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Elevated levels of reactive oxygen species (ROS) are associated with the 

pathologies of many degenerative disorders (like aging, Alzheimer’s disease, 

atherosclerosis, and diabetes). Cells employ a network of regulatory pathways to manage 

intracellular ROS levels. Identification and characterization of these fundamental 

pathways is necessary to determine what triggers the decline in anti-oxidant defenses 

associated with disease progression. Key to this understanding are the emerging roles of 

ROS as signaling molecules. ROS-based signaling is initiated by activation of sulfur-

based redox switches, in which protein cysteine or methionine residues are post-

translationally modified (oxidized) to transiently alter protein function in a manner 

appropriate for the physiological environment.   

Hsp70s are a conserved family of molecular chaperones that serve critical roles in 

maintaining cellular proteostasis under oxidative stress. In this dissertation, I have 

uncovered that a co-chaperone (Fes1) of the cytoplasmic Hsp70 system in yeast 

undergoes reversible methionine oxidation during excessively oxidizing cellular 

conditions. I have determined that three clustered methionine residues in Fes1 are 

oxidized to methionine sulfoxide, which inhibits Fes1 activity (and correspondingly Hsp70 

chaperone activity) during stress. Importantly, I establish that Fes1 oxidation is a 
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reversible signaling event that is regulated enzymatically by methionine sulfoxide 

reductase (Msr). These studies have revealed that the two yeast Msr proteins (Mxr1 and 

Mxr2) are both expressed in the cytosol, in contrast to prior reports of Mxr2 suggesting 

sole mitochondrial localization. I demonstrate that a cytoplasmic isoform of Mxr2 co-

operates with Mxr1 to regulate the redox state of Fes1.  

Together, these studies provide a new perspective on how activities of the well-

studied Hsp70 family can be attuned by ROS, and further define how methionine redox-

switches, which are largely under-studied in comparison to their cysteine counterparts, 

are used as a means for cells to sense and respond to oxidative stress. I speculate that 

Fes1 oxidation may be conserved in higher eukaryotes and could serve to beneficially 

support cell viability during periods of oxidative stress. Elucidation of a methionine-based 

signaling pathway involving Fes1 furthers a general understanding of the types of events 

mediated by this emerging post-translational modification, for which there are few 

examples characterized in mechanistic detail. 
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CHAPTER 1 

INTRODUCTION 

 

 

 

This chapter contains two parts, divided by topic. The first part will consist of a survey of 
the cytoplasmic Hsp70 system in budding yeast, with an emphasis on the nucleotide 
exchange factor Fes1. The second part consists of a brief overview of protein post-
translational methionine oxidation and methionine sulfoxide reductase. 
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PART I 

 

Structure and mechanism of Hsp70 chaperones 

 70-kDa heat shock proteins (Hsp70s) are a conserved family of molecular 

chaperones that maintain cellular proteostasis by assisting in a variety of processes, 

including the folding and assembly of newly synthesized proteins, refolding of misfolded 

and aggregated proteins, and membrane translocation of organellar and secretory 

proteins (reviewed extensively in 1–7). All Hsp70 activities appear to be based on the 

property of Hsp70 to interact with hydrophobic peptide segments of proteins in an ATP-

controlled fashion.  

 Hsp70 homologs consist of an N-terminal nucleotide binding domain (NBD) of 45 

kDa and a C-terminal substrate binding domain (SBD) of approximately 25 kDa. The 

NBD and SBD are connected by an interdomain linker. The NBD consists of two large 

globular subdomains (I and II), each further divided into two small subdomains (A and 

B). The subdomains form a horseshoe structure and are separated by a deep cleft, at 

the bottom of which the adenosine nucleotide binds in complex with one Mg2+ and two 

K+ cations contacting all four domains (IA, IB, IIA, IIB) (8). NMR investigations reveal 

high flexibility of the NBD subdomains, leading to an opening and closing of the 

nucleotide binding cleft (9).  

 The SBD is further divided into two subdomains: a ß-sheet rich sandwich 

subdomain (15 kDa) and an α-helical lid region (10 kDa). The peptide binding cavity is 

located at the interface between these two subdomains within the SBD. It is well-
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established that Hsp70 chaperones prefer to bind partially unfolded substrates 

containing hydrophobic sequences (10–14). Available crystal structures of the bacterial 

Hsp70 DnaK in complex with peptide substrates suggest that the core substrate binding 

site can accommodate seven amino acid residues, with the central residue (in the 0th 

position) conferring the highest sequence specificity (15). Potential Hsp70 binding sites 

are predicted to be omnipresent in the proteome; algorithms developed to predict 

possible substrate binding sites reveal that they occur approximately every forty amino 

acids in the E. coli proteome (16). This selective, yet highly promiscuous binding 

specificity suggests Hsp70 chaperones could bind most proteins in the proteome. 

 Extensive studies of the larger Hsp70 family have demonstrated that chaperone 

activity is mediated through allosteric communication between the NBD and SBD 

(Figure 1.1) (17, 18). ATP hydrolysis facilitates a conformation change in the SBD, 

causing the lid and sandwich regions of the SBD to close around the substrate and 

create a higher-affinity binding site; an exchange of ADP for ATP within the NBD 

facilitates the opening of the lid domain and the release of polypeptide from the SBD 

(19–21). Genetic and biochemical evidence demonstrates that ATP hydrolysis is 

essential for the chaperone activity of Hsp70s (22). It is also the rate-limiting step in the 

ATPase cycle of most Hsp70 proteins. The intrinsic rate of ATP hydrolysis for Hsp70 

chaperones is low compared to other cellular ATPases (reviewed in 23). The kcat of 

DnaK in Escherichia coli is 0.02 ATP min-1 (24), and most eukaryotic Hsp70s report 

similarly weak levels of spontaneous activity (25). In addition, Hsp70 chaperones have a 

low intrinsic rate of nucleotide release (less than 0.0015 ADP min-1 for DnaK (26)). In 
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order to function as essential cellular foldases under physiological conditions, Hsp70s 

must utilize two classes of co-chaperones to accelerate their catalytic activities: J-

domain proteins, which stimulate ATP hydrolysis, and nucleotide exchange factors, 

which stimulate ADP release (27–29). These co-chaperones will be further reviewed 

later in this chapter. 
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Figure 1.1 

 

 

 

Figure 1.1 Hsp70 chaperone cycle and activities. Hsp70 chaperones contain a 
nucleotide binding domain (NBD; tan) and a substrate binding domain (SBD), 
connected by an interdomain linker (gray). The SBD is divided into two subregions: the 
α-helical lid region (blue) and the ß-sandwich subdomain (green). Activities of the NBD 
and SBD are coupled: ATP hydrolysis facilitates high affinity peptide binding, and 
substrate binding enhances nucleotide exchange. 
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Hsp70 chaperones in the yeast cytoplasm 

 Hsp70 function has been extensively studied in the model organism 

Saccharomyces cerevisiae. Yeast encode seven cytosolic Hsp70s: Ssa1-4, Ssb1-2, and 

the atypical Ssz (members of the Stress seventy A, B, and Z classes, respectively) 

(Table 1.1) In addition, there are three mitochondria-specific isoforms (Ssc1-3), and one 

ER-localized protein (Kar2) (30). This work will focus on the Ssa and Ssb Hsp70 

classes in the yeast cytoplasm. 

 The four homologs of the Ssa family arose from genome duplication and are 

highly conserved. Ssa1 shares 99%, 84%, and 85% amino acid identity with Ssa2, 

Ssa3, and Ssa4, respectively. Despite this sequence similarity, the Ssa proteins differ 

substantially in expression level in the cell. Ssa1/2 are expressed constitutively at high 

levels, whereas Ssa3/4 expression is only significantly detected during cell stress (31–

33). Cells lacking Ssa1/2 (ssa1Δ ssa2Δ) show dramatic upregulation of Ssa3/4 levels 

as a compensatory mechanism (34). Interestingly, strains that express SSA1, SSA2, or 

SSA4 as the sole Ssa class member are viable and show no significant growth defects, 

whereas SSA3 (when expressed under its endogenous promoter) is insufficient to 

support cell viability on its own (34).  

 Within the cytosol, Ssa is involved in maintaining solubility of immature proteins 

(35, 36), delivering precursor peptides to the mitochondria and ER for translocation and 

processing (37, 38), refolding and repair of misfolded or aggregated proteins, (39, 40), 

and degradation of terminally misfolded peptides as well as proteins programmed with 

short half-lives (41). While historically the Ssa class of Hsp70s have been considered 
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largely identical in function, recent findings suggest they may also regulate unique 

facets of cell function (42, 43).  

 Yeast possess several naturally occurring prions, the most well-studied of which 

include [PSI+] and [URE3], which arise from transformation of the native proteins Sup35 

and Ure2, respectively. The propagation and aggregation of these prions is antagonized 

by the Hsp70 chaperone family (44, 45), (46, 47). There is a clear functional distinction 

between Ssa1 and Ssa2 in regard to prion propagation; overexpression of Ssa1 (but not 

Ssa2) promotes loss of [URE3] (48). In contrast, when expressed as the sole Ssa, only 

Ssa2 (but not Ssa1) is able to weaken [PSI+] propagation (49). A more recent study 

demonstrates that Ssa isoforms also differentially promote the autophagic degradation 

of ectopically-expressed α-synuclein (50). In contrast to the prion propagation studies, 

yeast cells expressing only Ssa3 were the most resistant to α-synuclein toxicity and 

amyloid fibril formation (50). Mutagenesis and chimera studies examining the roles of 

Ssa family members in both [URE3] prion propagation and α-synuclein toxicity reveal 

that differences in the NBD of Ssa subfamily members are responsible for the observed 

disparities (48, 50). As the differences between intrinsic ATPase activities of Ssa1-4 are 

minimal, it is interesting to speculate that these phenotypes may arise as a result of 

altered co-chaperone binding (discussed further in Chapter 3). 

 Other examples of functional divergence among the Ssa subfamily are described 

throughout the literature. Ssa1 and Ssa2 are thought to preferentially regulate the 

cellular heat shock response (51–53). Yeast cyclin proteins (Pcl16-18), which help 

regulate cell cycle progression, have also been shown to have isoform-specific 
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interactions with Ssa (54). It was observed early on that Ssa1 and Ssa2 differ in their 

action on clathrin uncoating (55), as well as the degradation of the gluconeogenesis 

enzyme FBPase (56). Large-scale screens in yeast utilizing the yeast knockout gene 

collections reveal unique genetic interactors for each Ssa isoform, although their 

significance has not been further examined (57, 58). Similarly, mapping of 

phosphorylation sites detected in yeast global proteomic screens reveal that nearly one 

quarter of identified Ssa phosphorylation sites are not conserved among subfamily 

members (59, 60), although it is yet unclear what the functional and/or physiological 

consequences of phosphorylation may be in the vast majority of those identified sites.   

 The second major family of Hsp70 chaperones in the yeast cytosol is Ssb. The 

Ssb class consists of two members (Ssb1 and Ssb2) which are 99% identical and 

considered functionally redundant (61). Ssb primarily interacts with translating 

ribosomes in association with the ribosome-associated complex (RAC), where its 

primary role is to assist in de novo protein folding and stabilization of newly synthesized 

proteins as they are released from the ribosome during translation (61–63). The 

association of Ssb with ribosomes is independent of nascent chain association; 

however, nascent chain interaction is known to further stabilize the Ssb-RAC-ribosome 

complex (62, 63). Yeast cells lacking Ssb (ssb1Δ ssb2Δ) are viable but show slowed 

growth relative to a wild-type strain, especially in the presence of translation inhibitors or 

cold temperatures (61, 64). Deletion of SSB also results in a decrease in small and 

large ribosomal subunits, indicating a possible role in ribosome biogenesis (64, 65).  
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 Ssa and Ssb are considered to be functionally distinct from one another due to 

the inability of either family to complement the absence of the other (62). In contrast to 

the stress-inducible Ssa family of Hsp70s, Ssb expression levels decrease during cell 

stress (66). Interestingly, Ssb chaperones are fungal-specific and are not present in 

metazoans. In mammalian cells, cytosolic Hsp70s (homologous to the Ssa class in 

yeast) are recruited to ribosomes for co-translational protein folding (67, 68). The 

housekeeping Ssa1 and Ssa2 chaperones are considered to be most homologous to 

Hsc70 in mammals, while Ssa3 and Ssa4 functions largely mirror those of stress-

inducible mammalian Hsp70 (reviewed in 69). 
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Hsp40 J-domain proteins 

 The activity of Hsp40 chaperones (commonly referred to as J-domain proteins or 

J proteins) is essential for almost all chaperone activities of Hsp70 proteins. A required 

role of J proteins is stimulation of the ATPase activity of their partner Hsp70s (70). The 

65-amino acid J domain, which associates with the Hsp70 NBD, is responsible for this 

stimulation (71, 72). Some J proteins have also been shown to associate directly with 

specific Hsp70 substrate proteins, thereby fostering chaperone-client interaction (73). 

Other J proteins, such as Sec63 at the translocation pore of the ER, are located in close 

proximity to substrates, which promotes localization of Hsp70 chaperones to a particular 

site within a cellular compartment (74). Most Hsp70 chaperones are thought to work 

with multiple J proteins.  

 The members of the J protein family are subdivided into three classes according 

to their domain composition, although there is a striking diversity of structure and 

function even within each class (reviewed in 75–77). While all Hsp40s (classes I, II, and 

III) contain a J domain, classes I and II also contain a glycine and phenylalanine-rich 

region (G/F-region) and a C-terminal domain. Class I members also contain a Zn2+-

binding domain. While the J domain is always at the N terminus of the protein in classes 

I and II, it may be at any place within the sequence of class III J proteins. The J domain 

contains a histidine-proline-aspartic acid (HPD) motif, which is essential for stimulatory 

activity (78). 

 Yeast cells encode for at least twenty J proteins, thirteen of which are expressed 

in the cytoplasm (Table 1.1) (79). These J proteins vary in substrate binding capabilities 
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and process specificity. Ydj1 (Yeast DnaJ), which is among the most well-characterized 

of the cytosolic Hsp40s in yeast, is considered a generalist J protein with broad 

substrate specificity. Although ydj1Δ cells are viable, the severe growth defect (and, as 

consequence, susceptibility to suppressor mutations) has led most studies to employ 

use of temperature sensitive alleles (80, 81). This growth phenotype can be rescued by 

overexpression of J domain-containing fragments of other Hsp40s (82). 

 Many J proteins in the yeast cytosol have specialized functions (Table 1.1). 

Cwc23 and Sis1 are essential J proteins and have implicated roles in pre-mRNA 

splicing and translation initiation, respectively (36, 83). Zuo1 and Jjj1 are both ribosome-

associated J proteins (84, 85), and Swa2 is involved in uncoating of clathrin-coated 

vesicles (86, 87). Several cytosolic J proteins are anchored to organelle membranes, 

where they have implicated roles in protein import (Djp1 and Xdj1) (88, 89) or protein 

turnover and degradation (Apj1 and Hlj1) (90, 91). A few cytosolic J proteins (including 

Caj1, Jjj2 and Jjj3) have as of yet unknown functions.  

 

Hsp70 nucleotide exchange factors 

 Unlike Hsp40s, which share a common J-domain, the Hsp70 nucleotide 

exchange factors (NEFs) are distinct in sequence and structure and are thought to have 

emerged via convergent evolution. Three families of NEFs exist in the cytosol of 

mammalian and yeast cells: Hsp110, HspBP1 (Fes1), and BAG domain-containing 

proteins (Table 1.1). While Fes1 will be the major focus of this work, it is worth briefly 

noting some key characteristics of the Hsp110 and BAG NEF families. 
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 Hsp110s are nucleotide exchange factors that are also considered to be atypical 

members of the Hsp70 family because they do not possess ATPase activity that is 

required for their known functions (92). Analogous to the Hsp70 family, Hsp110s consist 

of an NBD and an SBD, in addition to a C-terminal three-helix bundle domain (3HBD), 

which is critical for NEF activity. Co-crystal structures solved for the Hsp110-Hsp70 

heterodimer indicate that the major interaction interface lies between the two NBDs (93–

95). Upon complex formation, the 3HBD of Hsp110 forms a secondary contact site with 

Hsp70 that induces a 27º rotation within lobe IIB of the NBD, thereby facilitating opening 

of the Hsp70 nucleotide binding cleft and subsequent ADP release (94).  

 In addition to the established role of Hsp110s in nucleotide exchange, it has also 

been proposed that Hsp110s may function themselves as molecular chaperones due to 

the structural homology with Hsp70 chaperones. An extended linker between the 

Hsp110 SBD subdomains allows the lid region of the Hsp110 SBD to interact with the 

Hsp70 NBD, which positions the ß-sandwich subdomain of Hsp110 exposed and 

available for substrate binding (93–95). Biochemical studies have confirmed the ability 

of Hsp110 to hold substrates in a folding-competent state (‘holdase’ activity), but they 

are unable to accelerate substrate refolding (‘foldase’ activity) (96, 97). As of yet, it is 

unclear whether the holdase activity of Hsp110s is relevant in a biological context, as 

expression of the Hsp110 NBD alone or mutant alleles with disrupted peptide binding 

appear sufficient to fully complement Hsp110 activity in cells (98). No endogenous 

clients have yet been identified. 
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 Yeast encode two cytosolic Hsp110 family members, Sse1 and Sse2, which 

share approximately 75% amino acid sequence identity. Sse1 is constitutively 

expressed and is the most abundant of the four yeast cytosolic NEFs (about five times 

more estimated molecules per cell than the next most abundant NEF, Fes1) (99). 

Conversely, Sse2 is expressed at low levels constitutively, but is strongly induced under 

stress conditions (100). Loss of Sse1 results in a slow growth phenotype which is 

exacerbated by temperature stress (100). A strain lacking both Sse homologs (sse1Δ 

sse2Δ) is synthetically lethal (101). Importantly, the Hsp110 family of NEFs appear to 

be the most catalytically efficient of the NEF classes in the yeast cytosol; the maximal 

rate of ADP release from Hsp70 stimulated by Sse1 is nearly four times faster than 

Fes1 (114 ± 3 s-1 versus 29 ± 3 s-1, respectively) (102). 

 The BAG-domain containing NEF family is represented in yeast by the sole 

member Snl1 (18 kDa) and is the least abundant of the four yeast cytosolic NEFs. Snl1 

is tethered to the ER membrane through a transmembrane domain (TMD) located at the 

N terminus of the protein with the BAG domain facing the cytosol (103) and associates 

with both Ssa and Ssb to stimulate nucleotide release (104). BAG proteins are made up 

of three α-helices; helices 2 and 3 have been shown to interact with the NBD of Hsp70, 

inducing a 14Å rotation of the Hsp70 IIB domain that facilitates ADP release (105). Snl1 

was originally identified as an Hsp70-dependent high copy suppressor of the lethal 

overexpression of nup116C (the C-terminal portion of nucleoporin 116) (103). These 

data suggest a role for Snl1 in nuclear pore biogenesis, but the mechanism has not 

been revealed. More recent work has established that the BAG domain of Snl1 interacts 
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with intact ribosomes both independently and concurrently with Hsp70 (106). It is 

speculated that Snl1 may play a role in recruiting Hsp70 to the ER membrane to assist 

in translocation of newly-synthesized peptides into the secretory network (106). No 

growth defect is associated with deletion of Snl1 in wild type cells.  

 

Fes1 structure, mechanism, and biochemical functions 

 The remainder of this part will focus on the third class of eukaryotic Hsp70 NEFs 

represented in the yeast cytosol, Fes1, and its mammalian ortholog HspBP1. Fes1 

(Factor exchange for Ssa1) was the first identified cytosolic Hsp70 NEF in yeast (107), 

discovered bioinformatically shortly after the initial characterization of the ER-localized 

homolog Sil1 (Sls1) (108). As its name implies, Fes1 was first characterized as a 

nucleotide exchange factor of the Ssa class of yeast cytosolic Hsp70s (107). More 

recent biochemical studies have established that Fes1 shows a similar affinity towards 

both Ssa and Ssb, and that Fes1 is effective as a NEF for both classes of Hsp70 (102, 

109). Co-immunoprecipitation experiments suggest, however, that Fes1 interaction with 

Ssa may be favored over association with Ssb in vivo (110).  

 Like its other family members (Sil1 and HspBP1), Fes1 consists of a core domain 

and an N-terminal extension (111). Structural data for the Fes1 ortholog HspBP1 show 

that the core domain adopts a largely α-helical fold with a concave face that embraces 

lobe IIB of the Hsp70 NBD. Four helical repeats (formed by helices 3-14) adopt a 

structure similar to Armadillo repeats; these repeats are capped at each end by longer 

helices (α1 and α15-17) (112). Helices α2, α5, α8, and α11 (repeats 1-3) of HspBP1 
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form the major interaction site with Hsp70; the minor interaction site involves contacts of 

helices α14 and α17 (Figure 1.2B) (112). It is suggested that upon HspBP1 binding, 

steric clash between α1 and Hsp70 induces a conformational change within the NBD 

that propels separation of the two lobes and facilitates nucleotide release (Figure 1.2) 

(112). 

 Like other NEFs, Fes1 association with Hsp70 is dependent on the nucleotide-

binding state of the partner chaperone. While Fes1 can associate with and stimulate 

nucleotide exchange of Ssa1 in both the ADP- and ATP-bound states, it has been 

established that Fes1 preferentially associates with ADP-bound Ssa1 (107). The 

observed difference in affinity (dependent on Hsp70 nucleotide binding state) likely 

serves an important biological function to preferentially promote chaperone ADP 

release, as stimulation of ATP release prior to the rate-limiting hydrolysis step would be 

futile for productive chaperone cycle. It should also be noted that relative to other NEFs 

tested, Fes1 appears to possess weaker NEF activity; in one study, the dissociation rate 

of Ssa1-ADP was stimulated ~4-fold in the presence of Fes1 (koff of 2.07 ± 0.02 s-1), in 

comparison to the yeast Hsp110s Sse1 and Sse2, which stimulated nucleotide 

exchange rates ~12-fold and ~7-fold, respectively (102). 

 More recently, it was discovered that in addition to its activity as a NEF, Fes1 

also plays a role in clearing aggregation-prone peptides from partner Hsp70 chaperones 

(Figure 1.2) (113). These studies suggest that the largely unstructured N terminus of 

Fes1 can associate with the SBD via two conserved substrate-like motifs within the 

Fes1 N terminus. The Fes1 N-terminal domain (NTD) acts as a pseudo-substrate that 
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effectively competes with native substrate proteins for binding to Hsp70. Association of 

the N terminus with the SBD is suggested to facilitate peptide clearance by limiting re-

association of peptide that is released upon NEF-mediated exchange of ADP for ATP. A 

similar model attributing peptide clearance activity to the NTD has also been put forth 

for the Fes1 human ortholog HspBP1 (113), and the ER-localized homolog Sil1 in both 

yeast and human (114). Given that Hsp110, Fes1, and BAG all share the same general 

biochemical function (to stimulate nucleotide exchange), why cells encode for multiple 

families of Hsp70 NEFs has remained an open question.  

 Importantly, the peptide clearance role of Fes1 is unique among other classes of 

cytosolic Hsp70 NEFs, which do not possess any described similar activities. The 

attribution of an additional biochemical function to the Fes1/HspBP1 family of exchange 

factors provides mechanistic insight into the functional specialization of Hsp70 NEFs. It 

is proposed that the abundant and kinetically-favored Hsp110 NEFs promote folding of 

the majority of Hsp70 substrates (115). Conversely, folding-resistant, aggregation-prone 

substrates (which facilitate prolonged association with Hsp70) will eventually encounter 

the less-abundant Fes1/HspBP1 type NEFs that compete them off Hsp70 (113, 115). 

Indeed, there is evidence to suggest that Fes1 and HspBP1 facilitate interaction with 

downstream quality-control components to promote clearance of these potentially 

proteotoxic substrates (discussed later in this chapter). 
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Figure 1.2 
 

 
 

Figure 1.2 Model for Fes1-Hsp70 interactions. (A) Fes1 binds to an Hsp70-ADP-
peptide complex and mediates the separation of the NBD lobes to facilitate ADP 
release. The association of ATP with apo-Hsp70 induces peptide release. The Fes1 
core domain dissociates from ATP-bound Hsp70, and the Fes1 N terminus can bind to 
the open Hsp70 substrate binding pocket to prevent peptide re-association. (B) 
Structure of human HspBP1 (red) in complex with a fragment of lobe IIB of the Hsp70 
NBD (tan). The major interaction site consists of HspBP1 α2, α5, α8, and α11 and the 
minor interaction site consists of HspBP1 α14 and α17. Steric clash between Hsp70 
and α1 of HspBP1 is suggested to induce a conformational change within the NBD that 
propels nucleotide release. AMP ligand is depicted as spheres; PDB ID 1XQS. 
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Physiological roles of Fes1 in yeast  

 Yeast cells lacking a functional copy of Fes1 (fes1Δ) are viable under normal 

growth conditions but have strongly impaired growth at elevated temperatures (107), 

(110, 115) or in the presence of proteotoxic stressors, such as canavanine (115) and 

azetidine-2-carboxylic acid (AzC) (110, 115). It has also been observed that certain 

aggregate peptide models display increased toxicity in fes1Δ cells. For example, 

exogenous overexpression of Htt103QP (a mutated Huntingtin protein with established 

toxicity (116)) shows accelerated and more pronounced aggregate formation in a fes1Δ 

strain (117). Similarly, the model folding-deficient constructs DHFRmutC and DHFRmutD 

are stabilized in cells lacking Fes1 (115). It has been proposed that Fes1 promotes 

proteasomal degradation of these and other misfolded proteins by triggering their 

release from Hsp70 chaperones. In the absence of Fes1 (but not other NEFs), co-

immunoprecipitation data demonstrate that model misfolded proteins remain associated 

with Hsp70 and fail to undergo polyubiquitination via recognition by E3 ligases (115). 

Importantly, these phenotypes are attributable to the peptide clearance activity of the N-

terminal region of the Fes1 protein. A truncated Fes1 lacking its N terminus (Fes1-ΔN) 

is unable to promote the degradation of the model misfolded proteins Ste6*C and 

ΔssPrA (113). Fes1-ΔN is not able to complement the temperature and canavanine 

sensitivities of a fes1Δ strain (113).  

 Similarly, several studies have outlined a role for Fes1 in the cellular heat shock 

response (HSR). In both yeast and mammals, the Hsp70 chaperone network is known 

to play a role in repressing the HSR through association with the transcription factor 
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Hsf1 (heat shock factor 1) (118, 119). It has been established that cells lacking Fes1 

display a constitutively upregulated HSR even in the absence of stress; HSE-LacZ 

reporter systems indicate that the HSR in a fes1Δ strain is upregulated by more than 

10-fold compared to wild type cells (110, 115)  and expression of downstream HSR 

targets (including Hsp104, Cpr6, and Sti1) are also comparably upregulated (110). 

Phos-tag gel shift assays, used to measure abundance of the active (phosphorylated) 

pool of Hsf1, similarly indicate constitutive hyperphosphorylation of Hsf1 in a fes1Δ 

strain (115). It is likely that the upregulation of the HSR in fes1Δ cells is (at least 

partially) an outcome of the augmented misfolded protein levels observed in the strain 

(as discussed previously). Computational modeling suggests that an excess of 

misfolded peptides in the cytoplasm depletes the pool of Hsp70 chaperones available to 

bind native clients, which frees Hsf1 to translocate into the nucleus and bind target heat 

shock element DNA sequences (120). 

 There is also evidence of a role for Fes1 in protein translation. A fes1Δ mutant 

strain is sensitive to cycloheximide (an inhibitor of translation elongation), and exhibits a 

reduced translation rate, as indicated by slowed incorporation radio-labeled methionine 

into newly synthesized proteins (121). Polysome profiling experiments indicate a fes1Δ 

strain displays an enrichment of 80S ribosomes relative to polysomes compared to wild-

type cells (121). Cytosolic subfractionation experiments indicate that GFP-tagged Fes1 

protein is present in ribosomal 80S and polysome fractions (121), although it is unclear 

whether Fes1 interacts directly with the ribosome (as has been observed with Snl1), 
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and/or if association with the ribosome is mediated via Fes1 interactions with Ssa and 

Ssb chaperones. 

 Live-cell imaging and cellular subfractionation experiments of GFP-tagged Fes1 

indicate that Fes1 is a soluble protein that is localized to the cytosol of yeast cells. Initial 

fluorescence microscopy experiments using an inducible, overexpressed GFP-Fes1 

construct also revealed a potential nuclear pool of the protein, although it was initially 

unclear whether this was an artifact of protein overexpression (121). However, a more 

recent report suggests that the FES1 transcript undergoes a 3’ alternative splicing event 

that results in two equally active isoforms of the protein with alternative C termini (Fes1L 

and Fes1S) (122). It is proposed that a small pool of Fes1L is targeted to the nucleus by 

a C-terminal nuclear localization signal (NLS), while Fes1S remains cytoplasmic and is 

about ten times more abundant than Fes1L (122). This model would make Fes1 the first 

identified nuclear Hsp70 nucleotide exchange factor. The functional roles of nuclear 

Fes1L are unclear, as many of the physiological roles previously ascribed to Fes1 

(including heat shock response repression, temperature tolerance, and turnover of 

misfolded protein models) only require Fes1S activity, and not Fes1L (122). 

 

Physiological roles of HspBP1 in mammals 

 The ortholog of Fes1 in humans and other mammals is HspBP1 (heat shock 

protein binding protein 1). HspBP1 functions as a nucleotide exchange factor for the 

mammalian Hsc70 and Hsp70 chaperones (121). HspBP1 is expressed constitutively in 

all mouse tissues so far examined, but the protein levels are highest in muscle, colon, 
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small intestine, and especially the brain and testis (123). Consistent with its high 

abundance in testes, male HSPBP1-/- knockout mice are sterile due to impaired meiosis 

and massive apoptosis of spermatocytes (123). Abundant HspBP1 expression has also 

been correlated with some types of cancer, including high-grade gliomas (124), breast 

cancer (125), and leukemia (126). 

 Importantly, in mammals, HspBP1 has been shown to have a reciprocal 

relationship with another Hsp70 co-chaperone, the E3 ubiquitin ligase CHIP (Carboxy-

terminus of Hsp70 interacting protein). As the name implies, CHIP interacts with the 

extreme C terminus of nuclear and cytoplasmic Hsp70 chaperones (127, 128). Via its 

ubiquitin ligase activity, CHIP mediates the covalent attachment of ubiquitin to 

chaperone-bound client proteins to trigger the proteasome-dependent degradation of 

these substrates (129, 130). CHIP activity has been intimately linked to regulation of 

various inflammatory responses, including IL-4 and TLR signaling, T cell activation, and 

DALIS formation (131–134), (135, 136). There is no yet identified CHIP homolog in 

yeast. 

 HspBP1 has been identified as an inhibitor of CHIP activity. Biochemical studies 

demonstrate that when in complex with Hsc70, HspBP1 attenuates the ubiquitin ligase 

activity of CHIP (137). As a consequence, overexpression of HspBP1 in HeLa cells 

interferes with CHIP-induced degradation of Hsc70 clients, such as immature forms of 

the cystic fibrosis transmembrane conductance regulator (CFTR) (137). Furthermore, it 

has been proposed that the low activity of CHIP observed in neurons is a consequence 

of the abundant expression of HspBP1 (138). Knockdown of HspBP1 in the brain of 
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Huntington’s disease mouse models ameliorates neuropathy and aggregation of the 

Huntingtin protein (138).  
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PART II 

 

Methionine sulfoxide protein modification 

 Methionine and cysteine are the two sulfur-containing amino acids that are 

present in proteins. The most important common characteristic of cysteine and 

methionine residues is that both are subject to reversible oxidation and reduction, 

mediated either enzymatically or by small molecule antioxidants. While oxidation of 

cysteine residues is generally well-characterized throughout the literature for its various 

established roles in antioxidant defense, enzyme catalysis, protein structure, and redox 

sensing and regulation (reviewed in 139–141), oxidation of methionine residues has 

been less studied in comparison.  

 Most reactive oxygen species (ROS) can oxidize methionine residues of protein 

to methionine sulfoxide (MetO) by addition of oxygen to the sulfur atom (Figure 1.3). 

Because this reaction introduces a chiral center at the sulfur atom, MetO can exist as 

two epimers: methionine-R-sulfoxide (R-MetO) and methionine-S-sulfoxide (S-MetO). 

Both R-MetO and S-MetO are reduced enzymatically back to methionine by methionine 

sulfoxide reductases (reviewed later in this chapter). Under excessively oxidizing 

conditions, or in the absence of Msr activity, methionine sulfoxide can be further 

modified by ROS to methionine sulfone (MetO2) via the addition of a second oxygen 

atom. There is no known mechanism to reverse the formation of MetO2 adducts in 

biological systems. 
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Figure 1.3 

 

 

 

 

Figure 1.3 Redox-active methionine modifications. In the presence of ROS, protein 
methionine residues can be modified to generate S- and R-MetO isomers. Methionine 
sulfoxide reductase enzymes catalyze the reduction of MetO in a stereospecific manner. 
Oxidized methionine stereoisomers are reduced in cells by MsrA (reduces S-MetO) and 
MsrB (reduces R-MetO). Under excessively oxidizing conditions, or in the absence of 
Msr activity, MetO species can undergo further oxidation to generate methionine sulfone 
(MetO2), which is an irreversible adduct. 
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Methionine sulfoxide reductase 

 The enzymes that catalyze the reduction of free and protein-bound methionine 

sulfoxide are known as methionine sulfoxide reductases (Msrs). The Msr system 

consists of two proteins: MsrA and MsrB, which can stereospecifically reduce S-

methionine sulfoxide and R-methionine sulfoxide, respectively (Figure 1.3). Genomic 

analyses of Msr phylogenetic distribution reveal that Msr enzymes are highly conserved 

throughout all life forms, from bacteria to human (142, 143). Bacteria can possess only 

MsrA genes, both MsrA and MsrB genes, or a bifunctional MsrAB fusion gene. Both 

MsrA and MsrB genes are present in all eukaryotes without exception. It is generally 

accepted that MsrA and MsrB evolved independently in these organisms.  

 Msr activity was first evidenced in Escherichia coli by the ability to grow in culture 

medium with MetO as the only source of methionine, indicating a capability to reduce 

MetO (144). In 1981, the first enzyme partially responsible for the reduction of MetO in 

E. coli was partially purified, which was later termed MsrA (145). Identification of MsrA 

orthologs would subsequently follow in yeast, plants, and animals (146–148). 

Interestingly, it was another twenty years before the first MsrB enzyme was identified, 

also in E. coli (149).  

 Although MsrA and MsrB are evolutionarily unrelated proteins, both share a 

similar, conserved three-step chemical mechanism (Figure 1.4) (150–152). First, a 

catalytic cysteine residue located in the active site of the Msr protein attacks the sulfur 

atom of the oxidized methionine substrate. This reduces the MetO back to unmodified 

methionine and generates a sulfenic acid (-SOH) intermediate in the Msr active site 
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(153). A second catalytic thiol located within the Msr active site (the resolving cysteine) 

will subsequently attack the -SOH intermediate, releasing water and generating a 

disulfide bond between the two Msr active site cysteines. Importantly, this 

intramolecular disulfide must be reduced in order for the Msr protein to turnover multiple 

enzymatic reactions. In most organisms, thioredoxin resolves the intermediate disulfide 

to regenerate the reduced Msr active site so it can repeat the reaction (reviewed in 154, 

155). In a disulfide bond relay, thioredoxin is subsequently reduced by thioredoxin 

reductase, which itself is dependent on NADPH, the ultimate source of electrons that 

powers this reaction in cells. Certain types of Msr enzymes have also been shown to 

utilize the analogous gluathione reductase system for recycling (156–159). For in vitro 

systems, dithiothreitol (DTT) is frequently used (160).  

 Most biochemical and structural characterization of Msr enzymes has focused on 

prokaryotic orthologs. Sequence alignments between the primary sequences of Msr 

enzymes demonstrate that there is high homology among orthologs within each class; 

MsrA from E. coli and human share 67% sequence identity. In addition, the MsrA 

alignment highlights a conserved active site sequence (GCFWG). The strictly conserved 

cysteine within this motif is essential for the reducing activity of MsrA (150). Crystal 

structures obtained from E. coli, B. Taurus, M. tuberculosis, and P. trichocarpa reveal 

that MsrA adopts an α/ß fold (150, 152, 161, 162). The catalytic cysteine faces outward 

in the N-terminal α-helix of the protein, where it can react with MetO residues present in 

substrate proteins. NMR studies reveal a high degree of flexibility of the MsrA C-
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terminal region, which favors the formation of an intramolecular disulfide bond with the 

resolving cysteine residue (163).   

 The core domain of MsrB proteins adopts a thioredoxin-like fold and shares 

minimal sequence or structural similarities to MsrA (164–166). However, similar to the 

MsrA class, MsrB homologs share a conserved active site sequence (CGWB(S/A)F) 

which contains the catalytic cysteine residue. Interestingly, structures obtained of MsrB 

(PilB) from N. gonorrhoeae reveal that the active site of MsrB shows an axial (mirror-

image) symmetry to MsrA, which is thought to underlie the stereospecific mechanism of 

the two enzymes (164). 

 In mammals, multiple isoforms of MsrA and MsrB provide an additional layer of 

specificity and regulation. MsrA is encoded by a single gene that is regulated by two 

distinct promoters to generate long (MsrAL) and short (MsrAS) isoforms (167). The long 

form harbors an N-terminal signaling peptide to be transported into the mitochondria; 

both MsrAL and MsrAS are also localized to the cytosol and nucleus (167). Mammalian 

MsrA can reduce both free and protein-bound S-MetO (168, 169). MsrA expression is 

found ubiquitously in all tissues (with the exception of certain human leukemia and 

lymphoma cell lines), but is highest in the kidney and liver (170, 171). 

 There are three mammalian MsrB proteins. MsrB1 (long and short spliceforms) is 

a selenoprotein present in the cytosol and nucleus. The catalytic activity of MsrB1 is 

significantly higher compared to other Msr enzymes with cysteine active sites due to the 

augmented nucleophilicity of the catalytic selenocysteine residue (172). MsrB2 (also 

known as CBS1) possesses an N-terminal signaling peptide and is present in the 
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mitochondria (173). MsrB3 encodes two splice variants, MsrB3A and MsrB3B, which 

localize to the ER and the mitochondria, respectively (174). All three MsrB proteins are 

specific to the reduction of protein-based methionine-R-sulfoxide, and can only reduce 

free R-MetO with low efficiency (175). MsrB isoforms are present at various levels in all 

mammalian tissues so far tested (173, 176, 177).  

 The distribution of Msr enzymes in yeast is less complex compared to mammals. 

Two Msr enzymes have been identified in yeast: Mxr1 (21 kDa), which reduces 

methionine-S-sulfoxide and is homologous to MsrA (178), and Mxr2 (19 kDa), which 

reduces methionine-R-sulfoxide and is homologous to MsrB (179). An important 

distinction of the yeast Msr system is that Mxr1 and Mxr2 are localized to discrete 

cellular compartments. Mxr1 is present in the cytosol, and Mxr2 harbors an N-terminal 

signaling peptide that is thought to target its expression exclusively to the mitochondria 

(discussed further in Chapter 2) (180, 181). As of yet, there are no identified yeast Msr 

enzymes localized to the endoplasmic reticulum or nucleus.  

 Both Mxr1 and Mxr2 enzymes are constitutively expressed in yeast cells, 

although at different levels. Mxr1 is significantly (~5-fold) more abundant than Mxr2 (99). 

Compared to wild-type cells, yeast strains lacking either Mxr1 or Mxr2 (mxr1Δ or 

mxr2Δ) or a mxr1/2Δ double mutant display heightened sensitivity to oxidative stress-

inducing agents (such as paraquat and peroxide) and decreased chronological and 

replicative life spans (178, 179, 182). It has been proposed that Msr-deficient cells have 

impaired mitochondrial function, as all three strains (mxr1Δ, mxr2Δ, and the double 

mutant) are inviable in medium containing respiratory carbon sources and display lower 
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indices of respiratory competence when grown under normal conditions (180). These 

strains also show elevated levels of ROS in both the cytosol and mitochondria (as 

detected with MITOSOX and DHET fluorescent probes) (180). 

 Although the Msr family of enzymes have been historically well-characterized 

throughout the literature, the vast majority of their endogenous substrates remain 

unknown. This knowledge gap is fueled by a combination of technical challenges (i.e. 

the underdevelopment of tools designed to study MetO-modified proteins), as well as 

biological challenges (i.e. short-lived enzyme-substrate interactions, and a catalytic 

mechanism that prevents the trapping of covalent intermediates). In the next chapter, I 

will present my identification of the cytoplasmic Hsp70 nucleotide exchange factor Fes1 

as a novel Msr substrate in yeast. These studies with Fes1 will also reveal that the two 

yeast Msr proteins (Mxr1 and Mxr2) are both expressed in the cytoplasm, in contrast to 

prior studies of Mxr2 suggesting a sole mitochondrial localization. To the best of my 

knowledge, Fes1 represents the first described substrate of yeast Mxr1 and first 

identified cytosolic substrate for Mxr2. 
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Figure 1.4 

 

 

Figure 1.4 Catalytic mechanism of Msr enzymes. The catalytic cysteine residue in 
the Msr active site attacks the sulfur atom of the MetO subsstrate, which reduces MetO 
and generates a sulfenic acid (-SOH) intermediate in the Msr active site. A second Msr 
active site cysteine (the resolving cysteine) will attack the -SOH intermediate, releasing 
water and generating a disulfide bond between the Msr cysteines. This intramolecular 
disulfide bond is reduced by thioredoxin to recycle the Msr enzyme so that it can carry 
out multiple reactions. 
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CHAPTER 2 

METHIONINE OXIDATION OF THE HSP70 NUCLEOTIDE EXCHANGE FACTOR 

FES1 

 

 

 

 

The contents of this chapter are adapted from the manuscript submission currently under 
review for publication in The Journal of Biological Chemistry. 
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ABSTRACT 

 

Cells employ a vast network of regulatory pathways to manage intracellular levels of 

reactive oxygen species (ROS). An effectual means used by cells to control these 

regulatory systems is sulfur-based redox switches, which consist of protein cysteine 

and/or methionine residues that become transiently oxidized during conditions of elevated 

ROS. Here, we describe a methionine-based oxidation event involving the yeast 

cytoplasmic Hsp70 co-chaperone Fes1. We show that Fes1 undergoes reversible 

methionine oxidation during excessively oxidizing cellular conditions, and we map the site 

of oxidation to a cluster of three methionine residues in the Fes1 core domain. We 

establish that oxidation inhibits Fes1 activity and, correspondingly, alters Hsp70 activity. 

We demonstrate that Fes1 oxidation is reversible and is regulated by the cytoplasmic 

methionine sulfoxide reductase Mxr1 (MsrA) and a previously unidentified cytoplasmic 

pool of the reductase Mxr2 (MsrB). We speculate that inactivation of Fes1 activity during 

excessively oxidizing conditions may help maintain protein-folding homeostasis in a 

suboptimal cellular folding environment. Characterization of Fes1 oxidation during stress 

provides a new perspective as to how the activities of the cytoplasmic Hsp70 chaperones 

may be attuned by fluctuations in cellular ROS levels and provides further insight into how 

cells make use of methionine-based redox switches.  
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INTRODUCTION 

 

 Oxidative stress is associated with an intracellular accumulation of high levels of 

reactive oxygen species (ROS). ROS are widely appreciated as damage-inducing agents, 

based on their potential to irreversibly oxidize biological macromolecules, including lipids, 

nucleic acids, and proteins. Macromolecule oxidation as a consequence of excessive 

levels of cellular ROS can lead to a loss of vital cell functions and a deterioration of 

essential cellular processes. Historically, it has been generally accepted that decreasing 

or detoxifying ROS is key to limit the cellular damage associated with oxidative stress. 

However, more recently, ROS have emerged also as signaling molecules, which can help 

cells initiate scavenging, protection, and repair pathways during oxidative stress (1). This 

conceptual shift suggests that preserving cell function during oxidative stress likely 

depends both on limiting ROS-induced damage and maintaining beneficial signaling 

events mediated by ROS.  

 Many of the identified ROS-based signaling pathways employ the use of labile, 

reversible redox-active post-translational protein modifications (PTMs) (2–7). Akin to the 

more established PTM phosphorylation, protein oxidation can reversibly alter the 

conformation and/or activity of a given protein. Altered protein activity can allow for the 

initiation of distinct downstream signaling events to benefit cells during oxidative stress, 

including the activation of pathways that serve to scavenge ROS before they exert 

detrimental effects as well as systems that act to manage and/or repair ROS-incurred 

damage (2–7).  
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 Reversible oxidation of methionine side chains is one example of a redox-based 

PTM that can elicit beneficial cellular outcomes during oxidative stress (8, 9). Methionine 

modification by ROS occurs upon oxidation of the sulfur atom in the methionine side 

chain; addition of an oxygen molecule (from the ROS) to the sulfur generates a structure 

termed methionine sulfoxide (MetO). In eukaryotic cells, MetO adducts are reduced 

(reversed) by methionine sulfoxide reductase (Msr) enzymes (10). Advances in mass 

spectrometry and chemical biology tools have led to the identification of many proteins 

with methionine residues that are susceptible to oxidation (11, 12). Yet relative to other 

post-translational modifications, we are just beginning to uncover the impact for 

methionine oxidation on the function of individual proteins. Determining how oxidation 

impacts protein function is an essential first step to reveal how modification may impact 

cell function during oxidative stress conditions.  

 Here we report the susceptibility of, and consequences for, oxidation of three 

methionine residues in the yeast Hsp70 nucleotide exchange factor (NEF) Fes1. 

Members of the heat shock protein 70 (Hsp70) class of molecular chaperones play critical 

roles in maintaining protein homeostasis during periods of oxidative stress. Extensive 

biochemical and biophysical studies have revealed a clear and conserved catalytic 

mechanism shared by the Hsp70 family (recently reviewed in 13–15). These prior studies 

establish that Hsp70s consist of two functional domains: a nucleotide-binding domain 

(NBD), which binds and hydrolyzes ATP, and a substrate-binding domain (SBD), which 

associates with peptide substrates. Hsp70 chaperone activity is facilitated by the binding 

and hydrolysis of ATP within the NBD, which promotes iterative cycles of peptide binding 



 54 

and release by the SBD. The intrinsic rate of Hsp70 ATP hydrolysis is low, and in cells, 

ATP turnover is facilitated by co-chaperones, including J-domain containing proteins (that 

stimulate ATP hydrolysis) (16–18) and NEFs (which facilitate the exchange of ADP for 

ATP) (19, 20). The Saccharomyces cerevisiae protein Fes1 (HspBP1 in mammals) is one 

of three classes of cytosolic NEFs used by budding yeast to stimulate nucleotide 

exchange for the cytosolic Ssa and Ssb Hsp70s (21–24). Based on structural data for the 

Fes1 ortholog HspBP1, a mechanism for Fes1 NEF activity is suggested based on its C-

terminal core region that adopts series of Armadillo repeats that can complex with the 

Hsp70 NBD to mediate ADP release (25). Fes1 additionally can help clear aggregation-

prone peptides from the Hsp70 SBD through the action of its N-terminal region, which is 

predicted to be largely unstructured (26).  

 Here we establish that Fes1 undergoes post-translational methionine sulfoxide 

modification during oxidative stress. We show that Fes1 oxidation is reversible and is 

mediated by cytosolic pools of the two yeast Msr enzymes: Mxr1 and Mxr2. We 

demonstrate that MetO modification diminishes the interaction between Fes1 and Hsp70, 

lessening the capacity for Fes1 to facilitate Hsp70 nucleotide exchange, peptide binding, 

and peptide release. We speculate that altering Hsp70 activities, as a consequence of 

Fes1 modification during stress, may help cells cope with elevated ROS by limiting 

peptide aggregation and/or activating cellular stress response pathways.  
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RESULTS 

 

Fes1 is post-translationally modified in cells by ROS. 

 We observed a striking change in the electrophoretic migration of Fes1 when cell 

lysates were prepared from yeast exposed to reactive oxygen species (ROS). The most 

prominent change in Fes1 electrophoretic mobility was seen upon treatment of cells with 

sodium hypochlorite (NaOCl), a strong oxidant, classified as both a ROS and reactive 

chloride species (Figure 2.1A). The extent of the mobility change in Fes1 intensified as 

the concentration of NaOCl in the medium was increased. Treatment with 0.5 mM NaOCl 

for 30 min resulted in several slower migrating Fes1 species (compared to untreated 

cells), while a single slow migrating band was recovered in the presence of 1 mM NaOCl 

(Figure 2.1A). Treatment of cells with a range of peroxides resulted also in changes to 

Fes1 mobility. Treatment with the organic peroxide CHP (cumene peroxide) caused in a 

clear change in Fes1 migration; a striking shift was observed upon exposure of cells to 

10 mM CHP for 30 min (Figure 2.1A). In addition, a weaker but reproducible shift in Fes1 

migration was observed upon addition of 10 mM hydrogen peroxide for 30 min (Figure 

2.1A). The same concentrations of 10 mM tert-butyl-hydroperoxide (tBHP) did not result 

in a detectable change in Fes1 migration (Figure 2.1A), although even higher 

concentrations of tBHP were found to induce mobility changes (data not shown). The 

relative sensitivity of Fes1 to the distinct peroxides is in keeping with the relative yeast 

toxicity reported for these peroxides; a <10% survival has been established for 4 mM 

CHP, 6 mM hydrogen peroxide, and 15 mM tBHP, respectively (27, 28). While exposure 
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to several types of ROS resulted in a clear migration change in Fes1, exposure to other 

common stressors did not alter Fes1 mobility on SDS-PAGE. Yeast that underwent heat 

shock, treatment with cycloheximide (CHX), exposure to the reductant dithiothreitol 

(DTT), or the thiol-oxidant diamide yielded no change in Fes1 mobility (Figure 2.1B). 

 The mobility change we observed for Fes1 was suggestive of a post-translational 

protein modification triggered by ROS exposure. Prior studies have demonstrated that 

oxidation of protein methionine residues can cause a pronounced change in protein 

migration through a reducing SDS-polyacrylamide gel (e.g. (29–31). We reasoned that 

the shift in Fes1 mobility could be a consequence of methionine oxidation induced by 

ROS exposure. To monitor whether Fes1 methionine residues are oxidized in cells 

exposed to exogenous ROS, we used mass spectrometry to analyze peptides from Fes1 

immunoisolated from untreated yeast cells or from cells exposed to 10 mM of CHP for 30 

min. It is established that methionine oxidation can be induced at several steps during 

sample preparation for mass spectrometry analysis (for example 32–34, and care was 

taken to minimize methionine oxidation post-cell-lysis (see Experimental Procedures). 

Fes1 contains seven methionines distributed throughout the protein; matched peptides 

for five of the seven methionines were recovered and identified by ESI-LC-MS/MS from 

both the untreated and treated samples. Methionines in peptides from stressed and 

unstressed cells were identified in the reduced state (Met; red) and also oxidized to 

methionine sulfoxide (MetO; ox) or methionine sulfone (MetO2; diox) (Table 2.1). Some 

methionine oxidation was detected at all five methionines in both the CHP-treated and 

untreated samples (Table 2.1). While we cannot exclude the possibility that Fes1 
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methionine oxidation occurs in cells under basal growth conditions, we think it is likely 

given the numerous reports on artificial oxidation during the mass spectrometry workflow 

that sample preparation induced some (or most) of the Fes1 oxidation observed in the 

unstressed samples. Closer analysis of the mass spectrometry data revealed three 

methionine residues in Fes1 (Met45, Met49, Met53) showed increased oxidation levels 

in the protein isolated from peroxide-treated cells (Table 2.1). These three methionines 

appeared selectively susceptible to oxidation; an enrichment in oxidation was not 

observed for Fes1 methionines Met19 or Met126 (Table 2.1). The Fes1 methionines most 

prone to oxidation cluster within the area of sequence predicted to localize to the first 

alpha-helix (α1) of the Fes1 core domain (Figure 2.2).  

 To determine whether oxidation of methionines 45, 49, and 53 accounts for the 

slower mobility of Fes1 observed upon peroxide treatment (Figure 2.1A), we generated 

alleles of Fes1 with Met45, Met49, and Met53 mutated to the somewhat structurally 

similar residues isoleucine and phenylalanine, and glutamic acid. Mutation of the three 

methionines resulted in Fes1 protein that retained in vivo activity. Yeast cells lacking a 

functional copy of FES1 (a fes1∆ strain) show decreased growth at elevated 

temperatures, compared to wild-type cells (21, 35, 36). Expression of a Fes1 Met-to-Ile, 

Met-to-Phe, or Met-to-Gln triple mutant in the fes1∆ background restored growth to similar 

levels as expression of wild-type Fes1 (Figure 2.1C). It has been shown that a double 

deletion strain lacking two of the cytoplasmic yeast NEFs (a fes1∆ sse1∆ strain) shows a 

strongly upregulated heat shock response (HSR) (21). Expression of a Fes1 Met-to-Ile 

and Met-to-Phe triple mutant was found also to dampen the HSR in a fes1∆ sse1∆ strain, 
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similar to the decrease in HSR observed with addition of a wild-type Fes1 encoding 

plasmid (Figure 2.1F). Despite rescuing the high temperature growth defect, a Fes1 Met-

to-Gln mutant showed only a partial downregulation of the heat shock response, relative 

to a fes1∆ sse1∆ strain (Figure 2.1F), and we suggest this mutant may be partially 

compromised for Fes1 activity. Importantly, consistent with the mass spectrometry data, 

we found that the electrophoretic mobility of a Fes1 Met-to-Ile, Met-to-Phe, or Met-to-Gln 

triple mutant did not change when cells were exposed to CHP (Figure 2.1D), supporting 

the conclusion that the Fes1 size shift induced by oxidant exposure is a consequence of 

methionine oxidation at residues Met45, Met49, and Met53. A Fes1 Met-to-Gln triplet 

mutant showed a slower electrophoretic mobility (similar to that observed for oxidized 

wild-type Fes1) in both untreated and oxidant treated cells, which is likely a consequence 

of the negative charge associated with the glutamine side chain. Similarities between 

protein methionine sulfoxide and glutamine have been previously described (37, 38), and 

we speculate that the Met-to-Gln allele may mimic (in part) the oxidized form (see 

Discussion).   

 We observed multiple (a ladder of) mobility-shifted Fes1 species upon oxidant 

treatment (Figure 2.1), and we postulate that these species reflect a combination of 

single, double, and triple oxidized methionine combination, where each methionine can 

exist in a reduced form, or oxidized to a methionine sulfoxide or methionine sulfoxide 

(MetO and MetO2) form. An analysis of various single, double, and triple Fes1 methionine 

mutant combinations failed to establish a clear correlation between the oxidation of an 

individual methionine residue and a distinct electrophoretic mobility (data not shown), and 
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we expect the ladder reflects a complex mixture of oxidized and reduced methionine 

forms.  
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Figure 2.1 

 

 
Figure 2.1 Oxidation of Fes1 methionines occurs in cells exposed to exogenous 
ROS. Lysates were prepared from wild-type yeast containing a plasmid encoding Fes1-
FLAG after (A) a 30 min treatment with peroxide (5 or 10 mM) or sodium hypochlorite 
(NaOCl) (0.5 or 1 mM) or (B) after exposure to elevated heat (37°C, 1 h), cycloheximide 
(CHX) (10 or 50 μg/ml, 30 min), DTT (5 or 10 mM, 30 min), or diamide (5 or 10 mM, 30 
min). Lysate proteins were separated by SDS-PAGE, and Fes1 was detected by western 
blotting with anti-FLAG antibody. Mobility shifted Fes1 corresponds to oxidized protein. 
(C) Fes1 methionine mutants complement temperature-sensitive growth of a fes1∆ strain. 
Yeast (fes1∆ cells) containing plasmids encoding wild-type or methionine mutant Fes1-
FLAG alleles were spotted onto selective synthetic minimal medium and assayed for 
growth at 30°C or 37°C for 2 d. (D) Suppression of the elevated fes1∆ cellular heat shock 
response by Fes1 methionine mutant alleles. Cells (fes1∆) containing plasmids encoding 
wild-type or methionine mutant Fes1-FLAG alleles and an HSE-LacZ reporter were 
cultured at 30°C to log phase in minimal medium, and cultures were either maintained at 
30°C or shifted to 37°C for 1 h. Three independent transformants of each strain were 
grown and assayed in duplicate. Data represent the mean of the averaged values ± SEM. 
p ≤ 0.0001, ****; p ≤ 0.001, ***; p ≥ 0.05 is defined as not significant (ns) by one-way 
analysis of variance, relative to the wild-type Fes1 expressing strain. (E) Lysates were 
prepared from a wild-type yeast strain containing the indicated Fes1-FLAG expressing-
plasmids after treatment (or mock treatment) with 5 mM cumene hydroperoxide (CHP) 
for 30 min. Fes1 was detected by western blotting with anti-FLAG antibody. Western 
images are representative of the data obtained from three independent experiments. 
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Table 2.1 
 
 

Residue(s) Peptide Fragment 
Relative 

Abundance Fold 
Enrichment 

‒ CHP + CHP 

Met19 

LLQWSIANSQGDKEAM(red)AR 1.00 1.00 1.00 

LLQWSIANSQGDKEAM(ox)AR 1.92 3.28 1.71 

LLQWSIANSQGDKEAM(diox)AR ND ND ‒ 

Met45 

LLQQLFGGGGPDDPTLM(red)K 1.00 1.00 1.00 

LLQQLFGGGGPDDPTLM(ox)K 5.18 6.11 1.18 

LLQQLFGGGGPDDPTLM(diox)K 0.06 0.12 2.00 

Met49 / 
Met53 

ESM(red)AVIM(red)NPEVDLETK 1.00 1.00 1.00 

ESM(ox)AVIM(red)NPEVDLETK 1.80 2.60 1.44 

ESM(ox)AVIM(ox)NPEVDLETK 5.80 18.83 3.25 

ESM(diox)AVIM(ox)NPEVDLETK 0.77 3.49 4.53 

Met79 Incomplete coverage 

Met126 

AAALSIIGTAVQNNLDSQNNFM(red)K 1.00 1.00 1.00 

AAALSIIGTAVQNNLDSQNNFM(ox)K 7.00 7.00 1.00 

AAALSIIGTAVQNNLDSQNNFM(diox)K 0.04 0.05 1.25 

Met194 Incomplete coverage 
 

Table 2.1 Mass spectrometry of oxidized Fes1 identifies MetO-modified residues. 
Fes1-FLAG IP samples from yeast cells treated with peroxide and analyzed by mass 
spectrometry show the greatest enrichment of methionine oxidation at residues Met45, 
Met49, and Met53. Matched peptides for five Fes1 methionines were recovered from both 
the untreated and treated samples. Methionines from each peptide were identified in the 
reduced state (Met; red), and also oxidized to methionine sulfoxide (MetO; ox) or 
methionine sulfone (MetO2; diox). ND; peptide fragment not detected. 
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Figure 2.2 
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Figure 2.2 Oxidized Fes1 methionine residues are predicted to localize within α-
helix 1 of the core domain. (A) Saccharomyces cerevisiae Fes1 and Homo sapiens 
HspBP1 sequences were aligned using Clustal Omega (39). Secondary structures from 
the HspBP1 core domain structure (PBD: 1XQR) (25) were rendered using the ESPript 
3.0 server (40). Fes1 methionine residues identified here as prone to oxidation are noted 
with orange asterisks. (B) An image of the predicted tertiary structure of Fes1 residues 
39-286, modeled from the HspBP1 core domain structure (PDB: 1XQR), is shown in 
cartoon form and shaded with a spectrum of colors from blue (N terminus) to red (C 
terminus). Consistent with prior reports, we predict Fes1 residues 39-286 form the core 
region, and residues 1-38 form an N-terminal pseudo-peptide-like region (22) (26). 
Methionine residues subject to oxidation are depicted as spheres. 
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Oxidative modification of Fes1 is reversed by R- and S-type methionine sulfoxide 

reductases.  

 Protein methionines oxidized to methionine sulfoxide (MetO) can be reversed by 

methionine sulfoxide reductase (Msr) enzymes (41). To determine if the activity of the 

yeast Msrs could reverse oxidation of Fes1, we established a cell-free assay to monitor 

Fes1 oxidation. Recombinant Fes1 was purified from bacteria and treated with NaOCl. 

Similar to what was observed in cells, we saw a clear change in Fes1 mobility when 

protein was incubated with increasing concentrations of oxidant (Figure 2.3A). Modest 

changes in mobility were observed even the presence of an equimolar concentration of 

NaOCl (Figure 2.3A, lane 2). When Fes1 was treated with 10-fold molar excess and 

higher of NaOCl, there was very little, or a complete absence, of any Fes1 species co-

migrating with untreated (reduced) Fes1 (Figure 2.3A, lanes 5-6). Recombinant Fes1 

Met-to-Ile and Met-to-Phe triple mutants did not undergo a mobility change in the 

presence of oxidant, establishing that the same Fes1 methionines oxidized in cells are 

susceptible to modification in vitro (Figure 2.3B).  

 Yeast encode two Msr enzymes (Mxr1 and Mxr2) that reduce protein-incorporated 

MetO modifications in a stereospecific manner. Yeast Mxr1 (MsrA) and Mxr2 (MsrB) have 

been linked to the reduction of protein S-MetO, and R-MetO, respectively (Figure 2.4C). 

(42). We purified recombinant versions of Mxr1 and Mxr2 and set up an in vitro system to 

monitor activity towards oxidant-treated Fes1. Fes1 protein was oxidized with NaOCl and 

then incubated with substoichiometric amounts (a 1-to-10 ratio of Mxr-to-Fes1) of Mxr1 

and Mxr2, either alone (Figure 2.3D, lanes 4-5) or in combination (Figure 2.3D, lanes 6-
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9). To catalyze multiple reaction turnovers, DTT or a reconstituted yeast thioredoxin 

system (consisting of thioredoxin (Trx1), thioredoxin reductase (Trr1), and NADPH) was 

provided to recycle (reduce) the Msrs. Note, the presence of DTT alone is insufficient to 

reduce protein-MetO adducts. We observed a clear loss of the slowest migrating, oxidant-

induced Fes1 band in the presence of both Msr enzymes and a recycling system (Figure 

2.3D, lanes 7 and 9). Both the thioredoxin and DTT recycling systems yielded a similar 

reduction in the slower migrating Fes1 species (Figure 2.3D). Incubation of Fes1 in the 

presence of a single Msr led to a very modest decrease in the more slowly, migrating 

oxidized Fes1 species (Figure 2.3D, lanes 5-6 versus 4), and we hypothesize that the 

synergistic effect of Mxr1 and Mxr2 results from their combined ability to reduce the 

anticipated mixtures of R- and S-MetO Fes1 species. Of note, a complete restoration of 

a band that co-migrates with reduced Fes1 was not obtained, and we speculate that some 

portion of the in vitro modified Fes1 contains methionines oxidized to methionine sulfone 

(MetO2), which is resistant to reduction by Msrs. Such an overoxidation of protein 

methionines in the cell free system is not unexpected, given the 10-fold excess of oxidant 

used to oxidize Fes1 in the absence of any cellular system that may serve to limit 

overoxidation. In addition, we cannot eliminate the possibility that Fes1 is oxidized also 

at non-methionine residues, which would not be reversed by Msr activity; however, the 

oxidant-treated Fes1 methionine mutants did not show a shift in size upon oxidant 

treatment (Figure 2.3B), suggesting that the remaining size-shifted species in the Msr-

treated oxidized Fes1 samples (Figure 2.3D) reflects methionine modification. 

Altogether, these data confirm that the migration change for Fes1 induced in the presence 
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of oxidant is a byproduct of methionine oxidation, which can be reversed (in part) through 

the activity of the yeast Msr enzymes Mxr1 and Mxr2. 

 Given the ability of recombinant Mxr1 and Mxr2 to reverse Fes1 oxidation in vitro, 

we next sought to establish the ability of either or both enzyme(s) to modulate Fes1 

oxidation in vivo. We reasoned that if the Msr enzymes mediate reduction of Fes1 in cells, 

yeast strains lacking Msr activity would accumulate more oxidized Fes1 protein. In 

keeping with our expectation, we observed yeast deleted for either Msr enzyme (mxr1∆ 

or mxr2∆) and treated with peroxide showed an increased level of Fes1 oxidation, 

compared to wild-type cells treated with the same concentration of oxidant (Figure 2.3E). 

In contrast to our in vitro experiments, we did not see a clear combinatorial effect for a 

loss of both Mxr enzymes on Fes1 oxidation; an mxr1∆ mxr2∆ double deletion strain 

showed no further increase in oxidized Fes1 levels compared to the single mutant strains 

(Figure 2.3E). While we expected a loss of both enzymes would yield a further increase 

in the accumulation of oxidized Fes1, due to their distinct activities toward MetO isomers, 

we speculate that the observed yeast phenotype could reflect compensatory yeast 

systems that allow for the growth and viability of the double mutant strain. 
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Figure 2.3 
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Figure 2.3 Oxidation of Fes1 is reversed by both R- and S-type methionine sulfoxide 
reductases. (A) Electrophoretic mobility shifts are observed when recombinant Fes1 
protein is treated with NaOCl at increasing concentrations (0 to 20-fold molar excess). (B) 
Purified recombinant Fes1 methionine mutants are resistant to oxidation. Fes1 protein 
with Met residues 45, 49, and 53 mutated to Ile or Phe were treated with a 10-fold molar 
excess of NaOCl. Oxidation of Fes1 was assessed based on the change in mobility. 
Recombinant proteins were visualized with Coomassie Brilliant Blue stain after SDS-
PAGE. (C) Methionine sulfoxide reductase enzymes catalyze the reduction of MetO in a 
stereospecific manner. In the presence of ROS, protein methionine residues can be 
modified to generate S- and R-MetO isomers; oxidized methionine stereoisomers are 
reduced in yeast by Mxr1 (reduces S-MetO) and Mxr2 (reduces R-MetO). (D) Mxr1 and 
Mxr2 reduce oxidized Fes1. Fes1 protein was oxidized with NaOCl then treated with Mxr1 
and Mxr2 alone (lanes 4-5) or in combination (lanes 6-9). To catalyze Mxr enzyme 
turnover, DTT or a reconstituted thioredoxin system (consisting of Trx1, Trr1, and 
NADPH) was used. Proteins were separated by SDS-PAGE and visualized by staining 
with Coomassie Brilliant Blue. (E) Methionine sulfoxide reductases modulate the redox 
state of Fes1 in vivo. Lysates were prepared from log phase cultures of the indicated wild-
type or mxr∆ yeast strains (containing a Fes1-FLAG plasmid) after treatment with 5 mM 
CHP for 30 min. Proteins were separated by SDS-PAGE, and Fes1 was detected by 
western blotting with anti-FLAG antibody. Images shown are each representative of three 
independent experiments.  
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A cytoplasmic pool of Mxr2 influences Fes1 oxidation.  

 Previous studies have localized yeast Mxr1 to the cytosol and Mxr2 within the 

mitochondria (42, 43), and thus we were initially surprised to observe an impact for loss 

of Mxr2 activity on the oxidation of cytoplasmic Fes1. While the impact for loss of Mxr2 

on cellular Fes1 oxidation could be indirect, we were intrigued by the alternative possibility 

that an uncharacterized cytoplasmic pool of Mxr2 may exist that could directly reduce 

Fes1, like observed in our in vitro system. Mining the compiled ribosome-profiling and 

mRNA-sequencing database (44) revealed the potential for prominent use of an internal 

methionine start codon in Mxr2 (Met34), numbered relative to the annotated start site 

(Met1) (Figure 2.4). We hypothesized that translation initiated from Met34 would 

generate a protein with an intact enzymatic core that would lack the amphipathic 

mitochondrial targeting sequence encoded by residues 1-30 (45). We speculated that an 

Mxr2 protein translated from Met34 would be localized to the cytoplasmic space, where 

it could facilitate reduction of oxidized proteins. A similar binary start site mechanism has 

been described for proteins dual-localized to the cytosol and mitochondria (46).  

 We used fluorescence confocal microscopy to confirm first the prior reported 

cytoplasmic and distributions of Mxr1 and Mxr2 in yeast. Localization of Mxr1 and Mxr2 

was determined by imaging C-terminally-tagged mNeonGreen Mxr constructs (Figure 

2.5A). Mxr1 showed a diffuse fluorescence distribution throughout the cell, consistent with 

localization within the cytosol; Mxr2 co-localized with the mitochondria, visualized by a 

mitochondrial-targeted RFP (Figure 2.5A). We next mutated the two potential start sites 

in Mxr2, generating Met-to-Leu substitution alleles at Mxr2 Met1 and Met34. Notably, both 
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mutant proteins resulted in the expression of detectable protein (Figure 2.5A). As 

hypothesized, an Mxr2 lacking the annotated Met1 start codon (Mxr2-M1L) resulted in a 

cytoplasmic localization for Mxr2 (Figure 2.5A). In contrast, an Mxr2-M34L protein (which 

should begin translation at Met1) localized to the mitochondria, similar to wild-type Mxr2 

(Figure 2.5A).  

 To determine if the subcellular localization of Mxr2 influences its ability to modulate 

Fes1 oxidation, we took advantage of the increase in Fes1 oxidation observed in an 

mxr2∆ strain treated with peroxide (Figure 2.3E, 2.5B lane 5). We confirmed first that 

addition of a plasmid encoding wild-type MXR2 could rescue the increased Fes1 oxidation 

phenotype of the mxr2∆ strain; we established that the presence of a MXR2 plasmid 

resulted in less Fes1 oxidation upon peroxide treatment (Figure 2.5B, lane 2) similar to 

what was observed in a wild-type yeast strain (Figure 2.5B, lane 1). Notably, addition of 

a plasmid encoding Mxr2-M1L protein resulted in a similar outcome as observed for a 

plasmid encoding wild-type Mxr2 (Figure 2.5B, lane 3), suggesting that it is a cytoplasmic 

pool of Mxr2 that accounts for the relative decrease in accumulated Fes1 oxidation in a 

wild-type strain versus an mxr2∆. Moreover, a strain expressing mitochondrial-localized 

Mxr2-M34L (Figure 2.5A) accumulated higher levels of oxidized Fes1 (Figure 2.5B, lane 

5), analogous to the levels observed in an mxr2∆ strain. These later data suggest that 

initiation at Met1 alone, and a mitochondrial pool of Mrx2, is not sufficient to influence 

Fes1 oxidation. These data imply the presence of a cytoplasmic pool produced in the 

wild-type Mxr2-expresing strain (through initiation at Met34) that is absent in the Mxr2-

M34L expressing strain. We speculate that a cytoplasmic Mxr2 pool in the wild-type strain 
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may be poorly visible in the microscopy images due to the mitochondrial signal. We 

propose that both cytoplasmic and mitochondrial Mxr2 forms exist that modulate MetO 

oxidation of protein substrates within these respective compartments. Such activity would 

be consistent with the reported multiple isoforms of the mammalian methionine sulfoxide 

reductase MsrB, which are localized to multiple intracellular compartments, including the 

cytosol, mitochondria, nucleus, and endoplasmic reticulum (47). 
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Figure 2.4 

 
 
 

Figure 2.4 Ribosome profiling and RNA sequencing data suggest prominent use of 
an internal start codon in the Mxr2 sequence. Image compiled and visualized by the 
GWIPS-viz genome browser (44) showing the global aggregate data for small ribosomal 
subunits, elongating ribosomes, and mRNA-seq reads for MXR2. The Mxr2 protein 
sequence is shown in single letter code, and methionine residues are highlighted in green. 
The aggregate ribosome footprints and mRNA coverage around Met34 suggest the 
potential usage of Met34 as a primary start codon.  
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Figure 2.5 

 

Figure 2.5 A cytosolic pool of Mxr2 influences Fes1 oxidation. (A) Wild-type yeast 
expressing plasmid-borne Mxr constructs, tagged with mNeonGreen, under the control of 
a TEF promoter were imaged by confocal fluorescence microscopy. A mitochondrial-
targeted RFP serves a mitochondrial marker. (B) Plasmids encoding wild-type or the 
indicated mutant alleles of MXR2 (untagged and under control of the endogenous MXR2 
promoter) were transformed into an mxr2∆ strain that contained a plasmid-borne copy of 
Fes1-FLAG. Yeast were cultured to log phase and treated with 5 mM CHP for 30 min 
prior to harvest. Lysate proteins were separated by SDS-PAGE, and Fes1 was detected 
by western blotting with anti-FLAG antibody. Data in panel B depict a representative 
image from three independent experiments.  
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Fes1 oxidation alters its ability to modulate Hsp70 activities.  

 Having established the susceptibility of Fes1 to methionine oxidation, we next 

sought to determine how oxidation impacts the established abilities of Fes1 to facilitate 

Hsp70 nucleotide exchange and substrate release (22, 26, 35, 24) (Figure 2.6A).  

 To monitor NEF activity, we employed stopped-flow spectroscopy and the 

fluorescent ADP analog MABA-ADP. When bound to an Hsp70, MABA-ADP shows 

enhanced fluorescence; nucleotide release from the Hsp70 manifests as a decrease in 

fluorescence (48, 49). Yeast contain two classes of cytoplasmic Hsp70s, grouped based 

on sequence homology: the Ssa and Ssb proteins (50). Prior reports have demonstrated 

that Fes1 shows a similar affinity towards Ssa1 and Ssb1 (22), and that Fes1 is effective 

as an Ssa1 and Ssb1 NEF (22, 24). A majority of published reports focus on Ssa1 as the 

model cytoplasmic Hsp70, and we continue this trend for most of our biochemical assays. 

However, we found that the Ssa1 protein purified with bound nucleotide, which we were 

unable to effectively remove (see Experimental Procedures). Thus, for the NEF assays 

we made use of recombinant Ssb1 protein, which in its apo-state could be efficiently 

loaded with MABA-ADP. Complexes were formed between recombinant Ssb1 and 

MABA-ADP. Release of MABA-ADP from Ssb1 (in the presence of an excess of 

unlabeled ADP) was found to be relatively slow in the absence of a NEF (Figure 2.6B, 

C); an average MABA-ADP off rate of 0.189 ± 0.009 s-1 was measured (Figure 2.6C), 

which is similar to the prior reported rates of 0.205 ± 0.001 s-1 (22) and 0.27 s-1 (24). 

Addition of Fes1 accelerated the rate of MABA-ADP release from Ssb1 ~9-fold, increasing 
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the off rate to 1.634 ± 0.098 s-1 (Figure 2.6C). These data are consistent again with the 

prior reported ability of Fes1 to stimulate MABA-ADP release from Ssb1 (22) (24).  

 To test the effect of Fes1 oxidation on its activity as a NEF, oxidized Fes1 was 

prepared by treating recombinant protein with a 10-fold molar excess of NaOCl. To 

prevent oxidation of Ssb1 protein, all the oxidant treated Fes1 samples (and the oxidant-

treated buffer control) were run through a desalting column prior to injection into the 

stopped-flow apparatus. Treatment with oxidant was observed to lessen Fes1 NEF 

activity (Figure 2.6B, C). The rate of Ssb1 nucleotide release stimulated by oxidized Fes1 

was diminished ~4-fold relative to reduced Fes1, exhibiting an average measured off rate 

for MABA-ADP of 0.404 ± 0.083 s-1. The inhibitory effect of oxidant treatment was partially 

reversible. Treatment of the desalted oxidized Fes1 protein with a mixture of Mxr1 and 

Mxr2, prior to mixing with Ssb1-MABA-ADP, resulted in a Fes1 protein that stimulate 

nucleotide release ~5-fold, relative to the rate observed in the absence of Fes1 (Figure 

2.6C). The partial restoration of Fes1 activity was consistent with the partial restoration in 

Fes1 mobility seen upon incubation with a combination of Mxr1 and Mxr2 (Figure 2.3D). 

It is worth noting that we were unable to monitor the activity of the Fes1 triple methionine 

mutants in the NEF assay; based on our prior data (Figure 2.6B), we expected that a 

Fes1 methionine mutant treated with oxidant would likely retain NEF activity. However, 

we found that the Met-to-Ile, Met-to-Phe, and Met-to-Gln mutants were compromised for 

NEF activity even in the absence of oxidant (Figure 2.7). We suggest the lessened activity 

for these mutants likely reflects the biochemical importance of these methionine residues 

for Fes1 activity, which is in turn altered upon modification of these residues either post-
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translationally (by oxidant) or through mutagenesis. We speculate that the lower NEF 

activity measured for the Met-to-Ile and Met-to-Phe mutants in vitro is sufficient to 

complement the yeast phenotypes associated with a loss of cellular Fes1 activity (a 

fes1∆) (Figures 2.1C, 2.1D). 

 We reasoned the lower NEF activity observed for oxidized Fes1 would translate to 

a decreased ability of oxidized Fes1 to stimulate Hsp70 ATPase activity. To monitor 

ATPase activity, we followed ATP hydrolysis by Ssa1 protein purified from yeast. Similar 

to the NEF activity assays, we observed that wild-type Fes1 stimulated ATP turnover by 

Ssa1, and that the stimulatory activity of Fes1 was decreased upon treatment of Fes1 

with oxidant (Figure 2.6D). The damped activity for oxidized Fes1 was reversed by 

treatment with Mxr1 an Mxr2 (Figure 2.6D).  

 A consequence of stimulated Hsp70 nucleotide release by a cytoplasmic NEF is 

the association of Hsp70 with ATP, which facilitates peptide release (22, 51, 25) (Figure 

2.6A). The NR peptide (sequence: NRLLLTG) and a derivative of the APPY peptide (ala-

P5: ALLLSAPRR) have been shown to be substrates for the cytoplasmic Hsp70 Ssa1 

(52, 53, 25, 51). Hence, to monitor the influence of Fes1 on peptide binding, we made 

use of the Ssa1 protein and an NR-peptide peptide labeled with the environmentally-

sensitive fluorophore nitrobenzoxadizole (NBD), which shows enhanced fluorescence 

when in complex with an Hsp70. We initially planned to monitor also Ssb1-peptide 

interactions but were unable to detect an association of labeled peptide with Ssb1 (data 

not shown); a similar lack of detectable interaction between Ssb1 and APPY-peptide has 

been noted previously (52). Complexes of Ssa1 were formed with the NBD-NR-peptide. 
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Using stopped-flow spectroscopy, we monitored the ability of Fes1 to stimulate a 

decrease in NBD-NR fluorescence upon mixing of Ssa1-NBD-NR complex with an excess 

of ATP and unlabeled peptide. In the absence of Fes1, we observed a peptide release 

half time of 8.33 ± 0.22 s, which was accelerated ~8-fold by Fes1 (t1/2 of 1.06 ± 0.03 s) 

(Figure 2.6E, F). Oxidant-treated Fes1 showed a decreased ability to stimulate peptide 

release from Ssa1; relative to the half-time observed in the presence of untreated Fes1, 

oxidant-treated Fes1 peptide release was slowed ~2-fold (t1/2 of 5.48 ± 1.12 s) (Figure 

2.6E, F). The activity of oxidant-treated Fes1 was restored when incubated with a 

combination of Mxr1 and Mxr2, resulting in an average half-life for the Ssa1-peptide 

complex of 2.11 ± 1.08 s (Figure 2.6F). Interestingly, peptide release kinetics appeared 

to be more resistant to the effects of Fes1 oxidation, as Fes1 inhibition required more 

oxidant (20-fold molar excess NaOCl) compared to other Hsp70 activity assays, where 

Fes1 inhibition was observed upon oxidation with 10-fold molar excess NaOCl (Figure 

2.6B-D). It is unclear whether the increased oxidant requirement we observed relates to 

technical differences for the distinct assays, or if the necessity for additional oxidation to 

impact peptide release has biological implications.  

 Most recently, a new activity for the N-terminal region of Fes1 as a pseudo-peptide 

has been reported, wherein the association of the Fes1 N terminus with the substrate 

binding domain prevents the re-association of released peptide with the Hsp70, to further 

facilitate Hsp70 peptide clearance (26) (Figure 2.6A). Fes1 was found to limit association 

of a dansyl-labeled NR peptide with Ssa1, and this activity of Fes1 was dependent on the 

presence of an intact Fes1 N terminus (26). Using anisotropy, we observed a similar 
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decrease in the association of NR peptide, conjugated to the fluorescent dye 6-

carboxyfluorescein (FAM), with Ssa1 in the presence of Fes1 (Figure 2.6G). We found 

that oxidant-treated Fes1 was less effective in limiting peptide association (Figure 2.6G). 

Altogether, these data suggest that oxidation diminishes all known Hsp70-associated 

Fes1 activities; oxidation decreases the ability of Fes1 to facilitate Hsp70 nucleotide 

exchange, mediate peptide release, and limit peptide association.  
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Figure 2.6 
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Figure 2.6 Oxidation lessens Fes1 regulation of Hsp70 activities. (A) Model for Fes1-
Hsp70 interactions. Fes1 binds to an Hsp70-ADP-peptide complex and mediates the 
separation of the lobes of the Hsp70 NBD to facilitate ADP release. The association of 
ATP with apo-Hsp70 induces peptide release. The Fes1 core domain dissociates from 
ATP-bound Hsp70. The Fes1 N terminus can bind to the open Hsp70 substrate-binding 
pocket to prevent peptide re-association. (B-C) The ability of Fes1 to catalyze the 
exchange of nucleotide bound to Ssb1 was monitored by stopped-flow. Ssb1 preloaded 
with MABA-ADP was chased with an excess of ADP in the presence of untreated Fes1, 
oxidant treated Fes1 (Fes1(ox)), or Fes1(ox) pre-incubated with Mxrs. Averaged 
fluorescence values, from a minimum of six replicates, are shown for one independent 
experiment in panel B. Panel C shows the rates ± SEM for three independent 
experiments, where the rates for each experiment were determined from the non-linear 
fit of the average values from at least five technical replicates. (D) Ssa1 ATPase activity 
was monitored by following the accumulation of free phosphate in the presence of the 
Ydj1 J-domain and Fes1. Data depict the average from three independent experiments. 
Error bars represent the SEM. (E-F) Release of bound NBD-labeled NR peptide from 
Hsp70 was monitored by stopped-flow. Hsp70 preloaded with peptide was chased with 
an excess of unlabeled NR peptide and ATP in the presence of Fes1, Fes1(ox), or 
Fes1(ox) pretreated with Mxrs. Panel E shows the averaged fluorescence values of a 
minimum of six replicates from one independent experiment. Panel F shows the half-lives 
from three experiments, determined from the non-linear fit of the average data from at 
least five technical replicates per experiment. Error bars represent the SEM. (G) The 
ability of Fes1 to inhibit peptide association with Hsp70 was monitored by anisotropy. 
Hsp70, or preformed Hsp70-Fes1 complexes, were rapidly mixed with FAM-NR peptide, 
and data were collected over 1 h. Average anisotropy values from three independent 
experiments are shown ± SEM. 
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Figure 2.7 

 

 
Figure 2.7 Fes1 methionine mutants are compromised for NEF activity. The ability 
of Fes1 methionine mutants to catalyze the exchange of nucleotide bound to Ssb1 was 
monitored by stopped-flow. Ssb1 preloaded with MABA-ADP was chased with an excess 
of ADP in the presence of Fes1 (WT) or Fes1 methionine triple mutants (Met-to-Ile, Met-
to-Phe, and Met-to-Gln). Averaged fluorescence values, from a minimum of six replicates, 
are shown for one independent experiment. 
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The Fes1 N terminus is not required to inhibit NEF activity upon modification.  

 Given the location of the oxidation sensitive methionines in proximity to the N-

terminal domain (Figure 2.2), we reasoned that the lack of activity observed for oxidized 

Fes1 may be mediated by changes to the N-terminal region. To determine whether the 

presence of the N terminus is required for an inhibition of Fes1 activities upon 

modification, we purified recombinant Fes1 lacking the first 38 residues that form the N-

terminal domain (Fes1-∆N) (26). Fes1-∆N retains the oxidant sensitive methionines 

(Met45, Met49, Met53), and oxidation of Fes1 was not affected by removal of the N 

terminus. When treated with increasing concentrations of oxidant, Fes1-∆N displayed 

mobility shifts similar to that observed for the full-length Fes1 protein (Figure 2.8A). 

Indeed, the Fes1-∆N proteins appeared slightly more susceptible to oxidation, showing a 

more marked size shift at lower oxidant treatments (Figure 2.8A, lanes 3-5 versus 9-11). 

Moreover, we found that oxidant treatment inhibited the ability of Fes1-∆N to stimulate 

Ssa1 ATP hydrolysis (Figure 2.8B), suggesting that the N-terminal region is not 

necessary to mediate oxidant-induced changes to Fes1 activity. Of note, we observed an 

accelerated rate of ATP hydrolysis by Ssa1 in the presence of Fes1-∆N relative to wild-

type Fes1 (Figure 2.8B). At present, we cannot explain this increased activity. Chaperone 

co-purification can contribute background ATPase activity; however no background 

ATPase activity was detected for the Fes1-∆N (or Fes1) preparations that would explain 

the increase in ATP turnover observed with Fes1-∆N relative to Fes1 (data not shown). 

Irrespective of the observed difference in activities for Fes1 and Fes1-∆N, most relevant 

to the current study is that oxidant treatment decreased that stimulatory activity of Fes1 
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~2-fold for both wild-type and the truncated Fes1, supporting a similar degree of inhibition 

in the presence or absence of the N-terminal region.  
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Figure 2.8 

 

 
Figure 2.8 A truncated Fes1 is inhibited upon oxidation. (A) Recombinant full-length 
Fes1 and an N-terminal Fes1 truncation (Fes1-ΔN) mutant display similar mobility shifts 
upon NaOCl treatment. Recombinant Fes1 proteins were treated with increasing 
concentrations of NaOCl (a 0 to 20-fold molar excess of NaOCl relative to Fes1). Proteins 
were separated by SDS-PAGE and visualized by staining with Coomassie Brilliant Blue. 
(B) Oxidant treatment results in a decreased ability of Fes1 and Fes1-∆N to stimulate 
Ssa1 ATPase activity. Ssa1 ATPase activity was monitored by following the accumulation 
of free phosphate in the presence of the Ydj1 J-domain and Fes1. Averaged data from 
three independent experiments are shown ± SEM. Each plot references a shared control 
(activity in the absence of Fes1).  
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Interaction between Fes1 and Hsp70 is diminished upon Fes1 oxidation.  

 Structural data for the Fes1 ortholog HspBP1 shows that the core domain adopts 

a largely alpha-helical structure with a concave face that embraces lobe II of the Hsp70 

NBD (25). Four helical repeats (formed by helices 3-14) adopt a structure similar to 

Armadillo repeats; these repeats are capped at each end by longer helices (α1 and α15-

17) (25). Homology modeling based on the HspBP1 core structure predicts that the 

oxidant sensitive methionines for Fes1 map along α1 (22) (Figure 2.2) It has been 

suggested that a steric clash between α1 and the Hsp70 NBD is what propels the change 

in NBD conformation that facilitates nucleotide exchange (25). We reasoned that 

oxidation may alter the ability of Fes1 to facilitate an Hsp70 conformational exchange 

(and nucleotide release) and/or conformations changes with α1 induced by oxidation may 

serve to more globally disrupt the core domain structure and the association with an 

Hsp70, by altering the ability for major contacts to form between the Hsp70 lobe II and 

the Armadillo repeats.  

 To test the later possibility, we examined whether the association of Fes1 and 

Hsp70 was altered upon oxidation. Purified recombinant His6-tagged Fes1 was 

immobilized on Ni-NTA agarose beads after treatment with oxidant (or mock treatment). 

Immobilized Fes1 was then incubated with an equimolar amount of untagged 

recombinant Ssb1. The yeast purified Ssa1 preparations were tagged with a His6-tag, 

preventing us from using Ssa1 in this assay. Consistent with prior studies, we observed 

a stable association of Fes1 with Ssb1 (22) (Figure 2.9A). We found that the interaction 

between Fes1 and Hsp70 was diminished upon Fes1 oxidation (Figure 2.9A). The 
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decreased interaction correlated with the degree of Fes1 oxidation; treatment of Fes1 

with increasing amounts of NaOCl corresponded with the appearance of increasingly 

slower migrating Fes1 species and a decrease in Hsp70 association (Figure 2.9A). A 

modest background binding of Ssb1 with the Ni-NTA beads was observed even in the 

absence of Fes1 protein (Figure 2.9A, lane 7); however, the majority of recovered Ssb1 

signal in the pulldowns required the presence of Fes1. The decreased association 

between oxidized Fes1 and Ssb1 could be reversed by Mxr1/2 treatment; the recovery of 

Hsp70 bound to immobilized Fes1 was increased in samples where oxidant-treated Fes1 

was incubated with Mxr1/2 prior to immobilization (Figure 2.9B, lane 6 versus 5). The 

presence of Mxr1/2 and the thioredoxin-system alone did not alter the association of 

unmodified Fes1 and Ssb1 (Figure 2.9B, lanes 3-4). 

 Similar results were obtained also for experiments wherein a more complex 

mixture of yeast cell lysate was used in lieu of purified Hsp70 protein. Cytoplasmic Hsp70s 

of both the Ssa and Ssb class were isolated from yeast lysates by immobilized FLAG-

tagged Fes1 (Figure 2.9C); similar results have been reported previously (21) (22). 

Moreover, treatment of Fes1-FLAG with oxidant prior to immobilization decreased the 

recovery of Ssa-Fes1 and Ssb-Fes1 complexes (Figure 2.9C). Altogether these data 

suggest that Fes1 oxidation disrupts the interaction with Hsp70. A decreased association 

between Hsp70 and Fes1 upon oxidation is consistent with the overall disruption of Fes1 

activities, including the ability to facilitate nucleotide exchange, peptide binding, and 

peptide clearance (Figure 2.6). 
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Figure 2.9 

 

Figure 2.9 Fes1 and Hsp70 association is diminished upon Fes1 oxidation. (A) 
Purified recombinant Fes1-His6 was oxidized with increasing concentrations of NaOCl (0- 
to 20-fold molar excess), desalted, and bound to Ni-agarose beads. Bound Fes1 was 
incubated with 2-fold molar excess Ssb1 for 1 h, and material associated with Fes1 was 
collected by centrifugation, eluted from the beads with SDS, resolved by reducing SDS-
PAGE, and visualized by staining with Coomassie Brilliant Blue. (B) Purified recombinant 
Fes1-His6 treated with NaOCl, desalted, and incubated (or mock treated) with equimolar 
Mxr1 and Mxr2 proteins for 30 min prior to binding Fes1 to Ni-agarose beads. Binding of 
Ssb1 was assessed as in panel A. The ratio of Ssb1 bound was quantified based on band 
intensity, which was quantified and normalized to the unmodified Fes1 control. Data 
depict representative images from at least three independent experiments. (C) Purified 
recombinant Fes1-FLAG was oxidized with increasing concentrations of NaOCl (10- or 
20-fold molar excess), desalted, and bound to anti-FLAG beads. Bound Fes1 was 
incubated with wild-type yeast cell lysates for 2 h, and material associated with Fes1 was 
collected by centrifugation, eluted from the beads with SDS, resolved by reducing SDS-
PAGE, and visualized by staining with Coomassie Brilliant Blue or by western blotting 
with the indicated anti-Hsp70 antibodies. HC, heavy chain; LC, light chain from anti-FLAG 
beads. 
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DISCUSSION 
 

  We identified the yeast cytoplasmic NEF Fes1 as prone to methionine oxidation 

under excessively oxidizing conditions. Our data show that when a cluster of three 

methionines (Met45, Met49, Met53) in the N-terminal region of the Fes1 core domain are 

oxidized, the physical association of the cytoplasmic Hsp70s and Fes1 is diminished 

(Figure 2.9), which correlates with an observed decrease in the ability of oxidized Fes1 

to stimulate Hsp70 nucleotide exchange, peptide release, and/or peptide association 

(Figure 2.6). While the impact for Fes1 oxidation on yeast physiology remains a focus for 

future research efforts in the lab, we speculate that altered activity of Fes1 upon oxidation 

may benefit cells during oxidative stress by helping to maintain cytoplasmic proteostasis. 

 A variety of proteins post-translationally modified by MetO have been identified 

from a range of species, including many proteins identified as oxidized in proteome-wide 

studies of human cells treated with various oxidants (9, 12, 54, 55). Recently, a database 

(MetOSite) was constructed, which catalogs MetO sites from 3562 different proteins 

identified across 23 species (56). Notably few S. cerevisiae methionine-oxidation-

susceptible proteins are annotated in MetOSite, and our identification of Fes1 further 

extends the known targets of MetO oxidation in this widely studied model organism. 

MetOSite lists only two yeast proteins identified as susceptible to methionine oxidation: 

Mge1 (43) and enolase (shown to be oxidized in vitro) (12).  

 Interestingly, one of the two reported yeast proteins susceptible to oxidation 

(Mge1) is a NEF for the mitochondrial Hsp70s, and it is attractive to consider that changes 

to Hsp70 chaperone function through modulation of NEF activity could be a common 
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theme in the response to oxidative stress in the mitochondria and cytoplasm of yeast. The 

human orthologs of Fes1 (HspBP1) (54, 55), Mge1 (GrpEL) (54, 57), and proteins of the 

cytoplasmic NEF BAG family (54, 55) have been identified also with MetO adducts in 

proteomic studies, and we further speculate that modulation of Hsp70 activity through 

NEF oxidation may be conserved across species. Similar to what we report for Fes1, 

directed studies of yeast Mge1 have demonstrated that methionine oxidation lessens the 

interaction between Mge1 and Hsp70 and decreases Mge1 NEF activity (43, 58, 59). In 

vitro oxidation of GrpEL similarly was shown to lessen the ability of GrpEL to stimulate 

Hsp70 ATPase activity (58).  

 We propose that a decrease in Fes1 activity upon oxidation may be of benefit to 

cells during oxidative stress. A global inactivation of cellular NEF activity during oxidative 

stress could result in a prolonged association of ADP-bound Hsp70 with peptide, which 

could serve to limit protein aggregation during overly oxidizing conditions. However, cells 

contain multiple NEFs from distinct structural families (GrpE, Hsp110, Fes1, and BAG 

family proteins) (13) and not all cellular NEF proteins have been identified as prone to 

oxidation. In addition, for the subset of NEFs identified as susceptible to MetO oxidation 

in prior proteomic studies, only GrpEL has been shown to become inactivated upon 

methionine oxidation (58). Thus, we find it interesting to consider how selective 

inactivation of Fes1 activity might benefit cells.  

 It has been previously shown that a strain disrupted for Fes1 activity (a fes1Δ) 

displays a decreased translation rate (35) and a constitutively upregulated heat shock 

response (21). Given that oxidation inactivates Fes1 activity (as would be true for a 
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fes1Δ), we speculate that Fes1 MetO modification could activate beneficial stress 

responses such as translation attenuation or the heat shock response (HSR), which 

would help cells cope with excess ROS during oxidative stress. Ssb1/2 have an 

established role in protein translation (60), and consistent with a change in translation 

upon Fes1 oxidation, we found Fes1 oxidation lessened the association of Fes1 with 

Ssb1/2 (Figure 2.9). It has been suggested that Fes1 may help to unload (release) 

nascent chain from Ssb (22), and a loss of Fes1 activity could slow translation by stalling 

nascent chain release. A decrease in protein load during unfavorable folding conditions 

could benefit cells by decreasing the folding burden on an already stressed cytoplasmic 

system. We observed also an elevated HSR for cells containing a Fes1 Met-to-Gln mutant 

(Figure 2.1). Similar functional outcomes have been reported for proteins with 

methionine(s) modified with methionine sulfoxide or mutagenized to glutamine (37, 38), 

and we suggest that the elevated HSR seen for the Fes1 Met-to-Gln allele would be 

consistent with HSR upregulation as a consequence of Fes1 methionine oxidation. We 

speculate that an increased production of HSR targets (including additional chaperones) 

could serve to buffer against an unfavorable folding environment during excessively 

oxidizing conditions. 

 Moreover, the recently reported role for the Fes1 N-terminal region in peptide 

clearance suggests a unique activity for Fes1, relative to the other classes of cytoplasmic 

NEFs (Hsp110 and BAG proteins) that may be modulated by oxidation. It was reported 

that the unstructured Fes1 N-terminal domain associates with the Hsp70 SBD to limit 

Hsp70 re-association of aggregation-prone substrates; aggregation prone substrates are 



 91 

proposed to include substrates with multiple exposed hydrophobic patches that possess 

low apparent Hsp70 off-rates (26). We hypothesize that when the chance for productive 

folding is low (during oxidative stress), Fes1 inactivation could lead to the continual re-

association (extended interaction) of Hsp70 with misfolded substrates, which may serve 

to limit release and (the subsequent) aggregation of these substrates. It is inferred that 

substrates prevented from re-associating with Hsp70 (due to normal Fes1 activity) are 

delivered to the proteasome to be degraded (26), and it is interesting to consider why 

cells might prioritize substrate stabilization by the Hsp70s over substrate degradation 

during oxidative stress. We propose that prolonged Hsp70 association of aggregation 

prone substrates during oxidative stress may be advantageous due to the compromised 

activity of the 26S proteasome and ubiquitination activating/conjugation machinery during 

oxidative stress (61).  

 Alternatively (but not mutually exclusively), a decreased association of oxidized 

Fes1 with the cellular Hsp70s may promote the interaction of Hsp70 chaperones with 

other binding partners that in turn act to beneficially modulate Hsp70 chaperone activity. 

In mammals, HspBP1–Hsp70 complex formation precludes the association of Hsp70 with 

the ubiquitin ligase CHIP (62), and HspBP1-Hsp70 association has been shown to 

interfere with CHIP-induced degradation of misfolded Hsp70 substrates, including CFTR 

and sequestered antigens (62–64). While yeast do not contain a CHIP homolog, it is 

tempting to speculate that additional Hsp70 interactors exist that may complex with Hsp70 

in the absence of Fes1 to alter Hsp70 chaperone function during oxidative stress. In 
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mammals, we speculate that oxidation of HspBP1 could promote the association of 

Hsp70 with CHIP to facilitate protein turnover. 

 How oxidation of Met45, Met49, Met53 disrupts Hsp70 association (and decreases 

Fes1 activity) remains to be determined. For the structurally distinct NEF Mge1 (65), 

oxidation was demonstrated to disrupt dimer formation (59), and it was speculated that 

the dissociation of Mge1 dimers that accounts for the concomitant decrease in Hsp70 

association (59). Given the monomeric structure of HspBP1 (25), we anticipate that Fes1 

oxidation disrupts Hsp70 association through a different means. Based on homology 

modeling we suggest that all three Fes1 methionines localize to one face of the first helix 

(α1) in the Fes1 core domain (Fig. S1). Physical contact between the Hsp70 NBD and 

the analogous α1 helix of human HspBP1 or the yeast ER ortholog Sil1 was not observed 

in the published Hsp70-NEF complex structures (25, 66). Thus, we do not expect Fes1 

oxidation to disrupt an Hsp70-NEF interface. Yet, both structures were solved for a only 

portion of the NEF (the core domain), and it remains possible that the α1 helix forms direct 

Hsp70 contacts that remain to be observed that may be altered upon NEF oxidation. We 

can envision also that oxidation of α1 methionines may perturb the structure of helix 1, 

which could limit Hsp70 association as a consequence of concomitant changes to the 

positioning of the flanking N-terminal region and/or to the conformation of the Fes1 core. 

Helix destabilization would be consistent with other reported examples of the outcome for 

methionine oxidation; for example, a loss of secondary helical structure as a consequence 

of methionine sulfoxide formation was shown to disrupt interactions normally formed by 

the amyloid beta-peptide, HIV-2 protease, small heat shock proteins, and 
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thrombomodulin (67–70). Similar to what we observed for Fes1, methionine residues 

within and around the α1 helix of HspBP1 (Met93 and 104) have been identified as 

susceptible to oxidation (9, 54, 55). Despite an overall poor primary sequence homology 

between yeast Fes1 and human HspBP1 (Figure 2.2), we speculate that oxidation occurs 

at structurally analogous positions and may serve to similarly impact NEF activity. 

Although our understanding of the exact nature of MetO-induced structural perturbations 

in Fes1 remains imprecise, it is evident that altering the oxidant-susceptible methionine 

residues in the α1 region perturbs Fes1 function; all of the site-directed mutations we 

generated at these residues resulted in proteins with compromised activity (Figure 2.7).  

 Our characterization of Fes1 oxidation revealed also a cytoplasmic pool of the 

methionine sulfoxide reductase enzyme Mxr2 (Figure 2.5), which was characterized 

previously as a mitochondrial enzyme (42). Here we establish Fes1 as the first substrate 

of cytoplasmic Mxr2 activity (Figure 2.5); Mge1 has been characterized as a 

mitochondrial Mxr2 substrate (43). To the best of our knowledge, our data characterize 

Fes1 also as the first substrate of yeast Mxr1.  

 Uncovering a pool of cytoplasmic Mxr2 begins to explain how reversible 

methionine oxidation is achieved for cytoplasmic yeast proteins. It is anticipated that 

oxidation of proteins results in a mixture of both S-MetO and R-MetO adducts. A MetO 

epimerase enzyme (capable of interconverting S- and R-MetO species) has not been 

identified in yeast (or any other organism), and until now the cytoplasm was expected to 

contain a single enzyme with select activity towards S-MetO (42).  A cytosolic pool of both 

Mxr1 and Mxr2 explains how yeast can reduce cytoplasmic proteins modified by both S-
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MetO and R-MetO. The efficient reduction of MetO adducts allows cells to regulate 

signaling events brought about by MetO protein modifications and also limit the over-

oxidation of methionine sulfoxide residues to irreversible methionine sulfone species, 

which may lead to protein aggregation and damage. While identification of two 

cytoplasmic Msrs begins to clarify how reversible methionine oxidation is achieve in the 

yeast cytosol, we speculate that other yeast Msr proteins likely remain to be identified, 

including a mitochondrial enzyme with activity towards S-MetO as well as enzymes 

localized to the nucleus or endoplasmic reticulum. Furthermore, we find it intriguing to 

consider that yeast cells may employ mechanisms to regulate the distribution of Mxr2 

between the cytoplasm and mitochondria depending on redox conditions within each 

organelle that remain to be uncovered. 

 In conclusion, our data establish a role for reversible methionine oxidation of Fes1 

in regulating the interaction between Fes1 and Hsp70 and in modulating Hsp70 activities. 

Our results provide a new perspective on how activities of the well-studied Hsp70 family 

can be attuned by ROS, and further define how methionine modification is used as a 

means for cells to sense and respond to oxidative stress. We anticipate that Fes1 MetO 

modification may be conserved in other species, and we speculate that inactivation of 

Fes1 via MetO modification may be an important means to regulate the critical activities 

of Hsp70 chaperones under oxidative stress.  
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EXPERIMENTAL PROCEDURES 

 

 Plasmid construction. A complete list of plasmids can be found in Table 2.2. 

Yeast expression plasmids derive from the pRS vector series (71). Gene sequences were 

amplified from genomic DNA prepared from S288C strains CSY5 or BY4741 (72). For 

expression from the endogenous promoter elements, sequences coding for the open 

reading frame plus ~ 1 kb and ~ 500 bp of the 5' and 3' UTR, respectively, were amplified. 

Epitope-tagged versions of Fes1 were constructed by insertion of sequence for a 3xFLAG 

epitope immediately prior to the stop codon. Plasmids pEN254-257 were generated by 

insertion of amplified MXR1 or MXR2 sequences plus sequence coding for a C-terminal 

mNeonGreen tag into a p416TEF vector (73) (ATCC plasmid #87368). pEN3 and pEN86 

were constructed by cloning the DNA for the complete Fes1 coding sequence, or 

sequence coding for Fes1 residues 38-290, into a pET21b vector (EMD Millipore) to 

generate an in-frame C-terminal His6-tag. The coding sequences for yeast Mrx1, Mxr2 

(beginning at residue 30), Trx1, and Trr1 and were similarly coned into pET28a (EMD 

Millipore) to create an in-frame N-terminal His6-tag and generate plasmids pEN55, pBM1, 

pEN208, and pEN108. Complete Ssb1 and Fes1 coding sequences were inserted into a 

modified version of the pET28a vector containing a His6-SUMO tag to construct pEN130 

and pEN253. For pEN253, a C-terminal 3xFLAG was inserted immediately prior to the 

stop codon. To make pEN21, DNA sequence coding for the Ydj1 J-domain (residues 1-

69) was inserted into a pGEX-5X-3 (GE Healthcare). pCS980 was constructed by 

inserting the upstream sequence from SSA3 (nucleotides -468 to +6) prior to the bacterial 
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LacZ sequence in a pRS315 vector. QuikChange site-directed mutagenesis (Agilent 

Technologies) was performed to generate amino acid substitution. All plasmids and 

mutations generated were confirmed by sequencing. 

 Yeast strains and growth conditions. S. cerevisiae strains were grown and 

genetically manipulated using standard techniques (74). Cultures were grown in rich 

medium (1% Bacto-yeast extract and 2% Bacto-peptone) containing 2% dextrose (YPD) 

or 2% galactose (YPGal), or minimal medium (0.67% nitrogen base without amino acids 

supplemented with 14 amino acids, uracil, and adenine) containing 2% dextrose (SMM) 

or 2% galactose (SGal). Uracil or leucine supplements were removed from minimal media 

to select for plasmids as needed. 

 A complete list of yeast strains used in this study can be found in Table 2.3. Strain 

CSY751 was made by one-step gene replacement of the coding region of FES1 with 

KanMX in BY4741 (75). Strains CSY974-976 were generated from standard crosses 

initiated from the mxr1∆ and mxr2∆ BY4742 deletion collection strains (Research 

Genetics). Strain CSY825 was a kind gift from Dr. Kevin Morano (The University of Texas 

Health Science Center, TX) and is described in (21). Strain AJMY28 was generously 

provided by Dr. Jeffrey Brodsky (University of Pittsburgh, PA) and is described in (76). 

 Cell-based assays to monitor levels of oxidized Fes1 in vivo. Yeast cells 

expressing Fes1-FLAG constructs were grown to mid-log in minimal medium, and 

cultures were treated for the final 30 min prior to harvest at 30°C with stressors: 5-10 mM 

hydrogen peroxide (EMD), 5-10 mM tert-butyl hydroperoxide (Alfa Aesar), 5-10 mM 

cumene hydroperoxide (CHP) (Alfa Aesar), 0.5-1 mM sodium hypochlorite (Sigma), 10-
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50 μg/ml, cycloheximide (Amresco), 5-10 mM dithiothreitol (DTT) (GoldBio), or 5-10 mM 

diamide (TCI). Heat shocked samples were shifted to a 37°C water bath for 1 h prior to 

harvest. Cells (5 OD600) were harvested, washed in sterile water, and lysates were 

prepared by alkaline lysis (77). Proteins were suspended in 100 μl SDS sample buffer 

(60 mM Tris-HCl, pH 6.5, 5% glycerol, 2% SDS, 0.0025% bromophenol blue) with 5% 

BME, and samples were boiled at 100°C for 5 min. Insoluble material was removed with 

a 1 min spin at 21,130 ́  g. Soluble proteins were separated by reducing SDS-PAGE (12% 

gel) and transferred to nitrocellulose. Proteins were detected using an anti-FLAG mouse 

monoclonal antibody (Agilent Technologies; catalog #200472) or anti-FLAG rat 

monoclonal antibody (Thermo Fisher; clone L5, catalog #MA1-142), and an Alexa 488-

conjugated anti-mouse secondary antibody (Invitrogen; catalog #A11029) or anti-rat 

secondary (Invitrogen; catalog #A11006). Fluorescent signals were detected with a 

ChemiDoc MP system (Bio-Rad). Images shown are representative of three independent 

experiments. 

 Heat shock activation assay. Yeast (CSY825) transformed with an HSE-LacZ 

reporter plasmid (pCS980) and the indicated FES1 plasmids (pEN139, 141-143) were 

grown in SMM medium at 30°C until mid-log (OD600 between 0.5-0.7). Heat shocked 

samples were shifted to a 37°C water bath for the last 1 h prior to harvest. Cells were 

permeabilized using Y-PER (Thermo Fisher), and beta-galactosidase activity was 

quantified as described (78). For each experiment, three yeast transformants of each 

strain were assayed in duplicate. Error bars denote standard deviation of the average 

from three independent experiments. 
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 Mass spectrometry. Wild-type cells expressing Fes1-FLAG from a 2µ plasmid 

were grown in SMM medium at 30°C until mid-log and were treated with 10 mM CHP for 

30 min at 30°C prior to harvest. Cells (200 OD600) were collected, washed in sterile water, 

and lysed by alkaline lysis (77). Proteins were suspended in 100 μl SDS sample buffer 

with 5% BME, and samples were boiled at 100°C for 5 min. Lysate proteins were 

incubated for 30 min at room temperature in 1 ml of IP buffer (50 mM Tris-HCl, pH 7.4, 

150 mM NaCl, 1% Triton-X-100). Unbroken cells and insoluble material were removed by 

centrifugation for 5 min at 21,130 ´ g. The remaining supernatant (1 ml) was added to 

250 μl of anti-FLAG bead resin slurry (Sigma) and incubated overnight at 4°C. Beads 

were washed five times with 1 ml of IP buffer, and bound proteins were eluted using 250 

μl SDS sample buffer with 5% BME and boiled at 100°C for 5 min. To concentrate 

proteins, 1.5 ml cold acetone was added and incubated at -20°C overnight. Protein 

precipitate was collected after a 21,130 ́  g spin at 4°C for 15 min, dried, and resuspended 

in 40 μl of SDS sample buffer with 5% BME. Proteins were separated by reducing SDS-

PAGE (10% gel) and visualized with SYPRO Ruby (Invitrogen). Gel bands corresponding 

to Fes1-FLAG were extracted and analyzed by mass spectrometry at the Cornell 

University Proteomics and Mass Spectrometry Core facility. To limit spontaneous 

methionine oxidation, all sample preparation steps at the facility were conducted in the 

presence of 20 mM methionine, trypsin digestion was limited to 3 h at room temperature, 

and the HPLC trapping column was pre-washed with 20 mM EDTA three times prior to 

nanoLC-MS/MS analysis.  
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 Protein expression and purification. Plasmids encoding for recombinant His6-

tagged proteins (Fes1, Mxr1, Mxr2, Trx1, and Trr1) were transformed into BL21 (DE3) 

cells, and fresh transformants were grown overnight at 37°C in LB medium containing 

100 μg/ml ampicillin or 15 μg/ml kanamycin. The following morning, cells were diluted 

1:50 into LB containing fresh antibiotic, and cultures were grown at 37°C until an OD600 

of 0.5 was reached. Cells were shifted to 18°C for 30 min, and protein expression was 

induced with 0.5 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) (GoldBio). After 18 

h, cells were harvested and pellets were stored at -80°C. Cells were thawed and 

resuspended in lysis buffer (50 mM sodium phosphate, pH 8, 0.5 M NaCl, 10 mM 

imidazole, 10% glycerol) containing an EDTA-free protease inhibitor cocktail (Pierce), 5 

mM beta-mercaptoethanol (BME), 12.5 U/ml benzonase (Pierce) and 2 mg/ml lysozyme 

(VWR). Resuspended cells were lysed with a microtip sonicator using five 30 s pulses 

(with a 2 min rest between pulses) at a 60% duty cycle. Insoluble material was removed 

by centrifugation at 23,700 ´ g for 20 min at 4°C. Soluble material was loaded onto a 

HiTrap chelating column (GE Healthcare) charged with nickel. The column was washed 

with at least 10 column volumes (cv) of lysis buffer, 10 cv of wash buffer (50 mM sodium 

phosphate pH 8, 0.5 M NaCl, 20 mM imidazole, 10% glycerol) until the A280 UV signal 

baselined. Protein was eluted with 5 cv of elution buffer (50 mM sodium phosphate, pH 

8, 0.5 M NaCl, 250 mM imidazole, 10% glycerol). Protein fractions were collected, 

exchanged into desalting buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10% glycerol) 

using a PD-10 desalting column (GE Healthcare), and concentrated using a centrifugal 

filter (Millipore). Purified proteins were flash frozen in liquid nitrogen and stored at -80°C. 



 100 

Concentrations were determined by BCA protein assay (Thermo Fisher Scientific) using 

bovine serum albumin as a standard. 

 His6-SUMO-Ssb1 (pEN130) and His6-SUMO-Fes1-FLAG (pEN253) were 

expressed and purified by metal-affinity chromatography as above. Protein elution 

fractions were collected, concentrated, and the His6-SUMO tag was cleaved off the 

protein at 4°C using recombinant yeast His6-Ulp1 protease. Proteins were exchanged into 

lysis buffer with a PD-10 column (to remove imidazole), and the uncleaved protein, 

protease (His6-tagged), and the released His6-SUMO tag were removed with a HiTrap 

chelating column charged with nickel and equilibrated in lysis buffer. Fes1-FLAG was 

used without additional purification. Untagged Ssb1 was further purified to facilitate 

nucleotide removal. Ssb1 protein fractions were exchanged into 10 mM Tris-HCl, pH 7.4, 

10% glycerol, 10 mM EDTA using a PD-10 desalting column and incubated at 4°C 

overnight to allow for nucleotide release. Apo-protein was isolated using a HiTrap Blue 

HP column (GE Healthcare). Ssb1 was eluted with a salt gradient (0 to 2 M NaCl), 

fractions containing Ssb1 were collected and concentrated, and Ssb1 protein was stored 

in desalting buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10% glycerol) at -80°C. Purified 

protein was confirmed to be nucleotide-free by high-performance liquid chromatography. 

 Plasmid coding for GST-Ydj1(1-69) (pEN21) was similarly transformed into BL21 

(DE3) cells, and protein was expressed as above. Harvested cells were thawed and 

resuspended in PBS containing an EDTA-free protease inhibitor cocktail, 5 mM BME, 

12.5 U/ml benzonase, and 2 mg/ml lysozyme, and lysed by sonication as above. After 

sonication, 0.1% Triton-X-100 final was added to the lysate mixture. Insoluble material 
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was removed by centrifugation at 23,700 ´ g for 20 min at 4°C, and soluble material was 

loaded onto a GSTrap column (GE Healthcare). The column was washed with at least 20 

cv wash buffer 1 (PBS with 2 mM EDTA), 20 cv wash buffer 2 (PBS with 2 mM EDTA, 1 

M KCl, and 0.1% Triton-X-100), 20 cv ATPase wash buffer (50 mM Tris-HCl, pH 7.4, 2 

mM ATP, 10 mM MgOAc2, 200 mM KOAc), and 10 cv PBS until the A280 signal of the 

column flow-through baselined. Protein was eluted with 5 cv elution buffer (50 mM Tris-

HCl, pH 8, 10 mM reduced glutathione, 10% glycerol). Protein fractions were collected, 

desalted, concentrated, flash frozen, and stored as above.  

 The yeast strain AJMY28 was generously provided by Dr. Jeffrey Brodsky 

(University of Pittsburgh, PA), and His6-Ssa1 was purified from this strain as previously 

described (76), with minor alterations. Cells freshly streaked from a frozen glycerol stock 

were grown in SGal-ura medium at 30°C to saturation. Saturated cultures were diluted 

1:20 into YPGal, and cultures were grown overnight (~20 h) at 30°C until cells reached 

late log (OD600 between 2.5 and 3). Cell pellets were harvested and resuspended at a 1:1 

volume ratio in Ssa1 lysis buffer (50 mM sodium phosphate, pH 7.8, 300 mM NaCl, 10 

mM imidazole, 5 mM BME) containing 1 mM PMSF (VWR) and 1 μM pepstatin A (Alfa 

Aesar). Suspended cells were frozen by dropwise addition of the cell slurry into liquid 

nitrogen, and frozen cells were stored at -80°C. Cells were lysed with ten 2 min runs / 1 

min rests in a cryomill (SPEX SamplePrep) set at 12 cps. Insoluble material was removed 

by centrifugation at 23,700 ´ g for 20 min at 4°C, and soluble material was incubated with 

Ni-NTA agarose resin (Thermo Fisher Scientific) for 2 h at 4°C. The resin was washed 

with 10 cv Ssa1 lysis buffer, and bound protein was eluted with 3 cv Ssa1 elution buffer 
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(50 mM sodium phosphate, pH 7.8, 300 mM NaCl, 200 mM imidazole, 5 mM BME). Ssa1 

protein fractions were subsequently diluted with an equal volume of ATP-agarose buffer 

(25 mM HEPES-KOH, pH 7.4, 10 mM NaCl, 10 mM KCl, 5 mM MgCl2, 2.5% glycerol, 5 

mM BME) and loaded onto a 5-ml ATP-agarose column (Sigma, catalog #A2767). The 

column was washed with 5 cv ATP-agarose buffer, and then with 5 cv ATP-agarose buffer 

with 50 mM NaCl final. Bound protein was eluted from the column with 3 cv ATP-agarose 

buffer containing 2 mM ATP. Final eluted fractions were collected, exchanged into 

desalting buffer (10 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 10% glycerol), and 

concentrated using a centrifugal filter (Millipore). Purified proteins were flash frozen in 

liquid nitrogen and stored at -80°C. Concentrations were determined by a BCA protein 

assay as above. 

 In vitro Fes1 oxidation and reduction. Purified recombinant Fes1-His6 protein 

(10 μM) was diluted in desalting buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl) with sodium 

hypochlorite (Sigma) in quantities ranging from equimolar (10 μM NaOCl) to 20-fold molar 

excess (200 μM NaOCl) for 60 min at room temperature. To monitor the extent of 

oxidation, proteins were separated by reducing SDS-PAGE (12% gel) and visualized by 

staining with Coomassie Brilliant Blue. 

 To prepare oxidized Fes1 for later reduction with methionine sulfoxide reductase 

enzymes, Fes1-His6 (50 µM) was incubated with 500 μM NaOCl in desalting buffer for 60 

min at room temperature, and excess oxidant was removed with a BioGel P6 Microspin 

column (BioRad). For all Hsp70 assays making use of oxidant-treated Fes1, buffer with 

oxidant was similarly desalted for the no Fes1 control. To reduce Fes1 and recycle the 
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Mxr enzymes, oxidized Fes1-His6 (5 μM) was added to His6-Mxr1 (0.5 μM), His6-Mxr2(∆1-

29) (0.5 μM), and either 0.5 mM DTT or a mixture of 0.25 μM His6-Trx1, 0.25 μM His6-

Trr1 and 0.5 mM NADPH in a final reaction volume of 50 μl. For Hsp70 assays, oxidized 

Fes1 was reduced by incubation with equimolar His6-Mxr1 and His6-Mxr2(∆1-29) in the 

presence of 10 mM DTT. Samples were incubated with Mxrs for 60 min at room 

temperature. When analyzed by electrophoresis, samples were quenched with the 

addition of SDS sample buffer and proteins were separated by reducing SDS-PAGE (12% 

gel) and visualized by staining with Coomassie Brilliant Blue. 

 ATP-hydrolysis measurements. ATP hydrolysis was measured using a modified 

version of the EnzChek Phosphate Assay kit (Thermo Fisher Scientific) as described 

previously (79). In brief, ATP hydrolysis was assayed in ATPase buffer (50 mM Tris-HCl, 

pH 7.4, 50 mM KCl, 5 mM MgCl2, 1 mM DTT) containing 200 μM 2-amino-6-mercapto-7-

methylpurine riboside (MESG), 0.2 U/ml purine nucleoside phosphorylase (PNP), and 5 

mM ATP. Phosphate generation was monitored by following the change in absorbance 

at room temperature using a BioTek Synergy 2 microplate reader. Final protein 

concentrations were: 0.5 μM His6-Ssa1, 1 μM GST-Ydj1(1-69), and 1 μM Fes1-His6 

(reduced or oxidized with 10-fold molar excess NaOCl). Fes1-His6 or GST-Ydj1 proteins 

were assays alone to confirm an absence of contaminating ATP hydrolysis activity. 

 Stopped-flow nucleotide and peptide release assays. Experiments were 

carried out in HKM buffer (25 mM HEPES-KOH, pH 7.4, 150 mM KCl, 5 mM MgCl2, 1 mM 

DTT), and data were collected with a Hi-Tech SFA-20 stopped-flow coupled to a 

Fluoromax-4 Spectrofluorometer. To monitor nucleotide release, Ssb1-MABA-ADP 
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complex was prepared by incubation of 2 μM nucleotide-free Ssb1 and 2 μM MABA-ADP 

(Jena Bioscience) in a final volume of 2 ml at room temperature for 5 min. Dissociation of 

the fluorescent nucleotide analog was monitored upon addition of Fes1-His6 and an 

excess ADP, for a final reaction of 1 μM Ssb1, 1 μM MABA-ADP, 125 μM ADP, and 1 μM 

Fes1-His6 (reduced or oxidized with 10-fold molar excess NaOCl). Data were collected at 

0.05 s intervals during a 60 s timecourse, with an excitation wavelength of 335 nm, an 

emission wavelength of 440 nm, and a 3 nm slit width. To monitor peptide release, His6-

Ssa1-NBD-NR complex was prepared by incubation of 5 μM His6-Ssa1 and 2 μM NBD-

NRLLLTG peptide (NBD-NR; Elim Biopharmaceuticals) in a final volume of 2 ml at room 

temperature for 1 h. Dissociation of the fluorescently-labeled peptide was monitored upon 

addition of excess unlabeled NR peptide (Elim Biopharmaceuticals), ATP, and 5 μM 

Fes1-His6 (reduced or oxidized with 20-fold molar excess NaOCl). The final reaction 

consisted of 2.5 μM His6-Ssa1, 1 μM NBD-NR, 250 μM ATP, 125 μM NR peptide, and 

2.5 μM Fes1-His6. Data were collected at 0.05 s intervals during a 60 s timecourse, with 

an excitation wavelength of 465 nm, an emission wavelength of 533 nm, and a 5 nm slit 

width. Data curves were fit to a one phase exponential decay using GraphPad Prism 

(version 8.0).  

 Peptide-association measurements. Experiments were carried out in HKM 

buffer, and anisotropy measurements were performed with a Fluoromax-4 

Spectrofluorometer using a sub-micro quartz fluorometer cell (Starna). Ssa1-Fes1 

complex was prepared by incubation of 50 μM His6-Ssa1 with an equimolar concentration 

of Fes1-His6 (reduced or oxidized with 10-fold molar excess NaOCl) in a final volume of 
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50 μl at room temperature for 30 min. Fluorescently-labeled peptide association was 

monitored upon addition of 10 μM complex to a reaction containing 50 nM fluorescein-

labeled NR peptide (FAM-NR; Elim Biopharmaceuticals) in a 150 μl final volume. 

Fluorescence anisotropy measurements were collected at 12 s intervals over 60 min at 

an excitation wavelength of 492 nm, an emission wavelength of 516 nm, and a 12 nm slit 

width.  

 Fluorescence microscopy. Images were acquired using a CSU-X spinning-disk 

confocal microscopy system (Intelligent Imaging Innovations) equipped with a DMI 6000B 

microscope (Leica), and a 100x 1.47NA field planarity (PL) apochromat (APO) objective 

lens and a scientific Complementary Metal-Oxide-Semiconductor (sCMOS) camera 

(ORCA Flash4.0 V2, Hamamatsu). Wild-type cells transformed with a pTB3390 (Mito-

RFP) (obtained from Dr. Anthony Bretscher, Cornell University, NY) and the indicated 

MXR-mNeonGreen plasmid were grown to log phase at 30°C in SMM medium, and cells 

were harvested, attached to a glass-bottomed dish coated with concanavalin A (EY 

Laboratories, Inc.), and washed with cell medium. Cells were live imaged at room 

temperature. SlideBook 6.0 software was used to operate the microscopy system and 

analyze the images. Multi-plane images to reach the top and bottom of each cell were 

taken at 0.3-μm steps (approximately 20-25 total planes) and used to create z-stack 

maximum projections. 

 Protein pull-down assays. To assess complex formation between recombinant 

Fes1 and Ssb1, Fes1-His6 (10 μg) was incubated with 20 μl HisPur Ni-NTA magnetic 

bead suspension (Thermo Fisher) in a total volume of 100 μl binding buffer (50 mM 
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sodium phosphate, pH 8, 100 mM NaCl, 10 mM imidazole, 0.1% Igepal, 2% glycerol, 1 

mM DTT, 1 μM pepstatin A). Samples were rotated for 1 h at 4°C and beads were 

collected by magnetization. Beads were washed three times with 500 μl binding buffer to 

remove unbound proteins, and washed beads were suspended in a final volume of 100 

μl binding buffer. Untagged Ssb1 (20 μg) was added to the beads, and samples were 

rotated at 4°C for 1 h. Beads were magnetized and washed three times with 500 μl binding 

buffer. Bound proteins were solubilized in 25 μl of sample buffer containing 5% BME. 

Samples were resolved on an SDS-acrylamide gel (12%) and visualized with Coomassie 

Brilliant Blue. Band intensities were quantified using Image Lab software (version 5.2). A 

representative image of three independent experiments is shown. 

 To assess association of recombinant Fes1 with yeast cytosolic proteins, Fes1-

FLAG (approximately 40 μg) or an equivalent amount of bovine serum albumin 

(CalBioChem) was incubated with 25 μl of anti-FLAG bead slurry (Sigma) in a total 

volume of 200 μl of desalting buffer. Samples were rotated for 1 h at 4°C and beads were 

collected by centrifugation at 1000 ´ g for 2 min. Beads were washed three times with 

500 μl binding buffer to remove unbound proteins. Cytosol was prepared from wild-type 

yeast (BY4741), which were grown to saturation at 30°C, harvested by centrifugation, and 

resuspended in a 1:1 volume ratio of desalting buffer containing 1 μM pepstatin A and 1 

mM PMSF. Cells were lysed using a cryomill (SPEX SamplePrep) using ten 2 min runs 

(with 1 min rest between cycles) at 12 cps. Insoluble lysate material was removed by 

centrifugation at 23,700 ´ g for 20 min at 4°C, and the remaining cytosolic fraction (1 ml) 

was added to the prepared FLAG-beads and incubated for 2 h at 4°C. Beads were 
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collected by centrifugation at 1000 ´ g for 2 min, washed three times with 500 μl binding 

buffer, and proteins were solubilized in 50 μl of sample buffer containing 5% BME. 

Proteins were resolved on an SDS-acrylamide gel (12%) and visualized with Coomassie 

Brilliant Blue stain or by western blot. Primary antibodies against the yeast cytosolic 

Hsp70s (anti-Ssa, anti-Ssa3/4, and anti-Ssb) were generously provided by Dr. Elizabeth 

Craig (University of Wisconsin-Madison, WI). Proteins were visualized using an Alexa 

488-conjugated anti-rabbit secondary antibody (Invitrogen; catalog #A21206) imaged 

with a ChemiDoc MP system. A representative image of three independent experiments 

is shown. 

 Statistical analysis. Data quantification and statistical analysis, including 

normalization, calculation of means and error, data fitting, and statistical tests, were 

conducted using GraphPad Prism (version 8.0).  
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Table 2.2 Plasmids 

Plasmid Description Marker Source 
pEN129 FES1-3x-FLAG 2µ LEU2 This study 
pEN23 FES1-3x-FLAG 2µ URA3 This study 
pEN91 fes1-M45I-M49I-M53I-3xFLAG 2µ URA3 This study 
pEN97 fes1-M45F-M49F-M53F-3xFLAG 2µ URA3 This study 
pEN101 fes1-M45Q-M49Q-M53Q-3xFLAG 2µ URA3 This study 
pEN139 FES1-3x-FLAG CEN URA3 This study 
pEN141 fes1-M45I-M49I-M53I-3xFLAG CEN URA3 This study 
pEN142 fes1-M45F-M49F-M53F-3xFLAG CEN URA3 This study 
pEN143 fes1-M45Q-M49Q-M53Q-3xFLAG CEN URA3 This study 
pEN104 MXR2 2µ URA3 This study 
pEN135 mxr2-M1L 2µ URA3 This study 
pEN136 mxr2-M34L 2µ URA3 This study 
pEN254 PTEF2-MXR1-mNeonGreen CEN URA3 This study 
pEN255 PTEF2-MXR2-mNeonGreen CEN URA3 This study 
pEN256 PTEF2-mxr2-M1L-mNeonGreen CEN URA3 This study 
pEN257 PTEF2-mxr2-M34L-mNeonGreen CEN URA3 This study 
pCS980 PSSA3-LacZ (HSE-LacZ) CEN LEU2 This study 
pTB3390 Mito-RFP CEN LEU2 Bretscher lab 
pEN3 FES1-His6 AMP This study 
pEN164 fes1-M45I-His6 AMP This study 
pEN165 fes1-M45I-M49I-His6 AMP This study 
pEN98 fes1-M45I-M49I-M45I-His6 AMP This study 
pEN188 fes1-M19I-M71I-M126I-M194I-His6 AMP This study 
pEN102 fes1-M45F-M49F-M45F-His6 AMP This study 
pEN110 fes1-M45Q-M49Q-M45Q-His6 AMP This study 
pEN86 fes1(38-end)-His6 AMP This study 
pEN253 His6-SUMO-FES1-3xFLAG KAN This study 
pEN55 His6-MXR1 KAN This study 
pEN108 His6-mxr2(D1-29) KAN This study 
pBM1 His6-TRX1 KAN This study 
pEN208 His6-TRR1 KAN This study 
pEN21 GST-ydj1(1-69) AMP This study 
pEN130 His6-SUMO-SSB1 KAN This study 
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Table 2.3 Yeast strains 

Strain Genotype Source 
CSY5 MATa GAL2 ura3-52 leu2-3,112 Sevier lab 
BY4741 MATa GAL2 his3D1 leu2D0 met15D0 ura3D0 (80) 
CSY751 MATa GAL2 his3D1 leu2D0 met15D0 ura3D0 fes1D::KanMX This study 
CSY825 MATa GAL2 his3D1 leu2D0 met15D0 ura3D0 sse1D::KanMX fes1D::HIS3 (21) 
CSY974 MATa GAL2 his3D1 leu2D0 lys2D0 met15D0 ura3D0 mxr1D::KanMX This study 
CSY975 MATa GAL2 his3D1 leu2D0 lys2D0 met15D0 ura3D0 mxr2D::KanMX This study 

CSY976 MATa GAL2 his3D1 leu2D0 lys2D0 met15D0 ura3D0 mxr1D::KanMX 
mxr2D::KanMX This study 

AJMY28 MATa his3 leu2 lys2D trp1 ura3 ssa1D::HIS3 ssa2D::LEU2 ssa3D::TRP1 
ssa4D::LYS2 [His6-SSA1; URA3] (76)  
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SUMMARY AND FUTURE DIRECTIONS 
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SUMMARY OF FINDINGS 

 

 In the work presented here, I have uncovered that a co-chaperone (Fes1) of the 

cytoplasmic Hsp70 system undergoes reversible methionine oxidation during excessively 

oxidizing cellular conditions. My thesis has focused on characterizing the molecular 

details of this new redox-signaling pathway in Saccharomyces cerevisiae. I have 

determined that three clustered methionine residues in Fes1 are reversibly oxidized to 

methionine sulfoxide during stress, which inhibits Fes1 nucleotide exchange activity, and 

correspondingly Hsp70 chaperone activity. My work has established that methionine 

oxidation lessens the ability of Fes1 to associate with both Ssa and Ssb classes of Hsp70 

under oxidative stress. Importantly, I establish that oxidation of Fes1 is a reversible 

signaling event that is regulated enzymatically by methionine sulfoxide reductase (Msr). 

These studies with Fes1 have revealed that the two yeast Msr proteins (Mxr1 and Mxr2) 

are both expressed in the cytoplasm, in contrast to prior studies of Mxr2 suggesting a 

sole mitochondrial localization. My data suggest that use of an alternate internal start 

codon generates a cytoplasmic Mxr2 isoform, which co-operates with Mxr1 to regulate 

the redox state of Fes1 both in vitro and in vivo. 

 This work provides a new perspective on how activities of the well-studied Hsp70 

chaperone family can be attuned by ROS. While it has been previously established (by 

our lab and others) that ROS can alter Hsp70 activities, this study moves away from the 

prevailing focus in the literature on cysteine modification of Hsp70 chaperones 

themselves. In addition, these studies further define the emerging role for ROS as an 
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important signaling molecule. Methionine oxidation is gaining attention as a significant 

post-translational event used as a means to sense and respond to increased cellular ROS 

levels. Elucidation of a methionine-based signaling pathway involving Fes1 will further a 

general understanding of the types of signaling pathways mediated by this emerging post-

translational modification, for which there are relatively few examples characterized in 

mechanistic detail. 
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Figure 3.1 

 

 
 

 
 
 
Figure 3.1 Summary of findings model. When ROS levels become elevated, Fes1 is 
oxidized at a cluster of three methionine residues (Fes1(ox); denoted by yellow star). 
Oxidation lessens the ability of Fes1 to associate with Hsp70 chaperones, thereby 
inhibiting the ability of Fes1 to stimulate Hsp70 chaperone cycle activities (i.e. ATP 
hydrolyis, nucleotide release, peptide release). Chaperone inhibition is reversed by 
reduction (removal) of Fes1 methionine modifications, catalyzed by methionine sulfoxide 
reductase enzymes (Msr).  
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FUTURE DIRECTIONS 

 

 The structures and functions of MetO-modified proteins identified in proteomic 

studies are diverse (1–4). Unlike some other types of protein post-translational 

modifications, there is no consensus sequence, structural motif, or Msr interactome 

studies that can be used to readily predict sites of MetO modification. There are also 

limited biochemical tools (i.e. antibodies, chemical probes) to confirm putative sites of 

methionine oxidation, although more interest in developing such reagents has emerged 

in recent years (4, 5). Because of this added complexity, it remains challenging to identify 

MetO-modified proteins and to study the biochemical and physiological outcomes of MetO 

modification.  

 

What makes Fes1 susceptible to oxidation?   

 I propose that the oxidized methionine residues I have identified in Fes1 may be 

susceptible to modification due to their surface exposure. Sequence alignment and 

structure prediction with the human Fes1 homolog HspBP1 indicate that these methionine 

residues map to α-helix 1 within the first Armadillo repeat domain of the protein, proximal 

to the N-terminal region, which is predicted to be largely devoid of secondary structure 

(Figure 2.2). I suggest that this positioning allows the modified methionine residues to be 

readily accessible to small molecules of ROS, such as NaOCl as used in my experiments. 

These small ROS would be unable to access methionine residues buried within the 

hydrophobic core of the protein under native conditions. As of yet, there is no available 
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structure of Fes1; structural studies may be useful in the future to determine whether the 

MetO-modified methionine residues of Fes1 are surface exposed.  

 While my data suggest that the presence of the disordered N-terminal domain does 

not directly influence Fes1 MetO modification in vitro (Figure 2.7), I speculate it may play 

a role in the recognition of Fes1 as an Msr substrate in cells. Previous work done with 

Msr enzymes in yeast demonstrate that Mxr1 and Mxr2 preferentially reduce unstructured 

peptide substrates (6). Given these studies, I postulate that the presence of the Fes1 N 

terminus may facilitate recognition and reduction of oxidized Fes1 by Mxr1 and Mxr2 in 

cells. A truncated Fes1 mutant lacking its flexible N terminus (Fes1-ΔN) could conversely 

fail to be recognized by Msrs (phenocopying an Msr-deficient strain) and accumulate in 

the oxidized form to a greater extent than the wild-type (full-length) protein. Future 

experiments are poised to test this hypothesis in vivo by comparing of the amount of 

oxidized Fes1-ΔN protein that accumulates in peroxide-treated cells versus cells 

expressing wild-type Fes1. I have generated a Fes1-ΔN construct that is expressed in 

yeast cells (data not shown). 

 Nearby acidic residues surrounding the sites of Fes1 MetO modification may also 

play a role in the susceptibility of Fes1 methionines to oxidation. A recent proteomic study 

of MetO-modified proteins in the Rhodobacter sphaeroides periplasm found an 

enrichment in negatively charged residues surrounding sites of MetO modification (7). 

Interestingly, this conclusion opposes what is typically observed for redox-active cysteine 

residues which are often flanked by basic amino acid side chains, thereby increasing 

cysteine reactivity by lowering the pKa value of the sulfhydryl group.  
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 There are five acidic residues nearby the MetO triplet site in Fes1: Asp40, Asp41, 

Glu47, Glu56, and Asp58. Site-directed mutagenesis of these residues to generate alleles 

of Fes1 with either a charge reversal (i.e. to arginine or lysine) or a charge neutralization 

(i.e. to asparagine or glutamine) may be used to probe the influence of neighboring 

negatively-charged residues on Fes1 oxidation. If neighboring acidic side chains promote 

Fes1 MetO modification, I would expect peroxide-treated cells expressing these mutants 

to display a relative decrease in the amount of oxidized Fes1 relative to cells expressing 

the wild-type protein. A potential caveat is that the neighboring acidic side chains 

surrounding sites of Fes1 MetO modification may themselves influence the 

electrophoretic mobility on SDS-PAGE, which would complicate interpretation of these 

results. The relative stability and expression levels of any mutants would also need to be 

considered, as mutagenesis at these sites could destabilize the protein in cells. Testing 

the ability of mutant alleles to complement the phenotypes associated with a fes1Δ strain 

would be one way to rapidly test such conditions. 

 

Is oxidation of Fes1 conserved in mammals?  

 An open question remains as to whether MetO modification of Fes1 is conserved 

in other eukaryotes, and specifically in the human homolog HspBP1. Sequence alignment 

of Fes1 with its orthologs show poor sequence homology throughout both the N-terminal 

and Armadillo repeat domains (Figure 2.2). However, methionine residues positionally 

conserved in the α1 and α2 structural regions of human HspBP1 may also be susceptible 

to oxidation for reasons similar to those I have outlined for the yeast protein. Lending 
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support to this model are several recent proteomic studies of MetO-modified proteins in 

humans, which have identified HspBP1 methionine residues 93 and 104 as susceptible 

to oxidation (1–3). 

 I have worked with an undergraduate student in the lab, Jinnie Kim, to purify 

recombinant human HspBP1 protein. We have observed that HspBP1 undergoes an 

electrophoretic mobility shift in the presence of various oxidants, similar to my 

observations with Fes1. Furthermore, we have observed that when oxidized HspBP1 

protein is treated with Msr enzymes this mobility shift is partially restored (Figure 3.2). 

These data suggest that HspBP1 undergoes post-translational oxidation, and that the 

modification(s) likely correspond to MetO modification.  

 HspBP1 contains fourteen methionine residues, and we sought to determine which 

of those are most susceptible to MetO modification. Jinnie has generated HspBP1 

methionine mutants for recombinant protein expression in E. coli using site-directed 

mutagenesis. We have focused this construct design primarily on those methionine 

residues of HspBP1 which have been identified in recent human proteomic studies as 

being susceptible to MetO modification (i.e. Met93 and Met104). Importantly, these 

residues are positionally conserved within the α1 and α2 regions of the HspBP1 core 

domain, analogous to the locations of the MetO modification sites I have identified in Fes1 

(Figure 2.2). Future work will focus on purification of these HspBP1 methionine mutants 

in order to determine the primary site(s) of HspBP1 oxidation. If it can be confirmed that 

HspBP1 undergoes MetO modification in vitro, longer term studies may examine if 

oxidation also occurs in vivo.  
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Figure 3.2 
 

 
 

 

Figure 3.2 In vitro oxidation of human HspBP1. Oxidation of HspBP1 was assessed 
based on the change in electrophoretic mobility on SDS-PAGE. HspBP1 oxidation is 
observed when recombinant HspBP1 protein is treated with excess peroxide. 
Electrophoretic mobility of HspBP1 is partially restored upon subsequent treatment with 
MsrA and MsrB. Recombinant proteins were visualized with Coomassie Brilliant Blue. 
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What are the physiological outcomes of Fes1 modification during oxidative stress? 

 While our completed studies (presented in Chapter 2) describe the biochemical 

outcomes of Fes1 oxidation using primarily in vitro systems, future work will build upon 

this premise to test the cellular consequences of Fes1 oxidation in vivo. 

 I foresee that several established cytosolic Hsp70 activities could be influenced by 

Fes1 inactivation and would be beneficial to protect cell function when ROS levels are 

elevated. It has been previously shown that a strain disrupted for Fes1 activity (a fes1Δ) 

displays a decreased translation rate (8) and a constitutively upregulated heat shock 

response (9). Given that oxidation inactivates Fes1 activity (as would be true for a fes1Δ), 

I speculate that Fes1 MetO modification could activate beneficial stress responses such 

as translation attenuation or the heat shock response, which would help cells cope with 

excess ROS during oxidative stress. I have used HSE beta-galactosidase reporters and 

radiolabeling techniques to examine the impact of Fes1 oxidation on the heat shock 

response and translation, respectively, but have been unsuccessful in tracing any 

observed changes specifically to Fes1 MetO modification. In future work, alternative 

approaches might be employed to answer these questions, such as examination of Hsf1 

activation and downstream HSR targets, or polysome profiling. 

 I can also envision distinct outcomes for Fes1 oxidation relative to a fes1Δ. It has 

been reported that protein turnover is stabilized in a fes1Δ strain (10, 11), and that a 

fes1Δ strain shows enhanced aggregation of several aggregation-prone model proteins 

(9, 12). While these studies demonstrate that permanent (or prolonged) disruption of Fes1 

activity is detrimental to cell function, it is also possible that transient or partial inactivation 
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of Fes1 activity via reversible MetO modification could serve to limit misfolded protein 

aggregation and/or promote the delivery of misfolded peptides to the proteasome for 

degradation. There are several plasmids in the lab for model misfolded peptides which 

published reports show are stabilized in a fes1Δ (such as Htt103Q, ΔssPrA, or Ste6*C) 

(11, 12). Radiolabeling experiments may be used to determine whether the turnover of 

these substrates is changed in cells treated with peroxide or cells expressing a Fes1 

methionine mutant.  

 As reviewed in Chapter 1, in mammals it has been demonstrated that the Fes1 

homolog HspBP1 has a reciprocal relationship with CHIP (C terminus of Hsp70 binding 

protein) with respect to Hsp70 association. HspBP1-Hsp70 complex formation is shown 

to inhibit CHIP activity, which promotes degradation of misfolded proteins via its ubiquitin 

ligase activity (13). As a consequence, HspBP1 interferes with CHIP-induced degradation 

of misfolded Hsp70 substrates (13). If indeed MetO modification of HspBP1 is conserved 

in humans, HspBP1 oxidation could serve as a means to control aggregate formation 

under periods of oxidative stress by promoting the association of Hsp70 with CHIP. 

 There has not yet been a described CHIP homolog in yeast. However, I (and 

others) speculate that other potential Hsp70 binding partners present in fungi may play a 

similar role in protein triage decisions to fold or target client peptides for degradation. In 

yeast, three E3 ligases (Hul5, San1, Ubr1) have been shown to ubiquitinate misfolded 

proteins that depend on Hsp70 for their degradation, but how Hsp70 and the E3 ligases 

coordinate their interactions is not known (14–17). In a system analogous to that observed 

in mammals with HspBP1 and CHIP, I speculate that loss of Hsp70 interaction with Fes1 
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upon MetO modification could promote the interaction of Hsp70 chaperones with distinct 

binding partners during oxidative stress (potentially including E3 ligases like Hul5, San1, 

and Ubr1).  

 In support of this concept, I have observed that immunoprecipitated Ssa1 in cells 

treated with peroxide co-immunoprecipitates with a unique set of protein bands visualized 

by SDS-PAGE and Ponceau stain (Figure 3.3). Although the identities of these proteins 

are as of yet unknown, I speculate these bands may correspond to unique binding 

partners of Hsp70 under oxidative stress. Future work examining this model might use 

SILAC (stable isotope labeling by amino acids in cell culture) to comparatively examine 

the interactome of Hsp70 in various binary contexts, including: (a) wild type cells in the 

absence and presence of oxidant, (b) wild type cells versus a fes1Δ strain, and (c) cells 

expressing wild-type Fes1 versus a Fes1 methionine triple mutant that is unable to 

undergo MetO modification (i.e. Met-to-Ile). Such experiments would determine if and 

how the interactome of Hsp70 changes under oxidative stress, in the absence of Fes1 

activity, and in the absence of Fes1 MetO modification. Collectively, they would shed light 

on the cellular consequences of Fes1 oxidation and the roles of Fes1 and Hsp70 in 

oxidative stress response. 

 Fes1 was originally characterized as a nucleotide exchange factor for the 

cytoplasmic Hsp70 chaperone Ssa1 (8). The majority of subsequent Fes1 studies have 

likewise focused on Fes1 interaction with Ssa1 as the model cytoplasmic Hsp70 (18, 19), 

and I have continued this trend for most of my experiments. However, as outlined in 

chapter 1, there are seven Hsp70 chaperones present in the yeast cytoplasm, and there 
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is emerging evidence that they regulate unique facets of cell function. The Ssa isoforms 

(Ssa1-4) share ≥ 84% amino acid sequence identity with each other; interestingly, one 

area of clustered variance is located on the surface of the nucleotide binding domain 

(NBD). This area has been defined as a region for interaction with co-chaperones, which 

may imply variation in the complement of NEFs and J-proteins that interact with each Ssa 

isoform (20–22).  

 While my data suggest that MetO modification of Fes1 diminishes association with 

Hsp70 chaperones on a global level (Figure 2.9C), it is difficult to parse out the relative 

contributions from each Ssa and/or Ssb isoform in these experiments. Future work may 

more closely examine the effect of Fes1 oxidation on its association with distinct Hsp70 

isoforms. With a former rotation student (Naya Eady), I have generated constructs for the 

recombinant expression of the remaining Ssa isoforms (Ssa2, Ssa3, and Ssa4). 

Purification of these constructs would allow one to set up in vitro pulldown assays (similar 

to those described in Figures 2.9A, 2.9B) to test the effect of Fes1 oxidation on 

association with a set of isolated Hsp70s. Examining the affinity of Fes1 with less-

characterized members of the Ssa and Ssb families would in itself be a novel contribution 

to the field; to the best of my knowledge, there are no published studies examining the 

activity of Fes1 with Ssa2-4 or Ssb2. 
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Figure 3.3 

 

 

Figure 3.3 Ssa1 interacts with unique binding partners under oxidative stress. Cells 
expressing FLAG-tagged Ssa1 were treated with 10 mM CHP for 30 minutes. FLAG-Ssa1 
was immunoprecipitated using anti-FLAG resin, and material associated with Ssa1 was 
collected by centrifugation, eluted from the beads with SDS, resolved by reducing SDS-
PAGE, and visualized by Ponceau stain. Asterisks indicate bands (potential Hsp70 
binding partners) present in the peroxide-treated cells, but absent in the untreated control. 
HC, heavy chain; LC, light chain from anti-FLAG beads. 
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What are the implications for dual-localization of yeast Mxr2? 

 In this study, I show that both yeast methionine sulfoxide reductase enzymes (Mxr1 

and Mxr2) play a role in regulating the redox state of Fes1. While previous studies suggest 

sole mitochondrial localization of Mxr2 (23, 24), I have uncovered a cytosolic pool of the 

enzyme. I propose cytosolic Mxr2 uses an alternate internal start codon (Met34) to 

translate a protein retaining an intact enzymatic core but lacking a mitochondrial targeting 

sequence. I am intrigued by the idea that yeast cells may employ mechanisms to regulate 

the distribution of Mxr2 between the cytoplasm and mitochondria depending on redox 

conditions within each organelle. Future work may test this model experimentally to 

examine cytosolic and/or mitochondrial enrichment of Mxr2 under a variety of cellular 

conditions (i.e. respiratory versus fermentative growth or in the presence of exogenous 

cell stressors). These experiments may employ cellular subfractionation protocols or 

fluorescence microscopy. 

 I also propose that there are likely other Msr proteins in yeast that have not yet 

been identified, including those which may be localized to the nucleus or endoplasmic 

reticulum, where they are present in mammals but are notably absent in yeast.  Recently, 

a novel membrane-bound Msr system (MsrPQ) was identified in gram-negative bacteria 

(25). MsrPQ is localized to the bacterial envelope, uses the respiratory chain as an 

electron source, and, in a remarkable departure from the canonical Msr mechanism, 

exhibits both S- and R-MetO reducing activity (25). I argue the discovery that a large class 

of bacteria contain a conserved, non-stereospecific enzymatic Msr complex should 

prompt a search for an analogous system in eukaryotes. Such a search in S. cerevisiae 
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may employ readily available genetic screen tools in the yeast community, such as the 

knockout collection (26), or open reading frame cDNA libraries (27).  

 As a whole, these completed and future studies provide a new perspective on how 

activities of the well-studied Hsp70 family can be attuned by ROS, and further define how 

methionine redox-switches, which are significantly less characterized relative to their 

cysteine counterparts, are used as a means for cells to sense and respond to oxidative 

stress. Future lines of study might examine what makes Fes1 susceptible to MetO 

modification, whether Fes1 oxidation is conserved in higher eukaryotes, and how Fes1 

methionine oxidation might serve to beneficially support cell viability during periods of 

elevated ROS. Such elucidation of a methionine-based signaling pathway involving Fes1 

will provide a new and sought-after connection between methionine oxidation of a given 

protein and a beneficial physiological outcome. 

 
  



 134 

REFERENCES 

1. Ghesquière, B., V. Jonckheere, N. Colaert, J. Van Durme, E. Timmerman, M. 
Goethals, J. Schymkowitz, F. Rousseau, J. Vandekerckhove, and K. Gevaert. 2011. 
Redox proteomics of protein-bound methionine oxidation. Mol Cell Proteomics 10: 
M110.006866. 

2. Kim, M. S., S. M. Pinto, D. Getnet, R. S. Nirujogi, S. S. Manda, R. Chaerkady, A. K. 
Madugundu, D. S. Kelkar, R. Isserlin, S. Jain, J. K. Thomas, B. Muthusamy, P. Leal-
Rojas, P. Kumar, N. A. Sahasrabuddhe, L. Balakrishnan, J. Advani, B. George, S. 
Renuse, L. D. Selvan, A. H. Patil, V. Nanjappa, A. Radhakrishnan, S. Prasad, T. 
Subbannayya, R. Raju, M. Kumar, S. K. Sreenivasamurthy, A. Marimuthu, G. J. 
Sathe, S. Chavan, K. K. Datta, Y. Subbannayya, A. Sahu, S. D. Yelamanchi, S. 
Jayaram, P. Rajagopalan, J. Sharma, K. R. Murthy, N. Syed, R. Goel, A. A. Khan, 
S. Ahmad, G. Dey, K. Mudgal, A. Chatterjee, T. C. Huang, J. Zhong, X. Wu, P. G. 
Shaw, D. Freed, M. S. Zahari, K. K. Mukherjee, S. Shankar, A. Mahadevan, H. Lam, 
C. J. Mitchell, S. K. Shankar, P. Satishchandra, J. T. Schroeder, R. Sirdeshmukh, 
A. Maitra, S. D. Leach, C. G. Drake, M. K. Halushka, T. S. Prasad, R. H. Hruban, C. 
L. Kerr, G. D. Bader, C. A. Iacobuzio-Donahue, H. Gowda, and A. Pandey. 2014. A 
draft map of the human proteome. Nature 509: 575-581. 

3. Walker, E. J., J. Q. Bettinger, K. A. Welle, J. R. Hryhorenko, and S. Ghaemmaghami. 
2019. Global analysis of methionine oxidation provides a census of folding stabilities 
for the human proteome. Proc Natl Acad Sci U S A 116: 6081-6090. 

4. Lin, S., X. Yang, S. Jia, A. M. Weeks, M. Hornsby, P. S. Lee, R. V. Nichiporuk, A. T. 
Iavarone, J. A. Wells, F. D. Toste, and C. J. Chang. 2017. Redox-based reagents 
for chemoselective methionine bioconjugation. Science 355: 597-602. 

5. Kramer, J. R., and T. J. Deming. 2013. Reversible chemoselective tagging and 
functionalization of methionine containing peptides. Chemical Communications 49: 
5144. 

6. Tarrago, L., A. Kaya, E. Weerapana, S. M. Marino, and V. N. Gladyshev. 2012. 
Methionine sulfoxide reductases preferentially reduce unfolded oxidized proteins 
and protect cells from oxidative protein unfolding. J Biol Chem 287: 24448-24459. 

7. Tarrago, L., S. Grosse, M. I. Siponen, D. Lemaire, B. Alonso, G. Miotello, J. 
Armengaud, P. Arnoux, D. Pignol, and M. Sabaty. 2018. Rhodobacter 
sphaeroidesmethionine sulfoxide reductase P reduces R and S-diastereomers of 
methionine sulfoxide from a broad-spectrum of protein substrates. Biochem J 475: 
3779-3795. 

8. Kabani, M., J.-M. Beckerich, and J. L. Brodsky. 2002. Nucleotide Exchange Factor 
for the Yeast Hsp70 Molecular Chaperone Ssa1p. Molecular and Cellular Biology 
22: 4677-4689. 



 135 

9. Abrams, J. L., J. Verghese, P. A. Gibney, and K. A. Morano. 2014. Hierarchical 
functional specificity of cytosolic heat shock protein 70 (Hsp70) nucleotide exchange 
factors in yeast. J Biol Chem 289: 13155-13167. 

10. Gowda, N. K., G. Kandasamy, M. S. Froehlich, R. J. Dohmen, and C. Andréasson. 
2013. Hsp70 nucleotide exchange factor Fes1 is essential for ubiquitin-dependent 
degradation of misfolded cytosolic proteins. Proc Natl Acad Sci U S A 110: 5975-
5980. 

11. Gowda, N. K. C., J. M. Kaimal, R. Kityk, C. Daniel, J. Liebau, M. Öhman, M. P. 
Mayer, and C. Andréasson. 2018. Nucleotide exchange factors Fes1 and HspBP1 
mimic substrate to release misfolded proteins from Hsp70. Nat Struct Mol Biol 25: 
83-89. 

12. Higgins, R., M. H. Kabbaj, A. Hatcher, and Y. Wang. 2018. The absence of specific 
yeast heat-shock proteins leads to abnormal aggregation and compromised 
autophagic clearance of mutant Huntingtin proteins. PLoS One 13: e0191490. 

13. Alberti, S., K. Böhse, V. Arndt, A. Schmitz, and J. Höhfeld. 2004. The cochaperone 
HspBP1 inhibits the CHIP ubiquitin ligase and stimulates the maturation of the cystic 
fibrosis transmembrane conductance regulator. Mol Biol Cell 15: 4003-4010. 

14. Eisele, F., and D. H. Wolf. 2008. Degradation of misfolded protein in the cytoplasm 
is mediated by the ubiquitin ligase Ubr1. FEBS Lett 582: 4143-4146. 

15. Nillegoda, N. B., M. A. Theodoraki, A. K. Mandal, K. J. Mayo, H. Y. Ren, R. Sultana, 
K. Wu, J. Johnson, D. M. Cyr, and A. J. Caplan. 2010. Ubr1 an Ubr2 Function in a 
Quality Control Pathway for Degradation of Unfolded Cytosolic Proteins. Mol Biol 
Cell 21: 2102-2116. 

16. Heck, J. W., S. K. Cheung, and R. Y. Hampton. 2010. Cytoplasmic protein quality 
control degradation mediated by parallel actions of the E3 ubiquitin ligases Ubr1 and 
San1. Proc Natl Acad Sci U S A 107: 1106-1111. 

17. Fang, N. N., A. H. Ng, V. Measday, and T. Mayor. 2011. Hul5 HECT ubiquitin ligase 
plays a major role in the ubiquitylation and turnover of cytosolic misfolded proteins. 
Nat Cell Biol 13: 1344-1352. 

18. Dragovic, Z., S. A. Broadley, Y. Shomura, A. Bracher, and F. U. Hartl. 2006. 
Molecular chaperones of the Hsp110 family act as nucleotide exchange factors of 
Hsp70s. EMBO J 25: 2519-2528. 

19. Raviol, H., H. Sadlish, F. Rodriguez, M. P. Mayer, and B. Bukau. 2006. Chaperone 
network in the yeast cytosol: Hsp110 is revealed as an Hsp70 nucleotide exchange 
factor. EMBO J 25: 2510-2518. 



 136 

20. Walsh, P., D. Bursać, Y. C. Law, D. Cyr, and T. Lithgow. 2004. The J-protein family: 
modulating protein assembly, disassembly and translocation. EMBO Rep 5: 567-
571. 

21. Sahi, C., and E. A. Craig. 2007. Network of general and specialty J protein 
chaperones of the yeast cytosol. Proc Natl Acad Sci USA 104: 7163-7168. 

22. Craig, E. A., and J. Marszalek. 2017. How Do J-Proteins Get Hsp70 to Do So Many 
Different Things. Trends Biochem Sci 42: 355-368. 

23. Kaya, A., A. Koc, B. C. Lee, D. E. Fomenko, M. Rederstorff, A. Krol, A. Lescure, and 
V. N. Gladyshev. 2010. Compartmentalization and regulation of mitochondrial 
function by methionine sulfoxide reductases in yeast. Biochemistry 49: 8618-8625. 

24. Allu, P. K., A. Marada, Y. Boggula, S. Karri, T. Krishnamoorthy, and N. B. Sepuri. 
2015. Methionine sulfoxide reductase 2 reversibly regulates Mge1, a cochaperone 
of mitochondrial Hsp70, during oxidative stress. Mol Biol Cell 26: 406-419. 

25. Gennaris, A., B. Ezraty, C. Henry, R. Agrebi, A. Vergnes, E. Oheix, J. Bos, P. 
Leverrier, L. Espinosa, J. Szewczyk, D. Vertommen, O. Iranzo, J. F. Collet, and F. 
Barras. 2015. Repairing oxidized proteins in the bacterial envelope using respiratory 
chain electrons. Nature 528: 409-412. 

26. Winzeler, E. A., D. D. Shoemaker, A. Astromoff, H. Liang, K. Anderson, B. Andre, 
R. Bangham, R. Benito, J. D. Boeke, H. Bussey, A. M. Chu, C. Connelly, K. Davis, 
F. Dietrich, S. W. Dow, M. El Bakkoury, F. Foury, S. H. Friend, E. Gentalen, G. 
Giaever, J. H. Hegemann, T. Jones, M. Laub, H. Liao, N. Liebundguth, D. J. 
Lockhart, A. Lucau-Danila, M. Lussier, N. M’Rabet, P. Menard, M. Mittmann, C. Pai, 
C. Rebischung, J. L. Revuelta, L. Riles, C. J. Roberts, P. Ross-MacDonald, B. 
Scherens, M. Snyder, S. Sookhai-Mahadeo, R. K. Storms, S. Véronneau, M. Voet, 
G. Volckaert, T. R. Ward, R. Wysocki, G. S. Yen, K. Yu, K. Zimmermann, P. 
Philippsen, M. Johnston, and R. W. Davis. 1999. Functional characterization of the 
S. cerevisiae genome by gene deletion and parallel analysis. Science 285: 901-906. 

27. Liu, H., J. Krizek, and A. Bretscher. 1992. Construction of a GAL1-regulated yeast 
cDNA expression library and its application to the identification of genes whose 
overexpression causes lethality in yeast. Genetics 132: 665-673. 

 

 


