylation at the HSP22F promoter were the same

in control cells as in the HSF1-RNAi/amiRNA strains under

nonstress conditions but increased more than 3-fold in the

control strain following heat shock, while they did not increase

at all in the HSF1-RNAi/amiRNA strains. Again, these results

point to a role of HSF1 in promoting H3 acetylation at heat shock

gene promoters. Histone H3 acetylation levels at the RBCS2

promoter were ;4-fold higher than at the CYC6 promoter and

tended to decline during heat shock. As the effect was similar in

control and HSF1-RNAi/amiRNA strains, it appears to be HSF1

independent.

ChIP analyses using antibodies against acetylated H4 yielded

similar results. In control cells under nonstress conditions, his-

tone H4 at the HSP70A promoter was acetylated at ;10-fold

higher levels than histone H4 at the CYC6 promoter (Figure 4C).

Although difficult to assess accurately, levels of H4 acetylation of

the few nucleosomes remaining onHSP70A promoter fragments

tended to increase even more during heat shock. This tendency

was not observed in HSF1-RNAi/amiRNA strains, thus suggest-

ing a role of HSF1 also in promoting H4 acetylation. In control

cells, histone H4 acetylation levels at theHSP22F promoter were

;2- and ;16-fold higher than at the CYC6 promoter during

nonstress and heat shock conditions, respectively (Figure 4C).

By contrast, in HSF1-RNAi/amiRNA strains under nonstress

conditions, H4 acetylation levels at the HSP22F promoter were

as low as at the CYC6 promoter, and during stress, they were

only ;7-fold higher, supporting the conclusion that HSF1 is

required for H4 acetylation at the heat shock gene promoters.

Under nonstress conditions, histone H4 acetylation levels at the

RBCS2 promoter were even ;6-fold higher than at the CYC6

promoter, but during heat shock dropped to the same low levels

as at the CYC6 promoter. Since this effect was observed in both

control and HSF1-RNAi/amiRNA strains, it appears to be HSF1

independent.

Under nonstress conditions, histone H3K4 dimethylation

levels at the CYC6 and HSP22F promoters were comparable,

whereas they were ;3- and ;8-fold lower at the HSP70A and

RBCS2 promoters than at CYC6, respectively (Figure 4D). Heat

shock appeared to result in an ;2.7-fold increase in H3K4

dimethylation levels at theHSP70A promoter; however, given the

low nucleosomeoccupancy at theHSP70Apromoter during heat

shock, this observation may not be meaningful. In control cells,

H3K4 monomethylation levels were comparable at promoters

CYC6, HSP22F, and RBCS2 under nonstress and heat shock

conditions (Figure 4E). By contrast, H3K4 monomethylation was

;6-fold lower at the HSP70A promoter than at CYC6 under

nonstress conditions but seemed to increase ;4-fold during

heat shock. As for dimethylation of H3K4, this result might not be

Figure 3. HSF1 Binds to Promoters HSP70A and HSP22F.

ChIP was done on control (black bars) and HSF1-underexpressing

strains (gray bars) grown under nonstress conditions or subjected to a

30-min heat shock. From DNA fragments precipitated with aHSF1

antibodies the promoter regions shown in Figure 2 were amplified by

qPCR. The enrichment relative to 10% input DNA was calculated and

normalized to the values obtained for the CYC6 promoter. Error bars

indicate standard errors of the mean of two biological replicates, with

each analyzed in triplicate. HSF1-underexpressing strains analyzed were

HSF1-RNAi line #10 and HSF1-amiRNA line #5. Asterisks indicate the

significance of change compared with theCYC6 promoter in control cells

under nonstress conditions (t test, P value # 0.01).
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Figure 4. Analysis of Nucleosome Occupancy and Histone Modifications at Heat Shock–Responsive and Control Promoters.

(A) Nucleosome occupancy declines at heat shock gene promoters after heat shock. ChIP was done as described in Figure 3 but using antibodies

against the unmodified C terminus of histone H3 to determine nucleosome occupancy at the indicated promoters in control (black bars) and HSF1-

underexpressing strains (gray bars).

(B) HSF1 promotes acetylation of histone H3 at the HSP70A and HSP22F promoters. ChIP was done using antibodies against acetylated Lys-9 and -14

of histone H3.

(C) HSF1 promotes acetylation of histone H4 at the HSP22F promoter. ChIP was done using antibodies against acetylated Lys-5, -8, -12, and -16 of

histone H4.

(D) HSF1 has no effect on histone H3 dimethylation at the heat shock gene promoters. ChIP was done using antibodies against dimethylated Lys-4 at

histone 3 (H3K4).

(E) HSF1 might reduce histone H3 monomethylation at the HSP22F promoter. ChIP was done using antibodies against monomethylated Lys-4 at

histone 3 (H3K4).

qPCR data from the experiments in (B) to (E) are given relative to the nucleosome occupancy at the respective promoter region (data from [A]). Error

bars indicate standard errors of the mean of two biological replicates, with each analyzed in triplicate. Asterisks indicate the significance of change at

the respective promoter compared with control cells under nonstress conditions (t test, P value # 0.05).

Chromatin Remodeling in Chlamydomonas 2289



-56- Articles and manuscripts

meaningful because few nucleosomes remain on HSP70A pro-

moter fragments under heat shock conditions. While the same

patterns of H3K4 dimethylation were observed in control and

HSF1-RNAi/amiRNA strains and therefore appeared not to de-

pend on HSF1, levels of H3K4 monomethylation were higher at

the HSP22F promoter under nonstress and stress conditions in

the hsf1 mutant compared with control cells. This suggests that

HSF1 might be responsible for the reduced levels of mono-

methylation at the HSP22F promoter.

HSF1 Binding at the HSP22F Promoter Precedes Histone

Acetylation/Eviction and Transcriptional Activation

To gain mechanistic insights into how transcriptional activation

by HSF1 is mediated in Chlamydomonas, it is necessary to

resolve when exactly after onset of heat stress the processes of

transcription factor binding, histone modification, histone evic-

tion, and transcription take place. Under nonstress conditions,

the HSP22F gene is not transcribed, HSF1 does not bind to the

promoter, nucleosome occupancy is relatively high, and his-

tones H3 and H4 contain low levels of acetylation (Figures 3 and

4; see Supplemental Figure 2D online). Hence, the HSP22F gene

appears to be an ideal target to study the sequence of events

leading to transcriptional activation by heat stress. To this end,

we performed a time-course analysis of HSF1 binding, histone

occupancy, and histone H3/4 acetylation at the HSP22F pro-

moter and ofHSP22FmRNA accumulation within the first 10 min

after exposing control cells to heat stress. This analysis revealed

that occupation of the HSP22F promoter by HSF1 is detectable

already 30 s after the onset of heat shock, which correlates with

an;2-fold increase in levels of histone H4 acetylation (Figure 5).

Within 60 s after onset of heat stress, HSF1 has already reached

;30% of its maximal occupancy at the HSP22F promoter and

acetylation levels of histones H3 and H4 have increased;2- and

;5.6-fold, respectively, which coincides with a reduction of

histone occupancy by;35%. Note that almost identical results

were obtained when a region located at the HSP22F transcrip-

tional start site rather than at the HSEs was amplified from

chromatin precipitates (region II of HSP22F in Figure 2; see

Supplemental Figure 6A online). As a strong increase in HSP22F

transcript levels was detected only 2 min after onset of heat

stress, nucleosome remodeling at theHSP22F promoter is more

likely a prerequisite for rather than a consequence of transcription.

Nucleosome Remodeling at Promoters of

Copper-Responsive Genes Depends on CRR1

To elucidate whether our results from HSF1-mediated chromatin

remodeling at heat shock promoters can more generally be

applied to other Chlamydomonas promoters responsive to

changes in environmental conditions, we extended our studies

to the copper response. In contrast with the situation for HSF1, a

mutant harboring a stable knockout of the gene encoding the key

regulator of copper homeostasis, CRR1, is available (Eriksson

et al., 2004). As expected, the induction of CRR1 target genes

CYC6, CPX1, and CRD1 after copper depletion was entirely

abolished in the crr1 knockout mutant (Figure 6), hence corrob-

orating the results reported previously by Kropat et al. (2005). The

variation in CRR1 target gene expression levels in control (CRR1+)

cells under copper-depleted conditions is due to slight variations

in residual copper ion concentrations in the cell cultures.

As we were not able to immunoprecipitate native or green

fluorescent protein–tagged CRR1, we could not directly test for

preloading of copper-responsive promoters by CRR1. Hence,

we had to limit our analysis to the investigation of nucleosome

occupancy and histone modifications in control and crr1mutant

strains under copper-replete and copper deprivation conditions.

This time, we normalized qPCR quantification values relative to

those obtained for the RBCS2 promoter, whose associated

expression levels, nucleosome occupancy, and histone modifi-

cations remained unaffected by copper starvation (see Supple-

mental Figure 5B online). In control and crr1 mutant cells,

nucleosome occupancy under copper-replete conditions was

similar between the CYC6 and RBCS2 promoters, whereas it

was 40 to 60% lower at the CPX1 and CRD1 promoters (Figure

7A). In control cells, copper depletion led to a 1.3- to 2-fold

reduction of nucleosome occupancy at the CYC6, CPX1, and

CRD1 promoters, whereas no such effect was observed in crr1

mutant cells. These results suggest that, similar to what was

observed for HSF1 at the HSP22F promoter, CRR1 appeared to

be responsible for reducing nucleosome occupancy at copper-

responsive promoters.

CRR1PromotesHigher Levels ofHistoneH3/H4Acetylation

and Lower Levels of H3K4Mono- and Dimethylation at the

CYC6 and CPX1 Promoters

We next asked whether CRR1, like HSF1, promotes histone

acetylation at its target promoters. As shown in Figure 7B, this is

indeed the case for some targets: in control cells, after copper

depletion, H3 acetylation increased at the CYC6 and CPX1

promoters by factors of;4 and;1.6, respectively, whereas this

effect was not observed in the crr1 mutant. No changes in

histone H3 acetylation levels were observed at the CRD1 pro-

moter. Interestingly, under copper-replete conditions, H3 acet-

ylation levels were ;2-fold lower at the CYC6 promoter than at

the RBCS2 promoter, whereas they were ;1.5- and 2.5-fold

higher at the CPX1 and the CRD1 promoters, respectively, than

at RBCS2.

A similar picture was obtained for H4 acetylation. Here, under

copper-replete conditions, acetylation levels at the CYC6 and

CPX1promoterswere;6- and;3-fold lower, respectively, than

at the RBCS2 promoter. After copper depletion, however, H4

acetylation at CYC6 and CPX1 increased more than 8-fold

relative to copper-replete conditions (Figure 7C). This effect

was not observed in the crr1 mutant, indicating that H4 acety-

lation of nucleosomes at the CYC6 and CPX1 gene promoters is

mediated by the CRR1 transcription factor. Histone H4 acetyl-

ation at the CRD1 promoter was independent of both copper

availability and CRR1: in all strains and under all conditions

tested, it was;2.5-fold higher than at the RBCS2 promoter.

To get an estimate on how much the region that was chosen

within the target promoter for amplification from chromatin

immunoprecipitates influenced the results, we analyzed nucle-

osome occupancy and H3/4 acetylation at a different region of

the CYC6 promoter in control and crr1 mutant cells under
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copper-replete conditions and after copper depletion (region II of

the CYC6 promoter in Figure 2). While histone occupancy was

;1.7-fold higher within theCYC6 59 untranslated region (region I)

than at the relevant copper-responsive elements (region II),

CRR1-dependent reduction in nucleosome occupancy and rel-

ative increases in H3/4 acetylation were the same at both regions

(see Supplemental Figure 6B online). Combined with the results

obtained for the two different regions analyzed within the

HSP22F promoter (Figure 2; see Supplemental Figure 6A online),

these data indicate that the chromatin state at the actual pro-

moter regions appears to spread into the flanking regions.

Under copper-replete conditions, the CYC6 and CPX1 pro-

moters are associated with 7- to 8-fold higher levels of histone

H3K4 dimethylation than the RBCS2 promoter, and the CRD1

promoter possesses;2.5-fold higher levels thanRBCS2 (Figure

7D). At the CYC6 and CPX1 promoters, H3K4 dimethylation

levels decreased ;2-fold in response to copper depletion. This

effect was not as pronounced in the crr1 mutant, suggesting a

role for the CRR1 transcription factor in mediating remodeling of

the dimethylation mark. H3K4 dimethylation levels at the CRD1

promoter were the same regardless of copper or CRR1 avail-

ability.

Under copper-replete conditions, levels of histone H3K4

monomethylation were ;2.5-fold higher at the CYC6 promoter

than at the RBCS2 promoter but;2-fold lower at the CPX1 and

CRD1 promoters than at RBCS2 (Figure 7E). Interestingly, in

Figure 5. Analysis of the Sequence of Events at the HSP22F Promoter within the First 10 min after Onset of Heat Stress.

(A) HSF1 binding precedes chromatin remodeling and transcription. Control cells were subjected to heat stress, and samples for RNA extraction and

ChIP were taken immediately prior to the temperature shift and at the indicated time points after shift from 25 to 408C. HSP22F mRNA levels were

quantified by qRT-PCR as described in Figure 1B. Shown are fold changes in transcript accumulation relative to the nonstressed state. Values derive

from two biological replicates, with each analyzed in triplicate. ChIP was done as described in Figure 3, again amplifying region I of the HSP22F

promoter (Figure 2). The enrichment relative to 10% input DNA was calculated and normalized to the values obtained for the CYC6 promoter. Error bars

indicate standard errors of two biological replicates, each analyzed in triplicate.

(B) Graphical overview of the sequence of events at the HSP22F promoter after onset of heat stress. The data from (A) are given as percentage of the

respective maximal values.
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response to copper depletion, H3K4 monomethylation levels

decreased by a factor of ;10 at the CYC6 promoter and by a

factor of ;2 at the CPX1 and CRD1 promoters. These effects

were largely abolished in the crr1mutant, suggesting that CRR1

also plays a role in remodeling of the H3K4 monomethylation

mark.

FAIRE Analysis Indicates That Transcription

Factor–Mediated Chromatin Remodeling Occurs at

Target Promoters

Our ChIP results suggest that the HSF1 and CRR1 transcription

factors under inducing conditionsmediate chromatin remodeling

toward an open chromatin structure at the heat shock and

copper-responsive promoters, respectively. To test this conclu-

sion using a second assay, we employed the FAIRE technique.

FAIRE is a non-antibody-based method that involves formalde-

hyde cross-linking of DNA-protein complexes and that enriches

for DNA fragments that correspond to regions of open chromatin

structure (Giresi et al., 2007).

As shown in Figure 8A, ;2.5 times more HSP70A than

HSP22F promoter fragments were enriched by FAIRE (relative

to input DNA) in nonstressed cells, indicating that the HSP70A

promoter is constitutively in a more open conformation than the

HSP22F promoter. Furthermore, enrichment of HSP70A and

HSP22F promoter fragments was ;1.5- and ;2-fold greater,

respectively, for control cells subjected to heat shock relative to

nonstressed cells, while there was no enrichment for HSP22F

promoter fragments in heat-shockedHSF1-amiRNA cells, relative

to nonstressed cells. Interestingly, in control and crr1mutant cells

grown under copper-replete conditions, roughly the same quan-

tity ofCYC6,CPX1, andCRD1 promoter fragments were enriched

by FAIRE (Figure 8B), and these amounts were comparable to

those obtained for the inactive HSP22F promoter (Figure 8A).

Copperdepletion led toa 1.6- to 2-fold increase inFAIRE-enriched

fragments of the CYC6, CPX1, and CRD1 promoters, but there

was no enrichment of these promoter fragments in crr1 mutant

cells (Figure 8B). When compared with ChIP, FAIRE indicated a

more pronounced opening of chromatin structure at the CRD1

promoter in copper-depleted control cells (cf. Figures 7A and 8B).

This might be explained by the comparably low sensitivity of the

CRD1 gene to copper depletion (Figure 6), which might prevent a

clearer detection of changes in nucleosome occupancy. Overall,

the data obtained from these FAIRE experiments corroborate the

ChIP results reported above, namely, that HSF1 and CRR1

transcription factors mediate chromatin remodeling at their target

promoters.

Gene-Wide Analysis of the Distribution of Chromatin Marks

To gain insights into general aspects of chromatin organization in

Chlamydomonas, we compared the distribution of chromatin

marks throughout representative parts of the six genes analyzed

in this study, including promoter, transcribed, and two intergenic

regions (see Figure 2 for promoter and transcribed regions

assayed). As a general trend, we observed lower histone occu-

pancy, higher levels of histone H3/4 acetylation, and lower levels

of H3K4 monomethylation at promoter regions of active genes

compared with levels at inactive promoters and at transcribed

and intergenic regions (Figure 9). H3K4 monomethylation ap-

pears to be particularly high in the 39 region of actively tran-

scribed genes. No distinct pattern was observed for H3K4

dimethylation, except for a potential enrichment in promoter

regions of inactive genes.

DISCUSSION

We employed the ChIP and FAIRE techniques to study how

transcription factors affect chromatin structure to regulate the

expression of target genes in response to changes in environ-

mental conditions in Chlamydomonas. We focused our analysis

on five genes of the heat shock and copper response pathways

that in Chlamydomonas are regulated by the HSF1 and CRR1

transcription factors, respectively. Our results, summarized in

Figure 10, reveal that both transcription factors regulate the

expression of these genes via conserved mechanisms involving

histone acetylation, histone methylation, nucleosome eviction,

and polymerase loading/activation. However, at each target

promoter, these means are employed quite individually to es-

tablish a characteristic chromatin state, presumably to allow for a

fine-tuning of gene expression that meets the requirements of

the respective environmental condition.

Preloading of Transcription Factors

ChIP assays using antibodies against HSF1 revealed that HSF1

constitutively binds the HSP70A promoter and that the associ-

ation increased;4-fold after heat shock (Figures 3 and 10; see

Supplemental Figure 2D online). This finding is in line with

previous findings showing that constitutive hypersensitive sites

exist at the HSE1/TATA box and HSE4 within the HSP70A

Figure 6. Accumulation of Selected Transcripts in Control and crr1

Mutant Cells.

Transcript accumulation in copper-replete versus copper-deprived con-

trol (black) and crr1 mutant cells (white) was assessed by qRT-PCR as

described in Figure 1B. Values shown are from two biological replicates

(triangles and diamonds), each analyzed in triplicate.
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Figure 7. Analysis of Nucleosome Occupancy and Histone Modifications at Copper-Responsive and Control Promoters.

(A) Nucleosome occupancy declines at copper-responsive gene promoters under copper depletion. ChIP was done on control (black bars) and crr1

knockout cells (gray bars) grown under copper-replete or copper deprivation conditions. From DNA fragments precipitated with antibodies against the

unmodified C terminus of histone H3, the promoter regions shown in Figure 2 were amplified by qPCR. The enrichment relative to 10% input DNA was

calculated and normalized to the values obtained for the RBCS2 promoter. Error bars indicate standard errors of two biological replicates, each

analyzed in triplicate.

(B)CRR1 promotes histone H3 acetylation at theCYC6 andCPX1 promoters after copper depletion. ChIP was done using antibodies against acetylated

Lys-9 and -14 of histone H3.

(C)CRR1 promotes histone H4 acetylation at theCYC6 andCPX1 promoters after copper depletion. ChIP was done using antibodies against acetylated

Lys-5, -8, -12, and -16 of histone H4.

(D) CRR1 promotes reduction of H3K4 dimethylation at promoters CYC6 and CPX1 after copper depletion. ChIP was done using antibodies against

dimethylation of Lys-4 at histone H3 (H3K4).

(E) CRR1 promotes reduction of H3K4 monomethylation at promoters CYC6 and CPX1 after copper depletion. ChIP was done using antibodies against

monomethylation of Lys-4 at histone H3 (H3K4).

qPCR data from the experiments in (B) to (E) are given relative to the nucleosome occupancy at the respective promoter region (data from [A]). Asterisks

indicate the significance of change at the respective promoter compared with control cells under copper replete conditions (t test, P value # 0.01).
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promoter (Lodha and Schroda, 2005). Constitutive binding to

heat shock gene promoters was reported for yeast HSF1, but not

for human, fly, or plant HSFs (Sorger et al., 1987; Zhang et al.,

2003; Erkina and Erkine, 2006; Kodama et al., 2007). This

discrepancy is presumably related to the fact that like yeast

HSF1,ChlamydomonasHSF1 is constitutively trimeric, but HSF1

trimerization is induced only under stress conditions in higher

plants, flies, and humans (Sorger and Nelson, 1989; Rabindran

et al., 1993; Lee et al., 1995; Schulz-Raffelt et al., 2007). While

HSF1 preloading was evident at the HSP70A promoter, little or

none was observed at the HSP22F promoter (Figures 3, 5, and

10; see Supplemental Figure 2D online). Similar observations

were made in yeast, where preloading was observed at the

HSP82 and SSA4 promoters but not at the HSP12 promoter

(Erkina and Erkine, 2006; Erkina et al., 2010). Apparently, it may

be a widespread phenomenon that HSFs occupy small heat

shock gene promoters only after stress (Erkina and Erkine, 2006;

Kodama et al., 2007), and this generalization correlates well with

the expression of many sHSP genes only under stress conditions

(Haslbeck, 2002).

In the absence of a functional antibody against CRR1, we

could not perform ChIP experiments to analyze whether CRR1

binds to its target promoters also in the presence of copper.

However, as ChIP and FAIRE analyses revealed no striking

differences between the chromatin states of noninduced con-

trol and crr1 mutant strains (Figures 7 and 8), it appears more

likely that CRR1 is not preloaded to its target promoters in the

presence of copper.

Constitutive versus Inducible Histone Modification

We observed constitutively high levels of histone H3 and H4

acetylation at the HSP70A and CRD1 promoters (Figures 4B, 4C,

7B, 7C, and 10). In HSF1-underexpressing strains, constitutive H3

acetylation at the HSP70A promoter was lower and therefore

appears to be mediated by preloaded HSF1. On the contrary, as

H3/4 acetylation levels at the CRD1 promoter were constitutively

high in control and crr1mutant cells, they must be mediated by an

activatordistinct fromCRR1. Incontrastwith theHSP70AandCRD1

promoters, theHSP22F,CYC6, andCPX1promoters had low levels

of H3 and particularly H4 acetylation under noninducing conditions.

However, levelsofacetylation increasedunderheatshock (HSP22F)

or copper deprivation (CYC6 and CPX1) conditions. Inducible H3/4

acetylationat thesepromotersappears tobemediatedbyHSF1and

CRR1, as it was reduced or abolished in the respective mutant

strains (Figures 4B, 4C, 7B, 7C, and10; seeSupplemental Figure 6B

online). A direct role for HSF1 in mediating histone acetylation at

target promoters has also been demonstrated in yeast by the use of

strains carrying a mutated HSE (Zhao et al., 2005) or expressing an

HSF1 variant without transactivation domain (Erkina and Erkine,

2006). Good candidates for coactivators of Chlamydomonas HSF1

with histone acetylase activity are homologs of the yeast NuA4 and

SAGA complexes that, following heat shock, have been shown to

rapidly enrich atHSF1-dependent heat shockgenepromoters (Reid

et al., 2000;Robert et al., 2004;Kremer andGross, 2009). In contrast

with Chlamydomonas, it is not clear whether preloaded HSF1 also

drives constitutive histone acetylation in yeast.

Figure 8. FAIRE Indicates Chromatin Remodeling after Transcriptional Activation.

(A) Nucleosome occupancy declines at heat shock gene promoters after heat shock. FAIRE was performed with control (black bars) and HSF1-

underexpressing cells (gray bars) grown under nonstress conditions or subjected to a 30-min heat shock. DNA fragments present in the supernatant

after phenol/chloroform extraction of formaldehyde-cross-linked chromatin were precipitated, and the promoter regions of HSP70A and HSP22F

(Figure 2) were amplified by qPCR. The enrichment relative to input DNA, after reversion of the cross-link, was calculated. Error bars indicate standard

errors from two biological replicates, each analyzed in duplicate. Asterisks indicate the significance of change at the respective promoter compared

with control cells under nonstress conditions (t test, P value # 0.05).

(B) Nucleosome occupancy declines at the CYC6 promoter after copper depletion. FAIRE was performed with control and crr1 knockout cells grown in

the presence or absence of copper. qPCR analyses were done as in (A). Asterisks indicate the significance of change at the respective promoter

compared with control cells under copper replete conditions (t test, P value # 0.01).
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Figure 9. Gene-Wide Overview of the Relative Abundance of Histone Occupancy and Modifications.

ChIP was done on control cells grown under the following conditions: nonstress in copper-replete medium (CL or Cu+), 30 min heat shock (HS), and

medium depleted from copper (Cu�). ChIP was done using antibodies against the unmodified C terminus of histone H3 (A), acetylated Lys-9 and -14 of

histone H3 (B), acetylated Lys-5, -8, -12, and -16 of histone H4 (C), dimethylation of Lys-4 at histone H3 (H3K4me2) (D), and monomethylation of Lys-4

at histone H3 (H3K4me1) (E). Fragments corresponding to transcribed regions shown in Figure 2 and intergenic regions separating genes au5.

g14265_t1/P23 (IGR-1) and RBCS2/au5.g9204_t1 (IGR-2) were amplified by qPCR. The enrichment relative to 10% input DNA was calculated and

normalized to the values obtained for theCYC6 promoter (heat stress experiments) or theRBCS2 promoter (copper depletion experiments). The data on

the promoter regions correspond to that shown in Figures 4 and 7. In case of ChIP analysis with antibodies against modified histones, an additional
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A remarkable property of the HSP70A promoter is that in a

transgene setting it strongly increases the likelihood that a

promoter fused downstream becomes active (Schroda et al.,

2000, 2002). This effect is dependent on the presence of HSEs

within the HSP70A promoter, suggesting that it is mediated by

HSFs (Lodha et al., 2008). As the constitutively high acetylation

levels at theHSP70A promoter depend on HSF1, it is tempting to

speculate that in the transgene setting the activation of down-

stream promoters is mediated by histone acetyltransferase

activities recruited by HSF1. In turn, the constitutively high

acetylation levels at the CRD1 promoter suggest that like the

HSP70A promoter it may also be capable of activating neigh-

boring transgenic promoters.

Levels of H3K4 mono- and dimethylation declined in a CRR1-

dependent manner at the CYC6, CPX1, and CRD1 promoters

(Figures 7D, 7E, and 10). Hence, CRR1 appears to recruit histone

demethylase activities to its target promoters. Alternatively,

CRR1 may recruit histone methyltransferase activities that con-

vert mono- and dimethylated H3 to the trimethylated state. As

H3K4 monomethylation in Chlamydomonas was shown to be

linked to inactive chromatin (van Dijk et al., 2005) and H3K4

trimethylation is widely accepted as a typical mark of active

euchromatin (Lachner and Jenuwein, 2002; Santos-Rosa et al.,

2002), we favor the latter scenario. In contrast with the copper-

responsive promoters, induction of the HSP22F promoter was

not accompanied with a decline of H3K4 mono- and dimethyla-

tion levels (because of the low nucleosome occupancy at the

HSP70A promoter after heat shock, we cannot draw any con-

clusions on the methylation state of nucleosomes at that pro-

moter) (Figures 4D, 4E, and 10). In contrast with growth under

copper-deficient conditions, cells experienced heat shock only

for 30 min. Hence, it is possible that remodeling of the H3K4

methylation state proceeds more slowly than that of the H3/4

acetylation state. In consequence, the acetylation state of a

nucleosome appears to be directly connected with promoter

activation, while the H3K4 methylation state, as suggested

previously (Ng et al., 2003), may serve a memory function to

mark promoters that have been active for a certain time. Ac-

cordingly, yeast mutants defective in the Set1 and Set2 meth-

yltransferases, catalyzing methylation of histones H3K4 and

H3K36, respectively, were hardly impaired in the transcriptional

output of the HSP82 gene (Kremer and Gross, 2009).

Nucleosome Displacement by Activated HSF1 and CRR1

Transcription Factors

Both ChIP and FAIRE analyses revealed that during copper

starvation and heat shock, histone occupancy at the copper-

responsive promoters and at theHSP22F promoter declined in a

CRR1- and HSF1-dependent manner, respectively (Figures 4A,

7A, 8, and 10; see Supplemental Figure 6 online). As there is a

good correlation between high levels of histone H3/4 acetylation

and histone loss at these promoters, it appears that binding of

activated CRR1 or HSF1 mediates histone acetylation, thus

facilitating histone eviction. This conclusion is supported by a

time-course experiment, where HSF1 binding, nucleosome oc-

cupancy, H3/4 acetylation, and transcription from the HSP22F

promoter weremonitored within the first 10min after exposure of

cells to heat stress (Figure 5; see Supplemental Figure 6A online).

The results indicate the following sequence of events: within the

first 30 s after onset of heat stress, HSF1 is activated, binds to the

HSP22F promoter, and already mediates acetylation of histone

H4. Within 60 s after temperature shift, acetylation of H3 and H4

strongly increases, which coincides with nucleosome eviction.

Higher levels ofHSP22F transcripts are detected only 2 min after

onset of heat stress, thus indicating that chromatin remodeling at

the HSP22F promoter most likely is a prerequisite and not a

consequence of transcription. Our data agree very well with

observations made at the yeast HSP82 promoter: there, nucle-

osome occupancy declines drastically within the first 60 s after

onset of heat stress and is preceded by a burst of acetylation of

histones H2A, H3, and H4 (Zhao et al., 2005). A correlation

between histone acetylation and nucleosome loss was demon-

strated previously also at the yeast PHO5, SSA4, and HSP12

promoters (Reinke and Hörz, 2003; Erkina and Erkine, 2006), at

the viral HTLV-1 promoter in human cells (Sharma and Nyborg,

2008), or at theArabidopsis thaliana HSP18.2 promoter (Kodama

et al., 2007).

However, we observed that high levels of histone acetylation

do not necessarily always correlate with low histone occupancy.

For example, H3/4 acetylation levels under nonstress conditions

were higher at the RBCS2 promoter than at the HSP22F pro-

moter, but nucleosome occupancy atHSP22Fwas lower than at

RBCS2 (Figures 4A to 4C). Moreover, levels of H3 acetylation at

the HSP70A promoter were lower in HSF1-underexpressing

strains than in the control strain, but these lower acetylation

levels were not accompanied by reduced nucleosome occu-

pancy.

Interestingly, the most dramatic nucleosome loss among

the promoters studied here, as detected by ChIP and FAIRE,

was observed at the HSP70A promoter during heat shock

(Figures 4A, 8A, and 10). This loss appeared to be HSF1

independent but also may have been mediated by residual

HSF1 in HSF1-underexpressing cells (Figure 3). The evidence

for strong chromatin remodeling at the HSP70A promoter

during heat shock, which was obtained by both ChIP and

FAIRE experiments, corroborates previous results obtained

from micrococcal nuclease digestion studies (Lodha and

Schroda, 2005). In that set of experiments, the HSP70A

promoter under nonstress conditions was found to be em-

bedded into a nucleosome array, which was strongly per-

turbed by heat shock.

Figure 9. (continued).

normalization was necessary due to different levels of modification within control promoters (RBCS2 and CYC6) that lead to different absolute values

between the copper starvation response data set and the heat shock data set. Therefore, the maximum value of each data set was set to 100%. Error

bars indicate standard errors of the mean of two biological replicates, each analyzed in triplicate.
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Chlamydomonas Promoter Categories Based on Their

Chromatin State

Based on their activation by chromatin remodeling, we may

place the six promoters analyzed here into four categories

(Figure 10): the CYC6 and HSP22F promoters belong to the first

category. Under nonstress or copper-replete conditions, these

promoters are inactive. The inactive state is mediated by a

closed chromatin structure as judged from high nucleosome

occupancy, low levels of histone H3/4 acetylation, and high

levels of histone H3K4 mono- and dimethylation. HSF1 and

CRR1 transcription factors that are activated by heat stress and

copper deprivation, respectively, mediate an opening of the

chromatin structure at the promoters that is characterized by

reduced nucleosome occupancy, high levels of histone H3/4

acetylation, and, presumably only after prolonged activation,

reduced levels of histone H3K4 mono- and dimethylation. More-

over, activated HSF1 and CRR1 transcription factors mediate

transcription initiation/elongation and, thus, high level transcrip-

tion of the HSP22F and CYC6 genes.

The HSP70A and CRD1 promoters belong to the second cate-

gory. They are constitutively in an open chromatin state, as judged

from low nucleosome occupancy, high levels of histone H3/4

acetylation, and low levels of histone H3/K4 mono- and dimethyl-

ation. Although the chromatin state of the noninduced HSP70A

and CRD1 promoters resembles that of the induced CYC6 pro-

moter, theHSP70A andCRD1genes under nonstress and copper-

replete conditions are only weakly expressed (von Gromoff et al.,

1989; Moseley et al., 2000). Apparently, high-level expression

under heat stress and copper deprivation conditions requires that

the activated HSF1 and CRR1 transcription factors enhance tran-

scription initiation/elongation. At least activated CRR1 also medi-

ates further reduction of nucleosome occupancy. In case of the

HSP70A promoter, the open chromatin state and basal expression

is mediated to a large part by preloaded HSF1, whereas at the

CRD1 promoter it is mediated by an unknown activator.

The CPX1 promoter belongs to a third category that represents

an intermediate between the HSP22F/CYC6 and HSP70A/CRD1

promoter categories in that it has a partially open chromatin

structure under noninducingconditions. The latter is characterized

by intermediate levels of nucleosome occupancy, high levels of

histone H3 acetylation and H3K4 dimethylation, but low levels of

histone H4 acetylation and H3K4 monomethylation. Similar to the

fully opened HSP70A and CRD1 promoters, the partially opened

chromatin state at theCPX1 promoter allows for low level expres-

sion of the CPX1 gene (Quinn et al., 1999). Thus, HSP70A, CRD1,

and CPX1 promoters are poised for full transcriptional activation.

The fully opened chromatin state at theCPX1 promoter, mediated

by activated CRR1 under copper-deprived conditions and leading

to high level expression of the CPX1 gene, resembles exactly that

observed at the CYC6 promoter.

A fourth category is represented by the RBCS2 promoter,

which is constitutively active and drives constitutive high-level

expression of the RBCS2 gene (Goldschmidt-Clermont and

Rahire, 1986). A constitutively active chromatin state at the

RBCS2 promoter is suggested by high levels of histone H3/4

acetylation and low levels of H3K4 dimethylation. However, the

RBCS2 promoter also exhibits high levels of nucleosome

Figure 10. Schematic Description of How Transcription Factors Affect

Chromatin State and Activity of the Promoters Studied.

Promoters are schematically depicted by a transcription factor binding

site, one nucleosome, and the transcriptional start site (TS). Histone

modifications are given on top of the nucleosome, where acH3 stands for

acetylation at H3K9 and H3K14; acH4 for acetylation at H4K5, H4K8,

H4K12, and H4K16; me1 for H3K4 monomethylation; and me2 for H3K4

dimethylation. HSF1 is shown as constitutive trimer, CRR1 as monomer,

and polymerase II as multiprotein complex. The darker the symbols for

proteins and modifications are drawn, the higher their levels under the

respective condition. As we have no data on the occupancy of the CuREs

by CRR1, the latter is drawn in white.
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occupancy and H3K4 monomethylation, which rather are char-

acteristic for inactive chromatin. Heat shock leads to a closed

chromatin structure, as levels of histone H3/4 acetylation

strongly decrease and nucleosome occupancy increases. These

results suggested reduced activity of theRBCS2 promoter under

heat stress conditions, which indeed was observed previously

for RBCS2 promoter driven transgenes that are much more

weakly expressed than the endogenous RBCS2 gene (Schroda

et al., 2002). Expression levels also of other Chlamydomonas

genes were observed to decline during heat stress (Dorn et al.,

2010). This response might be part of a global, heat shock–

induced loss of histone acetylation, which was first observed

long ago in Drosophila melanogaster (Arrigo, 1983). In contrast

with what was reported from a recent study in mammalian cell

cultures (Fritah et al., 2009), this effect appears not to depend on

HSF1 in Chlamydomonas.

In summary,Chlamydomonas adjusts gene expression levels in

response to changes in environmental conditions by specific

transcription factors, such as HSF1 and CRR1 that individually

remodel chromatin structure at their target genes, but also by yet

unknown factors that appear to generally remodel the chromatin

state of many promoters. The most important mark indicative of

open chromatin and transcriptionally active promoters appears to

be histone acetylation: basal activity of promoters was observed

only when at least histone H3 carried high acetylation levels and

strong activity was observed only when both histones H3 and H4

were acetylated at high levels. Moreover, histone acetylation

preceded nucleosome eviction. By contrast, levels of nucleosome

occupancy, H3K4 monomethylation, or H3K4 dimethylation ap-

peared not to have a crucial influence on promoter activity.

The Gene-Wide Distribution of Histone Marks in

Chlamydomonas versus Yeast

Nucleosome occupancy and histone modifications were deter-

mined at a genome-wide scale in yeast by ChIP-on-chip assays

(Bernstein et al., 2004; Leeet al., 2004, 2007; Pokholok et al., 2005).

When comparedwith these yeast studies, the glimpseweobtained

here by examining selected regions in the Chlamydomonas ge-

nome suggests similar, but also distinct, features. Similar to yeast,

nucleosome occupancy in Chlamydomonas in general was low at

active promoters andhigh in transcribed regions (Figures 9 and10).

Moreover, histoneH3/4 acetylationwas high at promoters of active

genesand lowat inactivepromotersand transcribedand intergenic

regions. Furthermore, H3K4monomethylationwas generally low at

active promoters andhigh toward the39endof transcribed regions.

Finally, H3K4 dimethylation appeared to be higher at 59 regions of
inactive/weakly transcribed genes compared with actively tran-

scribed genes, which correlated with the notion derived from

studies on metazoans that H3K4 dimethylation may mark regions

of poised, inactive genes (Schneider et al., 2004; Bernstein et al.,

2005; Sims and Reinberg, 2006).

In contrast with what has been observed for yeast, where

nucleosome occupancy is low at intergenic regions, we observed

high nucleosome occupancy at two intergenic regions (Figure 9).

Also, in human cells, nucleosome occupancy appears to be more

or less evenly distributed, but contrary to what has been observed

for yeast and now Chlamydomonas, histones are not particularly

depleted at promoter regions (Bernstein et al., 2005). Hence, there

appear to be organism-specific differences in histone occupancy

andmodifications, which can only be elucidated in depth byChIP-

on-chip or ChIP-seq approaches. As the chromatin structure of

Chlamydomonas appears to be of particularly repressive nature in

that nucleosomes exhibit overall low levels of acetylation and high

levels of H3K4 monomethylation (Waterborg et al., 1995; van Dijk

et al., 2005), it will be of special interest to investigate chromatin

structure at a genome-wide level in Chlamydomonas.

METHODS

Strains and Cultivation Conditions

To generate strains for investigating the heat shock response, Chlamy-

domonas reinhardtii strain cw15–325 (cwd, mt+, arg72; kindly provided

by R. Matagne, University of Liège, Belgium) was transformed with

pCB412 (containing only the wild-type ARG7 gene; control strain),

pMS418 (containing ARG7 and an HSF1-RNAi construct), and pMS540

(containing ARG7 and an HSF1-amiRNA construct) as described previ-

ously (Schulz-Raffelt et al., 2007; Schmollinger et al., 2010). Arg proto-

trophic transformants were screened for thermosensitivity by exposing

cells on agar plates three times within 48 h to a 1-h heat shock by floating

plates in a water bath prewarmed to 408C. To generate strains for inves-

tigating the copper response, strain CC3960 (crr1-2, arg72; kindly pro-

vided by S.Merchant, UCLA, CA) was transformedwith plasmid pARG7.8

(Debuchy et al., 1989) or cotransformed with pARG7.8 and pCRR1F1B6

(CRR1+ control strain) as described previously (Kropat et al., 2005).

Strains were grownmixotrophically to a density of 4 to 73 106 cells/mL in

Tris-acetate-phosphate medium (Harris, 2008) on a rotary shaker at 248C

and;30 mEm22 s21. For heat shock experiments, cells were pelleted by

a 4-min centrifugation at 248C and 2704g, resuspended in Tris-acetate-

phosphate medium prewarmed to 408C, and incubated under agitation in

a water bath at 408C and;30 mEm22 s21 for 30 min. Prior to harvest, ice

was added to the cells. Copper depletion experiments were performed as

described previously (Quinn and Merchant, 1998).

Protein Extraction, Immunodetection, RNA Extraction,

and qRT-PCR

Protein extraction and immunoblot analyses were done as described

previously (Liu et al., 2005). RNA was isolated from ;108 cells with the

TRIzol reagent (Invitrogen) using the manufacturer’s protocol except for

the last steps: before RNA precipitation, two additional chloroform/

isoamyl alcohol (24:1) extractions were performed. A DNase digest was

done using RNase-free Turbo DNase (Ambion). The quality of the RNA

preparations was estimated by agarose gel electrophoresis, and RNA

concentration and purity were determined spectrophotometrically (Nano-

Drop-1000). cDNA synthesis was performed using the MULV reverse

transcriptase (Promega), deoxynucleotide triphosphate, and oligo-d(T)18

primers. Primers for qRT-PCRs were selected based on $90% primer

efficiency, a single melt curve, a single band on a 1.5% agarose gel, and

on the correct sequence of the amplicon. They are listed in Supplemental

Table 1 online. qRT-PCR was performed using the StepOnePlus RT-PCR

system (Applied Biosystems) and the Maxima SYBR Green kit from

Fermentas. Each reaction contained the vendor’s master mix, 200 nM of

each primer, and cDNA corresponding to 10 ng input RNA in the reverse

transcriptase reaction. The reaction conditions were as follows: 958C for

10 min, followed by cycles of 958C for 15 s and 658C for 60 s, up to a total

of 40 cycles. Primer efficiencies and amplicon sizes for all eight targets

are listed in Supplemental Figure 3B online. Controls without template or

reverse transcriptase were always included.
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ChIP

A total of 109 cells that were grown under nonstress conditions and heat

shocked for 30 min or grown under copper-replete and copper depriva-

tion conditions were harvested by a 2-min centrifugation at 48C and

3220g. To cross-link protein–DNA interactions, cells were resuspended in

10 mL freshly prepared cross-linking buffer (20 mMHEPES-KOH, pH 7.6,

80 mM KCl, and 0.35% formaldehyde) and incubated for 10 min at 248C.

Cross-linkingwas quenched by the addition of Gly at a final concentration

of 125 mM and further incubation for 5 min at 248C. Cells were collected

by a 2-min centrifugation at 48C and 3220g, washed twice with 1 mL 20

mM HEPES-KOH, pH 7.6, and 80 mM KCl, and lysed by the addition of

400 mL lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0, and

0.253 protease inhibitor cocktail [Roche]). Cells were sonicated on ice

using aBANDELIN Sonopuls HD 2070 sonicator with sonication tipMS73

(55% output control and 60% duty cycle) to gain an average DNA

fragment size of ;200 bp. Sonication efficiency was verified for each

sample by agarose gel electrophoresis. ChIPwas performedwith aliquots

corresponding to;2 3 107 cells that were diluted 1/10 with ChIP buffer

(1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl, and 16.7 mM Tris-HCl,

pH 8) and supplemented with BSA and sonicated l-DNA at final con-

centrations of 100 and 1 mg/mL, respectively. Antibodies specific for the

following epitopes were used: histone H3 (5 mL; Abcam ab1791); diacetyl

H3K9 and H3K14 (10 mL; Upstate 06-599); tetra-acetyl H4K5, H4K8,

H4K12, and H4K16 (10 mL; Upstate 06-866); monomethylated H3K4 (5

mL; Abcam ab8895); dimethylated H3K4 (10 mL; Upstate 07-030); HSF1

(40 mL; affinity purified from rabbit antiserum; Schulz-Raffelt et al., 2007);

vesicle-inducing protein in plastids 2 (VIPP2) (40 mL; affinity purified from

rabbit antiserum, used as mock control). Affinity purification was done as

described previously (Willmund and Schroda, 2005). Antibody-protein/

DNA complexes were allowed to form during a 1-h incubation at 48C,

were complexed with 6 mg preswollen protein A Sepharose beads

(Sigma-Aldrich) during a 2-h incubation at 48C, and precipitated by a 20-s

centrifugation at 16,000g. Sepharose beads were washed once with

washing buffer 1 (0.1% SDS, 1% Triton X-100, and 2 mM EDTA, pH 8)

containing 150 mM NaCl, once with washing buffer 1 containing 500 mM

NaCl, oncewithwashing buffer 2 (250mMLiCl, 1%Nonidet P-40, 1%Na-

deoxycholate, 1 mMEDTA, and 10mMTris-HCl, pH 8), and twice with TE

(1 mM EDTA and 10 mM Tris-HCl, pH 8). Protein-DNA complexes were

eluted by incubating twice for 15 min at 658C in elution buffer (1% SDS

and 0.1 M NaHCO3), and cross-links were reverted by an overnight

incubation at 658C after addition of NaCl to a final concentration of 0.5 M.

Proteins were digested by incubating for 1 h at 558C after the addition of

proteinase K (3.5 mg/mL), EDTA (8 mM), and Tris-HCl, pH 8.0 (32 mM).

DNA was extracted once with phenol/chloroform/isoamyl alcohol

(25:24:1), once with chloroform/isoamyl alcohol (24:1), and precipitated

by incubation with 2 volumes of ethanol after addition of 0.3 M Na-

acetate, pH 5.2, and 10 mg/mL glycogen for 3 h at 2208C. Precipitated

DNA was collected by a 20-min centrifugation at 48C and 16,000g,

washedwith 70%ethanol, and air-dried and resuspended in TE; 1/40th of

the precipitated DNA was used for qPCR using the same settings as for

qRT-PCR (see above). Controls where template was omitted or derived

fromChIP using an affinity-purified antibody against VIPP2 (mock control)

were always included. Signals for individual gene regions were normal-

ized against 10% input DNA and then to the corresponding signal derived

from the CYC6 promoter (heat shock) or from the RBCS2 promoter

(copper depletion), which showed no changes after the respective

treatment (see Supplemental Figure 5 online). Primers used for qPCR

are listed in Supplemental Table 2 online.

FAIRE

A total of 109 cells that were grown under nonstress conditions and heat

shocked for 30 min or grown under copper-replete and copper depriva-

tion conditions were harvested by a 2-min centrifugation at 48C and

3220g. Cross-linking of DNA–protein interactions was performed exactly

as described above for the ChIP Protocol. Cells were sonicated on ice

using aBANDELINSonopuls HD 2070 sonicator with sonication tipMS73

(55% output control and 60% duty cycle) to give an average DNA

fragment size of ;200 bp. Sonication efficiency was verified for each

sample by agarose gel electrophoresis. FAIRE was performed with

aliquots corresponding to ;2 3 107 cells. DNA was extracted once

with phenol/chloroform/isoamyl alcohol (25:24:1) and twice with chloro-

form/isoamyl alcohol (24:1) and precipitated by incubationwith 2 volumes

of ethanol after addition of 0.3 M Na-acetate, pH 5.2, for 4 h at 2208C.

Precipitated DNA was collected by a 20-min centrifugation at 48C and

16,000g, washed with 70% ethanol, air-dried, and resuspended in TE, pH

8. Resuspended DNAwas incubated at 658C for 10 min; 1/40th of 10% of

the precipitated DNA was used for qPCR using the same primer pairs as

for ChIP (see above).

Accession Numbers

Accession numbers for all genes investigated in this study are given in

Supplemental Tables 1 and 2 online.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Analysis of HSF1 Target Gene Expression in

Different HSF1-RNAi and HSF1-amiRNA Strains.

Supplemental Figure 2. Test of the Specificity of Affinity-Purified

HSF1 Antibodies.

Supplemental Figure 3. Experimental Parameters Underlying Tran-

script Quantification by qRT-PCR.

Supplemental Figure 4. PCR End Products Amplified on Selected

Chromatin Precipitates.

Supplemental Figure 5. Nucleosome Occupancy and Histone Mod-

ifications at Promoters CYC6 and RBCS2 Remain Unaltered after

Heat Shock and Copper Depletion, Respectively.

Supplemental Figure 6. Different Amplicons within the HSP22F and

CYC6 Promoters Confirm Results.

Supplemental Table 1. Primers Used for qRT-PCR.

Supplemental Table 2. Primers Used for qPCR on Chromatin

Precipitates.
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Supplemental Figure 1. Analysis of HSF1 target gene expression in different HSF1-RNAi and 
HSF1-amiRNA strains.  
(A) HSF1-amiRNA and RNAi strains selected for thermosensitivity accumulate comparably low 
levels of residual HSF1 protein. Whole-cell proteins were extracted from non-stressed control, 
HSF1-amiRNA, and HSF1-RNAi strains and proteins corresponding to 2 µg chlorophyll (1x in control) 
were separated on a 10% SDS-polyacrylamide gel and analyzed by immunoblotting using antisera 
against HSF1 and CF1β (as loading control).   
(B) Residual target gene expression is comparable between HSF1-amiRNA and HSF1-RNAi 
strains selected for thermosensitivity. RNA was extracted from non-stressed control, HSF1-
amiRNA, and HSF1-RNAi strains and accumulation of HSF1 and HSP22F transcripts was analyzed by 
qRT-PCR using the comparative CT method with CBLP2 as control gene. Shown are fold changes in 
transcript accumulation between stressed (30 min heat shock) versus non-stressed strains.  
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Supplemental Figure 2. Test of the specificity of affinity-purified HSF1 antibodies.   
(A) Comparison of HSF1 antibodies from the final bleeding and after affinity purification. Whole-
cell proteins of cells from control and HSF1-amiRNA lines grown under non-stress conditions were 
extracted and proteins corresponding to 2 µg chlorophyll were separated by SDS-PAGE and analyzed 
by immunoblotting using antibodies against HSF1 of the final bleeding or after affinity purification.  
(B) Analysis of αHSF1 immunoprecipitates. ChIP without formaldehyde treatment was done using 
an antibody against VIPP2 (mock) or affinity-purified antibodies against HSF1 on non-stressed (CL) or 
heat-shocked (HS) control cells. 10% of the immunoprecipitates were separated by SDS-PAGE and 
analyzed by immunoblotting using affinity-purified antibodies against HSF1. 
(C) Specificity of affinity-purified VIPP2 antibodies. Whole-cell proteins from unstressed control 
cells corresponding to 2 µg chlorophyll and 15 ng each of recombinant VIPP1 and VIPP2 were 
separated by SDS-PAGE and analyzed by immunoblotting using affinity-purified antibodies against 
VIPP2.   
(D) Comparison of ChIP results done with antibodies against VIPP2 and HSF1. ChIP was done 
on control (black bars) and HSF1-underexpressing strains (grey bars) grown under non-stress 
conditions or subjected to a 30-min heat shock using affinity-purified antibodies against VIPP2 (mock) 
or HSF1. From precipitated DNA fragments the regions of the HSP70A, HSP22F and CYC6 promoters 
shown in Figure 2 were amplified by qPCR and the enrichment relative to 10% input DNA was 
calculated. PCRs were done in triplicate, error bars indicate standard errors. Asterisks indicate the 
significance of change at the respective promoter with p values ≤ 0.001 calculated by the all pairwise 
multiple comparison procedure (Holm-Sidak method). 
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Supplemental Figure 3. Experimental parameters underlying transcript quantification by qRT-
PCR.  
(A) Exemplary mRNA preparation from control and HSF1-amiRNA strain #5. RNA was extracted 
from non-stressed cells and separated on a 1.5% agarose gel and stained with GelRed.  
(B) Amplicon sizes and primer efficiencies for the 8 target transcripts analyzed. Primer 
efficiencies were calculated from serial dilutions of cDNA prepared from RNA extracted from cells 
subjected to a 30-min heat shock (HSP70A, HSP22F, HSF1, CBLP2), or RNA extracted from cells 
grown under copper deficiency (CYC6, CRD1, CPX1 and RBCS2). 
(C) PCR end products obtained in a representative qRT-PCR experiment for the 8 target 
transcripts analyzed. 1/10th of a real-time PCR reaction on cDNA prepared as described in (B) was 
separated on a 1.5% agarose gel and stained with GelRed. The reactions were carried out without 
template (non-template control, NTC) or on 10 ng RNA which was subjected to reverse transcription 
(cDNA) or where the reverse transcription step was omitted (-RT).  
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Supplemental Figure 4. PCR end products amplified on selected chromatin precipitates.  
(A) Heat shock results in a strong reduction of histone H3 occupancy at the HSP70A promoter. 
ChIP was done on control strains grown under non-stress conditions (CL) or subjected to a 30-min 
heat shock (HS). From DNA fragments precipitated with antibodies against VIPP2 (mock) and histone 
H3, the promoter region of the HSP70A  promoter (see Figure 2) was amplified by PCR. As controls, 
the PCR was also done on 10% of ChIP input DNA (template control, TC) and without template (non-
template control, NTC). After 26 amplification cycles, the entire reactions were separated on a 1.5%-
agarose gel and stained with GelRed.   
(B) Histone H3 occupancy at the CYC6 promoter is unaffected by heat stress. PCR was done as 
described in (A), but region I of the CYC6 promoter (see Figure 2) was amplified.   
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Supplemental Figure 5. Nucleosome occupancy and histone modifications at promoters CYC6 
and RBCS2 remain unaltered after heat shock and copper depletion, respectively.  
(A) ChIP was done on control cells grown under non-stress conditions or subjected to a 30-min heat 
shock. DNA fragments were precipitated with antibodies against the unmodified C-terminus of histone 
H3, acetylated lysines 9 and 14 of histone H3, acetylated lysines 5, 8, 12 and 16 of histone H4, 
dimethylation of lysine 4 at histone H3 (H3K4me2), monomethylation of lysine 4 at histone H3 
(H3K4me1), and VIPP2 (mock). DNA fragments from the CYC6 promoter as shown in Figure 2 were 
amplified by qPCR and the enrichment relative to 10% input DNA was calculated. Error bars indicate 
standard errors from three technical replicates.  
(B) ChIP was done as in (A) but using cells grown under copper replete (+Cu) and copper deprivation 
(-Cu) conditions and qPCR primers hybridizing to the RBCS2 promoter. 
  

A BCYC6 promoter RBCS2 promoter

Heat shockContinuous light + Cu ‐ Cu

En
ric

hm
en

t 
ag
ai
ns
t 1

0%
 In

pu
t

En
ric

hm
en

t 
ag
ai
ns
t 
10

%
 In

pu
t

αH
3

αA
cH

3

αA
cH

4

αH
3K

4m
e 2

αH
3K

4m
e 1

m
oc
k

αH
3

αA
cH

3

αA
cH

4

αH
3K

4m
e 2

αH
3K

4m
e 1

m
oc
k

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

αH
3

αA
cH

3

αA
cH

4

αH
3K

4m
e 2

αH
3K

4m
e 1

m
oc
k

αH
3

αA
cH

3

αA
cH

4

αH
3K

4m
e 2

αH
3K

4m
e 1

m
oc
k



-73-Articles and manuscripts

Supplemental Data. Strenkert et al. (2011) Plant Cell 10.1105/tpc.111.085266 
 

6 
 

 
Supplemental Figure 6. Different amplicons within the HSP22F and CYC6 promoters confirm 
results.  
(A) Rapidly increasing levels of histone acetylation and reduced histone occupancy during 
heat stress are observed at different regions of the HSP22F promoter. ChIP was done on control 
cells grown under non-stress conditions or subjected to heat shock at 40°C for 10 min. DNA fragments 
were precipitated with antibodies against the unmodified C-terminus of histone H3, acetylated lysines 
9 and 14 of histone H3 (AcH3), and acetylated lysines 5, 8, 12 and 16 of histone H4 (AcH4). DNA 
fragments were amplified by qPCR and the enrichment relative to 10% input DNA was calculated and 
normalized against values obtained for the CYC6 promoter. Amplicons are from regions I (same 
values as shown in Figure 5A) and II of the HSP22F promoter, as illustrated in Figure 2. Error bars 
indicate standard errors from two biological replicates, each analyzed in triplicate.  
(B) CRR1-dependent increase in histone acetylation and drop in histone occupancy under 
copper-deplete conditions are observed at different regions of the CYC6 promoter. ChIP was 
done on control (black bars) and crr1 knock-out cells (grey bars) grown under copper replete or copper 
deprivation conditions. DNA fragments were precipitated with antibodies against the unmodified C-
terminus of histone H3, acetylated lysines 9 and 14 of histone H3 (AcH3), and acetylated lysines 5, 8, 
12 and 16 of histone H4 (AcH4). DNA fragments were amplified by qPCR and the enrichment relative 
to 10% input DNA was calculated and normalized against values obtained for the RBCS2 promoter. 
Amplicons are from regions I (same values as shown for CYC6 in Figure 7) and II of the CYC6 
promoter, as illustrated in Figure 2. Error bars indicate standard errors from two biological replicates, 
each analyzed in triplicate.  
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Supplemental Table 1. Primers used for qRT-PCR. 

Target transcript Protein ID 
Augustus 5 

GeneBank 
accession Primers (5´ to 3´) 

CBLP2 514942 EDO99650 Fwd: GCCACACCGAGTGGGTGTCGTGCG 
Rev: CCTTGCCGCCCGAGGCGCACAGCG 

RBCS2 519413 EDO96903 Fwd: GCCCAGGTCGACTACATTGTC 
Rev: AACATGGGCAGCTTCCACA 

HSP70A 525480 EDO97621 Fwd: GATCGAGCGCATGGTGC 
Rev: TCCATCGACTCCTTGTCCG 

HSP22F 515453 EDP10019 Fwd: TGCACCCACGCCGTG 
Rev: TGATCTCAACGCTGATGTCCTC 

CYC6 516039 EDO99527 Fwd: CAGGTCTTCAACGGCAACTGT 
Rev: ATCGCCCCCTTGCCAT 

CPX1 518660 EDP06704 Fwd: CCAGACCTCCAAGCGTGTGT 
Rev: GCGTTGCGGATCACCTTCTC 

CRD1 524896 EDP04035 Fwd: CGTAGGTAGGCTGACTGCGTTG 
Rev: GTCATTTATGCGCAGCCCTTG 

HSF1 525816 ABL74450 Fwd: TCCTTATCAAGACGTATGACCTCGT 
Rev: AAGCTGGAGAAATTGTTGTGCTT 

 
  



-75-Articles and manuscripts

3.3.	 Article 3: A protocol for the identification of protein-
protein interactions based on 15N metabolic labeling, 
immunoprecipitation, quantitative mass spectrometry and 
affinity modulation.

Authors: 
Stefan Schmollinger, Daniela Strenkert, Vittoria Offeddu, André Nordhues, Frederik 
Sommer and Michael Schroda 

Journal:
Journal of Visualized Experiments,67, e4083

Date:
2012, September

Contribution to:
Figure 1
Figure 2
Figure 3



-76- Articles and manuscripts



-77-Articles and manuscripts

Journal of Visualized Experiments www.jove.com

Copyright © 2012  Creative Commons Attribution-NonCommercial License September 2012 |  67  | e4083 | Page 1 of 6

Video Article

A Protocol for the Identification of Protein-protein Interactions Based on 15N
Metabolic Labeling, Immunoprecipitation, Quantitative Mass Spectrometry and
Affinity Modulation
Stefan Schmollinger1,2, Daniela Strenkert1,2, Vittoria Offeddu1,2, André Nordhues1,2, Frederik Sommer1,2, Michael Schroda1,2

1Max Planck Institute of Molecular Plant Physiology
2University of Kaiserslautern

Correspondence to: Michael Schroda at Schroda@biologie.uni-kl.de

URL: http://www.jove.com/video/4083/
DOI: 10.3791/4083

Keywords: Genetics, Issue 67, Molecular Biology, Physiology, Plant Biology, 15N metabolic labeling, QUICK, protein cross-linking, Chlamydomonas,
co-immunoprecipitation, molecular chaperones, HSP70

Date Published: 9/24/2012

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial License, which permits non-
commercial use, distribution, and reproduction, provided the original work is properly cited.

Citation: Schmollinger, S., Strenkert, D., Offeddu, V., Nordhues, A., Sommer, F., Schroda, M. A Protocol for the Identification of Protein-protein
Interactions Based on 15N Metabolic Labeling, Immunoprecipitation, Quantitative Mass Spectrometry and Affinity Modulation. J. Vis. Exp. (67),
e4083 10.3791/4083, DOI : 10.3791/4083 (2012).

Abstract

Protein-protein interactions are fundamental for many biological processes in the cell. Therefore, their characterization plays an important role
in current research and a plethora of methods for their investigation is available1. Protein-protein interactions often are highly dynamic and may
depend on subcellular localization, post-translational modifications and the local protein environment2. Therefore, they should be investigated
in their natural environment, for which co-immunoprecipitation approaches are the method of choice3. Co-precipitated interaction partners are
identified either by immunoblotting in a targeted approach, or by mass spectrometry (LC-MS/MS) in an untargeted way. The latter strategy often
is adversely affected by a large number of false positive discoveries, mainly derived from the high sensitivity of modern mass spectrometers that
confidently detect traces of unspecifically precipitating proteins. A recent approach to overcome this problem is based on the idea that reduced
amounts of specific interaction partners will co-precipitate with a given target protein whose cellular concentration is reduced by RNAi, while
the amounts of unspecifically precipitating proteins should be unaffected. This approach, termed QUICK for QUantitative Immunoprecipitation
Combined with Knockdown4, employs Stable Isotope Labeling of Amino acids in Cell culture (SILAC)5 and MS to quantify the amounts of
proteins immunoprecipitated from wild-type and knock-down strains. Proteins found in a 1:1 ratio can be considered as contaminants, those
enriched in precipitates from the wild type as specific interaction partners of the target protein. Although innovative, QUICK bears some
limitations: first, SILAC is cost-intensive and limited to organisms that ideally are auxotrophic for arginine and/or lysine. Moreover, when heavy
arginine is fed, arginine-to-proline interconversion results in additional mass shifts for each proline in a peptide and slightly dilutes heavy with
light arginine, which makes quantification more tedious and less accurate5,6. Second, QUICK requires that antibodies are titrated such that they
do not become saturated with target protein in extracts from knock-down mutants.

Here we introduce a modified QUICK protocol which overcomes the abovementioned limitations of QUICK by replacing SILAC for 15N metabolic
labeling and by replacing RNAi-mediated knock-down for affinity modulation of protein-protein interactions. We demonstrate the applicability of
this protocol using the unicellular green alga Chlamydomonas reinhardtii as model organism and the chloroplast HSP70B chaperone as target
protein7 (Figure 1). HSP70s are known to interact with specific co-chaperones and substrates only in the ADP state8. We exploit this property as
a means to verify the specific interaction of HSP70B with its nucleotide exchange factor CGE19.

Video Link

The video component of this article can be found at http://www.jove.com/video/4083/

Protocol

1. Antibody Adsorption

1. Weigh out 120 mg of Protein A Sepharose in a 15-ml conical tube (Falcon). As 15 mg Protein A sepharose is needed for each
immunoprecipitation (IP) this amount is sufficient for 8 IPs. Add 5 ml 0.1 M phosphate buffer (pH 7.4) and let the Protein A Sepharose swell
for 30 min at 4 °C.
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(Note that all steps from this point on need to be carried out with gloves to avoid contamination with keratin and on ice to avoid protein
degradation/complex dissociation.)

2. Centrifuge for 60 sec at 1,000 x g and 4 °C to pellet the swollen Protein A Sepharose. Carefully remove the supernatant and resuspend the
beads in 5 ml 0.1 M phosphate buffer (pH 7.4). Repeat this step three times to wash the beads thoroughly.

3. After the last centrifugation step, remove supernatant and leave approximately 0.5 ml of phosphate buffer. Add 0.9 ml 0.5 M phosphate buffer
(pH 7.4), 400 μl affinity purified primary antibodies (50 μl per IP) against the target protein (here HSP70B), and 16 μl antibodies against a
control protein (here CF1β). Fill up with ddH2O to a total volume of 5 ml.

(Note that affinity-purified antibodies should be used to reduce contamination by unspecific IgGs, which interfere with nano-LC-MS analysis - for
a protocol see Willmund et al. (2005)10. CF1β is precipitated as a loading control and was chosen because it is abundant and, after cell lysis,
present in soluble and membrane fractions. Alternatively, levels of contaminating proteins may be used to normalize for unequal loading.)

4. Allow Protein A Sepharose beads to adsorb IgGs during a 1-hr Incubation at 25 °C on a tube roller (CAT RM5W, 36 rpm).
5. Centrifuge for 60 sec at 1,000 x g and 4 °C to pellet the Protein A Sepharose beads. Carefully remove the supernatant and resuspend

the beads in 5 ml 0.1 M sodium borate buffer (pH 9.0). Repeat this step three times to thoroughly remove amines that would quench the
crosslinker.

6. Weigh out 25.9 mg of fresh, solid dimethylpimelimidate and resuspend it in 5 ml 0.1 M sodium borate buffer (pH 9.0) to obtain a final
concentration of 20 mM. Add this solution to the Protein A Sepharose beads.

7. Allow IgGs to cross-link to Protein A for 30 min at 25 °C on a tube roller.
8. Centrifuge for 60 sec at 1,000 x g and 4 °C to pellet the beads. Carefully remove the supernatant and resuspend the beads in 5 ml 1 M Tris-

HCl (pH 7.5) to quench free crosslinker. Repeat this step once and incubate for 2 hr at 25 °C or 12-24 hr at 4 °C on a tube roller.
9. Optional: if Protein A Sepharose beads coupled to IgGs are not directly used for IP, storage for up to one week is possible. For this, centrifuge

for 60 sec at 1,000 x g and 4 °C to pellet the beads, carefully remove the supernatant and resuspend beads in 5 ml 0.1 M phosphate buffer
(pH 7.5) containing 0.02% sodium azide and store at 4 °C until further use.

2. Cell Lysis, Crosslinking and Sample Preparation

1. Grow two Chlamydomonas cultures in medium containing 7.5 mM 14NH4Cl or 15NH4Cl as nitrogen source to a density of ~5 x 106 cells/
ml. Cells need to pass through at least ten generations for full labeling. Here, cells were grown photomixotrophically in TAP medium11 on a
rotatory shaker at 25 °C under continuous irradiation with white light (30 μE m-2 s-1).

2. Transfer two aliquots each of 14N- and 15N-labeled cells to four GSA tubes and harvest cells by a 4-min centrifugation at 4,000 x g and 4
°C (The cell number harvested for each aliquot depends on the cellular concentration of the target protein and needs to be determined
empirically in advance to ensure that sufficient target protein is precipitated. A good starting point is 109 cells per aliquot, i.e., 200 ml of a
culture with 5 x 106 cells/ml.)
 
For crosslinking only: in case protein complexes will be crosslinked prior to IP, cells need to be washed to remove amines present in the
medium. For this, resuspend cells in 40 ml pre-cooled KH buffer (20 mM HEPES-KOH (pH 7.2), 80 mM KCl) and transfer them to 50-ml
Falcon tubes. Centrifuge for 60 sec at 1,000 x g and 4 °C. Repeat this step once.

3. Resuspend cells in 2 ml Lysis buffer (20 mM HEPES-KOH (pH 7.2), 1 mM MgCl2, 10 mM KCl, 154 mM NaCl) pre-cooled to 4 °C and transfer
them to 15-ml Falcon tubes. Collect remaining cells in GSA tubes with an additional 1 ml Lysis buffer each. Add 50 μl 25 x protease inhibitor
and 12.5 μl 1 M MgCl2 (to a final concentration of 3.5 mM) to each aliquot.

4. Add 150 μl Lysis buffer, 12.5 μl 1 M ATP, 833 μl 270 mM creatine phosphate and 7 μl 5 μg/μl creatine phosphokinase (the final concentration
is 2.5 mM ATP, 45 mM creatine phosphate, and 7 μg/ml creatine phosphokinase) to one of the aliquots containing 14N- and 15N-labeled cells
(these are the +ATP aliquots).

5. Add 930 μl Lysis buffer and 70 μl 1 U/μl apyrase to the other aliquots containing 14N- and 15N-labeled cells (these are the -ATP aliquots).
6. Incubate for 2 min at 25 °C on a tube roller to establish ATP-deplete and ATP-replete states. If the crosslinking step is omitted, add another 1

ml of Lysis buffer.
 
For crosslinking only: in case the investigated protein-protein interactions are transient it is advisable to capture them by a crosslinking
step. For this, add 500 μl 20 mM dithio-bis(succinimidyl propionate) (DSP) dissolved in DMSO (final concentration is 2 mM) to each tube
directly before sonication.

7. Sonicate four times 20 sec on ice to break cells with 20-sec breaks in between for cooling. (We use the Bandelin Sonoplus HD2070 with a
KE76 tip at output control of 75% and duty cycle of 60%. The necessary settings for other machines/devices/tips need to be determined in
advance to ensure complete cell lysis and to avoid spilling.)
 
For crosslinking only: allow protein complexes to cross-link by incubating for 1 hr at 4 °C on a tube roller. After crosslinking, supplement
each tube with 500 μl 1 M glycine and incubate on a tube roller for another 15 min at 4 °C to quench free crosslinker.

8. Prepare four 6-ml sucrose cushions (20 mM HEPES-KOH (pH 7.2), 0.6 M sucrose) in SW41 Ti thin wall tubes (Beckman Coulter Item No:
344059), carefully lay the entire ~5.5 ml of cell lysates onto the sucrose cushions (balance with Lysis buffer) and centrifuge for 30 min at
200,000 x g and 4 °C in a SW41 Ti rotor.

9. Transfer the top of the gradient containing soluble protein complexes into four 15-ml Falcon tubes (avoid transferring parts of the sucrose
cushion), add 350 μl 10% Triton X-100 to a final concentration of 0.5% to each of them, mix carefully and add Lysis buffer to a total volume of
7 ml each.
 
(Transfer 70 μl of each soluble cell extract to fresh 1.5-ml conical tubes (Eppendorf tubes) and add 70 μl 2 x SDS-sample buffer (4% SDS,
125 mM Tris-HCl (pH 6.8), 20% glycerol, 10% 2-mercaptoethanol) to each for SDS-PAGE and immunoblot analyses.)
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10. Discard the sucrose cushions and resuspend the membrane pellets in 3 ml Lysis buffer each. Add to each 1 ml 10% Triton X-100 to a final
concentration of 2%, sonicate on ice to dissolve pellets, and add Lysis buffer to a total volume of 5 ml each.

11. Prepare another four 6-ml sucrose cushions in SW41 Ti thin wall tubes, lay the ~5 ml of solubilized membranes from step 2.10 carefully onto
the sucrose cushions, and centrifuge for 30 min at 200,000 x g and 4 °C in a SW41 Ti rotor.

12. Transfer the top of the gradient containing membrane protein complexes into four 15-ml Falcon tubes and add Lysis buffer (containing 2%
Triton X-100) to a final volume of 7 ml each. (Transfer 70 μl of each soluble cell extract to fresh Eppendorf tubes and add 70 μl 2 x SDS-
sample to each for SDS-PAGE and immunoblot analyses.)

3. Immunoprecipitation

1. Pellet the Protein A Sepharose beads containing coupled antibodies (from steps 1.8 or 1.9) by a 60-sec centrifugation at 1,000 x g and 4 °C,
carefully remove the supernatant and resuspend beads in 4 ml Lysis buffer. Repeat this step twice to equilibrate beads in Lysis buffer.

2. Fill up to 8 ml with Lysis buffer and transfer 1 ml of the suspension to each of the eight 15-ml Falcon tubes containing soluble or membrane
protein complexes from ATP-replete and ATP-deplete 14N- and 15N-labeled cells (from step 2.9 and 2.12).

3. Incubate for 2 hr at 4 °C on a tube roller to precipitate protein complexes.
4. Pellet the beads by a 60-sec centrifugation at 1,000 x g and 4 °C and discard the supernatants. Leave a small volume of liquid on top of the

beads to facilitate transfer.
5. Transfer the beads from each Falcon tube to 1.5-ml conical tubes (Eppendorf tubes). To collect all remaining beads in the Falcon tubes, add

another 0.8 ml Lysis buffer containing 0.1% Triton to each, vortex gently, centrifuge for 60 sec at 1,000 x g and 4 °C and transfer the buffer
with residual beads to the Eppendorf tubes. Tube exchange is necessary to prevent contaminations from proteins adhering to the plastic
walls.

6. Pellet the beads by a 15-sec centrifugation at 16,100 x g and 4 °C, carefully remove the supernatants and resuspend beads in 1.3 ml Lysis
buffer containing 0.1% Triton. Repeat this step twice with lysis buffer containing Triton and twice with Lysis buffer lacking Triton to thoroughly
wash the beads. Leave a small volume of liquid on top of the beads to facilitate transfer.

7. Again transfer the beads to fresh 1.5-ml Eppendorf tubes to remove proteins adhering to the plastic walls. Wash the old tubes with 1 ml Lysis
buffer lacking Triton and transfer all residual beads to the fresh tubes.

8. Centrifuge for 15 sec at 16,100 x g and 4 °C, remove the supernatants first with a normal pipette, then remove any remaining supernatant
completely with a 50-μl Hamilton syringe.

4. Sample Preparation for nano-LC-MS/MS

1. Add 100 μl freshly prepared Elution buffer (8 M urea, 25 mM NH4HCO3) to each tube, use the 100 μl Elution buffer to wash off beads sticking
to the Hamilton syringe and incubate for 10 min in a thermomixer at 800 rpm and 65 °C, and for another 20 min at 30 °C. (A much more
complete elution of bound proteins is achieved by elution with 2% SDS and subsequent precipitation with 80% acetone.)

2. Centrifuge for 15 sec at 16,100 x g and 25 °C. Transfer supernatants to fresh tubes with a 50-μl Hamilton syringe.
3. Add 50 μl Elution buffer to the beads, use the 50 μl Elution buffer to wash off beads sticking to Hamilton syringe and repeat incubation and

centrifugation steps 4.1 and 4.2, respectively. Pool the respective eluates.
 
(Transfer 30 μl of the eluates to fresh Eppendorf tubes, add 30 μl 2 x SDS-sample buffer to each for SDS-PAGE and immunoblot analyses.)

4. Combine the eluted precipitates from +/-ATP-treated, 14N- and 15N-labeled soluble and membrane proteins as follows:
 
120 μl 15N/+ATP and 120 μl 14N/-ATP
 
120 μl 14N/+ATP and 120 μl 15N/-ATP
 
120 μl 15N/+ATP and 120 μl 14N/-ATP
 
120 μl 14N/+ATP and 120 μl 15N/-ATP

5. Add 1.5 μl freshly prepared 1 M DTT to a final concentration of 6.5 mM to each of the four combinations to reduce disulfide bonds (including
those in the crosslinker) and incubate for 30 min at 25 °C.

6. Add 10.5 μl freshly prepared 0.6 M iodoacetamide to a final concentration of 25 mM to carboxymethylate the reduced thiols and incubate for
20 min at 25 °C in the dark.

7. Add 256 μl 40 mM NH4HCO3 and 4 μl Lys-C (0.1 μg/μl), seal tubes with parafilm, and incubate for at least 16 hr overnight on a rotation wheel
at 37 °C.

8. Add 470 μl 20 mM NH4HCO3, 10 μl 100 % acetonitrile (to a final concentration of 1%) and 8 μl trypsin beads, and incubate on a rotation
wheel for at least 16 hr at 37 °C.

9. Centrifuge for 5 min at 16,100 x g and 4 °C, and transfer supernatants to fresh 2-ml Eppendorf tubes. Wash the old tubes with 50 μl 20 mM
NH4HCO3, 0.5% acetic acid, and pool with first supernatants.

10. For desalting, prepare homemade C18-StageTips by cutting out two discs from Empore C18 material with a syringe needle and placing them in
a 200-μl pipette tip. In this way prepare four 200-μl tips. Punch holes into the lids of four 2-ml Eppendorf tubes and insert tips.

11. Precondition the C18-StageTips with 50 μl Solution B (80% acetonitrile, 0.5% acetic acid). Centrifuge for 3 min at 800 g and 25 °C.
12. Equilibrate the C18-StageTips with 100 μl Solution A (0.5% acetic acid, 2% acetonitrile). Centrifuge for 3 min at 800 g and 25 °C. Repeat this

step once.
13. Load 100 μl of the supernatants from the tryptic digestions (4.9) on the C18-StageTips and centrifuge for 3 min at 800 g and 25 °C. Repeat

this step until the complete supernatants were applied to the columns.
14. Wash the C18-StageTips with 100 μl Solution A. Centrifuge for 3 min at 800 g and 25 °C. Repeat this step twice.
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15. Elute tryptic peptides into a fresh 1.5-ml Eppendorf tube with 50 μl Solution B. Centrifuge for 3 min at 800 g and 25 °C. Repeat this step once.
Dry peptides to completion in a speed vac.

16. Optional: seal Eppendorf tubes with parafilm and store at -80 °C until further use.
17. Resuspend the dried peptides with 20 μl Solution A and incubate for at least 1 hr on ice, interrupted by two 15-min incubations in a sonicator

bath. Centrifuge for 20 min at 16,100 x g and 4 °C, and apply supernatant to nano-LC-MS/MS.

5. Representative Results

As shown exemplarily for the 14N-labeled cell extracts in Figure 2A, HSP70B and CGE1 are almost exclusively localized to the soluble fraction,
independent of the ATP state. In contrast, CF1β is localized to soluble and membrane-enriched fractions, as sonication shears part of it from
membrane-located CFo, and therefore serves as loading control for both fractions. As shown in Figure 2B, similar amounts of HSP70B were
precipitated with the anti-HSP70B antibodies from 14N- and 15N-labeled soluble extracts, independent of the ATP state. In contrast, only little
HSP70B was precipitated from membrane fractions with slightly larger amounts originating from ATP-depleted membrane fractions as compared
to ATP replete fractions, hence corroborating earlier results9. No CGE1 was co-precipitated with HSP70B in ATP-replete soluble or membrane
fractions, while large amounts of CGE1 were co-precipitated with HSP70B from ATP-depleted soluble fractions, and little from ATP-depleted
membrane fractions.

The interaction of CGE1 with HSP70B only in the ADP state is also observed in the MS analysis: in Figure 3, representative MS1 spectra of
HSP70B and CGE1 peptides from precipitates generated with the HSP70B antiserum from soluble cell extracts are shown. In the experiment
shown in Figure 3A, precipitates were from mixtures of 14N-labeled extracts lacking ATP and 15N-labeled extracts containing ATP. While the
heavy and light labeled form of the HSP70B peptide were detected at equal intensities, only the light labeled form of the CGE1 peptide (from -
ATP extracts) was found. In Figure 3B the same peptides from the anti-HSP70B precipitate derived from mixtures of reciprocally labeled soluble
cell extracts are shown. Accordingly, this time only the heavy labeled form of the CGE1 peptide (from -ATP extracts) was detected, while this was
again the case for both, light and heavy labeled HSP70B peptides.

 
Figure 1. Experimental workflow. Cells are metabolically labeled with 14N and 15N for at least 10 generations, harvested and supplied with or
depleted from ATP. After cell lysis protein complexes optionally may be crosslinked (X-link) with DSP. Lysed cells are then separated in soluble
(Sol) and membrane enriched (Pel) fractions. Target proteins (here HSP70B) and a control protein (here CF1β) are immunoprecipitated with
specific antibodies coupled to protein A sepharose beads (black). After washing, precipitated proteins are eluted and either directly analyzed
by immunoblotting, or the respective 14N- and 15N-labeled fractions in +ATP and -ATP states are pooled, digested and analyzed by nano-LC-
MS/MS. In the example case shown here the 15N-labeled fraction was depleted from ATP. Accordingly, the ratio of intensities of heavy labeled
(dark colors) to light labeled (light colors) peptides from the control protein (CF1β), the target protein (HSP70B) and non-specifically bound
contaminants should be around one, while this ratio is expected to be very high for proteins specifically interacting with the target protein (CGE1).
Click here to view larger figure.

 
Figure 2. A Analysis of the input for HSP70B immunoprecipitation. Total protein was extracted from soluble (Sol) and membrane enriched
(Pel) fractions either depleted from ATP (-ATP) or supplemented with ATP and an ATP regenerating system (+ATP). 0.01% of the protein extracts
were separated on a 10% SDS-polyacrylamide gel, and levels of HSP70B and CGE1 protein relative to loading control CF1β were analyzed
by immunoblotting. B Analysis of immunoprecipitates. HSP70B was immunoprecipitated from 14N- and 15N-labeled soluble and membrane-
enriched cell extracts containing or lacking ATP. Proteins corresponding to 3.3% of the immunoprecipitates were separated on a 10% SDS-
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polyacrylamide gel and levels of HSP70B and CGE1 relative to loading control CF1β were analyzed by immunoblotting.  Click here to view larger
figure.

 
Figure 3. A Representative mass spectra of HSP70B and CGE1 peptides from anti-HSP70B immunoprecipitates performed on
mixed soluble fractions (14N -ATP/15N +ATP). Full MS spectra of 14N and 15N labeled peptides, corresponding to the -ATP and +ATP states,
respectively, from HSP70B and co-immunoprecipitated CGE1 are shown. Both peptides are triply charged, the HSP70B peptide contains 22
nitrogen atoms, the CGE1 peptide 19, corresponding to a mass shift of 7.33 and 6.33 m/z, respectively. B Representative mass spectra from
the reciprocal experiment (14N +ATP/15N -ATP). Full MS spectra of the same 14N and 15N labeled peptides, here corresponding to the +ATP
and -ATP states, respectively, from HSP70B and co-immunoprecipitated CGE1 are shown.  Click here to view larger figure.

Discussion

We have recently introduced two improvements to the QUICK approach: a crosslinking step for capturing transient protein-protein interactions
(QUICK-X), and a control precipitation to normalize for unequal precipitation efficiencies6. Here we present a protocol containing two more
improvements of QUICK: first, we replace SILAC5 for 15N metabolic labeling. The advantages are that 15N metabolic labeling is much cheaper
than SILAC, if 15N is provided as simple inorganic salt. Furthermore, with 15N metabolic labeling QUICK can be applied to organisms prototrophic
for all amino acids, like most plants, fungi and bacteria. And finally, arginine-to-proline interconversion inherent to SILAC5,6 does not present
a problem for quantification of 15N labeled peptides. Examples for suitable tools for the quantitative evaluation of 15N proteomics data are
MSQUANT12 or IOMIQS13.

Second, we introduce affinity modulation as a means for specifically reducing the amount of proteins interacting with a given target protein in one
sample versus another. The advantages of this approach are that it circumvents the construction of knockdown mutants, which for some model
systems are difficult to generate or cannot be generated at all in case of essential target proteins. Moreover, it avoids misinterpretations caused
by differential protein expression potentially occurring as a response of the cell to knocking-down a target protein: if other proteins are down-
regulated as well and cross-react with the antiserum used for immunoprecipitation, they would be interpreted as true interaction partners of the
target protein. At last, affinity modulation abolishes the need of finding a proper antibody-to-antigen ratio.

Although we apply our protocol to Chlamydomonas reinhardtii as model organism, it can easily be adapted to any other organism that can be
grown in cell culture and is able to use ammonium or nitrate as nitrogen source. Affinity modulation of protein complexes by ATP/ADP may
directly be applied to other chaperones whose interaction with substrates and cohort proteins depends on the ATP state, like the GroEL/HSP60/
Cpn60 or HSP90 chaperone systems14,15, or to any other system where binding affinities are modulated by ATP. Affinity modulation should also
work for cases where affinities between protein interactions are altered by specific drugs, like radicicol or geldanamycin in the case of HSP90
systems15.

A clear limitation of our protocol is that it requires affinity-purified antibodies against a target protein known to be sensitive to a specific treatment/
drug that modulates its affinity for partner proteins. Therefore, it is no high-throughput method.
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Summary

To understand fundamental concepts of the heat stress response (HSR) in plants, we 
applied pharmaceutical and antisense/amiRNA approaches to the unicellular green alga 
Chlamydomonas reinhardtii. Feeding with the protein kinase inhibitor staurosporine strongly 
retarded the HSR. Activation of stress kinase(s) appears to be triggered by the accumulation 
of unfolded proteins, as demonstrated by the induction of the stress response after feeding 
cells with the arginine analog canavanine. Feeding with cycloheximide, an inhibitor of cytosolic 
protein synthesis, abolished the attenuation of the HSR. Feeding with HSP90 inhibitors induced 
a stress response under ambient conditions and retarded attenuation of the HSR at elevated 
temperatures. We detected a direct physical interaction between cytosolic HSP90A/HSP70A 
and HSF1, but surprisingly this interaction persisted after the onset of stress. Of the calcium 
chelators EGTA and BAPTA, only the addition of BAPTA to washed cells retarded the HSR and 
impaired thermotolerance. Finally, the expression of antisense constructs targeting chloroplast 
HSP70B resulted in a pleiotropic disturbance of the cell’s HSR. We propose the following 
hypothetical model to integrate these results: heat stress is sensed at a calcium channel in 
the cytoplasma membrane by changes of membrane fluidity, or by sequestration of HSP90/70 
from this channel to unfolded proteins accumulating during heat stress or after feeding with 
canavanine or HSP90 inhibitors. Calcium inflow results in the activation of calcium dependent 
kinases phosphorylating HSF1, at which also stress signals from the chloroplast are integrated. 
Attenuation of the HSR is mediated by chaperone-assisted phosphatase(s).
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Introduction

The engineering of crop plants that are resistant to heat, drought and salinity stress is essential 
for guaranteeing crop yield safety, which is jeopardized by the changing climate. To this end 
a thorough understanding of the mechanisms underlying stress response pathways in plants 
is imperative. The heat stress response (HSR), which results in the induction of heat shock 
proteins (HSPs), is regulated at the transcriptional level by the activity of heat shock factors 
(HSFs) (Akerfelt et al. 2010, Anckar and Sistonen 2011, Kotak et al. 2007, Mittler et al. 2012, 
Voellmy and Boellmann 2007). This highly conserved cellular response is elicited by diverse 
environmental and physiological stressors including elevated temperatures, heavy metals, 
oxidants, toxic chemicals or bacterial and viral infection. These stressors disturb membrane 
integrity and/or lead to the accumulation of misfolded/aggregated proteins. In mammals, 
HSFs are activated in a multistep process that includes trimerization, phosphorylation and 
translocation to the nucleus, where HSF binds to heat shock elements (HSEs) at the promoters 
of HSP genes in a cooperative manner (Morimoto 1998). Hyperphosphorylation at multiple 
serine residues typically characterizes the transcriptionally competent state of HSFs (Cotto et 
al. 1996). The induction of HSPs allows the cell to restore protein homeostasis, at which time 
HSF is inactivated and the response is attenuated (Shi et al. 1998). 

The high complexity of the HSF family in higher plants with at least 21 members (Nover 
et al. 2001) has complicated the dissection of the HSR in plants (Hahn et al. 2011, von Koskull-
Doring et al. 2007). In contrast, the presence of only one canonical HSF in Chlamydomonas 
reinhardtii that exhibits all characteristic features of plant class A HSFs and that was shown to 
be a key regulator of the HSR (Schmollinger et al. 2010, Schulz-Raffelt et al. 2007), makes this 
alga an attractive model for studying fundamental principles of the plant HSR. To this end, we 
combined pharmaceutical and antisense/artificial micro-RNA approaches which have enabled 
us to gain new insights of how the HSR is regulated in this model alga.
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Results

Kinase-mediated hyperphosphorylation of HSF1 is essential for transcriptional activation of 
HSF1 
Hyperphosphorylation of HSFs has been recognized as an essential step for their activation 
(Cotto et al. 1996, Liu et al. 2008). That this was the case also in Chlamydomonas was suggested 
by our previous finding that during heat shock HSF1 hyperphosphorylation correlated with 
the accumulation of stress gene expression (Schulz-Raffelt et al. 2007). To substantiate this 
notion, we fed Chlamydomonas cells immediately before applying heat stress with different 
concentrations of the protein kinase inhibitor staurosporine. Staurosporine competes with ATP 
for binding to the ATP-binding sites of a broad spectrum of kinases (Karaman et al. 2008). We 
monitored the accumulation of stress gene transcripts over time and for this chose the HSF1 
gene itself because it displayed a very fast response to stress (Schulz-Raffelt et al. 2007) and, 
more arbitrary, the HSP90A and HSP90C genes encoding cytosolic and chloroplast-targeted 
chaperones (Willmund and Schroda 2005). 

As shown in Figures 1a and 1b, staurosporine feeding resulted in a concentration-
dependent delay of the HSR of all three genes analyzed. At high staurosporine concentrations 
also the amplitude of the response was reduced. The delayed accumulation of stress gene 
transcripts correlated well with delayed hyperphosphorylation of HSF1, which is reflected by 
its shifting to forms of higher apparent molecular mass (Schulz-Raffelt et al. 2007) and became 
evident particularly at higher concentrations of the drug (Figure 1c). Under these conditions 
also no increase in HSP90C protein levels was observed and after 2 h heat shock cells tended 
to lyse. 
	
Preexisting HSF1 is sufficient to mediate a stress response but newly synthesized, cytosolic 
proteins are required for attenuation
We next asked whether cytosolic or organellar protein biosynthesis is required for regulating 
any steps in the HSR of Chlamydomonas. To address this question we fed cells prior to heat 
shock with cycloheximide and chloramphenicol, potent inhibitors of cytosolic and organellar 
translation elongation, respectively, that are effective in Chlamydomonas (Hoober and Blobel 
1969). As shown in Figures 2a and 2b, feeding with chloramphenicol had no significant 
effect on transcript accumulation kinetics of the three stress genes analyzed. Feeding with 
cycloheximide had no effect on the initial kinetics of stress gene transcript accumulation, but 
abolished the attenuation phase of the HSR, as transcripts continued to accumulate. At the 
protein level, feeding with chloramphenicol prior to heat stress application hardly had an 
effect on the kinetics of HSF1 hyperphosphorylation and accumulation of HSF1 and HSP90C 
proteins. Feeding with cycloheximide had no effect on HSF1 hyperphosphorylation. However, 
hyperphosphorylation persited throughout the stress treatment and, as expected for an 
inhibitor of cytosolic protein synthesis, protein levels neither of HSF1 nor of HSP90C increased. 
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The stress response in Chlamydomonas is elicited by unfolded proteins
The observation that a stress response was elicited by the injection of denatured proteins into 
Xenopus laevis oocytes founded the concept that unfolded proteins accumulating e.g. during 
thermal stress may serve as trigger for the HSR (Ananthan et al. 1986). To test whether also in 
Chlamydomonas a stress response is elicited by the accumulation of unfolded proteins, we fed 
an arginine auxotrophic Chlamydomonas mutant with the amino acid analog canavanine or 
with arginine as control. Canavanine is incorporated into newly synthesized proteins in place 
of arginine, but it contains an oxygen atom instead of the third methylene group within the 
side chain of arginine, which perturbs secondary structure formation. Canavanine feeding has 
been shown previously to elicit stress responses in mammalian cells (Hightower and White 
1981, Watowich and Morimoto 1988) and in Arabidopsis (Kurepa et al. 2003). As shown in 
Figures 3a and 3b, the feeding of canavanine at ambient temperatures indeed elicited a stress 
response, albeit with slower kinetics than heat shock. Most likely, heat shock leads to the 
rapid accumulation of unfolded proteins, whereas the accumulation of unfolded proteins after 
canavanine feeding depends on the translation rate. The canavanine-induced stress response 
did not attenuate, as judged from the observation that stress gene transcripts remained high 
or even increased further after 2 h at elevated temperatures. Combining heat stress and 
canavanine feeding induced the stress response with the same initial kinetics as heat shock 
alone but attenuation of the response did not take place. At the protein level, incorporation of 
canavanine into newly synthesized HSP90C became evident from its shifting to an increased 
apparent molecular mass over time, in particular during heat shock (Figure 3c). 

Inhibition of HSP90 activity results in an increased and prolonged stress response 
It was observed previously that compromising HSP90 function impaired the refolding of heat-
denatured proteins in mammalian cells (Schneider et al. 1996). To test whether this was the 
case also in Chlamydomonas, we employed the HSP90 inhibitors radicicol and geldanamycin. 
These mimic the kinked conformation of ATP that is required for its binding to the ATP-binding 
sites of HSP90s (Roe et al. 1999). We first used radicicol, as radicicol efficiently inhibited the 
ATPase activity of Chlamydomonas chloroplast HSP90C in vitro (Willmund and Schroda 2005). 
As presented in Figures 4a and 4b, feeding of radicicol prior to heat shock resulted in increased 
amplitude and delayed attenuation of the accumulation of all stress transcripts studied. Both 
effects were augmented with increasing concentrations of radicicol (100 µM versus 10 µM). 
Increased amplitude and delayed attenuation of stress gene transcript accumulation were also 
observed when geldanamycin (3.6 µM) was fed to the cells prior to stress (Figures 4c and 4d). 

Feeding cells with high concentrations of geldanamycin elicits a transient stress response at 
ambient temperatures
Feeding mammalian cells at ambient temperatures with geldanamycin was shown to elicit a 
stress response (Ali et al. 1998, Zou et al. 1998). Interestingly, when we fed Chlamydomonas 
cells with the same geldanamycin concentrations (3.6 µM) that apparently were sufficient to 
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compromise HSP90 function during stress, we did not observe a stress response (Figure S1a). 
However, higher geldanamycin concentrations (10-20 µM) and high radicicol concentrations 
(100 µM) did induce a stress response at ambient temperatures (Figures 5a and 5b; Figure 
S1b). The induced stress response appeared to be general, as judged from the induction of 
genes encoding HSF1, cytosolic HSP90A and plastidic HSP70B, and also resulted in elevated 
HSF1 and HSP90C protein levels (Figure 5c). Note that the drug-induced stress response was 
weaker and less rapid than that induced by heat shock (compare Figures 4a and 5a). While the 
response was attenuated for genes HSF1 and HSP70B, it appeared to persist for HSP90A.   

In mammals it was found that a complex between HSF1 and HSP90 was disrupted by 
heat stress, an important finding for the suggestion that HSP90 controls HSF1 activity (Zou et 
al. 1998). To test whether also in Chlamydomonas a physical interaction between HSP90A and 
HSF1 exists that is disrupted by heat stress, we immunoprecipitated HSF1 from wild-type and 
an HSF1-amiRNA strain that were unstressed or subjected to heat shock for 30 min. HSP90A 
and HSP70A were then detected in the precipitates by immunoblotting (Figure 6). HSP90A and 
HSP70A were clearly detected in precipitates from control cells, but to a much lesser extent in 
precipitates from HSF1-amiRNA strains, indicating that both chaperones specifically interact 
with HSF1. Surprisingly, the interaction between HSF1 and the chaperones was observed both 
under heat stress and under control conditions. Interestingly, in contrast to HSP70A, levels of 
HSP90A in the HSF1-amiRNAi strain were slightly lower than in the control strain, presumably 
because HSF1 also plays a role in controlling basic transcription of the HSP90A gene. 

Chlamydomonas cells induce a HSR also in the presence of calcium chelators   
It was previously reported that removal of extracellular Ca2+ by washing and application of Ca2+-
chelators EGTA or BAPTA completely abolished the HSR in Physcomitrella patens (Saidi et al. 
2009). These results indicate a crucial role for the influx of extracellular Ca2+ in stress signalling 
in moss. To test whether a similar mechanism is also present in Chlamydomonas, we removed 
extracellular Ca2+ by extensive washing in distilled water and resuspended cells in distilled 
water supplemented with high concentrations of EGTA or BAPTA prior to applying heat stress. 
As shown in Figures 7a and 7b, kinetics and amplitude of the heat stress-induced expression of 
genes HSF1, HSP90A and HSP90C appeared unaffected in washed cells resuspended in 20 mM 
EGTA. Moreover, the presence of EGTA at concentrations of 10 or 20 mM neither affected the 
heat stress-induced accumulation of HSF1 protein (Figure 7c), nor the ability of cells to survive 
a 2-h heat shock at 40°C (Figure 7d). In contrast, the addition of BAPTA to washed cells prior to 
heat shock did affect the HSR: as shown in Figures 7a and 7b, the presence of 7.5. mM BAPTA 
led to delayed kinetics and reduced amplitude of heat shock-induced stress gene expression. 
Moreover, the presence of BAPTA at 1 and 7.5 mM final concentrations delayed and reduced 
the stress-induced accumulation of HSF1 protein (Figure 7c) and resulted in reduced survival 
of heat-stressed cells (Figure 7d). 
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The expression of HSP70B antisense constructs pleiotropically affects the general stress 
response 
To test, whether a mechanism for stress detection/stress signal relay to the nucleus might exist 
in chloroplasts, we generated antisense constructs that target HSP70B transcripts encoding 
the major HSP70 homolog in the Chlamydomonas chloroplast (Schroda and Vallon 2008). As 
a complete loss of function of chloroplast HSP70 was shown to be lethal (Su and Li 2008), we 
chose an antisense approach, which in Chlamydomonas produces only weak underexpression 
phenotypes (Schroda 2006, Schroda et al. 1999). As a vehicle for antisense expression we 
used the ble gene driven by the strong HSP70A-RBCS2 promoter fusion (Schroda et al. 2002) 
and inserted the HSP70B antisense part between the ble coding region and the 3’ UTR of 
RBCS2 (Figure 8a). To avoid off-target effects, we used for the antisense part only 253 nt of the 
extreme 5’ region of the HSP70B transcript, comprising the 5’ UTR and the sequence encoding 
the chloroplast transit peptide. The antisense construct and a control construct lacking the 
antisense part were transformed into Chlamydomonas and transformants were directly 
selected for zeocin resistance. HSP70B and ble transcript accumulation were then monitored 
under non-stress and heat-shock conditions in ten randomly picked transformants carrying the 
antisense construct and in three containing the control construct. 

Four types of ble transcripts were detected (Figure 8b): those originating from the 
RBCS2 promoter at 25°C from control (T4) and antisense constructs (T2); and those originating 
from the HSP70A promoter after heat shock from control (T3) and antisense constructs (T1). 
As judged from the signal intensities observed after hybridization with a probe detecting the 
extreme 253 nt of the HSP70B transcript, the antisense construct was expressed at levels similar 
to those of the endogenous HSP70B gene under both, non-stress and heat-shock conditions 
(Figure 8b). Despite these high levels of HSP70B antisense RNA, the effects on the expression 
of endogenous HSP70B appeared to be rather modest: HSP70B mRNA levels were only 
slightly decreased in transformant 9-13 under non-stress conditions, but strongly decreased 
in transformants 9-5 and 9-13 after heat shock (Figure 8b). In these two transformants the 
normally observed ~2.4-fold increase in HSP70B protein levels after heat shock (Mühlhaus et 
al. 2011) was also abolished (Figure 8c). 

Interestingly, in Coomassie-stained gels we noticed that transformants 9-5 and 9-13 
also exhibited impaired accumulation of a ~20-kD heat shock-inducible protein (Figure 8d), 
presumably HSP22A, C, or E/F which were found previously to be strongly induced by heat 
stress (Mühlhaus et al. 2011). To test whether the HSP70B-antisense strains were impaired also 
in the expression of other proteins, we performed [14C]-acetate pulse-labeling experiments 
with HSP70B-antisense strains 9-5 and 9-13, and strain 1-2 containing the control construct. 
At 25°C, protein labeling was about identical in all three strains, suggesting that expression 
of the HSP70B-antisense construct had no visible effect under non-stress conditions (Figure 
9). During heat stress, the labelling pattern changed drastically, with very few protein bands 
common with the control condition. This suggests a complete reorientation of the protein 
translation landscape under heat stress. In HSP70B-antisense strains, the expression of several 
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heat shock proteins was impaired during heat shock, including that of small HSPs in the 20 kDa 
range. 

While the downregulation of HSF1 affected virtually all HSPs (Schulz-Raffelt et al. 
2007), that of HSP70B was expected to affect only chloroplast protein biogenesis and folding. 
We were thus surprised to see this general effect on all HSPs, and wondered whether it was 
manifested at the transcriptional or translational level. We therefore monitored the kinetics of 
transcript accumulation during heat shock of four different heat shock genes in two HSP70B-
antisense and one control strain (Figure 10). The genes selected encode HSP70B, its co-
chaperone CGE1, cytosolic HSP70A and mitochondrial HSP70C, i.e., chaperones from different 
cell compartments. Since the two HSP70B-antisense strains 9-5 and 9-13 became silenced 
in the meantime - a frequently observed phenomenon in Chlamydomonas (Schroda 2006) 
- we used two newly generated HSP70B-antisense strains termed 9-31 and 9-32. Compared 
to control strain 1-2, expression kinetics of all four heat shock genes analyzed were delayed, 
especially in strain 9-32 were also no attenuation was observed over the 60 min of the 
experiment. Larger differences in the initial expression kinetics were observed for CGE1 and 
HSP70A as compared to HSP70B and HSP70C. Hence, translation rates of HSP70A and HSP70B 
in the HSP70B-antisense strains would be expected to be close to those of the control strain at 
an early stage of the heat shock, whereas those of CGE1 and HSP70C should be slower. Over 
all we can conclude that the expression of HSP70B-antisense constructs leads to a pleiotropic 
delay of the general stress response in Chlamydomonas. 
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Discussion

Stress signaling in Chlamydomonas is relayed via kinases to HSF1
The following evidence indicates that like in Arabidopsis (Liu et al. 2008), heat stress signals 
are propagated via kinases and relayed to HSF1 also in Chlamydomonas: (i) Heat stress-
induced HSF1 hyperphosphorylation correlates with the accumulation of heat shock gene 
transcripts (Schulz-Raffelt et al. 2007). (ii) Inhibition of protein kinases by staurosporine delays 
the heat stress response (HSR) in a dose-dependent manner, correlating with delayed HSF1 
hyperphosphorylation (Figure 1) (iii) Feeding with the cytosolic protein synthesis inhibitor 
cycloheximide blocks HSF1 in the hyperphosphorylated state, resulting in continuous 
expression of HSP genes (Figure 2). As HSF1 is a constitutive trimer (Schulz-Raffelt et al. 2007), 
its activation appears to depend solely on its hyperphosphorylation. Because staurosporine 
displays little selectivity, we can draw conclusions neither on the nature of the stress kinase(s) 
involved nor on their position within the signaling cascade.

An unfolded protein response in the chloroplast?
Challenging the function of chloroplast HSP70B by the expression of antisense constructs 
resulted in a pleiotropic disturbance of the entire cell’s HSR (Figures 8-10). This finding suggests 
that like in the ER (Parmar and Schroder 2012) and in mitochondria (Pellegrino et al. 2012) the 
stress state of the chloroplast is sensed and transmitted to the nucleus. The apparent generality 
of the effect suggests that the chloroplast-derived signal is integrated at the level of HSF1. This 
is supported by the complete lack of transcription of the HSP90C gene, encoding a chloroplast 
chaperone, in HSF1-RNAi strains (Schulz-Raffelt et al. 2007). If stress-induced expression of 
chloroplast-targeted chaperones was realized by an HSF1-independent pathway, like the UPR 
in mitochondria and the ER, heat shock in HSF1-RNAi strains would be expected to induce 
transcription of HSP90C. As the effect exerted by expression of HSP70B antisense constructs 
resembles that of staurosporine feeding (compare Figures 1b and 10b), we speculate that 
constitutive employment of the chloroplast-to-nucleus stress signaling pathway in HSP70B-
antisense strains might lead to a desensitizing of kinase-mediated HSF1 activation.

How does Chlamydomonas sense heat/proteotoxic stress? 
The issue of how plants sense heat stress is still controversial (Mittler et al. 2012). The most 
popular view lend from data on mammalian cells (Morimoto 1998, Voellmy and Boellmann 
2007) is that proteotoxic stress occurring under several stress conditions is sensed at the level 
of HSP90-HSF complexes. According to this hypothesis, HSP90 acts as a repressor by preventing 
activation of HSF. Once HSF is activated it mediates the expression of heat stress genes. 
Accumulating chaperones restore protein homeostasis and a surplus of newly synthesized 
HSP70 interacts with the transactivation domain of DNA-bound HSF to inactivate it, eventually 
leading to the attenuation of the stress response (Shi et al. 1998). This view was challenged 
recently by the work of Goloubinoff and co-workers on moss, who proposed that heat stress 
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is sensed by the inflow of extracellular Ca2+ through a Ca2+-permeable channel in the plasma 
membrane (Saidi et al. 2009). According to this hypothesis, changes in membrane fluidity 
caused by elevated temperatures or chemicals open the channel and Ca2+ influx activates a 
calmodulin-dependent kinase (Liu et al. 2008). From the results presented in this study, can we 
draw any conclusions on the mechanism by which stress sensing is realized in Chlamydomonas?
In favour of a role for extracellular Ca2+, we observe that the addition of the Ca2+ chelator 
BAPTA to washed cells results in a delayed and less pronounced accumulation of stress gene 
transcripts, correlating with reduced thermotolerance (Figure 7). Surprisingly, however, EGTA 
had no effect, while both chelators were shown to completely abolish the HSR in moss (Saidi 
et al. 2009). As BAPTA is not membrane permeable, it appears unlikely that BAPTA affects 
intracellular Ca2+ levels. However, our data may be explained by the presence of two different 
pools of extracellular Ca2+ contributing to the stress response, one of which would be accessible 
to BAPTA, but neither to EGTA. However, as BAPTA and its derivatives are known to exert 
effects that are independent of their Ca2+-binding properties (Lancaster and Batchelor 2000, 
Saoudi et al. 2004), we cannot rule out that BAPTA interferes with another process involved in 
stress sensing, e.g. by compromising the function of a stress sensor on the membrane surface.
The notion of a direct control of HSF1 activity by an interaction with HSP70A/HSP90A also has 
its problems. We have found that in Chlamydomonas HSF1 interacts with these chaperones, 
both before and 30 min after the onset of heat stress, with similar efficiency (Schulz-Raffelt et 
al., 2007; Figure 6). After 30 min heat shock, HSF1 binding to HSP gene promoters is strong and 
accumulation of HSP gene transcripts is at its peak (Schulz-Raffelt et al. 2007, Strenkert et al. 
2011). If HSP90A was repressing HSF1 activity, its interaction with HSF1 would be expected to 
be disrupted soon after the onset of stress (Zou et al. 1998). Perhaps the constitutive interaction 
of HSF1 with HSP90A/HSP70A is required for nucleosome removal during transactivation, or 
for the maximal activation of paused polymerase II, as suggested previously (Floer et al. 2008, 
Sawarkar et al. 2012)? 

Apparently in favour of a role for HSP90A in controlling HSF1 activity, however, is 
the observation that feeding of HSP90 inhibitors geldanamycin and radicicol elicited a stress 
response (Figure 5; Figure S1b). This is a common phenomenon in eukaryotic cells ranging 
from yeast (Duina et al. 1998), Xenopus (Ali et al. 1998), mammals (Zou et al. 1998), moss (Saidi 
et al. 2009) to Arabidopsis (Yamada et al. 2007), and is fundamental for the hypothesis that 
HSP90 is a suppressor of HSF activation (Voellmy and Boellmann 2007). However, the kinetics 
of the effect is not consistent with the hypothesis of a release from HSP90 inhibition: stress 
gene transcripts were detectable only 30 min after feeding cells even with high concentrations 
of geldanamycin (Figure 5; Figure S1b), instead of the immediate response expected. Radicicol 
exerted its effect faster, yet not faster than heat shock. Rather than a delayed uptake of 
the inhibitors by the cell, we speculate that they activate HSF1 transcription indirectly, by 
promoting a proteotoxic response, as detailed below. Note that radicicol could also trigger a 
stress response directly, independent of HSP90 inactivation. This scenario is supported by the 
finding that exposing Arabidopsis to radicicol led to the up-regulation of 8.5 x more genes than 
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did feeding with geldanamycin and even of 2.6 x more genes than did heat stress (Yamada et 
al. 2007). 

How can the relatively slow induction of the stress response by geldanamycin 
feeding be explained? As HSP70A and HSP90A are the only abundant and constitutively 
expressed molecular chaperones in the Chlamydomonas cytosol (Mühlhaus et al. 2011), 
they are both likely to be important for maintaining protein homeostasis. That this is true 
for HSP90s is indicated by the observation that geldanamycin increased the amplitude and 
duration of the HSR even at low concentrations (3.6 µM) that do not elicit a stress response 
(Figure 4 and Figure S1a). Cytosolic HSP90 was shown not to be required for general protein 
folding, but to play an important role in the maturation of a select group of proteins whose 
folding is inherently problematic, among them many proteins involved in signal transduction 
(Nathan et al. 1997, Pratt and Toft 2003). During heat stress, HSP90 might stabilize partially 
unfolded protein conformations, prevent further unfolding, and thereby facilitate a more rapid 
recovery (Nathan et al. 1997). Compromising the function of HSP90A by high concentrations 
of geldanamycin or radicicol is likely to result in the accumulation of unfolded HSP90 clients 
(Rutherford and Lindquist 1998). HSP70A might be able to bind these clients, but not to 
fold them as they depend on a specific interaction with HSP90. Such a buffering effect by 
a chaperone like HSP70A appears supported by (i) the inability of low concentrations of 
geldanamycin to trigger a stress response (Supplemental Figure 1a); (ii) the observation that 
the geldanamycin/radicicol-induced stress response is attenuated for HSF1 and HSP70A (albeit 
not for HSP90A) after ~120 min, presumably when levels of alternative chaperone systems 
have increased (Figure 5; Figure S1b). 

Taken together, we hypothesize that the slow induction of the stress response upon 
feeding high concentrations of geldanamycin is triggered by the accumulation of unfolded/
aggregated HSP90 clients, but only after they have exhausted the buffering capacity of other 
chaperones. The relatively slow induction of the stress response by feeding cells with the 
arginine analog canavanine (Figure 4) might be explained similarly with an exhaustion of 
chaperone buffering capacity when unfolded/aggregated proteins accumulate. 

If indeed unfolded/aggregated proteins trigger the stress response, how are they 
sensed and how does this result in activation of HSF1 if not by sequestration of HSP90A from 
HSF1 to unfolded protein substrates? As unfolded/aggregated proteins accumulating e.g. 
during canavanine feeding trigger a stress response at ambient temperatures, it is difficult 
to imagine how they could increase membrane fluidity to activate a Ca2+ channel in the 
cytoplasma membrane. However, as geldanamycin feeding resulted in Ca2+ inflow in moss 
(Saidi et al. 2009), it is tempting to speculate that HSP90/HSP70 chaperones might interact 
with the Ca2+ channel, which is activated upon sequestration of the chaperones to unfolded 
protein substrates.

Attenuation of the HSR is also physiologically important, as it allows return to a 
normal gene expression pattern and growth. The constitutive binding of HSP70A to HSF1 is not 
in favour of a role in mediating attenuation, but what are other possible mechanisms? As we 
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found a strict correlation between HSF1 hyperphosphorylation and the accumulation of stress 
gene transcripts, it appears straight forward to postulate a metastable phosphatase requiring 
chaperone-assisted folding to acquire the native, active state. Phosphatase activity would then 
be coupled to the state of cellular protein homeostasis.  
 
Experimental procedures

Strains and Culture Conditions
Chlamydomonas reinhardtii strain cw15-302 (cwd mt+ arg7 nit-), kindly provided by R. Matagne 
(University of Liège, Belgium), was used for the arginine/canavanine feeding experiment 
(Figure 3). CF185, which is cw15-302 transformed with pCB412 containing the wild-type ARG7 
gene (Schroda et al. 1999), was used as recipient strain for ble transformation (Figure 8) and 
inhibitor feeding experiments. Strain cw15-325 (cwd mt+ arg7 nit+), also kindly provided by 
R. Matagne, was used as recipient strain for transformation with pCB412 (control) and HSF1-
amiRNA construct pMS550 (Schmollinger et al. 2010). Strains were grown mixotrophically 
in TAP medium (Harris 1989) on a rotatory shaker at 25°C and ~30 µE m-2 s-1. To remove 
extracellular calcium from cells grown in TAP medium, Chlamydomonas cells were pelleted by 
centrifugation for 4 min at 4000 g and 25°C and resuspended in 150 ml distilled water. This was 
repeated twice before cells were resuspended in 70 ml pre-warmed distilled water +/- Ca2+ 
chelators.

Vector construction
For the construction of the HSP70B antisense vector, a 303-bp fragment containing 
the HSP70B 5’ UTR and transit peptide coding region was PCR-amplified using HSP70B 
cDNA clone pCB611 as template and primers 5’-CGCTCTAGAACTAGTGGATC-3’ and 
5’-TTTGCTAGCAGATCCCGGGCGCGCCA-3’. The 303-bp fragment was digested with SalI and 
BamHI and ligated in antisense orientation into SalI-BamHI-digested pSP108, between ble 
coding region and 3’ UTR of RBCS2 (Stevens et al. 1996), yielding pMS172. pMS172 was 
then digested with FseI and KpnI and the resulting 625-bp fragment was ligated into FseI-
KpnI-digested pMS171 (Schroda et al. 2002), giving pMS179. pMS171 and pMS179 were 
linearized with KpnI and transformed into CF185 by agitation with glass beads (Kindle 1990). 
Transformants were selected on TAP-agar plates containing 1.1 µg/ml zeocine (InvivoGen).

Inhibitor feeding experiments
For feeding experiments the following inhibitors were used: staurosporine (LC Laboratories) 
was dissolved as a 4 mM stock solution in DMSO and 1 x PhosStop (Roche) was added to cells 
after harvest to inhibit dephosphorylation of HSF1 during protein extraction. Chloramphenicol 
(Sigma-Aldrich) was dissolved in ethanol as a 310 mM stock solution and cycloheximide (Sigma-
Aldrich) was dissolved in water as a 35 mM stock solution. Arginine (Merck) and canavanine 
(Sigma-Aldrich) were dissolved as 100 mg/ml stock solutions in water. Radicicol (Roth) was 
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dissolved in ethanol as a 5 mg/ml stock solution and geldanamycin (InvivoGen) as a 10 mM 
stock solution in DMSO. EGTA (Roth) was dissolved as a 500 mM stock solution in distilled 
water (pH 8 with NaOH). BAPTA  (Sigma-Aldrich) was directly dissolved as 1 or 7.5 mM stock 
solution in distilled water. Splitting of cultures for control and inhibitor feeding and addition of 
the inhibitors occurred immediately before the experiment was started. 

RNA analyses
Heat shock kinetics, RNA extraction, hybridization and quantification were performed as 
described previously (Liu et al. 2005, Willmund and Schroda 2005). Probes used were a ~3.8-
kb SalI fragment from pCB353 (HSP70A cDNA in pUC18), a ~1.5-kb NcoI fragment from pCB611 
(HSP70B cDNA in pBS SK+), and those described in Schulz-Raffelt et al. (2007).

Protein analyses
Protein extractions, SDS-PAGE, and immunodetections were carried out as described before 
(Liu et al. 2005, Schulz-Raffelt et al. 2007). Antisera described previously were against HSF1 and 
HSP90A (Schulz-Raffelt et al., 2007), HSP90C (Willmund and Schroda 2005), HSP70B (Schroda 
et al. 1999), and CF1b (Lemaire and Wollman 1989). [14C]-acetate labeling of cellular proteins 
was done as described previously (Schulz-Raffelt et al. 2007). 

Immunoprecipitation from soluble cell extracts 
Chlamydomonas wild-type and HSF1-amiRNAi strains were grown in 1 L TAP medium to a 
density of about 3-5 x 106 cells/ml. 1 x 109 cells were harvested by centrifugation, resuspended 
in 200 ml TAP medium preheated to 40°C (HS) or left at 25°C (CL) and harvested after 30 min 
incubation at the respective temperature. Each pellet was washed twice in 20 mM Hepes-
KOH, pH 7.2, 80 mM KCl before resuspending in 18 ml lysis buffer (20 mM Hepes-KOH, pH 7.2, 
10 mM KCl, 2.5 mM MgCl2, 154 mM NaCl, 0.25 x protease inhibitor cocktail (Roche)). Cells 
were sonicated on ice for 90 s before the addition of 2 mM DSP crosslinker. Complexes were 
crosslinked for 1 h at 4°C. Lysates were then loaded onto sucrose cushions (20 mM Hepes-
KOH pH 7.2, 0.6 M sucrose) and centrifuged in a TI50 rotor (Beckman, Palo Alto, CA) for 30 
min at 152,000 g and 4°C. Antibody coupling and immunoprecipitations were carried out as 
described previously (Liu et al. 2005, Schroda et al. 2001).  
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Short legends for Supporting Information

Figure S1. Analysis of the effect of low concentrations of geldanamycin in triggering a stress 
response 
RNA gel blot analysis of transcript accumulation of selected genes in unstressed Chlamydomonas 
cells in the absence (Control) or presence of 3.6 µM (a) and 10 µM (b) of HSP90 inhibitor 
geldanamycin. 
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Figure 1. Analysis of the effect of staurosporine on the HSR.
(a) RNA gel blot analysis of transcript accumulation of selected genes after exposing Chlamydomonas 
cells to heat stress in the absence (Control) and presence of 20 nM and 1 µM protein kinase inhibitor 
staurosporine. 
(b) Quantification of hybridization signals from RNA blots shown in (a). Values were corrected for 
unequal loading based on CBLP2 signals and plotted as percentage of the maximal signal intensity 
measured for the respective stress gene. Grey lines depict the response in mock treated control, 
black lines that in drug treated cells. Note that we observed variations in amplitude and kinetics of 
stress gene expression from experiment to experiment, presumably because of slight variations in the 
physiological states of the cultured cells and experimental conditions. We therefore show only a single 
representative experiment of at least three that were performed.
(c) Protein gel blot analysis of selected proteins after exposing Chlamydomonas cells to heat stress in 
the absence (Control) and presence of 1 µM staurosporine. CF1b serves as loading control.  
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Figure 2. Analysis of the effect of chloramphenicol and cycloheximide on the HSR.
(a) RNA gel blot analysis of transcript accumulation of selected genes after exposing Chlamydomonas 
cells to heat stress in the absence (Control) and presence of inhibitors of organellar translation 
(chloramphenicol, 310 µM) and cytosolic translation (cycloheximide, 35 µM).
(b) Quantification of hybridization signals from RNA gel blots shown in (a) were done as described in 
Figure 1b. Grey lines depict the response in mock treated control, black lines that in drug treated cells 
(CAP – chloramphenicol; CHI – cycloheximide). 
(c) Protein gel blot analysis of selected proteins after exposing Chlamydomonas cells to heat stress in 
the absence (Control) and presence of the translation inhibitors at the same concentrations as in (a). 

Figure 2 
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Figure 3. Analysis of the effect of canavanine on the HSR.
(a) RNA gel blot analysis of transcript accumulation of selected genes in unstressed and heat-stressed 
Chlamydomonas cells fed with 50 µg/ml arginine (Control) or with 50 µg/ml canavanine.
(b) Quantification of hybridization signals from RNA blots shown in (a) were done as described in Figure 
1b. Grey lines indicate transcript levels from cells fed with arginine (arg), black lines those from cells 
fed with canavanine (can). Solid lines represent transcript levels from cells kept at 25°C, dotted lines 
indicate transcript levels from cells subjected to heat shock. For simplicity quantification was restricted 
to HSF1, HSP90A, and HSP90C transcript levels. 
(c) Protein gel blot analysis of selected proteins in unstressed and heat-stressed Chlamydomonas cells 
fed with arginine or canavanine. Note that HSF1 phosphorylation was not resolved in this gel. 
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Figure 4. Analysis of the effect of HSP90 inhibitors on the HSR.
(a) RNA gel blot analysis of transcript accumulation of selected genes after exposing Chlamydomonas 
cells to heat stress in the absence (Control) and presence of HSP90 inhibitor radicicol.
(b) Quantification of hybridization signals from RNA blots shown in (a) were done as described in Figure 
1b. Grey lines depict the response in mock treated control, black lines that in drug treated cells. For 
simplicity quantification was restricted to HSF1, HSP90A, and HSP90C transcript levels.
(c) RNA gel blot analysis of transcript accumulation of selected genes after exposing Chlamydomonas 
cells to heat stress in the absence (Control) and presence of 3.6 µM HSP90 inhibitor geldanamycin.
(d) Quantification of hybridization signals from RNA blots shown in (c) was done as described in Figure 
1b. Grey lines depict the response in mock treated control, black lines that in geldanamycin (GA) 
treated cells.  
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Figure 5. Analysis of HSP90 inhibitors as stress response triggers.
(a) RNA gel blot analysis of transcript accumulation of selected genes in unstressed Chlamydomonas 
cells in the absence (Control) or presence of HSP90 inhibitors geldanamycin and radicicol.
(b) Quantification of hybridization signals from RNA blots shown in (a) were done as described in Figure 
1b. Grey lines indicate transcript levels from mock treated control, black lines those from cells fed with 
20 µM geldanamycin (G-20 µM) or 100 µM radicicol (R-100 µM).   
(c) Protein gel blot analysis of selected proteins in unstressed Chlamydomonas cells that were mock 
treated or fed with 100 µM radicicol. 
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Figure 6. Analysis of the interaction between HSF1 and HSP90A. 
Total soluble proteins were isolated from control (Con) or HSF1-amiRNA strain #5 that were grown for 
24 h on TAP medium containing nitrate to induce expression of the HSF1-amiRNA construct and either 
kept at 25°C (CL) or exposed to a 30-min heat shock at 40°C (HS). 0.5 % of total soluble proteins (input 
for immunoprecipitation) and 10 % of the precipitates generated with mixtures of an antiserum against 
CF1b and preimmune serum (pre) or affinity-purified antibodies against HSF1 were separated on a 10% 
SDS-polyacrylamide gel and analysed by immunoblotting.. 
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Figure 7. Analysis of the effect of calcium chelators on the HSR. 
(a) RNA gel blot analysis of transcript accumulation of selected genes after exposing Chlamydomonas 
cells to heat stress in the absence (Control) and presence of calcium chelators EGTA and BAPTA.  
(b) Quantification of hybridization signals from RNA blots shown in (a) were done as described in Figure 
1b. Grey lines depict the response in untreated control, black lines that in washed cells supplemented 
with the calcium chelators.
(c) Protein gel blot analysis of HSF1 protein levels in heat stressed Chlamydomonas cells that were 
untreated or fed with 10 or 20 mM EGTA and 1 or 7.5 mM BAPTA. CF1b served as loading control.
(d) Growth assay of Chlamydomonas cells that were left untreated or, after washing, were supplemented 
with the indicated concentrations of calcium chelators. 2.5, 5 and 7.5 x 105 cells were spotted directly 
onto TAP agar plates after a 2-h incubation on a rotary shaker at 25°C (continuous light) or after a 2-h 
heat shock at 40°C (heat shock). Plates were incubated for 3 days at light of ~30 µE m-2 s-1.   
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Figure 8. Expression of HSP70B antisense constructs in Chlamydomonas.  
(a) Control construct (pMS171) and the construct used for the expression of HSP70B antisense 
transcripts (pMS179). Expression is driven by the HSP70A-RBCS2 fusion promoter. The ble ORF, 
conferring resistance to zeocin, is interrupted by the first intron of the RBCS2 gene and followed by its 
3’ UTR. In pMS179, a fragment containing 253 nt of HSP70B 5’ UTR and transit peptide coding region 
is inserted in antisense orientation between ble and the RBCS2 3’ UTR. Transcription initiation sites 
of the HSP70A and RBCS2 promoters are designated T1 and T2, respectively, in pMS179 and T3 and T4, 
respectively, in pMS171.   
(b) RNA gel blot analysis of transcript accumulation of the endogenous HSP70B gene and of transgenes 
in Chlamydomonas transformants containing pMS171 (strains 1-X) and pMS179 (strains 9-X). Roman 
numbers designate two independent cultures of transformant 9-4. Transformant cultures were kept 
at 25°C or heat shocked at 40°C for 40 min. Transcripts were detected with probes against 272 nt of 
the HSP70B 5’ region, the ble gene, and CBLP2 as loading control. The transcriptional start sites of the 
detected transcripts are indicated.
(c) Protein gel blot analysis of HSP70B levels in selected transformants. Transformant cultures were 
grown at 25°C (CL) or heat-shocked for 60 min at 40°C (HS). The Rieske protein served as loading 
control.
(d) Analysis of heat shock-inducible proteins in selected transformants. Transformant cultures were 
grown at 25°C (CL) or heat-shocked for 60 min at 40°C (HS). Total proteins were separated on a 10% SDS-
polyacrylamide gel and stained with Coomassie brilliant blue. For simplicity, only the region containing 
proteins of low molecular weight is shown and the heat-inducible ~20 kD protein is indicated by an 
arrowhead. 

Figure 8 
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Figure 9.
[14C]-acetate labeling of nuclear-encoded proteins in transformants containing pMS171 and pMS179. 
[14C]-acetate labeling was carried out for 40 min at 25°C (Cont. light) or between 30 and 40 min after 
transfer from 25°C to 40°C (heat shock). Proteins corresponding to 12 µg chlorophyll were separated on 
a 7.5 to 15% polyacrylamide-SDS-gel, transferred to nitrocellulose, and exposed to a phosphorimager 
plate for four weeks. The membrane was subsequently immunodecorated with an antiserum against 
HSP70B and the HSP70B signal was used as orientation to deduce the positions of the other chaperones.  

Figure 9 
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Figure 10. Analysis of heat stress kinetics of selected stress genes in transformants containing 
control and HSP70B antisense constructs.
(a) RNA gel blot analysis of transcript accumulation of selected genes after exposing Chlamydomonas 
transformants containing pMS171 (1-2) and pMS179 (9-31 and 9-32) to heat stress. ble-HSP70B-
antisense transcripts initiated from the HSP70A promoter and from the RBCS2 promoter are designated 
as T1 and T2, respectively. 
(b) Quantification of hybridization signals from RNA blots shown in (a) were done as described in Figure 
1b. Grey solid lines indicate transcript levels from control transformant 1-2. Black dashed lines and 
black dotted lines represent transcript levels from HSP70B antisense transformants 9-31 and 9-32, 
respectively.   

Figure 10 
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Figure S1. Analysis of the effect of low concentrations of geldanamycin in triggering a stress 
response 
RNA gel blot analysis of transcript accumulation of selected genes in unstressed Chlamydomonas cells 
in the absence (Control) or presence of 3.6 µM (a) and 10 µM (b) of HSP90 inhibitor geldanamycin. 

Figure S1 
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Summary

Facing climate change, acclimation to higher temperatures is one of the upcoming challenges 
for plants and therefore is also of interest in plant sciences and biotechnology. When exposed 
to elevated temperatures cells activate a highly conserved genetic program, the heat shock 
response (HSR) which is regulated by a conserved class of transcription factors, so called heat 
shock factors (HSFs). In order to understand acclimation strategies in photosynthetic organisms 
we used the model alga Chlamydomonas reinhardtii with it’s single plant type HSF (HSF1) and 
monitored transcriptome dynamics upon heat stress using microarrays in wild-type and HSF1 
RNAi lines. At ambient conditions, we identified 31 differentially expressed genes, whereas 
977 transcript levels were altered at 40°C between wild-type and HSF1 knock-down strains, 
indicating the importance of HSF1 for gene expression for acclimation to temperature changes. 
The observed changes in mRNA abundance also caused similar alterations of corresponding 
proteins. Beside genes involved in chaperoning and redox regulation we also identified plant 
specific processes to be regulated by HSF1 i.e. genes from the chloroplast import machinery 
and tetrapyrrole biosynthetic pathway. We further analyzed exemplary promoter regions for 
the existence of HSF1 binding sites and directly probed for transcription factor binding using 
chromatin immunoprecipitation (ChIP). Thereby, promoter regions of CLPB3 (a chloroplast 
chaperone of the HSP100 class), MPA1 (phosphatase) and HSF1 itself showed HSF1 binding 
upon heat shock. Direct binding of a HSF gene by the transcription factor itself was not 
observed before in any organism and was necessary for full activation of stress-related genes 
in Chlamydomonas. Furthermore, in contrast to model systems like Drosophila melanogaster, 
HSF1 binding to promoter HSEs was not dependent on a specific epigenetic profile in the 
promoter regions.
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Introduction

In order to maintain homeostasis and survive changing environmental conditions all living 
organisms developed cellular mechanisms to cope with various stresses. One of them, the 
heat shock response (HSR), is a highly ordered genetic response upon proteotoxic conditions 
like the eponymous heat shock, oxidative stress, elevated heavy metal concentrations or toxin 
levels and pathogen attacks (Akerfelt et al. 2010, Morimoto 1998). The major target of the HSR 
is a specific set of proteins, so called heat shock proteins (HSP), mainly molecular chaperones 
and proteases. They are subdivided in six major HSP families, according to their molecular 
weight, the small HSP, HSP40s, HSP60s, HSP70s, HSP90s and HSP100s. Whereas some of 
these proteins are exclusively present under stress conditions, many of them have essential 
proofreading function in protein biogenesis and protein homeostasis under normal growth 
conditions (Bukau et al. 2006, Hartl et al. 2011). 

The HSR is mainly regulated at the transcriptional level by a well characterized class 
of transcription factors, the heat shock factors (HSF). The basic HSF domain architecture 
was highly conserved throughout eukaryotic evolution. HSFs consist of an N-terminal DNA 
binding domain (DBD) of the “winged” helix-turn-helix type, an adjacent oligomerization 
domain containing two hydrophobic heptad repeats (HR-A/B) and a C-terminal transactivation 
domain (CTAD) containing aromatic, large hydrophobic and acidic (AHA) amino acid motifs 
necessary for transactivation (Damberger et al. 1994, Doring et al. 2000, Littlefield and Nelson 
1999, Peteranderl and Nelson 1992, Treuter et al. 1993). Upon stress, HSFs become activated 
in a multistep process, including the resolving of repressing protein-protein interactions, 
trimerization, post-translational modifications and translocation into the nucleus (Cotto et al. 
1996, Goldenberg et al. 1988, Sorger and Pelham 1988, Zimarino and Wu 1987). Fully activated 
HSFs then bind with high affinity to cis-acting sequences in promoter regions, so called heat 
shock elements (HSEs), leading to the activation of gene expression. These HSEs consist of 
multiple inverted repeats of the pentameric sequence nGAAn (Amin et al. 1988, Guertin and 
Lis 2010, Pelham 1982, Trinklein et al. 2004, Wu 1995, Xiao and Lis 1988).

In the green lineage the heat shock factor family is quite complex with 21 members in 
Arabidopsis thaliana, 25 members in rice (Oryza sativa) and maize (Zea mays) compared to only 
four HSFs in mammals and a single HSF in Saccharomyces cerevisiae, Drosophila melanogaster 
and Caenorhabditis elegans (Akerfelt et al. 2007, Guo et al. 2008, Lin et al. 2011, Nover et 
al. 2001). Spacing between the HR-A and HR-B region and the presence (A) or absence (B, 
C) of the AHA motifs in the transactivation domain was used to classify HSFs in three distinct 
classes (A, B and C) (Nover et al. 2001). Members of plant class A HSFs have been identified as 
activators of HSP expression increasing thermotolerance, whereas HSFs of class B, for example 
tomato HSFB1, are not able to activate HSP expression alone but act as co-activators of class 
A HSFs. One example, Arabidopsis AtHsfB1, even acts as a repressor of class A HSF promoted 
transcription, lacking a short histone like motif in the CTAB, present in a tomato HSFB (HSFB1) 
which was shown to be necessary for it’s co-activating function (Bharti et al. 2004, Czarnecka-
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Verner et al. 2000, Lee et al. 1995, Prandl et al. 1998). In addition to the interplay between 
different HSFs in modulating HSP transcription, some HSFs of class A, as demonstrated for 
tomato HSFA1a and HSFA2, assemble into hetero-oligomeric supercomplexes resulting in an 
further enhanced expression of target genes (Chan-Schaminet et al. 2009, Scharf et al. 1998). 
The composition of the HSF pool in plants is furthermore altered in different tissues and upon 
occurrence of different environmental stresses, thus enabling further specialized acclimation 
and fine-tuning of the HSR  (von Koskull-Doring et al. 2007). 

Knock-out approaches and expression profiling was used to characterize subsets of 
genes regulated by individual HSFs in plants. Double knock-out of HSFA1a/b in Arabidopsis 
resulted in differential expression of 112 genes, most of them less expressed in the mutants 
(Busch et al. 2005). A limited number of genes with functions in stress related pathways among 
them members of the small HSP family, HSFs (class A and B) and co-chaperones of HSP70s were 
identified to be HSF regulated. More interestingly, a specific trait of carbohydrate metabolism 
(the Raffinose family oligosaccharide (RFO) pathway, i.e. AtGolS1) was newly identified to be 
regulated by HSFA1. RFOs have been identified before as potential osmoprotective substances 
playing an important role during drought stress (Taji et al. 2002). Knock-out of HSFA2 in 
Arabidopsis resulted in differential expression of 720 genes, among them genes already 
identified in the HSFA1a/b double knock-out (sHSPs, HSP101.3 and AtGolS1) exemplifying 
redundancy between different members of the HSF family. HSFA2 specific targets like members 
of HSP70 family and APX2 (a protein involved in ROS scavenging) were also identified (Schramm 
et al. 2006). In contrast, the transcriptome analysis of a knock-out strain of heat stress induced 
class B HSFs (HSFB1/HSFB2b double knock out) showed no overlap with those HSFA studies 
at all (Kumar et al. 2009). Furthermore, no member of any stress related gene family were 
affected in their expression levels pointing to a completely different role for these specific class 
B HSFs, in this case as repressor of genes in pathogen defense.

To learn more about the complete plant-specific target set of the HSF-dependent 
stress response we used RNAi mediated knock-down of HSF1 in Chlamydomonas reinhardtii 
and analyzed the transcriptome upon stress treatment using microarrays (Eberhard et al. 2006, 
Voss et al. 2011). This single-celled green algae at the origin of the green lineage, harbors 
only a single canonical HSF. Chlamydomonas HSF1 shows high similarity with plant class A 
HSFs and shares the same domain architecture, namely a 21 amino acid insertion between 
the HR-A and B region and AHA motifs in the CTAD (Schulz-Raffelt et al. 2007). Other typical 
plant HSF features like the heat shock inducibility are also valid for Chlamydomonas HSF1, 
which allows its use to understand fundamental mechanisms of the plant heat shock response 
in a less complex background. Furthermore, Chlamydomonas HSF1 is a key regulator of the 
Chlamydomonas heat stress response and essential for thermotolerance (Schmollinger et al. 
2010, Schulz-Raffelt et al. 2007).
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Results and Discussion

Knock-down of HSF1 results in differential gene expression specifically upon heat shock
In order to specifically assess HSF1-dependent processes we generated knock-down strains 
of HSF1 and therefore transformed Chlamydomonas reinhardtii with a constitutive RNAi 
construct (pMS418) targeting the region of exon 7-9. Two independent lines were selected 
that showed reduced thermotolerance in a 2-h heat shock treatment, as already reported 
previously (Schulz-Raffelt et al. 2007). We confirmed underexpression of HSF1 within a 
30-minutes heat shock experiment and ensured that previously reported underexpression of 
HSP90C, a potential target of HSF1, is still realized in the two HSF1 knock-down strains (Figure 
1A). Time-course experiments showed that mRNA induction peaked for fast responding genes 
(HSF1) approximately 15 minutes after shifting the cells from ambient to elevated temperatures 
whereas HSP90A and HSP90C induction peaked 30-45 minutes after the switch (Schulz-Raffelt 
et al. 2007).

Two HSF1 knock-down (#42 and #46) and two empty vector control strains (Con1 and 
2) were therefore subjected to a 30-minute 40°C heat shock treatment (HS) or were kept at 
ambient temperature for the same time (CL). RNA was subsequently extracted and analyzed 
each in technical duplicates on recently improved Agilent custom microarrays (Figure 1B) to 
cover a broad range of genes in an unbiased manner (Voss et al. 2011). The probeset of the 
microarrays for Chlamydomonas was initially developed on version 2.0 of the Chlamydomonas 
genome so we remapped the probes on the most current version 4.0 (Augustus 5 gene models) 
and identified 7408 of the 16709 genes in version 4 (44.3 % coverage) (Eberhard et al. 2006). 
We then combined the results from the two technical and two biological replicates of each 
of the four different conditions (Con CL/HS and hsf1 CL/HS) for differential gene expression 
analysis (Figure 1C). 

First, we analyzed the heat shock response in Chlamydomonas in general by 
comparing CL and HS in the control strains (HSCon, Figure 1C). Here transcripts of 3090 genes 
were significantly differentially expressed (41.7 %), almost half of them were upregulated 
(1535), 1555 genes downregulated (Figure 1D). Previously identified fast, HSF1 (log2 fold 
change of 4.3), and also more slowly activated genes, HSP90A (log2 fold change of 4.2) and 
HSP90C (log2 fold change of 7.0), were both induced in the control strains upon heat shock, 
demonstrating that both responses were covered within the microarray experiment. In HSF1 
knock-down strains 4271 genes were differentially expressed in CL and HS samples (HShsf1, 
58%), again almost half of them up- and downregulated (2058/2213). The magnitude of up/
downregulation in both comparisons is quite equally distributed around 0 showing no distinct 
tendencies (Figure 1D). 

On the other hand we directly analyzed HSF1-dependent changes of transcript 
levels either at ambient temperature (hsf1CL) or upon heat shock (hsf1HS) by comparing HSF1 
knock-down strains with the control strains at the respective condition. Thereby, transcripts 
from HSF1 itself were significantly decreased in the knock-down strains compared to control 



-120- Articles and manuscripts

strains under non-stress conditions as well as after heat-shock treatment, confirming the 
underexpression of HSF1 in the knock-down strains during the microarray experiment. 
Additionally, 30 differentially expressed genes were identified at ambient temperature (0.4 
%, 16 up/15 down) and 976 upon heat shock (13.2 %, 445 up/532 down, Figure 1C). HSF1-
dependent expression is more or less equally distributed at ambient temperatures (around 
0), while upon heat shock theremore genes are HSF1-dependently underexpressed(Figure 1D) 
consistent with a role of HSF1 as a transcriptional activator upon heat-shock treatment. 

qRT-PCR validation confirms significant changes in the Mircoarray dataset 
To ensure the quality of the obtained microarray data, we first analyzed the behavior of selected 
housekeeping genes directly within in the microarray dataset. In total, we chose 5 genes on 
the microarray covering a broad range of signal intensities that should not be affected by heat 
treatment. First, CBLP2, a gene used frequently in Chlamydomonas as loading control in several 
RNA analysis also in heat shock experiments. CBLP is known from northern blot analysis not to 
be heat regulated (Schulz-Raffelt et al. 2007). Furthermore two genes involved in cell structure, 
Actin from the IDA5 locus and TUB1 were analysed. To cover also low abundant mRNAs we 
chose WRK1 a plant specific transcription factor not known to be affected by heat regulation 
and the eukaryotic initiation factor EIF1A. We analyzed the distribution of the microarray signal 
intensities after normalization for all of these genes in all 16 microarrays (Figure 2A) and with 
exception for EIF1A, the least abundant mRNA, we found the intensities in a narrow range. We 
conclude that, with respect to the technical limitations of a microarray, we were able to display 
a wide range of signal intensities correctly throughout the experiment.

Furthermore we conducted qRT-PCR analyses in two HSF1 underexpressing strains, 
to validate the identified HSF1-regulated genes. Again we chose genes that change over a 
wide range of log2 fold changes o pobe the whole dataset. At this time, inducible amiRNAs 
targeting the HSF1 mRNA were used, underexpressing the transcription factor exclusively on 
nitrate containing media (Schmollinger et al. 2010). In contrast to the RNAi construct which is 
targeting the distal part of the HSF1 mRNA encoding the transactivation domain, the amiRNAs 
target a ~20 bp region close to the 5’ encoding for the DNA binding domain. Using these 
two independent systems we can additionally probe for off-targeting effects of the RNAi 
construct. In total, we compared the expression of 19 selected genes at ambient and elevated 
temperatures in hsf1 and control strains. The log2 fold changes of transcripts levels were 
compared to those determined in the microarray experiment and good overall correlation 
was found (Figure 2B). 13 out of the 19 genes we tested were significantly HSF1-dependently 
regulated and in all cases we reproduced the HSF1-dependent regulation within the amiRNA 
strains (Figure 2C). 

Protein levels are altered accordingly
To assess the impact of the transcriptional changes on protein abundance we compared the 
microarray dataset with a recently published high-throughput proteomics study, where the 
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adaptation of the Chlamydomonas soluble proteome to a 3h heat stress treatment was analyzed 
(Muhlhaus et al. 2011). In this study 244 proteins were identified to change significantly (38 
increasing/206 decreasing). 100 corresponding transcript levels were determined after 30 
minutes of heat shock within the present microarray experiment (41.0 %) which is slightly less 
than expected with microarrays having a 44.3 % coverage. The microarray datasets shows a 
quite good overall correlation when compared to the maximum protein accumulation in the 
soluble proteome analysis (Figure 3B). In more detail, 22 transcripts of the 38 upregulated 
proteins were covered in the microarray dataset (57.9%), 20 of them (90.9%) showed a strong 
induction on the mRNA level upon stress treatment (Figure 3A). 

Unexpectedly two proteins accumulate (ULP1 and LHCA3) while the mRNA is 
less expressed. Light harvesting complex protein 3 (LHCA3) is, as a part of the antenna 
from photosystem I, a membrane bound protein in thylakoids (Stauber et al. 2009). As the 
proteomics study focused on soluble proteins the increase of LHCA3 protein could be due to 
an accumulation of precursor protein or due to an altered protein extractability of mature 
protein from membranes at higher temperatures in our preparations. The first hypothesis 
is supported by the observation that transcripts of FFC (chloroplast SRP54) are significantly 
HSF1-dependently increased upon heat stress treatment. LHCs are mainly integrated via the 
chloroplast signal recognition particle pathway. The second protein, ULP1 (Unknown Luminal 
Protein 1), is an uncharacterized protein with similarities to PSBS in the region responsible for 
trafficking. Therefore ULP1 is predicted to target the chloroplast lumen. In order to understand 
the unexpected protein accumulation on RNA loss, we raised antibodies specific for ULP1 and 
tested protein accumulation upon heat shock treatment in soluble and total protein extracts 
(Figure 3C). Within whole cell protein extracts ULP1 protein is not increasing upon heat shock 
treatment, the overall protein levels are not changed at all, if not slightly decreased. In contrast, 
heat shock resulted in strong accumulation of soluble ULP1 protein. We conclude that ULP1 
either re-localizes at elevated temperatures or might also be affected from the effects on the 
translocation machinery (see below).

From the 206 significantly less abundant proteins upon heat stress treatment 
78 transcripts were measured within the microarray dataset (37.8%). 62 of them showed 
corresponding underexpression of transcripts (79.5 %). However, 16 proteins decreased while 
their transcripts accumulate (summarized in Figure 3A). In this case induction of transcription 
might be used to counteract depletion of thermo-labile proteins. Four genes among the set 
of 16 showed additionally significant HSF1-dependency (TIC40, TIC110, PRPL1 and PRPL9). 
Interestingly, TIC and PRPL proteins are both part of larger protein complexes (Translocon over 
the chloroplast inner envelope membrane and large ribosomal subunit in the chloroplast, 
respectively). Especially the TIC proteins showed a quite strong HSF1-dependent transcript 
accumulation upon heat stress treatment. In pea, it was already shown that heat stress leads 
to an impaired import into the chloroplast (Dutta et al. 2009). Here we observed that HSF1 
is involved in regulation of  TIC proteins upon heat shock (Dutta et al. 2009). Taken together, 
HSF1 migh be necessary to counteract transport problems upon heat shock in photosynthetic 



-122- Articles and manuscripts

organisms. 
While the TIC proteins are less expressed when HSF1 is missing, expression of the 

plastid ribosomal proteins is increased in HSF1 knock-down strains. In wild-type strains there is 
no altered expression upon stress treatment, therefore the increased expression in HSF1 knock-
down strains might be a consequence of HSF1-dependent loss of chloroplast chaperoning 
capacity at elevated temperatures, that might be required for proper translation. 

Chlorophyll biosynthesis is HSF1-dependently repressed upon heat shock treatment
To analyze the HSF1-dependent HS response in more detail we conducted a bin enrichment 
analysis among the differentially expressed genes in control and hsf1 strains after HS (hsf1HS). 
We used the MapMan ontology for Chlamydomonas for this purpose in its most recent version 
(May et al. 2008). The results are summarized in Figure 4A. We found four bins of the highest 
level to be significantly enriched (P-value ≤ 0.05, ≥ 5 members): tetrapyrrole biosynthesis (19), 
stress (20), redox regulation (21) and protein (29). Though, their behavior upon heat stress 
treatment (HSCon) and HSF1 depletion (hsf1HS) is quite different, and therefore the distribution 
is summarized in Figure 4B for all significantly enriched bins. Most transcripts from the stress/
redox regulation/protein category are, as expected, increased after stress treatment and HSF1-
dependent induction is diminished in HSF1-RNAi strains (bin 20/21/29 in Figure 4B). 

In contrast, most significantly enriched genes in tetrapyrrole biosynthesis are 
repressed upon stress treatment and HSF1-dependently de-repressed in HSF1 knock-down 
strains (bin 19 in Figure 4B). In more detail, all significantly changed enzymes required for the 
conversion from glutamate to heme are HSF1-dependent de-repressed (downregulated after 
heat shock, less pronounce downregulation in hsf1 strains), with the exception of UROS which 
is indeed increasingly expressed upon HSF1 depletion but not repressed upon stress treatment 
(Figure 4D) (Tanaka and Tanaka 2007). From Protoporphyrin IX towards the chlorophylls four 
significantly changing transcripts (CHLI1, CHLD, CTH1A and CAO1) are de-repressed as well 
(Figure 4D). Two genes (CRD1 and POR) are HSF1-dependently less expressed after heat shock 
treatment. Interestingly, CTH1A and CRD1 catalyze the same reaction, the formation of the 
isocyclic ring (Mg-protoporphyrin IX monomethyl ester cyclase or aerobic oxidative cyclase). 
In copper replete conditions, like in this experiment, CTH1A, the HSF1-dependent isoform, is 
the dominating isoform for the formation of the isocyclic ring (Moseley et al. 2002). Beside the 
light-dependent nuclear-encoded POR (NADPH:protochlorophyllide oxidoreductase) isoform 
identified less expressed upon HSF1 depletion, Chlamydomonas harbors also a second, 
chloroplast encoded light independent POR contributing to the total catalytic capacity. In 
addtion, previous studies of wildtype Chlamydomonas proteome dynamics upon heat stress 
treatment are in line with these findings, showing significantly decreased protein levels for 
5 out of 14 measured enzymes involved in chlorophyll/heme biosynthesis (Muhlhaus et al. 
2011). 

Repression of chlorophyll biosynthesis to different environmental conditions including 
heat stress was quite frequently observed in higher plants and is widely believed to reflect a 
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reduction of potential ROS generating intermediates during ongoing stress (Kumar Tewari and 
Charan Tripathy 1998, Phung et al. 2011, Reinbothe and Reinbothe 1996). So far, involved 
transcriptional regulators it the nucleus have not been identified. Analysis of the promoter 
regions of several of the genes involved in tetrapyrrole biogenesis did not reveal HSEs. It is 
tempting to speculate what is the role of HSF1 in repressing the expression of these genes 
upon heat shock. HSF1 might directly control the expression of a repressor in tetrapyrrole 
biosynthesis or a HSF1-regulated gene is necessary for the retrograde signaling from the 
chloroplast to the nucleus at heat shock conditions. 

Chaperones of all classes and compartments are strongly increased HSF1-dependently
Several members from different chaperone families are found within the significant protein.
folding (29.6) and stress.abiotic (20.2) bins of the MapMan ontology (Schroda 2004). Not 
surprisingly, they showed the strongest induction upon heat shock and strongest reduction 
upon HSF1 depletion (Figure 4B). In contrast to the studies carried out in Arabidopsis members 
of all chaperone families (sHSPs, HSP60s, HSP70s, HSP90s, HSP100s) have been identified HSF1-
dependent regulated and all of the bins containing chaperones showed up significantly in the 
bin enrichment analysis (summarized within Table 1). With the goal to understand general 
acclimation strategies in photosynthetic organsims to heat stress this nicely demonstrates 
the advantages of a simplified system. Chaperones and co-chaperones from all different 
compartments were identified to depend on HSF1, including the chloroplast, indicating a role 
for HSF1 also in the adaption of the chloroplast to proteotoxic stress conditions. 

Trafficking between the compartments is HSF1-dependently modulated
Beside the protein.folding bin (29.6) there is a second subtree significantly HSF1-dependently 
enriched: protein.targeting (29.3). Most of the transcripts increase upon heat stress treatment, 
but upon HSF1 depletion there is no obvious tendency. A closer look in this group reveals two 
subsets of genes (Summarized in Table 2). Proteins involved in organellar targeting show a 
distinct different expression pattern than those involved in targeting towards the secretory 
pathway. 

With exception of TOM40 all transcripts of the organellar group are strongly 
underexpressed upon HSF1 depletion. Upon stress treatment most of the transcripts within 
this group, with exception of the outer membrane translocons TOM40 and TOC75, are 
increased. Beside the translocons of the inner/outer chloroplast/mitochondria membranes 
there are two proteins involved in inner chloroplast targeting significantly increased upon 
stress and decreased upon HSF1 depletion: FFC (Fifty-Four-Chloroplast Homologue), a subunit 
of chloroplast signal recognition particle involved in LHC integration in thylakoids and TATa, a 
subunit of the Sec independent twin-arginine translocon in the thylakoid membrane (Li et al. 
1995).

The major difference of the secretory pathway group is the increased expression 
of nearly all transcripts in hsf1 strains compared to control strains whereas in the organellar 
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group the transcripts are less expressed when HSF1 is missing. The only exception is SRRA1 
which is significantly less expressed upon HSF1 depletion. Upon stress treatment most of the 
members of this group are strongly increased as well. Single exception: COG3 is significantly 
less expressed upon stress treatment.

Heat shock acclimation: Protein degradation, protein modification and plastid ribosomes
Beside the chaperones and the trafficking, there are several other proteins HSF1-dependently 
regulated within the, quite general, protein bin (29). Among them several ribosomal proteins 
of chloroplast ribosoms (PSRP1, PRPL1, PRPL4, PRPL9 and PRP1L9), the respective bin 
(29.2.1.1.1) is also significantly enriched (Figure 4A). This group of genes is not induced upon 
heat shock in control cells, but significantly in hsf1 strains. Furthermore significantly regulated, 
not unexpected, is the protein.degradation.ubiquitin bin (29.5.11). Most of the genes within 
this group are strongly induced upon heat stress treatment, even more pronounced in hsf1 
strains. The highest diversity is found within the E3 ligase subgroup, also not unexpected. 
Several genes from the protein.modification bin (29.4) are found as well HSF1-dependently 
regulated, even though not significantly enriched. There’s no conserved response within this 
subgroup, there is more or less individual adaptation of the different members upon HSF1 
depletion. Among them are several protein kinases and also phosphatases. As activation of 
the HSR involves phosphorylation and HSF1 is a constitutive trimer and not regulated on the 
level of oligomerization in Chlamydomonas, both phosphatases and kinases are of special 
interest for activation and attenuation of the HSR. Among these genes the strongest HSF1-
dependent expressed gene is found, MPA1. The expression of MPA1 is strongly increased upon 
heat shock treatment (fold change in ConHS is 304.4), whereas no induced expression upon 
heat shock is found in hsf1 strains (fold change in hsf1HS is 0.7). A close homolog of MPA1 is the 
yeast DCR2 protein, a phosphatase involved in signaling/attenuating of the unfolded protein 
response (Guo and Polymenis 2006). It’s closest homolog however, AtPAP29 in Arabidopsis, is 
not further analyzed so far. There is evidence that MPA1 is strongly induced in other limiting 
conditions, phosphate depleted cells harboring no PSR1, the transcription factor necessary for 
the adaptation to those conditions (Moseley et al. 2002).

Redox regulation and ROS protection
Protection from reactive oxygen species (ROS) and redox regulation are especially interesting 
in photosynthetic organisms because of the second potent ROS source with the proteins 
along the photosynthetic electron transport chain and many redox regulated enzymes within 
photosynthesis, especially in the dark reaction. We found the redox.regulation bin (21) to 
be one of the significantly HSF1-dependent regulated bins upon heat shock. In total, most 
genes in this bin are upregulated upon heat shock and less strong expressed when HSF1 is 
underexpressed (Figure 4B). 

The thioredoxin superfamily consists of thioredoxins (TRX), glutaredoxins (GRX), 
protein disulfide isomerase (PDI), glutathione peroxidase (GPX) and glutathione-S-transferase 
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(GST). While the GPXs and GSTs are involved in ROS scavenging the others facilitate redox 
regulation of various proteins. Especially the genes in the TRX subgroup (21.1) showed a strong 
HSF1-dependent transcript increase (Figure 4B). Within this subgroup TRXx, a plant specific 
TRX in the chloroplast, is the only gene less expressed upon heat shock and HSF1-dependently 
de-repressed. The strongest increase upon heat shock and decrease upon HSF1 depletion was 
found in NTR3, a NADPH-thioredoxin-reductase most probably located in the cytosol (Lemaire 
and Miginiac-Maslow 2004). Consistently transcripts of the FTR (catalytic subunit, beta chain), 
the chloroplast counterpart of the NTRs in the cytosol/mitochondria responsible for reduction 
of TRX/GRX proteins, and GSH1, the Gamma-glutamylcysteine synthetase which is the rate 
limiting enzyme in the biosynthesis pathway of glutathione, were also found to be increased 
upon heat shock and HSF1-dependently less expressed (Griffith and Mulcahy 1999). In total 
two glutaredoxins (GRX) were found to be upregulated upon heat shock in a HSF1-dependent 
manner, GRX3 and GRX4, both of the CGFS type involved in deglutathionylation (Lemaire 
2004). GRX3 is the major glutharedoxin in the chloroplast, whereas GRX4 is probably located 
in the cytosol (Zaffagnini et al. 2008).

ROS protection is facilitated by a number of mechanisms including enzymatic 
protection by superoxide dismutase, catalase, glutathione peroxidase (GPX) and ascorbate 
peroxidase (APX). Chlamydomonas has, compared to other algae, a weak resistance to ROS 
(Tanaka et al. 2011). We found three manganese superoxide dismutases (MSD1-3) to be 
regulated significantly by HSF1. MSD1 and MSD2 were slightly less expressed in HSF1 knock-
down strains, whereas MSD3 is strongly overexpressed when HSF1 is missing. MSD1 and MSD3 
are predicted to be localized in the cytosol, whereas MSD2 is probably located in mitochondria. 
Two members of glutathione-S-transferase (GST) genes were as well found to be upregulated 
upon heat shock (GSTS1 stronger than GSTS2), HSF1-dependently less pronounce. Both were 
recently identified induced upon several different oxidative stress conditions (Ledford et 
al. 2007). Within the protein bin there is an additional HSF1-dependent upregulated gene 
involved in ROS protection (MSRA3) which is involved in reactivation of oxidized methionine 
upon ROS exposure (Brot and Weissbach 1991). 

Another way to decrease ROS is to directly adept the photosynthetic electron 
transport chain to elevated temperatures and therefore avoid the production of ROS at this 
site. Heat stress in control cells is not significantly inducing LHCSR1, only in hsf1 strains we 
found a very strong induction, thus resulting in the strongest HSF1-dependent upregulation. 
The LHCSR1 is a gene induced upon several photo-oxidative stress conditions (Im et al. 2003, 
Ledford et al. 2004, Miura et al. 2004, Peers et al. 2009, Richard et al. 2000). This might imply 
that necessary remodeling of the photosynthetic electron transport chain cannot take place 
in HSF1 knock-down strains. The most prominent change we found was the LHCBM9 gene, 
one of the strongest upregulated genes in control cells upon heat shock treatment, but much 
less induced in HSF1 knock-down strains. LHCBM9 is also induced at several stress conditions 
and is probably the least abundant of the major LHCII proteins at ambient conditions (Elrad et 
al. 2002). The second gene directly involved in the photosynthetic electron transport is FDX6, 
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one of six ferredoxins in Chlamydomonas. FDX6 is downregulated to a large extend upon heat 
shock in control cells, less pronounced in hsf1 strains. PETF is the most abundant ferredoxin in 
standard growth conditions (98% of the total FDX mRNA pool), whereas FDX6 is expressed to 
a significant level only in iron limiting condition (Terauchi et al. 2009).

Identification of direct HSF1 regulated genes
After characterization of the HSF1-dependent heat shock response we aimed to identify 
candidates for direct targets. HSFs are widely recognized as transcription factors activating 
transcription of their direct targets, so knock-down should result in less pronounced expression 
of strongly upregulated genes upon heat stress. Our approach so far aimed for the identification 
of all HSF1 regulated genes, also those stronger expressed in HSF1 mutants, exemplified also 
in the regulation of tetrapyrrole biosynthesis. Additionally, high affinity target regions might 
be able to bind residual HSF1 and will not express significantly different. Indeed we identified 
three regions in previous studies with chromatin immunoprecipitation to be directly occupied 
by HSF1, namely HSP70A, HSP90A and HSP22F (Strenkert et al. 2011b). Only HSP22F was 
identified significantly HSF1-dependent in this microarray study (Figure 5D). We therefore 
used a hierarchical clustering approach to identify similar expressing genes (Figure 5A). When 
dividing the dataset top-down in three clusters we identified a cluster of 581 genes strongly 
co-regulated. All genes within the cluster showed strong induction upon stress treatment that 
is less pronounced upon HSF1 depletion (Figure 5B). Within this cluster we also found a strong 
enrichment of significantly HSF1-dependent genes (295/581, 50.7 %) compared to the other 
clusters (Figure 5C). Furthermore, all of the so far known direct HSF1 targets are located within 
this cluster (Figure 5D). We therefore propose that among these 581 candidate genes it is very 
likely to identify new targets of HSF1. 

HSF1 binds to the promoter region of HSF1, MPA1, CLPB3 and HSP70G
To characterize these candidates further, we selected a number of candidates to assess HSF1 
binding. We were looking for a set of genes covering most of the aspects raised by this study to 
be HSF1-dependent but still feasible for in depth analysis. We choose genes of potential heat 
labile proteins (HSP70G, TIC110 and TIC40), proteins involved in chloroplast targeting (TIC110, 
TIC40 and FFC), chloroplast proteins in general (CLPB3, CDJ1, FFC and LHCBM9), the plant 
specific stress response (HSF1, LHCBM9, CLPB3 and CDJ1) and also signaling (MPA1). 

First, we analyzed the promoter region of these genes for the presence of heat shock 
elements (HSE). None of the promoers contained perfect HSEs. This is not unexpected, the 
HSP70A promoter in Chlamydomonas harbors not a single perfect HSE and is constitutively 
occupied with HSF1 even under non-stress conditions (Lodha and Schroda 2005, Strenkert 
et al. 2011a, Strenkert et al. 2011b). When allowing one mismatch in the nGAAn consensus 
we identified potential HSEs within all of the promoter regions (Figure 6A, B). With the 
exception of LHCBM9 there is at least one potential HSE within the first 250 bp upstream of 
the transcriptional start site (TSS). The highest density of HSEs is found in the MPA1 promoter 
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where 4 HSEs are found within the first 150 bp. 
We next directly monitored HSF1 binding to the promoters (Figure 6C). We identified 

the HSP70G promoter occupied by HSF1 under non-stress and heat shock conditions as well as 
the HSF1, CLPB3 and MPA1 promoter bound by HSF1 exclusively after heat shock treatment. 
All of the described interactions are significantly reduced in HSF1 knock-down strains. 

The promoter regions of CDJ1, TIC40, TIC110, FFC and LHCBM9 showed no direct 
interaction of HSF1 at the given time and temperature of the experiment. As all of them harbor 
comparable HSEs to those genes found interacting, we wondered what could be the reason 
for this discrimination. Possible explanations include other factors necessary for HSF1 binding 
in the promoter regions and also the chromatin structure surrounding the HSE might be 
different. It was shown recently in Drosophila, that specific active chromatin marks, especially 
acetylation of lysines in histone 3 and 4, are enriched in HSE already before HSF1 binding 
(Guertin and Lis 2010). We therefore performed ChIP with antibodies against histone H3, as 
well as acetylated histone H3 and acetylated histone 4 (Figure 6D, see also Supplemental Figure 
2). We combined HSF1-bound HSEs and compared them to those not bound by HSF1. We 
could not observe a difference in histone occupancy or acetylation level at abient conditions. 
However, we found that HSF1-binding induces a conserved response on the chromatin level 
that includes nucleosome remodelling and acetylation of H3 and H4 (Strenkert et al. 2011b). 
This response was not observed HSF1-unbound promoters (Figure 6D), indicating that indeed 
a different mechanism is used for the activation of these genes upon heat shock. 

In case of the LHCBM9 promoter we found a very high occupancy of histone H3 and 
almost no acetylation of histone H3 and H4. This might be due to the fact that the potential 
HSEs in this promoter are found further away from the TSS, where there is also a less active 
chromatin setting. 

Feedback mechanism: Additional HSF1 is required for further enhanced gene expression
A unique feature of the HSR in plants is the heat shock inducibility of the HSF mRNA. We 
directly observed binding of HSF1 to it’s own promoter region responsible for this induction 
during our ChIP experiments. In order to understand the function of this feedback mechanism, 
we made use of inducible amiRNA strains targeting HSF1. The amiRNA in these strains is 
controlled by the NIT1 promoter, which is carefully repressed in ammonia containing media 
and strongly induced when nitrate is the single nitrogen source (Schmollinger et al. 2010). 
While HSF1 mRNA and protein level in these strains is unaltered compared to control strains in 
ammonia containing media, both mRNA and protein is depleted when the amiRNA is induced 
(Figure 7A/B). Depletion of mRNA is thereby preceeding the depletion of HSF1 protein which 
is mainly dependent on cell division (Schmollinger et al. 2010). Already two hours after the 
switch on nitrate containing media mRNA levels of HSF1 are readily declining (Figure 7A) while 
protein levels four hours after the switch are still unaltered (Figure 7B). We made use of this 
mechanism and erformed a heat shock experiment wihtin this time-frame, two hours after 
the switch of the nitrogen source (Figure 7C). Additional mRNA of HSF1 is rapidly degraded 
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via the RNAi pathway (Data not shown) that no further HSF1 protein is synthesized (Figure 
7D). Thereby, the initial level of HSF1 is unaltered compared to the control strain (Figure D/E). 
As there is still HSP90A protein accumulating, the initial HSF1 protein is able to still induce 
expression of it’s target genes (Figure 7D). HSF1 protein, both in control and HSF1 amiRNA 
strains, is also migrating slower in SDS-PAGE experiments after 15 minutes of heat shock 
(Figure 7E), indicating that phosphorylation, which is part of the activation process of HSF1, is 
readily performed in both strains (Schulz-Raffelt et al. 2007). When comparing the expression 
of several target genes of HSF1 (HSP22F, HSP70A, HSP70B, HSP90A, HSP90C, CLPB3) 60 
minutes after the onset of heat stress between control and inducible amiRNA strains, heat 
shock induction is slightly lower in HSF1 amiRNA strains (Figure 7F). We therefore performed 
time course experiments to closer inspect the differences between control and amiRNA lines. 
30 minutes after onset of the stress there are virtually no differences between control and 
amiRNA strain (Figure 7G), all three genes are induced to the same amount in all the lines. 60 
minutes after the switch to elevated temperatures no additional mRNA is made in the amiRNA 
lines while the RNA levels still increase in control lines (Figure 7G). The attenuation of the HSR 
is not affected and also faster in the amiRNA lines, probably due to less pronounce induction 
in these strains. We therefore conclude that the additional HSF1 protein is necessary to further 
enhance the transcription of target genes and the feedback loop is necessary to reach the full 
amplitude of the stress response. It might also be possible that the additional protein is also 
necessary to induce a second set of targets with lower affinity binding sites. While several HSFs 
in higher plants are also able to induce induction of other HSFs and thereby modulate the HSR, 
in Chlamydomonas with only a single HSF present this might be the initial evolutionary event 
in enabling a more fine scaled heat shock response. 
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Experimental procedures

Strains and Culture Conditions
Chlamydomonas reinhardtii strain cw15-325 (cwd mt+ arg7), kindly provided by R. Matagne 
(University of Liège, Belgium), was used as recipient strain for transformation with control 
construct pCB412 (Schroda et al. 1999), HSF1-RNAi construct pMS418 (Schulz-Raffelt et al. 
2007) and HSF1-amiRNA construct pMS540 (Schmollinger et al. 2010). Linearized pCB412, 
pMS418 and pMS540 were transformed into cw15-325 by agitation with glass beads (Kindle 
1990). For all experiments strains were grown mixotrophically in TAP medium on a rotatory 
shaker at 25°C at ~30 µE m-2 s-1 (Harris 1989). For heat shock experiments, Chlamydomonas 
cells were grown in 120 ml of TAP medium to a cell density of 4x106 cells/ml and harvested at 
3100 g at room temperature. Cells were immediately resuspended to a cell density of 1x107 
cells/ml in 40°C prewarmed TAP medium. The culture was incubated in a 40°C water bath 
under agitation in the light. Samples were taken at the indicated timepoints.

RNA extraction and analysis
Northern experiments: RNA extraction, RNA gels, Northern transfer and hybridization were 
done as described previously (Liu et al. 2005). RNA concentration was determined using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Probes used were a 2.36-
kb NheI-XbaI fragment from the HSF1 cDNA clone AV627029 (Asamizu et al. 2000), a 3.6-
kb SalI fragment from the HSP90C cDNA (Willmund and Schroda 2005) and the 1-kb cDNA 
of CBLP2 (Vonkampen et al. 1994). Radioactive signals were detected with BAS-IP MS 2040 
phosphorimager plates (Raytest, Straubenhardt, Germany), scanned with a Molecular Imager 
FX phosphorimager (BioRad, München, Germany).
qRT-PCR analysis: RNA extraction was realized with a modified protocol using the TRIzol 
reagent (Invitrogen) described previously (Strenkert et al. 2011b). Following DNAse treatment, 
reverse transcription and qPCR analysis was performed accordingly. RNA concentration was 
determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Primers 
for qRT-PCRs were selected based on a single melt curve, a single band on a 1.5% agarose gel at 
the calculated amplicon size and maximal efficiency. Primer sequences and amplicon position 
are illustrated in Supplemental Figure 1 online. qRT-PCR was performed using the StepOnePlus 
RT-PCR system (Applied Biosystems) with the Maxima SYBR Green kit from Fermentas. Each 
reaction contained the vendor’s master mix, 100 nM of each primer and 10 ng cDNA. A 10 min 
95°C denaturation step was followed by 40 cycles of 95°C for 15 s and 65°C for 60 s. Template 
depleted controls were always included.
Microarray analysis: RNA was analyzed as described previously (Voss et al. 2011).RNA 
concentration was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies), integrity/quality was determined on an Agilent 2100 Bioanalyzer (Agilent 
Technologies). The Agilent 2100 Expert software was used for RNA integrity number index 
calculation. 0.5 mg of total RNA was reverse transcribed into cDNA, labeled with Cy3 using the 
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one-color Quick Amp Labeling Kit (Agilent) and hybridized at a temperature of 65°C overnight, 
according to the manufacturers protocol. The Agilent G2565CA DNA microarray scanner was 
used to scan the arrays at a resolution of 5 µm and the Feature Extraction Software 9.5.3.1 to 
process and analyze array images.

Protein analysis
SDS-PAGE for heat shock kinetics and screening for HSF1 underexpressing strains was 
performed as described before (Liu et al. 2005). Immunodetection was realized using enhanced 
chemiluminescence (ECL) detected with Hyperfilm-ECL (Amersham, UK). 

Chromatin Immunoprecipitation (ChIP)
A total of 109 cells grown under nonstress conditions or 40°C heat shock for 30 min were 
harvested and prepared for ChIP analysis as described previously (Strenkert et al. 2011a). ChIP 
was performed with aliquots of the initial material corresponding to 2x107 cells and antibodies 
specific for: histone H3 (5 µL, ab1791 (Abcam)), diacetyl H3K9 and H3K14 (10 µL, 06-599 
(Upstate)), tetra-acetyl H4K5, H4K8, H4K12, and H4K16 (10 µL; 06-866 (Upstate)); HSF1 (40µl, 
affinity purified from rabbit antiserum (Schulz-Raffelt et al. 2007, Strenkert et al. 2011b)), 
vesicle-inducing protein in plastids 2 (VIPP2) (40 µL; affinity purified from rabbit antiserum, 
used as mock control (Strenkert et al. 2011a)). Affinity purification was done as described 
previously (Willmund and Schroda 2005). Precipitated DNA was used for qPCR using the same 
settings as for qRT-PCR (see above). Primers, selected on single melt curve and a single band 
on a 1.5% agarose gel at the calculated amplicon size, are summarized in Supplemental Figure 
1. Signals for individual gene regions, illustrated in Figure 6C, were normalized against 10% 
input DNA and then to the corresponding signal derived from the CYC6 promoter (heat shock). 
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Figures and tables

Table 1: Differential expressed chaperones and co-chaperones upon heat shock treatment
microarray qRT-PCR Protein

Name Au5 ID MapMan HSCon hsf1HS HSCon hsf1HS HSCon

Heat shock factor
HSF1 525816 20.2.1 4.33 -2.45 4.50 -3.35 -

sHSPs
HSP22A 524323 29.6.2.1.1 10.33 (-2.73) - - 4.42
HSP22B 524324 29.6.2.1.1 -1.73 (0.31) - - -
HSP22C 511863 29.6.2.1.1 9.40 (-2.72) - - 4.70
HSP22F 515324 29.6.2.1.1 8.53 -4.83 11.91 -8.84 -

HSP60s
CPN60B1 517973 29.6.2.2.2.1 2.87 -4.15 - - 1.07
CPN60A 521778 29.6.2.2.2.1 3.72 -3.44 5.13 -3.05 2.04

CPN60B2 524751 29.6.2.2.2.1 2.25 -2.29 - - 2.00
CCT5 520572 29.6.2.2.1.1 0.81 -3.15 - - -
CCT7 511155 29.6.2.2.1.1 1.80 -2.35 - - -

HSP60 co-chaperones
CPN20 520331 29.6.2.2.2.2 2.25 -3.45 - - 1.32
CPN23 512968 29.6.2.2.2.2 5.50 -4.40 - - 1.32

HSP70s
HSP70A 525480 20.2.5 3.85 (-0.55) 5.71 -0.77 1.54
HSP70B 522821 29.6.2.3.1 2.77 -1.87 3.83 -2.82 1.26
HSP70C 525943 29.6.2.3.1 4.13 -3.70 2.25 -2.35 0.38
HSP70E 516599 29.6.2.3.1 4.39 (-1.11) - - 1.00
HSP70G 510023 29.6.2.3.1 3.56 (-0.37) 1.75 -3.13 -

BIP1 518564 29.6.2.3.1 3.36 (-0.81) - - -
HSP70 co-chaperones

CGE1.a 524803 20.2.1 3.04 -2.74 - - -
CDJ1 513011 20.2.1 4.34 -3.13 1.86 -0.61 -
CDJ3 510809 20.2.1 -4.65 (-0.06) - - -
CDJ5 524356 20.2.1 -3.48 (-1.21) - - -
DNJ1 517115 29.6.2.3.2.2 3.28 -2.36 - - 1.20
DNJ6 523046 29.6.2.3.2.2 2.40 (0.37) - - -
DNJ8 511277 20.2.1 2.25 -3.09 - - -

DNJ21 512133 20.2.1 6.61 -3.27 - - -
DNJ26 519172 29.6.2.3.2.2 1.54 (0.36) - - -
DNJ34 524507 29.6.2.3.2.2 -2.21 1.42 - - -
ERJ1 524350 20.2.1 2.32 -1.20 - - -

HSP90s
HSP90A 525808 20.2.1 4.16 (-0.67) 5.04 -0.49 2.38
HSP90B 518563 20.2.1 5.82 (-0.86) - - 0.49
HSP90C 513163 20.2.1 7.03 -5.75 5.48 -4.77 1.77

HSP100s
CLPB1 518085 20.2.1 7.31 (-0.91) - - 4.47
CLPB3 518776 20.2.1 4.49 -2.26 6.76 -5.40 2.51
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CLPB4 518155 20.2.1 1.73 -1.86 - - 2.63
CLPD1 510564 29.6.2.5.1 -2.57 (1.47) - - -

Misc
CGL57 516970 20.2.1 -1.42 -1.28 - - -
HOP1 521280 20.2.1 5.98 -3.63 - - 1.38
CDI1 514067 20.2.1 1.74 -1.06 - - -

513811 20.2.1 -2.24 -2.92 - - -
ERM9 510452 20.2.3 -2.91 (0.21) - - -
DDB1 509864 20.2.5 1.94 (1.42) - - -
HSLU1 513078 29.6.2.5.1 -1.64 (-0.71) - - -
FKB42 518811 29.6.3.1 3.98 -4.23 - - -

FKB16-8 512268 29.6.3.1 -1.50 (-0.98) - - -
FKB12 514667 29.6.3.1 -2.39 (0.73) - - -0.28
CYN26 520960 29.6.3.2 1.67 (0.27) - - -

CYN20-1 523573 29.6.3.2 -0.67 (0.16) - - -0.14
Values in brackets () are not significantly changing upon treatment 

Table 2: Differential HSF1-dependent expressed genes involved in protein targeting (29.3) 
microarray qRT-PCR Protein

Name Au5 ID MapMan HSCon hsf1HS HSCon HSCon hsf1HS

Chloroplast/mitochondria
TOM40 509712 29.3.2 (-0.67) 1.56 - - -
TIM14 519682 20.2.1 2.50 -1.14 - - -
TIM17 510295 29.3.2 1.83 -2.35 - - -

TIM22B 521131 29.3.2 1.04 -1.52 - - -
TOC75 520970 29.3.3 -2.20 -1.33 - - -
TIC40 513018 29.3.3 2.26 -3.28 0.80 -2.45 -0.91

TIC110 510291 29.3.3 1.82 -2.50 0.55 -4.46 -
FFC 512407 29.3.3 3.63 -3.26 1.42 -2.17 -

TATA 509998 29.3.3 1.04 -2.86 - - -
ER/Golgi/Secretory pathway

SRRA1 516748 29.3.4.1 2.27 -0.98 - - -
SRRB1 517472 29.3.4.99 1.40 0.94 - - -
SEC13 517414 29.3.4.4 1.52 1.06 - - -
SEC31 513315 29.3.4.99 (0.37) 1.63 - - -

SEC61B 524314 29.3.4.99 1.85 1.39 - - -
SEC61G 512035 29.3.4.99 2.34 1.08 - - -
CGL49 512584 29.3.4.99 1.82 1.34 - - -
AP2M2 512082 29.3.4.99 2.34 1.64 - - -
RER1 514016 29.3.4.1 (0.95) 1.76 - - -
COG3 521578 29.3.4.2 -2.32 1.53 - - -
VPS28 516622 29.3.4.3 2.12 1.08 - - -

Values in brackets () are not significantly changing upon treatment
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Figure 1: Experiment overview
A: HSF1 expression in the used HSF1 knockdown lines: RNA gel blot analysis of transcript accumulation 
in two control (Con1 and 2) and two independent HSF1-RNAi Chlamydomonas strains (#42 and #46). 
Cells were subjected to a 30-minutes heat shock treatment at 40°C in the light (HS) or kept at 23°C in the 
light (CL). Total RNA was extracted, separated on formaldehyde-containing agarose gels, transferred to 
nylon membranes and hybridized with radioactive probes against HSF1, HSP90C and CBLP2 as loading 
control.
B: Experimental setup for the microarray experiment: Two independent HSF1 knockdown lines (HSF1-
RNAi) and two empty vector control strains (Control) were subjected to a 30 minutes heat shock 
treatment at 40°C in the light (HS) or kept at 23°C for 30 minutes in the light (CL). RNA was subsequently 
extracted and analyzed in duplicates on Agilent single color Custom Arrays (Eberhard et al. 2006, Voss 
et al. 2011) 
C: Microarray analysis overview: The response to heat shock treatment was analyzed in control 
(HSCon) and HSF1 knockdown strains (HShsf1). The influence of HSF1 knockdown on gene expression was 
analyzed at ambient temperatures (hsf1CL) and after 30 minutes heat shock (hsf1HS). The number of 
significantly differential expressed genes (No.(DE)) in each comparison was determined.
D: Differential gene expression overview: The distribution of log2 fold changes (log2 FC) of all transcripts 
due to heat shock treatment or HSF1 knockdown (HSCon, HShsf1, hsf1CL, hsf1HS) is illustrated with boxplots. 
From bottom to top plotted lines correspond to the 10th, 25th (Q1), 50th (median), 75th (Q3), and 90th 
percentiles.
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Figure 2

B

FC
 H

S
/C

L 
(lo

g 2)

0
-2

4
2

-4

14

8
6

12
10

E
IF

1A

C
B

LP
2

TU
B

1
ID

A
5

H
S

P
22

F
H

S
P

90
C

H
S

P
70

B
H

S
P

70
C

C
LP

B
3

C
D

J1
C

P
N

60
A

H
S

FB
P

1

TI
C

11
0

TI
C

40
FF

C

M
PA

1
LH

C
B

M
9

Stress Traffic Misc Control
Control
hsf1

C

qPCR FC (log2)
0-4 42-6 14-2 86 1210

0

-4

4
2

-6

14

-2

8
6

12
10

A
rr

ay
 F

C
 (l

og
2)

R2 = 0.78

A

C
B

LP
2

TU
B

1

ID
A

5

A
rr

ay
 In

te
ns

ity

16

10

7

13

E
IF

1A

W
R

K
1

Figure 2: Microarray quality control
A: Variation of housekeeping genes: The raw signal intensity after normalization (Array intensity) of 
selected housekeeping transcripts in all 16 microarrays is illustrated with boxplots, from bottom to top 
plotted lines correspond to the 10th, 25th (Q1), 50th (median), 75th (Q3), and 90th percentiles.
B: Comparison of qRT-PCR and microarray measured transcript accumulation: For 19 selected genes 
the transcript log2 fold change (log2 FC) upon heat stress treatment and HSF1 depletion was compared to 
the control group under non stress conditions (57 datapoints in total). Transcript accumulation derived 
from microarray analysis (y-axis) is plotted against corresponding qRT-PCR derived accumulation 
(x-axis). The linear regression line through the origin with the coefficient of determination (R2) is added 
to the plot. Experimental conditions and RNA extraction as described in Figure 1B for the microarray 
data and Figure 2C for the qRT-PCR data.
C: Selected significant HSF1-dependent underexpressing genes (hsf1HS): Two independent inducible 
HSF1 amiRNA knockdown lines (grey square) and two empty vector control strains (black triangle) were 
subjected to a 30 minutes heat shock treatment at 40°C in the light (HS) or kept at ambient temperatures 
(23°C) for 30 minutes in the light (CL). RNA was subsequently extracted for qRT-PCR analysis performed 
in three technical replicates using the comparative CT method with CBLP2 as control gene (except for 
CBLP2, where TUB1 served as control gene). Transcript accumulation (log2) of 13 selected significantly 
HSF1-dependent underexpressing genes and 4 housekeeping genes upon heat shock treatment (HS/
CL) was analyzed. 
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Figure 3
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Figure 3: Comparison of transcript and protein accumulation upon heat shock treatment
A: Transcript and protein accumulation overview: Hierarchical clustering tree (Manhattan distances, 
Average linkage, using the hclust function in R) based on transcript accumulation (log2) upon 30 minutes 
heat shock treatment in control cells (RNA) and the maximal protein accumulation (log2) within a 3 hours 
heat shock treatment (Protein)(Muhlhaus et al. 2011). Underexpressed genes or proteins are colored 
in red, accumulated transcripts/proteins in green. Non-conforming gene/protein pairs are highlighted 
and their log2 transformed accumulation of transcripts/protein upon heat shock (FC RNA/FC P) is given. 
Additionally, significantly HSF1-dependently transcribed genes are written in green letters.
B: Correlation between RNA and protein accumulation: For 100 genes and their encoded significantly 
changing proteins the transcript log2 fold change (log2 FC) upon stress treatment derived from microarray 
analysis (y-axis) is plotted against corresponding protein maximal log2 fold change (FC) within a 3 hours 
heat shock treatment (x-axis). The Pearson Product Moment Correlation Coefficient (ρ) as calculated 
with SigmaPlot is added to the graph. Non correlating protein/RNA areas are shaded in grey.
C: Analysis of the heat shock induction of ULP1: Total (WC) and soluble proteins (Sol) of 30 minutes 
40°C heat shock treated Chlamydomonas wildtype cells were extracted, loaded corresponding to 2µg 
Chlorophyll and separated on a 10% SDS-polyacrylamide gel. Levels of ULP1 relative to loading control 
CF1β were analyzed by immunoblotting.
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Figure 4
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Figure 4: HSF1-dependent genes upon heat shock treatment (hsf1HS)
A: Functional category overview: All HSF1-dependent differential expressed genes after heat shock 
were grouped according to their assigned functional category in MapMan (Bin) (Thimm et al. 2004). 
The number of differential expressed genes within a certain bin corresponds to the size of the pie slize. 
Significantly enriched categories are colored in red.
B: Significantly enriched functional categories: Significantly enriched MapMan functional categories 
(P-Value ≤ 0.05, ≥ 5 significantly differential expressed genes (No.)) of the highest order and significant 
subcategories are summarized. Significant HSF-dependent bins previously identified in Arabidopsis 
thaliana microarray studies are colored in red (20.2 and 21.4).  
C: Tetrapyrrole biosynthesis pathway: Scheme of the chlorophyll a/b and heme biosynthesis pathway 
in Chlamydomonas. Included are significantly HSF1-dependent expressed genes, the log2 fold change 
of their transcripts upon stress treatment (HSCon) and upon HSF1 depletion after heat shock (hsf1HS). 
Genes whose corresponding protein levels have been identified to be significantly depleted upon heat 
shock (CHLI1) in a recently performed proteomic study are colored in red (Muhlhaus et al. 2011).
D: Differential gene expression in significantly enriched functional categories: The distribution of log2 
fold changes of transcripts (log2 FC) to heat shock treatment in the control strains or HSF1 knockdown 
upon heat shock (HSCon, hsf1HS) of all 977 differential expressed genes (All), those present in any 
significantly enriched MapMan functional category (Bin) and those present in the individual bins (i.e. 
29.3) is illustrated with boxplots. From bottom to top plotted lines correspond to the 10th, 25th (Q1), 50th 

(median), 75th (Q3), and 90th percentiles.
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Figure 5: Potential direct HSF1 targets
A: HSF1-dependent activated genes during stress treatment: Hierarchical clustering tree (Manhattan 
distances, Ward’s linkage, using the hclust function in R) based on transcript accumulation (log2 fold 
change) upon heat shock treatment and HSF1 knockdown (HSCon, hsf1HS). Strong underexpressed genes 
upon heat shock or HSF1 depletion are colored in red, overexpressed genes in green. Clusters, derived 
in a top-down manner, are labeled from top to bottom (1, 2, 3/orange, blue, green respectively) and 
the respective number of genes in the cluster is given in the figure.
B: Differential gene expression in top three clusters: The log2 fold change of transcripts (log2 FC) to 
heat shock treatment in the control strains or HSF1 knockdown after heat shock (HSCon, hsf1HS) of the 
three clusters (from Figure 5A) is illustrated with boxplots. From bottom to top plotted lines correspond 
to the 10th, 25th (Q1), 50th (median), 75th (Q3), and 90th percentiles.
C: Significantly HSF1-dependent transcripts in top three clusters: The percentage of significant HSF1-
dependent genes after heat shock (% hsf1HS) in each of the three clusters (from Figure 5A) is analyzed.
D: Known direct targets of HSF1: Summary of so far known direct HSF1 targets, the cluster (from Figure 
5 A) they belong to, the transcript log2 fold change to heat shock treatment in the control strains or 
HSF1 knockdown after heat shock (HSCon, hsf1HS) within the present study(Strenkert et al. 2011b).
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Figure 6: Direct interaction analysis
A: Promoter regions of selected potential 
direct targets of HSF1: Shown is the region 
(from -700 to +300) around the predicted 
transcriptional start sites (+1, white triangle) 
of the ten genes investigated in this study. The 
translational start site (ATG) is denoted at the 
first exon (black boxes), introns are indicated 
with thin black lines. The promoter box is 
shaded in gray, the 5’UTR region is drawn as 
white box. Putative HSEs (light grey boxes) 
in the promoter region are labeled from 1 
up to 6 according to their position to the 
transcriptional start sites (closer corresponds 
to lower numbers). The sequence of the HSEs 
is summarized in Supplemental Figure 2A. 
Gray lines below the gene model designate 
the regions amplified with qPCR in Chromatin 
Immunoprecipitation (ChIP) experiments.
B: HSF1 binding in selected promoter regions: 
ChIP with affinity purified HSF1 antibodies 
was done on control (black bars) and HSF1 
knockdown strains (gray bars) subjected 
to a 30 minutes heat shock (HS) treatment 
at 40°C in the light (+) or kept at ambient 
temperatures (23°C) for 30 minutes in the 
light (-). The enrichment relative to 10% input 
DNA was calculated and normalized to the 
values obtained for the CYC6 promoter. Error 
bars indicate standard errors of two biological 
replicates, each analyzed in technical triplicate. 
Asterisks indicate the significance of change 
compared to the CYC6 promoter in control 
cells (ANOVA, P-value ≤ 0.01).
C: Nucleosome occupancy and acetylation 
of H3 and H4 histones: ChIP was performed 
as described in Figure 6 C with antibodies 
against the unmodified C-terminal region of 
histone H3 (H3 occupancy), acetylated Lys-
5, -8, -12, and -16 of histone H4 (AcH4/H3) 
and acetylated Lys-9 and -14 of histone H3 
(AcH3/H3). qPCR data from the experiments 
with modified histones are given relative to 
the nucleosome occupancy at the respective 
promoter region. Error bars indicate standard 
errors of two biological replicates, each 
analyzed in technical triplicate for the control 
genes (CYC6/PSAD) and standard error of 
the mean between the five HSF1 bound 
(HSF1 HSE) and five unbound (HSE) loci, each 
analyzed with two biological replicates and 
technical triplicate.
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Figure 7
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Figure 7: Feedback mechanism
A: HSF1 expression in inducible HSF1 amiRNA lines: Accumulation of transcripts from HSF1 in three 
control and three independent inducible HSF1 amiRNA strains (#5, #7 and #22) directly after switching 
the nitrogen source from ammonia to nitrate and 2 h after the switch. (Schmollinger et al. 2010)). HSF1 
targeting amiRNA is induced only on nitrate containing media. RNA was subsequently extracted for 
qRT-PCR analysis which is performed in three technical replicates using the comparative CT method 
with CBLP2 as control gene.
B: Depletion of HSF1 after induction of the amiRNA: Total protein of a control and HSF1 amiRNA strain 
was extracted, loaded corresponding to 2µg Chlorophyll and separated on a 10% SDS-polyacrylamide 
gel. Levels of HSF1 relative to loading control CF1β were analyzed by immunoblotting at different times 
after the switch from ammonia to nitrate containing media.
C: Experimental setup of the feedback mechanism experiment: Cells were inoculated in ammonia 
containing media and switched to nitrate containing media to induce the HSF1 targeting amiRNA. Two 
hours after the switch the temperature is increased to 40°C (heat shock conditions). While the mRNA 
of HSF1 is already degraded, protein levels are still at the level of the control cells.
D: Induction of HSF1 after heat shock on nitrate containing media: Total protein of a control and 
two HSF1 amiRNA strains (#5 and #22) was extracted, loaded corresponding to 2µg Chlorophyll and 
separated on a 10% SDS-polyacrylamide gel. Levels of HSF1 and HSP90A relative to loading control 
CF1β were analyzed by immunoblotting at different times after the switch from ambient (23°C) to 
elevated temperatures (40°C), two hours after the switch to nitrate containing media.
E: Phosphorylation dependent size shift: Total protein was extracted from a control and HSF1 amiRNA 
strain (#5) at different time points after the switch from ambient (23°C) to elevated temperatures (40°C) 
on nitrate containing media. Protein was loaded corresponding to 2µg Chlorophyll and separated on a 
7.5-15% gradient SDS-polyacrylamide gel. Levels of HSF1 relative to loading control CF1β were analyzed 
by immunoblotting.
F: Gene expression in inducible HSF1 amiRNA lines F: 60-minute heat shock induced accumulation 
of transcripts of directly HSF1 regulated genes in three control and three independent inducible HSF1 
amiRNA strains (#5, #7 and #22) two hours after switching the nitrogen source. RNA was subsequently 
extracted for qRT-PCR analysis which is performed in three technical replicates using the comparative 
CT method with CBLP2 as control gene.
G: HSF1-dependent expression of target genes when no additional HSF1 protein is synthesized: A 
control and two independent inducible HSF1 amiRNA strains (#5 and #22) were subjected to a 4-hour 
heat shock treatment at 40°C in the light, two hours after switching the nitrogen source to nitrate 
containing media. Total RNA was extracted, separated on formaldehyde-containing agarose gels, 
transferred to nylon membranes and hybridized with radioactive probes against HSP70B, HSP90C, 
HSP90A and CBLP as loading control. Signals relative to CBLP were quantified from two independent 
experiments using the Quantity One Software (Biorad) and fold induction was calculated. Error bars 
indicate standard error from two control and four HSF1 knockdown strains. 
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Figure S1: qRT-PCR amplicons and primers
A: Overview over the genes studied with qRT-PCR: Summary of the qRT-PCR analyzed genes, their 
user defined names (Name), the Augustus 5 protein ID (Au5 protein ID) specifying the assumed 
gene model, the genomic coordinates (Gene location) according to the improved assembly v4 of the 
Chlamydomonas genome, the corresponding microarray v2 probe ID (Probe) and the sequence of 
the forward and reverse primer (5’ to 3’). The qRT-PCR amplicon and microarray v2 probe location 
(Amplicon and probe location) is illustrated as follows: Shown is the complete transcribed region of 
the analyzed genes (5’ to 3’) according to the gene model prediction. The 5’UTR and 3’UTR regions are 
drawn as white box, the exons as black boxes and introns with thin black lines. Black lines above the 
model designate the regions amplified by qRT-PCR, grey lines indicate introns spanned by the primers. 
Black lines below indicate the corresponding microarray probe.
B: Overview over the genes studied with ChIP: Summary of the genes whose promoters were studied 
with ChIP, their user defined names (Name), the Augustus 5 protein ID (Au5 protein ID) of the gene 
model, the genomic coordinates of the amplicon (Amplicon location) according to the improved 
assembly v4 of the Chlamydomonas genome, the corresponding microarray v2 probe ID (Probe) and 
the sequence of the forward and reverse primer (5’ to 3’).
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Figure S2
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C-terminal region of histone H3 was done on control (black bars) and HSF1 knockdown strains (gray 
bars) subjected to a 30 minutes heat shock (HS) treatment at 40°C in the light (+) or kept at ambient 
temperatures (23°C) for 30 minutes in the light (-). The enrichment relative to 10% input DNA was 
calculated and normalized to the values obtained for the CYC6 promoter. Error bars indicate standard 
errors of two biological replicates, each analyzed in technical triplicate. Asterisks indicate the significance 
of change compared to the promoter in control cells under ambient conditions (T-Test, P-value ≤ 0.01).
C: Acetylation of histone H4 in individual promoters: ChIP was done as described in Figure S2 A using 
antibodies against acetylated Lys-5, -8, -12, and -16 of histone H4. ChIP signals for acetylated histone 
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D: Acetylation of histone H4 in individual promoters: ChIP was done as described in Figure S2 A using 
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given relative to the observed histone H3 occupancy at the individual promoters (AcH3/H3).

Figure S2: Individual promoter regions 
in ChIP experiments for nucleosome 
occupancy and acetylation of H3 and H4 
histones
A: Potential heat shock elements within the 
promoter region: The sequence, the relative 
position of the first nucleotide of each potential 
heat shock element (HSE) to the transcriptional 
start sites (Pos) and the number of matches to 
the HSE consensus (Con) is summarized for each 
potential HSE. 
B: H3 occupancy in individual promoters: 
ChIP with antibodies against the unmodified 
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Summary

Chaperones of the HSP70 class have essential functions in all compartments of the cell, 
also in the chloroplast. However, only little emphasis was put on investigations regarding 
the functions of HSP70s in this compartment. We therefore used an inducible knock-down 
approach to characterize the functions of the essential stromal HSP70B in Chlamydomonas 
reinhardtii. Inducible underexpression of HSP70B allowed to decrease protein levels to ~20 
% wild-type levels before cells displayed a growth-arrest, failed to divide and accumulated 
starch. Time-resolved analysis during the depletion process showed that HSP70B depletion 
results in overexpression of a client protein, VIPP1, and specific co-chaperones. Despite its 
overexpression, phenotypes are found in HSP70B-depleted cells comparable to VIPP1 mutant 
strains, especially the aberrant structures at the origin of thylakoid membranes. Especially the 
distribution between oligomeric and monomeric VIPP1 isoforms is distorted in HSP70B knock-
down cells. In addition, we observed the induction of organism-wide stress responses upon 
depletion of HSP70B, especially the HSF1-dependent heat shock response and ATG8-mediated 
autophagy. Addition of arginine was able to partially rescue the growth-arrest phenotype, 
indicating that the growth arrest results from HSP70B functions in anabolic pathways. 
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Introduction

In general, chaperones of the HSP70 class provide the cell a diverse set of functions connected 
to protein quality control. They assist in folding of newly synthesized proteins, especially 
those containing more than 100 amino acids (Hartl and Hayer-Hartl 2009), refold misfolded 
or aggregated proteins upon proteotoxic stress conditions (Bukau et al. 2006, Sharma et al. 
2009), translocate proteins across cell membranes (Sousa and Lafer 2006) and assemble, 
disassemble or modify protein complexes. HSP70s consist of two conserved functional 
domains, an N-terminal ATPase domain and a C-terminal substrate-binding domain, and know 
two functional distinct states, dependent on the bound nucleotide ATP or ADP. In the ATP 
state, the substrate binding domain is in an open conformation with little affinity for substrates 
(Zhu et al. 1996). ATP hydrolysis is used to transfer the substrate binding domain to a closed 
conformation that promotes a tight binding of the substrate. Substrate release is then achieved 
by exchanging the bound ADP with ATP, returning HSP70s back into the low-affinity ATP-state. 
Thereby HSP70s work in concert with a number of co-chaperones (Mayer and Bukau 2005) 
most important nucleotide exchange factors (GrpE, BAG1), increasing the rate for replacing 
the used up ADP by ATP (Harrison 2003) and substrate delivering J-domain proteins, managing 
the substrate pool and stimulating ATPase activity to achieve a more tight binding (Kampinga 
and Craig 2010). Substrates are recognized by a hydrophobic stretch, consisting of 4-5 amino 
acids, that is flanked by 4-5 residues on either side enriched in basic amino acids (Rudiger et 
al. 1997). Hydrophobic amino acids exposed to the aqueous phase are generally believed to 
indicate misfolded proteins and potential consensus regions are found in virtually any protein 
every 36 amino acids (Rudiger et al. 1997).

HSP70s are found in all compartments of the cell, also in the chloroplast. While 
mitochondrial and cytosolic systems are quite well understood only little is known about 
plastidic, especially stromal HSP70s. So far, the best characterized plastidic HSP70 system is the 
one from Chlamydomonas reinhardtii, a unicellular green alga (Nordhues et al. 2010, Schroda 
2004). Several co-chaperones of the stromal HSP70B (Drzymalla et al. 1996, Schroda et al. 
1999) have been identified so far, including the nucleotide exchange factor CGE1 (Chloroplast 
GrpE homolog 1) (Schroda et al. 2001, Willmund et al. 2007), five different J-domain proteins, 
termed Chloroplast DnaJ homologs (CDJ) one to five (Dorn et al. 2010, Liu et al. 2005, Willmund 
et al. 2008a) and an escort protein required for initial folding of HSP70B upon chloroplast 
import, termed HEP2 (HSP70 Escort Protein 2) (Willmund et al. 2008b). Contacts to other 
plastidic chaperones systems, i.e. the HSP90C system could be demonstrated as well (Heide et 
al. 2009, Willmund and Schroda 2005). So far the only, but as judged from abundance in co-
immunoprecipitations the most prominent, substrate identified is the VIPP1 protein (Liu et al. 
2005). The HSP70B-CDJ2 chaperone system was shown to be indispensable for assembly and 
disassembly of VIPP1 oligomeric structures (Liu et al. 2007). Beside defining the chaperone 
network, functional characterization has proven difficult. Mutants could not be obtained, 
and constitutive knock-down approaches failed to reduce protein levels beyond 80% wild-



-154- Articles and manuscripts

type levels (Schroda et al. 1999). Therefore, so far, addressed functions were restricted to 
conditions were protein levels of HSP70B are adjusted within a short time frame to higher 
levels, like during photoinhibition. Here knock-down approaches were successful in reducing 
this accumulation and revealed a role of HSP70B during photoprotection and in repair of PSII 
(Schroda et al. 1999). In addition, stromal HSP70 proteins from higher plants (Physcomitrella 
patens and Arabidopsis thaliana) were found to participate in translocation of nuclear encoded 
proteins into the chloroplast, (Shi and Theg 2010, Su and Li 2010). 

Here we present the conditional down-regulation of the essential HSP70B in 
Chlamydomonas. HSP70 underexpression results in accumulation of misfolded proteins that 
do not only lose their biological functionality but also disturb protein homeostasis in the whole 
cell, damages thylakoid membranes and finally induces autophagy emphasizing their biological 
importance at ambient conditions. More specifically, we demonstrate that underexpression of 
HSP70B results in alteration of the stoichiometry between VIPP1 oligomers and monomers, 
finally leading to phenotypes similar to VIPP1 knock-down strains. Furthermore, we found 
indications that stromal HSP70 is linked to biosynthetic pathways in the chloroplast especially 
producing amino acids, including arginine, which is one growth limiting process.
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Results

Inducible underexpression of HSP70B results in a growth arrest and increased cell diameters
In Chlamydomonas, constitutive underexpression of HSP70B reduced protein levels to ~80 
% of wild type protein amounts and resulted only in slightly reduced growth rates (Schroda 
et al. 1999). Knock-down strains with further reduced protein levels have not be obtained so 
far. These findings together indicated an essential role for stromal HSP70s hampering mutant 
generation and consequently further functional characterization. In order to further decrease 
protein levels of HSP70B in Chlamydomonas we therefore made use of a recently developed 
inducible amiRNA system (Schmollinger et al. 2010). In contrast to constitutive knock-down 
systems, this system should allow for time-resolved analysis of essential target genes, 
dependent on the presence of the nitrogen sources in the media. We therefore equipped 
the inducible amiRNA vector (pMS539) (Schmollinger et al. 2010) with sequences targeting 
a region in exon 3 of the HSP70B mRNA (pMS542), encoding a part of the N-terminal ATPase 
domain (Figure 1).

Among the transformants selceted for arginine prototrophy, we indeed identified 
knock-down strains specifically underexpressing HSP70B in the presence of nitrate as single 
nitrogen source (Figure 2A). The amount of HSP70B in these strains was reduced to about 
~20% of wild type levels about 24 hours after induction of the amiRNA. With ammonium as 
nitrogen source the HSP70B protein amounts are unaltered compared to strains harboring one 
of the empty vectors pMS539 or pCB412 (Figure 2A, Supplemental Figure 1 online). 

Underexpression of HSP70B indeed had severe consequences on cell growth. 
Strains inducibly underexpressing HSP70B were not viable on TAP media containing nitrate 
as single nitrogen source while control strains are unaffected (Figure 2B). In more detail, after 
a short lag period (~3h) upon the exchange of the nitrogen sources (Figure 1C), control and 
HSP70B underexpressing strains exhibited the same growth rate within the first 24 hours after 
induction of the amiRNA. After 24 hours, cells stopped to divide exponentially when HSP70B 
protein levels are reduced and finally completely stopped to divide (Figure 1C). When HSP70B 
underexpressing strains are transferred back to ammonium containing media after a 24-hour 
period of induction, cells do not show this growth arrest (Figure 2B). Underexpression of 
HSP70B furthermore results in an increase of cell diameter (Figure 2D). While control cells are 
not increasing in size upon exchange of the nitrogen source (Supplemental Figure 1 online), 
HSP70B-depleted grow in size already 24 hours after the induction of the amiRNA, while the 
cell size increase is even more pronounced at later time points (Figure 2D). 

Inducible knock-down strains of HSP70B were stable on TAP plates (NH4) for about 
9-12 months. We therefore had to replace the strains from time to time during our studies. 
In total we were using seven independent strains identified in three independent rounds of 
transformation. All of them showed arrested growth and an increase in cell diameter on nitrate 
containing media (Supplemental Figure 1 online).
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Consequences of HSP70B depletion on the expression of co-chaperones and the target 
protein VIPP1
To evaluate the molecular consequences of HSP70B depletion we first focused on known co-
chaperones and targets of the HSP70B chaperone system in the chloroplast. We therefore 
monitored time-dependently the abundance of these proteins upon HSP70B depletion 
(Figure 3). In general, co-chaperone and target protein abundance is increased upon HSP70B 
depletion, if altered at all. Protein levels of CGE1, the major nucleotide exchange factor, 
increased about 24 h after the induction of the amiRNA, and even more pronounced after 36 
h specifically in inducible HSP70B knock-down strains. Interestingly, the composition of the 
J-domain protein pool in the chloroplast is altered upon HSP70B depletion and upon switch 
to nitrate. While CDJ2 levels are unchanged, protein levels of CDJ4 are increased upon switch 
to nitrate in control and HSP70B amiRNA strains. CDJ1 was strongly increasing specifically 
in HSP70B underexpressing strains, comparable to CGE1, about 24 h after induction of the 
amiRNA and more severe after 36 h. CDJ1 is a type I J-domain protein generally involved in 
recruiting unfolded or misfolded substrates to HSP70s (Cheetham and Caplan 1998, Willmund 
et al. 2008a), while CDJ2 has a more specific function and is involved in recruiting the VIPP1 
protein to HSP70B in Chlamydomonas (Liu et al. 2005). We conclude, that the J-domain pool is 
altered towards recruiting more unfolded/misfolded proteins to HSP70B instead of supplying 
specific functions. 

The CDJ2 substrate VIPP1 was also strongly accumulating, starting already about 12 h 
after the switch of the nitrogen source, and therefore earlier than CGE1 and CDJ1. The second 
VIPP homolog in Chlamydomonas (VIPP2), is also increasingly expressed in inducible HSP70B 
underexpressing strains. VIPP2 showed a similar expression pattern than VIPP1, appearing 
already 12 h after the induction of the amiRNA (Figure 3A). VIPP2 is almost not expressed in 
NH4 -containing media in control and HSP70B amiRNA strains (Figure 3A). Previously, VIPP2 
was observed to strongly increase in VIPP1 knock-down strains and upon shift to higher light 
intensities (Nordhues et al. 2012).  

HSP70B was found in complex with HSP90C, a chaperone of the HSP90 class in the 
Chlamydomonas chloroplast (Willmund and Schroda 2005). Upon HSP70B depletion the 90kD 
chaperone is slightly increased, late (36 h) after induction of the amiRNA.

Accumulation of target proteins, co-chaperones and interaction chaperones coincided 
with the growth arrest of inducible HSP70B underexpressing strains ~24 hours after the switch 
of the nitrogen source. We therefore examined mRNA levels to find out if increased protein 
amounts result from transcriptional regulation or simply accumulate in no longer dividing 
cells. The mRNA levels of VIPP1/2 and HSP90C were strongly increased, compared to control 
strains where the mRNAs were unaltered upon exchange of the nitrogen sources. The mRNA 
of HSP70B was found to be less abundant, consistent with the view that amiRNA-mediated 
mRNA cleavage is involved in knock-down of target genes in Chlamydomonas, at least for cre-
miR1157 and cre-miR1162 based amiRNA constructs (Molnar et al. 2009, Schmollinger et al. 
2010, Zhao et al. 2008). We therefore conclude that accumulation of VIPP1/2, HSP90C, CGE1 
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is not a consequence of the growth arrest, but rather a specific response on HSP70B depletion.

Assembly/disassembly of VIPP1 oligomers and localization is altered upon HSP70B 
underexpression
Depletion of HSP70B resulted in specifically increasing amounts of it’s substrate VIPP1 (Figure 
3A). In a previous work, we found the HSP70B chaperone system to be involved in the assembly 
and disassembly of VIPP1 oligomers (Liu et al. 2007). Accordingly, we analyzed the distribution 
of VIPP1 between monomers and oligomers, using sucrose density gradient centrifugations 
that were established for that purpose previously (Liu et al. 2007).  The distribution of VIPP1 
between monomers and oligomers was not altered compared to control strains on ammonium 
containing media (Figure 4A). Upon HSP70B depletion, and even though the total amount of 
VIPP1 is increasing, less VIPP1 was found in the triton-solubilized supernatant (Figure 4A). 
Consequently, the amount of higher molecular weight isoforms of VIPP1 is strongly increased 
(Figure 4A and Supplemental Figure 2D online). The VIPP2 protein, which is completely 
removed from membranes with triton in control cells (Data not shown), is also found in the 
pellet upon HSP70B depletion. HSP70B and the integral membrane protein CYTF, used to 
control the efficiency of triton-mediated membrane solubilization, were found only in the 
supernatant fraction. CF1β, part of the ATPase located in the thylakoid membrane, was also 
mainly found in the supernatant and running only partially into the first fraction of the sucrose 
gradient. We therefore propose that depleting HSP70B results in reduced disassembly of 
high molecular weight VIPP1/2 oligomers. This is consistent with our previous findings, that 
increasing amounts of HSP70B and co-chaperones in the presence of ATP resulted in increasing 
amounts of low molecular weight isoforms of VIPP1.    

Only about ~50% of VIPP1 is associated to membranes (thylakoids and low-density 
membranes) in Chlamydomonas. But, in contrast to other organisms (Arabidopsis thaliana, 
Pisum sativum and cyanobacteria) where VIPP1 was found only attached to membranes (Kroll 
et al. 2001, Li et al. 1994, Westphal et al. 2001), also soluble VIPP1 isoforms were found (Liu 
et al. 2005). To determine the location of VIPP1 and to avoid precipitation of high molecular 
weight complexes, we used only low g-forces (30 min at 16100g) to seperate soluble from 
membrane bound proeins (Supplemental Figure 2C online), a method previously established 
for high-throughput analysis (Muhlhaus et al. 2011). Again CYTF was used as a control to 
ensure complete pelleting of membranes with the modified method. We found soluble VIPP1 
complexes to be strongly reduced in inducible HSP70B knock-down strains while membrane 
association was strongly increasing. Taken together, we conclude that the increasing number 
of VIPP1 oligomers is rather attached to membranes than found in large soluble complexes. 

Phenotypes of VIPP1 knock-down strains are also displayed upon HSP70B depletion
The exact molecular function of VIPP1 in Chlamydomonas is still a mystery. Recent work 
demonstrated that the early hypothesis for VIPP1 function as a protein inducing vesicle 
trafficking in the chloroplast is rather wrong. More likely, VIPP1 is involved in the structural 
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organization of the large thylakoid protein complexes, and therefore probably located in 
thylakoid centers (Nordhues et al. 2012). The loss of VIPP1 function in respective knock-down 
strains resulted in cells more sensitive to higher light intensities and led to the occurrence of 
aberrant structures at the thylakoid centers. 

We wondered if similar phenotypes are also observed in HSP70B knock-down strains, 
where total VIPP1 amounts are increased but localization and oligomerization are distorted. 
We therefore transferred cells 24 hours after induction of the amiRNA from standard growth 
light intensities (~30 µE m-2 s-1) to high light intensities (~1000 µE m-2 s-1). While control strains 
were unaffected from these changes inducible HSP70B knock-down strains failed to acclimate 
and bleached (Figure 4B). High light induced bleaching in VIPP1 knock-down strains occurred 
in a similar time frame on TAP-NO3 media (Nordhues et al. 2012). In addition, we examined 
electron micrographs of inducible HSP70B underexpressing strains for the presence of aberrant 
structures at the origin of thylakoid membranes. Indeed, about 24 hours after induction of the 
amiRNA targeting HSP70B we first observed similar structures in the proximity of the pyrenoid, 
but also in other areas of the chloroplast (Figure 5A). Serial sections were carried out to closer 
inspect the aberrant structures (Figure 5B, Supplemental Figure 3 online). The bulky structures 
contain several distinct white areas of variable size, maybe starch or lipids. Several thylakoid 
membranes emerge from the structure, which seems to be more detached (looser stacked) 
in the proximity of the aberrant structures compared to the close-ups of control thylakoid 
membranes or membranes of the same strains on ammonium containing media (Figure 5A).

When inspecting the electron microscopy pictures we found that chloroplasts in 
HSP70B mutants strongly accumulate starch upon HSP70B depletion, beginning already 24 
hours upon exchange of the nitrogen source. Even more severe the starch accumulation was 
observed at later time-points, indicating that growth-arrested cells further accumulate starch 
(Figure 5A, Supplemental Figure 6 online). Starch accumulation is a frequently observed 
phenomenon in nutrient limited, especially growth-arrested Chlamydomonas cells (Ball et al. 
1990).

HSP70B underexpressing strains induce an organism-wide stress response via the HSF1-
dependent pathway
We found that underexpression of HSP70B resulted in accumulation of a chaperone of the 
HSP90 class in the chloroplast, HSP90C (Figure 3A). We were interested if also other chaperones 
and stress-related proteins are affected from HSP70B depletion, or accumulation of HSP90C 
is a specific result from depletion of HSP70B from shared complexes. We therefore monitored 
protein levels of the two cytosolic chaperones HSP70A and HSP90A upon shift to inducing 
conditions. Both proteins accumulated upon depletion of HSP70B, about 26 hours after exchange 
of the nitrogen source (Figure 6A). Another interesting class of chaperones is the HSP100 (CLP 
proteins) class, involved in resolving protein aggregates, while especially CLPB proteins target 
their substrates to HSP70s for refolding instead of supplying proteolytic pathways (Glover and 
Lindquist 1998, Goloubinoff et al. 1999). In absence of antibodies against Chlamydomonas 
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CLPB proteins we used antibodies generated against bacterial CLPB also in order to target 
preferentially proteins from organelles (Weibezahn et al. 2003). Upon depletion of HSP70B an 
additional band appeared, migrating at higher molecular weight, indicating either a modified 
isoform of an already present protein or the expression of another CLPB protein not present 
at ambient conditions. This response is specific for HSP70B underexpessing strains (Figure 6A, 
Supplemental Figure 6 online). 

In addition, we tested protein levels of HSF1, a key regulator of the heat shock 
response in Chlamydomonas, previously shown to induce levels of several chaperones 
(including HSP90A/C) upon proteotoxic stress conditions (Schulz-Raffelt et al. 2007). Protein 
levels of HSF1 were also found to be increased specifically in inducible HSP70B underexpressing 
strains. HSF1 protein levels itself are also increased upon heats stress in Chlamydomonas, in 
a HSF1-dependent manner, indicating that depletion of HSP70B might have induced a HSF1-
dependent HSR to increase chaperoning capacity in general (Schulz-Raffelt et al. 2007). The HSR 
is regulated on the transcript level, accordingly we found several transcripts of chaperones to 
be increased in HSP70B knock-down strains 24 hours upon induction of the amiRNA targeting 
HSP70B (Figure 6B). Among the CLPB proteins, the CLPB3 gene showed induced expression 
upon HSP70B depletion. CLPB3 is probably located in the chloroplast. Increased amounts of 
caperones might therefore be a consequence of an induction of a general HSR.

In addition to chaperones we were also probing other stress-related proteins, several 
were found upregulated. The DEG1C protease is upregulated, specifically in inducible HSP70B 
knock-down strains about 24 hours after the exchange of the nitrogen source (Supplemental 
Figure 6 online). According to predictions, this protease is located in the thylakoid membrane.  
There is also a slight upregulation of LHCSR3 and a strong accumulation of the ATG8 protein 
(Supplemental Figure 6 online). The ATG8 protein is a marker protein for autophagy, a process 
that is used during stress conditions or special developmental stages to recycle nutrients 
from molecules separated in a double-membrane compartment called autophagosome 
(Nakatogawa et al. 2009). Two bands were observed for ATG8 on 15% SDS-polyacrylamide gels 
(Supplemental Figure 6B online), indicating that ATG8 modification was induced in inducible 
HSP70B underexpressing strains in order to activate autophagy (Perez-Perez et al. 2010). 
LHCSR3 is a stress-related protein, somehow similar to light harvesting complex proteins, that 
is involved in photoprotection, specifically thermal dissipation of excess light (qE) (Peers et al. 
2009). This indicates that at normal light conditions energy transfer is not as effective in the 
photosynthetic electron transport chain in HSP70B knock-down strains.      

Taken together, depletion of HSP70B results in induction of several stress-related 
proteins, that is not restricted to plastidic proteins. HSF1 is involved in regulation, judged from 
upregulation of both, mRNA and protein level of the transcription factor.  

Amino acid metabolism is an essential process potentially responsible for the HSP70B-
depletion-induced growth arrest
Photosynthesis seems to be only slightly affected within the first 36 hours, judged from only 
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minor effects on the abundance of proteins from the photosynthetic electron transport 
chain (Supplemental Figure 5 online). Only PETO levels are dramatically altered upon HSP70B 
depletion (Supplemental Figure 5 online). Taken together, the phenotype upon shift to high 
light (Figure 4B), induction of LHCSR3 (Supplemental Figure 6 online), depletion of PETO from 
HSP70B mutant strains and a slight reduction (less than 10%) of photosynthetic proteins 
(Supplemental Figure 5 online) indicates that HSP70B supports the already addressed function 
either in assembly or repair of photosynthetic proteins. Similar phenotypes were already 
observed previously in strains expressing constitutively an antisense construct targeting the 
HSP70B mRNA when transferred to photoinhibitory conditions (Schroda et al. 1999). 

On the other hand, photosynthesis is a dispensable process in Chlamydomonas (Harris 
1989). The essential nature of the chloroplast to the cell probably depends on it’s function in 
assimilating nutrients (C, N, S) and it’s capacity to build key metabolites (i.e. amino acids, fatty 
acids and nucleotides) for cell growth (Rolland et al. 2012). Starch accumulation and ATG8-
mediated autophagy often occurs in response to nutrient limitation (Ball et al. 1990, Bassham 
2007).  We therefore wondered which synthesis effort of the chloroplast is affected in inducible 
HSP70B knock down strains. For example, ten amino acids are exclusively produced in the 
chloroplast: Arg, Lys, Thr, Leu, Ile, Val, Trp, Phe, Tyr and His. We therefore tested if limitation 
from essential amino acids is affecting cell growth in HSP70B underexpressing strains. When 
resupplied with 7.5 mM arginine in TAP-NO3 inducible HSP70B knock-down strains indeed 
resumed growth (Figure 7A). Growth rate was still reduced (~24 h per division) compared 
to control strains (~10 h per division) (Figure 7B). Other amino acids were not successful in 
increasing the growth rate of inducibly HSP70B-depleted cells (Supplemental Figure 7 online). 
Arginine can be used as an alternative nitrogen source and thereby perturb our knockdown 
approach using different nitrogen sources (NH4 and NO3). We therefore analyzed in 24-hour 
NO3-induced HSP70B knock-down strains if HSP70B protein levels are still reduced. Indeed 
levels of HSP70B are reduced to similar levels compared to strains that were grown without 
additional arginine or supplied with several other amino acids (Figure 7C). In addition, the VIPP2 
protein is also induced to similar levels independent of the addition of arginine, indicating that 
the missing action of HSP70B on VIPP1 is comparable in arginine supplied HSP70B knock-down 
strains (Figure 7C). VIPP1/2 and HSP22F mRNA were also still upregulated when arginine is 
fed (Figure 7D). The ARG7 gene surprisingly, is less strong expressed on NO3 containing media, 
compared to standard TAP media.   
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Discussion

The essential nature of stromal HSP70s is not found in photosynthetic or import functions, 
but rather in assimilating nutrients and it’s biosynthetic portfolio
We show here in detail that depletion of the main, if not unique, stromal HSP70 in 
Chlamydomonas results in a growth arrest, when protein levels are reduced to approximately 
20% wild type levels (Figure 2). In addition, in a previous study where HSP70B levels were 
challenged with a constitutively expressed antisense construct, slightly reduced growth rates 
were observed (Schroda et al. 1999). In these strains, reduction of growth rate was less severe 
as protein levels were not reduced to the same extent than in the inducible amiRNA lines (80% 
wild-type levels in constitutive compared to 20% in inducible mutant lines). Knock-down strains 
with further reduced protein levels could not be obtained with the constitutive construct. 
Accordingly, knock-out of a stromal HSP70 (Hsp70-2) was lethal to the moss Physcomitrella 
patens (Shi and Theg 2010) and simultaneous knock-down of the two stromal Hsp70s from 
Arabidopsis (cpHsc70-1 and cpHsc70-2, 91% identity) has not produced viable progeny (Su and 
Li 2008), indicating that essential functions inherent to stromal HSP70s are conserved within 
the green lineage. 

Several observations led us to the conclusion that, for a certain time frame, cells 
are only reversibly arrested in growth and not irreversible damaged: (1) when ammonium is 
added to the medium to repress the expression of the amiRNA in already HSP70B-depleted 
cells, growth rates recover to comparable levels between inducible HSP70B knock-down and 
control strains (Figure 2) (2) metabolism is still active and generates energy for sugar synthesis 
and storage when cells are already arrested in growth, as judged from the accumulation of 
large amounts of starch, and also proteins, in HSP70B knock-down strains at later time points 
(Figure 4 and S2) (3) two stress responses are induced at late time-points (Figure 6) when cells 
already stopped to divide, the heat stress response and autophagy, both programs  (Muhlhaus 
et al. 2011) (4) microscopy images demonstrate that cells are indeed viable but cell diameters 
are increased, indicating that cells stopped to divide but fail to divide and are arrested in late 
stages of the cell cycle (Figure 2).

Given the wealth of processes in the chloroplast of Chlamydomonas HSP70B as the 
only HSP70 might contribute to, only speculations can be made on the impact of individual 
functions to the growth arrest phenotype (Schroda and Vallon 2008). It’s rather unlikely, that 
the two functions previously described for HSP70B, VIPP1 oligomer assembly/disassembly and 
photoprotection of PSII (Liu et al. 2007, Schroda et al. 1999) contribute to the growth arrest. 
VIPP1 knock-down did not result in growth defects at ambient conditions (Nordhues et al. 
2012) and we could not observe significant changes in protein levels from the photosynthetic 
electron transport chain within the first 36 hours of HSP70B depletion (Figure S5). Additionally, 
Chlamydomonas is able to generate energy from various sources, making energy generation 
via photosynthesis a dispensable process (Harris 1989). From the data gathered in this work, 
we therefore rather propose two other processes contributing more to the growth-arrest:: 
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nutrient-limitation and stress responses. Especially starch accumulation and ATG8-mediated 
autophagy is frequently observed in nutrient-limited Chlamydomonas cells (Figure 5, 6 and 
S6) (Ball et al. 1990, Bassham 2007). Indeed, the addition of arginine, in concentrations similar 
to those provided to auxotrophic strains, partially covered the growth arrest phenotype in 
HSP70B knock-down strains (Figure 7 and S7). HSP70B proteins levels were still reduced in 
arginine-supplied Chlamydomonas cells, to similar levels than in unsupplied HSP70B knock-
down strains. This clearly indicates that NIT1 is still induced and nitrogen covers the nitrogen 
demand. Furthermore, upon nitrogen depletion, Chlamydomonas expresses an extracellular 
amino acid oxidase (amino acid deaminase) that produces ammonium from a few distinct 
amino acids in the medium (Muñoz-Blanco et al. 1990, Vallon et al. 1993). However, the 
addition of several of those amino acids to HSP70B depleted cells (lysine, valine, leucine, 
isoleucine, methionine) was not sufficient to revert the growth arrest phenotype (Figure S7). In 
this case, nitrogen would be imported as ammonium and therefore would not require nitrate 
reductase or nitrite reductase, while only the latter is chloroplast localized and therefore 
could be a potential client of HSP70B (Fernandez and Galvan 2008). We therefore conclude 
that indeed anabolic pathways are affected and not nitrogen uptake itself is non-functional. 
Doubling time of arginine-supplied HSP70B underexpressing strains was still strongly reduced 
(24 hours) compared to control strains (8 hours). Other phenotypes than growth-arrest were 
also not reverted in HSP70B knock-down strains, for example VIPP1/2 accumulation, induction 
of stress genes and the cell size increase (Figure 7), indicating that further limitations repress 
further increased growth rates. However, Chlamydomonas lacks whole families of amino 
acid transporters present in higher plants, and consequently is only able to import arginine 
efficiently against gradient into the cell (Kirk and Kirk 1978, Tegeder and Ward 2012). The still 
decreased growth rate of arginine supplied HSP70B knock-down compared to wild-type strains 
could therefore be a result of the inability to take up further growth-limiting metabolites.

Stress responses are often accompanied by growth-arrests, also in Chlamydomonas, 
and might therefore also contribute to the observed growth-arrest (Muhlhaus et al. 2011, 
Perez-Perez et al. 2010). HSFs were thereby closely linked to the TOR (Target Of Rapamycin) 
kinase in yeast (Bandhakavi et al. 2008), a central regulator of cell growth upon exposure to 
different stresses , especially nutrient limitation (Loewith and Hall 2011). Additionally, a recent 
study showed that HSF1 is directly phosphorylated by the TOR kinase (Chou et al. 2012). 
Autophagy is also activated, in nutrient-limited, growth arrested cells, via the TOR signaling 
pathway (Chang et al. 2009, Perez-Perez et al. 2010).

Stromal HSP70s were found to contribute to chloroplast import in higher plants (Shi 
and Theg 2010, Su and Li 2010). Import of nuclear encoded proteins into the chloroplast is 
an essential process, as judged from phenotypes of knock-out plants depleted from central 
proteins of the translocons machinery (Bauer et al. 2000, Hust and Gutensohn 2006, 
Kovacheva et al. 2005). Accumulation of preproteins that still include the N-terminal extension 
was found in mutants defective in transport, as the precursor is cleaved in the stroma upon 
successful transport (Jarvis et al. 1998, Richter and Lamppa 1998). However, within our protein 
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investigations we analyzed many nuclear encoded chloroplast proteins, i.e. VIPP1/2, CGE1, 
CDJ1/2/4, HSP90C and we did not observe accumulation of pre-proteins. We therefore conclude 
that potential functions of HSP70B in import are either minor or can be compensated by other 
chaperones, i.e. HSP90C which is overexpressed in HSP70B knock-down strains (Figure 3), and 
therefore contribute only weakly to the growth arrest phenotype.

The chloroplast UPR is relayed in the HSF1-dependent stress response
Upon depletion of HSP70B, the HSF1-dependent HSR was induced during the accompanying 
growth-arrest period (Figure 6 and S6). Proteotoxic conditions in the chloroplast therefore 
appear to be integrated in cytosolic acclimation pathways, contrary to other compartments, 
where such conditions induce independent responses (Parmar and Schroder 2012, Pellegrino 
et al. 2012). Constitutive underexpression of HSP70B was already found before to desensitize 
the HSF1-dependent stress response already at ambient conditions resulting in reduced 
expression of heat shock proteins upon exposure to proteotoxic conditions (S.Schmollinger 
and M. Schroda, manuscript currently submitted for publication). The constitutive construct 
used for latter experiments and the inducible knock-down construct used here have different 
target regions within the HSP70B transcript, indicating the specificity of the response on 
HSP70B depletion. The inducible vector targets a region encoding for the N-terminal ATPase 
domain while the constitutive vector contains the 5’UTR and transit peptide region. In a recent 
microarray approach, many plastidic chaperones were identified whose transcript levels 
were dependent on the abundance of the central regulator of the HSR in Chlamdomonas, 
HSF1, similarly to HSP90C, where this was shown already in 2007 (Schulz-Raffelt et al. 2007). 
Additionally, the binding of HSF1 to promoter regions of potential plastidic chaperones HSP22F 
and CLPB3 was directly shown using chromatin immunoprecipitations (ChIP) (Strenkert et al. 
2011) and (S.Schmollinger and M. Schroda, manuscript currently submitted for publication). 
Taken together, chloroplast stress appears to be integrated in cytosolic stress responses.

HSP70B-controlled VIPP1 assembly/disassembly is crucial for VIPP1 function in thylakoid 
biosynthesis
The so far only known client of the HSP70B chaperone system in the chloroplast of 
Chlamydomonas is the VIPP1 protein (Liu et al. 2005), where HSP70B was shown to play a role 
in mediating the distribution between oligomeric and monomeric states (Liu et al. 2007). This 
protein is strongly accumulating in inducibly HSP70B depleted cells (Figure 3), starting already 
early upon the beginning depletion of HSP70B. This clearly indicates that VIPP1 function is 
affected in HSP70B depleted cells, resulting in a feedback in order to increase functional VIPP1 
levels. This is supported by the increased expression of the VIPP2 protein, a second homolog 
of the VIPP1 protein only present in green alga (Figure 3). VIPP2 is not expressed at ambient 
conditions and was shown to be expressed to high levels only in VIPP1 knock-down strains 
(Nordhues et al. 2012). Additional phenotypes of VIPP1 knock-down strains are also found 
in inducibly HSP70B-depleted cells, for example high light sensitivity (Figure 4) and, more 
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specifically, aberrant structures at the origin of thylakoid membranes (Figure 5). Probably the 
reaseon for this phenotypes is the distribution between VIPP1 oligomers and monomers that is 
distorted in inducible HSP70B knock-down strains (Figure 4 and S2). Dependent on the HSP70B 
protein level, lower molecular weight isoforms of VIPP1 are depleted, while higher molecular 
weight isoforms are strongly increased. Either the low molecular weight isoforms themselves 
or the cycling between high and low molecular weight isoforms is therefore necessary for 
VIPP1 function.

Interestingly,  even though total VIPP levels are increased, the feedback activation 
of VIPP1 did not revert the VIPP1 phenotypes. Remaining HSP70B is therefore not capable to 
maintain VIPP1 function. On reason for this observation might be the altered composition of 
the J-domain pool. While VIPP1 levels increase, CDJ2 levels are unaltered. Other CDJ proteins 
are strongly increased (CDJ1/CDJ4), therefore the chances for VIPP1/CDJ2 to attract a remaining 
HSP70B chaperone are even less pronounced.
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Experimental procedures

Vector construction
The amiRNA targeting Chlamydomonas HSP70B was designed using the Web MicroRNA 
Designer (WMD3) webtool at http://wmd3.weigelworld.org (Ossowski et al. 2008) following 
the instructions for Chlamydomonas given by Molnar et al. 2009. The resulting oligonucleotides 
that met the criteria (5’-ctagtGCCGAGAACACTTTCTACTCAtctcgctgatcggcaccatgggggtggtggtgat 
cagcgctaTGAGAAGAAAGTGTTCTg-3’ and 5’-ctagcGCCGAGAACACTTTCTTCTCAtagcgctgatcacc 
accacccccatggtgccgatcagcgagaTGAGTAGAAAGTGTTCTCGGCa-3’, uppercase letters indicate 
sequences targeting HSP70B mRNA) were annealed by a procedure of boiling to 100°C and 
slow reduction of the temperature to 60°C (0.3°C/min) in a thermocycler (Biometra). After 
purification, the annealed oligos were ligated into SpeI-digested pMS539 (Schmollinger et al. 
2010), yielding pMS542.

Strains and culture conditions
Chlamydomonas reinhardtii strain cw15-325 (cwd mt+ arg7), kindly provided by R. Matagne 
(University of Liège, Belgium), was used as recipient strain for transformation with control 
constructs pCB412 (Schroda et al. 1999) and pMS539 (Schmollinger et al. 2010) or HSP70B 
amiRNA construct pMS542. All plasmids contain the wild-type ARG7, were linearized by 
digestion with HindIII and were transformed (1 µg) into cw15-325 by agitation with glass beads 
(Kindle 1990). If not stated otherwise strains were grown mixotrophically in TAP medium (Harris 
1989) that contains 7.5 mM NH4, referred to as TAP-NH4, on a rotatory shaker at 25°C at ~30 
µE m-2 s-1. To exchange the nitrogen source cells inoculated on TAP-NH4 medium to a maximal 
cell density of 5 x 106 cells/mL were centrifuged at 3100g for 2 min at 25°C. The resulting cell 
pellet was washed twice in 50 mL TAP medium without any nitrogen (-N) to remove remaining 
NH4, involving two centrifugation steps at 3100g for 2 min at 25°C in between. Finally, the cell 
pellet was resuspended in TAP-NO3 medium, containing 7.5 mM NO3. If necessary, cells were 
diluted during the experiment in fresh nitrate containing medium to ensure that cell densities 
never exceeded 5 x 106 cells/mL and cells remain in mid-log phase. 

Cell number and cell size distribution
Cell number and cell size distribution were determined using a Coulter-Counter Z2 (Beckman-
Coulter). Each measurement was carried out in two technical replicates and the average of 
both was used for further comparisons. The size distribution was monitored by counting cells 
in 256 windows between 4.4 µm and 12.2 µm. For comparison between different strains in 
different cell densities, the data was normalized to the highest number of cells in a single 
window, which was set to 1 (% max).

RNA extraction and analysis
RNA extraction was realized with a modified protocol using the TRIzol reagent (Invitrogen) 
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described previously (Strenkert et al. 2011). Following DNAse treatment, reverse transcription 
and qPCR analysis was performed accordingly. RNA concentration was determined using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Primers for qRT-PCRs were 
selected based on a single melt curve, a single band on a 1.5% agarose gel at the calculated 
amplicon size and maximal efficiency. Primer sequences and amplicon position are illustrated 
in Supplemental Figure 7 online. qRT-PCR was performed using the StepOnePlus RT-PCR 
system (Applied Biosystems) with the Maxima SYBR Green kit from Fermentas. Each reaction 
contained the vendor’s master mix, 100 nM of each primer and 10 ng cDNA. A 10 min 95°C 
denaturation step was followed by 40 cycles of 95°C for 15 s and 65°C for 60 s. Template 
depleted controls were always included.

Protein extraction and analysis

Protein extraction and SDS-PAGE using 10% poly acrylamide gels for time course analysis 
and screenings for HSP70B underexpressing strains was performed as described previously 
(Laemmli 1970, Liu et al. 2005). Quantification of cellular protein concentrations was carried 
out as described. Proteins in gels were transferred to nitrocellulose membranes (Hybond-
ECL, Amersham Biosciences) by semidry blotting by using a discontinuous transfer system. 
Immunodetection was realized using enhanced chemiluminescence (ECL) detected with 
Hyperfilm-ECL (Amersham, UK). Antisera described previously targeting HSP70B (Schroda et 
al. 1999), CGE1 (Schroda et al. 2001), CDJ1 (Willmund et al. 2008a), CDJ2 (Liu et al. 2005), CDJ4 
(Dorn et al. 2010), VIPP1 (Liu et al. 2005), VIPP2 (S. Schmollinger and M. Schroda unpublished 
results), HSP90C (Willmund and Schroda 2005), CF1α , CF1β (Lemaire and Wollman 1989), 
CYTF (Pierre and Popot 1993), CLPB (Bukau), LHCSR3 (Naumann et al. 2007), HSP90A (Schulz-
Raffelt et al. 2007), ATG8 (Perez-Perez et al. 2010), DEGP (S. Nick and M. Schroda unpublished 
results),  D1(PSBA) (Agrisera, AS05 084) , CP43 , OEC33 (PSBO) (Agrisera, AS06 142-33), LHCII 
(Vallon et al. 1986), PETO (Hamel et al. 2000), PSAD (Agrisera, AS09 461), PSAG (Agrisera 
AS06 144), PSAL (M. Hippler), SECA (M. Possienke and M. Schroda, unpublished results). 

Sucrose density centrifugation
Sucrose density centrifugation to separated high molecular weight oligomers of VIPP1 from 
soluble isoforms was performed as described previously (Liu et al. 2007). Chlamydomonas 
was grown in 500 mL TAP-NH4 medium to a density of about 3 x 106 cells/ml, harvested by 
centrifugation, washed twice in TAP-N medium and finally resuspended in TAP-NO3 to a density 
of 2 x 106 cells/ml. 2 x 108 cells were harvested at the indicated timepoints and resuspendend in 
1 ml KH buffer containing 2% Triton X-100 and 0.25 x protease inhibitor cocktail (Roche). Cells 
were lysed by sonication on ice and centrifuged for 2 min at 16 100 g, 4°C in a table centrifuge 
to remove non-solubilized matter. The supernatant was transferred on top of a continuous 10 
mL 10-30% sucrose gradient and centrifuged for 2 hours at 79000g, 4°C. 
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High light treatment
For the exposure to high light (1000 µE m-2 s-1) a similar installation was used as already reported 
previously (Nordhues et al. 2012). 50 mL of cell cultures inoculated for 24-ours on TAP-NO3 
were transferred to 150-mL beakers and placed onto a water-cooled metal plate on a rotary 
shaker that was illuminated by Osram HLX 250W 64663 Xenophot bulbs. The temperature 
in the culture was kept constantly at 25°C. A glass plate nonpermissive to infrared and UV 
irradiation was placed in between light sources and beakers. 

Transmission Electron Microscopy
Embedding for electron microscopy was performed according to a protocol published 
previously (Nordhues et al. 2012). 1 x 107 cells were harvested at the indicated timepoints after 
the exchange of the nitrogen source and fixed for 2 hours in 2.5% glutaraldehyde buffered with 
100 mM Na-cacodylate (pH 7.2). After washing, cells were fixed for 1 hour in 1% OsO4 at 4°C. 
After incubating the cells for 15 min in 20% BSA (w/v), the cell pellet was fixed for another 30 
min with 2.5% glutaraldehyde. The cell pellet was fixed in 1.5% agarose and then cut into several 
pieces (~1 to 2 mm3 in size), dehydrated in ethanol and embedded in glycid ether 100 (Serva) 
with propylene oxide as intermediate solvent. Ultrathin sections (60 to 70 nm) were cut with 
a diamond knife (type ultra 358, Diatome) on an EM UC6 ultramicrotome (Leica) and mounted 
on single-slot Pioloformcoated copper grids (Plano). The sections were stained with uranyl 
acetate and lead citrate (Reynolds, 1963) and viewed with a JEM-2100 (Jeol) or EM 902A (Carl 
Zeiss) transmission electron microscope (both operated at 80 kV). Micrographs were taken 
using a 408034080-pixel or 1350 3 1040-pixel charge-coupled device camera (UltraScan 4000 
or Erlangshen ES500W, respectively; Gatan) and Gatan Digital Micrograph software (version 
1.70.16). Image brightness and contrast were adjusted and figures assembled using Adobe 
Photoshop 8.0.1.
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Figure 1: Vector expressing inducible amiRNA targeting HSP70B
Schematic overview of vector pMS542 harboring the amiRNA precursor targeting HSP70B, the NIT1 
promoter (PNIT) and 5’UTR (5’NIT) regulatory regions, two inverted 3’UTRs (from RPL12 and the closeby 
gene Cre12.g528800.t1.1) as well as the ARG7 gene used as selection marker conferring arginine 
prototrophy in respective mutant strains. The secondary structure of the introduced modified miRNA 
precursor targeting HSP70B was predicted using RNAfold on the Vienna webserver (Gruber et al. 2008). 
Sequence of the miRNA, the target region in the HSP70B mRNA and deduced protein sequence is 
denoted below.
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Figure 2
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Figure 2: Underexpression of HSP70B results in a growth arrest and an increase in cell 
diameter
A: HSP70B protein levels: Total protein of a control and two independent HSP70B underexpressing strains 
(#7, #31) was extracted at different time points after induction of the amiRNA (h on NO3). Protein was 
loaded corresponding to 0.5µg chlorophyll and subsequently separated on a 10% SDS-polyacrylamide 
gel. Amounts of HSP70B relative to loading control CF1β were analyzed by immunoblotting.
B: Growth analysis: Control and HSP70B amiRNA strains were grown for 5 days (d) either in amonium-
containing (TAP-NH4, repressive), nitrate-containing (TAP-NO3, inducing) media or re-subjected after 1 
day of induction in TAP-NO3 back to repressive conditions (TAP-NH4).
C: Growth rate of inducible HSP70B amiRNA mutants upon switch to nitrate: The cell density (Cell 
number/ml x 106, log scale) of three control strains (black circle), harboring pMS539 (empty vector), 
and three independent, inducible HSP70B amiRNA strains (grey square), harboring pMS542 (#7, #16, 
#31) was measured at the indicated time points after induction of the inducible amiRNA (time point 
0). Cells were constantly diluted to 1x106 cells/ml in fresh TAP-NO3 when the cell density of 5x106 cells/
ml was reached, to keep the cells steadily in mid log-phase. Errors bars indicate standard errors within 
the respective group. 
D: Cell size distribution of inducible HSP70B knockdown strains: The number of cells (% of max) with a 
given cell diameter (µm) is plotted against the cell diameter at the indicated time points after induction 
of the amiRNA in one control (black circle (0 h), square (24 h) and triangle (48)) and three independent, 
inducible HSP70B amiRNA strains (grey square (#2), triangle (#7), cross (#15)). Cell density and size 
distribution were measured using a Coulter-Counter Z2 (Beckman-Coulter).
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Figure 3: Co-chaperone and target protein abundance is altered upon HSP70B depletion
A: Time course analysis of co-chaperone and target protein levels in HSP70B knockdown strains: Total 
protein was extracted from control (empty vector) and inducible HSP70B knockdown strain #7 before 
and after switching the nitrogen source to induce the amiRNA. Protein was loaded corresponding to 
2µg chlorophyll for CDJ1/2/4, VIPP2, CGE1 and HSP90C and 0.5µg chlorophyll for HSP70B, VIPP1 and 
CF1α and separated on 10% SDS-polyacrylamide gels. Amounts of HSP70B, CGE1, CDJ1/2/4, VIPP1/2 
and HSP90C relative to loading control CF1α were analyzed by immunoblotting.
B: mRNA levels of co-chaperones and target proteins upon HSP70B depletion: RNA from three 
control (black circles) and at least three independent, inducible HSP70B underexpressing strains (grey 
triangle, #7, #31, #2, #15) was extracted for qRT-PCR analysis. After cDNA synthesis qPCR analysis was 
performed in three technical replicates and analyzed using the comparative CT method with CBLP2 
as housekeeping gene. The log2 fold change of transcripts (log2) of HSP70B, CGE1, CDJ2, VIPP1/2 and 
HSP90C to the 24-hours enduring exchange of TAP-NH4 with TAP-NO3 was analyzed.
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Figure 4

B

240 4 16

Control

HSP70B
amiRNA #2

HSP70B
amiRNA #15

h at 1000µE

A

240 12
Control

S S S

αHSP70B

αVIPP1

αCytf

αVIPP2

αCF1β

HSP70B amiRNA #7

αHSP70B

αVIPP1

αCytf

αVIPP2

αCF1β

h on NO3

Figure 4: VIPP1 function is affected in inducible HSP70B knockdown strains  
A: Analysis of high molecular weight oligomers of VIPP1/2: A control (empty vector) and inducible 
HSP70B knockdown strain #7 were solubilized with 2% Triton X-100 before and after switching the 
nitrogen source to induce the amiRNA. Lysates were loaded onto 10-30% sucrose gradients and 
centrifuged for 2h at 79000g. Fractions were separated on a 10% SDS-polyacrylamide gel and the 
amounts of HSP70B, VIPP1/2, CYTF and CF1β were analyzed with immunoblotting.
B: Adaptation to high light: After a 24-hour induction of the amiRNA targeting HSP70B on TAP-NO3 one 
control and two inducible HSP70B underexpressing strains were transferred to high light conditions 
(1000 μE m−2 s−1) for additional 24 hours. Bleaching was analyzed at different time points after switch 
to higher light intensities (time point 0).
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Figure 5
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Figure 5: Accumulation of starch and disordered thylakoid centers
A: Electron microscopy: Representative electron microscopy images of cells from control and two 
independent inducible HSP70B knockdown strains (#7, #15) at different points after switching the 
nitrogen source to induce HSP70B underexpression. The black rectangle marks the region magnified 
below, triangles indicate divergent structures at the origin of thylakoid membranes.
B: Structures at origins of thylakoid membranes: Serial section of an exemplary aberrant structure 
in HSP70B underexpressing strain #7 48 hours after switching to nitrate to induce expression of the 
amiRNA.
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Figure 6
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Figure 6: Salvage pathways 
A: Time course analysis of heat stress related protein levels in an additional HSP70B knockdown 
strain: Total protein was extracted from control (empty vector) and inducible HSP70B knockdown 
strain #6 before and after switching the nitrogen source to induce the amiRNA. Protein was loaded 
corresponding to 2µg chlorophyll and separated on 10% SDS-polyacrylamide gels. Amounts of 
HSP70A/B, HSF1, HSP90A and CLPB relative to loading control CF1β were analyzed by immunoblotting.
B: Transcripts of stress-related genes: RNA was extracted and analyzed from control (black circles) 
and HSP70B amiRNA strains (grey triangles) as already described in Figure 2B. The log2 fold change 
of transcripts (log2) of CLPB3, HSF1 and HSP22F to the 24-hours enduring exchange of amonium with 
nitrate was analyzed.
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Figure 7: Supplying with arginine partially rescues growth arrest
A: Growth analysis: Control and inducible HSP70B amiRNA strains (#2 and #15) were grown for 5 days 
in TAP-NO3 media alone (-) or supplied with 7.5 mM arginine (Arg), ornithine (Orn) or L-glutamate 
5-semialdehyde (G5SA).
B: Growth rate in inducible HSP70B amiRNA mutants supplied with arginine: Cell number of three 
control strains and three inducible HSP70B knockdown strains (#2, #7, #15) with or without addition 
of 7.5mM arginine (+/- Arg). Cell density was measured as described in Figure 1B at the indicated time 
points after induction of the inducible amiRNA targeting HSP70B. Errors bars indicate standard errors 
between control and mutant strains (+/- arginine), respectively.
C: HSP70B protein levels in arginine supplied cells: Total protein was extracted from a control and two 
inducible HSP70B knockdown strains (#2, #15). The cells were supplied with either no amino acids (-), 
7.5mM of arginine (Arg) or 7.5mM each of 7 other amino acids (AA: Ile, Leu, Lys, Met, Pro, Thr, Val) and 
analyzed as already described in Figure 2A. Amounts of HSP70B and VIPP2 relative to loading control 
CF1β were analyzed by immunoblotting.
D: Transcripts of HSP70B dependently regulated genes: RNA was extracted and analyzed as already 
described in Figure 2B. The log2 fold change of transcripts (log2) of VIPP1, VIPP2, HSP22F and ARG7 
to the 24-hours enduring exchange of amonium with nitrate in presence or absence of arginine was 
analyzed.
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Supplemental Figure 1
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Figure S1: Phenotypes of all HSP70B underexpressing strains used in this study
A: Growth analysis, protein levels and cell size distribution of all seven HSP70B underexpressing 
strains used within this study: Control and HSP70B amiRNA strains were grown either in amonium-
containing (NH4) or nitrate-containing media (NO3). Cells were inoculated at 2x104 cells/ml and grown 
for 3 days in the respective media. Total protein was extracted from control and HSP70B amiRNA 
strains grown either on TAP-NH4 or TAP-NO3. Protein was loaded corresponding to 0.5µg chlorophyll 
and subsequently separated on a 10% SDS-polyacrylamide gel. Amounts of HSP70B relative to loading 
control CF1β were analyzed by immunoblotting. Cell size distribution was analyzed for the different 
strains either on TAP-NH4 or TAP-NO3 using a Coulter-Counter Z2 (Beckman-Coulter). The distribution 
is illustrated with boxplots. From bottom to top plotted lines correspond to the 10th, 25th (Q1), 50th 

(median), 75th (Q3), and 90th percentiles. 
B: Cell size distribution 16 h after the switch to inducing conditions: The number of cells (% of max) 
with a given cell diameter (µm) is plotted against the cell diameter 16 hours after the exchange of 
the nitrogen source in one control and three independent, inducible HSP70B amiRNA strains (grey 
square (#2), triangle (#7), cross (#15)). Cell size distribution was measured using a Coulter-Counter Z2 
(Beckman-Coulter).
C: Cell size distribution in control strains upon shift to nitrate: Cell size distribution upon switch to TAP-
NO3 is compared in one control strain at different time points after the exchange of the nitrogen source 
(black circle (0 h), diamonds (16 h), square (24 h), triangle (48)).
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Supplemental Figure 2
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Figure S2: Influence of HSP70B depletion on target proteins
A: Total protein of co-chaperones and targets in an additional independent mutant strain: Total 
protein was extracted from one control and one inducible HSP70B knockdown strain #6 before and 
after switching the nitrogen source to induce the amiRNA. Protein was loaded corresponding to 2µg 
chlorophyll for CDJ2, VIPP2, CGE1, HSP90C and 0.5µg chlorophyll for HSP70B, VIPP1 and CF1α and 
separated on 10% SDS-polyacrylamide gels. Amounts of HSP70B, CGE1, CDJ2, VIPP1/2 and HSP90C 
relative to loading control CF1β were analyzed by immunoblotting.
B: Analysis of VIPP1 high molecular weight complexes in an additional mutant strain: A control (empty 
vector) and inducible HSP70B knockdown strain #6 were solubilized with 2% Triton X-100 before and 
after switching the nitrogen source to induce the amiRNA. Lysates were loaded onto 10-30% sucrose 
gradients and centrifuged for 2h at 79000g. Fractions were separated on a 10% SDS-polyacrylamide gel 
and the amounts of VIPP1 were analyzed with immunoblotting.
C: Analysis of distribution between soluble and insoluble VIPP1: Total protein was extracted from 
control (empty vector) and inducible HSP70B knockdown strain #7 before and after switching the 
nitrogen source to induce the amiRNA. A 35-min centrifugation at 16.100 g separated proteins into a 
soluble (S) and pellet (P) fraction. Pelleted proteins were resuspended in equal amount of lysis buffer 
to soluble proteins to allow for quantitative comparison. Proteins were separated on a 10% SDS-
polyacrylamide gel and the amounts of HSP70B and VIPP1 were analyzed with immunoblotting. The 
integral membrane protein CYTF was used as a control to ensure purity of the soluble fraction.
D: Amount of triton-insoluble protein complexes: Total protein was extracted from a control and an 
inducible HSP70B knockdown strain (#7) at different time points after exchanging the nitrogen source 
in the presence of 2% triton. A 1-hour centrifugation at 435.000 g separated proteins into a soluble 
and pellet fraction. The solubilized pellet was separated on a 10% SDS-polyacrylamide gels and the 
amounts of VIPP1/2 were analyzed by immunoblotting.
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Figure S3: Disordered thylakoid centers
A: Structures at origins of thylakoid membranes: Additional serial sections of aberrant structures at 
the origin of thylakoid membranes in HSP70B underexpressing strain #7 48 hours after switching to 
nitrate to induce expression of the amiRNA.
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Figure S4: Light microscopy images of HSP70B underexpressing strains
A: Whole cell images: Nomarski images of a control and HSP70B amiRNA strain #7 25 hours after the 
switch to TAP-NO3 at 100x magnification.
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Figure S5: Influence of HSP70B depletion on photosynthesis
A: Effect of HSP70B depletion on proteins involved in photosynthesis: Total protein was extracted 
from one control and one inducible HSP70B knockdown strain #7 before and after switching the 
nitrogen source to induce the amiRNA. Protein was loaded corresponding to 2µg chlorophyll for CP43, 
OEC33, PSAG, PSAL and SECA and 0.5µg chlorophyll for PSBA, LHCII, CYTF, PETO, PSAD, CF1α and CF1β. 
Proteins were separated on 10% SDS-polyacrylamide gels and amounts of PSBA, CP43, OEC33, LHCII 
(components of photosystem II (PSII)), CYTF, PETO (part of b6f complex), PSAD, PSAG, PSAL (components 
of photosystem I (PSI)), CF1α, CF1β (components of the ATPase) and SECA (involved in integration) 
were analyzed by immunoblotting.
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Supplemental Figure 6
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Figure S6: Stress-related pathways
A: Accumulation of starch: Pellet after cell lysis of 1x109 Chlamydomonas cells from one control and 
two inducible HSP70B knockdown strains (#7, #31) 48 hours after induction of the amiRNA. Black lines 
indicate the height of the starch pellet. Below, additional representative electron microscopy images of 
cells from control and inducible HSP70B knockdown strains (#7, #15) are shown.
B: Time course analysis of stress related proteins: Total protein was extracted and analyzed as 
described in Figure 2A on 10% SDS-polyacrylamide gels except for ATG8 which was analyzed on a 
15% SDS-polyacrylamide gel. Amounts of CLPB, LHCSR3, HSP90A, ATG8 and DEG1C relative to loading 
control CF1α were analyzed by immunoblotting. 
C: ATG8 protein levels: Total protein was extracted from one control (empty vector) and inducible 
HSP70B knockdown strain #7/#31 before and after switching the nitrogen source to induce the amiRNA. 
Protein was loaded corresponding to 2µg chlorophyll and separated on 10% SDS-polyacrylamide gels. 
Amounts of ATG8 relative to loading control CF1β were analyzed by immunoblotting.
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Figure S7: Amino acids
A: Growth analysis: Control and inducible HSP70B amiRNA strains #15) were grown for 5 days on 
nitrate-containing media with 7.5 mM arginine (Arg), isoleucine (Ile), leucine (Leu), lysine (Lys), 
methionine (Met), proline (Pro), threonine (Thr), valine (Val), no additional amino acid (-) or all amino 
acids together (All). 
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5.	 Summary / Zusammenfassung 

Wechselnde Umweltbedingungen wie Temperaturveränderungen oder der Zugang 
zu Nährstoffen erfordern spezielle genetische Anpassungsprogramme, vor allem von 
sessilen Organismen wie Pflanzen. Ein solcher hochkonservierter Mechanismus, der unter 
anderem vor Temperaturspitzen schützt, ist die von Hitzeschockfaktoren (HSF) kontrollierte 
Hitzeschockantwort (HSR). Dabei werden vermehrt spezifische Hitzestressproteine (HSPs, 
Chaperone) gebildet, die die zelluläre Proteinhomeostase aufrecht erhalten. In Pflanzen hat 
sich ein hochkomplexes regulatorisches Netzwerk evolviert, das aus über 20 HSFs besteht und 
eine genaue Feinabstimmung der HSR auf die jeweiligen Stressbedingungen erlaubt. 

Das hohe Maß an Komplexität der HSR in Pflanzen erschwert die wissenschaftliche 
Zugänglichkeit jedoch erheblich. Um die grundlegenden Prinzipien der HSR in Pflanzen zu 
verstehen griffen wir deshalb auf einen einfacheren Modellorganismus zurück, der einzelligen 
Grünalge Chlamydomonas reinhardtii, der Pflanzen sehr nahe steht aber nur einen kanonischen 
HSF (HSF1) enthält. Im Rahmen dieser Arbeit wurden dazu drei Ansätze verfolgt: 

Als erstes wurden verschiedene chemische Substanzen eingesetzt, die unterschiedliche 
Schritte während der Aktivierung und Abschaltung der HSR hemmen, um darüber die Regulation 
der HSR aufzuklären. Dabei wurde festgestellt, dass die Phosphorylierung von HSF1 eine 
entscheidende Rolle bei dessen Aktivierung spielt, das auslösende Momentum die Anhäufung 
von falsch gefalteten Proteinen ist und HSP90A aus dem Cytosol eine wichtige modulierende 
Rolle bei der HSR spielt.

Als zweites wurden mit Hilfe von Microarrays und HSF1-RNAi-Stämmen potentielle 
Zielgene ermittelt, um vor allem pflanzenspezifische Prozesse zu identifizieren, die während 
eines Hitzeschocks gezielt angepasst werden. Dabei konnte die Chlorophyll-Biosynthese und 
der Transport von Proteinen in den/im Chloroplasten als neue, pflanzenspezifische Ziele der 
Stressantwort identifiziert werden. Des Weiteren konnte gezeigt werden, dass HSF1 auch die 
Expression plastidäre Chaperone reguliert. 

Als letztes wurde gezielt die Expression wichtiger Gene für die Stressantwort (HSF1/
HSP70B) unterdrückt, um den Einfluss dieser Gene auf die HSR genauer zu studieren. Dazu 
habe ich ein System entwickelt, dass auf künstlichen microRNAs beruht und es erlaubt 
induzierbar Gene auszuschalten, abhängig von der Stickstoffquelle im Nährmedium. Dieses 
System erlaubte es zu zeigen, dass HSF1 selbst während der HSR die Expression seiner mRNA 
erhöht um die Stressantwort weiter zu verstärken. Mithilfe des induzierbaren microRNA 
Systems konnte ich weiter zeigen, dass das plastidäre HSP70B ein essentielles Protein für das 
Zellwachstum ist. Dabei konnte ich feststellen, dass die HSP70B-vermittelte Assemblierung 
und Disassemblierung von makromolekularen Komplexen des VIPP1 Proteins für dessen 
Funktion im Chloroplasten entscheidend ist. Des Weiteren konnte ich zeigen, dass HSP70B 
sehr wahrscheinlich für die Faltung eines oder mehrerer noch unbekannter Enzyme der Arginin 
Biosynthese oder der Stickstofffixierung verantwortlich ist, und das dies wahrscheinlich der 
Grund dafür ist, dass HSP70B ein essentielles Protein ist.



-202- Summary / Zusammenfassung 



-203-Erklärung 

6.	 Erklärung 

Hiermit erkläre ich, dass die vorliegende Arbeit ohne unzulässige Hilfe Dritter und ohne 
Benutzung anderer als der hier angegebenen Hilfsmittel von mir persönlich angefertigt wurde. 
Die aus anderen Quellen direkt oder indirekt übernommenen Daten und Konzepte sind unter 
Angabe der Quellen gekennzeichnet.

Insbesondere habe ich hierfür nicht die entgeltliche Hilfe von Vermittlungs- beziehungsweise 
Beratungsdiensten (Promotionsberater oder anderer Personen) in Anspruch genommen. 
Niemand hat von mir unmittelbar oder mittelbar geldwerte Leistungen für Arbeiten erhalten, 
die im Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im In- noch im Ausland in gleicher oder ähnlicher Form einer 
anderen Prüfungsbehörde vorgelegt.

Die Bestimmungen der Promotionsordnung des Fachbereichs Biologie der Universität 
Kaiserslautern sind mir bekannt, insbesondere weiß ich, dass ich vor Vollzug der Promotion 
zur Führung des Doktortitels nicht berechtigt bin.

Stefan Schmollinger
Kaiserslautern, den 17.10.2012			 



-204- Erklärung 



-205-Curriculum vitae

7.	 Curriculum vitae

Personal dates 

Name: 			   Stefan Schmollinger
Gender:			   Male
Nationality: 		  German

Education

School:	
1986 – 1990		  Elementary school
1990 – 1999		  Gymnasium, major in mathematics & physics 	 (Abitur, grade 1.3)

University:	
2000 – 2003		  University of Karlsruhe: Study of Biology 
				    (Vordiplom, grade 1.7)
2003 – 2007		  University of Freiburg: Study of Biology with major in biochemistry
				    (Diploma, grade 1.2)
2007 – 2008		  Department of Plant Biochemistry, Freiburg: Diploma thesis, entitled: 			
				    “Characterization of the VIPP2 protein from Chlamydomonas reinhardtii.” 	
				    (Diploma thesis, grade 1.0)
2008 – 2012		  Max Planck Institute for Molecular Plant Physiology, Potsdam:  				 
				    PhD thesis in the group of PD. Dr. M. Schroda

Attended scientific conferences and contributions

13th International Conference of the Cell and Molecular Biology of Chlamydomonas, Hyères-
les-Palmiers (France), 2008. Poster presentation with the title:
„Characterisation of Chlamydomonas reinhardtii VIPP2 protein”

German Symposium on Systems Biology, Heidelberg (Germany), 2009. Poster presentation:
“Evidence for a role of heat shock factors in HSP70A promoter mediated activation of transgene 
expression”

14th International Conference of the Cell and Molecular Biology of Chlamydomonas, Boston 
(USA), 2010. Oral presentation with the title:	
“An inducible artificial microRNA system for Chlamydomonas reinhardtii as a tool to investigate 
essential gene function”



-206- Curriculum vitae

14th International Conference of the Cell and Molecular Biology of Chlamydomonas, Boston 
(USA), 2010. Oral presentation with the title:
"Modeling of the HSF1-dependent heat shock response in Chlamydomonas reinhardtii “

Havel-Spree-Colloquium, Potsdam (Germany), 2012. Oral presentation with the title:
“An inducible artificial microRNA system for Chlamydomonas reinhardtii as a tool to investigate 
(essential) protein function”

Research Initiative Membrane Biology (RIMB) Meeting, Kaiserslautern (Germany), 2012. Oral 
presentation with the title:
“Shedding new light onto the functions of the HSP70B chaperone in the chloroplast of 
Chlamydomonas reinhardtii”

15th International Conference of the Cell and Molecular Biology of Chlamydomonas, Potsdam 
(Germany), 2012. Poster presentation with the title:	
"HSF1-dependent stress response - Specific acclimation strategies in Chlamydomonas. 
Regulation of chloroplast import, tetrapyrrole biosynthesis and a unique positive feedback 
loop”



-207-Curriculum vitae


	Title page
	Table of contents
	Preamble
	Introduction
	Chlamydomonas as a model organism
	The heat shock response
	Chaperones of the HSP70 family
	Reverse genetics in Chlamydomonas reinhardtii
	Aims of this work 

	Summarizing discussion
	General features of the HSR in Chlamydomonas
	Development of an inducible amiRNA system for Chlamydomonas
	Identification of potential HSF1 target genes
	Functional analysis of the essential chloroplast chaperone HSP70B

	Articles and manuscripts
	Article 1: An inducible artificial microRNA system for Chlamydomonas reinhardtii confirms a key role
	Article 2: Transcription factor-dependent chromatin remodeling at heat shock and copper-responsive p
	Article 3: A protocol for the identification of protein-protein interactions based on 15N metabolic 
	Manuscript 1: Dissection of the heat stress response in Chlamydomonas reveals a role for chloroplast
	Summary (1)
	Introduction (1)
	Results (1)
	Discussion (1)
	Experimental procedures (1)
	References (1)
	Figures (1)

	Manuscript 2: The HSF1-dependent heat shock response in Chlamydomonas reinhardtii. 
	Summary (2)
	Introduction (2)
	Results and Discussion (2)
	Experimental procedures (2)
	References (2)
	Figures and Tables (2)

	Manuscript 3: Stromal HSP70B is an essential protein for cell growth with functions in thylakoid ass
	Summary (3)
	Introduction (3)
	Results (3)
	Discussion (3)
	References (3)
	Figures (3)


	References
	Summary / Zusammenfassung
	Erklärung 
	Curriculum vitae

