FIGURE 5-2. Fes1 binds predominantly to Ssa in vivo
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In vitro interactions of FLAG-Fes1 with Ssa and Ssb

In the experiment described above, Fesl was FLAG-epitope tagged while the Fesl
proteins used previously contained two different epitope tags, GST and Hiss. To test the
possibility that the selective binding of Fesl for Ssa was not due to the different tag, I
constructed an E. coli expression vector to produce FLAG-Fesl in E. coli. 1 successfully
purified FLAG-Fesl from E. coli to apparent homogeneity (I mg/ml)(data not shown).
Keeping the concentration of E. coli puritied FLAG-Fes1 (3 pg/ul) constant in each sample,
a different concentration of cell lysate extracted from S. cerevisiae was added to each Fesl
sample and incubated for 2 hours to facilitate complex formation. I affinity purified Fesl
using M2-agarose resin and observed that FLAG-Fes1 bound both Ssa and Ssb (Figure 5-3).
This suggests that the tag used in these experiments does not play a role in binding to specific
cytosolic Hsp70s. It is possible that Fesl expressed in yeast may undergo a posttranslational
change that is absent when it is produced in E. coli. This could alter the Fesl protein and
prevent its interaction with Ssb. Alternatively, factors present in the yeast cytosol may
prevent Fes1 binding to Ssb.
Overexpressing Fesl in the cell still occludes binding to Ssb

Because the above data suggest that Fesl is precluded from binding Ssb in a yeast
cell, T first wanted to determine if the amount of Fesl present in the cell could be a
determining factor. A large-scale analysis of the global protein expression in yeast
determined that Fes1 is present at 13,100 molecules/cell compared to Ssel, which is present
at 71,700 molecules/cell and binds Ssb (45). To test this hypothesis, I made constructs of
FLAG-Fesl using two vectors that would moderately (~2-fold) and highly (~15-20-fold)

overexpress Fesl in a wild type yeast strain. Fesl proteins were affinity purified using M2
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FIGURE 5-3. Fes1 stably interacts with both Ssa and Ssb in vitro. (A) FLAG-Feslpurity.

(B) Purified FLAG-Fes1 (3 pg/ul) incubated for two hours with 0, ~4.5 ng/ul and ~7.5 pg/ul
of yeast whole-cell lysate was immunoprecipitated using M2 FLAG resin. Bound proteins
were eluted as described in Materials and Methods, and immunoblot analysis was performed
to detect interacting proteins with anti-Ssa and anti-Ssb antisera. Lysate added to M2 FLAG

resin alone served as a control (lane 2). TPE, total extract.

120



FIGURE 5-3. Fesl stably interacts with both Ssa and Ssb in vitro
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agarose resin and their interactions with Ssa and Ssb was determined by a Western blot using
a-Ssa and aSsb. Increasing the level of Fesl in the cell still did not facilitate Fes1 interaction
with Ssb. Interaction of Ssa with Fes1 was concurrent with Fesl expression levels in the cell
(Figure 5-4). This suggests a very distinct bias of Fes1 for cellular Ssa (Figure 5-3).
RAC does not prevent Fes1 binding to Ssb

It was previously proposed that RAC present at the ribosome interferes with the
binding of Fesl to Ssb (32). To determine if the RAC proteins prevented the interaction of
Fes1 with Ssb in cells, I expressed FLAG-Fes1 in a strain that lacked either SSZ/ or ZUOI.
Fesl was affinity purified from these two strains using M2 agarose resin and the association
of Fesl with Ssa and Ssb was determined by a Western blot using a-Ssa and a-Ssb (Figure
5-5). The interaction of Fes1 with Ssa was unaffected in the absence of either RAC protein.
The amount of Ssb that co-purified with Fesl in each mutant strain was similar to wild type,
but not above background (EV lane). These results indicate that neither RAC protein
prevents the association of Fesl with Ssb and suggests an alternative mechanism that

prevents Fesl binding to Ssb.
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FIGURE. 5-4. Overexpressing Fesl does not facilitate interaction with Ssh. Whole-cell
lysate from a wild-type (WT) (BY4741) strain expressing either the empty vector (EV) or
FLAG-Fesl from a low copy (low) or high copy (high) plasmid was subjected to FLAG
immunoprecipitation (IP). Interacting proteins were detected with anti-Ssa and anti-Ssb

antisera.
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FIGURE. 5-4. Overexpressing Fes1 does not facilitate interaction with Ssb
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FIGURE 5-5. RAC does not prevent Fesl-Ssb interaction Whole-cell lysate from an
sszI A, zuol A or wild-type (BY4741) strain expressing FLAG-Fes1 was subjected to FLAG
immunoprecipitation (IP). Interacting proteins were detected on a Coomassie-stained gel

(above) or by immunoblotting for Ssa and Ssb (below).
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FIGURE 5-5. RAC does not prevent Fes1-Ssb interaction
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5C. DISCUSSION

In this chapter, I present the first evidence of an in vivo bias in binding between a
cytosolic NEF and a cytosolic Hsp70. I found that in yeast cells, Fes1 does not bind Ssb. This
is in contrast with a previous published report that demonstrated Fesl binding to Ssb and
functioning as an NEF of Ssb in vitro. I found that Fesl purified from E. coli and incubated
with cell extract isolated from yeast bound both Ssa and Ssb, corroborating previous data.
This difference in binding to Ssb whether Fesl is expressed in E. coli versus S. cerevisiae is
intriguing and in this chapter, I present preliminary data to test how Fesl is restricted to Ssa
chaperones. First, [ overexpressed Fesl in yeast cells to determine if the stoichiometry of the
protein relative to Ssb could explain the observation. I found that even when Fesl was
expressed at very high levels, as a measure of the amount of Ssa that interacted with it, Fesl
failed to interact with Ssb, suggesting that this inability to bind Ssb is not due to low affinity
coupled with low concentrations. Next, I tested if components of the ribosome associated
complex (RAC), Sszl and Zuol interfered with Fesl binding to Ssb since both proteins are
present with Ssb at the ribosome. In cells lacking SSZ7 or ZUOI, Fesl was still unable to
physically interact with Ssb.

The results presented in this chapter represent a preliminary follow-up of my original
discovery of Fesl binding to only cytosolic Hsp70, Ssa (as shown in Chapter 3). However,
there are still many questions that need to be answered for why Fesl has a bias towards one
specific Hsp70. Preliminary data from our laboratory indicate that overexpressing Ssb can
increase the amount of Ssb that copurifies with Fesl (Gibney P, personal communication).
This would suggest that during some cellular stress conditions, an increase in SSB

transcription would then favor Fesl binding to Ssb. If this were true, under the normal
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growth conditions that I was using to test this interaction, Fesl would not bind Ssb. This
possibility is consistent with the observation that cells lacking FES/I are sensitive to the
translation inhibitor cycloheximide and that Fesl co-migrates with polysomes upon cellular
fractionation (63). While this would suggest an Ssb-dependent function, a small population
of Ssa exists at the ribosome through its physical association with poly(A)-binding protein,
Pabl and another ribosome-associated Hsp40, Sisl (56). In addition, a temperature sensitive
strain of SSA (ssal-45) demonstrates a severe translational defect (8). This evidence along
with the discovery that Fesl specifically binds Ssa suggest that Fesl migration with
polysomes as shown previously may be Ssa-dependent. A comprehensive phenotypic
analysis of a fes/A strain compared to an ssbIAssb2A strain will shed light on which
phenotypes are shared between the two proteins, utilizing conditions such as cold and salt
sensitivity, and sensitivity to the protein folding inhibitor canavanine. Cells deficient in Ssa
chaperones do not share these phenotypes, thus making them a diagnostic for Ssb function
alone. In addition, the role of Fesl with respect to only Ssa-dependent functions such as
protein translocation and protein folding need to be assessed. Initial analysis showed that
Fesl is not involved in the translocation of ppaF and in refolding the model substrate, firefly
luciferase (Abrams et al., unpublished data). However, it is possible that Fesl might be
substrate- and cellular pathway-specific with respect to binding Ssal similar to that observed
with the plethora of J proteins present in the cell (67). Finally, to test if Fesl is differentially
modified when produced in yeast versus E. coli, comparative mass spectrometry on both
Fesl proteins needs to be performed to identify any posttranslational modifications including

phosphorylation and acetylation, both of which are well known modifiers of protein behavior
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in the cell. This work provides a foundation to further investigate the functional roles of Fesl

in the cell.
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Chapter 6: Conclusions and perspectives

130



Summary and conclusions

Proper folding of cellular proteins is crucial for survival and the assistance of
molecular chaperones or ‘heat shock proteins’ in preventing protein misfolding is vital. In
mammalian cells, approximately 180 different chaperones and co-chaperones form a
complex folding network that helps maintain the conformational integrity of the cellular
proteome (52). The Hsp70 protein family plays an important role in this network. In addition
to participating in co- and post-translational folding of newly synthesized proteins, Hsp70s
are also involved in protein assembly, refolding of stress-denatured proteins, protein
degradation, transport of proteins across cellular membranes such as the ER and
mitochondria and in the regulation of protein substrates involved in signal transduction.
However, Hsp70s do not perform this plethora of cellular functions by themselves, but
depend on the function of J-proteins and NEFs, which regulate their nucleotide-dependent
folding cycle and thereby their substrate binding ability.

In the present study, I focused on two classes of NEFs in yeast: Snll and Fesl. My
experiments with Snll lead to the identification of a novel ribosome interaction site in BAG
domain-containing proteins in fungi and I found that this interaction was independent of Snll
binding to cytosolic Hsp70s, Ssa and Ssb. Furthermore, I discovered that Fesl bound
specifically to Ssa with little to no interaction with ribosome-associated Hsp70, Ssb. These
two lines of investigation highlight the first evidence of a novel ribosome association among
fungal BAG domain-containing proteins and the first distinct binding specificity of an NEF

with a cytosolic Hsp70.
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Fungal BAG domain containing proteins bind ribosomes

At the outset of these studies, Snll in S. cerevisiae was identified as a homolog of the
human BAG domain-containing protein, Bag-1 (139). Like Bag-1 in human cells, Snll
interacts with free-floating, cytosolic Hsp70, Ssa. In addition, Snll was shown to interact
with the fungal-specific, ribosome-associated Hsp70, Ssb (139). However, both these
interactions were determined in vitro using recombinant Snll that lacks its N-terminal
transmembrane domain (Snl1AN). To characterize the cellular role of Snll, I first sought to
determine its binding partners in the cell. I did this by expressing FLAG-epitope tagged Snll
in yeast, which allowed me to immunoprecipitate it from cell extracts and identify co-
purifying proteins. I found that full length, membrane-associated Snll and free-floating
Snl1AN bound to Ssa and Ssb. In addition, both Snll proteins also physically interacted with
the assembled ribosome. However, this specific interaction with the ribosome is not seen
with Bag proteins in higher eukaryotes. In humans, there are eight BAG domain-containing
proteins that can bind different protein partners apart from Hsp70. This is accomplished by
different N-terminal motifs located upstream of the Hsp70-binding BAG domain, which
serves to target Bag proteins to their substrates (Figure 4-1). For example, the ubiquitin-like
(UBL) domain present in Bag-1 and Bag-1M was shown to be responsible for co-
immunoprecipitating the Bag proteins with the 20S core and the 19S subunit of the
proteasome. This suggests that both Bag proteins perform an adapter-like function linking the
protein degradation machinery with Hsp70. Bag-1 is the only known BAG domain-
containing protein to also utilize the BAG domain to bind a substrate. Bag-1 interacts with
the serine/threonine kinase Raf-1 or Hsc70 in a mutually exclusive manner (141). When

Hsp70 levels increase during cellular stress, they compete with Raf-1 for binding to Bag-1,

132



which leads to lower Raf-1 signaling and subsequent inhibition of DNA synthesis and cell
cycle arrest. This suggests that Bag-1 acts like a molecular switch that enables cell
proliferation in normal conditions and cell growth inhibition during a stressful environment.
These results support the idea that in addition to binding the NBD of Hsp70, BAG domain-
containing proteins can also bind other cellular substrates through their N-termini or directly
through their BAG domains.
Conservation in fungal BAG domain proteins with ribosome association

How widespread in fungi is this interaction between the S. cerevisiae BAG domain-
containing protein and the ribosome? To answer this, I examined the sole Snll homolog in
the pathogenic fungus, Candida albicans. S. cerevisiae and C. albicans are separated by
more than 250 million years and it seemed appropriate to test if another fungal BAG domain-
containing protein could bind the ribosome. Utilizing a similar copurification method, I
found that the C. albicans Snll homolog (CaSnll) also associated with the ribosome,
suggesting a common evolutionary function for these proteins to bind the ribosomal
complex. However, this specific interaction with the ribosome has not yet been identified in
Bag proteins in higher eukaryotes. The genome of the fission yeast Schizosaccharomyces
pombe contains two putative BAG domain-containing proteins; bagl02, which contains a
putative N-terminal transmembrane domain and baglO1 that contains a short positively
charged string of residues. This suggests that in S. pombe, the transmembrane domain and
ribosome binding are not connected and may function in distinct cellular pathways. The
human BAG domain family consists of six members; Bag-1 to Bag-6. The Bag-1 gene
encodes four isoforms of the Bag-1 protein expressed through alternative translation

initiation sites. Bag-1L is located primarily in the nucleus while Bag-1, Bag-1M and Bag-1S
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are localized to the cytoplasm. The human Bag-1 isoform that was used in this study
(Chapter 3) was the shortest isoform, Bag-1S. Sequence analysis of Bag-1M and Bag-1L
reveal a short, positively charged sequence at their N-terminal that is absent in Bag-1S
(Figure 3-9). Therefore, it is possible that mammalian cells may express distinct Bag-1
1soforms with or without the capacity to associate with ribosomes.
BAG domain proteins interact with the ribosome through a short lysine-rich region

The results in Chapter 3 show that S. cerevisiae and C. albicans BAG domain-
containing proteins interact with the ribosome through a short sequence of lysine-rich
residues. This region was first identified in Snll during a sequential N-terminal deletion
analysis of the BAG domain to determine the ribosome-binding site. These lysine residues in
Snl1 had not been previously assigned a function. Based on homology to mammalian Bag-1,
this region of Snll lies in putative helix 1 of the anti-parallel BAG domain. Recent data on
the heterodimeric nascent chain-associated complex (NAC) showed a short region of
positively charged residues located at the amino-terminus of each B-subunit that mediated
ribosome association (158). A similar charged interface is utilized by bacterial trigger factor
(TF) to bind ribosomes, which enables the protein to bind nascent chains emerging from the
ribosome (114). Interestingly, SecA, the motor protein in E. coli that assists in
posttranslational substrate translocation across the bacterial membrane was shown to
associate with ribosomes utilizing two lysine residues (59). These discoveries show that
proteins interacting with the ribosome only require a short positively charged region. My
discovery of the cytosolic NEF, Snll in fungi to associate with the ribosomal complex is the

first of its kind for Hsp70 NEFs.
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Structural determination of the fungal BAG domain

How does the small size of the BAG domain of Snll (~110 amino acids)
accommodate binding to Hsp70 and to the large ribosome complex? The ribosome-binding
region in the B-subunit of NAC proteins is located in an exposed loop of a predicted helix-
loop-helix motif. This strategy to bind ribosomes is similar to trigger factor in bacteria. In
both cases, the binding region is localized in a flexible loop region that is flanked by two a-
helices. From these two structures, it seems like a trend is emerging for ribosome associated
chaperone domains; an exposed loop of positively charged residues inserted between o-
helical structures. Whether BAG domain proteins in fungi follow this trend or are in a
structural class of their own needs further evaluation and our lab has initiated a collaboration
to determine the structure of Snl1AN and CaSnl1AN. It will be interesting to determine if the
Snll1 BAG domain forms a rigid three-helix bundle structure like the human Bag-1 protein. A
recent crystal structure of Bag-2 shows a new domain conformation termed “brand new
BAG” (BNB), which forms a dimer with each monomer contacting an Hsc70 NBD by
binding to subdomains Ib and IIb in an end-on fashion (162). In addition to its NEF function,
the BNB domain is able to interact with hydrophobic residues of a short polypeptide
sequence derived from the cystic fibrosis transmembrane conductance regulator (CFTR)
protein. Since substrate- and Hsc70-binding sites on this domain overlap, Bag-2 might
coordinately transfer substrate peptides to the substrate-binding domain (SBD) of Hsc70.
Alternatively, Bag-2 might by recruited to Hsp70-client complexes through its ability to bind
substrates. Determining the structure of Snll and CaSnll would shed light on whether BAG

domain folds are also conserved in fungi.
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Snl1 binds to the large subunit (60S) of the ribosome

Ribosomes are composed of two subunits, each containing RNA and protein. The
large subunit (60S) of the eukaryotic ribosome consists of three rRNAs (25S, 5.8S and 5S)
and 46 proteins while the small subunit (40S) includes one rRNA (18S) and 33 proteins (68).
While the small subunit is responsible for proper codon-anti-codon recognition and mRNA
surveillance, the large subunit contains the active site where new peptide bonds are created
during protein synthesis and the exit tunnel through which the polypeptide exits. Snll-
ribosome complexes were treated with EDTA to dissociate the 80S-assembled ribosome into
its subunits and then determine which ribosomal subunit Snll binds. I found that Snll
predominantly binds to the 60S large ribosomal subunit. Previous data shows that both signal
recognition particle (SRP) and NAC bind to the large ribosomal subunit near ribosomal
protein L23 and that SRP and NAC can interact directly with each other and compete for
nascent polypeptide access (158). This is because protein L.23 is situated near the polypeptide
exit tunnel of the ribosome. Some secretory polypeptides require NAC to efficiently interact
with SRP, whereas others are prevented from interacting with SRP when NAC is present
(26). Thus, the observation that different factors compete with each other for binding to L23
and the fact that Snll preferentially binds to the large subunit may add another layer of
complexity in substrate recognition between proteins that bind near the ribosome exit tunnel.
Identification of the exact binding site of Snll on the large ribosome subunit by crosslinking
experiments could determine if Snll adds to the binding dynamics that exists between these
non-homologous ribosome binding factors at the exit tunnel. On the contrary, Zuol, the J
domain protein component of the RAC complex that stimulates the ATPase activity of Ssb,

was shown to bind the ribosome near the large subunit ribosomal protein L31, also situated at
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the ribosome exit tunnel. Interestingly, it was previously suggested that the aminopeptidase
from Mycobacterium tuberculosis might interact via a tandem proline-rich repeat motif,
PXXP, with the Src homology 3 (SH3)-domain of the conserved large subunit ribosomal
protein L24, a protein located in the vicinity of the chaperone-docking site L23 (2). The
human BAG domain-containing protein, Bag-3 contains several PXXP motifs upstream of
the BAG domain and it will be interesting to discern if this protein can bind the ribosome.

I predict that Snll will interact at or near the ribosome exit tunnel and as a result may
function to recruit cytosolic Hsp70, Ssa to sample nascent polypeptides emerging for the
ribosome. The position of Ssb near the ribosome exit tunnel suggests that Snll might be
utilized as an NEF of Ssb for specific substrates. The hypothesis that Snll can directly
interact with nascent polypeptides chains also needs to be investigated. Since both large and
small subunits of the ribosome co-purify with Snll, it is possible that Snll associates with an
intact translating ribosome but further work will have to be done to test this.

Snl1 binds to ribosomes independently of Hsp70

Using three different approaches, I was able to provide evidence that the interaction
of Snll with the ribosome was independent of its association with Hsp70 and its function as
an NEF. However, the functional basis for this separation in binding is unknown. Snll might
be recruiting Hsp70 to ribosomes, inviting comparisons to the recruitment of Ssb by RAC in
fungi and more recently, the recruitment of cytosolic Hsp70 in mammals by the Zuol
ortholog, Mpp11 (58). In both cases, the ribosome associated proteins served to (i) tether an
Hsp70 to the ribosome and (ii) perform its function as a J protein to stimulate the ATPase

activity of Hsp70. Snll might also fulfill both roles.
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Genes encoding ribosomal proteins and other components of the translational
machinery display coordinated regulation in response to environmental changes. This allows
efficient adjustment of the protein synthetic capability of the cell. For example, upon carbon
upshift the mRNA levels for ribosomal proteins increase and upon amino acid starvation, the
mRNA levels for these proteins are decreased. It was shown that the mRNA levels of Ssb,
the ribosome associated chaperone are co-regulated with ribosomal protein encoding mRNA
under three different growth conditions tested (74). Using the Serial Pattern of Expression
Levels Locator (SPELL) database, I found that SNLI mRNA levels correlated with those of
ribosomal protein genes when queried over all available data sets (Table 3-2). This evidence
along with the physical association of Snll with Ssb and the ribosome supports the
contention that Snll is a component of the translational apparatus and suggests that cells may
regulate the levels of Snll to match protein biosynthetic needs.

Functional roles for Snll at the ER membrane

What roles might Snll play while tethered to the endoplasmic reticulum (ER)
membrane and associating with ribosomes? Determining the function of Snll in the cell is
confounded by the lack of a detectable phenotype associated with cells lacking the protein.
However, some speculations can be made on how Snll might function to bridge its
interactions with Hsp70 and the ribosome. Because of the unique location of this Hsp70 NEF
at the ER membrane, a role in protein translocation from the cytosol into the ER membrane
or lumen can be envisioned. However, since co-translationally translocated proteins are
recruited to the ER membrane in a signal recognition particle (SRP)-dependent manner, it
seems unlikely that Snll would play a role in this pathway. In contrast, post-translationally

translocated proteins must be directed to the ER translocon for import and require Hsp70/Ssa
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binding while in the cytosol. Snll might serve to recruit an Ssa-substrate complex to the ER
membrane through its Hsp70 binding site and in the process help to target non-SRP
dependent substrates to the ER membrane. Testing this hypothesis is inhibited by the lack of
a detectable phenotype for snl//A cells. In apparent disagreement with this idea, preliminary
analysis of pre-pro-a-factor, a known post-translationally translocated substrate of Ssal
showed no major defect in translocation in snl//A cells. However, other posttranslational
substrates cannot be ruled out. Another area for investigation would be to test whether Snll is
required for the translocation of membrane-tethered secretory pathway-dependent proteins
that either remain in the ER or are secreted to the outer membrane. In line with this, Snll
might function as an ER-localized NEF that assists Hsp70 to maintain and properly fold
cytosolic domains of integrated ER membrane proteins.

Because Snll interacts with several ribosomal proteins, an area for investigation
would be to test whether Snll plays a role in ribosome biogenesis. It was previously shown
that ribosome-associated Hsp40, Jjj1 co-migrates with 60S ribosome subunits when total
cellular extract from wild type yeast cells was separated on a sucrose gradient (83). This co-
migration was related to ribosome biogenesis where exit and subsequent re-entry of
biogenesis factors from the nucleus shuttled pre-60S particles into the cytosol for maturation.
Since Snll preferentially binds the 60S ribosomal subunit (Chapter 3) and is tethered to the
ER/nuclear membrane, a role in ribosome biogenesis is suggested. One way to test this would
be to compare the growth of the individual mutants with the combined deletion of SNL/ and
JJJI to assess synthetic growth defects. In cells lacking ribosome-associated components
(RAC-Ssb and NAC), a reporter construct with a GFP-tagged ribosomal protein, L25, was

visualized in the nucleus, indicating defects in assembly and export of pre-60S subunits into
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the cytoplasm. This protein incorporates into the mature ribosome and therefore the
fluorescent signal should be seen in the cytosol. Nuclear or cytosolic accumulation of this
reporter in snl//A cells will determine if Snll is involved in ribosome biogenesis. In addition,
it has been suggested that Ssb cycles between the cytoplasm and the nucleus and Snll, which
is at the ER/nuclear membrane could function as a targeting protein for Ssb at this location to
enable Ssb to translocate efficiently through pores. Given the complexity of the ribosome
biogenesis process, further efforts are needed to understand the functions of these chaperones
in this process.

Although association of Snll with the ribosome suggests its involvement in protein
biogenesis, a degradation process exists in yeast that requires the function of the cytosolic
Hsp70 chaperone, Ssa. Because Snll co-purifies Ssa, it is possible that Snll may be involved
in the ER-associated protein degradation (ERAD) pathway, which is a quality control process
that selectively degrades terminally misfolded or unassembled secretory proteins. The ERAD
of membrane and soluble proteins requires the 26S proteasome located in the cytosol and
hence these proteins must be retrotranslocated from the ER to the cytosol. Ssal is required
for the ERAD of several membrane proteins but is dispensable for ERAD of lumenal
proteins. Snll could act as the ER-bound NEF for Ssal to maintain the solubility of
misfolded cytosolic domains on some integral membrane ERAD substrates. This model for

Snll function in ERAD requires further testing.

As observed in (Figure 3-2), in addition to the novel association of Snll with the ribosome,

Fes1 was found to specifically interact with Ssa. The work done in Chapter 5 is a preliminary

follow-up of my initial discovery and is discussed below.
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Fes1 has a distinct preference to bind Ssa but not Ssb

To determine the binding preference of Fesl for different types of Hsp70 proteins, I
performed a co-immunoprecipitation experiment using FLAG-tagged Fesl. Interestingly, I
found that Fes1 exhibited a strong bias for binding Ssa. This is the first reported evidence of
an NEF that shows preference for one class of cytosolic Hsp70s in yeast and is in contrast to
a previously published report that found Hise-tagged Fesl to bind Ssb and perform its
function of nucleotide exchange in vitro. A major difference in the previous report that
identified Ssb to bind Fesl was that recombinant tagged-Fesl (expressed and purified from
E. coli) was incubated with cell lysates from yeast and then affinity purified to determine
Fesl interacting partners. In the experimental set-up I used, tagged Fesl was expressed and
purified from S. cerevisiae before it was incubated with yeast cell lysates. How could the
Fesl expression system cause such a stark difference in binding to Ssb? To determine if the
previous findings were in fact due to whether Fesl was expressed in E. coli versus S.
cerevisiae, 1 purified FLAG-Fesl from E. coli to near homogeneity and incubated it with
yeast cell lysate to determine Hsp70 binding partners. I found that Fes1 bound both Ssa and
Ssb, corroborating previous data and implying that Fesl produced in S. cerevisiae may be
post-translationally different than Fes1 made in E. coli.

What are the conditions that prevent Fesl made in yeast to interact with Ssb? One
possible explanation for the lack of Fesl binding to Ssb is its stoichiometric balance with
respect to Ssb. Based on the number of protein molecules of Fesl in the cell (13,100)
compared to Ssel (71,700), it could be argued that the abundance of Ssel in the cell could
preclude Fesl from associating with Ssb (45). To test this, I moderately (2-fold) or highly

(15-20-fold) overproduced Fesl above chromosomal levels in a wild-type yeast strain to
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determine if increased Fesl expression would allow binding to Ssb. This was not the case as
Fesl expressed at both levels failed to bind Ssb. This suggests that the abundance of Fesl in
the cell is not a determinant for Ssb binding. Another possibility is that Ssel might prevent
Fes1 to associate with Ssb even when Fes1 is expressed at high levels in wild type cells. To
test this, increasing expression levels of Fesl in sselA cells will determine if Ssel precludes
Fes1-Ssb interaction.

Another possible explanation why Fesl does not bind Ssb in vivo could be because of
the ribosome associated complex (RAC), which is known to associate with Ssb and regulate
its ATPase activity at the ribosome. To test whether Zuol and Ssz1, the two components of
RAC inhibited Fes1-Ssb interaction, I individually expressed and immunopurified tagged-
Fesl in a strain lacking either ZUOI or SSZI to check if binding to Ssb was restored. From
this experiment, I concluded that RAC components do not inhibit the interaction of Fes1 with
Ssb. The other complex situated close to the ribosome exit tunnel and hence in close
proximity to Ssb, is NAC. Whether Fes1 binds Ssb in the absence of NAC components is yet
to be determined.

A third explanation is that Fesl in yeast is posttranslationally modified. The activity
and localization of proteins inside the cell can be regulated by reversible posttranslational
modifications (PTMs) including acetylation, phosphorylation and ubiquitylation, which lead
to regulation of protein domain activity or mediation of protein-protein interactions. A recent
publication used mass spectrometry to identify PTMs in proteins and compiled a list of
nearly 200,000 modification sites across 11 eukaryotic species in order to develop predictors
of PTM functional relevance (9). When Fesl was queried in this database, two residues were

identified for PTM, lysine 16 (predicted ubiquitylated site) and threonine 143 (predicted
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phosphorylation site). The human homolog HspBP1 was identified to contain one
ubiquitylation site on residue 94. Further work is needed to test whether mutating these
residues changes the ability of Fesl to bind to Ssb in yeast cells.

Understanding the role of Hsp70 NEFs in difference cellular processes

Information obtained from the crystal structures of the Hsp70 NEFs and their
nucleotide exchange mechanisms suggest that despite their different binding modes, most
NEF families, which include their homologs in other organisms, appear to utilize similar
nucleotide release mechanisms. The end result is the stabilization of the Hsp70 NBD in an
open conformation by slightly tilting subdomain IIb. In addition, Ssel homologs utilize their
SBD, which exists in an extended conformation to wrap around the distal face of Hsp70.
Fesl and its homologs seem to utilize a different mechanism to bind Hsp70 and displace
bound ADP. These proteins stabilize the outward rotation of subdomain IIb and induce local
unfolding of lobe I of Hsp70. Structurally, the Hsp70-binding domain of Bag-1 and
Fes1/HspBP1 are different, the former having a three helix bundle and the latter containing a
succession of four Armadillo-like repeats (ARM1-ARM4). Each ARM is made of 3 a-
helices that pack into a right-handed superhelix to produce a gently curved elongate molecule
(Figure 5-1).

Overexpression of Fesl or SnllAN can rescue an otherwise synthetic sse/Asse2A
strain suggesting some degree of functional redundancy among the NEFs. The proteins Swi6
and Swi4 form a heterodimeric transcription factor responsible for cell morphology and is
activated by the MAP kinase SIt2. Our lab has shown that Ssel in partnership with Hsp70
and Hsp90 is required for S1t2 maturation, which in turn is required for signaling through the

cell wall integrity pathway (128). Loss of both SSE/ and SWI6 causes cells to become
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amorphous and elongated and can be suppressed by overexpressing Fes1. This indicates that
either NEF can partner with Hsp70 to facilitate cell integrity signaling and morphogenesis.
This redundancy amongst NEFs is not limited to the cytoplasm. Overexpression of
the ER HspBP1 homolog Sill suppresses growth defects of a irel/AlhsIA yeast strain, where
Lhs1 is the yeast ER Hspl110 homolog and Irel is a transmembrane kinase that is essential
for the unfolded protein response pathway. However, recent experiments to determine which
NEFs are involved in spindle organization revealed that only Ssel played a role as an NEF of
Ssal/2 to maintain the proper distribution of the widely conserved kinesin-5 motor, Cin8
within the spindle, which in turn is required for bipolar spindle assembly in S phase. In mice,
deletion of the ER Hsp110 homolog, Grp170 is lethal and indicates that the alternative NEF
Sill also present in the ER cannot replace the function of Grp170. Mutations in S/L/ disrupt
Sill function resulting in a rare autosomal recessive neurodegenerative disorder called
Marinesco-Sjogren syndrome that is characterized by the abnormal accumulation of
ubiquitinated proteins in the ER and nucleus of Purkinje cells of the cerebellum. Grp170
cannot compensate for these mutations in Sill. This evidence and other unpublished data
from our lab suggest that different NEFs can act on Hsp70s with respect to cellular
substrates. How Hsp70 surveys the available NEFs to determine a binding partner, who then
enables Hsp70 to interact with its substrate, is still an open question. Specialization of NEFs
especially BAG domain-containing proteins suggests only partial redundancy among the
members of this family. These proteins do not seem to be regulators of protein folding by
Hsp70 but appear to help target Hsp70 for specific functions. Apart from the BAG domain,
which is a common feature of all Bag proteins, the N-terminal region of these proteins is

uniquely different and allows individual Bag proteins to interact with distinct target proteins.
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For instance, all four Bag-1 isoforms along with Bag-6 contain a ubiquitin-like domain and a
nuclear localization signal, which means that these proteins can enter the nucleus. Bag-3
contains several tandem proline rich repeats, PXXP, which is a canonical binding domain for
proteins that contain a Src homology 3 (SH3) motif. These findings indicate that Bag
proteins may function as adaptor molecules that can recruit molecular chaperones to cellular
targets through their N-terminal domains and motifs and this alter cellular functions
including protein degradation, cell proliferation and apoptosis. In line with these findings, I
have shown that two fungal BAG domain-containing proteins interact with the ribosome and
suggest that this protein may act as a bridge between protein biogenesis and folding at the ER
membrane.
Role of yeast in modeling chaperone function

Model organisms have been used frequently to determine the functions of chaperones
in preventing the aggregation of relevant disease-causing proteins. The remarkable homology
between these organisms has provided many good reasons to use model systems to study
cellular processes and find targets that will lead to treatments of human disease. For example,
the etiology of AP in Alzheimer’s disease has been the concerted effort of research done
using fruitflies, worms, budding yeast and mice. It is becoming evident that multiple
approaches within these model systems will be needed to make significant advances towards
developing therapies.

The budding yeast, S. cerevisiae is a good model to study human disease because (i)
25% of positionally cloned human disease-causing genes has a close yeast homolog and (ii)
yeast is readily amenable to analysis (7). In addition, 60% of yeast genes have human

homologs or contain at least one conserved domain with human genes (15, 138). In 1996, the
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complete genome of S. cerevisiae was sequenced and this lead to the identification of
orthologs of human genes. Orthologs are genes in different species that are related by vertical
descent from a common ancestor and normally perform the same function. Thus, yeast has
been used extensively as a model to dissect the functions of chaperones, which has expanded
into manipulating the proteostasis network in the cell in order to prevent protein misfolding
and aggregation. As discussed in chapter 1, there are numerous chaperones involved in
maintaining protein homeostasis, most of which are evolutionarily conserved from yeast to
humans. Thus, the roles of chaperones in preventing protein aggregation in the cell can be
analyzed using in a tractable model organism like yeast. For example, the cooperation of
different chaperones during polyQ aggregation was tested in a yeast model using sequential
immunoprecipitations and mass spectrometry to identify proteins associated with an
aggregation-prone Q103 fragment in the early and late stages following induction of its
expression (155). Hsp70, Hsp90, Hsp26 and other chaperones interacted with this fragment
within two hours, followed by partial release of these chaperones prior to the maturation of
the aggregates and before the recruitment of Hsp104. Use of a small chemical molecule 115-
7¢c, which stimulates ATP turnover of Hsp70 by favoring its interaction with co-chaperone
Hsp40 and locking it in the substrate-binding state retained Hsp70 and Hsp90 on the Q103
fragment and limited the exchange for Hsp104, resulting in incomplete disaggregation and
suggests that partial release of Hsp70 may be an essential step in expanded polyQ processing
in yeast.

Yeast is also becoming an attractive tool in drug discovery. Compound screens have
led to the successful identification of inhibitors of a-synuclein aggregation and toxicity,

which may prove to be effective pharmaceutical therapeutics in the future (50). Similarly,
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compound screens in a yeast model can be used to target chaperones, which can either
enhance their function and prevent protein aggregation or reduce their function in cases
involving premature degradation of cellular proteins. For example, mutation of either Hsp70
or its co-chaperone Ydjl reduces degradation of CFTR in models of cystic fibrosis (166).
Consistent with this, co-chaperones that regulate Hsp70 functions are also thought to be
important in disease. For example, the interaction of Hsp70 with Bag-2 is important for the
clearance of misfolded tau, involved in Alzheimer’s disease (19). However, there is much
more work needed to understand chaperone functions, their interacting substrates, how co-
chaperones direct a substrate to them and shape its activities and the cooperation of
chaperones with the protein degradation machinery to maintain proteostasis. In all these
cases, the study of chaperones in yeast is proving to be an efficient and quick way to discern
their functions, which can later be applied to mammalian and human systems.
Perspectives

The genome sequence of S. cerevisiae was completed in 1996 followed by the first
genome-wide “bar-coded” yeast gene knockout (YKO) mutant collection made available in
2002, ushering in the era of yeast genomics and proteomics (46). Our understanding of
protein quality control in cells has been made possible from decades of pathway- and gene-
specific investigations and we now know most of the players involved in maintaining the
integrity of the cellular proteome. The challenge for the future will be to determine how these
components interact and how they are organized into functional networks to promote the life
of a cell. This knowledge can then be translated to understanding similar questions in human

cells, with the key goal to devise methods to modulate the network to further human health.

147



Identification of a function of Snll in yeast cells with relation to its interaction with
ribosomes has been hindered due to the lack of a detectable phenotype associated with loss of
SNLI. Studies involving genetic interactions have been extremely useful to characterize gene
function and identifying pathways that the gene product is involved in the cell. Previously,
systematic analysis of genome-wide gene-gene synthetic lethality interactions has provided
an effective way to study gene functions but have been unsuccessful with identifying a
pathway-specific function for SNLI (146). A new technique, dSLAM (heterozygous diploid-
based synthetic lethality analysis on microarrays) has been developed that combines
heterozygous diploid YKO mutants in pooled form and the efficiency of a microarray
analysis of abundance of YKOs in the population (100). For each YKO, its relative growth
rate as a single and double mutant (in combination with SNLI) can be indirectly compared by
microarray analysis of the abundance of “bar-codes” in both the haploid single (control) and
double (experiment) mutant pools. This technique may deliver a set of putative interactors of
SNLI to test. Another approach that would enable potential capture of Snll-dependent
substrates during protein translation is ribosome profiling. This approach maps the position
of ribosomes on mRNA transcripts by nuclease footprinting. The abundance of various
footprint fragments in deep sequencing data will indicate the amount of translation of a gene
(61). This technique was used previously to quantitatively monitor translation rates and to
identify when the E. coli ribosome-associated chaperone trigger factor engages polypeptides
(97). Since we have shown that membrane associated Snll can efficiently bind ribosomes,
selective profiling of ribosomes that are bound to Snll and affinity purified from yeast cells
may enable the identification of mRNA transcripts being translated by ribosomes bound by

Snll. Thus, these global analyses using genetic and biochemical approaches should help to
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discern a functional role for Snll. Future efforts to determine the coordinated action of
various ribosome-associated chaperones, processing enzymes and targeting factors that
ensure the efficient biogenesis of cellular proteins is warranted. In line with this, kinetic flux
of newly synthesized proteins that transit through the cytosolic Hsp70s, Ssa and Ssb, and
their NEFs can be determined using pulse chase analysis. This technique was used previously
to show the transient rate of association of Ssel, Ssa and Ssb with newly synthesized
polypeptides during de novo folding and the effect of the loss of SSB on chaperone utilization
during translation. (163). A similar approach may provide additional insights into the role of
Snl1 in cellular protein biogenesis.

Eukaryotic cells employ a number of complex targeting pathways to efficiently and
accurately deliver nascent polypeptides to organelles. Hsp70 and Hsp90 chaperones are
utilized for targeting to mitochondria and chloroplasts and receptors capable of recognizing
these chaperones have been identified on the surface of both organelles (36, 132). Although
the role of these receptors is not fully understood, they may help to increase the efficiency of
protein targeting. It is also less clear whether these membrane receptors contribute to
targeting specificity. Since Hsp70 is involved in targeting to many cellular organelles,
targeting to a cellular localization must be more than a substrate recognition event. For
instance, a single chaperone or a combination of chaperones may function in tandem to
properly deliver a substrate to its precise location in the cell. If this is true, how is targeting
regulated and how do co-chaperones play a role? The localization of Snll at the ER
membrane and its ability to bind ribosomes and Hsp70 independent of the other suggests that
this BAG domain-containing protein may serve as a targeting receptor for Hsp70 in yeast

cells. Targeting tail-anchored (TA) membrane proteins to the ER in yeast was shown to
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require a highly coordinated sequence of events and involved a conserved set of proteins.
This guided entry of TA proteins (GET) pathway was shown to be independent of the well-
studied signal recognition particle (SRP) complex-dependent pathway. It is possible that
ribosomes translating TA proteins may be associated with Snll, which then recruits Hsp70 to
the ER for substrate folding. Loss of GET complex components leads to mislocalization of a
number of TA proteins including Sbh1/2 and Scs2 (126). Proper ER localization of these
fluorescent-tagged proteins can be tested in sn//A cells and can be complemented by the
Hsp70- and ribosome- binding mutants of Snll to determine whether either binary complex
is involved in this pathway. A key step in the GET pathway is formation of a complex
between Get3 and the TA protein being translated. Unlike SRP, Get3 does not associate with
ribosomes (76) and it remains unclear whether this protein surveys all TA proteins and
commits only ER-bound ones or whether TA protein-containing signals are sorted at an
earlier step. It is possible that Snll present at the ER membrane and associated with
translating ribosomes could assist in Get3 detection of its substrates.

One area ripe for further investigation involves identifying the coordinated functions
of NEFs and J domain-containing proteins in Hsp70 regulation. In yeast cells, the cytosol
contains 11 J proteins and three NEFs. The functional overlap and differences between these
co-chaperones for specific substrates is an active area for research. For example, it has been
shown that the Hsp70 co-chaperone Ydjl possesses a C-terminal CAAX sequence, where A
is an aliphatic amino acid and X is any residue, and this sequence specifies the addition of a
farnesyl modification group to Ydjl, which converts the cytosolic protein to one that can
attach to the ER and perinuclear membranes (18). It is tempting to speculate that under

certain cellular conditions, farnesylation of Ydjl may target it to the cytosolic face of the ER
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membrane, which along with Snll could enhance Hsp70-dependent folding at this specific
location. This modification has been shown to have specific roles in protein-protein
interactions, particularly those that facilitate protein trafficking and subcellular localization
(137). Further, the specific Snll binding site on the ribosome and how its interaction is
coordinated with several other ribosome-associated factors including SRP, NAC complex
and RAC complex remain important questions for future studies.

Fesl and Ydjl have been suggested to play antagonistic functions with regard to their
respective negative and positive regulation of Ssal ATPase activity (63). However, it is not
clear whether these two proteins compete for binding to Ssal or if substrates regulate the
temporal interaction of Ssal with its co-chaperones. An ab initio construction of the S.
cerevisiae transcriptome by parallel mRNA sequencing identified a previously
uncharacterized intron in the FES/ gene with full reads through the splice junction and inside
the intron, suggesting alternative splicing (165). In the spliced variant, the annotated stop
codon is removed and a later stop codon is introduced resulting in a 10 amino acid extension,
which was validated by RT-PCR showing bands consistent with both forms. It is therefore
possible that under certain conditions, unknown at present, Fesl is available in an alternate
form, which then dictates its Hsp70-binding function. It will be interesting to discern whether
spliced Fesl could play a role in Fesl interaction with Ssb. HspBP1, the Fesl homolog in
human cells, is the least efficient NEF as measured by ADP dissociation constants in vitro,
and is inhibitory of Hsc70 refolding function (150). In addition, HspBP1 was shown to
promote degradation of proteins and block anti-apoptotic functions of stress-induced Hsp70.
These findings are consistent with HspBP1 acting as an inhibitor of Hsp70, possibly as a

function of relative NEF/70 stoichiometry (3, 145). It seems likely that cytosolic NEFs can
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accommodate three functions: Fesl and its homologs inhibit Hsp70 and may be utilized
when protein degradation as opposed to protein refolding is a better survival strategy for
cells. The Sse family is the strongest activator of Hsp70 ATPase and may be better suited to
assist in refolding. The ability of Snll and its homologs to associate with other functional
domains in proteins suggests a more specialized role for these NEFs in Hsp70 targeting and
recruitment.

The Hsp70 chaperone system has been subject to intense evaluation for a number of
years with regard to identifying components and pathways that are required to maintain
homeostasis of the cellular proteome. The next decade or more will be focused on identifying
how these components and pathways are interconnected to promote cellular survival under
normal and stress conditions and in designing pharmacological chaperones to modulate these
pathways. I anticipate that a combined effort by various groups using different model
organisms will help to understand these networks and will be key to elucidating their in vivo

functional significance.
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