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Upon its identification in 1989, mutations in the gene encoding the cystic fibrosis 

transmembrane conductance regulator (CFTR) were conclusively linked to cystic fibrosis. Many 

of the resultant mutant proteins were shown to misfold during synthesis and be selected for 

degradation by protein quality control machinery. However, small molecule “corrector” 

compounds help shield some variants from recognition by degradative machinery, improving 

protein trafficking in cell culture. Although some of these correctors have received FDA 

approval, their use in patients has had limited and variable efficacy. Based on emerging data, I 

propose that inhibition of certain E3 ubiquitin ligases— the enzymes ultimately responsible for 

committing CFTR to degradation— could synergize with corrector treatment to favor enhanced 

CFTR maturation and function. Specifically, I propose that the ubiquitin ligase CHIP is among 

the most attractive candidates for chemical inhibition because it is so broadly involved in the 

triage of misfolded CFTR substrates, contributing to the turnover of CFTR both at the 

endoplasmic reticulum as it is synthesized and at the cell surface where it functions. As a first 

step toward this goal, I have developed assays to measure ubiquitin conjugation and CHIP 

activity in a variety of conditions, and most notably in the presence of misfolded CFTR variants. 

In this thesis, I present my findings from these assays and discuss how these results further our 

understanding of the degradation of misfolded, disease-causing CFTR variants. 
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1.0  INTRODUCTION 

(Significant portions of the following chapter have been separately published as a review 

article appearing in the International Journal of Molecular Sciences.) (Estabrooks and Brodsky, 

2020) 

Cystic fibrosis (CF) is a genetically inherited disease that negatively impacts the lives of 

approximately 70,000 patients worldwide. Though most notorious as a condition affecting the 

respiratory system, CF broadly perturbs the function of mucus-lined and other epithelial tissues 

found throughout the human body, with symptoms typically appearing at birth (Elborn, 2016). 

Virtually every CF case is caused by the same underlying genetic determinant: inheritance of 

dysfunctional variants of a single chloride channel, the cystic fibrosis transmembrane 

conductance regulator (CFTR). Although disease-causing variants vary in the precise nature of 

their molecular defect, most frequent are CFTR variants that misfold as they are synthesized in 

the endoplasmic reticulum (ER) of epithelial cells. Because misfolded CFTR is aggressively 

targeted by endoplasmic reticulum associated degradation (ERAD), misfolding variants are 

retained by the ER and directed to the cytosol for ubiquitin-proteasome-dependent proteolysis, 

precluding their function at the cell surface (Jensen et al., 1995; Ward et al., 1995). 

In the following chapter, I explore the pathology of CF, the properties of CFTR, the range 

of clinical variants, and the multitude of cellular factors that guide CFTR channels toward either 

maturation or degradation. I also discuss the ongoing development of molecular therapies aimed 
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at restoring function to otherwise dysfunctional CFTR variants, and propose that ablation of 

select factors which otherwise promote CFTR degradation could synergize with existing 

therapies to restore the function of disease-causing CFTR variants. 

1.1 CYSTIC FIBROSIS 

1.1.1 Pathology 

Originally identified as a distinct pathology over eighty years ago, CF was initially 

defined as a lethal, primarily digestive disorder affecting newborns (Anderson, 1938). Described 

at the time as “cystic fibrosis of the pancreas”, postmortem observations of infants succumbing 

to the disease revealed thick, immobile mucus lining the digestive tract, which blocked entry of 

pancreatic enzymes into the intestine via the pancreatic duct. As a result of severe pancreatic 

insufficiency, infants with CF tended to exhibit meconium ileus (intestinal obstruction), 

perforated intestines, abnormal stools, and a failure to thrive, rarely surviving for more than a 

few months. Fortunately, CF patients today have ready access to pancreatic enzyme replacement 

therapy (PERT), which along with multivitamins alleviates digestive symptoms and restores 

typical nutrient absorption (Singh and Schwarzenberg, 2017). With rigorous newborn genetic 

screening, many CF patients are now diagnosed and prescribed PERT before gastrointestinal 

symptoms even have the opportunity to develop. 

Further clinical characterization led to the observation that CF patients also acquire and 

die from respiratory infections such as pneumonia and bronchitis, provided that these individuals 

did not first succumb to intestinal blockage (Anderson and Hodges, 1946). As care improved and 
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patients gradually lived beyond infancy into childhood, it became clear that pulmonary 

dysfunction is a hallmark of CF. Just as within the digestive tract, CF causes the layer of mucus 

coating tissues of the respiratory tract to become dehydrated, immobile, and increasingly acidic 

(Haq et al., 2016; Verkman et al., 2003). Because mucus fluidity is critical for maintaining the 

efflux of inhaled microorganisms from the respiratory tract, the lungs of CF patients gradually 

become infected with pathogenic bacteria and fungi (Frayman et al., 2017). Once these 

intractable infections are established, they permanently activate an immune response (Cantin et 

al., 2015), causing persistent inflammation of respiratory tissue that drastically reduces lung 

function, which is typically measured by forced expiratory volume (FEV) (Szczesniak et al., 

2017). Although the makeup of lung flora varies widely by patient, Pseudomonas aeruginosa, 

Staphylococcus aureus, and non-Tuberculosis mycobacterial species are among the most 

common bacterial pathogens that colonize CF lungs (Furukawa and Flume, 2018; Hector et al., 

2016). Intriguingly however, it is worth noting that even without bacterial colonization, CF 

ferrets (an animal model that successfully recapitulates CF respiratory symptoms) still exhibit 

inflammatory lung disease (Rosen et al., 2018), suggesting that bacterial colonization—while 

associated with poor prognosis—may not be required to activate an immune response in CF. 

Regardless, in an effort to dislodge mucus plugs, ease inflammation, and reduce pathogenic 

burden, CF patients are frequently prescribed mucolytics, corticosteroids, inhaled hypertonic 

saline, as well as oral or inhaled antibiotics (Mogayzel et al., 2014). Additionally, numerous 

techniques have been designed to physically clear airways, such as forced expiration, exercise, 

and the use of a high frequency chest wall oscillation (HFCWO) vest (Grosse-Onnebrink et al., 

2017; McIlwaine et al., 2019). Even so, the vast majority of CF patients ultimately endure 

pulmonary exacerbations, periods of intense pathogenic burden and sharply reduced pulmonary 
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function requiring hospitalization. Though pulmonary exacerbations are typically the terminal 

event for CF patients, therapeutic advancements made over the past several decades have 

steadily slowed the rate of respiratory decline in patients and reduced the frequency of 

exacerbations, enabling patients to lead longer, healthier lives (see Section 1.3 below). Indeed, 

only recently did the median age of CF patients surpass 18 years of age for the first time (Cystic 

Fibrosis Foundation Patient Registry, 2019), shifting how this once pediatric disease is now 

viewed and treated. 

As patients live longer, however, additional complications not originally appreciated as 

symptoms of CF have begun to emerge. For example, even with prolonged replacement of 

pancreatic function, ~40% of CF patients are diagnosed with gastroesophageal reflux disease 

(GERD), for which many individuals additionally take acid blockers or proton pump inhibitors 

(Maqbool and Pauwels, 2017). Furthermore, almost one-third of adult CF patients exhibit 

glucose intolerance and have been further diagnosed with CF-related diabetes (CFRD), which 

requires regular insulin injections (Kelsey et al., 2019; Moheet and Moran, 2018). Although less 

frequent, some CF patients also display unusual liver function, generally referred to as CF liver 

disease (Kamal et al., 2018). Moreover, as male fertility also relies on mucus-lined ducts, nearly 

all male patients have congenital bilateral absence of the vas deferens (CBAVD) and are 

rendered infertile, a topic of concern as a growing number CF patients survive into adulthood 

(Bernardino et al., 2013; Chillon et al., 1995). Finally, approximately one-quarter of all CF adults 

report suffering from depression or anxiety (Quittner et al., 2014; Smith et al., 2016), indicating 

that this disease not only takes a physical toll upon those afflicted, but a psychological one as 

well. Overall, how CF affects the health of most tissues throughout the body remains 

incompletely understood but is of significant concern as the CF population continues to age. 
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1.1.2 CFTR Structure and Function 

Early studies into the epidemiology of CF noted that the disease affects males and 

females at equal rates, but appeared to be hereditary as it tracked within certain families at a 

much higher frequency than the general population (Anderson and Hodges, 1946). Decades later, 

the genetic determinant would be pinpointed to a single locus on chromosome 7, a ~6500 base 

pair gene thereafter known as the cystic fibrosis transmembrane conductance regulator (CFTR) 

(Kerem et al., 1990; Riordan et al., 1989). 

The CFTR gene encodes a 1480 amino acid, ~168 kDa protein which is classified as a 

member of the ATP-binding cassette (ABC) transporter superfamily, a set of interrelated 

transmembrane proteins found in both eukaryotes and prokaryotes that bind ATP and promote 

substrate transport across cellular membranes. As such, CFTR (alternately known as ABC 

subfamily C member 7) bears close structural homology to other ABC transporters, including 

certain bacterial multidrug resistance pumps (Mornon et al., 2008). Like these, CFTR contains 

two hydrophobic transmembrane domains (TMDs) that anchor the protein in the membrane, as 

well as two nucleotide binding domains (NBDs) that reside in the cytosol (Figure 1A). Unlike 

other ABC transporters, CFTR also harbors a regulatory (R) domain between NBD1 and TMD2, 

which provides an extra layer of control over its activity. Specifically, the R domain must be 

phosphorylated by Protein Kinase A in a cyclic AMP (cAMP)-dependent manner for CFTR to 

fully function (Cheng et al., 1991). Phosphorylation displaces the flexible R domain, favors NBD 

interaction, and exposes the protein’s positively charged central pore (Liu et al., 2017; Zhang and 

Chen, 2016) (Figure 1B). Intimate association between the NBDs allows for two, shared ATP-

binding sites to be established at their interface. Notably, each site is composed of the Walker A 

(GXXGXGKS/T) and Walker B (ΦΦΦΦD, where Φ is hydrophobic) motifs of one domain and 
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the signature motif (LSGGQ) of the other, which together coordinate the phosphate groups of 

ATP and bind an associated magnesium ion (Moran, 2014). Only one of these composite sites is 

active in CFTR however, as the site established by the Walker motifs of NBD1 and the signature 

motif of NBD2 contains a nonconserved signature motif (LSHGH), causing this site to bind but 

fail to catalyze ATP. These shared ATP binding sites are required for ATP hydrolysis, and the 

resulting conformational change transitions CFTR between closed and open states, effecting the 

movement of substrates through a central pore (Fay et al., 2018; Hwang et al., 1994; Liu et al., 

2017; Zhang et al., 2018). 

 

Figure 1. Structure of CFTR. 

(A) Linear schematic of CFTR domain organization; (B) Side view (left) and top view (right) depicting the Cryo-

EM structure of phosphorylated, ATP-bound CFTR (PDB ID: 6MSM) (Zhang et al., 2018). Note that only part of 

the R domain is included, as the inherent flexibility of this domain limits its visibility by Cryo-EM. 
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The pore formed by CFTR also differs from other ABC transporters. Uniquely, CFTR 

facilitates the movement of anions across a cellular membrane, the only ABC transporter known 

to do so (Sheppard and Welsh, 1999). Moreover, CFTR functions as a channel rather than as a 

bona fide transporter. Unlike multidrug resistance pumps, which hydrolyze ATP to actively 

pump potentially toxic compounds out of cells against a chemical gradient (Locher, 2016), 

CFTR utilizes ATP to transition between the open and closed states but cannot specify the 

direction of flow. Therefore, when CFTR opens at the surface of epithelial cells, anions flow 

passively down their electrochemical gradient. In most epithelial tissues, such as those in the 

lungs and digestive tract, this corresponds to an efflux of chloride and bicarbonate from within 

cells into the extracellular space. Chloride release generates a motive force for the concomitant 

transport of water, thus hydrating the apical surface of these organs. By additionally releasing 

bicarbonate from cells, CFTR also mitigates acidity in the respiratory tract (Shah et al., 2016). 

Therefore, when CF patients inherit dysfunctional variants of CFTR, the mucus lining the 

airways becomes dehydrated and increasingly acidic, providing an ideal environment to support 

bacterial growth (Pezzulo et al., 2012). 

In contrast to pulmonary tissue, the extracellular concentration of chloride is typically 

higher than the intracellular concentration in sweat ducts (Ram and Kirk, 1989). Consequently, 

CFTR opening instead triggers a net influx of chloride from the extracellular environment. As a 

result, electrolytes tend to linger in significantly higher quantities on the skin of CF patients. 

Though of little pathological consequence, it was the recognition of this trait that brought about 

sweat chloride testing as the first bioassay used to distinguish CF from other respiratory ailments 
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(di Sant'Agnese et al., 1953). Measurements of sweat chloride continue to be used as a reliable 

means of assessing the efficacy of therapeutics that target CFTR (LeGrys et al., 2018). 

1.1.3 Inheritance of Dysfunctional CFTR Variants Causes CF 

Mutations in CFTR are thought to have been selected for amongst Bronze Age peoples of 

Western Europe as an adaptation against secretory diarrheal diseases, such as cholera (Farrell et 

al., 2018; Gabriel et al., 1994). Notably, individuals carrying one defective allele are less prone 

to severe dehydration. To date, over 300 distinct CFTR mutations have been identified that cause 

CF (https://cftr2.org). These mutations have been binned into five separate classes based on their 

molecular defects (Welsh and Smith, 1993). 

Class I variants are those which produce either an incomplete CFTR protein or no protein 

at all. This typically occurs due to a mutation in CFTR that causes translation to prematurely 

terminate, but can also occur due to the insertion or deletion of base pairs that shift the CFTR 

reading frame. Class I variants, such as G542X and W1282X CFTR, produce truncated channels 

and account for around 15% of CFTR variants carried by CF patients in the United States (Cystic 

Fibrosis Foundation Patient Registry, 2019; Sosnay et al., 2013). Currently, these have proven 

difficult to “correct” therapeutically (also see Section 3). 

Class II variants are full length CFTR channels, but include a mutation which causes 

domains within the protein to misfold, preventing the channel from trafficking to the cell surface. 

Class II variants are the most frequently occurring mutations amongst CF patients. Indeed, 86% 

of American CF patients encode at least one copy of the most prominent Class II variant, 

F508del CFTR (Cystic Fibrosis Foundation Patient Registry, 2019). The deletion of 

phenylalanine 508 from NBD1 causes this domain to misfold and compromises interactions both 

https://cftr2.org/
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between NBD1 and NBD2 and between NBD1 and the transmembrane domains (Hoelen et al., 

2010; Qu et al., 1997; Sharma et al., 2001; Thomas et al., 1992; Younger et al., 2006; Zhang et 

al., 1998). Based on its frequency in the population, there has been significant interest in 

correcting the molecular defects associated with this variant (see Section 3.1). Other more 

infrequent variants, such as G85E (0.7% of patients) and N1303K (2.4% of patients), also impair 

CFTR folding but reside within TMD1 and NBD2, respectively. 

Both Class III and IV variants instead affect the function of CFTR channels at the cell 

surface. Class III variants traffic normally to the surface but are gated incorrectly. These variants, 

which include G551D CFTR (4.5% of patients), cannot open or exhibit reduced open 

probabilities. As such, Class III variants fail to conduct sufficient chloride and bicarbonate ions 

across epithelial cell membranes. The activity of some of these mutations is significantly 

improved by small molecule “potentiator” compounds that are used clinically (Yu et al., 2012) 

(see Section 3.2). While Class IV variants closely resemble Class III variants in terms of their 

mitigated function, they instead conduct ion currents weakly due to mutations that misshape or 

confer an unfavorable electrochemical charge within the channel’s central pore. 

Finally, Class V variants include those that produce functional CFTR channels but in 

quantities too small to effectively facilitate anion exchange across cell membranes. For instance, 

A455E CFTR (0.6% of patients) is as functional as wild-type CFTR, but causes a moderate form 

of CF due to its inherently lower level of protein synthesis (Sheppard et al., 1995). 

While these classifications exist to better guide therapeutic strategies to address the 

underlying molecular defect of individual variants, it has become increasingly clear that 

dysfunctional variants can fall into multiple classes (Veit et al., 2016). For instance, F508del 

CFTR has been characterized as a Class II, Class III, and Class IV variant. In addition to the 
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misfolding defect of this variant (see above), any F508del channels that do manage to fold and 

reach the cell surface conduct current across the membrane with reduced efficiency (Dalemans et 

al., 1991; Hwang et al., 1997; Van Goor et al., 2009). Thus, optimal treatments for individuals 

carrying the F508del allele require drug combinations that target each of these distinct defects 

(see Section 3.3). 

1.2 CFTR PROTEIN QUALITY CONTROL 

Like numerous other cellular proteins that traffic from the endoplasmic reticulum (ER) to 

the cell surface through the secretory pathway, CFTR is perpetually monitored by protein quality 

control (PQC) factors. Quality control “decisions” regarding CFTR are generally made at two 

key points in the cell, either 1) at the ER as CFTR is synthesized, and/or 2) in post-ER 

compartments after CFTR has folded and trafficked from the ER. How different CFTR variants 

interact with the PQC machinery at each of these locations has major ramifications for the 

disease severity associated with distinct variants, as well as the approaches used to 

therapeutically treat the disease. The PQC machinery, the pathways that lead to the degradation 

or folding of cellular proteins, and the stress responses that are triggered when misfolded 

proteins accumulate have collectively been referred to as protein homeostasis, or “proteostasis”. 
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1.2.1 Protein Quality Control at the ER: The Roles of Molecular Chaperones and the 

Proteostatic Network 

As previously noted, CFTR is a relatively large monomeric protein. This is in stark 

contrast to most other ion channels, which are multimeric. The natively folded state of CFTR 

channels therefore consists entirely of intramolecular rather than intermolecular interactions. As 

a single CFTR polypeptide takes approximately 10 min to be fully translated (Ward and Kopito, 

1994), folding between domains primarily occurs co-translationally (Kleizen et al., 2005). 

However, some of the most crucial stabilizing inter-domain interactions, such as those between 

NBD1 and NBD2, cannot be established until translation is complete (Du and Lukacs, 2009; 

Rabeh et al., 2012). As a result, CFTR lingers at the ER in a partially folded, energetically 

unfavorable state, during which it is especially vulnerable to targeting by components of the 

PQC machinery. 

CFTR PQC requires factors that drive the channel toward one of two diametrically 

opposed cellular fates (Figure 2). Some factors bind to CFTR to promote folding and maturation, 

whereas other factors recognize unfolded CFTR and instead direct these misfolded, potentially 

toxic channels for degradation. Though some factors bear both pro-maturative and pro-

degradative activities during the biogenesis of proteins at the ER, typically one of these two 

activities has a greater net effect (Brodsky, 2007). 
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Figure 2. Network of CFTR PQC interactors. 

In broad terms, interaction partners sort into one of three groups: chaperones, co-chaperones, and E3 ubiquitin 

ligases. Each component within the network either enhances maturation of CFTR to the cell surface, or hinders 

maturation by selecting channels for degradation, although select factors share both pro-maturative and pro-

degradative traits. While chaperones and co-chaperones vary widely in their effect, E3 ubiquitin ligases obligately 

facilitate degradation of CFTR through either the 26S proteasome or lysosome. Factors with an effect reported on 

either wild-type or F508del CFTR are depicted. Domains required for protein interactions and/or enzymatic 

activities are additionally depicted. Note that only select interactors are discussed at length. 

 

Molecular chaperones (also known as heat-shock proteins, or Hsps) are among the first 

components of the cellular PQC machinery to interact with CFTR, frequently acting co-

translationally. These include Hsp90 and both the constitutively expressed and stress inducible 

isoforms of Hsp70, respectively referred to as Hsc70 and Hsp70 (Bagdany et al., 2017; Loo et 
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al., 1998; Matsumura et al., 2011; Meacham et al., 1999; Scott-Ward and Amaral, 2009). Hsc70, 

Hsp70, and Hsp90 bind CFTR and support folding through cycles of ATP hydrolysis. 

Specifically, their ablation in cell culture model systems causes nascent channels to become 

terminally misfolded and degraded. Although each of these chaperones nominally supports 

CFTR folding, Hsp70 and Hsp90 recruit numerous other PQC components, many of which 

antagonize channel folding and maturation. For example, the Hsp70/Hsp90 organizing protein 

(HOP) has an overall pro-degradative effect upon CFTR by drawing CFTR-bound Hsp90 into 

interactions with Hsc70 or Hsp70, and in turn with CHIP, an E3 ubiquitin ligase which directs 

the channel for degradation (see below). These events titrate CFTR off a pro-folding pathway 

into a pro-degradative pathway. As anticipated, inhibition of HOP favors CFTR maturation 

(Marozkina et al., 2010b; Zaman et al., 2016). In contrast, HspBP1, a nucleotide exchange factor 

for Hsc70 and Hsp70, directly inhibits Hsc70 or Hsp70-bound CHIP and helps keep nascent 

CFTR on the pro-folding pathway (Alberti et al., 2004; Kabani et al., 2002). 

Other Hsc70 co-chaperones, chiefly Hsp40 co-chaperones (also known as J-proteins), 

vary widely in their effects during the early maturation of CFTR. The ER-integral Hsp40 Hdj2 

(DNAJA1) was the first member of the Hsp40 family recognized to bind CFTR and support 

productive folding (Meacham et al., 1999). While Hsc70 was initially observed to independently 

facilitate NBD1 folding in vitro (Strickland et al., 1997), this chaperone was found to utilize both 

Hdj2 as well as a second Hsp40, Hdj1 (DNAJB1), to effectively rescue ER-retained wild-type, 

but not F508del CFTR from degradation (Farinha et al., 2002). However, while Hsp40s like 

Hdj2 or Hdj1 are required for efficient CFTR folding, these co-chaperones can also act as 

elements of the degradative PQC machinery. For example, in spite of its role in folding CFTR, 

Hdj2 can sharply increase the ubiquitin ligase activity of the Hsc70/CHIP complexes, as 
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evidenced upon examination of CFTR sub-domains (Younger et al., 2004). Another Hsp40, 

cysteine string protein (Csp, DNAJC5) facilitates degradation of CFTR due to its ability to 

independently recruit CHIP (Schmidt et al., 2009; Zhang et al., 2002; Zhang et al., 2006). 

Similarly, DNAJB12 stimulates degradation of both immature forms of wild-type and F508del 

CFTR, but does so by recruiting another E3 ubiquitin ligase, RMA1, to Hsc70 (Grove et al., 

2011; Yamamoto et al., 2010). The role of Hsp40s during degradation was also evidenced from 

studies in model systems. For example, the yeast ER-localized Hsp40 homologues Ydj1 and Hlj1 

function redundantly to contribute to the degradation of ectopically expressed CFTR (Youker et 

al., 2004). 

In contrast to the pro-degradative effects of Hsp70 and its broader co-chaperone network 

(Yang et al., 1993), Hsp90 is an important pro-folding chaperone, as perturbation of its function 

through either its deletion in the yeast model or its inhibition in human cell culture using small 

molecules prevents correct assembly of CFTR cytosolic domains and causes the nascent 

channels to be degraded (Loo et al., 1998; Youker et al., 2004). In contrast, small heat shock 

proteins (sHsps) play a more complex role during wild-type and F508del CFTR biogenesis. 

These chaperones, which lack the ATPase domains of their larger counterparts but exhibit potent 

misfolded protein “holdase” activity (Mogk et al., 2019), were initially implicated in the PQC of 

CFTR because deletion of the yeast sHsps, Hsp26 and Hsp42, greatly slowed CFTR degradation 

without altering the attachment of ubiquitin to the ER-retained channel (Ahner et al., 2007) (see 

below). As expected, overexpression of the human sHsp αA-crystallin (HSPB4) in human cell 

culture accelerated degradation of F508del CFTR. Later studies indicated that a second human 

sHsp, Hsp27 (HSPB1), stimulated F508del CFTR degradation but did so by binding to 

incompletely folded NBD1 and recruiting Ubc9, an enzyme that catalyzes the attachment of 
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small ubiquitin-like modifier (SUMO) (Ahner et al., 2013; Gong et al., 2016). In some cases, 

SUMO addition then leads to ubiquitination (Ahner et al., 2013). Consistent with these data, 

when the folding of NBD1 was improved, there was reduced SUMO addition, suggesting that 

sHsps primarily target incompletely folded conformations of CFTR. 

In parallel, studies by Balch and colleagues used proteomic techniques to elucidate the 

broader CFTR “interactome”, revealing PQC elements that had not been previously revealed 

(Wang et al., 2006). These included Aha1, a co-chaperone of Hsp90 that enhances the 

chaperone’s ATPase activity and displays an overall pro-degradative effect, perhaps because its 

action decouples Hsp90 from nascently folded CFTR and leaves the protein in a state where it is 

more vulnerable to co-translational degradation (Koulov et al., 2010). These studies also 

revealed the involvement of FKBP8, an ER localized peptidylprolyl isomerase that is specifically 

upregulated upon expression of F508del CFTR and recruited to chaperone complexes. FKBP8 

mediates the cis-trans interconversion of proline residues necessary for CFTR to attain a 

trafficking-competent conformation (Hutt et al., 2012). Yet another CFTR-associated chaperone 

identified was Hsp105, which is a nucleotide exchange factor for Hsc70 (Bracher and Verghese, 

2015). Hsp105 stimulates the co-translational degradation of CFTR while also enhancing its 

post-translational maturation (Saxena et al., 2012). Together, it is clear that a spectrum of 

primary and secondary chaperone-associated partners is required to fold CFTR. 

In contrast to wild-type CFTR, F508del displays a vastly shifted interactome, 

characterized by an increase in associated chaperones and co-chaperones, including many that 

target the channel for degradation (Wang et al., 2006). Remarkably, early data indicated that 

prolonged hypothermia restores F508del CFTR processing and function (Denning et al., 1992) 

and does so by remodeling the interaction network to more closely resemble that of wild-type 
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(Pankow et al., 2015). These data suggested that modifying the interactome, or “proteostatic 

network”, could achieve the same feat. 

1.2.2 Targeting of CFTR for Endoplasmic Reticulum Associated Degradation (ERAD) 

Like other membrane proteins, CFTR enters the ER and becomes embedded into the ER 

membrane after entry through the Sec61 protein conducting channel (Bebök et al., 1998; 

Oberdorf et al., 2005; Pitonzo et al., 2009). More specifically, when polytopic integral membrane 

proteins such as CFTR enter Sec61, stretches of hydrophobic sequences corresponding to 

transmembrane spans fail to thread completely into the ER lumen but are instead released 

through a lateral gate in Sec61 and integrate into the membrane, leaving adjacent hydrophilic 

domains exposed to either the cytosol or ER lumen (Rapoport et al., 2017). In contrast, as soluble 

luminal domains of CFTR enter the ER, the protein is N-glycosylated at two asparagine residues 

(N894 and N900) after synthesis of TMD2 (Cheng et al., 1990). As a result of this modification, 

CFTR may become subject to PQC decision-making by the lectin-like chaperones calnexin 

(CNX) and calreticulin (CRT) (Harada et al., 2006; Pind et al., 1994). Though each of these 

chaperones is involved in the binding and retention of incompletely folded N-linked 

glycoproteins in the ER, their precise effects upon CFTR differ. CNX, an integral membrane 

chaperone in the ER, appears to facilitate the correct folding of the TMDs (Rosser et al., 2008). 

While its prolonged binding impedes maturation of channels from the ER, CNX may also shield 

incompletely folded forms of CFTR from recognition by pro-degradative PQC elements (Egan et 

al., 2004; Okiyoneda et al., 2008). Even so, inhibition of CNX heavily favors the trafficking of 

wild-type CFTR from the ER but provides no benefit to the maturation of F508del CFTR. These 

results suggest that severely misfolded variants, like F508del, are generally targeted for 
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degradation prior to the recognition of glycosylated asparagine residues (Farinha and Amaral, 

2005). In contrast, CRT, a soluble chaperone in the ER lumen, may facilitate CFTR turnover, 

perhaps because it extends ER dwell time without actively contributing to domain folding 

(Harada et al., 2006). 

Although the degree of wild-type or F508del protein that folds might be both cell type 

and species specific (Bebök et al., 2005; Ostedgaard et al., 2007; Varga et al., 2004), it is clear 

that the complex folding itinerary in the ER results in a significant amount of degradation of 

even the wild-type form of CFTR. In fact, even with the aid of the many identified pro-folding 

chaperones, perhaps only one-third of wild-type and virtually no F508del CFTR manages to 

attain a conformation that can be successfully trafficked from the ER; the remaining protein is 

instead degraded by the ubiquitin-proteasome system (Cheng et al., 1990; Lukacs et al., 1994; 

Ward and Kopito, 1994). Why processing of CFTR evolved to be so inherently inefficient is 

unclear, but might have emerged this way as an overabundance of functioning channels at the 

cell surface could plausibly cause salt wasting, leading to chronic dehydration. Whatever the 

reason, these misfolded channels selected for ubiquitin-proteasome-dependent degradation are 

handled by the ER Associated Degradation (ERAD) pathway. After recognition by pro-

degradative chaperones, such as those outlined above, misfolded CFTR in the ER becomes 

covalently attached to chains of a 76-amino acid polypeptide, known as ubiquitin, which signals 

CFTR extraction from the ER membrane. The extraction, or “retrotranslocation”, of CFTR from 

the ER membrane requires an AAA-ATPase, known as p97, which then hands the protein off to 

cytosolic or ER-associated 26S proteasomes (Lukacs et al., 1994; Xiong et al., 1999). It is 

unclear whether CFTR is directly retrotranslocated from the ER membrane or whether it first 

enters a putative retrotranslocation channel, although interactions with some of these channels 
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have been observed (Baldridge and Rapoport, 2016; Ballar et al., 2010; Bebök et al., 1998; 

Pitonzo et al., 2009; Sun et al., 2006; Wang et al., 2008; Younger et al., 2006). Ultimately, CFTR 

is hydrolyzed by the proteasome, which contains three unique proteolytic activities. Interestingly, 

only one of these activities, the chymotrypsin-like activity, is primarily required for CFTR 

turnover (Oberdorf et al., 2001). 

Several enzymes are required for the polyubiquitination of ERAD substrates, such as 

CFTR (Preston and Brodsky, 2017; Varshavsky, 2012). First an E1 ubiquitin activating enzyme 

must covalently bind ubiquitin in an ATP-dependent manner before transferring the activated 

ubiquitin to one of dozens of distinct E2 ubiquitin conjugating enzymes. These E2 enzymes, in 

turn, act in conjunction with specific E3 ubiquitin ligases to attach the ubiquitin moiety to lysine 

sidechains on suitable substrate proteins, or onto lysine sidechains of ubiquitin itself to extend 

the growing polyubiquitin chain. In the case of these isopeptide polyubiquitin linkages, the use of 

distinct internal lysine residues determines chain topology and cellular function. Canonically, 

polyubiquitin chains linked through K48 or K11 designate substrate proteins for degradation by 

the proteasome, whereas K63 linkages typically act as an endocytic signal (Komander and Rape, 

2012). While it is unclear exactly which linkage type(s) mark CFTR for ERAD, or whether 

branched or mixed linkage chains are utilized (which appear to be quite common (Leto et al., 

2019)), ubiquitination of certain lysine residues within the channel (specifically K14, K68, and 

K1218) preferentially selects CFTR for degradation (Lee et al., 2014). 

To date, > 600 putative E3 ubiquitin ligases have been identified in the human genome 

(Li et al., 2008). While some of these enzymes are substrate-specific, most are thought to target 

multiple substrates, especially during ERAD (Leto et al., 2019). Therefore, each protein can be 
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ubiquitinated by multiple E3s. Indeed, to date four ubiquitin ligases, RMA1, gp78, CHIP, and 

RNF185, have been conclusively shown to mediate the ERAD of CFTR. 

A significant body of data indicates that RMA1, gp78, CHIP, and RNF185 act at 

different steps during CFTR biogenesis. Early studies by Kopito and colleagues revealed that 

CFTR is translated within 30 min but ubiquitination of both wild-type and F508del CFTR begins 

to appear after only 20 min, indicating that ubiquitination occurs concurrently with translation, at 

least in an in vitro reticulocyte lysate (Sato et al., 1998). Consistent with these data, the earliest 

acting ubiquitin ligases on CFTR are a pair of ER integral membrane proteins, RMA1 (also 

known as RNF5) and its highly conserved homologue, RNF185, which target immature or 

misfolded forms of CFTR immediately after NBD1 translation (El Khouri et al., 2013; Younger 

et al., 2006). Neither enzyme is capable of binding CFTR directly, but do so through Derlin, an 

integral membrane adaptor protein that—as noted above—has been suggested to act as a 

retrotranslocation channel and also assembles multiple components of the ERAD machinery 

(Carvalho et al., 2010; Claessen et al., 2010; Mehnert et al., 2014; Mehnert et al., 2015; 

Wahlman et al., 2007). While RMA1 and RNF185 readily target both wild-type and F508del 

CFTR intermediates for degradation (El Khouri et al., 2013; Younger et al., 2006), RMA1 

ablation more prominently improves F508del CFTR maturation and can partially alleviate a CF 

phenotype in mice, even without additional therapeutic interventions (Tomati et al., 2015). 

Consistent with data that E3 ubiquitin ligases work with one another (Leto et al., 2019), a third 

ER-integral E3 ubiquitin ligase, gp78, augments the activity of RMA1 and RNF185 (Morito et 

al., 2008) by predominantly elongating polyubiquitin chains initiated by either enzyme and 

contributes to the ERAD of F508del CFTR. In contrast to these early acting E3 ubiquitin ligases, 

the cytosolic ubiquitin ligase CHIP is most active on fully translated CFTR (Younger et al., 
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2006). Like RMA1 and RNF185, CHIP is unable to bind misfolded CFTR channels directly, but 

in this case it does so by binding Hsc70 (or Hsp70) through an EEVD motif present at the 

carboxyl terminus of the chaperone. Thus, CHIP co-opts the activity of otherwise pro-folding 

chaperones to instead trigger ERAD (Ballinger et al., 1999; Meacham et al., 2001). Interestingly, 

although Hsp90 shares a similar carboxyl-terminal motif, CHIP only stimulates the ERAD of 

CFTR through its interaction with Hsc70 or Hsp70 (Meacham et al., 2001). 

1.2.3 Trafficking of CFTR from the ER 

In order to evade ERAD and traffic from the ER, CFTR must pass several of the PQC 

checkpoints noted above. First, the channels must be sufficiently folded to be released by CNX 

and CRT. Substrate binding and release of CNX/CRT-substrate complexes depends on the 

configuration of the glycan, a branched polysaccharide that is gradually trimmed as secretory 

proteins dwell in the ER (Tannous et al., 2015). CNX and CRT bind glycans with a single 

terminal glucose but release glycoprotein substrates after this glucose is cleaved by α-

glucosidase II. In turn, nascent proteins that have failed to acquire their native conformations can 

be re-glucosylated by an enzyme that monitors protein conformation. Second, CFTR folding 

conceals four partially redundant arginine-framed tripeptide (AFT) sequences located within the 

N-terminus, NBD1, and R domain of CFTR, which facilitate the retention of CFTR in the ER if 

exposed to the cytosol (Chang et al., 1999). Although mutagenizing these motifs favors F508del 

CFTR trafficking and function at the cell surface in cell culture, their removal has no discernable 

impact upon the processing of wild-type CFTR. This result suggests that AFTs alone are not 

responsible for the retention and degradation of the majority of these channels. Finally, a di-

acidic motif (YKDAD) on the surface of NBD1 must be engaged at ER exit sites by two 
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secretory trafficking components, Sec23/Sec24 (Wang et al., 2004; Yoo et al., 2002), which 

function as inner coat components of COPII vesicles that mediate ER-to-Golgi transport of 

secreted cargo proteins (Fromme et al., 2008). Thus, after recognition, properly folded forms of 

CFTR are sorted into COPII-coated vesicles, which bud from the ER. In the Golgi, CFTR is 

further modified by O-linked glycosylation en route to the cell surface (Chang et al., 1994; 

Cheng et al., 1990). 

Studies from the analysis of numerous intragenic suppressor mutations in the gene 

encoding F508del CFTR led to the concept that more than one mechanism is needed to “fix” the 

folding defect and allow for ER exit. While misfolding within NBD1 is the primary folding 

defect caused by the absence of F508 (Hoelen et al., 2010), this mutation also disrupts the 

interaction between NBD1 and TMD2 at highly conserved residues in intracellular loop 4 (ICL4) 

(Mendoza et al., 2012; Rabeh et al., 2012). Notably, distinct second-site suppressors could 

restore favorable folding within NBD1 or interdomain assembly between NBD1 and TMD2. 

While the presence of either suppressor alone proved insufficient to restore maximal F508del 

CFTR assembly and function, when these distinct suppressor mutations were combined they 

acted synergistically to produce CFTR channels that folded, exited the ER, and functioned at the 

cell surface. This finding signaled that a single compound designed to facilitate the folding of a 

specific domain in F508del CFTR or other misfolded variants would be unable to fully mend the 

aberrant channel. The developments leading to subsequent combinatorial therapies are discussed 

further in Section 3. 

In contrast to the forward trafficking pathway, CFTR can also undergo anterograde 

trafficking through an unconventional pathway when cells are exposed to ER stress, which 

disrupts ER-to-Golgi transport. During stress, activation of IRE1, which initiates the unfolded 
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protein response (UPR), increases both the number of ER exit sites and expression of Sec16A, a 

secretory protein concentrated at these sites that facilitates scaffolding of COPII-coated vesicles 

(Farhan et al., 2008; Piao et al., 2017). Concurrently, the Golgi-resident protein GRASP55 is 

phosphorylated, which causes it to dissociate from homodimers into monomers that traffic to the 

ER where they interact with Sec16A (Kim et al., 2016; Piao et al., 2017). Through a mechanism 

that remains incompletely understood, GRASP55/Sec16A drives the export of CFTR directly to 

the cell surface, apparently bypassing the Golgi since CFTR trafficked under these conditions 

lacks Golgi-associated glycosylation. Fascinatingly, the unconventionally trafficked F508del 

CFTR protein is sufficiently functional, as transgenic mice expressing GRASP55 lack 

phenotypes associated with the F508del allele, suggesting that modulation of this pathway could 

provide therapeutic benefit (Gee et al., 2011). Earlier hints that CFTR bypasses the Golgi 

apparatus also emerged from work in which the protein was shown to leave the ER even in spite 

of overexpressed dominant negative versions of required COPII trafficking regulators, yet 

remained dependent upon fusion with endosomes (Yoo et al., 2002). Which proteins coat CFTR-

containing vesicles emerging from ER exit sites and how these vesicles interact with cytoskeletal 

components in this unconventional pathway remain to be elucidated. 

1.2.4 Post-ER Quality Control: Targeting of Plasma Membrane and Endosomal CFTR 

for Lysosomal Degradation 

After its delivery to the cell surface, CFTR acts as an anion channel with a moderate open 

probability after phosphorylation (wild-type P0 ≈ 0.4) (Dalemans et al., 1991; Van Goor et al., 

2009). Even after residing in its ultimate site of action, the channel remains acutely sensitive to 

PQC components. To this end, a tyrosine-based endocytic motif within the C-terminus of CFTR 
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(YXXΦ) (Collawn et al., 1990; Peter et al., 2002; Weixel and Bradbury, 2002) signals the 

sorting of CFTR into clathrin-coated pits through direct binding with the adaptor protein AP-2 

(Bradbury et al., 1994; Kumari et al., 2017; Weixel and Bradbury, 2000). After subsequent 

budding from pits into clathrin-coated vesicles, binding between Dab2 and AP-2 links vesicles to 

myosin IV for transport from the plasma membrane to post-endocytic compartments (Ameen and 

Apodaca, 2007; Fu et al., 2015; Fu et al., 2012; Swiatecka-Urban et al., 2004). CFTR residing in 

endosomes is then either transported back to the cell surface via recycling endosomes, or is 

selected by PQC components for trafficking to the lysosome through late endosomes and 

multivescicular bodies (MVBs). Similar to ERAD, selection for lysosomal trafficking and 

degradation is signaled by CFTR polyubiquitination. Interestingly, if F508del CFTR folding is 

restored (e.g., by low temperature correction; see Section 3.1), which facilitates accumulation of 

the protein at the cell surface, PQC components recognize the channel more readily than wild-

type CFTR (Gentzsch et al., 2004; Okiyoneda et al., 2010). As a result, F508del CFTR is 

endocytosed faster than the wild-type channel. Interestingly, there is some evidence that folding 

correctors also stabilize F508del CFTR at the cell surface (Eckford et al., 2014). Regardless, 

because the mutant channel also exhibits a substantially lower P0 than the wild-type protein at 

the cell surface (Dalemans et al., 1991; Van Goor et al., 2009), for clinical benefit small 

molecule correction of F508del CFTR folding must be accompanied by drugs that also improve 

channel gating (see below). 

Two E3 ubiquitin ligases have been implicated in the ubiquitination of CFTR at the cell 

periphery. Just as in ERAD, cytosolic CHIP/Hsc70 complexes recognize misfolded F508del 

CFTR in endosomes and recruit components of the ubiquitination machinery to mark these 

channels for lysosomal degradation (Okiyoneda et al., 2010). Interestingly, CHIP activity on 
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CFTR in the late secretory pathway is abrogated by the loss of endocytic factors, such as Dab2, 

and occurs ~15 min after internalization (Fu et al., 2015). This observation suggests that CHIP 

acts upon CFTR in endosomes, but not at the cell surface. A second cytosolic E3 ubiquitin 

ligase, RFFL, is also involved in the turnover of CFTR residing at the cell surface. Unlike CHIP, 

RFFL is palmitoylated and interacts directly with CFTR, binding through disordered regions 

independent of molecular chaperones (Okiyoneda et al., 2018). Ablation of RFFL in cell culture 

has no effect on the turnover of wild-type CFTR at the cell membrane, indicating that the ligase 

specifically targets mutant CFTR variants at the cell surface. 

The C-terminus of CFTR also binds to numerous PDZ proteins, such as NHERF1 

(Loureiro et al., 2015), which stabilize and limit the membrane mobility of both wild-type and 

rescued F508del CFTR at the cell surface (Haggie et al., 2006; Valentine et al., 2012). One 

notable exception is the CFTR-associated ligand (CAL), which binds peripheral CFTR and 

targets it for lysosomal degradation by recruiting a SNARE protein, syntaxin 6 (STX6) (Cheng et 

al., 2010; Cheng and Guggino, 2013; Cheng et al., 2004). Additionally, CAL has been reported 

to localize to the ER where it contributes to the ERAD of F508del CFTR (Bergbower et al., 

2018). In principle, effective modulators that inhibit binding of CAL to CFTR are anticipated to 

have therapeutic benefits (Wolde et al., 2007), and to this end both peptide and small molecular 

interventions that block PDZ domain binding have been explored (Wolde et al., 2007; Zhao et 

al., 2018). 
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1.3 PHARMACOLOGICAL INTERVENTIONS IN CYSTIC FIBROSIS  

As mentioned in Section 1, CF therapies initially focused on alleviating disease 

symptoms rather than rectifying its core molecular defect: the dysfunction of CFTR channels. 

However, the discovery of CFTR as the genetic determinant for disease, in conjunction with 

subsequent elucidation of the proteostatic pathways that regulate the folding, degradation, 

trafficking, and function of the channel, have led to the development of therapeutics that directly 

modulate the biogenesis and activity of otherwise defective CFTR variants. 

1.3.1 Correction of CFTR Misfolding Promotes Forward Trafficking 

Although class II CFTR variants are retained in the ER and targeted for ERAD (see 

above), simply shifting cells to a lower temperature corrects the misfolding defect for many 

variants, including F508del, and enables the release of maturely glycosylated, partially functional 

channels to the cell surface (Denning et al., 1992; Lopes-Pacheco et al., 2017). Though of limited 

therapeutic benefit, this observation was significant because it implied that if mutant CFTR could 

be rescued by hypothermia, it might also be rescued by treatment with a compound or set of 

compounds that successfully recapitulates the effect of low temperature. Welsh and colleagues 

were the first to provide proof-of-concept for this hypothesis, demonstrating that chemical 

chaperones, such as glycerol and trimethylamine N-oxide (TMAO), which favor protein folding 

in vitro, restored F508del CFTR processing and activity when added to cultured cells at 37 °C 

(Brown et al., 1996; Brown et al., 1997; Sato et al., 1996). Over time, other osmolytes and 

chemical chaperones were identified that conferred similar protective effects (Hanrahan et al., 

2019). 
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Subsequent studies sought compounds that also thermodynamically stabilized F508del 

CFTR but could be tolerated in vivo. One such chemical chaperone, 4-phenylbuterate (4PBA), 

emerged as an early candidate as it had already received regulatory approval for the treatment of 

urea cycle disorders. Indeed, high micromolar treatment with 4PBA restored functional 

maturation of F508del CFTR in cell culture (Rubenstein et al., 1997). Moreover, 4PBA appeared 

to interfere with the selection of F508del CFTR for degradation by downregulating Hsc70 

(Rubenstein and Zeitlin, 2000). While early trials of 4PBA in CF patients showed that it was 

generally well tolerated and quantifiably stimulated channel activity, it conferred only a slight 

benefit on respiratory function (Rubenstein and Zeitlin, 1998; Zeitlin et al., 2002). Clearly, more 

specific modulators would be needed to successfully resolve the misfolding defect caused by 

F508del and similar malfunctioning alleles. 

The advent of massive libraries of drug-like compounds and the development of a 

fluorescence-based cell culture assay for CFTR activity that was suitable for high throughput 

screening (HTS) made it possible to query tens of thousands of compounds, leading to the 

identification of CFTR modulators that exhibited effects at low micromolar concentrations (Ma 

et al., 2002). These modulators sorted into one of two conceptual classes: “corrector” 

compounds, which improve CFTR function by augmenting folding and trafficking of the 

channel, and “potentiator” compounds, which improve the frequency at which the channel gates 

to conduct anions. Subsequent screening using a modified assay, in which CFTR was rescued by 

low temperature prior to screening, identified several dozen CFTR potentiators that were 

structurally unrelated to correctors and previously identified potentiators (Yang et al., 2003). 

Ongoing HTS efforts led to the discovery of ever more potent CFTR correctors. One 

compound was Corr-4a, the first corrector to restore as much F508del CFTR function at 37 °C as 
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that restored by incubation of untreated cells at 27 °C (Pedemonte et al., 2005). Studies by 

Vertex Pharmaceuticals then identified VRT-422 and VRT-325, which restored F508del CFTR-

mediated chloride current to ~10% of wild-type CFTR current in human bronchial epithelial 

(HBE) cells, a level associated with a mild CF phenotype (Van Goor et al., 2006). Further 

medicinal chemistry efforts by the company bore VX-809, which rescued ~30% of F508del 

CFTR from ERAD and restored ~14% of wild-type chloride secretion; the compound also lacked 

the off-target effects associated with other compounds (Van Goor et al., 2011). Additional 

studies indicated that VX-809 interacted directly with nascent channels, most likely by binding at 

the interface between NBD1 and TMD1 to stabilize early folding intermediates during 

translation (Loo et al., 2013; Ren et al., 2013). Even so, VX-809 does not correct every 

misfolding defect associated with F508del as it displays additive effects with Corr-4a, VRT-325, 

low temperature, and with the introduction of several folding suppressor mutations into F508del 

CFTR (Farinha et al., 2013). 

1.3.2 Potentiation of Channel Conductance 

Compounds that potentiate the anion transducing activity of cell surface CFTR channels 

were well known prior to the identification of folding correctors. One such early potentiator was 

genistein, a plant product that closely resembles estradiol. When combined with forskolin, a 

cAMP agonist, enhanced CFTR conductance was observed in cell culture (Illek et al., 1995). 

Although a portion of this effect was proposed to stem from the action of genistein as a tyrosine 

kinase inhibitor, possibly preventing CFTR dephosphorylation (Illek et al., 1996), later 

electrophysiological studies revealed that even in excised cell membrane patches, genistein 

enhanced conductance of both wild-type and F508del CFTR (Hwang et al., 1997). 
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Potentiators initially identified through HTS strategies had no effect on the forward 

trafficking of F508del CFTR but improved gating of low temperature-rescued F508del channels 

as effectively as genistein, yet with ~10-fold higher affinity (Yang et al., 2003). A subsequent 

HTS conducted by Vertex Pharmaceuticals led to the identification of VRT-532, a potentiator 

that also improved F508del CFTR conductance but additively improved conductance when 

combined with correctors, such as VRT-422 or VRT-325. These data supported the notion that 

misfolding and inadequate gating arise from distinctly different defects caused by the F508del 

mutation, and that fixing each defect would require dedicated modulators. Additional 

examination of VRT-532 indicated that the compound directly bound F508del CFTR channels, 

as predicted (Wellhauser et al., 2009). 

Further efforts to refine the pharmacology of VRT-532 and other hits from earlier 

potentiator screens resulted in the isolation of VX-770 (Van Goor et al., 2009). Approximately 

70 times more potent than genistein, VX-770 acted as a potentiator for CFTR variants regardless 

of folding propensity, enhancing the open probability of wild-type, F508del, and G551D CFTR 

channels in excised patches. Additionally, low micromolar quantities of VX-770 increased the 

height of airway surface liquid in F508del/G551D human bronchial epithelia (HBE) cultures 

from one-quarter to one-half of that in control HBE. This result signified that the potentiator 

might meaningfully counteract dehydration of the mucous layer in CF epithelia harboring at least 

one trafficking-competent CFTR variant. Recent breakthroughs in determining the molecular 

structure of CFTR channels (Liu et al., 2017; Zhang and Chen, 2016; Zhang et al., 2018) have 

lent support to the notion that VX-770 mediates channel activity via hydrogen bonding to the 

transmembrane domains of CFTR, as does an unrelated potentiator developed by Galapagos 
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Pharmaceuticals. Collectively, it appears that binding to transmembrane domains is a general 

mechanism of action amongst CFTR potentiators (Kim Chiaw et al., 2011; Liu et al., 2019). 

1.3.3 Compounds Currently in Clinical Use 

VX-809 and VX-770 (subsequently re-identified as lumacaftor and ivacaftor, 

respectively) entered clinical trials soon after their isolation. Trials with VX-770 concluded that 

the potentiator provided substantial benefit to respiratory function and overall quality of life 

among CF patients 12 years and older with at least one G551D CFTR allele, a classical class III 

variant (Ramsey et al., 2011). VX-770 received FDA approval in 2012 and was then marketed as 

Kalydeco™, the first small molecule modulator designed to directly address an underlying 

molecular defect in CF. Studies published soon after indicated that VX-770 similarly improved 

the in vitro conductance of a broad range of class III and class IV CFTR variants, opening the 

door for VX-770 to be tested in patients bearing these alleles as well (Yu et al., 2012). VX-770 

furthermore improved conductance of a number of class II variants, beyond F508del (Van Goor 

et al., 2014). However, in spite of its functional benefit in various cell culture models, treatment 

with VX-770 alone proved ineffective in patients homozygous for F508del (Flume et al., 2012), 

confirming that a corrector/potentiator combination therapy would be needed to address the 

unique challenges presented by class II mutations. 

Upon subsequent clinical testing, a VX-809/VX-770 combination, marketed as 

Orkambi™, received FDA approval in 2015, making CFTR modulator therapy available to a 

broader cross-section of CF patients. However, the benefit that this drug cocktail provided 

patients with F508del mutations paled in contrast to that which VX-770 provided to G551D 

patients. While Kalydeco™
 appeared to deliver a “functional cure” for patients encoding even a 
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single gating mutation, Orkambi™ provided F508del homozygous patients only a 4% 

enhancement on average of one second forced expiratory volume (FEV1) (Wainwright et al., 

2015). Even so, the number of pulmonary exacerbations in those taking Orkambi™ fell from ~1.1 

to ~0.8 over a 48 week time frame. This relatively modest benefit, combined with the fact that 

VX-809 and VX-770 exhibited antagonistic effects (Cholon et al., 2014; Veit et al., 2014), 

highlighted the need for additional therapies to successfully modulate CFTR in most patients.  

Continued adjustment of corrector therapies led to the development of two next 

generation CFTR correctors: VX-661 (tezacaftor, a VX-809 mimic with an improved 

pharmacological profile) and VX-445 (elexacaftor), the latter of which corrects F508del CFTR 

via a mechanism of action that is distinct from VX-809 and VX-661. Although VX-770 

continued to diminish the quantity of mature CFTR rescued by treatment with these correctors 

and needs to be taken twice daily, the VX-445/VX-661/VX-770 corrector/potentiator 

combination considerably improved patients’ wellbeing, especially when compared to Orkambi™ 

(Keating et al., 2018). In an early clinical trial of patients with either one or two copies of 

F508del CFTR, CF patients treated with this triple drug combination displayed a 10% 

improvement in FEV1 on average, along with a sharp, concomitant drop in sweat chloride and a 

significantly reduced frequency of pulmonary exacerbations. Subsequent phase III trials 

examining the effect of this drug combination on both F508del homozygous and heterozygous 

patients confirmed the substantial improvements seen in this cohort of CF patients (Heijerman et 

al., 2019; Middleton et al., 2019). Ultimately, the VX-445/VX-661/VX-770 combination 

received FDA approval for both patient groups in late 2019 and is now marketed as Trikafta™, 

replacing Orkambi™ as the gold standard for treatment of severely misfolded CFTR variants. 
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Perhaps most importantly, Trikafta™ and Kalydeco™ provide benefits for >90% of the CF patient 

community. 

1.3.4 The Path Forward in Cystic Fibrosis 

Looking forward, there are several significant considerations for the future of CFTR 

modulator therapies. First, it appears increasingly important that patients with variants known to 

respond well to current therapies have access to these treatments from as young an age as 

possible. Modulation will clearly provide the greatest benefit if started before lung tissue 

becomes permanently damaged. To this end, therapies initially approved for patients 12 years of 

age or older have since been tested in younger children. Typically, these patients show similar 

responses to the drugs as when older patients are treated (Davies et al., 2013; Ratjen et al., 2017). 

Second, while I estimate that disease-causing alleles currently approved for treatment 

with Kalydeco™ or Trikafta™ together encompass 70–80% of CF patients in the United States, 

Canada, and Europe (https://cftr2.org), patients who encode other variants continue to be left 

with therapies that alleviate only the symptoms of CF, but not the cause. Therefore it remains 

vital to continue to “theratype” rare alleles according to their pharmaceutical responses (Clancy 

et al., 2019). This is especially important for variants that may all appear to exhibit similar 

defects but may differ radically in the way they interact with correctors and potentiators. For 

example, F508del, E92K, and G85E CFTR are all class II variants that exhibit severe misfolding 

defects (Figure 3), yet only F508del and E92K are approved for treatment. In contrast, G85E is 

completely intractable to correction, whether by low temperature or by treatment with small 

molecules (Lopes-Pacheco et al., 2017). The nature of this phenomenon remains mysterious. Of 

particular concern are the CFTR truncation mutations or splice site variants, which can produce 

https://cftr2.org/
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catastrophically altered/misfolded channels, or at best might be partially rescued, as observed 

with the W1282X allele (Haggie et al., 2016). Ongoing efforts have been dedicated to the 

identification and clinical evaluation of compounds that promote translational read-through or 

genetic strategies that silent aberrantly spliced products (Joshi et al., 2019). 

 

Figure 3. Disease-causing variants of CFTR by channel folding severity. 

While severely misfolding variants such as F508del are classified as class II mutations with additional gating and/or 

conductance defects and are associated with severe CF phenotypes, function of many of these channels could be 

restored with currently available triple drug combination therapies. Illustration is not intended to depict structures of 

individual variants. 

 

Third, the long term efficacy of pharmacological correctors and potentiators remains 

unknown. While current therapies remain relatively new, data for Kalydeco™ have already 

emerged indicating that VX-770 slows the rate of respiratory decline, but fails to prevent it 

(Sawicki et al., 2015). Whether the same is true for Trikafta™ remains to be seen. In addition, the 

current annual price for Trikafta™ is > $300,000. One hopes that the development and approval 
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of other drug combinations that provide patient benefits will lead to a reduction in the cost of CF 

therapeutics, improving the availability of these therapies worldwide. Moreover, because VX-

445 (elexacaftor) has been tested in patients for a significantly shorter time compared to the other 

drugs in the cocktail, its long-term effects and any potential negative drug-drug interactions are 

unknown. Finally, it is unfortunate that not every symptom associated with CF will necessarily 

be cured by modulator combinations. Ultimately, techniques that edit or replace dysfunctional 

CFTR genes could provide a permanent cure for all CF patients regardless of allelic 

combination, bypassing the need for pharmacological modulators altogether. 

Until gene editing becomes common, however, it remains imperative that a continued 

analysis of the proteostatic pathways to which CFTR and disease-causing alleles are subject is 

continued. In support of this view, studies on the rules governing the identification and disposal 

of CFTR alleles have yielded surprises. In addition to the non-classical secretion mechanisms 

noted in the text, some disease-causing alleles appear to be disposed of by the autophagy 

pathway (Fu and Sztul, 2009; Liu et al., 2018b), and defects in this alternate degradation 

pathway have been linked to the expression of CF-associated alleles (Luciani et al., 2010). In 

addition, modulation of the proteostatic pathways that impact CFTR folding, stability, 

degradation, and trafficking might yield new therapeutic opportunities. Notably, if ERAD of 

CFTR is slowed through the use of a small molecular inhibitor of the ubiquitin pathway, 

synergistic effects on F508del maturation and activity are evident when lung epithelial cells are 

treated with a corrector (Chung et al., 2016). A better understanding of the proteostatic pathways 

in CF are warranted because small molecule modulators of these pathways are actively being 

identified and characterized (Kelly, 2019; Labbadia and Morimoto, 2015). 
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1.4 PROSPECTS FOR INHIBITION OF ERAD TO FAVOR MATURATION AND 

FUNCTION OF MISFOLDING CFTR VARIANTS  

While current development of CF therapeutics primarily focuses on modulation of 

dysfunctional CFTR channels to restore folding and function (see sections 1.3.1 and 1.3.2), these 

approaches might additionally benefit from small molecules that manipulate the broader CFTR 

interactome (Wang et al., 2006). In the following section, I explore the possibility that inhibition 

of key pro-degradative PQC factors could also support the maturation of otherwise disease-

causing CFTR variants.  

1.4.1 Inhibition of the Proteasome 

Corrector compounds such as VX-809 and VX-661 rescue a subset of defective F508del 

CFTR channels by favoring folding, which reduces ERAD and provides a significant, albeit 

limited, benefit to patient condition when combined with potentiators (Heijerman et al., 2019; 

Middleton et al., 2019; Wainwright et al., 2015). As this therapeutic strategy is intended to solely 

reduce the predisposition of these channels to misfold, it therefore stands to reason that 

corrector-based therapies would likely synergize with compounds that directly limit ERAD. To 

this end, early efforts to inhibit pro-degradative PQC components asked if inhibition of the 26S 

proteasome would enhance CFTR folding, as activity of this complex is required for CFTR and 

F508del CFTR degradation via ERAD (Jensen et al., 1995; Ward et al., 1995). 

One way to globally attenuate the ERAD of secretory proteins is through proteasomal 

inhibition. Notably, proteasome inhibitors are effective and generally well-tolerated for the 

treatment of multiple myeloma (Richardson et al., 2005). Indeed, the proteasome inhibitor 
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bortezomib has proven to be so effective at reducing the viability of myeloma cells that it and 

subsequent derivatives remain a first-line treatment for this type of cancer (Okazuka and Ishida, 

2018). Given that possibility that proteasomal inhibitors could treat human disease, Kopito and 

colleagues tested if select proteasome inhibitors would also improve processing of F508del 

CFTR. While cells treated with the proteasome inhibitor ALLN contained vast quantities of 

F508del CFTR after 16 hr, this pool of CFTR appeared to be primarily localized to detergent-

insoluble peri-nuclear aggregates (Johnston et al., 1998). Moreover, CFTR in these aggregates 

(termed “aggresomes”) was extensively ubiquitinated. Therefore, it appeared that merely 

ablating the endpoint of ERAD, i.e., degradation, did not prevent CFTR channels from being 

ubiquitinated and retrotranslocated and led to the formation of potentially toxic aggregates. As 

this pool of membrane-extracted CFTR would be impossible to rescue, any strategy to improve 

the processing of CFTR by modulating PQC must therefore focus on quality control events 

upstream of proteasome action. 

1.4.2 Inhibition of E1 Ubiquitin Activating Enzyme 

Based on these data, we predicted that inhibiting events upstream of the protein 

retrotranslocation step might lead to synergy with a chemical corrector of F508del CFTR. To this 

end, we tested if treatment with PYR-41, a cell-permeant inhibitor of the E1 ubiquitin activating 

enzyme, Ube1 (Yang et al., 2007), would enhance F508del CFTR expression by globally 

reducing ubiquitination. As anticipated, E1 inhibition reliably increased levels of immature 

CFTR, though this did not translate to an increased population of functional, maturely CFTR 

channels (Chung et al., 2016). However, additionally treating cells with C18 (also known as 

VRT-534), a CFTR corrector structurally related to the FDA-approved corrector VX-809 
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(Eckford et al., 2014; Van Goor et al., 2011), synergistically improved both conversion of 

channels into the mature species, as well as channel conductance. These data provided a 

convincing proof-of-principle that tuning the activity of the ubiquitination machinery could 

augment the efficiency of rescue provided by current modulator therapies.  

1.4.3 Could Attenuation of E3 Ubiquitin Ligases Enhance Rescue with Corrector 

Compounds? 

E1 inhibition could plausibly provide some benefit to CF patients, but its effects would 

be global and thus potentially toxic. While the compound might potentially be titrated such that 

the benefits associated with partial inhibition of ubiquitination are properly balanced with the 

risks, the range of cellular drug concentrations required to achieve therapeutic benefit without 

broadly disturbing proteostasis could be narrow or perhaps even nonexistent. Therefore, a more 

tolerable approach might focus rather on inhibiting select E3 ubiquitin ligases. As mentioned in 

section 1.2.2, the human genome encodes hundreds of E3 ubiquitin ligases (Li et al., 2008), each 

with its own select set of target substrates. Moreover, unlike E1 ubiquitin activating enzyme 

inhibition, the inhibition of any single ubiquitin ligase is less likely to cause widespread 

proteotoxic stress. 

Of the E3 ubiquitin ligases described to act upon misfolded or partially folded CFTR 

channels (see Section 1.2.2, (Estabrooks and Brodsky, 2020)), the prospect of inhibiting CHIP 

(Figure 4A,B) is particularly interesting. Due to the cytosolic localization of this enzyme, CHIP 

inhibition could reduce the turnover of both nascent CFTR channels through ERAD as well as 

degradation of endocytosed CFTR channels at the cell periphery (Meacham et al., 2001; 

Okiyoneda et al., 2010; Younger et al., 2004). Thus, the impact of inhibiting CHIP might be 
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multifaceted. In addition, deactivation of CHIP might reduce both the turnover and recruitment 

of Hsc70 as pro-degradative PQC components, thereby enhancing the pool of molecular 

chaperones available to productively facilitate CFTR biogenesis instead. Indeed, cell culture 

models have already been used to demonstrate the potential benefit of CHIP inhibition upon 

CFTR levels. For example, F508del CFTR accumulates upon inactivation of CHIP or its primary 

upstream E2 ubiquitin conjugating enzyme, UbcH5 (Younger et al., 2004). However, unlike the 

aggregated cytoplasmic pool of F508del CFTR that accumulates upon proteasomal inhibition, 

this protein pool remains soluble and is capable of forward trafficking. Similar to E1 inhibition, 

knockdown of CHIP also synergizes with corrector treatment (Grove et al., 2009) and boosts 

retention of F508del CFTR at the cell surface, as anticipated (Fu et al., 2015; Okiyoneda et al., 

2010). 
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Figure 4. Structure of the E3 ubiquitin ligase CHIP. 

(A) Linear schematic of CHIP domain organization. (B) Crystal structure of the asymmetric human CHIP 

homodimer. Figure reproduced with adaptation from Figure 1 in (Ye et al., 2017); also see Appendix A. 
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Specific inhibition of CHIP is likely to be well tolerated, as evinced by a rare 

neurodevelopmental disorder. STUB1 (CHIP)-related ataxias are a set of ultra-rare ataxias that 

cause widespread systemic neurodegeneration that are characterized by wasting of the 

cerebellum and the pyramidal tract (Bettencourt et al., 2015; Cordoba et al., 2014; Depondt et al., 

2014; Hayer et al., 2017; Heimdal et al., 2014; Madrigal et al., 2019; Shi et al., 2014; Shi et al., 

2013; Synofzik et al., 2014) (Table 1). While this disease presents with a range of secondary 

symptoms and bears a highly variable age of onset, every case observed to date can be traced to 

the inheritance of two dysfunctional CHIP alleles. In contrast, carriers for STUB1-related 

ataxia— heterozygous parents and unaffected siblings of patients— display neither symptoms of 

the disease nor an accelerated rate of cognitive decline. Because CHIP is homodimeric (Nikolay 

et al., 2004), carriers may produce as little as one-quarter the typical number of active CHIP 

dimers, assuming that dimers containing at least one mutated CHIP variant are inactive. It is 

worth noting however that it as the number of recognized CHIP heterozygotes observed through 

these studies remains low, it is unclear whether such reduced CHIP activity leads to other 

secondary effects, such as a predisposition to various cancers (Liu et al., 2018a; Luan et al., 

2018; Shang et al., 2017; Sun et al., 2015; Tang et al., 2019; Wang et al., 2014). Even so, one can 

extrapolate that the activity of CHIP in CF patients could possibly be inhibited so that only 25% 

of wild type activity remains without ill effects. Should corrector-based therapies provide only 

modest benefits to certain patient groups (Wainwright et al., 2015), or benefits that dissipate 

beyond the short term (Sawicki et al., 2015), inhibition of CHIP is one avenue that could be 

explored in order to enhance the efficacy of these therapies. Therefore, one of the goals of my 

work— which is to better define how this enzyme folds and ubiquitinates CFTR— may have 

future clinical applications. 
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CHIP Genotype Subjects Sex Age 
Age of 

Onset 

National 

Origin 
Study 

L165F/L165F 4 
F, F, 

F, M 
34-42 14-19 

China 
Shi et al. 2013 

N130I/W147C 1 M 23 20 

Y207X/S236T 1 F 25 16 

T246M/T246M 2 F, F 19-22 17-19 Shi et al. 2014 

L275V/‡ 1 M 23 15 Argentina Cordoba et al. 2014 

L123V/L123V 1 M 16 2 Germany 

Synofzik et al. 2014 M240T/M240T 1 F 21 16 Turkey 

A79T/A79D 2 M, M 46-50 29-49 Saudi Arabia 

N65S/N65S 3 
M, M, 

F 
20-30 0-2 Middle East 

Heimdal et al. 2014 

E28K/K114X 1 F 45 33 Sri Lanka 

K145Q/Y230CfsX8 2 M, M 30-32 23-25 Belgium Depondt et al. 2014 

M221I/G238X 2 F, M † 20s Spain 
Bettencourt et al. 

2015 

R119X/I294F 1 M 34 1 Germany 
Hayer et al. 2017 

K145Q/P243L 2 F, M 45, † 11-12 Belgium 

 

Table 1. CHIP genotypes causing STUB1-related ataxias. 

Summary of patients reported globally with CHIP (STUB1) mutations causing STUB1-related ataxia, alternately 

known as spinocerebellar ataxia autosomal recessive 16 (SCAR16). Age indicates patient age at time of 

investigation; “†” denotes that patient was deceased at time of study. M: male; F; female. “‡” denotes a splicing 

mutation, c.612+1G>C. 
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1.5 THESIS OBJECTIVES  

The underlying motive for my dissertation research is to better understand the function of 

protein quality control factors that selectively drive misfolded, disease-causing forms of CFTR 

towards protein degradation pathways. This goal was realized through the development and 

application of new in vitro assays in which early steps during the ERAD of CFTR could be 

recapitulated. I first established a CHIP in vitro ubiquitination assay in order to better examine 

the activity of this E3 ubiquitin ligase. To this end, I initially utilized this assay to evaluate a 

unique model for activation of CHIP that had been predicted by molecular dynamics simulations 

(Ye et al., 2017). I then used this assay to test if putative small molecular inhibitors of CHIP in 

fact reduced the activity of this enzyme (Pabon et al., 2018; Zaman et al., 2019) . Finally, I tested 

partially unnatural ubiquitin variants in this assay in order to determine if these could be 

appended to substrates like wild-type ubiquitin (Werner et al., 2019). In parallel, I also developed 

a microsomal in vitro ubiquitination assay, with which I could assay ubiquitination of CFTR 

variants. Specifically, I used this assay to test if a set of disease-causing CFTR variants exhibited 

variable susceptibility to E3 ubiquitin ligases such as CHIP, anticipating that different variants 

bear distinct folding defects, and thus would be targeted differently by components of protein 

quality control machinery. 
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2.0  DEVELOPMENT OF IN VITRO UBIQUITINATION ASSAYS TO 

QUANTIFIABLY MEASURE CHIP ACTIVITY 

2.1 INTRODUCTION 

Eukaryotic cells utilize a combination of distinct pathways to ensure that misfolded 

proteins are eliminated before they accumulate and become toxic. These pathways, collectively 

referred to as protein quality control (PQC), act upon proteins localized to a variety of cellular 

compartments. As an estimated 30% of eukaryotic proteomes are comprised of secretory proteins 

(Ghaemmaghami et al., 2003; Venter et al., 2001), PQC is particularly active in the endoplasmic 

reticulum (ER), where these secreted and integral membrane proteins are synthesized and 

packaged into vesicles for trafficking to the Golgi, the lysosome (or vacuole in yeast), the plasma 

membrane, or for soluble proteins, to the extracellular environment. However, when secretory 

proteins fail to fold correctly, they are instead retained and targeted for ER associated 

degradation (ERAD). During ERAD, a small polypeptide known as ubiquitin is appended onto 

lysine sidechains of substrates, ultimately creating polyubiquitin chains that act as potent signals 

for degradation (Komander and Rape, 2012; Ruggiano et al., 2014). Once marked in this way, 

substrates are retrotranslocated to the cytosol by an AAA+ ATPase (p97 in humans; Cdc48 in 

budding yeast) and targeted to the 26S proteasome to be proteolyzed (Richly et al., 2005). 
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While PQC pathways such as ERAD primarily exist to protect cells from proteotoxic 

stress arising from misfolded proteins, these same pathways can cause human diseases when 

substrates containing subtle defects are targeted too aggressively (Houck and Cyr, 2012; 

Needham et al., 2019; Ruggiano et al., 2014; Welch, 2004). Solute conducting channel and 

transport proteins are especially vulnerable to overzealous quality control because the folding of 

these proteins is particularly complex. Specifically, nearly all integral membrane solute channels 

and transporters contain several transmembrane segments (Hessa et al., 2005a; Hessa et al., 

2007), which have to be translated and properly inserted into the ER membrane before the entire 

structure can stably fold (Buck et al., 2007; Chen and Zhang, 1999; Hessa et al., 2005b; Shurtleff 

et al., 2018). Compared to other integral membrane proteins, the assembly of these proteins is 

additionally problematic because the insertion of individual transmembrane helices is not 

necessarily an energetically favorable process and may require other helices to be synthesized in 

order to cooperatively improve insertion (Hessa et al., 2007; Ojemalm et al., 2012; Zhang et al., 

2007). Channels also have cytosolic domains that fold and assemble independently of 

membrane-spanning domains, as well as domains that ultimately reside in the extracellular space 

but initially fold within the ER. The coordinated assembly of a protein that resides in any of 

these three unique chemical environments is essential in order to avoid selection by the PQC 

machinery (Buck and Skach, 2005; Fisher et al., 2008; O'Donnell et al., 2017; Qu et al., 1997; 

Qu et al., 1996; Staub et al., 1997; Zhou et al., 1998). Due to these challenges, it is no wonder 

that mutations that disrupt this process can dramatically shift the precarious balance between 

folding and degradation in favor of the latter. 

The cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride channel 

expressed in epithelia throughout the human body that epitomizes this balance. CFTR is a large 
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monomeric chloride channel that takes ~10 min to translate and an additional 20 min to reach a 

trafficking-competent state (Cheng et al., 1990; Ward and Kopito, 1994). During that time, it is 

vulnerable to targeting for ERAD simply due to its intrinsically delayed folding kinetics and 

thermodynamic instability (Jensen et al., 1995; Sato et al., 1998; Ward et al., 1995). As a result, 

~70% of otherwise functional wild-type channels are ubiquitinated and destroyed by ERAD 

(Lukacs et al., 1994). Mutations that further destabilize CFTR, such as the predominant cystic 

fibrosis (CF)-causing allele F508del—which compromises the folding of the cytosolic first 

nucleotide binding domain (NBD1) and attenuates the interaction of this domain with the second 

nucleotide binding domain (NBD2) and first membrane spanning domain (MSD1) (Hoelen et al., 

2010; Mendoza et al., 2012; Rabeh et al., 2012)—cause virtually all channels to be eliminated by 

ERAD, precluding function at the plasma membrane (Cheng et al., 1990; Lukacs et al., 1993). 

Furthermore, F508del CFTR channels which manage to escape ERAD, whether through 

hypothermic incubation in cell culture or by treatment with corrector compounds, are rapidly 

endocytosed and targeted to the lysosome for degradation (Lukacs et al., 1993; Lukacs et al., 

1997; Okiyoneda et al., 2010; Sharma et al., 2001). Remarkably, F508del CFTR retains ~50% of 

the function of the wild-type channel (Dalemans et al., 1991; Wang et al., 2011), which can be 

augmented by “potentiator” compounds that restore wild-type conductance (Van Goor et al., 

2009; Yang et al., 2003). Because F508del CFTR and similarly misfolded variants might 

therefore be coerced to function like wild-type channels, considerable effort has been made to 

elucidate which PQC factors drive the folding and degradation of these channels in the hope of 

developing therapeutics. These efforts have led the identification of corrector compounds that 

partially reduce the susceptibility of F508del CFTR to these pro-degradative factors, improving 
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maturation of this disease-causing CFTR variant (Loo et al., 2013; Lopes-Pacheco et al., 2016; 

Okiyoneda et al., 2013; Pedemonte et al., 2005). 

To date, approximately two dozen factors have been reported to either promote the 

maturation of CFTR in the ER or catalyze its degradation through the ERAD pathway 

(Estabrooks and Brodsky, 2020). Folding is initially supported by molecular chaperones, such as 

Hsc70 and Hsp90, which hydrolyze ATP to actively fold CFTR (Bagdany et al., 2017; Loo et al., 

1998; Strickland et al., 1997; Youker et al., 2004). The action of these chaperones is further 

modulated by a wide variety of co-chaperones, some of which support productive CFTR folding 

by enhancing the activity of Hsc70 (Farinha et al., 2002; Meacham et al., 1999; Zhang et al., 

2006). These factors include DNAJA1 and DNAJA2, which like Hsc70 bind to “hotspots” on the 

cytosolic surface of CFTR to coordinate folding (Baaklini et al., 2020). Other factors guide 

channels toward ERAD by recruiting additional pro-degradative PQC factors (Grove et al., 2011; 

Schmidt et al., 2009). These recruited factors include several E3 ubiquitin ligases, which are 

ultimately responsible for the attachment of polyubiquitin onto incompletely folded CFTR 

channels. The integral membrane ubiquitin ligases RMA1 and its close homologue RNF185 are 

the first to act upon CFTR in the ER, ubiquitinating channels after translation of MSD1 and 

NBD1 (El Khouri et al., 2013; Tomati et al., 2015; Younger et al., 2006). A similar ligase, gp78, 

also ubiquitinates CFTR co-translationally, though is thought to primarily extend chains initiated 

by RMA1 or RNF185 (Morito et al., 2008). In contrast, a cytosolic ubiquitin ligase known as 

CHIP may have the greatest effect upon fully translated CFTR and is thus a major driver of 

channel degradation during the ~20 min dwell time prior to the transport of CFTR from the ER 

to the Golgi (Meacham et al., 2001; Younger et al., 2006; Younger et al., 2004). CHIP is unable 

to interact directly with CFTR, but does so by way of binding to Hsc70, effectively converting 
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this pro-folding chaperone into an element of the degradative machinery (Ballinger et al., 1999; 

Meacham et al., 2001). CHIP can additionally target CFTR for lysosomal degradation after the 

protein has been endocytosed (Fu et al., 2015; Fu et al., 2012; Younger et al., 2006). 

In this chapter, I present a pair of ubiquitination assays that I have developed. Using the 

first assay, I sought to better understand how CHIP affects CFTR polyubiquitination by 

employing purified enzymes and model substrates. I then used this assay to better characterize 

the unique manner in which CHIP is activated and to identify CHIP inhibitors. In the second 

assay, I reconstituted an early step during the PQC of CFTR by combining enzymes required for 

polyubiquitination with ER-enriched microsomes prepared from CFTR-expressing human cell 

cultures. Based on the degree to which a CFTR channel is misfolded, I hypothesized that the 

recognition of unique CFTR variants to the ubiquitination machinery would differ. Therefore, I 

compared a range of disease-causing variants using this assay and determined that some variants 

are indeed ubiquitinated to a greater extent than others. Addition of purified CHIP to these 

reactions also produced a modest but reproducible enhancement in the ubiquitination of most 

variants tested. These data highlight the subtle differences in the way in which CFTR variants are 

recognized by cellular PQC pathways. These differences might also influence how aggressively 

each variant is targeted for degradation, or perhaps even determine how a variant is targeted for 

degradation. 
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2.2 MATERIALS AND METHODS 

2.2.1 Cloning TPR-less CHIP for Bacterial Expression and Purification 

The pET151/D-TOPO vector containing CHIP (Page et al., 2012; Xu et al., 2008; Zhang 

et al., 2015) was used to create an inactive CHIP mutant by overlap extension polymerase chain 

reaction (PCR) (Forloni et al., 2018) in order to omit the N-terminal TPR domain of CHIP, 

similar to CHIPΔTPR vectors others have previously designed (Meacham et al., 2001). Briefly, 

custom 30-mer and 40-mer DNA oligonucleotide primer pairs were designed with homology for 

pET151/D-TOPO CHIP1-303, which was provided as a gift from Dr. Saurav Misra at Kansas State 

University. Primer pair F1 and R1 (see Table 2) was designed to amplify a 5’ section of the 

CHIP gene encoding an upstream NdeI restriction site, the ATG start (M), a His tag (HHHHHH), 

the V5 tag (GKPIPNPLLGLDST), a TEV protease cleavage site (ENLYFQGIDPFT), and the 

first residue of CHIP (M). Primer pair F2 and R2 was designed to amplify a 3’ section of the 

same gene encoding CHIP residues 134-303, the TGA stop codon TGA, and a downstream 

EcoRI restriction site. Primers F2 and R1 were designed as reverse compliments and each had 

partial homology for the 3’ section comprising the first CHIP codon and the upstream TEV 

protease cleavage site, as well as partial homology for CHIP from codon 134 onward.  

Initial PCR reactions with Phusion® polymerase (Thermo Scientific #F-530) and the 

pET151/D-TOPO template were conducted over 26 cycles (98°C denaturation for 10 s, 55°C 

annealing for 25 s, 72°C polymerization for 1 min) to generate CHIP fragments F1-R1 and F2-

R2, which omit CHIP residues 2-133. After confirming successful amplification of gene sections 

by 0.5% TBE/agarose gel electrophoresis, aliquots of each initial reaction were combined and 

polymerized by Phusion® for 4 cycles without primers, then for 21 additional cycles with 



 48 

addition of primers F1 and R2 to produce CHIP fragment F1-R2. Reaction products were 

restriction digested by Nde1 and EcoRI, resolved by gel electrophoresis, gel extracted, and 

ligated by the Quick Ligation™ Kit (New England Biolabs #M2200) into pET151/D-TOPO that 

had separately been linearized after treatment with NdeI and EcoRI. After transformation of 

ligated plasmids into NEB5α High Efficiency competent E. coli cells (New England Biolabs 

#C2987U), subsequent plasmid preparation (Thermo Scientific #K0503) and Sanger sequencing 

verification (GENEWIZ), pET151/D-TOPO CHIP134-303 was transformed into BL21 (DE3) 

competent E. coli (New England Biolabs #C2527I) and used to subsequently express and purify 

His-CHIP134-303. 
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Primer Sequence 

F1 5’- GGA GAT ATA CAT ATG CAT CAT CAC CAT CAC CAT GGT AAG C -3’ 

F2 5’- GAA TTG ATC CCT TCA CCA TGG ACA TCC CCA GCG CTC TTC G -3’ 

R1 5’- CGA AGA GCG CTG GGG ATG TCC ATG GTG AAG GGA TCA ATT C -3’ 

R2 5’- ACC GGA ATT CCT ATC AGT AGT CCT CCA CCC -3’ 
 

Table 2. PCR primers for the cloning of a plasmid encoding TPR-less CHIP.  

Forward (F) and reverse (R) DNA oligonucleotides used in the construction of an N-terminally tagged CHIP gene 

lacking codons 2-133, corresponding to a deletion of the majority of the CHIP TPR domain. 

2.2.2 Cloning CFTR2 Variants for Expression in Human Cell Culture 

pcDNA5/FRT human cell expression vectors for CFTR variants were initially obtained 

from the Sorscher lab at Emory University (Han et al., 2018) and sequence verified through 

Sanger sequencing (GENEWIZ). In order to enhance the expression of certain disease-causing 

CFTR variants (P67L, G85E, E92K, W1282X, N1303K) with various levels of misfolding 

(Estabrooks and Brodsky, 2020), inserts containing the CFTR genes were removed by restriction 

digest with ApaI, NotI, and SacII restriction endonucleases (Thermo Fisher #FD1414, New 

England Biolabs #R3189, New England Biolabs #R0157) and resolved by 0.5% TBE/agarose gel 

electrophoresis. The excised ~4.5 kb CFTR gene inserts were collected by gel extraction 

(Thermo Scientific #K0692). In parallel, the pcDNA3.1(+) was obtained from the Kleyman lab 

at the University of Pittsburgh, digested with ApaI and NotI restriction endonucleases, resolved 

by gel electrophoresis, and ~5.4 kb linear vectors were collected by gel extraction. 

Ligations were conducted in a 3:1 molar ratio by the Quick Ligation™ Kit (New England 

Biolabs #M2200) and transformed into NEB5α High Efficiency competent E. coli cells (New 

England Biolabs #C2987U). Clones containing the ligation products were isolated, and the 
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plasmids were extracted (Thermo Scientific #K0503) and then screened by digestion with EcoRI 

restriction endonuclease (Thermo Fisher #FD0274). Plasmids matching the digestion pattern of 

pcDNA3.1(+) wild-type CFTR control were verified by GENEWIZ Sanger sequencing. 

2.2.3 Isolation and Enrichment of His-Ube1 

The pET21d His-Ube1 expression vector was a gift from Dr. Cynthia Wolberger at Johns 

Hopkins University (Addgene plasmid #34965). After transformation into a BL21(DE3) E. coli 

strain for bacterial expression, the cells were cultured overnight in Luria Broth (LB) containing 

100 µg/mL Ampicillin (LB + Amp) at 37°C. The saturated overnight culture was used to 

inoculate a 0.5 L LB + Amp culture to initial optical density at 600 nm (OD600) of 0.05, which 

was then incubated at 37°C with shaking at 200 rpm. After reaching an OD600 of 0.3, 250 µL of 1 

M IPTG was added (500 µM final IPTG) to induce expression of His-Ube1 and the culture was 

incubated at 18°C at 200 rpm overnight, as induction at low temperature had been previously 

found to be necessary for efficient expression of Ube1 (Carvalho et al., 2012). After overnight 

incubation, the culture was centrifuged at 5000 rpm (~3600×g) for 10 min at 4 °C, the 

supernatant was removed, and cell pellets were stored at -80°C. 

Pellets were subsequently thawed on ice with 25 mL of Lysis Buffer (2.6 mM NaH2PO4, 

47.4 mM Na2H2PO4, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1% PMSF, 0.2% Leupeptin, 

0.1% Pepstatin A, 5 mM 2-mercaptoethanol, 0.25% Triton X-100, 2 mg/mL lysozyme) 

supplemented with 2 Roche cOmplete™ EDTA-free protease inhibitor cocktail tablets (hereafter 

referred as “PIC”; Millipore Sigma #11873580001) and incubated for at least 30 min with 

occasional agitation by hand. After no clumps were visible and the lysate appeared mucoid, it 

was transferred to an SS34 Sorvall™ tube and sonicated in 30 sec bursts followed by 30 sec on 
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ice until it reverted to a thin fluid. The lysate was then centrifuged at 10000 rpm (~12000×g) for 

10 min at 4°C. A 15 µL aliquot of cleared lysate was collected in 15 µL 2X SDS Sample Buffer 

(125 mM Tris pH 6.8, 125 mM NaCl, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% 

bromophenol blue) as a diagnostic sample, while a small scoop of the lysate pellet was also 

collected and emulsified in 2X SDS Sample Buffer. The remainder of the cleared lysate was then 

applied to a chromatography column that had previously been packed with 3 mL of Ni-NTA 

resin (Qiagen #30210), washed with ddH2O, and equilibrated with 10 mM imidazole buffer. 

Lysate was flowed across the resin at the slowest possible drip rate and a diagnostic sample of 

the flow-through was collected. The column was washed with 25 mL of 10 mM Imidazole Wash 

buffer (2.6 mM NaH2PO4, 47.4 mM Na2H2PO4, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1% 

PMSF, 0.2% Leupeptin, 0.1% Pepstatin A) and then with 25 mL 30 mM Imidazole Wash (2.6 

mM NaH2PO4, 47.4 mM Na2H2PO4 pH 8.0, 300 mM NaCl, 30 mM imidazole, 1% PMSF, 0.2% 

Leupeptin, 0.1% Pepstatin A). His-Ube1 was eluted with a 30 mL 200 mM Imidazole Elution 

buffer (2.6 mM NaH2PO4, 47.4 mM Na2H2PO4 pH 8.0, 300 mM NaCl, 200 mM imidazole, 1% 

PMSF, 0.2% Leupeptin, 0.1% Pepstatin A) + 1 PIC, which was collected in six 5 mL fractions. 

Washes and elutions were stored on ice at 4°C overnight, and diagnostic samples were collected 

in 2X SDS Sample Buffer and stored at -20°C.  

Next, the diagnostic samples were thawed and resolved across a 10% 

polyacrylamide/SDS gel by SDS-PAGE, then stained with Coomassie Brilliant Blue stain and 

destained with Coomassie Destain (50% methanol, 10% acetic acid) to identify peak fractions 

containing His-Ube1. These fractions were pooled, dialyzed in 20 mM HEPES, pH 7.4, 20 mM 

NaCl for 4 hr at 4°C, and His-Ube1 was applied to a previously prepared 3 mL column packed 

with DEAE-Sepharose® Fast Flow resin (GE Healthcate #17-0709-01) that had been equilibrated 
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in 20 mM HEPES, pH 7.4, 20 mM NaCl. The column was then washed with 20 mL of 20 mM 

HEPES, pH 7.4, 50 mM NaCl, and His-Ube1 was eluted with 18 mL of 20 mM HEPES, pH 7.4, 

150 mM NaCl, followed by 9 ml of 20 mM HEPES, pH 7.4, 200 mM NaCl, followed by 9 ml of 

20 mM HEPES, pH 7.4, 300 mM NaCl, all of which were collected in 3 mL fractions. All 

washes and elutions were stored on ice at 4°C overnight, and diagnostic samples in 2X SDS 

Sample Buffer were collected for each wash and the elution and stored at 20°C. 

The diagnostic samples from this column were subsequently resolved by SDS-PAGE and 

Coomassie stained as described above, and fractions that were enriched for intact His-Ube1 were 

again identified. These fractions were pooled, applied to an Amcon® Ultra-15 30000 MWCO 

centrifugal filter that had previously been equilibrated with 50 mM HEPES, pH 7.5, 0.2% Tween 

20, and centrifuged at 3333 rpm (2000×g) 4°C until less than 1 mL remained. His-Ube1 was then 

diluted into 20 mL 50 mM HEPES, pH 7.5, and recentrifuged until less than 1 mL remained. 

Concentrated His-Ube1 was next transferred to a new microcentrifuge tube and stored on ice. 

Diagnostic samples in 2X SDS Sample buffer taken before and after protein concentration were 

examined by SDS-PAGE and Coomassie stained as described above to determine what 

proportion of concentrated protein was intact His-Ube1. Finally, 10 µL aliquots were flash 

frozen in liquid nitrogen and stored at -80°C. 

2.2.4 Isolation and Enrichment of Substrates for in Vitro Ubiquitination 

The pGST||2 Hsc70395-646 was a gift from Dr. Saurav Misra at Kansas State University 

(Zhang et al., 2015), while pGEX6p1 AT-3 JD was a gift from Dr. Matthew Scaglione at Duke 

University (Faggiano et al., 2013; Todi et al., 2010). Transformed E. coli cultures in LB + 

Ampicillin were grown to saturation and used to inoculate new 0.5 L cultures with an initial 
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OD600 of 0.05 (see 2.2.1 above). After reaching an OD600 of 0.3, protein expression was induced 

with 500 µM IPTG and the cultures were incubated overnight at 15°C with shaking at 200 rpm. 

After overnight incubation, the cells were centrifuged at 5000 rpm (~3600×g) for 10 min at 4 °C, 

the supernatant was removed, and cell pellets were stored at -80°C. 

The cell pellets were later thawed on ice and mixed with 25 mL of Lysis Buffer (50 mM 

Tris, pH 7.5, 150 mM NaCl, 1% PMSF, 0.2% Leupeptin, 0.1% Pepstatin A, 5 mM 2-

mercaptoethanol, 0.25% Triton X-100, 2 mg/ml lysozyme) + PIC. After incubation for 30 min 

with occasional agitation, each lysate was transferred to an SS34 Sorvall™ tube, sonicated, and 

centrifuged as above. Diagnostic samples were collected for each cleared lysate and lysate pellet. 

The lysate was then applied to 5 mL of glutathione-agarose resin (Sigma-Aldrich #G4510), 

which had been washed with ddH2O and equilibrated with 50 mM Tris, pH 7.5, 150 mM NaCl. 

Columns were set to drip at as slow a rate as possible and a diagnostic sample of each flow-

through was collected. Each column was then washed with 30 mL of Wash Buffer (50 mM Tris 

pH 7.5, 150 mM NaCl), which was collected in three 10 mL fractions, and then the protein was 

eluted with 15 mL of Elution Buffer (50 mM Tris pH 7.5, 150 mM NaCl, 6.8 mg/ml reduced 

glutathione) in five 3 mL fractions. All washes and elutions were stored on ice at 4°C overnight. 

Diagnostic samples in 2X SDS Sample Buffer and all washes and elutions were stored at -20°C.  

Diagnostic samples were thawed, resolved by SDS-PAGE, and Coomassie stained as 

described above to identify peak fractions containing GST-tagged protein. The corresponding 

fractions were thawed, pooled, dialyzed into 50 mM HEPES, pH 7.0, 50 mM NaCl for 4 hr at 

4°C, and then transferred to fresh tubes on ice. Each substrate was subsequently aliquoted, flash 

frozen in liquid nitrogen, and stored at -80°C. 
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2.2.5 Isolation and Enrichment of His-CHIP 

The pET151/D-TOPO CHIP and pET151/D-TOPO CHIP134-303 vectors were transformed 

into Rosetta2(DE3) and BL21(DE3) E. coli, respectively. Transformed E. coli cultures were 

grown and induced with IPTG, as above, incubated overnight at 18°C with shaking at 200 rpm, 

and harvested. The lysis and purification of His-CHIP from cell pellets generally followed the 

procedure used to purify His-Ube1 (see section 2.2.3). In brief, cell pellets were thawed, lysed 

with buffer containing 10 mM imidazole and protease inhibitors, and after the lysates were 

cleared by centrifugation, applied to a chromatography column packed with Ni-NTA resin 

previously washed and equilibrated with 10 mM imidazole. Bound His-CHIP was washed with 

10 mM and 30 mM imidazole, though protease inhibitors were not required for efficient 

purification of His-CHIP, which was more protease-resistant. His-CHIP was eluted in fractions 

with 200 mM imidazole elution buffer and stored on ice at 4°C. Diagnostic samples were 

collected at all steps, resolved by SDS-PAGE, and Coomassie stained to indicate peak fractions. 

These fractions were pooled and dialyzed into 50 mM HEPES, pH7.0, 50 mM NaCl at 4° 

overnight. 

After dialysis, solutions containing both full length His-CHIP and His-CHIP134-303 

appeared cloudy, indicating precipitation of CHIP due to reduced solubility in the dialyzed 

buffer. The supersaturated CHIP solution was transferred to microcentrifuge tubes and 

centrifuged at 13000 rpm (~15900 ×g) for 5 min at 4°C to remove insoluble CHIP, and the 

supernatant was transferred to fresh tubes on ice and monitored for further precipitation. After 

none was observed, full length His-CHIP was diluted 1:1 in 50 mM HEPES pH 7.0, 50 mM 

NaCl, 20% glycerol to maintain solubility. Fractions were aliquoted, flash frozen in liquid 

nitrogen, and stored at -80°C. 
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2.2.6 Protein Concentration Determination 

Aliquots of isolated, enriched protein were dispensed into wells of a clear, flat-bottomed 

96 well plate alongside 10 µL BSA standards (ranging from 0-2000 µg/mL) in 50 mM HEPES 

pH 7.5 in 50 mM HEPES pH 7.5 and quantified by Pierce™ BCA protein concentration assay 

(Thermo Fisher Scientific #23225). Where indicated, the effective molarity of the protein was 

determined by calculating the fractional purity of each sample by densitometry observed by 

Coomassie staining and the total protein concentration determined by the BCA protein 

concentration assay. 

2.2.7 CHIP in Vitro Ubiquitination Assay 

In vitro ubiquitination assays containing CHIP were based upon procedures published 

previously (Zhang et al., 2015). In summary, enzymes were thawed and a master mix was 

prepared containing the indicated concentrations (see below) of His-Ube1, UbcH5b (Boston 

Biochem #E2-622), human recombinant ubiquitin (Boston Biochem #U-100H), and ATP 

Reaction Buffer (50 mM HEPES, pH 7.0, 50 mM NaCl, 20 mM ATP, 40 mM MgCl2, 0.5 mM 

DTT), which was then incubated at 37°C for 30 min. Meanwhile, reaction tubes were set up on 

ice containing the indicated concentrations (see below) of His-CHIP, the GST-tagged substrate 

protein (either GST-Hsc70395-646 or GST-AT3 JD), and buffer (50 mM HEPES pH 7.0, 50 mM 

NaCl). CHIP and substrate proteins were incubated for at least 15 min at 4°C. The pre-incubated 

Ube1/HbcH5b/ubiquitin/ATP master mix was then dispensed to all reactions and incubated at 

37°C for 30 min. Final 20 µL reactions typically contained 0.125 µM His-Ube1, 1 µM UbcH5b, 

200 µM ubiquitin, 3 µM His-CHIP, 10 µM GST-tagged substrate, and 2 mM ATP. Reactions 
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were quenched by the addition of 20 µL 2X SDS Sample Buffer, and 5 µL of each reaction was 

resolved across duplicate sets of 5% polyacrylamide/SDS gels by SDS-PAGE and transferred to 

nitrocellulose membranes overnight.  

After transfer, one set of membranes was blocked with milk/TBST (50 mM Tris pH 7.4, 

150 mM NaCl, 0.1% Tween 20, evaporated milk) for 1 hr at ambient temperature with rocking, 

then treated with 1:1000 rabbit anti-GST-HRP (Abcam #ab3416) in milk/TBST with rocking at 

4°C overnight. The other set of membranes was immersed in boiling ddH20 for 45 min, blocked 

in the milk/TBST solution, and treated with 1:250 mouse anti-ubiquitin (P4D1) (Santa Cruz #sc-

8017) in milk/TBST at 4°C overnight. The blots were next washed with TBST three times for 5 

min and treated with 1:1000 horse anti-mouse-HRP secondary antibody (Cell Signaling 

Technology #7076) in TBST for 4 hr at ambient temperature. Both sets of blots were 

subsequently washed with TBST as above and developed with SuperSignal™ West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific #34078). Chemiluminescence indicating 

substrate ubiquitination (anti-GST blot) and total ubiquitination (anti-ubiquitin blot) was imaged 

using a Bio-Rad ChemiDoc™ XRS+ Imager. 

2.2.8 Human Cell Culture 

HEK293 cell cultures were maintained in Falcon® 10 cm sterilized polystyrene dishes 

(Corning #353003) with 10 mL DMEM (Sigma-Aldrich #D6429) containing 10% FBS (Hyclone 

#SH30071) at 37°C in a 5% CO2 humidified atmosphere. Upon reaching confluency, cells were 

passaged by aspirating media and detached by addition of 2 mL Gibco® TrypLE™ per plate 

(Thermo Fisher Scientific #12604-021) followed by incubation at ambient temperature for 3 min. 

Trypsinized cells were then transferred to a sterile conical tube containing 8 mL DMEM and 
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centrifuged at 1500 rpm (405xg) in a clinical centrifuge for 3 min. After centrifugation, the 

supernatant was aspirated and the cells were resuspended in at least 3 mL DMEM + 10% FBS, of 

which 100 µL was dispensed to a 10 cm plate along with 10 mL DMEM + 10% FBS and 

returned to 37°C. For procedures requiring a precise number of cells (e.g., for transfection), 20 

µL of the cell suspension was diluted 1:3 in Trypan Blue Stain (Life Technologies #15250-061), 

of which 10 µL was examined in a hemocytometer to calculate cell density. Cell cultures were 

passaged at most five times before they were either discarded or stored in glycerol at -80°C (i.e., 

resuspended instead in 1–3 mL of 90% FBS, 10% DMSO, aliquoted into 1 mL cryovials, and 

stored in polystyrene foam racks at -80°C). Frozen cultures were revived by thawing and 

dispensing into 10 cm plates containing 20 mL DMEM + 10% FBS, which was replaced with 10 

mL of fresh DMEM + 10% FBS after overnight incubation, after which cells were passaged 

normally. Cultures were not used in any experiment until they had been passaged at least once. 

All cell culture procedures were conducted within a 1300 Series A2 biosafety cabinet (Thermo 

Fisher Scientific). 

To compare microsomes between CFTR-containing HEK293 cells and those prepared 

from HeLa and CFBE cell cultures, HeLa cells were propagated identically to HEK293 cells, but 

required 15 min at 37°C to lift from plates with TrypLE. CFBE cells were cultured in MEM with 

Earle’s salts (Thermo Fisher Scientific #11095-080) + 2 mM L-glutamine + 50 U/mL Gibco® 

penicillin/streptomycin (Fisher Scientific #15140148) + 2 µg/mL puromycin. 

2.2.9 Plasmid Transfection into Human Tissue Culture Cells 

Plasmids encoding CFTR (pcDNA3.1, pcDNA5/FRT, or pBI-CMV2) were purified from 

transformed, saturated DH5α or NEB5α E. coli cultures grown in LB + 100 µg/mL ampicillin 
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using either a QIAGEN® Plasmid Maxi Kit (Qiagen #12163) for initial experiments or a higher-

yielding ZymoPURE™ II Plasmid Maxiprep Kit (Zymo Research #D4203) for subsequent 

experiments. 

Prior to transfection, 0.6×106 HEK293 cells were plated either into wells of a 6 well plate 

with 2 mL DMEM + 10% FBS per well to test transfection conditions, or into 10 cm plates with 

10 mL DMEM + 10% FBS to prepare microsomes. The cultures were incubated for at least 24 hr 

at 37°C 5% CO2 before transfection. When cultures reached 50% or higher confluency (ideally 

70%), cells were transfected using either Lipofectmine™ 2000 or PEI transfection reagents. For 

Lipofectmine™ 2000 (Thermo Fisher Scientific #11668) transfection, 6 well plate cultures were 

transfected with 4 ng plasmid and 10 µL Lipofectmine™ 2000 per well by incubating each 

reagent alone in Gibco® Opti-MEM® (Thermo Fisher Scientific #31985) for 5 min at ambient 

temperature before the plasmid and reagent were combined for 20 min and added to cells. 

Cultures were returned to 37°C for 6 hr, after which the media was aspirated and replaced with 2 

mL of new DMEM + 10% FBS. For transfection of 10 cm plate cultures, plasmids and 

transfection reagents were scaled up 6.6-fold to account for the increased surface area. 

Transfected cultures were incubated overnight at 37°C 5% CO2 prior to any subsequent 

experiment. 

For PEI transfection (Polysciences Inc. #23966-1), a 1 mg/mL solution of MW 25000 

PEI in ddH2O was prepared immediately before transfection, which was dissolved by a 5 min 

incubation at 95°C. Six well plate cultures were transfected with 2 ng plasmid and 20 µL of 1 

mg/mL PEI per well. Each reagent was incubated alone in 1X DPBS (Thermo Fisher # 14190-

144) for 5 min at ambient temperature before they were combined for 20 min, and the mixture 

was diluted 1:2 with Opti-MEM® and added to cells. The cultures were then incubated at 37° for 
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4 hr after which the media was replaced with 2 mL DMEM + 10% FBS per well. As above, 

reagents were scaled-up when 10 cm plates were used, and cultures incubated overnight at 37°C 

prior to subsequent experiments. Due to its cost-effectiveness and similar performance to 

Lipofectmine™ 2000, transfection by PEI was the preferred method for later procedures requiring 

large numbers of transfected cells (e.g., for the preparation of microsomes). 

2.2.10 siRNA Transfection into Human Tissue Culture Cells 

Dharmacon™ siGENOME SMARTpool siRNAs (Horizon Discovery #M-007201-02) 

targeting CHIP transcripts were purchased, reconstituted at 10 µM in RNase-free H2O, aliquoted, 

and stored at -80°C. No aliquot of siRNA was thawed and refrozen more than twice. To prepare 

for transfection, 0.6×106 HEK293 cells were plated either to wells of a 6 well plate with 2 mL 

DMEM + 10% FBS per well to test transfection conditions, or to 10 cm plates with 10 mL 

DMEM + 10% FBS for microsome preparations (see section 2.2.13). Cultures were incubated for 

at least one day at 37°C before transfection. When cultures reached at least 30% confluency, 

cells were transfected using RNAiMAX (Thermo Fisher Scientific #13778). For 6 well plates, at 

least 10 nM CHIP siRNA and 6 µL RNAiMAX were used per well, and as above each reagent 

was first incubated alone in 250 µL Gibco® Opti-MEM® (Thermo Fisher Scientific #31985) for 5 

min at ambient temperature before the reagents were combined for 20 min and added to cells. 

Cultures were returned to 37° and incubated overnight, and 72 hr after transfection the cells were 

lysed and knockdown efficiency determined by western blotting (see below). When 10 cm plates 

were used, 10 nM CHIP siRNA and 40 µL RNAiMAX were incubated alone in 1.5 mL Gibco® 

Opti-MEM® and then together as above. In this case, cultures were incubated for 48 hr, then 
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transfected with pcDNA3.1 CFTR expression plasmids using PEI (see section 2.2.9 above). 

After an additional ~18 hr at 37°C, microsomes were prepared (see section 2.2.13 below). 

2.2.11 Cell Lysis and CFTR Detection 

After transfection to transiently express CFTR or knockdown CHIP (see sections 2.2.9 

and 2.2.10), transfection efficiency was assessed by preparing cellular lysates for western blots. 

First, the media was aspirated and replaced with 300 µL (for a 6 well dish) of TNT Buffer (50 

mM Tris pH 7.2, 150 mM NaCl, 1% Triton X-100) + 1 PIC. Plates were incubated on ice for 30 

min with occasional agitation by hand before centrifugation at 13000 rpm (~16000×g) for 15 min 

at 4°C. The total protein concentration of cleared lysates was determined as stated previously. 

Each cleared lysate was diluted into SDS Sample Buffer (see above) and volumes corresponding 

to 30 µg total protein were resolved by 5% polyacrylamide/SDS gels and SDS-PAGE. To assess 

CFTR expression, blots were treated with 1:2500 mouse anti-CFTR (antibody 217 from the 

Cystic Fibrosis Foundation Therapeutics antibody distribution program, University of North 

Carolina at Chapel Hill). To assess CHIP knockdown, blots were treated with 1:2500 rabbit anti-

CHIP (Sigma-Aldrich #PLA0196). All blots were washed with TBST as described above and 

then treated with either 1:5000 horse anti-mouse-HRP secondary antibody in TBST (Cell 

Signaling Technology #7076) or 1:5000 goat anti-rabbit-HRP (Cell Signaling Technology 

#7074) for 4 hr with ambient rocking. After secondary antibody treatment, the blots were again 

washed, developed with SuperSignal™ West Pico Chemiluminescent Substrate, and imaged 

using a Bio-Rad ChemiDoc™ XRS+ Imager. 
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2.2.12 Immunoprecipitation and Detection of Ubiquitinated CFTR 

To isolate ubiquitinated CFTR proteins from HEK293 cells, cells in 10 cm plates were 

transfected with either pcDNA3.1(+) encoding wild-type CFTR, pcDNA3.1(+) encoding 

F508del CFTR, or pBI-CMV2 encoding N1303K CFTR using PEI as described above. The cells 

were simultaneously transfected with an equal quantity of pcDNA3.1(+) encoding HA-tagged 

ubiquitin. After overnight incubation, the media was aspirated and replaced with 10 mL DMEM 

+ 10% FBS +10 µM MG132 (Selleck Chemicals #S2619). Cultures were returned to 37°C for 1 

hr before the media was aspirated, the cells were trypsinized with TrypLE™ for 3 min at ambient 

temperature, and then transferred to conical tubes containing 6 mL DMEM + 10% FBS. The 

mixture was centrifuged at 1500 rpm for 3 min, and the cell pellets were lysed with 500 µL TNT 

Buffer + PIC + 25 µM MG132 + 5 mM NEM on ice for 30 min with occasional agitation by 

hand. After centrifugation at 13000 rpm (~1600×g) for 15 min at 4°C, 750 µg of total protein, 

850 µL of TBS + 0.14% Triton X-100 + 25 µM MG132 + 5 mM NEM + 1 PIC, 60 µL of a 1:1 

slurry of ProteinA Sepharose™ CL-4B (GE Healthcare #71-7090-00 AF) in TBS, and 3 µL of 

mouse anti-CFTR antibody (1:1 mix of CFFT antibodies 217 and 596) were combined and 

incubated on a rotator at 4°C overnight to immunoprecipitate CFTR. The next morning, the tubes 

were retrieved and centrifuged at 2000 rpm (380×g) for 2 min at 4°C, the pelleted beads were 

resuspended in IP Wash Buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.2% 

SDS, 5 mM EDTA), and washed three time before the beads were finally resuspended in SDS 

Sample Buffer, incubated at 37°C for 15 min, and resolved through duplicate 5% 

polyacrylamide/SDS gels. After proteins were transferred, one set of blots was probed for CFTR 

as described (see section 2.2.11) while the other set was treated with 1:2000 mouse anti-HA-

HRP (3F10) (Millipore Sigma #12013819001), and 1:2000 mouse anti-ubiquitin (P4D1) (Santa 
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Cruz #sc-8017) antibodies before being subsequently probed with 1:2500 horse anti-mouse-HRP 

secondary antibody in TBST. Both sets of blots were washed, treated with chemilumenescent 

substrate, and imaged as described. 

2.2.13 ER-Enriched Microsome Preparations from Human Tissue Culture Cells 

Human cell cultures were at least 50% confluent at the time of microsome preparation 

and had been incubated for ~18 hr after prior transfections with CFTR-encoding plasmids 

(section 2.2.9). Microsomes were prepared using no fewer than three 10 cm plates of cells. 

To prepare microsomes, the media was aspirated and cells were suspended by treatment 

with TrypLE™ for 3 min at ambient temperature. When HeLa cells were used, the cultures were 

suspended by treatment with TrypLE™ for 15 min at 37°C and the cells were then diluted 1:2 

with DMEM + 10% FBS and centrifuged at 1500 rpm (405 ×g) for 3 min at 4°C. After 

centrifugation, the supernatant was aspirated from the cell pellet, and cells were resuspended in 

1X DPBS that had been chilled on ice. After re-centrifugation and aspiration of the supernatant, 

the cells were resuspended in 10 mL Homogenization Buffer (0.5 M sorbitol, 20 mM HEPES pH 

7.4, + 2 PIC) and placed on ice. The cell suspension was then applied to a stainless steel syringe 

homogenizer fitted with a tungsten carbide ball bearing (Isobiotec), which was 7.980 mm in 

diameter and allowed for 20 µm clearance, and two 10 mL Luer-Lok™ disposable syringes 

(Becton Dickinson #309604). The solution was passed from side-to-side for 14 cycles. To 

prepare microsomes from HEK293 or CFBE cells, a 7.976 mm ball bearing was used, allowing 

for 24 µm cell clearance. After homogenization, lysed cells were diluted 1:2 with 

Homogenization Buffer, then centrifuged at 720 rpm (93×g) for 5 min at 4°C in a clinical 

centrifuge to remove nuclei. The supernatant was then collected into a new SS34 Sorvall™ tube 
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to which 10 mL of KOAc Buffer (210 mM potassium acetate, 3 mM magnesium acetate, 20 mM 

HEPES, pH 7.4, + 1 PIC) was added before centrifugation at 10000 rpm (~12000×g) for 10 min 

at 4°C. The supernatant was removed and the pelleted microsomes were resuspended in 20 mL 

of Transport Buffer (250 mM sorbitol, 70 mM potassium acetate, 1 mM magnesium acetate, 20 

mM HEPES pH 7.4, + 1 PIC) and re-centrifuged. Microsomes were then resuspended in 150-350 

µL Transport Buffer as judged by the size of the microsomal pellet. These resuspended 

microsomes were aliquoted and stored at -80°C. To quantify the relative amounts of microsomes, 

1:200 dilutions of each microsome preparation in 2% SDS were prepared and the mean 

absorbance of each preparation at 280 nm (A280) was calculated. After resuspension, the 

microsomes typically possessed an A280 of 0.10-0.25. 

Before using microsomes for in vitro ubiquitination assays, expression of CFTR was 

confirmed by treating microsomes with 1 U RQ1 RNase-free DNase for 20 min on ice (Promega 

#M6101). The microsomes were then transferred to fresh microcentrifuge tubes, pelleted at 

13000 rpm for 5 min at 4°C, and then resuspended with 2X SDS Sample Buffer such that each 

sample would have a final microsomal A280 of 0.125 in a 20 µL volume. A total of 5 µL of each 

sample was resolved by 10% polyacrylamide/SDS gel electrophoresis and CFTR was detected 

by western blot as described above (see section 2.2.11). 

2.2.14 Radiolabeling of Ubiquitin with Iodine-125 

One day prior to labeling, two 2 mL 7K MWCO Zeba™ Spin Desalting Columns 

(Thermo Fisher Scientific #89889) were vertically clamped, uncapped, filled with freshly mixed 

1X DPBS + 1% BSA, and allowed to drain by gravity flow at ambient temperature. Columns 
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were pre-equilibrated with DPBS/BSA over three washes. After the third wash, the columns 

were capped, sealed at the ends with Parafilm®, and stored at 4°C overnight. 

On the following day, the columns were washed a fourth time with DPBS + 1% BSA, 

and transferred to a chemical fume hood (Thermo Scientific) equipped with an air pump and air 

filters for radiological monitoring. Tubes stored at -80°C containing 1 M Tris pH 8.0, 2 M NaCl, 

5 mg/mL NaI in 1% BSA, and 33 mM ICl in ddH2O were thawed. ICl was a gift from Dr. Gerry 

Apodaca at the University of Pittsburgh. One 1.5 mL microfuge tube was set up for each of two 

separate iodination reactions, and 100 µl of 1 M Tris pH 8.0 was added to each reaction tube, 

followed by 20 µL of 1:50 ICl (prepared by diluting 2 µL ICl into 98 µL 2 M NaCl). Next, 4 µL 

of 125I radionuclide (Perkin Elmer #NEZ033L005MC) was added to each reaction tube on ice 

and incubated for 1 min, after which 10 µL of thawed 10 mg/mL recombinant human ubiquitin 

(Boston Biochem #U-100H) in DPBS was added to each reaction and incubated for an additional 

10 min. The reactions were quenched by the addition of 100 µL 33 mM NaI, then transferred to 

pre-equilibrated desalting columns (1 column per reaction) and allowed to drip by gravity flow 

into microcentrifuge tubes. After the columns drained, 300 µL of DPBS + 1% BSA was added to 

each column, which was also collected. This flow through was discarded and 600 µL of 

additional DPBS + 1% BSA was added to each column. Eluted 125I-ubiquitin was collected in 

collection tubes and the product (2×105 - 6×105 cpm per µL) was subsequently aliquoted and 

stored at -80°C.  

2.2.15 Microsomal CFTR in Vitro Ubiquitination Assay 

In vitro ubiquitination assays with human cell-derived ER-enriched microsomes 

containing CFTR were conducted by preparing 30 µL reactions on ice with Buffer 88 (20 mM 
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HEPES pH 6.8, 250 mM sorbitol, 150 mM potassium acetate, 5 mM magnesium acetate) + PIC, 

diluted His-Ube1 (1:2 in Buffer 88 + PIC), diluted UbcH5b (Boston Biochem #E2-622; 1:5 in 

Buffer 88 + PIC), the indicated concentration of His-CHIP, a 10X ATP Regenerating System (10 

mM ATP, 400 µM creatine phosphate, 2 mg/mL creatine phosphokinase in Buffer 88), and 1 U 

RQ1 RNase-free DNase. The microsomes (prepared as described in section 2.2.13) were thawed 

and either a fixed quantity of microsomes was added to reactions, regardless of the relative levels 

of CFTR (such that all reactions contained microsomes with a corresponding A280 of 0.02, i.e., 6 

µL of microsomes with an A280 of 0.15 added to a 30 µL reaction), or the quantities of 

microsomes added to assays were adjusted such that approximately equal amounts of CFTR 

were added to all reactions. Microsomes were thus diluted or concentrated to prepare working 

stocks in Buffer 88 + PIC with an A280 of 0.1, 0.3, or 0.5, depending on CFTR levels. Equal 

volumes of these working stocks were then added to reactions. After the addition of microsomes, 

reactions were removed from ice and 5 µL of 125I-ubiquitin was added to each reaction and 

mixed briefly by hand. The reactions were then incubated for 45 min at ambient temperature and 

typically contained 0.15 µM His-Ube1, 0.25 µM UbcH5b, and 2 µM CHIP (where indicated). 

Reactions testing the ubiquitination of microsomal CFTR variants prepared from HEK293 cells 

after CHIP knockdown were conducted with 3 µL of ubiquitin for 30 min to reduce the 

accumulation of non-CFTR polyubiquitinated species.  

After incubation, reactions were quenched by the addition of 70 µL TBS/SDS (50 mM 

Tris, pH 7.4, 150 mM NaCl, 14% SDS, 1 PIC) and incubated at 37°C for 15 min. Quenched 

reactions were then supplemented with 900 µL TBS/Triton (50 mM Tris pH 7.4, 150 mM NaCl, 

0.24% Triton X-100, 25 µM MG132, 5 mM NEM, 1 PIC), 45 µL of a 1:1 slurry of ProteinA 

Sepharose™ CL-4B in 1X TBS, and 1.5 µL Mouse anti-CFTR antibody (1:1 mix of CFFT 
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antibodies 217 and 596), which was then incubated on a rotator at 4°C for 3 hr to 

immunoprecipitate CFTR. The mixture was centrifuged at 2000 rpm (376×g) for 2 min at 

ambient temperature to pellet the beads, which were then washed two more times in 500 µL IP 

Wash Buffer + PIC. Finally, the immunoprecipitated CFTR was resuspended in 50 µL 2X SDS 

Sample Buffer, incubated at 37°C for 10 min, and stored at -20°C. 

To quantify the amounts of precipitated CFTR and ubiquitinated proteins, the precipitates 

were incubated at 37°C for 10 min and 20 µL was loaded to duplicate sets of 5% 

polyacrylamide/SDS gels and resolved by SDS-PAGE. One set of gels were treated with SDS-

PAGE Fixing Buffer (25% isopropanol, 10% acetic acid) for 30 min with agitation, then dried 

onto Whatman® filter paper with a dry ice-cooled vacuum pump gel drier for 1.75 hr. Dried gels 

were then exposed to a blanked phosphorimager screen overnight. After a minimum of three 

days, the screen was scanned using either a Typhoon™ FLA 7000 or Amersham™ Typhoon™ 

phosphorimager (GE Healthcare). Sixteen-bit depth phosphorimages were collected at a 50 µm 

pixel size using an upper PMT voltage of 800 V. The other set of gels was transferred overnight 

onto nitrocellulose membranes, which were blocked for 30 min in milk/TBST and treated with 

primary antibodies. Initial experiments were western blotted with 1:2500 mouse anti-CFTR 

(CFFT antibody 217) and 1:2500 horse anti-mouse-HRP as described (see section 2.2.11). Later 

experiments were treated similarly, but used 1:5000 rabbit anti-CFTR (D6W6L) (Cell Signaling 

Technology #78335) and 1:5000 goat anti-rabbit-HRP (Cell Signaling Technology #7074). In 

both cases, the blots were washed with TBST, developed with either SuperSignal™ West Pico 

Chemiluminescent Substrate or ProSignal® Pico ECL Reagent (Genesee Scientific #20-300B) 

and visualized on a Bio-Rad ChemiDoc™ XRS+ Imager.  
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2.2.16 Ubiquitination of Enriched CFTR 

Highly enriched wild-type CFTR was isolated from stably expressing HEK293 cell lines 

and provided in a HEPES, pH 7.5, 150 mM NaCl, 10 mM magnesium ATP, 0.2 mM TSEP, 

0.06% digitonin, 10% glycerol buffer by Dr. Zhengrong Yang and Dr. John Kappes of the Cystic 

Fibrosis Foundation Protein Production Core at the University of Alabama (Hildebrandt et al., 

2015). In vitro ubiquitination reactions containing purified CFTR generally followed the same 

procedure described for the in vitro ubiquitination of microsomal CFTR (see above). In brief, 

reactions contained Buffer 88 + PIC, the ATP Regenerating System, His-Ube1, UbcH5b, and 

CHIP, where indicated. DNase was omitted, and where noted, 2 µM of human Hsp70 (provided 

by Dr. Patrick Needham, University of Pittsburgh) was also added (Chiang et al., 2009). A total 

of 3 µL (~0.1 µM) purified CFTR was added to reactions along with 3 µL of 125I-ubiquitin. After 

30 min at ambient temperature, reactions were quenched and incubated with TBS/Triton, 

ProteinA Sepharose™, and a 1:1 mix of CFTR antibodies 217 and 596. Quenched reactions were 

incubated at 4°C for 3 hr, washed, and resuspended in 2X SDS Sample Buffer before incubation 

at 37°C for 10 min. Samples were then stored at -20°C. Once thawed, they were again incubated 

at 37°C for 10 min and then resolved on duplicate sets of 5% polyacrylamide/SDS gels by SDS-

PAGE. One set was fixed, dried, placed on a blanked phosphorimaging screen, and imaged using 

an Amersham™ Typhoon™ phosphorimager as described (see section 2.2.15 above). The other 

set was transferred to nitrocellulose, blocked, probed with 1:5000 rabbit anti-CFTR (D6W6L), 

followed by 1:5000 goat anti-rabbit-HRP, developed with chemiluminescent substrate, and 

imaged as described (see sections 2.2.11 and 2.2.15). 
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2.2.17 Image and Statistical Analysis 

All western blots and radiographs were collected as unsaturated grayscale images and 

quantified as either 8-bit or 16-bit TIFFs, respectively. All blot and radiograph densitometry was 

performed in ImageJ (NIH). Raw integrated densities were exported to Microsoft Excel for basic 

quantification. For further statistical analysis, Student’s two-tailed T-tests were performed with 

Minitab 19 Statistical Software. Unless otherwise noted, a 0.05 confidence interval was used to 

evaluate significant differences between samples. Separately conducted in vitro ubiquitination 

assays were treated as independent biological replicates. 
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2.3 RESULTS 

2.3.1 Development of a CHIP in Vitro Ubiquitination Assay Using Purified Components 

To begin examining the activity of E3 ubiquitin ligases involved in CFTR PQC, I initially 

adopted and modified a CHIP in vitro ubiquitination assay (Zhang et al., 2015). To this end, I 

obtained bacterial expression vectors to express and enrich His-tagged E1 (His-Ube1), ubiquitin 

activating enzymes, and an E3 ubiquitin ligase (His-CHIP) to use for in vitro assays (Figure 5, 

Figure 6A-C). While His-CHIP was purified to a high purity, His-Ube1 was degradation-prone 

during lysis and subsequent purification by Ni-NTA (Figure 6A), resulting in a product that was 

only ~15% intact. Nevertheless, the protein was viable for this assay since it derived from E. 

coli, which lacks contaminants that support or interfere with crude ubiquitination assays 

(Rosenbaum et al., 2011). Additionally, I obtained vectors for and purified two distinct GST-

tagged in vitro CHIP substrates, GST-Hsc70395-646 (Figure 7A, 7C) and GST-AT3 JD (Figure 7B, 

7D). While the former contains the substrate binding domain of Hsc70 and thus reflects a 

“canonical” CHIP substrate (Zhang et al., 2015), the latter contains the Josephin domain of 

ataxin-3, a “non-canonical” substrate of CHIP which binds independently of Hsp70 and Hsc70 

(Scaglione et al., 2011; Todi et al., 2009).  

After reagent purification, I conducted CHIP in vitro ubiquitination with GST-Hsc70395-

646 by preparing reactions with enriched His-Ube1, UbcH5b (E2), ubiquitin, an ATP-containing 

reaction buffer, His-CHIP, and the GST-Hsc70395-646 substrate (Figure 8A). First, I sought to 

verify that my purified His-Ube1 could activate ubiquitin for reactions as well as commercially
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Figure 5. Enrichment of His-CHIP. 

SDS-polyacrylamide gels were stained with Coomassie Brilliant Blue to depict distinct steps during the purification 

of His-CHIP. This included Ni-NTA affinity chromatography (left), followed by subsequent dialysis (right). P: lysed 

cell pellet; CL: cleared cellular lysate; FT: initial flow-through; W1: 10 mM imidazole wash; W2: 30 mM imidazole 

wash; E1-E6: 200 mM imidazole elutions; Pre Dial: pre-dialysis; Post-Dial: post-dialysis. During dialysis, His-CHIP 

partially precipitated. Centrifuging the insoluble protein yielded a final supernatant (Sup) used in in vitro 

ubiquitination assays. 
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Figure 6. Enrichment of His-Ube1. 

(A) SDS-polyacrylamide gels were stained with Coomassie Brilliant Blue to depict the isolation of His-Ube1. His-

Ube1 was purified as His-CHIP, but with the addition of protease inhibitors in all wash and elution buffers. 

Nevertheless, His-Ube1 is rapidly degraded during purification. I: cell pellet prior to lysis; all other abbreviations are 

as defined in Figure 5. (B) Coomassie gel depicting enrichment of His-Ube1 by DEAE. FT: flow-through of pooled 

fractions from Ni-NTA purification; W: 50 mM NaCl wash; 150 mM E1-E6: 150 mM NaCl elutions; 200 mM E1-

E3: 200 mM NaCl elutions; 300 mM E1-E3: 300 mM NaCl elutions. After elution, 150 mM fractions E4-E6, 200 

mM fractions, and 300 mM fractions were pooled. The migration of His-Ube1 is depicted. (C) A Coomassie-stained 

SDS-polyacrylamide gel depicting the final fraction of concentrated (C) His-Ube1. FT: concentration column flow-

through. 
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Figure 7. Enrichment of CHIP-dependent ubiquitination substrates. 

(A) SDS-polyacrylamide gels were stained with Coomassie Brilliant Blue to depict the isolation of GST-Hsc70395-646 

from glutathione-agarose resin. CL: cleared cellular lysate; P: lysed cell pellet; FT: initial flow-through; W1-W3: 

washes; E1-E5: elution with reduced glutathione. Elution fractions E2 and E3 were subsequently pooled and 

dialyzed. (B) SDS-polyacrylamide gels were stained with Coomassie Brilliant Blue to depict the isolation of GST-

AT3 JD by glutathione-agarose resin as described in (A). (C) After dialysis and quantification, purified GST-

Hsc70395-646 was resolved by SDS-PAGE alongside a standard curve of known BSA quantities to verify protein 

concentration. (D) As in (C), but with GST-AT3 JD. 



 73 

 
 

Figure 8. CHIP-dependent ubiquitination of a model substrate in a reconstituted system. 

(A) Schematic depicting the procedure used for CHIP-dependent in vitro ubiquitination assays. (B) Anti-GST 

western blot indicating in vitro ubiquitination by CHIP of GST-Hsc70395-646 in reactions containing either 

commercially purchased Ube1 (1) or partially purified His-Ube1 (2). Two technical replicates are shown for each. 

‒ATP: reaction without ATP. (C) Anti-GST (top), anti-ubiquitin (middle), and anti-His (bottom) western blots 

depicting the products of in vitro ubiquitination reactions conducted with purified components. Reactions contained 

either 0, 1, 3, or 10 µM His-CHIP and the GST-Hsc70395-646 substrate, in either the presence or absence of added 
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ATP. Reactions containing 10 µM His-CHIP and 3 µM GST-Hsc70395-646 were most active, producing high 

molecular weight ubiquitinated species observable by both anti-GST and anti-ubiquitin western blots. A western blot 

for 6xHis revealed that the majority of the high molecular weight species represented CHIP autoubiquitination. 

Reaction labeled “GST” indicates a reaction identical to that shown in lane 4, but in which GST-Hsc70395-646 was 

replaced by GST. 

 

purchased Ube1. Fortunately, while reactions without ATP failed to ubiquitinate GST-Hsc70395-

646, reactions with ATP and either commercially sourced Ube1 or partially purified His-Ube1 

ubiquitinated substrates equally well (Figure 8B). I next sought to optimize the levels of His-

CHIP and the GST-Hsc70395-646 substrate for robust ubiquitination efficiency (Figure 8C). As 

anticipated, substrate ubiquitination required ATP, His-CHIP, and substrate. In addition, 

reactions containing 10 µM CHIP and 3 µM substrate produced both the greatest degree of 

substrate ubiquitination (observed by anti-GST western blotting) and total ubiquitination 

(observed by anti-ubiquitin western blotting). Interestingly, western blotting for CHIP revealed 

that the vast majority of polyubiquitinated species produced under these conditions are high 

molecular weight autoubiquitinated CHIP species. Later experiments indicated that 

ubiquitination occurred optimally after 30 min, with the majority of ubiquitin conjugates 

appearing within 15 min (data not shown). I subsequently used these conditions to query CHIP 

activity by 1) seeking to validate an in silico model for its unique mode of activation, 2) seeking 

to identify novel inhibitors of its activity, and 3) seeking to determine if CHIP could function 

with unnatural ubiquitin variants as well as it does with wild-type ubiquitin. Each of these 

projects is described in Appendices A-D.  
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2.3.2 CHIP Enhances CFTR Ubiquitination in a Cell-Free Assay 

To measure the magnitude of CHIP-dependent ubiquitination of CFTR, I designed a 

second in vitro ubiquitination assay which utilized membranes prepared from cells expressing 

CFTR. Using a protocol similar to those described previously in which yeast lysate is combined 

with either yeast (Nakatsukasa and Brodsky, 2010) or human (Nakasone et al., 2017) ER-derived 

microsomes, I combined microsomes prepared from HEK293 cells transiently expressing 

F508del CFTR with the purified enzymes required for substrate ubiqutination (see Figures 7-8), 

an ATP regenerating system, and I-125 radiolabeled ubiquitin (Figure 9A). As observed in 

control reactions containing yeast cytosol (Nakasone et al., 2017), reactions with purified E1 and 

E2 enzymes efficiently ubiquitinated F508del CFTR (Figure 9B). Of note, addition of purified 

CHIP was unnecessary to support F508del CFTR ubiquitination, most likely because of the 

presence of endogenous ubiquitin ligases in or on microsomal membranes (see section 1.2.2) 

(Estabrooks and Brodsky, 2020). However, addition of His-CHIP enhanced F508del CFTR 

ubiquitination two-fold (2.00±0.03; n=2) relative to reactions lacking added CHIP (compare 

lanes 4 and 5). In contrast, addition of an inactive CHIP mutant, CHIP1-297 (Ye et al., 2017), 

failed to enhance ubiquitination (compare lanes 4 and 6). Other reactions testing reduced 

combinations of components revealed that only the addition of UbcH5b was necessary to support 

F508del CFTR ubiquitination, indicating that E2 ubiquitin conjugating enzymes are limiting on 

the surface of the HEK293 cell-derived microsomes (compare lanes 4 and 9). This result further 

implies that microsomes contain endogenous Ube1 on their surface, since the addition of the E1 

was unnecessary. Other cytosolic PQC factors almost certainly adhere to the microsome 

membrane as well. Finally, a ubiquitination time course with reactions containing F508del CFTR 

microsomes indicated that ubiquitinated CFTR accumulates at a linear rate (Figure 9C). CHIP 
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further increased the rate of CFTR ubiquitination by approximately two-fold when added to the 

reaction, consistent with the data shown in Figure 9B. As the difference in signal between 

reactions with CHIP and reactions without CHIP was evident after a 45 min incubation time, I 

conducted all subsequent microsomal in vitro ubiquitination assays for this duration, except 

where otherwise noted. 

After determining that F508del CFTR ubiquitination could be recapitulated in vitro, I 

next sought to establish which human cultured cells would synthesize the greatest amount of 

CFTR and thus maximize the signal for ubiquitinated CFTR. I therefore compared F508del 

CFTR levels between transiently transfected HEK293 and HeLa cells, and CFBE cells, which 

endogenously express the protein. The level of expression in HEK293 cells was remarkably 

greater than that observed in either HeLa or CFBE cells (Figure 10A). Consistent with this result, 

in vitro ubiquitination of F508del CFTR was substantially greater with microsomes prepared 

from HEK293 cells than with either other cell type (Figure 10B). I therefore prepared 

microsomes from HEK293 cells transiently expressing CFTR in subsequent experiments. 
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Figure 9. CHIP enhances the in vitro ubiquitination of F508del CFTR. 

(A) Schematic depicting the procedure used to ubiquitinate microsomal CFTR in vitro. (B) I-125 radiograph (top) 

and anti-CFTR western blot (bottom) depicting in vitro ubiquitination of F508del-CFTR. Microsomes were prepared 

from transiently transfected HEK293 cells in culture and assayed with either yeast cytosol, or purified Ube1 (E1), 
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UbcH5b (E2), and/or CHIP (E3). Either full length CHIP (CHIP1-303) or C-terminally truncated CHIP (CHIP1-297) 

was added to reactions as indicated. “B” denotes immaturely glycosylated F508del CFTR. “*” denotes a non-

specific antibody band observed by CFTR western blot. (C) I-125 radiograph (top) and anti-CFTR western blot 

(bottom) depicting a time course of in vitro ubiquitination with F508del CFTR HEK293 microsomes, and the E1 

and E2 enzymes, conducted either in the absence or presence of full length His-CHIP. 

 

 
 

Figure 10. Microsomes from HEK293 cells contain the greatest levels of F508del CFTR for subsequent in 

vitro ubiquitination assays. 

(A) Anti-CFTR western blot depicting cell lysates from HeLa, HEK293, and CFBE cell cultures. HeLa and HEK293 

cells were transiently transfected with pCDNA3.1 F508del CFTR. CFBE cells endogenously express F508del 
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CFTR. Protein lysates were quantified by BSA protein concentration assay and equal amounts of total protein were 

resolved. Two independent replicates are shown for each cell type. (B) I-125 radiograph (top) and anti-CFTR 

western blot (bottom) depicting the in vitro ubiquitination of F508del-CFTR-containing microsomes from the cell 

types shown in (A). 

2.3.3 Disease-Causing CFTR Variants are Differentially Ubiquitinated by E3 Ubiquitin 

Ligases in Vitro 

I next endeavored to use this assay to compare ubiquitination profiles between different 

CFTR variants. While ~70% of CF patients encode at least one copy of F508del CFTR, over 300 

annotated variants are known to cause cystic fibrosis (https://cftr2.org). These variants sort into 

five non-mutually exclusive classes, a significant portion of which are categorized at least in part 

as class II mutations, characterized by impaired folding and maturation from the ER (Veit et al., 

2016; Welsh and Smith, 1993). As a result of these mutations, the pool of functional CFTR is 

lost due to ER retention and subsequent degradation. While the disease-causing mutation in 

F508del CFTR resides within NBD1, several disease-causing variants display similar processing 

defects because of mutations in other domains of the channel, such as MSD1 and NBD2 (Van 

Goor et al., 2014). Mutations in these other domains could cause distinct misfolded 

conformations, which may be detected and ubiquitinated by a different group or subgroup of 

PQC factors. To test this hypothesis, I selected a subset of disease-causing CFTR variants which 

are prone to misfolding for further study (Table 3). These variants include three variants with 

mutations in MSD1 (P67L, G85E, and E92K), and two variants with mutations in NBD2 

(W1282X and N1303K). Wild-type and F508del CFTR were included for a comparison. These 

variants also differ widely in their ability to be corrected by small molecules. While P67L CFTR

https://cftr2.org/
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Table 3. Select CFTR variants representing a range of CF phenotypes and mutant domains. 

 CFTR variant information from The Clinical and Functional Translation of CFTR (CFTR2); available at 

https://cftr2.org. ©Copyright 2011 Cystic Fibrosis Foundation, Johns Hopkins University, The Hospital for Sick 

Children. 

 

causes a relatively mild form of disease and is easily correctable (Gilfillan et al., 1998; Sabusap 

et al., 2016), G85E is intractable to correction by either hypothermic incubation or corrector 

compounds (Lopes-Pacheco et al., 2017), despite the remarkably close residence of these 

mutations in the protein’s linear sequence. I estimate that approximately three-quarters of 

patients globally encode at least one of the disease-causing variants examined in this analysis. 

To begin to compare these variants, I first sought to test if differences would emerge 

between a narrower subset of variants. To this end, I prepared microsomes from HEK293 cells 

either lacking CFTR or transiently expressing wild-type CFTR, F508del CFTR, and N1303K 

CFTR and conducted in vitro ubiquitination reactions as described above. I first found that 

F508del CFTR was ubiquitinated to a greater degree than wild-type CFTR, despite being 

expressed at a lower level (Figure 11A). Based on quantification of the relative amount of 

ubiquitination when taking into account the amount of protein precipitated, I found that in 

Variant 
% of Patients 

(U.S.) 

CFTR2 Allele Mutant 

Domain 

Disease 

Severity 

Pharmacological 

Correctability Occurrences Frequency 

WT — — — — None — 

F508del 86.4 99061 0.69744 NBD1 Severe Moderate 

N1303K 2.4 2246 0.01581 NBD2 Severe Moderate 

W1282X 2.3 1726 0.01215 NBD2 Severe Moderate 

G85E 0.6 616 0.00434 MSD1 Severe Low 

E92K <0.5 49 0.00027 MSD1 Severe Moderate 

P67L <0.5 239 0.00168 MSD1 Mild High 

https://cftr2.org/
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Figure 11. CHIP enhances F508del CFTR ubiquitination to a greater extent than wild-type CFTR. 

(A) Representative I-125 radiograph (top) and anti-CFTR western blot (bottom) comparing ubiquitination of wild-

type (WT) CFTR, F508del CFTR, and N1303K CFTR in microsomes prepared from HEK293 cells. Cells either 

lacked a transfected plasmid or were transfected with pcDNA3.1 WT CFTR, pcDNA3.1 F508del CFTR, or pBI-

CMV2 N1303K CFTR prior to microsome preparation. Reactions contained ATP, His-Ube1 (E1), UbcH5b (E2), 

CHIP, and/or Hsp70 as indicated. While no ubiquitination was observed in reactions lacking CFTR, 

polyubiquitinated CFTR was observed in reactions with either WT or F508del CFTR. Addition of Hsp70 to 
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reactions with CHIP did not enhance ubiquitination further. In contrast, only trace ubiquitination of CFTR was 

observed in reactions with N1303K CFTR. (B) Anti-ubiquitin/anti-HA western blot (top) and anti-CFTR western 

blot of lysates from HEK293 cells transfected with WT, F508del CFTR (ΔF)-, or N1303K CFTR (NK)-expressing 

plasmids as in (A) prior to treatment with MG132 for 1 hr. Polyubiquitination of CFTR was observed in 

immunoprecipitations of each variant with anti-CFTR antibody, as indicated. 

 

reactions containing Ube1, UbcH5b, and CHIP, F508del CFTR was ubiquitinated approximately 

two-fold more than the wild-type protein (1.84±0.13; n=2). These data indicate, as anticipated, 

that the PQC machinery preferentially selects F508del CFTR over wild-type CFTR for 

degradation. Second, I found that only trace ubiquitination was detected in reactions monitoring 

N1303K CFTR ubiquitination. This result was unexpected, but might reflect the fact that this 

allele has been suggested to be targeted for degradation in a distinct manner compared to 

F508del CFTR (Liu et al., 2018b). As a control for this experiment, no ubiquitination was 

observed in reactions with microsomes lacking CFTR, and interestingly addition of purified 

Hsp70 to reactions failed to enhance ubiquitination, suggesting that there is an overabundance of 

Hsc70 and perhaps Hsp70 on the microsome surface. Indeed, subsequent western blotting of 

microsomal membranes with an antibody that detects both Hsp70 isoforms confirmed that 

HEK293 cell membranes contain abundant Hsp70 (data not shown). 

 To determine whether N1303K CFTR is also ubiquitinated poorly in cells, I next 

expressed wild-type, F508del CFTR, and N1303K CFTR in HEK293 cells, treated the cells with 

MG132 for 1 hr to inhibit the proteasome and accumulate any ubiquitinated CFTR, and 

immunoprecipitated CFTR from cell lysates. Contrary to my findings in vitro, each of the three 

variants were ubiquitinated (Figure 11B). Therefore, N1303K CFTR ubiquitination in vitro must 

be undetectable for another reason. One possibility is the very low level of expression which 
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might be below the threshold for efficient in vitro ubiquitination. Of note, in this experiment 

different expression vectors were used to transfect HEK293 cells prior to microsome preparation. 

While wild-type and F508del CFTR were expressed from pcDNA3.1, N1303K CFTR was 

expressed from pBI-CMV2. Due to the bidirectional nature of this plasmid’s promotor, N1303K 

CFTR might be expressed more weakly, as pcDNA3.1 contains a unidirectional promotor. 

To rectify differences in expression level, I next obtained a set of pcDNA5/FRT plasmids 

encoding each of the CFTR variants listed in Table 3 and prepared fresh HEK293 microsomes. 

When testing CFTR ubiquitination expressed from this vector, I observed ubiquitination profiles 

that were markedly different from those observed above. While formerly “smears” of 

ubiquitinated CFTR had appeared only at and above the expected molecular mass of CFTR (168 

kDa), ubiquitinated species instead appeared at lower molecular masses (Figure 12A). Perhaps 

more disturbingly, similar degrees of ubiquitination were observed in reactions containing or 

lacking CFTR, a phenomenon that still required the addition of an ATP regenerating system. The 

identity of these low molecular weight ubiquitinated species was subsequently determined by 

conducting minimal in vitro ubiquitination assays which lacked microsomes: Only the addition 

of CHIP was necessary to generate these low molecular weight ubiquitinated species (Figure 

12B). Thus, CHIP had become autoubiquitinated under these conditions, which is consistent with 

the native molecular mass of the enzyme (33 kDa) (Ballinger et al., 1999).  

To remove CHIP or otherwise prevent it from appearing in CFTR radiographs, I tested 

the effects of: (1) preclearance with ProteinA Sepharose beads prior to CFTR 

immunoprecipitation, (2) blocking beads with milk/TBST prior to immunoprecipitation, (3) 

immunoprecipitation with ProteinG Sepharose beads instead of ProteinA Sepharose, and (4) 

washing beads containing immunoprecipitated CFTR with chaotropic salt (KI). No condition
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Figure 12. CHIP autoubiquitination obscures CFTR ubiquitination when the protein is expressed from 

pcDNA5/FRT. 

(A) Representative I-125 radiograph (top) and anti-CFTR western blot (bottom) of reactions with CFTR-containing 

HEK293 cell microsomes from mock-transfected cells and those transfected with pcDNA5/FRT wild-type (WT) 

CFTR or pcDNA5/FRT F508del CFTR. Reactions contained His-Ube1 (E1), UbcH5b, ATP, and/or CHIP as 

indicated. For all reactions with ATP, including those without CFTR, I-125 polyubiquitination was observed.  (B) I-

125 radiograph of reactions performed as in (A), but in the complete absence of microsomes. While no 

ubiquitination was observed in reactions without added CHIP, a polyubiquitin smear was observed with CHIP.  (C) 
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Anti-CFTR western blot comparing HEK293 cell lysates of cells transfected with either pCDNA3.1 WT CFTR or 

pCDNA5/FRT WT CFTR. Total protein concentrations of lysates were determined by the BCA protein 

concentration assay and equal amounts of total protein were resolved by SDS-PAGE. 

 

could successfully remove autoubiquitinated CHIP (data not shown). When comparing reactions 

with microsomes prepared from cells transfected with pcDNA5/FRT CFTR versus those 

transfected with pcDNA3.1 CFTR, I therefore predicted that the expression level from 

pcDNA5/FRT might be lower, causing a population of autoubiquitinated CHIP species to appear 

that had previously gone unobserved. Indeed, directly comparing the expression of WT CFTR 

from each of these plasmids revealed that pcDNA5/FRT expresses CFTR at lower levels than 

pcDNA3.1, despite both plasmids sharing the same promotor sequence (Figure 12C). The basis 

for this effect is mysterious. 

To restore microsomal CFTR levels to those previously observed, I therefore cloned the 

CFTR gene for each variant from pcDNA5/FRT and ligated these into a linearized pcDNA3.1 

vector (Figures 13A-C). After confirming the identity of these new expression vectors and 

preparing new microsomes from HEK293 cells, I assayed CFTR ubiquitination in vitro either in 

the presence or absence of added CHIP. First, consistent with my previous findings (Figure 

11A), F508del CFTR was ubiquitinated two-fold or even higher than wild-type CFTR 

(2.42±0.07; N=6) (Figure 14A,B). These data confirm that the in vitro assay faithfully 

recapitulates a cellular PQC check-point. Second, the other variants were ubiquitinated to very 

different degrees, even when CHIP was added. In this experiment, N1303K was now 

ubiquitinated in a similar manner as the wild-type protein. A model to explain this result is 

provided in the discussion below (see section 2.4). Third, even though the variants exhibit 

different degrees of misfolding and ER retention (Table 3) (Haggie et al., 2016; Lopes-Pacheco 
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et al., 2017; Rapino et al., 2015; Sabusap et al., 2016), CHIP modestly enhanced ubiquitination 

of each variant (Figure 14C). Importantly, CHIP-dependent enhancement of ubiquitination 

required binding to Hsc70 or Hsp70, as addition of a CHIP mutant lacking its N-terminal TPR 

domain (CHIP134-303), which is required for Hsp70/Hsc70 binding (Ballinger et al., 1999), failed 

to enhance CFTR ubiquitination (Figure 14D). 

 

 
 

Figure 13. Cloning of CFTR variants for expression from pcDNA3.1. 

(A) Ethidium bromide stain of pcDNA5/FRT W1282X CFTR with or without digestion by ApaI and NotI. After 

digestion, the CFTR gene inserts were gel purified. Digestion of W1282X CFTR is representative for digestion of all 

variants. (B) Ethidium bromide stain of pcDNA3.1+ after digestion with ApaI and NotI. The linearized vector was 

subsequently gel purified. (C) Ethidium bromide stain of EcoRI digested pcDNA3.1 W1282X CFTR after ligating 

the inserts and vectors, E. coli transformation, and purification of the ligated plasmids. The digestion profile of 

pcDNA3.1 W1282X CFTR is representative of all variants ligated into linear pcDNA3.1, and matches that of 

control pcDNA3.1 wild-type (WT) CFTR plasmid. Ligated plasmids matching the WT profile were subsequently 

verified by Sanger sequencing. 
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Figure 14. CHIP modestly enhances the ubiquitination of CFTR variants in vitro. 

(A) Representative I-125 radiograph (top) and anti-CFTR western blot (bottom) of reactions with CFTR-containing 

microsomes from HEK293 cells. The variants were expressed from pCDNA3.1 prior to microsome isolation. All 

reactions contained His-Ube1 (E1), UbcH5b (E2), and ATP. Where indicated, reactions additionally contained His-

CHIP. (B) Quantification of all reactions performed as in (A), indicating average ubiquitination adjusted for relative 

CFTR expression levels, which were normalized to wild-type (WT) CFTR. N=6; error bars depict standard errors of 

the mean. (C) Quantification of all reactions performed as in (A), indicating the average fold enhancement of CFTR 

ubiquitination between reactions containing the designated variant with CHIP compared to reactions without added 
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CHIP. N=6; error bars depict standard errors of the mean. (D) Representative I-125 radiograph (top) and anti-CFTR 

western blot (bottom) of reactions containing either wild-type or F508del CFTR, His-Ube1, UbcH5b, ATP, and 

either CHIP or TPR-less CHIP (CHIP134-303) as indicated. While full length CHIP enhanced ubiquitination of both 

CFTR variants, reactions lacking CHIP were indistinguishable from reactions with TPR-less CHIP. 

 

Given the relatively limited effect of CHIP on the ubiquitination of the CFTR variants, I 

hypothesized that by knocking down expression of endogenous CHIP prior to microsome 

preparation, I would be able to augment the effect of additional purified CHIP. I therefore treated 

HEK293 cells with CHIP siRNA, successfully knocking down CHIP by approximately 85% 

(Figure 15A). To my surprise however, microsomes prepared from these cells resisted the effect 

of additional CHIP, as reactions with and without added CHIP ubiquitinated the CFTR variants 

indistinguishably (Figure 15B). Possibly, the loss of CHIP results in remodeling of PQC 

pathways in cells, causing an upregulation in other factors—most notably other E3 ubiquitin 

ligases—that support CFTR ubiquitination. 

To further assess the limited enhancement of purified CHIP upon CFTR ubiquitination, I 

sought to assess CHIP-supported ubiquitination independent of the contribution of other E3 

ubiquitin ligases upon CFTR. To do so, I assayed enriched, solubilized wild-type CFTR 

(Hildebrandt et al., 2015) in place of microsomal CFTR. As anticipated, CHIP ubiquitinated 

wild-type CFTR in the presence of ATP, though this effect was partially abrogated when purified 

Hsp70 was added (Figures 16A,B; compare lanes 2 and 4). That CHIP ubiquitinated wild-type 

CFTR at all without purified Hsp70 (lane 2) suggests that the chaperone may co-purify with 

CFTR, or that CHIP has an inherent affinity for solubilized CFTR, which might be partially 

unfolded. Notably, CHIP has been suggested to exhibit endogenous chaperone-like activity 

(Kopp et al., 2017). Curiously, reactions without ATP also supported CHIP-dependent CFTR by 
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CHIP (lane 5). However, the CFTR sample assayed had been purified in a buffer containing 

ATP, which in future studies will need to be removed. Although preliminary, these data indicate 

that in vitro ubiquitination of CFTR primarily produces ubiquitinated species that fall between 

150 and 250 kDa in size. Therefore, ubiquitinated species greater than 250 kDa produced during 

microsomal in vitro ubiquitination likely result at least in part from the activity of other E3 

ubiquitin ligases.  
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Figure 15. CHIP knockdown is unable to enhance the effect of added CHIP in in vitro ubiquitination 

reactions 

(A) Anti-CFTR and anti-CHIP western blots of microsomes from HEK293 cells treated with either control siRNA 

(wild-type CFTR only) or siRNAs targeting CHIP transcripts. CHIP was knocked down ~85% in cells treated with 

CHIP siRNA. All western blots of each set were exposed concurrently. (B) Representative I-125 radiographs (top) 

and anti-CFTR western blots (bottom) depicting ubiquitination of CFTR variants in microsomes prepared from cells 

treated with either control or CHIP siRNA in (A). Between three experimental replicates, CFTR ubiquitination was 

not enhanced in reactions with added CHIP (right) compared to those without added CHIP (left). 
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Figure 16. CHIP ubiquitinates enriched solubilized wild-type CFTR in vitro. 

(A) I-125 radiograph (top) and anti-CFTR western blot (bottom) depicting in vitro ubiquitination of wild-type (WT) 

CFTR that was highly enriched from a stably expressing HEK293 cell line. (B) Quantification of reactions depicted 

in (A). n=3; error bars indicate standard error of the mean. 
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2.4 DISCUSSION 

While there are abundant methods available to identify and study the contribution that E3 

ubiquitin ligases make upon the turnover of substrates in the secretory pathway in cells, in vitro 

approaches are uniquely positioned to dissect the involvement of individual enzymes on these 

processes. Here I have presented two distinct in vitro ubiquitination assays for the study of 

ubiquitin ligases relevant to the degradation of CFTR by the ERAD pathway. For the first assay, 

I purified CHIP in conjunction with model substrates and other enzymes in order to scrutinize 

the activity of this ubiquitin ligase in a minimal system under a variety of conditions. For the 

second, I developed an in vitro ubiquitination assay utilizing radiolabeled ubiquitin and human 

ER-enriched microsomal membranes, adopting and optimizing this procedure from earlier yeast 

and human microsome-based assays that required yeast cytosol to support ubiquitination 

(Nakasone et al., 2017; Nakatsukasa and Brodsky, 2010). This assay represents an advancement 

over an earlier assay for CHIP-dependent CFTR ubiquitination, which utilized western blotting 

as a less sensitive means of detection and only recapitulated protein quality control events 

occurring at the cell periphery (Okiyoneda et al., 2010). After identifying an optimal cell line 

from which to source microsomal membranes and consequently optimizing the expression of 

CFTR in this cell line, I tested the degree to which a subset of distinct CF-causing CFTR variants 

are ubiquitinated by PQC factors in vitro, testing these variants in the presence and absence of 

added CHIP. 

The data gathered using this assay indicate that disease-causing, class II CFTR variants 

differ in their susceptibility to E3 ubiquitin ligases. F508del CFTR was the most susceptible of 
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all variants tested, suggesting that this variant is perhaps the most catastrophically misfolded and 

thus especially predisposed to ubiquitination and degradation. This result is in-line with other 

studies examining a wide variety of CFTR2 alleles, which similarly suggested that F508del 

CFTR is one of the most poorly folded variants (Sosnay et al., 2013). In contrast, while a range 

of variants was tested along the lines of mutation position and pharmacological correction (Table 

3), in vitro ubiquitination does not appear to correlate remarkably with either of these other 

characteristics. It is vital to note, however, that the number of variants tested in this study is 

relatively small. Nevertheless, it is notable that P67L, which is easily corrected (Sabusap et al., 

2016), was ubiquitinated to an intermediate degree when wild-type and F508del CFTR are 

considered. In fact, most variants were similarly ubiquitinated, including G85E and E92K CFTR. 

That these variants, which are more challenging to correct and cause severe CF, are ubiquitinated 

to a similar degree as P67L is surprising. Earlier studies however suggested that these variants, 

especially G85E, which adds an unfavorably charged glutamate to the first transmembrane span 

of CFTR, primarily reduce integration between transmembrane spans and thus higher order 

TMDs (Patrick et al., 2011; Xiong et al., 1997). My findings therefore imply that all variants 

with disrupted transmembrane integration are ubiquitinated to a similar degree and while those 

with less obtrusive mutations (like P67L) are easily resolved by correctors, likely reducing 

ubiquitination, others with highly disruptive substitutions are more difficult to correct and remain 

aggressively ubiquitinated. Also curious, N1303K CFTR was ubiquitinated to the same degree as 

the wild-type protein. This could occur however due to the increased dependence upon 

autophagy, rather than ERAD, for the turnover of this variant (Liu et al., 2018b). Testing of a 

larger subset of class II variants will be necessary before broadly generalizable relationships 

emerge concerning in vitro ubiquitination and other variant characteristics.  
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That purified CHIP enhanced ubiquitination of all assayed variants to a similar degree is 

surprising (Figure 14C). Given that the ligase is thought to have the greatest activity upon fully 

translated CFTR—which is to say after translation of NBD2 (Younger et al., 2006)—one might 

expect that CFTR would be more extensively ubiquitinated due to mutations within this domain, 

yet W1282X CFTR, which bears a truncated NBD2, displayed a similar degree of enhanced 

ubiquitination with CHIP as F508del and other variants. This could occur if NBD1-NBD2 

interactions for all tested variants are disrupted similarly to the way that this interaction is 

disrupted by F508del (Du and Lukacs, 2009; Hoelen et al., 2010; Sharma et al., 2001), regardless 

of the domain in which each mutation resides. While it is also true that wild-type CFTR 

displayed a similar enhancement in the presence of added CHIP, this might occur merely as a 

consequence of the diminished basal ubiquitination of wild-type CFTR by other E3 ubiquitin 

ligases, providing a greater opportunity for purified CHIP to polyubiquitinate it. Or rather, it 

might be true that complexes between CHIP and Hsc70 bind to and ubiquitinate CFTR 

irrespective of the strength of the NBD1-NBD2 interaction. Regardless, the overall modest effect 

of CHIP on the ubiquitination of all of the variants strongly suggests that the overwhelming 

majority of the ubiquitination signal observed in vitro occurs due to the activity of membrane-

inserted, ER-localized E3 ubiquitin ligases that are also known to act upon CFTR: RMA1, 

RNF185, and gp78 (El Khouri et al., 2013; Morito et al., 2008; Younger et al., 2006). 

Additionally, the effect of exogenous CHIP on CFTR ubiquitination might have been muted due 

to the activity of other E3 ubiquitin ligases endogenously expressed by HEK293 cells as a 

consequence of their transformation, such as the adenoviral type 5 ubiquitin ligase E1B (Hung 

and Flint, 2017). To rule out this possibility, it would be valuable to contrast ubiquitination of 

CFTR by CHIP in HEK293 microsomes with those of another cell type. 
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Although in vitro ubiquitination of enriched, soluble wild-type CFTR produced 

confounding results concerning the role of Hsp70 in the assay (Figure 15), it is encouraging to 

note that purified CHIP successfully ubiquitinated this substrate, generating polyubiquitinated 

CFTR within a molecular weight range very similar to that observed with the microsome-based 

in vitro ubiquitination assays. If a subset of misfolding CFTR variants could be purified and 

assayed similarly, this approach would provide an especially straightforward way to test the 

susceptibility of these variants to CHIP, independent of the contributions otherwise made by 

other E3 ubiquitin ligases, as noted above. 

In summary, these assays expand the set of tools available for the study of PQC in the 

secretory pathway, and most notably the early steps that lead to the selection of substrates for 

ERAD. The second of these two assays particularly provides the means to reconstitute active, 

physiologically relevant quality control pathways in vitro and to make precise measurements 

regarding the action of these pathways upon substrates of interest. More specifically, I’ve 

presented in this chapter how this assay captures early quality control events that occur with a set 

of disease-causing CFTR variants prior to their retrotranslocation and proteasomal degradation. 

In the future, this assay could be used to further explore the susceptibility of additional variants 

to ubiquitination machinery, to examine the role of additional PQC factors, to determine whether 

there are kinetic differences in the targeting of these variants for degradation, to recapitulate 

subsequent steps during ERAD (i.e., retrotranslocation and proteasome-mediated degradation), 

and perhaps even to determine if pharmacological correctors reduce the susceptibility of CFTR 

variants to ubiquitination. Moreover, this assay could also be used to similarly define the 

contribution of PQC factors in other protein conformational diseases that arise from misfolding 

in the ER. 
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3.0  FINAL DISCUSSION, CONCLUSIONS, AND FUTURE DIRECTIONS 

In the following section I summarize how my research advances the study of CFTR PQC. 

I also elaborate upon the number of possible directions in which one could pursue this project, as 

there are still many pertinent questions about CFTR biogenesis that remain unanswered at this 

point, yet could be elucidated using the assays I have developed. 

3.1 SIGNIFICANCE OF THIS STUDY 

Previous studies of CFTR PQC have extensively utilized human tissue culture models to 

facilitate the identification of major quality control components that drive CFTR degradation. 

Several studies have recapitulated CFTR ubiquitination in vitro (Nakasone et al., 2017; 

Okiyoneda et al., 2010; Sato et al., 1998), though none had previously sought to specifically 

reconstitute ER PQC using a defined combination of enzymes required for the ubiquitination of a 

specific substrate. To this end, I established such an assay in order to compare ubiquitination 

between a set of disease-causing CFTR variants in a way that had never been tested previously. I 

also established a separate in vitro ubiquitination assay to more closely examine the activity of 

CHIP, an E3 ubiquitin ligase known to be involved in the ubiquitination and degradation of 

CFTR variants. 
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3.1.1 Major Conclusions 

Class II CFTR variants contain mutations that impede the maturation of these channels 

beyond the ER (Veit et al., 2016). Variants belonging to this class purportedly misfold and are 

prematurely targeted for degradation by the ubiquitin proteasome system similar to the 

quintessential class II variant, F508del CFTR (Cheng et al., 1990; Qu et al., 1997; Ward et al., 

1995). However, data directly comparing the susceptibility of each disease-causing variant to E3 

ubiquitin ligases, key components of pro-degradative PQC machinery, remain surprisingly 

limited. Thus, I developed a pair of in vitro ubiquitination assays in order to better study the 

activity of these enzymes. 

To conduct the first of these two assays, I over-expressed and enriched for human 

ubiquitination enzymes and model substrates required to reconstitute the activity of the cytosolic 

E3 ubiquitin ligase CHIP, which binds the Hsc70 molecular chaperones and contributes to 

ubiquitination of CFTR at both the ER and the cell periphery (Meacham et al., 2001; Okiyoneda 

et al., 2010; Younger et al., 2006; Younger et al., 2004). This minimal assay provided an ideal 

tool with which I could examine CHIP function. First, I used this assay to validate an in silico 

model for CHIP folding and activation, determining that the extreme C-terminus of CHIP is 

required for efficient enzymatic activation (see Appendix A) (Ye et al., 2017). I subsequently 

used the assay to verify the efficacy of putative CHIP inhibitors predicted by a novel drug 

discovery pipeline (see Appendix B) (Pabon et al., 2018). I separately shared this assay with 

collaborators to test if a post-translational modification would directly inhibit CHIP (see 

Appendix C) (Zaman et al., 2019). I then used this assay to investigate whether or not CHIP and 

upstream E1 and E2 enzymes could function with synthetically derived ubiquitin variants that 

contained unnatural properties. Indeed, CHIP in vitro ubiquitination provided a proof-of-
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principle that some of these semi-synthetic peptides exhibited wild-type function (see Appendix 

D) (Werner et al., 2019). 

To directly test the activity of E3 ubiquitin ligases upon misfolding, disease-causing 

CFTR variants in the second of my two assays, I prepared ER-enriched microsomes from 

HEK293 cell cultures transiently expressing variants of CFTR and combined the microsomes in 

vitro with isolated ubiquitination enzymes. After much optimization, I succeeded in developing 

an assay that reproducibly captured subtle differences in the degree to which a set of CFTR 

variants are ubiquitinated by endogenous E3 ubiquitin ligases. I concluded that F508del CFTR is 

ubiquitinated almost two and a half-fold greater than wild-type CFTR, while most other variants 

tested—P67L, G85E, E92K, W1282X, and N1303K—were ubiquitinated to intermediate 

degrees. Addition of CHIP to microsomal in vitro reactions enhanced ubiquitination of all 

variants to a similar, modest degree. In preliminary assays with enriched, solubilized wild-type 

CFTR, addition of CHIP stimulated ubiquitination to a similar degree as in the microsome-based 

assay, suggesting that the modest effect of CHIP on the ubiquitination of microsomal CFTR was 

not artifactual. 

3.1.2 Limitations of this Study 

While the in vitro ubiquitination assays I have described here offer new ways in which to 

examine the role of ubiquitination machinery in PQC, these assays have limitations and their 

results may rely on certain assumptions. In some cases the limitations of these assays may 

substantially affect the conclusions one can reasonably draw from the data. 

First, regarding my CHIP in vitro ubiquitination assay (see section 2.3.1), it is essential to 

appreciate that while this assay can be used to tease apart the activity of CHIP under a wide 
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variety of conditions, it is designed to do so with only the minimum number of required 

components. While such a minimal design contributes greatly to the reproducibility and 

portability of this assay, by definition it also means that the assay fails to capture the true breadth 

of CHIP activity in vivo. Namely, CHIP rarely acts upon substrate proteins alone, but rather as 

part of broad, dynamic protein quality control complexes. Indeed, association of CHIP with 

chaperones, co-chaperones, either of two distinct E2 ubiquitin conjugating enzymes (UbcH5 and 

Ubc13-Uev1a), and deubiquitinating enzymes have all been shown to sharply modify its activity 

(Alberti et al., 2004; Demand et al., 2001; Murata et al., 2001; Narayan et al., 2015; Scaglione et 

al., 2011; Windheim et al., 2008; Younger et al., 2004; Zhang et al., 2005). These associations 

can either enhance or suppress activity of CHIP, adjust its substrate specificity, or change the 

type(s) of ubiquitin linkages that it appends to substrates. 

Additionally, CHIP activity that is recapitulated by this assay could differ substantially 

from its endogenous activity as the model substrates I have used reflect only a narrow subset of 

its full substrate range. GST-Hsc70395-646 and GST-AT-3 JD are both derived from endogenous 

substrates of CHIP, yet each of these substrates reflects a properly folded, cytosolic substrate. 

CHIP is intimately involved in the ubiquitination and turnover of active, properly folded 

molecular chaperones, such as Hsp/c70 (Kundrat and Regan, 2010; Qian et al., 2006), as well as 

the activation of AT-3 through chaperone-independent monoubiquitination (Scaglione et al., 

2011). Alternate substrates, such as heat denatured luciferase, could perhaps be used to further 

model ubiquitination of misfolded CHIP substrates that require molecular chaperones for 

recognition (Murata et al., 2001). Even so, none of these substrates are likely to accurately 

recapitulate CHIP ubiquitination of membrane-inserted substrates, like CFTR. Thus, the study of 

substrates such as these is better suited to microsomal in vitro ubiquitination reactions. 
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Another limitation, especially when this assay is used to test the efficacy of putative 

CHIP inhibitors (see Appendices B-C) is that CHIP-dependent in vitro ubiquitination reactions 

rely on the addition of other enzymes, besides CHIP. Conceivably, an inhibitory compound 

could yield a false positive by interfering with the function of added E1 and/or E2 enzymes, 

rather than CHIP. Simply testing an alternate substrate would be insufficient to verify the 

specificity of such a compound, as these enzymes act upstream of CHIP. Therefore, when the 

assay is used in this way, it is imperative that additional experiments are used to corroborate any 

observed inhibitory effects. In the absence of compelling in silico data for the docking of these 

compounds to CHIP, one could assay if the compounds more robustly interfere with 

ubiquitination in vitro when pre-incubated with E1 and E2 enzymes than when pre-incubated 

with CHIP and substrate. Additionally, one could explore if an inhibitor of particular interest also 

interferes with ubiquitination of CHIP when combined with Ubc13-Uev1a and a client substrate 

instead of when it is combined with UbcH5. This assay would help determine if a compound 

specifically inhibits the activity of one of the two known E2/CHIP pairs (Windheim et al., 2008; 

Zhang et al., 2005). 

With regard to the microsomal CFTR in vitro ubiquitination assay (see sections 2.3.2 and 

2.3.3), one must be aware that this assay also has particular limitations, some of which affect 

how its results are interpreted. First and foremost, a key limitation of this assay is that CFTR-

containing microsomes from HEK293 cell culture are “ER-enriched”, which means that nuclei, a 

major contaminant of ER membranes, have been removed. In addition to ER membranes, these 

microsome preparations also likely contain membranes from the Golgi, endosomal network, and 

plasma membrane. Indeed, the presence of a maturely glycosylated species in my assays with 

select CFTR variants (Figures 14-15) confirms the presence of CFTR in post-ER membranes 
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(Chang et al., 1994; Cheng et al., 1990). The distribution of these CFTR variants between 

different organelles remains utterly unknown, as does the extent to which CFTR localized to 

these organelles is ubiquitinated in vitro. In principle, this could be addressed in part by first 

enriching for plasma membrane CFTR by performing a cycloheximide chase, such that any 

isolated CFTR would predominantly have exited the ER (Okiyoneda et al., 2010; Sharma et al., 

2004) (also see section 3.2 below). 

Furthermore, microsomal in vitro ubiquitination is limited because it is not comprised of 

defined components in the same way as the CHIP in vitro ubiquitination assay is. As noted 

previously (Figure 8), microsomal CFTR is readily ubiquitinated in vitro due to the plethora of 

endogenous PQC components present in and on microsomal membranes, including numerous 

molecular chaperones, co-chaperones, and E3 ubiquitin ligases that drive targeting of CFTR for 

ERAD (see section 1.2.2) (Estabrooks and Brodsky, 2020). As a result, it is difficult to 

disentangle the contribution made by any single quality control component from that of all the 

others. Determining the role that individual factors play in the ERAD of CFTR via this assay is 

only further exacerbated by the fact that microsome preparations do not exclusively contain ER-

derived microsomes. As I have illustrated, knocking down an endogenous PQC component does 

not reliably accentuate the effect observed by adding the same purified component to reactions 

(Figure 15). In the case of CHIP, while knocking down other ER-localized E3 ubiquitin ligases 

(RMA1, RNF185, gp78) might clarify any selectivity that CHIP exhibits towards particular 

misfolded, disease-causing CFTR variants, this analysis would be surely confounded by a slew 

of compensatory cellular effects that would occur prior to microsome preparation, potentially 

shifting the interactomes for variants away from those that actually occur in cystic fibrosis 

patients. 
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In spite of these challenges, I have used this assay to detect differences in the 

susceptibility of a subset of disease-causing CFTR variants to ubiquitination by PQC factors 

(Figure 14A,B). While the aforementioned endogenous E3 ubiquitin ligases (in addition to 

endogenous CHIP) ubiquitinated each variant, producing copious high molecular weight 

ubiquitinated species (>250 kDa), the addition of purified CHIP only modestly enhanced 

ubiquitination of CFTR to relatively low molecular weight species (<200 kDa). Although it is 

tempting to conclude that the ubiquitin added by purified CHIP must be of limited functional 

consequence, this assay is not geared to determine the functional significance of polyubiquitin 

attached to CFTR, only to detect its relative presence; i.e., proteasome-dependent degradation 

has not been measured in this assay. As noted previously, ubiquitin chains are remarkably 

heterogeneous, with branched and mixed linkage chains being more common than once thought 

(Leto et al., 2019). While certain non-branching, monotypic linkages are canonically associated 

with particular proteolytic outcomes (Komander and Rape, 2012), the full scope of functions 

associated with various types of ubiquitin chains remains unknown. 

3.2 FUTURE DIRECTIONS 

As mentioned at the conclusion of section 2.4, there are ample possibilities for the ways 

in which these assays could be used further. I briefly describe potential future directions in the 

following section. 
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3.2.1 Short Term 

First and foremost, the effect of ATP upon in vitro ubiquitination reactions with enriched, 

solubilized wild-type CFTR was perplexing yet repeatable (Figure 16A,B). In particular, it is 

unclear why reactions containing both an ATP regenerating system and soluble wild-type CFTR 

(which is stored in a buffer containing magnesium-ATP) would support substantially less 

ubiquitination than reactions without an ATP regenerating system (compare lanes 4 and 5). I will 

therefore repeat these assays, but first pretreat CFTR with apyrase to hydrolyze the ATP in the 

supplied buffer. Assuming depletion of ATP does not cause CFTR to become insoluble, I 

hypothesize that reactions lacking an ATP regenerating system will be inactive. Although 

reactions without additional purified Hsp70 are still likely to ubiquitinate CFTR due to the 

probable co-enrichment of the channel with the molecular chaperone (which could be confirmed 

by western blotting), these data would provide a convincing proof-of-principle that PQC of 

individual CFTR variants could be examined using a defined combination of E1, E2, and E3 

enzymes in a similar manner as my CHIP in vitro ubiquitination assay with model substrates. 

I hypothesized that misfolded, disease-causing CFTR variants would be ubiquitinated in 

my microsomal ubiquitination assay according to the degree to which they could be 

pharmacologically corrected and/or the mutated domain. However, no such relationship was 

observed among the seven variants I assayed. Assaying a broader set of variants might reveal a 

relationship between the extent of ubiquitination and an as-yet unknown property. More pressing 

perhaps is the need to assay a CFTR variant which causes disease, yet is not retained by ER PQC 

like the variants I have tested to date. I would therefore recommend preparing and assaying 

microsomes containing G551D CFTR. Given that this mutation only attenuates nucleotide 

binding of CFTR without impacting its assembly and maturation from the ER (Logan et al., 
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1994; Qu et al., 1997), I would anticipate that in vitro it would be ubiquitinated to the same 

degree as wild-type CFTR, i.e. approximately two and a half-fold less than F508del. This result 

is essential in order to verify that the varying degrees of ubiquitination observed for tested 

variants so far is likely to be physiologically relevant. 

In addition to the overall difference in ubiquitination observed for each variant, it is also 

possible that the kinetics of ubiquitin chain assembly differs between variants. Potentially, more 

catastrophically misfolded variants could be ubiquitinated at a faster rate than mildly misfolded 

variants. If this were true, then the most misfolded variants might be retrotranslocated and 

targeted to proteasomes more aggressively. To test this hypothesis I would conduct a time course 

with wild-type CFTR, F508del CFTR, and one variant that exhibits a more intermediate 

ubiquitination phenotype (e.g. E92K), and conduct assays over the timeframe I used previously 

(Figure 9C). Should F508del be ubiquitinated at the quickest rate, as I hypothesize, I would 

subsequently test the rate at which the remaining CFTR variants within my chosen set are 

ubiquitinated. In addition, the extent of retrotranslocation efficiency could also be assayed (see 

3.2.2 below) (Doonan et al., 2019; Preston et al., 2018). 

3.2.2 Long Term 

Beyond the immediate future, microsomal in vitro ubiquitination of CFTR could be used 

to explore several long-term questions, some of which would require assay retooling. For 

instance, the assay could be used to assess the role of previously untested PQC factors in the 

selection of CFTR variants for degradation. Should these factors be cytosolic, they could be 

expressed and isolated from bacterial culture just as I have done with His-CHIP. Alternatively, 

ER-integral PQC factors could be overexpressed in HEK293 cells prior to microsome 
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preparation, and compared in vitro to reactions with microsomes lacking these factors. This 

strategy might produce a more robust difference in signal between reactions than seen after 

siRNA-mediated knockdown (Figure 15). 

The assay could also be used to examine steps occurring downstream of CFTR 

ubiquitination. While ubiquitination is somewhat labile due to competition between 

deubiquitinating enzymes and E3 ubiquitin ligases (Zhang et al., 2013), only after 

retrotranslocation from the ER-membrane are substrates irreversibly committed to proteasomal 

degradation. Previous assays with yeast-derived microsomes have successfully recapitulated this 

critical step of ERAD, which could be supported by ensuring that the yeast AAA+ ATPase 

Cdc48 was active (Doonan et al., 2019; Guerriero et al., 2017; Preston et al., 2018). By adapting 

these methods to assays with HEK293 cell microsomes, whether by retrotranslocation via Cdc48 

or the human homologue p97, one could test if more extensively ubiquitinated CFTR variants are 

also more readily retrotranslocated. An in vitro ubiquitination/retrotranslocation assay could also 

reveal if there is any functional significance of the modest amount of CHIP-dependent 

ubiquitination I observed (Figure 14A,C), by testing if ubiquitination actually results in a 

quantifiable enhancement in retrotranslocation. 

Perhaps most intriguingly, the microsomal in vitro CFTR ubiquitination assay could be 

used as a tool to determine if pharmacological corrector compounds reduce the ubiquitination of 

CFTR variants. While these compounds are presumed exhibit this activity, and thus reduce 

targeting for ERAD by enhancing folding (Loo et al., 2013; Lopes-Pacheco et al., 2016; Ren et 

al., 2013), data that directly confirm this phenomenon are lacking. One could test this hypothesis 

by preparing microsomes from transiently transfected HEK293 cell cultures expressing select 

CFTR variants treated with corrector compounds, and comparing these in vitro to microsomes 
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prepared without corrector treatment. Should these efforts confirm that correctors indeed reduce 

CFTR ubiquitination, opportunities to use this assay expand even further. For example, due to 

the number of CF patients encoding “orphan” variants like P67L (Sabusap et al., 2016) for whom 

there are too few patients to conduct traditional clinical trials for corrector therapies, the FDA is 

currently considering in vitro data when determining which variants to recommend corrector-

based therapeutics for (Ratner, 2017). Therefore, this assay could provide an additional line of 

evidence which could help match correctors therapies with the patients who need them most.
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APPENDIX A: THE C-TERMINUS OF CHIP IS REQUIRED FOR FOLDING AND 

ENZYME ACTIVATION 

This interdisciplinary project emerged from a collaboration with Dr. Carlos Camacho and 

Zhaofeng Ye at the University of Pittsburgh Department of Computational and Systems Biology. 

Our findings from this project were published in May 2017, appearing as a research article by Ye 

and colleagues in Scientific Reports (Ye et al., 2017). 

A.1 INTRODUCTION 

The lowest energy arrangements for protein multimers are typically symmetric, yet there 

are certain exceptions to this rule. While asymmetric homodimers are exceptionally rare in 

nature, the nuclear import factor Hikeshi and E3 ubiquitin ligase CHIP are two such examples 

(Song et al., 2015; Zhang et al., 2005). While the activities performed by each of these proteins 

has been thoroughly studied, how proteins like these are folded from monomers that are initially 

identical in conformation is far less understood. 

To better understand the unique folding pathways that must occur to yield asymmetric 

homodimers, members of the Camacho Laboratory used full atom molecular dynamics 

simulations (MDS) to explore possible ways in which CHIP dimers could assemble. Previously 

published crystal structures of CHIP show that while zebrafish CHIP lacking its N-terminal TPR 

domains folds into a symmetric homodimer, complete mouse CHIP does not (Xu et al., 2006; 
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Zhang et al., 2005), indicating that the presence of this domain is in some way responsible for the 

asymmetry of CHIP. This asymmetric CHIP is comprised of two distinct “protomers”. While the 

first is characterized by a straight central helix-helix domain and unbound TPR and U-box 

domains, the second is characterized by a bent helix-helix and tightly bound TPR and U-box 

domains. As the structure of CHIP monomers is unknown, the Camacho Laboratory explored 

how dimers could form by simulating assembly with either two “straight” monomers that are 

structurally identical to the first protomer, two “bent” monomers identical to the second 

protomer, or two “chimeric” protomers with the straight helix-helix of the first protomer, but the 

bound TPR and U-box domains of the second (Ye et al., 2017). In each case, the Camacho 

Laboratory also tested whether monomers dimerized by their helix-helix domains first, or by 

their U-box domains. Observing that all assemblies which initially dimerized by U-box domains 

produced sterically impossible conformations of CHIP, our collaborators concluded that 

dimerization must initially occur by helix-helix domains. Furthermore, they observed that only 

the assembly of chimeric monomers produced an asymmetric dimer in which the U-Box and 

TPR domains of one protomer were bound while those of the other were unbound. 

Intriguingly, dimerization of these chimeric monomers forced together a positively 

charged sequence (KRKKR) at the C-terminal base of each monomer’s helix-helix domain. This 

strain appeared to be relieved by “helix breaking” of one half, adopting the conformation of the 

“bent” protomer. Shortly thereafter, the extreme C-terminus of the “straight” protomer appeared 

to separate the U-box and TPR domain of the same protomer like a wedge, exposing the E2 

binding site on the inner face of the U-box, which should render the enzyme active. 

If these simulations accurately reflect actual events that occur during the assembly of 

CHIP dimers, then the C-terminus of CHIP should be required for its activity. To test if this is 
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the case, Dr. Patrick Needham of the Brodsky Laboratory cloned and purified a C-terminally 

truncated variant of human CHIP lacking its final six amino acids (GWVEDY). While this 

variant was substantially less soluble than wild-type CHIP and appeared poorly folded in both 

protease susceptibility assays and thermal unfolding assays, circular dichroism (CD) 

spectroscopy conducted by Dr. Saurav Misra revealed that it generally retained wild-type 

secondary structure (Ye et al., 2017). I therefore sought to test if this C-terminally truncated 

CHIP would ubiquitinate substrates in vitro as well as wild-type CHIP. 

A.2 MATERIALS AND METHODS 

CHIP in vitro ubiquitination assays were conducted as described in section 2.2.5, but with 

certain modifications. Reactions contained either 3 µM wild-type CHIP (CHIP1-303) or 3 µM 

truncated CHIP (CHIP1-297) and 10 µM GST-Hsc70395-646 substrate protein. As initial assays with 

CHIP1-297 predated the purification of His-Ube1 for in vitro use, 125 nM commercially purchased 

GST-Ube1 was used instead (Boston Biochem #E-306), in conjunction with 1 µM UbcH5b 

(Boston Biochem #E2-622). To accommodate the diminished solubility of C-terminally 

truncated CHIP, I conducted these in vitro ubiquitination assays at 20°C for 60 min. (instead of 

37°C for 30 min.). Subsequent experiments with CHIP6A, a variant in which the six C-terminal 

residues are mutated to alanine rather than truncated, were conducted using 75 nM His-Ube1 and 

0.75 µM UbcH5b. These assays were also incubated at 20°C. 
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A.3 RESULTS AND DISCUSSION 

In vitro reactions with both variants of CHIP revealed that while C-terminally truncated 

CHIP retained some activity of wild type, it was severely diminished (Figure 17A). While the 

truncated variant reliably produced small amounts of monoubiquitinated Hsc70395-646 substrate, it 

produced only trace amounts of polyubiquitinated substrate. Moreover, C-terminally truncated 

CHIP also exhibited sharply reduced autoubiquitination compared to wild-type CHIP. Therefore, 

we concluded that these data were consistent with our hypothesis that the extreme C-terminus of 

CHIP is required for its unique mode of enzyme activation. 

Since publication of these data, we have explored further if specific residues with the C-

terminus are required to efficiently separate U-box and TPR domains during assembly/activation, 

or whether any C-terminal sequence is sufficient. Under my direction, undergraduate researcher 

Zexin Li cloned and purified two additional variants of CHIP: CHIP for which alanine is 

substituted for the six C-terminal amino acids (CHIP6A) and CHIP for which only the bulky 

tryptophan and tyrosine residues within this span are substituted with alanine (CHIP2A). Like C-

terminally truncated CHIP, each of these new variants also had poor solubility compared to wild-

type. While too little CHIP2A was purified for use in in vitro ubiquitination assays, sufficient 

quantities of CHIP6A were collected. Similar to C-terminally truncated CHIP, CHIP6A failed to 

substantially ubiquitinate either substrate proteins or itself, indicating that specific C-terminal 

residues are likely required to effectively wedge apart the U-box and TPR domains of CHIP 

(Figure 17B). Future studies concerning the activation of CHIP by its formation of an 

asymmetric homodimer will undoubtedly follow up on determining if ablation of the bulky, 

hydrophobic sides in its C-terminus is sufficient to abrogate activity. It further remains to be seen 
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if other cellular factors are involved in the activation of CHIP dimers, or if other asymmetric 

homodimers exist that assemble in similarly unique ways. 

 

Figure 17. CHIP requires its C-terminus for activity. 

(A) Representative anti-GST (top) and anti-ubiquitin (bottom) western blots depicting Hsc70395-646 substrate 

ubiquitination and total ubiquitination, respectively. Reactions were conducted either without CHIP (-CHIP), with 

full length CHIP but without substrate (-Substrate), without ATP (-ATP), with GST in place of GST-Hsc70395-646 

(GST), with full length CHIP (CHIP1-303), or with C-terminally truncated CHIP (CHIP1-297). Reproduced from Figure 

6E in (Ye et al., 2017) (B) Anti-GST and anti-ubiquitin western blots as in (A) for reactions containing no CHIP, 

CHIP1-303, CHIP1-297, or CHIP in which the six C-terminal residues are mutated to alanine instead of truncated 

(CHIP6A). 

 

A B
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APPENDIX B: CHIP INHIBITION PROVIDES PROOF-OF-PRINCIPLE FOR A 

NOVEL DRUG PREDICTION PIPELINE 

As with the project described in Appendix A, this project also emerged through 

collaboration with the Camacho Laboratory at the University of Pittsburgh Department of 

Computational and Systems Biology, and comprises part of the dissertation research defended by 

graduate student Nicolas Pabon of the Camacho Laboratory. Our findings from this project have 

since been published in December 2018, appearing as a research article by Pabon and colleagues 

in PloS Computational Biology (Pabon et al., 2018). 

B.1 INTRODUCTION 

In silico screening of large chemical libraries is fundamental for the discovery of novel 

therapeutics that modulate protein interaction networks, however divergent approaches toward 

designing these screens has major implications for the quantity and quality of hits they identify. 

Ligand-based strategies, which seek to identify potential protein inhibitors by correlating the 

gene expression changes that occur in cell culture models when a protein target is knocked out 

with those that occur when cultures are treated with a small molecule are frequently used, yet 

face a variety of challenges that limit their usefulness. Most notably, the effects of small 

molecules in cell culture can be cell type specific, leading to both false positives and false 

negatives purely as a result of the cells type(s) considered. Furthermore, the expression profile 
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change observed when one target is knocked out is frequently similar to that observed when 

another target belonging to the same pathway is knocked out, leading to ambiguity over which of 

the two proteins a candidate inhibitor actually targets. Ligand-based strategies are also 

technically demanding, requiring a great deal of time and effort to rigorously collect the data sets 

upon which a screen can be designed. Alternatively, a structure-based strategy can be used by 

simulating the strength with which small molecules dock to potentially inhibitory sites in a target 

protein. While this approach excels at rapidly identifying novel drug-target interactions, it is 

severely limited by the amount of structural data available about the human proteome. 

While each strategy faces its own advantages and limitations, members of the Camacho 

Laboratory predicted that by combining the two strategies, they would be better equipped to 

identify novel inhibitors than if they used either strategy alone. To test this hypothesis, a drug 

discovery pipeline was sought that initially searched for potential inhibitors of target proteins 

using publicly available data from the NIH Library of Integrated Cellular Signatures (LINCS) 

project, which contains gene expression profiles for over 20,000 small molecules and 

knockdown experiments (Subramanian et al., 2017). The Camacho group then filtered out false 

positives identified by this initial ligand-based screen by conducting a structure-based screen 

with the highest scoring hits in order to identify the subset of compounds that likely forms bona 

fide interactions with the target protein.  

To test the pipeline, our collaborators screened for inhibitors of several disease-relevant 

proteins, including CHIP. While there are potentially multiple ways in which a small molecule 

might inhibit the activity of CHIP (see Appendix A), we specifically sought to find compounds 

that inhibited CHIP by binding to its N-terminal TPR domain. Of the output compounds 

suggested by the pipeline, we selected seven for further testing which varied widely by their 
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genetic rank, though not remarkably by their docking rank. I termed these compounds CI-2.1 

through CI-2.7, where CI-2.1 held the highest genetic ranking. Fluorescence polarization (FP) 

assays conducted by Victoria Assimon and Dr. Jason Gestwicki at the University of California 

San Francisco showed that, indeed, CI-2.1 and CI-2.2 most effectively disrupted binding 

between CHIP and a peptide derived from the C-terminus of Hsp70, albeit at concentrations 

greater than 100 µM, while lower ranking compounds less effectively disrupted this interaction, 

if at all (Pabon et al., 2018). To further validate this drug discovery pipeline, I tested if these 

compounds would also prevent ubiquitination by CHIP in vitro. 

B.2 MATERIALS AND METHODS 

CHIP in vitro ubiquitination assays were generally conducted as described in section 

2.2.5, but with modification to accommodate the addition of putative small molecule inhibitors 

of CHIP. Putative inhibitors were commercially purchased, dissolved in DMSO to create 10 mM 

stocks, aliquoted, and stored at -20°C until needed. In vitro ubiquitination assays with putative 

inhibitors were set up by incubating CHIP, compounds, additional DMSO, and additional buffer 

(50 mM HEPES, 50 mM NaCl pH 7.5) together on ice. After 20 min, substrate proteins were 

dispensed to reaction tubes (either GST-Hsc70395-646 or GST-AT3 JD), followed by 

E1/E2/Ubiquitin/ATP master mix pre-incubated as described. Final reactions contained 125 nM 

His-Ube1, 1 µM UbcH5b, 200 µM ubiquitin, 3 µM CHIP, and 10 µM substrate protein. All 

reactions contained 5% DMSO, whether inhibitory compounds were added or not. Active 

reactions were incubated for 15 min at 37°C, before quenching by addition with 2X SDS Stop 

Buffer. 



 115 

B.3 RESULTS AND DISCUSSION 

LINCS compounds CI-2.1—CI-2.7 were initially tested in the presence of CHIP and 

Hsc70395-646, up to 500 µM. In line with the data provided by FP assays, compounds CI-2.1 and 

CI-2.2 exhibited the most inhibitory effects, partially inhibiting CHIP at 300 µM while 

completely inhibiting its activity at 500 µM, while DMSO alone had no effect upon 

ubiquitination (Figure 18A,B). These concentrations at which CI-2.1 and CI-2.2 disrupted 

ubiquitination by CHIP are in line with those at which disruption of CHIP binding to Hsp70 

peptide was observed by FP. In contrast, CI-2.6 and CI-2.7, which had no discernable effect 

upon FP, did not affect CHIP ubiquitiation at any concentration tested. Additionally, compound 

CI-2.3, which had a more intermediate effect by FP, also did not inhibit CHIP (Figure 18B). 

To test the possibility that the effects observed with CI-2.1 and CI-2.2 were specific to 

reactions containing the Hsc70395-646 substrate, I subsequently tested these compounds and one 

ineffective compound, CI-2.7, in vitro with an alternate substrate, a GST-tagged Josephin 

Domain of ataxin-3 (GST-AT3 JD). Unlike Hsc70 and Hsp70, which interact with the TPR 

domain of CHIP through their C-termini, ataxin-3 is a “non-canonical” substrate of CHIP which 

interacts independently of the CHIP TPR domain. Functionally, ataxin-3 is a deubiquitinating 

enzyme which must be mono-ubiquitinated by CHIP in order to be activated (Todi et al., 2010; 

Todi et al., 2009). Ataxin-3 in turn regulates the length of polyubiquitin chains CHIP attaches to 

itself and its substrates (Scaglione et al., 2011). Similar to reactions containing GST-Hsc70395-646, 

GST-AT3 JD was monoubiquitinated in reactions containing either DMSO or CI-2.7, but not in 

the presence of 300 µM or more of CI-2.1 or CI-2.2 (Figure 18C). Therefore, I concluded that 

the effect of these compounds upon CHIP is not specific to whether is assayed with a canonical 

or non-canonical substrate. 
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Figure 18. CHIP activity is inhibited by small molecular inhibitors. 

(A) Representative anti-ubiquitin western blots depicting GST-Hsc70395-646 substrate ubiquitination and CHIP 

autoubiquitination upon treatment with the indicated compounds at the denoted concentrations. Reactions were 

treated either with DMSO but without ATP (-ATP), with DMSO and ATP (DMSO), or with ATP and CI-2.1—CI-

2.7. Reproduced from Figure S5 in (Pabon et al., 2018). (B) Quantitation of ubiquitination in (A). Error bars indicate 

standard error of the mean (SEM). 2.1, 2.2: N=4; all other compounds: n=2. Reproduced from Figure 5D in (Pabon 

et al., 2018). (C) Representative anti-GST western blots depicting GST-AT3 JD substrate ubiquitination. Reactions 

were conducted as in (A), but with GST-AT3 JD in place of GST-Hsc70395-646 substrate. Reproduced from Figure S6 

in (Pabon et al., 2018). 

 

It is curious, however, that addition of these small molecules, which were screened for 

binding to the TPR domain of CHIP, would interfere with either the auto-ubiquitination of CHIP 

observed by anti-ubiquitin western blotting (Figure 18A) or with the ubiquitination of a non-

canonical substrate (Figure 18C), as neither of these functions would seemingly require the TPR 

domain. It is possible that binding of a small molecular inhibitor to the TPR domain could 

A 

B 

C 
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suppress the activity of CHIP even in these scenarios, as deletion of the TPR domain has been 

shown to partially, though not completely, reduce the activity of CHIP, implying that that the 

enzyme may exhibit a certain degree of allostery (Windheim et al., 2008). Similarly, binding 

between the TPR domain of CHIP and Hsp70 has been shown to reduce CHIP autoubiquitination 

in the presence of certain substrates (Narayan et al., 2015). Alternatively, it is possible that 

although these compounds were screened for docking to the CHIP TPR domain, they may bind 

with similar affinity to additional sites on CHIP dimers, thus reducing these activities. While CI-

2.1 and CI-2.2 inhibit ubiquitination only at biologically unattainable concentrations, validation 

of these compounds as bona fide CHIP inhibitors provides support that this hybrid pipeline can 

identify novel inhibitors for target proteins from publicly available data. While neither of these 

compounds are amenable to further medicinal chemistry (CI-2.1 is the pH indicator 

phenolphthalein, while CI-2.2 is a putative Hsp90 inhibitor, CCT018159), further tuning of this 

pipeline could improve its ability to detect strongly binding small molecular inhibitors. Moving 

forward, this pipeline (or a later iteration) could be used to identify inhibitors that target other 

and perhaps more unique pockets of CHIP where a conformational change is required for the 

protein to function (see Appendix A).  
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APPENDIX C: S-NITROSYLATION INHIBITS CHIP FUNCTION 

The project described in this appendix emerged from a collaboration between our 

laboratory and that of Dr. Khalequz Zaman at Case Western Reserve University, and was 

published in December 2019, appearing as a research article by Zaman and colleagues in the 

American Journal of Respiratory Cell and Molecular Biology (Zaman et al., 2019). 

C.1 INTRODUCTION 

In human bronchial epithelia, CHIP could potentially be inhibited to support CFTR 

trafficking and function in one of several ways, particularly if a folding corrector was also 

present. One way in which CHIP could be inhibited is by treatment with a small molecule 

inhibitor which specifically binds to CHIP and interferes with its ability to attach ubiquitin 

chains onto CFTR, as outlined in Appendix B. Alternately, CHIP could be targeted by a post-

translational modification that reduces its activity. Similar to a small molecule inhibitor, such a 

modification could sterically impede binding of CHIP to molecular chaperones, such as Hsc70, 

which are required by CHIP to ubiquitinate CFTR (Meacham et al., 2001). However, unlike a 

small molecule inhibitor, an inhibitory post-translational modification would be covalently 

attached to CHIP, potentially extending its dwell time on CHIP. Such a therapy might be better 

tolerated by patients, with a diminished risk of deleterious off-target effects.  
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S-nitrosothiols (SNOs) are a class of signaling molecule capable of transferring one such 

potential post-translational modification onto target proteins. SNOs had been previously shown 

to improve the maturation and function of both wild-type and F508del CFTR (Andersson et al., 

2002; Howard et al., 2003; Servetnyk et al., 2006; Zaman et al., 2001). Members of the Zaman 

Laboratory at Case Western Reserve University also found that CFTR biogenesis is improved by 

S-nitrosylation of cysteine sidechains on a variety of CFTR PQC components, including Hsc70, 

Hsp70, HOP, and Csp (Marozkina et al., 2010a; Zaman et al., 2006). As CHIP is also a known 

pro-degradative component of CFTR PQC and contains eight cysteines (Ballinger et al., 1999), 

the Zaman Laboratory predicted that it too could be S-nitrosylated, thus improving CFTR 

function. To test this hypothesis, they examined how treatment with S-nitrosoglutathione 

(GSNO) affected levels of CHIP and CFTR in CFBE cell culture. They demonstrated that GSNO 

reduced CHIP levels while increasing CFTR levels. They also predicted that GSNO would 

inhibit CHIP activity in vitro. To that end, I collaborated with the Zaman Laboratory and guided 

them in the use of the CHIP in vitro ubiquitination assay I had previously developed. 

C.2 MATERIALS AND METHODS 

His-Ube1, His-CHIP, and GST-Hsc70395-646 substrate for CHIP in vitro ubiquitination 

assays were prepared as described (see sections 2.2.1, 2.2.2, and 2.2.4) and shipped to the Zaman 

Laboratory on dry ice along with 10X ATP Buffer, purchased UbcH5b (Boston Biochem #E2-

622), and purchased ubiquitin (Boston Biochem #U-100H). Members of the Zaman Laboratory 

were instructed remotely in the use of these reagents to conduct CHIP in vitro ubiquitination 

assays (see section 2.2.5), with additional insight regarding how to conduct these assays in the 
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presence of putative inhibitors (see Appendix B). All CHIP in vitro ubiquitination assays 

conducted as part of this project were performed by members of the Zaman Laboratory. 

C.3 RESULTS AND DISCUSSION 

As predicted based on the initial observations in cell culture, addition of low micromolar 

GSNO to CHIP in vitro ubiquitination assays elicited a dose-dependent reduction in the degree 

of polyubiquitination observed (Figure 19). Additional nitric oxide analysis performed by the 

Zaman Laboratory indicated that incubating purified CHIP in the presence of either 5 µM or 10 

µM GSNO for 4 hr resulted in a quantifiable increase in the attachment of NO to cysteines of 

CHIP (Zaman et al., 2019). We therefore concluded that the observed inhibition of CHIP activity 

is a direct result of its post-translational modification by GSNO. 

How SNOs such as GSNO could be used to inhibit CHIP in CF patient tissues remains to 

be seen. Of note, these compounds were observed to be well tolerated (Snyder et al., 2002). As 

GSNO is depleted in patient tissues, it could have merit as a replacement therapy for respiratory 

function, similar to the way in which pancreatic enzymes are currently used to support digestive 

function in CF patients. Even so, it remains unclear just how much GSNO would be needed to 

sufficiently inhibit CHIP in vivo without broadly disturbing proteostasis, especially as key 

enzymes in the ubiquitination pathway also require solvent exposed cysteine residues to 

function. Further efforts to characterize SNOs will surely focus on better understanding the wide-

ranging effects that these compounds have in order to better balance the potential benefits that 

these compounds could provide with any potential long-term risks. 
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Figure 19. CHIP activity is inhibited by S-nitrosylation. 

Anti-ubiquitin western blot indicating loss of CHIP activity with increasing concentrations of GSNO. Assays were 

conducted by the Zaman Laboratory at Case Western Reserve University with supplied reagents and methods either 

in the absence of ATP (-ATP), with ATP but in the absence of GSNO, or with both ATP and GSNO. Figure 

reproduced from Figure 5 in (Zaman et al., 2019). 
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APPENDIX D: CHIP FUNCTIONS WITH PARTIALLY UNNATURAL UBIQUITIN 

VARIANTS 

This interdisciplinary project emerged out of a collaboration with Dr. Seth Horne and 

graduate student Halina Werner at the University of Pittsburgh Department of Chemistry. This 

project has since been completed and its findings published in September 2019, appearing as a 

research article by Werner and colleagues in ChemBioChem (Werner et al., 2019). 

D.1 INTRODUCTION 

One fundamental application of chemistry lies in the formulation and utilization of 

biologically active compounds that do not occur naturally. By their design, these synthetic 

compounds can either refine the properties of closely related natural products, such that they are 

better suited to their desired use, or confer altogether new activities, foreign to their intended 

biological setting. Early development of synthetic bioactive molecules focused almost 

exclusively upon their promising potential as antimicrobial agents, leading to the discovery of 

numerous medically valuable compounds, such as those containing sulfonamide functional 

groups (i.e. “sulfa drugs”) in the early 1930s. Ongoing interest led to the development of 

synthetic antibiotics and chemotherapeutics, which are designed to be either more effective, less 

toxic, less prone to resistance, or more cost-effective to mass produce than their natural 

counterparts (e.g. docetaxel and paclitaxel). 
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Yet small molecules such as these are typically restricted to just a narrow range of 

functions. While small molecule approaches have revolutionized treatment for many diseases 

(including cystic fibrosis, see section 1.3), alternate classes of compounds might better address 

certain conditions, such as those requiring the replacement of insufficient functions, or the 

addition of new ones. Among the most promising of these classes are peptide-based therapeutics. 

Indeed, to date over 250 distinct peptide therapies have received FDA approval for clinical use 

(http://crdd.osdd.net/raghava/thpdb/) (Usmani et al., 2017). Unlike small molecules, peptides are 

generally well tolerated and can encompass a myriad of functions. A single peptide can also 

combine activities in ways that would be challenging if not impossible for a small molecule to 

comprise, such as the ability to bind a target protein while also carrying an enzymatic function. 

Unfortunately, peptide-based therapies face many of their own challenges. Proteins and short 

peptides typically have poor circulatory half-lives, largely owing to their susceptibility to 

proteolysis. Polypeptides are also acutely sensitive to their surrounding environment and risk 

unfolding and becoming inactive outside of a specific temperature and pH range. Moreover, 

peptides can also elicit an immune response. 

Just as synthetic features have improved the performance of small molecule therapeutics, 

so too could these improve the therapeutic benefit of peptides. By incorporating unnatural amino 

acids, a polypeptide could be redesigned to be less susceptible to proteolysis, to fold more stably, 

and/or to better evade the immune system. Perhaps most intriguingly, unnatural amino acids 

might even be used to bestow novel functions, never before captured by configurations of the 20 

proteinogenic amino acids. For all these possibilities, the design principles upon which to create 

such semi-synthetic peptides remain poorly understood. Most critically, the extent to which a 

protein could be modified with unnatural residues while retaining its native activity and tertiary 

http://crdd.osdd.net/raghava/thpdb/
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structure is unclear. Our ability to test this question is exacerbated by difficulty in synthesizing 

functionally complex, partially synthetic peptides, as standard solid phase peptide synthesis is 

generally limited to polypeptides that are no more than ~50 residues in length. In spite of this 

challenge, members of the Horne Laboratory predicted that through native chemical ligation 

(NCL), two fragments of a protein could be synthesized separately and then modularly 

reattached to reconstitute the complete, active protein. To test this possibility, the Horne 

Laboratory sought to synthesize human ubiquitin, a 76 amino acid protein with varied and 

complex cellular functions, including its recognition and transferal between components of 

ubiquitination machinery, as described in section 1.2.2. As I have reconstituted these activities in 

vitro, I assayed ubiquitin derivatives prepared by the Horne Laboratory with varying degrees of 

synthetic content to determine if the variants could mimic the function of wild-type human 

ubiquitin. 

D.2 MATERIALS AND METHODS 

Leveraging their prior experience in designing stably folding polypeptides with unnatural 

backbone characteristics (“foldamers”) (George and Horne, 2018), the Horne Laboratory 

conceptualized and synthesized a series of ubiquitin foldamers with variable synthetic content. 

Each foldamer contained an N-terminal and C-terminal fragment (Ub1-27 and Ub28-76, 

respectively), which were independently synthesized and fused together by NCL. For each 

fragment, three different forms were designed: an unmodified, a “conservatively” modified, and 

an “ambitiously” modified form, characterized by increasing degrees of synthetic content. In this 

way, nine distinct ubiquitin foldamers were assembled by combining the fragments (Figure 
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20A). In eight of these foldamers, certain wild-type, L-α-residues were substituted with non-

proteinogenic residues that primarily alter the protein backbone but in some cases also modify 

sidechains. These substitute residues included D-α-residues, N-Me-α-residues, β3-residues, a Cα-

Me-α-residue (α-aminoisobutyric acid; Aib), and a γcyc-residue (cis-3-

aminocyclohexylcarboxylic acid; ACC) (Figure 20B). Only the foldamer containing an 

unmodified N-terminal fragment and an unmodified C-terminal fragment was free of synthetic 

content, save for the substitution of norleucine for methionine at Ub1 (Figure 20C). 

After circular dichroism (CD) spectroscopy confirmed that several semi-synthetic 

foldamers retained wild-type-like spectra (Werner et al., 2019), I tested if these foldamers would 

function with purified enzymes required for ubiquitination in vitro. These assays were generally 

conducted as described in section 2.2.5, though with minor modifications. First, many foldamers 

exhibited reduced aqueous solubility, limiting the concentration of stocks that could be prepared. 

Therefore, I added only 140 µM of each ubiquitin foldamer to in vitro assays with CHIP (instead 

of 200 µM; a 30% reduction). Second, as reactions with semi-synthetic ubiquitin foldamers 

might also proceed at a slower rate than reactions with wild-type ubiquitin (due to a diminished 

propensity of these foldamers to be recognized by ubiquitination enzymes as suitable substrates), 

I incubated reactions at 37°C for 60 min (rather than 30 min). Follow-up reactions with ubiquitin 

in which lysines 48 and/or 63 were mutated to arginine were conducted under these same 

conditions. Purified K48R, K63R, and K48R/K63R ubiquitin proteins were graciously provided 

by Dr. Philip Cole of Harvard Medical School. 
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Figure 20. Design of semi-synthetic ubiquitin foldamers. 

(A) Ubiquitin foldamers were synthesized via NCL by combining three versions of N-terminal ubiquitin fragments 

(Ub1-27) with three versions of C-terminal ubiquitin fragments (Ub28-76), resulting in nine distinct foldamers. (B) 

Representative structures of all non-proteinogenic amino acids used to synthesize partially synthetic ubiquitin 

foldamers. (C) Amino acid sequences of semi-synthetic ubiquitin foldamers. Bold characters indicate substituted 

residues; shading indicates substituted residue type based on color coding shown in (B). B=norleucine; U=Aib; 

J=ACC. Figure adapted from Figure 1 in (Werner et al., 2019). 

 

A 

B 

C 



 127 

D.3 RESULTS AND DISCUSSION 

CHIP in vitro ubiquitination assays revealed that four of these nine semi-synthetic 

foldamers retain various degrees of activity when compared to wild-type ubiquitin (Figure 

21A,B). Importantly, in reactions with foldamer 1, which contains no synthetic residues beyond 

the substitution of norleucine at Ub1, GST-Hsc70395-646 becomes polyubiquitinated nearly 

identically as when recombinant wild-type ubiquitin is used. This result signifies that ubiquitin 

moieties created by NCL can be successfully appended to E1 ubiquitin activating enzymes and 

then passed to E2 ubiquitin conjugating enzymes en route to substrates. Foldamer 2, which 

contains a conservatively modified N-terminus but unmodified C-terminus, could also 

polyubiquitinate substrates, although to a lesser degree. Foldamers 3 and 4, which contain 

conservatively modified C-termini fused to either an unmodified or a conservatively modified N-

terminus, respectively, could also ubiquitinate substrates. However, the absence of 

polyubiquitinated substrates in reactions with these foldamers suggests that while these variants 

can successfully be appended onto substrates, they lack functional lysine sidechains to be 

efficiently appended onto a growing polyubiquitin chain. All remaining foldamers (5-9), which 

contain ambitiously modified N-termini and/or C-termini, failed to catalyze ubiquitination in 

vitro. While foldamer 9 partially appears as a high molecular weight species after incubation 

with CHIP, these likely reflect aggregated protein that could not be resolved by SDS-PAGE, as 

this foldamer rapidly precipitated when added to reactions. 

As foldamers 3 and 4 differed from foldamer 2 by the substitution of K63 with Aib, I 

further explored whether removal of this lysine was responsible for the inability of these 

foldamers to polyubiquitinate substrates by conducting CHIP in vitro ubiquitination reactions 

with ubiquitin in which K48 and/or K63 were mutated to arginine. To my surprise, even in the 
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absence of both lysines, polyubiquitin was readily added to substrates by CHIP (Figure 21C). 

Therefore, the inability of foldamers 3 and 4 to polyubiquitinate substrates is more likely to be 

due to changes in the overall fold of these variants rather than the removal of any particular 

lysine required by CHIP for activity. 

 

Figure 21. Ubiquitination by semi-synthetic ubiquitin foldamers in vitro. 

(A) Representative anti-GST western blot depicting CHIP in vitro ubiquitination of GST-Hsc70395-646 substrates by 

semi-synthetic ubiquitin foldamers. Reactions contained either wild-type human ubiquitin (WT) or a semi-synthetic 

foldamer (1-9) as indicated. Control reactions conducted without ATP (-ATP) contained wild-type ubiquitin. Figure 

reproduced from Figure 3 in (Werner et al., 2019). (B) Quantification of substrate ubiquitination observed with 

active ubiquitin. Error bars indicate standard error of the mean (n=3). (C) Representative anti-GST western blot 

depicting CHIP in vitro ubiquitination of GST-Hsc70395-646 substrates as in (A), but with either wild-type ubiquitin, 

UbK48R, UbK63R, or UbK48R/K63R. Duplicate reactions shown for each ubiquitin variant are technical replicates. 

A 
 

B 
 

C 
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To further explore the functionality of foldamers that exhibited activity with CHIP, Dr. 

Michael Preston, also in the Brodsky Laboratory, sought to determine if misfolded proteins 

ubiquitinated by these semi-synthetic variants could be extracted from ER membranes as if they 

had been ubiquitinated by wild-type ubiquitin during ERAD. Using a previously described in 

vitro ubiquitination assay consisting of 125I-Ub and microsomes from Saccharomyces cerevisiae 

(Nakatsukasa et al., 2008), Dr. Preston observed that, like purified human ubiquitination 

enzymes, endogenous yeast enzymes could successfully attach foldamers 2 and 3 onto a protein 

known as Chimera A*
, a chimeric misfolded protein derived from the yeast pheromone 

transporter, Ste6, albeit less efficiently than foldamer 1 (Werner et al., 2019). Furthermore, these 

ubiquitinated substrates were retrotranslocated from the ER membrane by the AAA-ATPase 

Cdc48 (homologous to human p97), just as an endogenous ERAD substrate would be (see 

section 1.2.2). Taken together, these data indicate that while no foldamer with synthetic content 

matched the activity of wild-type ubiquitin, the inclusion of non-proteinogenic residues does not 

preclude the ability of these foldamers interact with various components of ubiquitination 

machinery and successfully signal for the degradation of a misfolded substrate. While no 

foldamer containing either an ambitiously modified N-terminal or C-terminal fragment 

functioned in vitro, this could have occurred simply due to the inclusion of ACC residues, which 

were unique to these fragments. Future efforts to design functional, semi-synthetic peptides will 

therefore seek to elucidate which non-proteinogenic amino acids are best suited to the design of 

functional peptides, as well as the degree to which these peptides could contain synthetic content 

without disturbing their fold and function. 
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