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SUMMARY

The cell surface density of membrane proteins dictates their corresponding cellular activity. Intracellular
trafficking of membrane proteins is often dictated by distinct signal sequences on the cargo proteins.
These trafficking signals often take the form of short linear amino acid motifs in the cytosolic regions of
membrane proteins. Many diseases, such as cystic fibrosis, arise from defects in cell surface trafficking
of membrane proteins. Therefore, identifying, characterizing, and elucidating the mechanisms of
trafficking signal sequences is important for understanding normal cellular physiology, disease
physiology, and the potential development of therapeutic interventions for diseases that involve
trafficking defects. Still, many membrane proteins are transported throughout the cell without
containing any of the characterized trafficking motifs. More systematic approaches to identifying

trafficking signals would facilitate our understanding of membrane protein trafficking.

In this study we demonstrate potential use of potassium (K*) efflux-deficient yeast for studying
trafficking signals and K* channel functions. The Saccharomyces cerevisiae B31 strain (enal-4A nhalA)
lacking the K* and sodium (Na*) efflux system has previously been reported to show sensitivity to higher
external concentrations of alkali-metal-cation salts when transformed with the mammalian inward
rectifying K* channel Kir2.1. Due to the fact that Kir2.1 activity inversely correlates with B31 growth in
high K* media, we show that that complementation of growth of B31 expressing Kir2.1 on high K* media
represents the trafficking of functional channel to the cell surface and suggest that this can be
developed into systematic screening systems to identify either structural components of channel

function or trafficking components.

We further develop and implement a novel B31 based screening system to identify cis-acting signal
sequences that reduce the surface levels of proteins. We characterized the mechanism of action of

identified hit clones and observe that the screening system was able to enrich from a random peptide

Xiv



SUMMARY (continued)

library several trafficking signal sequences that reduce the surface level of proteins. Furthermore, the
trafficking motifs from the screen functioned via several distinct trafficking pathways including
endocytosis, retrograde transport to the endoplasmic reticulum (ER), and degradation. While many of
the motifs identified in the screening have been previously characterized, motifs potentially functioning
through novel mechanisms were identified. Our newly developed B31 screening system adds a new tool

for systematically studying protein trafficking motifs.

XV



I. BACKGROUND AND SIGNIFICANCE:

Proteins are the workhorses of the cell. The human genome contains around 20,000 protein encoding
genes which encodes an estimated 20,000 to 100,000 unique proteins per cell type (1). Each protein
serves its specific function at its specific site/s of action within the cell. Mutations or other errors that
cause the loss or functional alteration of even one protein type within the cell have the potential to
cause disease (2). Similarly, mutations or other errors that cause the mislocalization of even one protein
type within the cell can also cause disease. Simply put, a protein that is not localized to its correct site of
action will not be able to perform its correct function within the cell, and if that protein serves an
essential function disease will occur as is the case with the most common form of cystic fibrosis (3-6). As
the correct trafficking of proteins throughout the cell is critical for cell function and survival, it is not
surprising that cells have evolved a thorough and complex system of transporting proteins throughout

the cell which is still only partially understood (7).

1.1 Pathways of vesicular membrane trafficking:

The most characterized mechanism of protein transport throughout the cell is vesicular transport (Figure
1). In vesicular protein transport, proteins are loaded into vesicles from one compartment of the cell and
targeted either to another intracellular compartment within the cell, expressed on the plasma
membrane or secreted from the cell. The transport vesicles often contain a protein coat which varies
based on the trafficking pathway. Vesicular protein trafficking can be broadly characterized into two
pathways; the exocytic and endocytic pathways. In the exocytic pathway, newly synthesized proteins are
folded in the ER and are transported outward to the various intracellular compartments, to the plasma
membrane, or in the case of soluble proteins, secreted from the cell. In the endocytic pathway proteins

are brought from the plasma membrane to the various intracellular compartments within the cell (7).
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Figure 1. Vesicular protein trafficking. Overview of protein trafficking through the secretory system,
including organelles, trafficking pathways, and coat proteins.



Both soluble and membrane bound proteins are transported through the cell through vesicular
transport. Our laboratory takes particular interest in the trafficking of membrane bound proteins. The
cell surface density of membrane proteins dictates their corresponding cellular activity (8), and many
diseases, such as cystic fibrosis, arise from defects in cell surface trafficking of membrane proteins (5).
This review aims to provide a background of the systems and mechanisms of vesicular trafficking

focusing on the transport of membrane bound proteins.

1.1.1 The exocytic pathway:

Newly synthesized proteins are folded in the rough ER, where membrane bound proteins are inserted
into the ER membrane and soluble proteins are translocated to the ER lumen (9). Protein folding in the
ER is monitored by the ER quality control (ERQC) which determines whether proteins are correctly
folded. Correctly folded proteins are allowed to exit the ER, whereas proteins incorrectly folded or
assembled are targeted for degradation via ER-associated degradation (ERAD) (10). Proteins which have
passed the ERQC checkpoints exit the ER via recruitment into the COPIl-coated membrane vesicles and

are transported toward the Golgi (9).

In human cells as well as other eukaryotic cells, en route to the Golgi complex, COPIl coated vesicles
pass through the ER-Golgi intermediate compartment (ERGIC) (11). The precise nature of the ERGIC
compartment is still poorly understood, however it appears as if the ERGIC is a sorting compartment
biochemically distinct from both the ER and Golgi in which further sorting of forward trafficking cargo
can occur. Additionally, the ERGIC is enriched in COPI coat proteins and the components of retrograde
trafficking (9). Retrograde trafficking is the reverse trafficking of proteins back toward the ER. It is
necessary that proteins that function by shuttling between the ER and Golgi be retrieved back to the ER.
Additionally, some proteins escape the ERQC and exit the ER as a misfolded or misassembled protein.

Misfolded or misassembled proteins can have a deleterious and even disastrous effect on the cell (6),



therefore the detection and retrieval of escaped misfolded proteins is an important role of the
retrograde trafficking machinery (12). Retrograde trafficking occurs in both the ERGIC and Golgi (9,13).
Proteins are loaded into COPI-coated vesicles and transported back either to earlier compartments or

returned all the way back to the ER (9).

Proteins traveling on the exocytic pathway are trafficked through the Golgi apparatus (11). The Golgi
apparatus is a series of closely packed membrane cisterna with a defined orientation. The Golgi
apparatus functions to sort and further process proteins en route to their final destinations (14). Golgi
resident proteins do not progress through the Golgi but are rather maintained in the Golgi through a
variety of mechanisms, many still uncharacterized (15). Additionally, as with the ERGIC, COPl-mediated
retrograde trafficking occurs within the Golgi returning some proteins to the earlier compartments and
the ER (9). Proteins traveling the exocytic pathway enter the cis-Golgi and proceed through the medial-
Golgi then the trans-Golgi (9). In the Golgi, proteins simultaneously proceed through the cisterna while
being further sorted, and when appropriate, undergo post-translational modifications such as protein
glycosylation and sialylation. These modifications occur in an ordered sequential process (14). Post
Golgi, proteins enter the trans-Golgi network (TGN) where proteins are sorted into distinct carriers and

targeted to their intended destinations, including the plasma membrane, or secreted out (16).

1.1.2 The endocytic pathway:

Membrane bound proteins expressed on the plasma membrane, as well as nutrients and proteins
outside the cell, will inevitably require internalization into the cell. Endocytosis is the process of
internalization into the cell. There is not just a single pathway of endocytosis, but rather many distinct
mechanisms of endocytosis operating with distinct trafficking machinery (17). All endocytic pathways
require a mechanism for cargo selection, vesicle formation, vesicle budding, and vesicle fusion to the

target compartment (18). Clathrin-dependent endocytosis, a system in which cargo is internalized into



the cell in clathrin-coated vesicles, was the first characterized pathway of endocytosis, and is the most
well characterized pathway. However, at least eight other distinct pathways of clathrin-independent
endocytosis have since been discovered (19). Some, pathways, such as caveolin-dependent endocytosis,
have become better characterized in the past few years, however still many of the clathrin-independent

pathways of endocytosis remain poorly understood (18).

Regardless of the endocytic pathway, proteins internalized back into the cell will require further sorting
to determine their fate. This sorting typically occurs in the endosomal compartments, a series of distinct
membrane bound sorting compartments that serves to sort internalized proteins, setting them on a
pathway of either recycling or degradation (20,21). The endosomal network can be broadly divided into
early endosomes (EE), late endosomes (LE), recycling endosomes (RE) and the lysosome. Each
compartment serves a distinct function and contains a distinct population of sorting machinery as well
as varies in its degree of acidification. Endocytosed vesicles typically first fuse with the EE. Proteins in
the EE can be either be directly recycled back to the plasma membrane, transported back to the TGN or
transported to a further endosomal compartment, either the RE or LE. Proteins in the RE are recycled
back to the plasma membrane. Proteins in the LE can be sent back to the TGN or transported to the
lysosome for degradation. Which pathway a particular protein takes is determined by its interactions
with the sorting proteins. Changes in pH between components of the endosome (becoming more acidic
in the later compartments) also play a role in sorting by inducing conformational changes in the proteins

(21).

1.2 Mechanisms of vesicular protein transport

1.2.1 Vesicle formation and budding

As discussed above, proteins are transported throughout the cell in protein coated vesicles. The coat

protein and vesicle composition vary based on the trafficking pathway. Proteins undergoing anterograde



trafficking from the ER towards the Golgi are transported in COPIll-coated vesicles. Proteins undergoing
retrograde trafficking, within the Golgi or between the Golgi, ERGIC, and ER are transported in COPI-
coated vesicles (9). While there are many different mechanisms of endocytosis, in the most well
characterized mechanism, clathrin-dependent endocytosis, proteins are internalized into the cell in

clathrin-coated vesicles (22).

1.2.2 COPII and COPI vesicle formation and budding:

COPIl and COPI are the coat proteins required for anterograde and retrograde trafficking, respectively.
They are large cytosolic multi-subunit complexes that are recruited to membranes by small activated G
proteins (14). Guanine nucleotide exchange factors (GEF) activate the small G proteins to their GTP-
bound form, while their corresponding GTPase activating proteins (GAP) deactivate the small G proteins
to their GDP-bound form. COPII-mediated anterograde trafficking always occurs at the ER exit sites
(ERES). Sarl is the small G protein that recruits COPII to the membrane, and it is activated by the Sec12
GEF. Sar1 recruits the COPIl complex to the membrane in two steps, Sarl directly binds the Sec23/Sec24
subcomplex of COPIl, which in turn recruits the Sec13/31 subcomplex of COPIl. These have been

determined to be the minimal components required for COPIl vesicle formation (9).

COPI vesicle formation can occur in multiple locations within the cell including the ERGIC, cis-Golgi or
within the Golgi cisternae. The ADP ribosylation factor (Arf) family of proteins are the small G proteins
that recruit COPI to the membrane. The specific Arf protein is dictated by the location of vesicle
formation. Similarly, the specific GEF protein that activates the Arf varies based on the location of vesicle
formation. The COPI coat is a heptameric complex composed of seven subunits and is recruited en bloc
to the membrane (9). In both COPII- and COPI-mediated transport, the coat polymerization deforms the

membrane and, after scission, the vesicle begins its transport to its destination membrane. The coat



proteins and corresponding components also play important roles in cargo selection, which will be

discussed further in the next section (9).

1.2.3 Clathrin-coated vesicle formation and budding

Clathrin-mediated endocytosis is the most well characterized pathway of endocytosis. However, at least
eight other distinct pathways of clathrin-independent endocytosis have since been discovered (17).
Excellent reviews of our current understanding of clathrin-independent endocytosis have been written

(18,19). Here, | will give an overview of clathrin-mediated endocytosis.

In clathrin-mediated endocytosis, cargo protein and extracellular fluids are brought into the cell in
clathrin-coated vesicles (19). AP2 is the primary adapter protein crucial to clathrin-mediated
endocytosis. AP2 is recruited to the plasma membrane by direct binding to domains in cargo proteins
(discussed in the next section) as well as by binding to plasma membrane specific phosphatidylinositol-
4,5-bisphosphate. AP2’s interaction with the plasma membrane causes its conformational change,
activating it to recruit and bind the clathrin coat. As the clathrin polymerization occurs the coated pit
begins to invaginate. The invagination is thought to occur both as an effect of polymerization, as well as
mediated by specific proteins known as curvature effectors. Dynamin is a GTPase motor protein that

mediates vesicle scission from the plasma membrane (22).

1.2.4 Vesicle transport, tethering, and fusion to target compartment:

Post budding, all coated vesicles, whether it be COPII, COPI, or clathrin, must travel and fuse to their
correct target membranes. While the trafficking machinery differs for each pathway, similar steps apply.
First, after budding the vesicles must transport to the target membrane. This can occur via simple
diffusion or by motor driven transport along a cytoskeleton track. Once the vesicle reaches the target
membrane it will need to be tethered and ultimately fuse with the target membrane. Tethering is

achieved by tethering factors, a diverse group of proteins that mediate the initial vesicle-membrane



interaction, which are recruited to the vesicle by Rab GTPase’s. Tethering factors mediate the initial
docking of the vesicle to the target membrane prior to fusion, which is then mediated by soluble N-

ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins (23).

Before fusion can occur between the vesicle and target membrane it is necessary for the vesicle to shed
its protein coat. Depending on the trafficking pathway coat shedding can occur shortly after vesicle
budding or later after tethering has occurred (23). In the case of anterograde and retrograde trafficking,
specific GAP proteins deactivate the Sar1/Arf1 proteins causing the depolymerization of the vesicle coat.
In clathrin-coated vesicles the ATPase Heat Shock Cognate 70 (HSC70) and its cofactors mediate vesicle
uncoating (24). After docking to the target membrane, membrane fusion is mediated by a family of
SNARE proteins. Both the transport vesicle and the target membrane contain distinct SNARE proteins, v-
SNAREs and t-SNAREs, respectively. After initial docking of the vesicle to the membrane by the tethering
factors, v-SNAREs and t-SNAREs interact, bringing the two distinct membranes into proximity where the
thermodynamic barrier to membrane fusion can be overcome and fusion of the vesicle to the target
membrane can occur (9). The specify of the tethering factors and SNARE proteins ensures transporting

vesicles dock and fuse to the correct target membrane (23).

1.2.5. Mechanisms of cargo protein selection and sorting:

Perhaps the most intriguing aspect of the protein trafficking system is the mechanisms of cargo
selection and sorting. How are the cargo proteins specifically recognized and loaded into the correct
coated vesicles? While there is an element of “bulk flow” of cargo loading into vesicles, that is, cargo
proteins enter the vesicles as a factor of their relative concentrations, it is clear based on analysis of
vesicle-cargo protein concentrations that selection and enrichment of select cargo protein is occurring

(25). Much effort has been put in to elucidating the mechanisms of cargo selection into vesicles, and



indeed, it has been shown in both the exocytic and endocytic pathways that active selection of proteins

into vesicles occurs (26-29).

How does cargo selection occur? Cargo selection can occur through a variety of mechanisms, in some
cases cargo specific adapters recognize cargo and recruit them to the vesicles (22). In other cases,
proteins require further modification, such as ubiquitination, for sorting into vesicles (30). However, the
best characterized mechanism of protein selection occurs through signal sequences contained on the
cargo proteins that are recognized by the protein trafficking machinery - often the coat proteins
themselves or adapter complexes that interact with the coat proteins- and sorted into the correct
vesicle (16,27,29,31-33). In the case of membrane bound proteins, most of these signal sequences occur
in the cytosolic region of the protein (16,27,29,31-33). Soluble proteins that cannot directly interact with
the cytosolic coat proteins or machinery require additional adaptor membrane proteins, e.g., ERGIC53,
which binds the luminal cargo protein and also associates with cytosolic COPIl complex (34). In some
cases, these trafficking signals can involve the tertiary structure of the protein (35). However, the
majority of the trafficking signals that have been identified are short linear amino acid motifs that occur
in the cytosolic domains of membrane bound proteins (16,27,29,31-33). A selection of the most

characterized motifs in membrane bound proteins is shown in Table 1.

With the best characterized trafficking motifs, the consensus sequence, interacting machinery, as well as
the trafficking pathway have been elucidated (16,27,29,31-33). Structural studies have even identified
the exact binding residues between the motifs and trafficking machinery of some proteins (36-38).
Despite this, there is still much mystery that surrounds even the most well characterized motifs. For
example, the well characterized di-leucine (di-Leu) motif [DE]XXXL[LI] can function either as an
endocytosis motif or in the direct targeting of proteins from the trans-Golgi network to the
endosome/lysosome network depending on the protein context. How the cell makes the distinction

between these two pathways has yet to be fully understood (39). Additionally, there are less common
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trafficking motifs whose mechanism remains still only partially understood (40,41). Our current
understanding of the mechanisms of the well characterized motifs has been reviewed in detail in a

number of well written articles (16,27,29,31-33).

Table 1. Select sequence signals that mediate trafficking of membrane proteins

Signal Pathway Membrane Interacting Source
protein with machinery
motif

DxE (di-acidic) ER export Kir2.1 COPII (27)

FF-COOH (di-@) ER export ERGIC53 COPII (27)

KKxx-COOH ER retrieval p25 COPI (37)
(di-Lys)

RxR (di-Arg) ER retrieval CTFR COPI (12)

Yxx@ Endocytosis Transferrin AP2 (39)

receptor

[DEIxxxL[LI] Endocytosis CD3-y AP2 (39)
(Di-Leu)

NPxY Endocytosis LDL receptor AP2 (29)

1.3 The study of protein trafficking signals:

1.3.1 Tools and techniques for the study of protein trafficking signals:

Our current knowledge of the protein trafficking pathways and machinery are a product of a century of
research. Over that time technology has improved and there is now a great toolbox of methods and
techniques used to study protein trafficking. Microscopy is perhaps the oldest tool for studying protein
trafficking but has evolved and now includes florescent microscopy techniques and live cell imaging. The
development of in vitro cell-free systems to study vesicular trafficking has also been an invaluable tool
to the study of protein trafficking. Additionally, the use of yeast with genetic defects in the trafficking

pathways has proven to be an invaluable tool. Finally, there are a wide range of cellular, genetic and
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biochemical methods for the study of protein trafficking (42). Preuss et. al. provides a comprehensive

review on many of the techniques for studying protein trafficking pathways (42) .

We are particularly interested in identifying the trafficking signal sequences contained on the cargo
proteins. Many cargo proteins are transported through the cell lacking any of the well- characterized
trafficking motifs (43). The traditional and standard method for the identification of the trafficking signal
sequences has been the identification and study of individual target proteins (44). First a candidate
protein is identified. Historically, it is a protein in which a natural mutation changes the localization of
the protein and leads to disease or a viral protein that is internalized and localized within the cell
(26,29,33,39). Once the candidate is selected, genetic modification of the protein is used to determine
the essential sequences involved in the trafficking of the protein. Often the sequences are confirmed by
transplantation of the essential sequences onto an unrelated protein to verify the trafficking effect
(26,29,33,39). Once a sequence is identified, further analysis can be done into its mechanism of action,

as well as the identification of other proteins utilizing the same trafficking sequence (26,29,33,39).

1.3.2 Newer more systematic approaches for the identification of protein trafficking signals:

While the standard method of identifying protein trafficking signals through mutational analysis of single
proteins has been very effective, more systematic approaches to screen for trafficking motifs adds
additional tools to the study of protein trafficking signals. Recently, newer more systematic approaches
have begun to be developed to identify trafficking signal sequences as well as other trafficking factors
that regulate protein transport (43,45-48). The earliest of these systems are yeast based systems
(45,46,48). Yeast offers a good model for studying mammalian protein trafficking mechanisms, since the
basic molecular machinery for protein trafficking is well conserved between yeast and mammals. More
importantly, clonal expression of library transgenes in a cell enables a systematic screening and analysis,

which is not achievable in mammalian cells that will inevitably take up multiple gene clones within a cell



12

upon transfection of libraries. More recently systematic screening strategies for identifying trafficking

factors have been developed in mammalian cells as well (43,47).

Currently, the yeast based screening systems primarily utilize mutant Saccharomyces cerevisiae strains
that lack the K* uptake transporters Trk1 and Trk2, such as SGY1528 (45,46,48). SGY1528 yeast is unable
to grow in low concentrations of K* but growth can be restored by the heterologous expression of the
mammalian Kir2.1 K* channel (45). This complementation of growth has been utilized as the basis of

many screening systems (45,46,48):

The first yeast based systematic screening system utilized a Kir2.1 protein with a di-arginine (di-Arg,
RXR) type ER-retrieval signal fused to its carboxyl-terminal (C-terminal) tail (45). The di-Arg signal fused
to Kir2.1 has been shown to localize Kir2.1 in the ER of both mammalian cells and yeast cells.
Furthermore, when expressed in SGY1528 yeast, the di-Arg-fused Kir2.1 protein does not restore growth
when plated in low K* media. A random peptide library was fused to the C-terminal tail of the di-Arg-
fused Kir2.1 protein and expressed in SGY1528 yeast plated on low K* media in order to identify forward
trafficking sequences that would override the di-Arg signal and restore the surface level of Kir2.1
complimenting the yeast growth on the low K* media. The screening identified a group of cis-acting
sequences that specifically interact with 14-3-3 proteins and promote surface expression of membrane

proteins (45).

A second yeast based screen again utilized SGY1528 yeast expressing the mammalian Kir2.1 channel.
The group demonstrated that SGY1528 yeast expressing the mammalian Kir2.1 was unable to grow in
media containing only 0.5 mM K*, as this concentration of K* was too low for complementation of
growth by the baseline Kir2.1 expression level. They transformed this Kir2.1-expressing SGY1528 cells

with a human cDNA library to identify genes that increased the surface level of Kir2.1 to allow growth at
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0.5 mM K*. The screening identified the Y-aminobutyric acid receptor-interacting factor 1 (TRAK2) as a

trafficking factor for Kir2.1 (46)

A third yeast based screen utilized YAKO1, a yeast strain lacking the K* uptake transporters Trkl and
Trk2, and expressing the mammalian Kir2.1 channel to identify negative regulators of Kir2.1. YAKO1
yeast expressing the mammalian Kir2.1 channel were mated to the yeast deletion collection to generate
a library of YAKO1 expressing the mammalian Kir2.1 channel with one additional nonessential gene
deleted. The library was screened for increased growth on low K* media to identify which gene
knockouts increased the surface level of Kir2.1 to allow growth. The screening identified the endosomal

sorting complexes required for transport (ESCRT) as a negative regulator of the Kir2.1 channel (48).

More recently, systematic screening strategies for identifying trafficking factors have been developed in
mammalian cells as well (43,47). One group developed a novel fluorescence-activated cell sorting (FACS)
based screening system to screen for endocytosis signal sequences that reduced the surface level of a
modified CD8 reporter protein. A random peptide library was fused to the modified C-terminal tail of
CD8 and stably expressed in Hela cells. Cells were pooled and an Ab feeding assay for endocytosis was
performed. The cells in which the surface level of CD8 was reduced were isolated by FACS and the
random sequence was determined by polymerase chain reaction (PCR). The screening identified

sequences that were variations of the di-Leu as well as a novel internalization signal (43).

Finally, a small interfering RNA (siRNA) based screening system was developed to identify regulators of
clathrin-mediated endocytosis in mammalian cells. Hela cells stably expressing CD8 fused with either
the YXXphi or FXNPXY clathrin-mediated endocytosis motif were transfected with an siRNA library. Cells
were stained for surface CD8 and surface florescence measured in a microreader plate. Increased
surface levels of CD8 indicated a knockdown that caused a deficiency in clathrin-mediated endocytosis.

The screening identified V-ATPase as having a role in clathrin-coated vesicle formation (47).
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It is clear that the systematic approaches to identifying trafficking signal sequences or other trafficking
factors that regulate protein transport have thus far been successful and added to our understanding of
the protein trafficking mechanisms. Each screening system has its advantages and disadvantages. The
SGY1528 and YAKO1 yeast based approaches have proven to be versatile and comes with all the
advantages of using yeast as a model system. However, the current yeast based approaches can only
identify motifs or factors that cause the increase of Kir2.1 on the yeast surface (45,46,48). The
mammalian cell based systems have the advantage of being directly performed in mammalian cells,
eliminating the need to perform extra steps validating the screening results in mammalian cells.
However, so far mammalian cell based screening systems have only been developed for clathrin-
mediated endocytosis (45,46,48). The continued development of novel systematic screening systems
would both increase the tools by which we study protein trafficking and aid in the further elucidation of

trafficking motifs and pathways.

1.4 Protein trafficking diseases:

Due to the essential role of protein trafficking it is not surprising that there is a long and growing list of
diseases caused or impacted by protein trafficking defects. Protein trafficking defects have been
implicated in cancers, neurological disorders, muscular dystrophies, blood diseases, cardiac disorders,
immunodeficiency, diabetes, mental retardation, and systemic disorders (4). Howell et. al. has written a

review covering over 50 different protein trafficking diseases (4).

Protein trafficking diseases can arise through mutations in the protein trafficking machinery such as a
form of acute myeloid leukemia caused by a defect in clathrin-coated pit formation. They can also arise
from the mislocalization of even one protein, such as in the case of the most common cause of cystic
fibrosis (AF508 CTFR), in which the receptor does not traffic to the plasma membrane (4). Most protein

trafficking diseases are congenital, e.g., cystic fibrosis (AF508), however they can also be acquired e.g.,
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spontaneously acquired prion diseases (4) or pentamidine-induced long QT syndrome (49). Despite the
extensive study of protein trafficking diseases, most diseases still lack a cure or sufficient treatment

options (4).

Cystic fibrosis is the classic example of a protein trafficking disease. It is an autosomal recessive and
lethal disease. Cystic fibrosis has systemic effects but most notably affects the cell lining of the lungs,
intestine and other tissues (5). The most common form of cystic fibrosis is caused by the deletion of
Phe®® (AF508) in a chloride channel, cystic fibrosis transmembrane conductance regulator (CFTR), which
results in the misfolding of the channel. One study proposes that the AF508 mutation leads to the
exposure of a di-Arg motif in the cytoplasmic region, which causes COPI-mediated retrieval of the
protein to the ER (50). With the AF508 CFTR mutation, a very small amount protein is able to escape the
retrieval mechanism and reach the cell surface. Electrophysiological studies on these membrane bound
AF508 CFTR channels have shown that the mutant channels are still functionally active, albeit at a
reduced capacity compared to the wild type channel. Cellular studies in which the AF508 CFTR has been
either pharmacologically stabilized at the plasma membrane or forced out of the ER have shown
correction of the cellular electrophysiology (5). These results demonstrate that the disease phenotype of
AF508 cystic fibrosis is caused primarily by the defective trafficking of the CTFR channel, as opposed to
the defective conductance. Current research suggests that only 10-15 % of the normal plasma
membrane levels of wild type CTFR channel are necessary to avoid the disease phenotype. Even with the
reduced electrophysiological capacity of the AF508 CFTR, it is estimated that a plasma membrane
restoration of 50-60% AF508 CFTR compared with the normal plasma membrane levels of wild type

CTFR would completely eliminate the disease phenotype (51) .

The protein trafficking machinery is also heavily implicated in viral and bacterial toxin-induced
pathogenesis. To infect a cell, viral/toxin proteins must first enter a cell, then be transported to and

from their sites of action. This often occurs through the hijacking of the host cell’s protein trafficking
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machinery. Viral attachment, cellular entry, viral protein trafficking, and cellular exit are all
complimented by the cellular transport machinery. This hijacking is often mediated by the intracellular

trafficking motifs contained in viral proteins that cause them to be trafficked to their site of action (33).

1.5 Goal of current study:

The correct trafficking of proteins throughout the cell is an essential process. Further delineation of the
protein trafficking pathways will increase our understanding of cellular physiology, and the physiology
and mechanisms of protein trafficking diseases, and, hopefully, lead to therapeutic treatments for
protein trafficking diseases. The past decade has seen the development of new yeast and mammalian
systematic screening approaches to studying protein trafficking. Each screening system has come with
its advantages and disadvantages. All of the currently developed yeast based systems can only identify
factors that cause an increase in the plasma membrane levels of a reporter membrane bound protein.
The mammalian cell based screening systems currently developed can only identify factors mediating
endocytosis of a membrane bound reporter protein. In this study we aim to develop a novel yeast based
gain-of-function genetic screen to identify factors that reduce the surface levels of a membrane bound
reporter protein. No such system has yet been developed. Such a system could potentially identify a
wide range of trafficking signals functioning to regulate the surface levels of membrane proteins through
many different pathways. We aim to develop and conduct said screen characterizing the mechanism of

action of identified hits.



Il. MATERIALS AND METHODS
Parts of this chapter have been previously published in:

Bernstein, J. D., Okamoto, Y., Kim, M., and Shikano, S. (2013) Potential use of potassium efflux-deficient
yeast for studying trafficking signals and potassium channel functions. FEBS Open Bio 3, 196-203

1.1 Plasmids:

For B31 growth assay, mouse Kir2.1 was cloned at BamHI and Notl in pYES2met vector in which GAL1
promoter was replaced with MET25 promoter (kindly supplied by Dr. Lily Jan). The EcoRlI site was added
before the termination codon (this was referred to as a wild-type Kir2.1) for fusion of the exogenous
trafficking motifs. The C-terminal sequences were cloned from mouse Kir6.2 (aa 355-399), human
GPR15 (aa 351-360), or human sodium-dependent dopamine transporter [17] (aa 587-596) and fused
to Kir2.1 at EcoRI-Notl. For GPR15 sequence, the Ser residue at 359 was mutated to Ala. Human KCNK3
and KCNK9 were also cloned in pYES2met vector. Site-directed mutagenesis was performed by overlap
extension PCR. For detection of cell surface expression in HEK293 cells, Kir2.1 was tagged with
hemagglutinin (HA) epitope between aa 117 and 118, rat KCNK3 was tagged with HA between aa 213
and 214, and human KCNK9 was tagged with Myc between aa 40 and 41. These tagged constructs were

cloned into pCDNA3.1(+) vector (Invitrogen, Carlsbad, CA).

11.2 Yeast strains and growth conditions

The S. cerevisiae strain B31 (MATa enal-4_::HIS3 nhal_::LEU2) is a derivative of W303-1A (MATa ade 2-
1 can1-100 his3-11/15 leu2-3/112 mal10 trp1-1 ura3-1) [16] and was kindly provided by Dr. Hana
Sychrova (Institute of Physiology AS CR, Czech Republic). Cells were grown aerobically at 30 °C on YPD
(1% yeast extract, 2% bactopeptone, 2% glucose, 120 mg/L adenine hemisulfate, 1.7% agar for solid
media) or YNB media (6.7 g/L yeast nitrogen base without amino acids, 2% glucose, 10 mg/L adenine
hemisulfate, 0.73 g/L methionine- and uracil-dropout amino acid mixture, 1% agar for solid media). The

YNB media were supplemented with the indicated amount of potassium chloride and adjusted to pH 6.5

17
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or 7.0 by Tris—HCI.

11.3 Plasmids and yeast transformation

Yeast cells grown to early logarithmic phase in YPD media were transformed by a lithium acetate

method (52) and plated on YNB plates with no additional KCl (referred to as 0 mM K* plate).

1.4 Growth assay of B31

For the growth assay of the K* channel-transformed B31 cells, the cells were taken from the isolated
colonies of freshly-transformed B31 cells and adjusted to 2x10° cells/ml in water by using a
hemocytometer. This was followed by two 10-fold serial dilutions, and 5 ul aliquots of each dilution
were spotted on the YNB plates with the indicated concentrations of KCI. Plates were incubated at 30 °C,

and the digital images of the cells were taken at the indicated times (usually Days 4-7).

1.5 Growth assay of KCNK9-expressing B31 in liquid media

For testing the effect of pH on B31 growth, the cells freshly transformed with pYes2met vector or WT
KCNK9 were adjusted to 2x10° cells/ml in YNB media (400 mM KCl) with pH adjusted to 5.0, 5.5, 6.0, 6.5,
or 7.0 using Tris—HCI. For testing the effect of zinc ion, the cells were adjusted as above in YNB media
(400 mM KCI, pH 6.5) containing 0, 10, and 100 uM zinc chloride. Zinc chloride at higher than 100 uM
caused salt precipitation and reduction of the medium pH, so was not tested. The turbidity (OD 600 nm)
was measured before and after 15 hrs of culture at 30 °C. Cultures were performed in triplicate for each

construct.

11.6 Antibodies (Abs)

The following Abs were used: mouse anti-HA, rabbit anti-Kir2.1, and rabbit anti-14-3-3 from Santa Cruz
Biotechnologies (Dallas, TX), rabbit anti-HA from Cell Signaling Technology (Danvers, MA), mouse anti-

Myc (both non-conjugated and Alexa Fluor (AF) 488-conjugated) from Millipore (Billerica, MA), rabbit
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anti-B-COP from Affinity BioReagent (Golden, CO), mouse anti-GST from NeuroMab (Davis, CA), AF488-
conjugated goat anti-mouse 1gG from Invitrogen, horse radish peroxidase (HRP)-conjugated goat anti-

mouse and goat anti-rabbit IgG from Vector laboratory (Berlingame, CA).

11.7 Cell culture and transfection

HEK293 cells were maintained in 50% DMEM/50% Ham's F-12 medium containing 10% FBS, 2 mM L-GLu,
100 U/ml penicillin, and 100 pg/ml streptomycin (complete medium). Transient transfection of plasmids
was performed using Mirus TransIT-LT1 (Mirus Bio, Madison, WI) according to the manufacturer's

instructions.

11.8 Flow cytometry (FCM)

Transfected HEK293 cells were collected by gentle flushing and washed with Hanks’ Balanced Salt
Solution supplemented with 1% BSA (staining buffer). All the Ab staining and washing thereafter were
performed in the staining buffer on ice. For surface staining of HA-tagged Kir2.1 and KCNK3, the
transfected cells were incubated with a mouse aHA Ab followed by a AF488-conjugated secondary Ab
for 20 min on ice. For Myc-tagged KCNK9, the transfected cells were stained with AF488-conjugated
mouse anti-Myc Ab. The stained cells were fixed with 1% paraformaldehyde and analyzed by Cell Lab
Quanta SC (Beckman Coulter, Brea, CA). For measurement of surface fluorescence intensity, the median
values were determined for the entire viable cell populations (Kir2.1 and KCNK3) or for the myc-positive
population (KCNK9) by using FlowlJo software (Tree Star Inc., Ashland, OR). The surface expression of the
channels was shown in the histograms, except that KCNK9 expression was shown in a density plot
because the percentage of KCNK9 signal-positive cells were too small (<10%) to clearly show in

histograms. This may be due to the inefficient accessibility of the anti-Myc Ab to the epitope.

1.9 Protein extraction from B31 yeast cells
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Proteins were extracted from B31 cells to examine the expression of Kir2.1 channels. B31 cells
transformed with pYES2met vector or Kir2.1 constructs were inoculated in the methionine- and uracil-
deficient YNB media with no added KCl and cultured O/N at 30 °C. The next morning the cell density was
adjusted to a density of 0.3 ODggo in 3 ml of the same medium and cultured for 4 hrs. The proteins were
extracted as described previously (53), and the samples were subjected to western blot analysis for

Kir2.1 and KCNK channels.

2.10. Immunoprecipitation (IP)

The transfected HEK293 cells were washed with PBS once and lysed with lysis buffer (0.5% lgepal,
25 mM Tris, 150 mM NaCl, pH 7.5) containing protease inhibitors for 20 min at 4 °C. After centrifugation
for 20 min at 11,000 xg, the supernatant was mixed with mouse anti-HA or mouse anti-Myc and Protein
A- or Protein G-conjugated agarose beads (Invitrogen). After O/N incubation at 4 °C, the beads were
washed 4 times with lysis buffer, and then the immunoprecipitated proteins were eluted by incubating

the beads with 2X sample buffer.

2.11 SDS-PAGE and western blots

The protein samples resolved by 10 or 12% SDS—PAGE were transferred to nitrocellulose membranes.
Transfer was confirmed by staining of the membranes with Ponceau S. The membranes were blocked
with skim milk and then incubated with primary Abs for 1 hr at room temperature (RT) or O/N at 4 °C
and then with corresponding secondary Abs conjugated with HRP. Blot signals were obtained using ECL

substrates (Thermo Scientific) and collected by exposure to X-ray films.

2.12 Immunocytochemistry

HEK293 or Hela cells transfected with GFP-Kir2.1 or Myc-CD8 constructs in the chamber slides were

fixed with Cytofix/Cytoperm buffer (BD Biosciences) for 15 min at 4 °C and permeabilized with —20 °C
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chilled 90% methanol for 5 min at RT. Cells were first stained with Abs to the intracellular markers O/N
at 4 °C, followed by Cy3-labeled secondary Abs for 1 hr at 4 °C. Myc-CD8 transfected cells were then
incubated with AF488-labeled anti-Myc Ab for 1 hr at 4 °C. Cells were then counterstained with Hoechst
33342 (Invitrogen) for 10 min before mounting. Images were collected with a Zeiss LSM 700 laser

scanning confocal microscope using Zen software (Zeiss).

11.13 Antibody feeding assay:

HEK293 cells were transiently transfected with HA-Kir2.1 constructs or, for the AP180C inhibition assay,
also co-expressing either AP180C or empty pCDNA vector. Cells were collected by gentle flushing and
washed in cold complete media containing 10 mM HEPES. The transfected cells were incubated with
mouse aHA Ab in cold complete media containing 10 mM HEPES for one hour at 4° C. Cells were washed
three times with cold Hanks’ balanced salt solution, then re-suspended in complete media containing 10
mM HEPES and transferred to tissue culture treated dishes, and the temperature was shifted to 37° C
for the indicated time points to allow endocytosis to occur. Cells were immediately chilled back down to
4° C for the remainder of the staining process. Cells were stained in staining buffer containing AF488-
conjugated secondary Ab for 20 min on ice. The stained cells were fixed with 1% paraformaldehyde and
analyzed by FCM, and the total fluorescence signal of the analyzed cells was determined using FlowJo

software.

11.14 CD8 Pulse Chase assay

HEK293 cells were transiently transfected with Myc—CD8 constructs. 24 hrs after transfection cells were
washed once with PBS, then starved for 30 min at 37° C in pulse media containing Met/Cys/Glu free
DMEM with 10% dialyzed FBS and L-Glu. Cells were pulsed by the addition of 100 uCl of 3*S-Met/Cys
(TRAN>*S-Label MP Biomedicals) to the media for 10 min. Following the pulse, cells were washed and

chased in complete DMEM/F12 + 2 mM Met + 2mM Cys for selected time points, then the media was
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removed, and cells were lysed with lysis buffer (0.5% Igepal, 25 mM Tris, 150 mM NaCl, pH 7.5)
containing protease inhibitors for 20 min at 4 °C. After centrifugation for 20 min at 11,000 xg, the
supernatant was mixed with mouse anti-Myc and Protein A conjugated agarose beads (Invitrogen). After
O/N incubation at 4°C, the beads were washed 4 times with lysis buffer, and then the
immunoprecipitated proteins were eluted by incubating the beads with 2X sample buffer. The protein
samples resolved by 15% SDS—PAGE were transferred to nitrocellulose membranes and exposed by

autoradiography using a Molecular Dynamics Storm 860 imager.

11.15 Peptide pulldown assay

Peptides containing an N-terminal Cys and the amino acid sequence of the extreme C-terminal tail of
Kir2.1 or the hit sequences were synthesized by GenScript. Forty nmol of peptides were conjugated to
Sulfo-Link resin in coupling buffer (50 mM Tris, 5 mM EDTA-Na, pH 8.5) then washed and blocked in
blocking buffer (50 mM Cys in coupling buffer). Peptide conjugated resin was washed in 1 M NaCl
solution and lysis buffer (0.5% Igepal, 25 mM Tris, 150 mM NacCl, pH 7.5). HEK293 cells were lysed in lysis
buffer and the lysate cleared by centrifugation for 20 min at 11,000 xg. The cleared lysate was incubated
with the peptide coupled resin O/N at 4 °C. Then the resin was washed and proteins eluted in 2X sample

buffer. Samples were run through SDS-PAGE, and blotted for interaction with 3-COP.

11.16 Development and implementation of B31 based screening system:

11.16.1 Preparation of DNA for screen:

We utilized gap repair cloning by homologous recombination in yeast to generate the B31 expressing
Kir2.1 C-terminal fusion library. In gap repair cloning by homologous recombination in yeast, yeast are
co-transformed with a linearized expression vector and an insert cassette that contains an insert

sequence flanked with 15-50 bp regions of homology to the gene/expression vector. The linearized
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vector and insert cassette undergo homologous recombination in the yeast, generating a circularized

expression vector encoding the modified protein of interest.

We used a pYES2 vector in which GAL1 promoter was replaced with MET25 promoter (pYES2met).
The mouse Kir2.1 gene with an EcoRlI site added before the termination codon was cloned between the
BamHI and Notl sites. The vector was linearized by double digestion with EcoRI an Notl then purified by
separation in an agarose gel and concentrated by ethanol precipitation. To generate the insert cassette
containing the sequence for the random peptide library, we ordered a polyacrylamide gel
electrophoresis (PAGE) purified oligonucleotide that contained a 35 bp region of homology to the Kir2.1
C-term sequence followed by a random sequence encoding a random 4-mer or 8-mer peptide followed
by a stop codon and a 35 bp region of homology to the pYES2met expression vector. The random
sequence was encoded by an NNK sequence; where N could encode any nucleotide and K could encode
G or T. This sequence permits the encoding of all 20 aa residues while eliminating the TAA and TGA stop
codons to reduce the chances of getting a truncated peptide. We initially attempted to perform the gap
repair cloning with the single stranded oligonucleotides as it has previously been reported that single
stranded oligonucleotides, can induce homologues recombination in yeast (54). However, while
homologous recombination occurred, we found the transformation efficiency too low, and the level of
false positives due to erroneous homologous recombination too high. Therefore, we generated primers
to the matching regions of the oligonucleotides and used PCR with the oligonucleotides as template
DNA to generate double stranded insert DNA. The double stranded insert cassette was purified by
separation in an agarose gel and concentrated by Zymo DNA Clean and Concentrated kit according to

manufacturer instructions.

11.16.2 Preparation of electrocompetent B31 and transformation:
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B31 was made electrocompetent and transformed by electroporation by following an established high
efficiency yeast transformation protocol (55). B31 was used to inoculate a small volume of YPDA, and
the culture was shaken at 30 °C O/N and grown to saturation. The O/N culture was used to inoculate a
50 ml culture in YPDA to an ODego of 0.1, and cells were shaken at 30 °C and grown to an ODgg of 1.3-
1.5. Once the cells reached the ODgo of 1.3-1.5, 500 pl of Tris-dithiothreitol (DTT) solution (10 mM Tris,
pH 8.0, 2.5 mM DTT) was added to the culture, and the cells were grown an additional 15 min. Cells
were harvested by centrifugation, the supernatant removed and the pellet was washed three times in
cold electroporation buffer (10 mM Tris, pH 7.5, 270 mM sucrose, 1 mM MgCl,). Cells were
resuspended to a final volume of 300 pul in electroporation buffer and divided into 50 ul aliquots. 1ug of
linearized vector was added to each aliquot, and insert DNA was added at a 1:1 molar ratio. The yeast-
DNA mixture was incubated for 5 min on ice and then transferred to a pre-chilled 0.2 cm electroporation
cuvette and electroporated with a GenePulser (BioRad) at 0.54 kV voltage and 25 uF capacitance. Cells
were collected in 1 ml YPDA pre-warmed to 30 °C, then shaken at 30 °C for 1 hr. Then the cells were

harvested by centrifugation and resuspended in 1 ml water for plating.

11.16.3 B31 plating and screening condition:

Serial dilutions of transformed B31 were plated on YNB with no added KCl to determine the overall
transformation efficiency. 1/1000, 1/10,0000, and 1/100,000 dilutions were plated per transformation.
YNB plates with 600 mM KCl| added were used to screen the yeast library. A 1/10 to 1/20 volume of
transformed B31 per transformation was plated per screening plate until all yeast was used. Yeast was

cultured for seven days at 30 °C and then stored at 4 °C.

11.16.4 Isolation of DNA from B31

The C-terminal sequences of the Kir2.1-fusion proteins from the B31 transformants that survived the

screen were identified either by colony PCR or plasmid isolation.
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11.16.4 Yeast colony PCR:

Yeast colony PCR was performed using a protocol adapted from the Wittrup Lab Colony PCR Protocol (
http://www.openwetware.org/wiki/Wittrup:_Yeast_colony PCR). Yeast cells were collected by dabbing
a pipette tip into a yeast colony and re-suspending cells in 20 pl water. Yeast were microwaved on high
power for 30 seconds, and then 2 ul of the yeast template was added to a PCR mix containing 39.5 pl
water, 5 pl 10X Thermopol reaction buffer, 1 pul dNTP (10mM), 1 pl each of forward and reverse primer
(20uM) and 0.5 pl Vent DNA polymerase (2000 U/ml). PCR was run using the following conditions:
Denaturing cycle: 4 min at 95 °C, Cycles 2-35: 1 min at 95 °C, 1 min at 55 °C, 1 min at 72 °C, and Final
anealing cycle: 10 min at 72 °C. PCR products were purified using a Zymo DNA Clean and Concentrator

Kit.

11.16.4b Yeast plasmid isolation:

Plasmids were isolated from S. cerevisiae with the QlAprep Spin Miniprep Kit following a Qiagen
protocol (https://www.giagen.com/gb/resources/resourcedetail?id=5b59b6b3-f11d-4215-b3f7-

995a95875fc0&lang=en

11.16.5 Sequencing and transfer of hit sequences to C-terminal tail of Kir2.1 in Yeast and mammalian

expression vectors:

The C-terminal Kir2.1-fusion sequences obtained from the B31 screen by either colony PCR or yeast
plasmid isolation were sequenced by Sanger sequencing by the UIC genomic core facility. Colony PCR
products or isolated yeast plasmids were digested with PfIMI and Notl, and cloned back into the Kir2.1
sequence in the pYES2met vector for yeast expression and the HA-tagged Kir2.1 sequence in

pCDNA3.1(+) for mammalian expression.

11.16.6 Additional screening optimizations and modifications:


http://www.openwetware.org/wiki/Wittrup:_Yeast_colony_PCR
https://www.qiagen.com/gb/resources/resourcedetail?id=5b59b6b3-f11d-4215-b3f7-995a95875fc0&lang=en
https://www.qiagen.com/gb/resources/resourcedetail?id=5b59b6b3-f11d-4215-b3f7-995a95875fc0&lang=en
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At times, the following optimizations and modifications were made to the B31 screening system to
improve efficiency, reduce false hits, and increase the chances at successfully identifying diverse

trafficking motifs.

11.16.6a The addition of multiple out of frame stop codons to library insert to prevent Kir2.1 sequence

elongation.

After the initial stop codon in the insert sequence, two additional out-of-frame stop codons were added
before the downstream matching region. In the event of a congeneric oligonucleotide with one or more
deleted nucleotides, which eliminates the initial stop codon, translation of the Kir2.1 library would stop

with the addition of only one or two amino acids.

11.16.6b Use of an NVK sequence to reduce the frequency of strong hydrophobic sequences:

The most commonly identified sequence type from the screen was sequences containing a patch of
strong hydrophobic residues that both reduced the surface levels of Kir2.1 when fused to its C-terminal
tail and also showed a much lower level of overall expression by western blot analysis. We
experimentally determined that these sequences were acting as a substrate for ERAD. The high
incidence of these sequences in the screen made identifying other types of sequence motifs very
inefficient. To combat this, we performed the screen with an oligonucleotide in which the random
region was encoded by an NVK sequence; where N could encode any nucleotide, V could encode A, C, or
G, and K could encode G or T. This sequence still permitted the encoding of all 20 aa residues, however,
it now discriminated against strong hydrophobic residues and still eliminates the TAA and TGA stop

codons.

11.16.6c Redesign the insert DNA matching region upstream of the random library sequence to

eliminate hydrophobic sequences on the C-terminal tail of Kir2.1:
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The last two amino acids of Kir2.1 are E and I. We added an EcoRlI site at the end of Kir2.1 encoding an
additional E and F residues making the final four amino acid residues of our Kir2.1 construct E-I-E-F.
which contains two strong hydrophobic residues. We therefore changed the matching region of the
insert upstream of the base pairs encoding these residues so that after homologous recombination they

would be looped out during homologous recombination.

11.16.6d Addition of N-terminal GFP tag to Kir2.1:

An additional in-frame yeast-optimized GFP was cloned to the N-terminal tail of Kir2.1 in the pYes2met

vector to allow for total protein expression to be measured in yeast by FCM analysis.

11.16.6e Reduction of false positive clones due to erroneous homologous recombination by screening

with additional KanMX or TrpMX selection marker:

Whenever performing gap repair cloning by homologous recombination in yeast there is a small
percentage of vector plasmid that undergoes erroneous homologous recombination in which the vector
recombinants with itself losing the insert sequence however maintaining the selection marker. In the
B31 screening system, B31 containing plasmid that maintains the auxotrophic marker sequence but
loses the Kir2.1 sequence will survive the screening condition, appearing as a false hit in the screen. To
reduce the prevalence of false hits by erroneous homologous recombination we performed the gap
repair cloning with two inserts; the random C-terminal insert for Kir2.1 as well as an additional marker

gene; either the KanMX or TrpMX marker.

We first tested the system using the additional KanMX selection marker. We PCR amplified the KanMX
cassette from the pFA6a-KanMX4 vector flanked with the Notl and Xhol restriction enzyme sites and
cloned the gene in to our pYes2met-Kir2.1 immediately after the Kir2.1 stop codon generating
pYes2met-Kir2.1 + KanMX. The vector was linearized by double digestion with EcoRl and EcoNI. These

enzymes both linearized the vector as well as truncated the first 770 bp of the KanMX cassette
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sequence. The digested vector was purified by separation in an agarose gel and concentrated by ethanol
precipitation. We used PCR to amplify the truncated region of the KanMX cassette with additional base
pairs beyond the EcoNI site for the matching region. The PCR-amplified fragment was purified by
separation in an agarose gel and concentrated by ethanol precipitation. Finally, we used PCR to amplify
and make double stranded a PAGE-purified oligionucliotide that contained a 35 bp region of homology
to the Kir2.1 C-terminal sequence followed by a random sequence encoding a random 4-mer or 8-mer
peptide, followed by a stop codon and a 35 bp region of homology to the KanMX cassette sequence. The
double stranded insert cassette was purified by separation in an agarose gel and concentrated by Zymo

DNA clean and concentrated kit.

The yeast transformation was performed as described above, however, using the digested vector and
the two inserts at a 1:1:1 molar ratio. It has been reported that performing gap repair cloning by
homologous recombination in yeast with two DNA inserts undergoes homologous recombination with
similar efficiency as one insert (56), which was true in our hands. Under these conditions only B31 that
underwent correct homologous recombination should be able to survive G418 selection, however G418
is known to be ineffective on SD media containing ammonium sulfate (57). Selection was therefore done
on SE plates (57) in which ammonium sulfate is replaced with Glu, lacking Ura and Met, with G418 and
600 mM K* added. Despite using SE selection plates G418 selection was still partially impaired in control
plates possibly due to the high KCl concentration used for the screen. We therefore replaced the KanMX

cassette with a TrpMX cassette and screened on SD plates —Ura/-Met/-Trp with 600 mM K*.

Knock out of Doal0 from B31:

We used three sequential PCR steps to both amplify the KanMX cassette and add 90 bp of homology to
the 5’ untranslated region and the 3’ untranslated region of the Doal0 gene. The pFA6a-KanMX4 vector

was used as the template DNA, and the PCR product was purified by separation in an agarose gel and
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concentrated by ethanol precipitation. B31 was made electrocompetent as described in the B31
screening. 1 pg of the KanMX insert cassette was added to a 50 pl aliquot of electrocompetent B31. The
Yeast-DNA mixture was incubated for 5 min on ice then transferred to a pre-chilled 0.2 cm
electroporation cuvette and electroporated with GenePulser at 0.54 kV voltage and 25 uF capacitance.
Cells were collected in 2 ml of 30 °C pre-warmed YPDA and shaken at 30 °C for 3 hrs, and then harvested
by centrifugation and resuspended in 1 ml water for plating. Twenty ul were plated on a YPDA plate with
200 pg/ml G418 and cultured in 30 °C for 7 days. After 7 days the plate had grown to confluence, and
the yeast were replica plated onto another YPDA plate with 200 ug/ml G418 to eliminate background
growth. The replica plating grew approximately 100 individual colonies. Colony PCR was performed with
primers designed upstream and downstream of the KanMX insert cassette to validate that the cassette
integrated at the correct loci knocking out the DoalO gene. The knockout of DoalO was finally

confirmed by sequencing of the colony PCR products.



lll. Potential use of potassium efflux-deficient yeast for studying trafficking signals and potassium

channel functions

Parts of this chapter have been previously published in:

Bernstein, J. D., Okamoto, Y., Kim, M., and Shikano, S. (2013) Potential use of potassium efflux-deficient

yeast for studying trafficking signals and potassium channel functions. FEBS Open Bio 3, 196-203

111.1 Rationale:

Yeast offers a good model for studying mammalian protein trafficking mechanisms, since the basic
molecular machinery for protein trafficking is well conserved between yeast and mammal cells. Indeed,
much of our understanding of the mechanisms of protein transport in mammalian cells originated from
studies performed in yeast (58). Additionally, with the ease of both deleting yeast endogenous ion
channels as well as heterologously expressing ion channels, yeast has also been instrumental in studying
ion channel function and trafficking (59). Recently, a system was developed in yeast using Kir2.1 as a
reporter protein to screen for the identification of novel trafficking pathways that increase the surface
levels of membrane proteins by complementation of growth on low K* media. That system utilized the
SGY1528 strain of yeast that lacks K* uptake transporters Trkl and Trk2 and can only grow in low K*
media when heterologously expressing Kir2.1 on the plasma membrane (45). Screening systems utilizing
SGY1528 yeast have identified both cis and trans elements that promote the surface expression of
membrane proteins (45,46). However, to date, there have been no systematic yeast-based gain-of-
function screening systems to identify factors that downregulate the plasma membrane levels of

membrane proteins.

A previous study by Kolacna et al. reported that the B31 yeast strain (enal-4A nhalA) lacking the K* and
sodium (Na*) efflux system shows sensitivity to higher external concentrations of alkali-metal—cation
salts when transformed with a mammalian Kir2.1 channel (60). Due to the fact that Kir2.1 activity

30
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inversely correlates with B31 growth in high K* media, we hypothesized that the complementation of
growth of B31 expressing Kir2.1 on high K" media would reflect the trafficking of functional receptor to
the cell surface. Factors that reduce either the function or surface levels of Kir2.1 - including structural
determinants of the K* channel, or the exposure or fusion of trafficking signals known to reduce the
surface levels of proteins - would allow B31 growth on high K* media. Finally, with the ease of clonal
expression of library transgenes in yeast, we hypothesized that B31 could be used to develop a new
yeast-based screening system to enable systematic identification of the sorting motifs that
downregulate surface expression of membrane proteins. To achieve our goal, we examined (1) if specific
mutations that disrupt functions of Kir2.1 can be represented by B31 tolerance to high K*, (2) if other
K* channel family members can also function in the B31 growth assay, and (3) if the activities of Kir2.1-
fused trafficking signals that downregulate surface expression can be represented by B31 tolerance to

high K*.

111.2 Experimental Results:

111.2.1 B31 tolerance to high K* media represents the loss of Kir2.1 activity on the cell surface:

A previous study by Kolacna et al. reported that the B31 strain (enal-4A nhalA) lacking the K* and Na*
efflux system shows sensitivity to higher external concentrations of alkali-metal—cation salts when
transformed with a mammalian Kir2.1 channel. Inhibition of the channel through barium (Ba*?) or low
pH rescued the growth of B31 cultured in high K* media, demonstrating that the Kir2.1 function at the
plasma membrane was responsible for the growth inhibition at high K* (60). We expanded upon this
study to explore if the natural mutants of Kir2.1 that inhibit either the function or surface trafficking of
the channel would rescue the growth of B31 cultured in high K* media. We selected V302M and
A314/315 mutants, which are both responsible for human Andersen-Tawil syndrome that causes

periodic paralysis and ventricular arrhythmias (61). The V302M mutation is reported to disrupt K* ion
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conduction through G-loop without reducing the cell surface expression of the channel (62), while
A314/315 (deletion of aa 314 and 315) is known to retain the channel in the Golgi (35,61). Our flow
cytometry (FCM) and western blot analyses of the transfected HEK293 cells confirmed the cell surface
phenotypes of these mutant Kir2.1 channels (Fig. 2A). Slightly elevated surface expression of the V302M
mutant compared with the wild-type (WT) Kir2.1 was consistent with the observations from other
studies (62). On this basis, we tested the growth of B31 cells transformed with these Kir2.1 constructs.
Consistent with the previous report (60), the expression of WT Kir2.1 showed a marked growth
inhibition of B31 cells in high external KCI conditions such as 200 mM and higher (Fig. 2B, 2nd row). In
contrast, both of the mutants V302M and A314/315 allowed growth of B31 at comparable levels to that

of vector-transformed cells (Fig. 2B, 1st, 3rd, and 4th rows).

111.2.2 B31 growth inhibition in high K* media represents KCNK channel activities on cell surface:

We were curious if other K* channel family members can also be studied in B31 yeast. It has been
reported that a voltage-gated mammalian neuronal K* channel ether a go-go 1 (EAG1), when lacking its
intracellular amino-terminus (N-terminus), can be functionally expressed in B31 and increase the growth
sensitivity to high K* (63). It is conceivable that a K* channel with high open probability at the resting
membrane potential has a good chance to function in B31 cells. We tested two members of a two-pore-
domain K* channel (KCNK) family, KCNK3 and KCNK9. Many of the KCNK family members are open
channels and responsible for generating the background ‘leak’ K* current at the resting membrane
potential (64). Increasingly studies have been showing critical involvement of KCNK channels in a wide
range of human diseases. For instance, human genetic studies indicate an involvement of KCNK3 gene in
the pathogenesis of primary hyperaldosteronism (65). KCNK9 was found to be overexpressed in various
human cancers, and its overexpression was experimentally shown to be sufficient to confer a
tumorigenic phenotype such as tolerance to low oxygen and low serum (66). In addition, a genetic point

mutation of KCNK9 is associated with abnormal development that causes a mental retardation (67).
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Figure 2. B31 tolerance to high K’ media represents the loss of Kir2.1 activity on cell surface. (A)
Surface expression of Kir2.1 channels. HEK293 cells were transiently transfected with HA-tagged
Kir2.1 constructs or pCDNA3.1(+) vector alone. Cells stained with the HA Ab followed by Alexa Fluor
488-conjugated secondary Ab were analyzed by flow cytometry (FCM). Histograms from the
representative samples are shown (left panels). The x-axis indicates the fluorescence intensity in a
logarithmic scale and y-axis indicates the cell number. The histograms of Kir2.1-transfected cells
(filled) were overlaid with that of vector-transfected cells (unfilled). The bar graph (right panel)
shows the Median values for the total cell populations determined by FlowJo software to compare
the relative surface intensity of Wt and mutant Kir2.1 channels. The values indicate average+SD of
triplicate samples from the representative of three experiments. The lower panel shows the total
expression levels of Kir2.1 proteins. Total lysates from HEK293 cells transfected with HA-Kir2.1
constructs were resolved by SDS—PAGE and immunoblotted for HA. (B) Growth assay of Kir2.1-
expressing B31. The Kir2.1- or pYES2met vector-transformed B31 cells were plated on YNB media (pH
6.50) with the indicated concentrations of KCl and cultured at 30 °C. The images were photographed
at Day 5. (C) Expression of Kir2.1 channels in B31 cells. The proteins were extracted from B31 cells
transformed with pYES2met vector or the indicated Kir2.1 constructs. The samples were resolved by
SDS—PAGE and immunoblotted for Kir2.1
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Nevertheless, compared with other voltage-gated K* channel families, KCNKs are still relatively new and

their biochemical properties are not fully understood.

Previous studies have reported that KCNK3 and KCNK9 channels carry a 14-3-3 protein binding motif at
the extreme C-terminus (RXXSX-COOH, see Fig. 3A) (45,68). The phosphorylation-dependent 14-3-3
binding appears to occlude the overlapping di-Arg ER retention/retrieval signal that would be otherwise
recognized by the COPI complex, and thus allows optimal surface trafficking of the channels. The
presence and the exact penultimate position of the serine (Ser) residue (Fig. 3A underlined) in the C-
terminus is critical for the 14-3-3 binding (45,68). So, we created the 14-3-3 binding-deficient KCNK
channels by shifting the position of a penultimate Ser (KCNK3 A410) or by mutating Ser to Ala (KCNK9
S373A). These mutants and WT channels were expressed in HEK293 cells and examined for the
association with 14-3-3 and COPI proteins (Fig. 3B). As expected, both KCNK3 and KCNK9 mutants lacked
14-3-3 binding but associated with more $-COP, a major binding subunit of COPI complex, than the WT
channels did. The FCM analysis showed that the surface expression of these mutants were substantially
lower when compared with that of WT channels (Fig. 3C). Having this, we expressed these KCNK
channels in B31 for the growth test (Fig. 3D). The expression of WT KCNK3 and WT KCNK9 resulted in a
marked growth inhibition of B31 cells on the high external K* plates, i.e., 500 mM for KCNK3 (left panels)
and 600 mM for KCNK9 (right panels). In contrast, the 14-3-3-binding mutants allowed similar level of
growth to that of vector-transformed cells. The expression of KCNK proteins in these B31 transformants
was below detectable level by the Abs we used (data not shown). WT KCNK9 also caused substantial
inhibition of B31 growth in the liquid media with high K*, and this inhibition was sensitive to the acidic
pH lower than 6.0 (Fig. 3E). This was consistent with the reported acid sensitivity of several KCNK
members, including KCNK9 (64). Moreover, the growth inhibition of KCNK9-transformed B31 was

attenuated by zinc ion (Fig. 3F), which has been reported to inhibit this channel in mammalian cell (69).
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Figure 3. B31 growth inhibition in high K+ media represents KCNK channel activities on cell
surface. (A) Alignment of C-terminal sequences from KCNK3 and KCNK9 channels. (B) Association of
COPI and 14-3-3 proteins with KCNK3 (upper panels) and KCNK9 (lower panels). HEK293 cells
transfected with HA-KCNK3 or Myc-KCNK9 were lysed and immunoprecipitated with HA or Myc Abs.
The eluants were resolved by SDS—PAGE and immunoblotted for the associating f-COP and 14-3-3 as
well as HA (KCNK3) or Myc (KCNK9). (C) Surface expression of KCNK3 and KCNK9. HEK293 cells were
transfected with HA-tagged rat KCNK3 or Myc-tagged human KCNK9 and analyzed for cell surface
expression by FCM. For KCNK3 (upper panels), the expression is shown in histograms and the
Median values were determined for the total cell populations as described for Fig. 1. The histograms
of KCNK3-transfected cells (filled) were overlaid with that of vector-transfected cells (unfilled). For
KCNK9 (lower panels), the expression is shown in density plots (see Section 2) where x-axis indicates
the fluorescence intensity in a logarithmic scale and y-axis indicates the side scatter (SSC) of the cell.
The Median values were determined for the cells that were positive for the KCNK9 signal (shown in
squares within the density plots). The bar graphs indicate the Median values in average+SD of
triplicate samples from the representative of three different experiments. (D) Growth assay of KCNK-
expressing B31. The KCNK- or pYES2met vector-transformed B31 cells were plated on YNB media (pH
7.0 for KCNK3 and pH 6.50 for KCNK9) with indicated concentrations of KCl and cultured at 30 °C.
The images were photographed at Day 7. (E) The effect of pH on the growth of KCNK9-expressing
B31. The B31 cells transformed with vector or KCNK9 WT were grown in the liquid YNB media with
indicated pH and 400 mM KCl. (F) The effect of zinc on the growth of KCNK9-expressing B31.The B31
cells transformed with vector or KCNK9 Wt were grown in the liquid YNB media with indicated
concentrations of ZnCl, and 400 mM KCl at pH 6.50. In both of the pH and zinc tests, the OD at 600
nm was measured at the start of and after 15 h of culture. The values after growth of the culture
were subtracted with those at the start and shown in averagexSD of triplicate samples from the
representative of three experiments.
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111.2.3 B31 tolerance to high K* represents the activity of trafficking signals that downregulate surface

expression of membrane proteins:

We demonstrated in Il1.2.1 and II.2.2 that the B31 growth inhibition on high K* media represents the
functional levels of heterologously expressed Kir2.1 or KCNK channels on the cell surface. Factors
inhibiting the K* channel function, such as channel inhibitors, and mutations disrupting K" ion
conduction through the channel, as well as factors that inhibit the trafficking of the channels to the cell
surface, such as the exposure of endogenous retrograde trafficking motifs or the obliteration of a Golgi
exit signal, allowed for B31 growth on high K* media. However, the utility of K* transport-defective yeast
does not need to be limited to the study of K* channel biology itself. Rather, it can be used to study the
trafficking motifs that regulate the cell surface levels of membrane proteins. Indeed, a screen was
conducted using SGY1528 yeast that lacks K* uptake transporters Trkl and Trk2, which requires Kir2.1
surface expression to grow on low K+ media. This screen identified the C-terminal 14-3-3 binding motifs
that were eventually found to promote surface expression of various membrane proteins including a G-

protein coupled receptor GPR15 as well as KCNK3 and KCNK9 channels (45,70).

Since the loss of cell surface Kir2.1 or KCNK channels results in B31 survival in high K* media (2 and 3),
we thought that B31 strain would be potentially applicable to such screening of a random peptide
library that would allow identification of novel sequence motifs that downregulate surface expression of
membrane proteins. To explore this possibility, we tested the signal motifs that have been reported to
target intracellular compartments. These include the di-Arg (RXR) type ER retention/retrieval motifs
from the C-terminus of the Kir6.2 channel (71) and a G-protein coupled receptor GPR15 (70), and also
the endocytosis motif from a dopamine transporter (DAT) (72) (Fig. 4A). For the di-Arg motif from
GPR15, the penultimate Ser was mutated to Ala (S359A) in order to prevent occlusion of the di-Arg
motif (Arg®*?/Arg®**) by 14-3-3 binding (70). The expression levels of these Kir2.1 fusions were similar in

the transiently transfected HEK293 cells (Fig. 4B). As expected, the Kir2.1 fused with the RXR motifs from


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
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Kir6.2 and GPR15s3s5n Were associated with more B-COP when compared with WT Kir2.1 (Fig. 4C). The
FCM analysis showed that the surface expression of all of the tested Kir2.1 fusions were significantly
lower than that of WT channel (Fig. 4D). Then we addressed if these cell surface phenotypes of Kir2.1
channels are represented by the B31 growth. All of the Kir2.1 fusions allowed better growth of B31 in
high K* media when compared with WT Kir2.1 (Fig. 4E). In B31 cells, the Kir2.1 channels fused with the
RXR motif from Kir6.2 and the endocytic motif from DAT showed somewhat lower expression than the
WT channel did (Fig. 4F). As mentioned for the Kir2.1 A314/315 mutant (Fig. 2C), we believe that this
represents the enhanced susceptibility of those channels to the yeast degradation pathways due to their
intracellular retention. It is of note that the RXR motif from GPR15s3s9a did not support B31 growth as
efficiently as the RXR motif from Kir6.2 did (Fig. 4E), while both of these motifs seemed equally effective
in retaining the Kir2.1 channel in HEK293 cells (Fig. 4D). In addition, the endocytic motif from DAT was
less effective in reducing the surface expression of Kir2.1 in HEK293 cells while it allowed more B31
growth when compared with the GPR15s3504 sequence. These observations might reflect the difference
between yeast and mammalian cells in the recognition of these trafficking motifs by the cellular
transport machineries. Nevertheless, our results indicate that the C-terminally transplanted signal motifs

attenuated the Kir2.1 channel activity by reducing its cell surface density in B31 yeast.

Discussion:

A previous study by Kolacna et al. reported that the B31 yeast strain (enal-4A nhalA) lacking the K* and
Na* efflux system shows sensitivity to higher external concentrations of alkali-metal—cation salts when
transformed with a mammalian Kir2.1 channel (60). Due to the fact that Kir2.1 activity inversely
correlates with B31 growth in high K* media, we hypothesized that the complementation of growth of
B31 expressing Kir2.1 on high K* media would reflect the trafficking of functional receptor to the cell

surface.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3668539/figure/fig0003/
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Figure 4. B31 tolerance to high K+ represents the activity of trafficking signals that down-regulate
surface expression of membrane proteins. (A) Sequences that were fused to the C-terminus of Kir2.1
channels. (B) Total expression levels of Kir2.1 fusions. Total lysates from HEK293 cells transfected with
HA-Kir2.1 constructs were resolved by SDS—PAGE and immunoblotted for HA. (C) Association of COPI
with Kir2.1 fusions. The Kir2.1 fusions immunoprecipitated with aHA Ab were resolved by SDS—-PAGE
and immunoblotted for HA (lower panel) and the associating B-COP (upper panel). (D) Surface
expression of Kir2.1 fusions. HEK293 cells were transfected with HA-Kir2.1 constructs and analyzed for
cell surface expression by FCM. The histograms (left panels) of Kir2.1-transfected cells (filled) were
overlaid with that of vector-transfected cells (unfilled). The Median values were determined for the total
cell populations and shown in averagexSD of triplicate samples from the representative of three
experiments (right panel). (E) Growth assay of B31 expressing Kir2.1 fusions. The Kir2.1- or pYES2met
vector-transformed B31 cells were plated on YNB media (pH 6.50) with indicated concentrations of KCI
and cultured at 30 °C. The images were photographed at Day 7. (F) Expression of Kir2.1 channels in B31
cells. The proteins were extracted from the B31 cells transformed with pYES2met vector or the indicated
Kir2.1 constructs. The samples were resolved by SDS—PAGE and immunoblotted for Kir2.1 (upper panel).
The lower panel shows the Ponceau S staining of the transfer membrane, indicating similar loading of
the proteins for each sample.
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As a proof of concept, we examined (1) if specific mutations that disrupt functions of Kir2.1 can be
represented by B31 tolerance to high K*, (2) if other K* channel family members can also function in the
B31 growth assay, and (3) if the activities of Kir2.1-fused trafficking signals that downregulate surface

expression can be represented by B31 tolerance to high K*.

The fact that the natural mutants of Kir2.1 that inhibit either the ion conductance through the channel
(V302M mutation) or the post-Golgi trafficking of the channel to the plasma membrane (A314/315
mutation) was reflected in the B31 growth in high K* media demonstrates the potential of B31 both as a
tool for identifying the structural determinants of Kir2.1 channel functions, and for studying the

trafficking of Kir2.1.

The growth phenotype of B31 in high K* media also reflected the surface expression of KCNK3 and
KCNK9, two additional K*channel family members that are open channels at resting membrane
potential. These results indicate that KCNK3 and KCNK9, and possibly more KCNK members, function in
B31 yeast similarly to Kir2.1 to confer sensitivity to high external K*. These channels, despite being
associated with many diseases, are still not well understood. Thus, the B31 growth assay offers a
valuable tool for identifying the structural determinants for the activities and cell surface expression of
KCNK channels. Moreover, the restored growth of KCNK9-transformed B31 in liquid culture with zinc
provides a basis for potential high-throughput screening for small molecule inhibitors of KCNK channels.
Indeed, such work has been reported with the SGY1528 strain to successfully identify the inhibitors of
Kir2.1 channel (73). Additionally, given the fact the exposure of the di-Arg ER retrieval motif was
reflected in the B31 growth, B31 could potentially be utilized to study the trafficking of KCNK3 and

KCNK9 as well.

Finally, the fact that the fusion of the previously characterized trafficking motifs known to reduce the

surface levels of proteins to Kir2.1 was reflected in the growth phenotype of B31 cultured in high K*
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media demonstrates that the utility of K*transport-defective yeast is not limited to the study of
K* channel biology itself, but can be used as a reporter protein to study trafficking motifs that reduce the
surface levels of proteins. Furthermore, our results suggest the potential to develop B31 into a
systematic screening system for identifying the cis-acting peptide sequences that downregulate surface

trafficking of the K* channels and other membrane proteins in mammalian cells.

A previously developed system utilized SGY1528 yeast expressing a Kir2.1 C-terminal peptide fusion
library to identify a peptide sequence that increased the surface levels of Kir2.1 on the plasma
membrane (45), however to date no such gain-of-function yeast systematic screening has been
developed to identify the signal sequences that reduce the surface level of proteins. The development of
such a system would both increase the tools by which we study protein trafficking and aid in the further
elucidation of trafficking motifs and pathways. Moreover, the fact that the B31 growth phenotype in
high K* media reflected both the fusion of an ER retrieval motif and an endocytosis motif suggests that a
B31-based screening system for novel trafficking motifs could be a robust system with the ability to

identify trafficking signals that function through multiple distinct trafficking pathways (Fig. 5).
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Figure 5. The B31 screening system can potentially identify trafficking motifs that reduces the
surface levels of proteins through multiple trafficking pathways. Motifs that function either as an

ERAD, ER retention, ER retrieval, retromer, endocytosis, lysosmal or proteasomal signal can

potentially be identified through the B31 screening system.



IV. The development and use of the B31 based screening system to identify signal motifs that reduce

the surface levels of membrane proteins

Parts of this chapter have been previously published in:

Bernstein, J. D., Okamoto, Y., Kim, M., and Shikano, S. (2013) Potential use of potassium efflux-deficient

yeast for studying trafficking signals and potassium channel functions. FEBS Open Bio 3, 196-203

IV.1 Rationale:

The cell surface density of membrane proteins dictates their corresponding cellular activity. Intracellular
trafficking of membrane proteins is often dictated by the distinct signal sequences on the cargo proteins
(8). These trafficking signals often take the form of short linear amino acid motifs in the cytosolic regions
of membrane proteins (27-29,31). Many diseases, such as cystic fibrosis, arise from defects in cell
surface trafficking of membrane proteins (5). Therefore, identifying, characterizing, and elucidating the
mechanisms of trafficking signal sequences is important for understanding normal cellular physiology,
disease physiology, and the potential development of therapeutic interventions for diseases that involve
trafficking defects. It is not surprising that membrane protein trafficking is heavily studied and many
trafficking sequences have been identified and characterized (31). However, despite the progress that
has been made, many membrane proteins are transported throughout the cell without containing any
of the characterized trafficking motifs (43). Furthermore, there are membrane proteins that traffic
through unidentified trafficking pathways (74,75). We therefore hypothesize that there are more
trafficking motifs that regulate the surface expression of membrane proteins that have not yet been

characterized.

The majority of the previously identified sequence motifs that direct cargo proteins to the membrane
compartments have been discovered by studies on individual protein molecules. These studies typically
use mutational analysis of a protein of interest to identifying mutations that alter the normal trafficking

44
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of the protein, then hone in to identify the essential residues of the signal (44). More systematic
approaches to identifying trafficking signals would facilitate our understanding of membrane protein
trafficking. Indeed, recently a few yeast based systematic screening systems have been developed to
study protein trafficking. These systems utilized the ability of animal K* channels such as Kir family
channels to complement the growth of a K* uptake-deficient S. cerevisiae strain, e.g., SGY1528 that lacks
major yeast K* uptake transporters Trkl and Trk2 (76), in low K* media. For instance, Shikano et al. used
SGY1528 cells to screen a library of Kir2.1 channels that are fused with C-terminal random 8-mer
peptide sequences and identified a group of cis-acting sequences that specifically interact with 14-3-3
proteins and promote surface expression of membrane proteins (45). Moreover, the screening of a
cDNA library transduced into the Kir2.1 channel-expressing SGY1528 cells resulted in a discovery of a

trans-acting protein that enhances the cell surface expression of Kir2.1 (46).

A major limitation on the previously developed SGY1528 based screening systems is that they can only
identify factors that increase the surface levels of membrane proteins. Currently, there has been no
yeast-based gain-of-function screening system developed to identify signal motifs that downregulate
plasma membrane levels of proteins. A previous study by Kolacna and coworkers reported that the B31
strain (enal-4A nhalA) lacking the K* and Na* efflux system shows sensitivity to higher external
concentrations of alkali-metal—cation salts when transformed with a mammalian Kir2.1 channel (60). In
chapter Il we expanded upon these findings and demonstrated that the ability of B31 yeast expressing
the mammalian Kir2.1 channel to grow in high K* media could be directly related to the fusion of signal
sequences known to reduce the surface levels of proteins. Now, taking advantage of this growth
phenotype along with the ease of gap repair cloning by homologous recombination in yeast, combined
with the use of high efficacy yeast transformation protocols, and availability of random oligonucleotides
sequences, we developed a yeast-based screening system that enables systematic identification of the

sorting motifs that downregulate surface expression of membrane proteins. We conducted the
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screening, validated the results in yeast and mammalian cells, and then characterized the hit sequences’

mechanisms of action.

The development of the B31 based screening system to identify trafficking signals that reduce the

surface levels of membrane proteins

B31 expressing Kir2.1 channel is unable to grow in high K* media, however we demonstrated that the
fusion of trafficking motifs that are known to reduce the surface levels of proteins to the C-terminal tail
of Kir2.1 rescued the growth of the yeast when cultured in high K* media. Previous studies have
demonstrated that the extreme C-terminal tail of Kir2.1 can be modified without having any effect on
the function or surface transport of the protein (45,77). Dzwokai et.al demonstrated that the Kir2.1 C-
terminal tail could be truncated up to 43 amino acid residues without a significant reduction of the
function or surface levels (77). Shikano et.al demonstrated that when a random 10-mer amino acid
peptide library was fused to the extreme C-terminal tail of Kir2.1, the large majority of sequences did
not affect the channel localization (45). We therefore hypothesized that if we fused a random peptide
library to the C-terminal tail of Kir2.1, expressed those constructs in B31, and cultured the yeast in high
K* media, we would select for clones in which the surface levels of Kir2.1 are reduced. Based on this
observation, we developed a B31-based screening strategy to identify signal sequences that reduce the

surface levels of Kir2.1.

The technical development of the B31 screening system, including optimizations and troubleshooting, is
discussed in detail in the methods section. Our strategy is illustrated in (Fig. 6) and as follows: We used
PCR of random oligomers to generate double-stranded random C-terminal inserts for Kir2.1 encoded on
a yeast expression vector. Utilizing a high efficiency transformation protocol, we performed gap repair

cloning by homologous recombination in yeast to generate a library of Kir2.1 C-terminal fusion proteins
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Figure 6. Strategy for the development of the B31 based screening system to identify trafficking
sequences that reduce the plasma membrane levels of proteins.
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in B31 yeast (Fig. 7A). The yeast was then cultured on high K* media (600 mM K*) and surviving clones

were

further analyzed as potential hit constructs possibly containing the trafficking motifs that reduced the
surface levels of Kir2.1. We performed a series of validating assays to eliminate false positive clones,
then isolated the C-terminal sequences from the surviving hit clones. True hits were defined as C-
terminal hit sequences that reduced the surface levels of Kir2.1 in both yeast and mammalian cells. We

assayed the true hit clones to identify their trafficking pathways and mechanisms.

IV.3 Experimental Results:

1V.3.1 B31 Screening system transformation results:

The B31 screen was performed as described in the methods section. A typical transformation yielded
approximately 1x10°-6x10° transformants per electroporation as determined by replica plating on 0 mM
K* -Ura/-Met SD plates. Screening was typically conducted on 600 mM K* SD plates, and the number of
clones varied based on the level of screen optimization. The optimized B31 screen yielded 2000 hit
clones per 1x10° transformants (number varies a lot by conditions). Through a series of validation
assays, false positive sequences were eliminated. Colony PCR was performed to isolate hit sequences,
which where sequenced by Sanger sequencing. C-terminal sequences that reduced the surface levels of

Kir2.1 in yeast and mammalian cells were further analyzed to determine their mechanisms.

1V.3.2 B31 Screening system - elimination of false positive clones and hit sequence validation

1V.3.2a Elimination of false positive clones due to erroneous homologous recombination:

Whenever performing gap repair cloning by homologous recombination in yeast there is a small
percentage of vector plasmid that undergoes erroneous homologous recombination in which the vector

recombines with itself, losing the insert sequence but maintaining the selection marker (55). In the B31
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B Library construction strategy with selected optimizations
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Figure 7. B31 Screening system library construction strategy. (A) General library construction
strategy. Utilizing Gap-repair cloning by homologous recombination in B31 yeast, B31 were co-
transformed with a linearized yeast expression vector encoding the Kir2.1 sequence along with an
insert cassette containing a random sequence encoding the peptide library flanked by regions of
homology to the Kir2.1 sequence and yeast expression vector. DNA undergoes homologous
recombination in the yeast generating the Kir2.1- C-terminal random peptide library. (B) Library
construction strategy with selected optimizations. Optimizations to the homologous recombination
strategy to reduce the false positive clones include the use of GFP tagged Kir2.1, additional out of
frame stop codons in the insert cassette, and the addition of an additional insert containing the
TrpMx auxotrophic marker.
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screening system, B31 containing plasmid that maintains the auxotrophic marker sequence but loses the
Kir2.1 sequence will survive the screening condition, appearing as a false hit in the screen. With this type
of plasmid, colony PCR and sequencing could not be performed as the primer sites were typically
eliminated. Plasmid isolation from the yeast would typically produce an incorrect sized plasmid that

could not be digested with our usual subcloning enzyme sites.

In later, more optimized versions of the screen we were able to reduce the prevalence of false hits by
erroneous homologous recombination by performing the gap repair cloning with two inserts; the
random C-terminal insert for Kir2.1 and TrpMX, an additional yeast auxotrophic marker. Correctly
recombined plasmid would now encode for the Kir2.1 random peptide library, as well as the Ura and Trp
auxotrophic markers. Screening was done on SD plates —Ura/-Met/-Trp. Plasmids which underwent
erroneous homologous recombination would now typically lack the TrpMX cassette and would be

screened out on the selection plates (Fig 7B).

1V.3.2b Elimination of false positive clones due to elongation sequences:

We utilized PCR of random oligonucleotide sequences to generate the inserts for the Kir2.1 random
peptide library. A weakness of oligonucleotides, and particularly oligonucleotides containing random
sequences is the presence, although low, of congeneric species, containing one or more deleted
nucleotide from the oligonucleotide sequence (78). In the B31 screening system congenic
oligonucleotides, with even a single nucleotide deleted from the library coding sequence, would result in
a frame shift mutation of the C-terminal tail of Kir2.1, eliminating the terminal stop codon and extending
the Kir2.1 C-terminal tail until the next random stop codon generated within the vector sequence,
adding many amino acid residues. The elongated sequences could be isolated by colony PCR and
sequenced. These Kir2.1 C-terminal elongation clones typically showed no visible expression by total

lysate blot indicating either failure of translation or rapid degradation of elongated Kir2.1.
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In later, more optimized versions of the screen we were able to reduce the prevalence of false hits by
elongation sequences by the addition of out of frame stop codons within the oligonucleotide after the
terminal stop codon. In the event of a congenic oligonucleotide, the initial stop codon/s would be
eliminated, however major elongation would be stopped by the additional out of frame stop codons. In
the later more optimized screenings false positive clones due to elongation sequences were virtually

eliminated (Fig 7B).

1IV.3.2c Validation of identified sequences by retransformation in B31 and further elimination of false

positive clones:

Hit sequences were obtained by colony PCR of the Kir2.1 C-terminal tail from the B31 yeast then cloned
back into the C-terminal of Kir2.1 in the pYES2met yeast expression vector. B31 was retransformed to
express the fusion Kir2.1 hit constructs. The yeast was then re-plated on high K* plates to verify that the
B31 growth phenotype was a direct result of the identified sequence (representative sequences shown
in Fig. 8). If the B31 retransformed with the fusion Kir2.1 hit sequence did not grow on the high K* media
equal or greater that of the screening condition, the sequence was considered a false positive sequence.
B31 retransformed with the fusion Kir2.1 hit sequence which grew on the high K* were transferred to

the C-terminal of HA tagged Kir2.1 in the pCDNA3.1 mammalian expression vector.

1V.3.2d Validation of fusion Kir2.1 hit sequence function and surface reduction in mammalian cells:

As we demonstrated previously, B31 expressing Kir2.1 channel can grow on high K* media either if the
Kir2.1 channel surface level is reduced or if the ion conductance through the channel is inhibited.
Previous studies on the Kir2.1 channel demonstrated that the manipulation of the extreme C-terminal
tail of Kir2.1 is not expected to affect the ion channel function (45,77), however it was necessary to
eliminate this possibility. Additionally, it is possible that the surface reduction phenotype observed in

the B31 was due to yeast specific mechanisms. To determine the effect of the C-terminal hit sequences
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Figure 8. B31 screening identifies Kir2.1-fused C-terminal sequences that restore B31 growth in

high K media. (A) Representative C-terminal hit sequences obtained from the B31 screen. (B)
Validation of the hit sequences in B31 yeast. Growth phenotype of B31 was examined by re-
transforming B31 cells with isolated Kir2.1-fusion plasmids. The Kir2.1- or pYES2met vector-
transformed B31 cells were plated on YNB media (pH 6.50) with indicated concentrations of KCl and
cultured at 30 °C. The images were photographed at Day 4. Note that A19 sequence was isolated
from a relatively weakly growing colony on the original 600 mM K* screen plate in the original screen
(C) Top, Total lysates from B31 cells transfected with GFP-tagged Kir2.1 fusion constructs were
resolved by SDS-PAGE and immunoblotted for GFP. Bottom, a Ponceau S-stained transfer
membrane.
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on the surface levels of Kir2.1 in mammalian cells, HEK293 cells were transiently transfected with the

fusion Kir2.1 hit sequences. The surface levels of the Kir2.1 fusion proteins were measured by FCM

analysis, and the total expression level of the proteins was measured by western blotting of the total cell
lysate (Fig. 9). Figure 9 shows the effects of representative hit sequences on the surface levels of Kir2.1
in mammalian cells. Clone A19 is an example of a sequence that rescued B31 growth in high K* media
(albeit weakly) but did not reduce the surface levels of Kir2.1 in mammalian cells. The other

representative hit sequences shown all reduced the surface levels of Kir2.1 in mammalian cells.

IV.4 Characterization of representative hit clone sequences identified in B31 screening system:

IV.4.1 Representative hit sequence E3 is a substrate for ERAD:

The most commonly identified sequence type from the screen was sequences containing a patch of
strong hydrophobic residues represented by clone E3 (LGILIVIIR). These sequences strongly reduced the
surface levels of Kir2.1 when fused to its C-terminal tail, but also showed a much lower level of overall
expression by western blot analysis (Fig. 9). There are a few possibilities as to why we would see a
reduction in overall expression of the protein on the western blot. One possibility is a problem with the
protein translation, alternatively the protein could be undergoing rapid degradation (79). Within the
cell, protein degradation can occur through multiple mechanisms including proteasomal degradation
and lysosomal degradation, additionally proteins can be targeted through different pathways (80). A
major pathway of proteasomal degradation is the ER-associated degradation (ERAD) pathway. Proteins
folded in the ER are monitored by the ERQC which determines whether proteins are correctly folded.
Correctly folded proteins are allowed to exit the ER, whereas proteins incorrectly folded or assembled
are targeted for degradation via ERAD. It has been shown that within the ERQC an exposed region of
hydrophobicity within a protein is often recognized as a sign of protein misfolding, targeting the protein

for degradation (10). Being that clone E3, and the clone E3-like sequences all contain a strong patch of
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Figure 9. The fusion of the hit sequences obtained from the B31 screen reduce the surface levels of
Kir2.1 in mammalian cells. (A) Surface expression levels of Kir2.1 fusion proteins. HEK293 cells were
transiently transfected with HA-tagged Kir2.1 constructs and analyzed for cell surface expression by
FCM. The median values were determined for the viable cell populations and normalized to the
average median value of WT. Results are shown in averageiSD of triplicate samples from the
representative of three experiments. (C) Total lysates from HEK293 cells transfected with HA-Kir2.1
fusion constructs were resolved by SDS—PAGE and immunoblotted for HA.
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hydrophobic residues we hypothesized that the loss of protein expression observed, and subsequent

loss of Kir2.1 surface levels was a result of ERAD.

The ERAD ubiquitin E3 ligases have been best characterized in yeast. In yeast there are two major ERAD
E3 ligase complexes whose function is based on where the misfolded region of the protein occurs. The
HRD1 complex recognizes protein misfolds in the luminal and transmembrane domains of proteins. The
Doal0 complex recognizes misfolds in the cytosolic domains of proteins (81) (Fig. 10). Being that our
peptide library is on the cytosolic tail of Kir2.1 we figured Doal0 would be the likely candidate E3 ligase
responsible for ERAD of Kir2.1-hit constructs from our screen. We knocked out Doal0 gene from B31,
generating B31 Adoal0. We expressed Kir2.1 fused to sequence E3 as well as other hits obtained from
the screening in B31 Adoal0 and compared the growth phenotype in high K* with B31 (Fig. 11)
expressing the same constructs. B31 Adoal0 expressing Kir2.1- E3 growth was eliminated at 500 mM K*
whereas in B31 Kir2.1-E3 allowed growth to 800 mM K*. Other clones, not suspected to undergo ERAD
grew to similar levels of K* in both B31 and B31 Adoal0 (Fig. 11). These results indicate that sequence
E3, which contains a strong hydrophobic patch and causes the degradation of Kir2.1 and subsequent

reduction on the cell surface, are recognized by the components of ERCQ and send the protein to ERAD.

We next tested the transplant-ability of hit sequence E3. We transplanted sequence E3 to the extreme
C-terminal tail of CD8, a dimeric Type | transmembrane protein, then transiently transfected HEK293
cells and analyzed the surface levels of the proteins by FCM and the total expression by western blot
analysis (Fig. 12). Similar to Kir2.1, CD8 fused to E3 sequence appeared degraded on the total lysate blot
and subsequently showed reduced surface levels of the protein. This was consistent with the previous

reports of exposed hydrophobicity as a substrate for ERAD (10) (Fig. 13).

1V.4.2 Representative hit sequences E6 and J77 function as a di-Arg type ER retrieval sequences:



59

ER-associated degradation (ERAD) components in yeast
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/
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Figure 10. ER-associated degradation (ERAD) components in yeast. The major yeast ubiquition-E3
ligases have been characterized. The Doal0 complex is the major yeast ubiquition-E3 ligase
recognizing cytoplasmic degrons. The HRD1 complex is the major yeast ubiquition-E3 ligase
recognizing luminal and transmembrane degrons.
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Figure 11. Deletion of Doal0 gene in B31 inhibits B31 growth in high K" media when expressing
Kir2.1-E3 but not when expressing Kir2.1 fused to other hit sequences. (A) B31 expressing Kir2.1-Hit
constructs. B31 expressing Kir2.1 fused to hit sequences are able to grow when cultured in 800 mM
potassium. (B) B31 Adoal0 expressing Kir2.1-Hit constructs. B31 Adoal0 expressing Kir2.1-E3’s
growth is obliterated when cultured at 500 mM potassium, whereas B31 Adoal0 expressing Kir2.1
fused to other hit constructs continue to grow to a potassium range of 700-800 mM potassium.
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Figure 12. Hit sequence E3 transplanted to the C-Terminal tail of CD8 reduces the surface level and
total expression level of CD8. (A) A diagram of CDS8, a type 1 transmembrane protein, fused with E3
sequence (B) Surface expression of CD8-E3 fusion. HEK293 cells were transiently transfected with
Myc-tagged CD8 constructs and analyzed for cell surface expression by FCM. The median values
were determined for the total viable cell populations and normalized to the average median value of
WT. Results shown in averaget+SD of triplicate samples from the representative of three
experiments. (B) Total lysates from HEK293 cells transfected with Myc-CD8 fusion constructs were
resolved by SDS—PAGE and immunoblotted for Myc.
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Role of sequence E3 in down-regulating surface expression of Kir2.1 and CD8
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Figure 13. Hit sequence E3 fused to the extreme C-terminal tail of both Kir2.1 and CD8 functions as
a substrate for ERAD.
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The next category of hit sequences that we observed were sequences enriched with Arg residues
represented by clones E6 (IRLRRRLRRIR) and J77 (VCRRRRVGNNK). These signals reduced the surface

levels of Kir2.1 but still showed expression comparable to WT by western blot analysis (Fig. 9). These Arg

rich motifs all contained the consensus motif for the di-Arg (RXR) ER retrieval motif. Additionally, the
majority of these sequences contained a strong hydrophobic residue such as Leu directly upstream the

di-Arg motif, which has been shown to strengthen the retrieval of proteins bearing the di-Arg motif (82).

The di-Arg motif is found on plasma membrane proteins that consist of multimeric subunits. Being that
the motif is found on proteins destined to leave the ER, the di-Arg motif is understood to be a quality
control signal. In order for a protein bearing the di-Arg motif to be trafficked to the plasma membrane, it
must mask its di-Arg signal, which commonly occurs through proper protein folding, proper multimeric
assembly, or masking by another protein. An exposed di-Arg signal indicates to the cell that the protein
has escaped the ER without proper folding and/or assembly, and is thus returned to the ER for
correction (12). In order to function as an ER retrieval signal the di-Arg motif must be located at least 32
A away from the membrane region (83). Beyond this requirement the di-Arg motif is not site specific and
can cause ER localization when the signal is exposed on essentially any cytoplasmic region, including
intracellular loops of the multi-span membrane proteins (12). The motif is recognized by COPI,
specifically residues on the B-COP and 6-COP subunits, and the cargo proteins are packaged into COPI

coated vesicles and retrogradely transported to the ER (38).

We therefore explored whether these Arg rich hit sequences represented by clones E6 and J77 were
functioning as a di-Arg type ER retrieval signal. The essential residues of the di-Arg are the two Arg
residues, which must be separated by one amino acid (83). Mutations changing or eliminating the
essential Arg residues obliterates the trafficking sequence function (12). We therefore wished to explore

whether obliterating the essential Arg residues within our hit sequences would restore the surface level
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of Kir2.1 bearing the mutated motif. Sequence E6 contains many Arg residues, and eliminating all
combinations of di-Arg signals would be difficult without drastically altering the sequence. With
sequence J77 however, elimination of the essential residues of the di-Arg motif could be achieved by
mutating the 4™ and 5" amino acids of the sequence. We generated Kir2.1 fused to the mutated J77
sequence and compared the surface levels by FCM analysis. Whereas Kir2.1-J77 shows reduced surface
expression compared to Kir2.1-WT, Kir2.1-J77-R4/R5A has the surface level substantially restored (Fig.

14).

Next, we used immunocytochemistry to examine the steady-state localization of Kir2.1-J77 compared to
Kir2.1-WT. If the Arg rich hit sequences are functioning as a di-Arg ER retrieval signal, we would expect
to see a steady-state localization of Kir2.1 fused to E6 or J77 in the ER. We transiently transfected
HEK293 cells with GFP-tagged Kir2.1-WT and Kir2.1-J77. The cells were fixed and permeablized, then
immunostained for binding immunoglobulin protein (Bip), an ER luminal chaperone protein. Cells were
examined under a laser scanning confocal microscope for co-localization (Fig. 15). The GFP-Kir2.1-WT
staining pattern resembles a typical surface stain with little colocalization with Bip (Fig. 15, upper
panels). GFP-Kir2.1-J77 loses its surface stain and rather shows co-localization with Bip indicating a

steady-state localization in the ER consistent with the di-Arg ER retrieval motif (Fig. 15, lower panels).

The di-Arg motif has been shown to directly interact with COPI and direct cargo to undergo COPI
mediated ER retrieval (38) Therefore, we next looked to see if Kir2.1-E6 showed enriched interaction
with COPI. To test the interaction, we performed a co-IP experiment. HEK293 cells were transiently
transfected with Kir2.1-WT and hit constructs. Cells were lysed and Kir2.1 was precipitated, then probed
for interaction with endogenous COPI. Kir2.1-E6 showed increased interaction with COPI, similar to
Kir2.1 fused to an RXR control sequence, whereas Kir2.1-WT and other Kir2.1 hit constructs do not (Fig.

16). These results are once again consistent with a di-Arg ER retrieval motif.
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Figure 14. Obliteration of the di-Arg signals from hit sequence J77 restores the surface level of
Kir2.1. (A) Amino acid sequences of parental hit sequence J77 and J77 Ala in which the di-Arg motif
has been obliterated by mutating R4 and R5 to Ala. B) Surface expression of Kir2.1 fusions. HEK293
cells were transiently transfected with HA-Kir2.1 constructs and analyzed for cell surface expression
by FCM. The median values were determined for the total cell populations and normalized to the
average median value of WT. (C) Total lysates from HEK293 cells transfected with HA-Kir2.1 fusion
constructs were resolved by SDS—PAGE and immunoblotted for HA.
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GFP-Kir2.1 Bip (ER) Merged Enlarged area

Figure 15. Kir2.1 fused to J77 shows co-localization with the ER marker Bip. HEK293 cells expressing
either GFP-tagged Kir2.1-WT (upper panels) or GFP tagged Kir2.1-J77 (lower panels) were fixed and
permeabilized, then stained for an ER marker Bip followed by Cy3-labeled secondary antibody.
Images were collected with a Zeiss LSM 700 laser scanning confocal microscope. Kir2.1-WT shows a
cell surface as well as an intracellular staining likely reflecting Golgi, which does not co-localize with
Bip signal. Kir2.1-J77 is not present on the cell surface but rather shows co-localization with the Bip.
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Figure 16. Kir2.1-E6 shows enriched interaction with COPI compared to Kir2.1-WT. (A) Amino acid
sequence of hit sequence E6 and a positive control RXR motif from Kir6.2 C-terminal tail. (B)
Association of COPI with Kir2.1-E6. Kir2.1 fused E6 and RXR control immunoprecipitated with HA Ab
were resolved by SDS—PAGE and immunoblotted for HA (bottom two panels) and the associating B-
COP (upper panel). Samples were run through a single gel and the gap between WT and E6 indicates
the lanes not shown.
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We next tested the translatability of hit sequences E6 and J77. A feature of trafficking sequences is that
they are often autonomous signals that will function when transplanted to different protein contexts.
However, trafficking signals can also be context dependent, so a transplanted signal sequence may not
work in every protein context (83). We transplanted sequence E6 and J77 to the extreme C-terminal tail

of CD8 then transiently transfected HEK293 cells and analyzed the surface levels of the proteins by FCM

and the total expression by western blot analysis. Both CD8-E6 and CD8-J77 showed extremely lower

surface expression compared to CD8-WT (Fig. 17A).

CD8 undergoes heavy O-glycosylation in the Golgi, and this modification can be detected by western
blot analysis. CD8 that has trafficked through the Golgi will appear as a slower migrating mature O-
glycosylated band on a total lysate blot. In the western blot analysis of the total cell lysate, CD8-WT ran
primarily in its mature O-glycosylated form, indicative of protein which has reached or passed the trans-
Golgi, whereas CD8-E6 and CD8-J77 ran primarily as a faster migrating immature band indicative of CD8
which has not been transported through the trans-Golgi (Fig. 17B). Both the reduced surface levels and
immature glycosylation pattern of CD8-E6 and CD8-J77 in the total lysate blot are consistent with CD8

bearing an exposed di-Arg ER retrieval motif.

We used immunocytochemistry to examine the steady-state localization of CD8-J77 compared to CD8-
WT. Myc-tagged CD8-WT and CD8-J77 were transiently transfected into HEK293 cells. The cells were
fixed and permeablized, then co-immunostained for Myc (CD8) and ER marker protein Bip. Myc-CD8-WT
staining pattern resembles a typical surface stain with little co-localization with Bip (Fig. 18, upper
panels). Myc-CD8-J77 loses its surface stain and rather shows co-localization with Bip, indicating a

steady-state localization in the ER consistent with the di-Arg ER retrieval motif (Fig. 18, lower panels).

Finally, ideally, we would have wanted to test the interaction of our CD8-fused Arg rich hit clones with

COPI, however due to technical difficulties, we were not able to see reliable COPI binding of even
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Figure 17. Hit Sequences E6 and J77 transplanted to the C-terminal tail of CD8 reduces the surface
level of CD8. (A) Surface expression of CD8 fusions. HEK293 cells were transiently transfected with
Myc-CD8 constructs and analyzed for cell surface expression by FCM. The median values were
determined for the total viable cell populations and normalized to the average median value of WT.
Results shown in averagexSD. of triplicate samples from the representative of three experiments. (B)
Total lysates from HEK293 cells transfected with Myc-CD8 fusion constructs were resolved by SDS—

PAGE and immunoblotted for Myc.
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Figure 18. CD8 fused to J77 shows co-localization with the ER marker Bip. HEK293 cells expressing
either Myc-CD8-WT (upper panels) or Myc-CD8-J77 (lower panels) were fixed and permeabilized,
then stained for an ER marker Bip followed by Cy3-labeled secondary antibody. CD8 was stained with
anti-Myc antibody followed by AF488-labeled secondary antibody. Images were collected with a
Zeiss LSM 700 laser scanning confocal microscope. CD8-WT is primarily expressed on the cell surface
and does not co-localize with Bip (upper panels). CD8-J77 is not present on the cell surface but rather
shows co-localization with Bip (lower panels).
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control CD8 constructs. We therefore utilized a pulse-chase metabolic labeling assay developed by
Jackson and coworkers to visualize CD8 undergoing ER retrieval (84). They observed that while CD8
fused to C-terminal di-Lys motifs (KKXX-COOH or KXKXX-COOH) do not travel through the Golgi and
therefore do not achieve full maturation, being that they are retrieved from the early Golgi, they obtain
some exposure to the earliest glycosyltranferases, which slightly increases the electrophoretic mobility
of CD8. This slight maturation of CD8 is not observable in a steady-state blot but can be visualized via

pulse chase assay (84).

We therefore performed the pulse chase assay on CD8-WT and CD8-177, as well as CD8 fused with the
di-Lys motif of yeast WBP1 protein (LETFKKTN-COOH) as a control construct based on the previous
report (84). HEK293 cells were transiently transfected with CD8-WT and fusion constructs. 24 hrs after
transfection cells were pulse labeled for 10 min with ¥S-Met and *S-Cys at 37 ° C then chased for 2, 6,
and 23 hrs. CD8 proteins collected by immunoprecipitation were resolved by SDS-PAGE and analyzed by
autoradiography using the phosphor screen imager. CD8-WT shows rapid maturation already at 2 hrs of
chase. CD8-J77 never fully matures but shows a slight increase in size at the 2, 6 and 23 hrs time points
similar to CD8-KKTN, which is consistent with the idea that it cycles between the ER and cis-Golgi (Fig.
19). We therefore conclude that sequences E6 and J77 are functioning as di-Arg ER retrieval signals in

both the context of Kir2.1 and CD8 localizing the proteins to the ER (fig. 20).

IV.4.3 Representative hit sequences A8, A9, J47 and J55 are enriched with Leu residues

The next category of hit sequences that we observed were sequences that contained two adjacent Leu’s
(or a Leu followed by lle), which are the critical residues of the di-Leu endocytosis/sorting motif. There
are two well characterized di-Leu motifs [DE]XXXL[LI] and DXXLL. The functional requirements for the
DXXLL signal are strict, any mutation in the D, LL, or spacing of the D and LL obliterates the function of

the signal (39) and our screening did not produce such a signal. The [DE]XXXL[LI] motif is more flexible
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Figure 19. Pulse-chase analysis of CD8-J177 shows a glycosylation pattern consistent with CD8
undergoing ER retrieval. (A) Amino acid sequence of hit sequence J77 and a control C-termina di-Lys
motif from yeast WBP1 protein. (B) A diagram of a pulse-chase analysis of CD8 O-glycosylation. The
left panel depicts a CD8 blot pattern for WT which has undergone post-Golgi trafficking and runs as a
fully mature band. The middle panel depicts CD8 showing no signs of O-glycosylation which indicates
either being retained in the ER or retrieved to the ER from membrane compartments where cargo is
not exposed to the O-glycosylation enzymes. The right panel depicts CD8 undergoing retrieval from
the cis-Golgi in which CD8 has brief exposure to the early step O-glycosylation enzymes, and shows
slight maturation over time without reaching full maturation. (C) HEK293 cells expressing CD8

constructs were pulse labeled for 10 min using 100 uCi of 35S-Met/Cys at 37° C then chased for 2, 6,
and 23 hrs. CD8 was collected by immunoprecipitation on beads and then resolved by SDS-PAGE
followed by autoradiography using a Molecular Dynamics Storm 860 imager. CD8-WT (left panel),
which is robustly expressed on the cell surface, rapidly becomes the fully mature band whereas CD8-
J77 (middle panel) displays a slight maturation over time similar to CD8-KKTN (right panel),
consistent with CD8 undergoing ER retrieval from cis-Golgi.
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Role of sequences E6 and J77 in down-regulating surface expression of Kir2.1 and CD8
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Figure 20. Hit sequence E6 and J77 fused to the extreme C-terminal tail of both Kir2.1 and CD8
functions as an ER retrieval signal.
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where only the two Leu are the critical residues, with the upstream acidic residues enhancing the effect
(39). Additionally, it has been shown that a Pro residue immediately upstream the di-Leu signal or

additional acidic residues downstream the di-Leu signal also enhances the signal (43). Sequences A8

(EIEFLIHF), A9 (EIEFLVSW), J47 (VSSLLPLL), and J55 (LPLIDMT) all contain the residues consistent with the

[DEIXXXL[LI] di-Leu motif.

IV.4.3a A8, A9, J47 and J55 reduce the surface levels of CD8 when transplanted to its C-terminal tail,

but by potentially distinct mechanisms

We first wanted to determine if the hit sequences would function when transplanted to CD8. In addition
to the translatability of the hit sequences, due to CD8 undergoing O-glycosylation in the Golgi, western
blot analysis of CD8 constructs will give an indication of the protein localization/trafficking. If the CD8
fused hits are reduced from the cell surface as a function of enriched endocytosis, they will have
nonetheless passed through the Golgi and appear on the western blot as primarily a larger mature band.

If, however CD8 trafficking is disrupted at pre-Golgi step the protein will appear as an immature band.

We transplanted sequences A8, A9, J47 and J55 to the C-terminal tail of CD8 and transiently transfected
HEK293 cells to examine their surface expression and total protein expression. All four hit sequences
functioned to reduce the surface levels of CD8 compared to CD8-WT as measured by FCM (Fig. 21B).
Upon visualization of the western blot bands, whereas CD8 fused to J47 and J55 ran as a mature O-
glycosylated band, as we would expect if the CD8 surface levels were being reduced as a function of
endocytosis, CD8 fused to A8 and A9 ran primarily as an immature band, which suggested that those
constructs have not passed through Golgi (Fig. 21C). In light of CD8 fused to A8 and A9’s O-glycosylation
pattern on western blot we further explored whether the hit sequences A8 and A9 could be functioning

through a mechanism of ER retrieval or retention in both the context of Kir2.1 and CD8.
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Figure 21. Leu rich hit sequences reduce the surface level of CD8 when transplanted to its C-
terminus (A) Amino acid sequence of hit sequences. (B) Surface expression of CD8 fusions. HEK293
cells were transiently transfected with Myc-CD8 constructs and analyzed for cell surface expression
by FCM. The median values were determined for the total viable cell populations and normalized to
the average median value of WT. Results shown in averagexSD. of triplicate samples from the
representative of three experiments. (C) Total lysates from HEK293 cells transfected with Myc-CD8
fusion constructs were resolved by SDS—PAGE and immunoblotted for Myc.
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1V.4.3b Kir2.1 fused A8 and A9 bind COPI in co-IP assay

To date, COPI-mediated retrograde transport is the only established pathway for the ER retrieval of
membrane proteins (85), although there is a less well characterized Rab6-dependent COPI-independent

retrograde transport pathway for certain bacterial toxins (86). We therefore decided to test if Kir2.1

fused to A8 and A9 interact with COPI by co-IP assay. HEK293 cells were transfected with Kir2.1
constructs, and the immunoprecipitated Kir2.1 proteins were probed for the co-precipitating
endogenous BCOP. Interestingly, Kir2.1 fused to sequences A8 and A9 as well as J77 (our positive control
for di-Arg ER-retrieval signal) showed enriched interaction with COPI compared to Kir2.1-WT. Kir2.1-A19
(a negative control signal), and Kir2.1-J47 (a Leu rich motif that reduces the surface levels of both Kir2.1
and CD8, but ran as a CD8 mature band via western blot), showed similar COPI interaction to Kir2.1-WT

(Fig. 22).

1V.4.3c Synthetic peptide sequence A8 binds COPI in peptide pulldown assay

To test if this COPI association is a direct effect of these hit sequences, we performed an in vitro pull-
down assay using synthetic peptides encoding the C-terminal sequence of A8. The peptides covalently
coupled to the resin were incubated with HEK293 cell lysate, and the bound proteins were probed for
COPI. Consistent with the co-IP results, sequence A8, as well the E6 di-Arg sequence, showed strong
binding to COPI while WT Kir2.1 endogenous C-terminal sequence and A19 sequence did not (Fig. 23).
These results raised an intriguing possibility that hydrophobic sequences such as A8 and A9 represent a

novel COPI-binding motif that function for the ER retrieval in the context of Kir2.1 protein.

1V.4.3d CD8 fused to sequence A8 appears to be either retained in the ER or rapidly retrieved from the

early pre-Golgi compartments by pulse-chase analysis
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Figure 22. Kir2.1-A8 and A9 show enriched interaction with COPlI compared to Kir2.1-WT. (A)
Amino acid sequence of hit sequences of hit constructs (B) Association of COPI with Kir2.1-fused hit
sequences. Kir2.1 with hit sequences were immunoprecipitated with aHA Ab, resolved by SDS—PAGE,
and immunoblotted for HA (bottom two panels) and the associating B-COP (upper panel). Kir2.1-A8
and A9 show enriched interaction with COPI similar to Kir2.1-J77 (di-Arg control) whereas other
constructs do not. * denotes the cross-reacting IgG band of HA Ab. (C) The B-COP bands from three
experiments were normalized to the Kir2.1 bands and quantified using the Image Studio Lite

software (LI-COR)
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Synthetic peptides

WT: CPRPLRRES.

A8: CPRPLRRESEIEFLIHF.
A1S: CPRPLRRESEIEFLVDA.
E6: CPRPLRRESIRLRRRLRRIR.

Input
No peptide

WT A19 A8 E6
KD
100- - ’

Blot: B-COP

Figure 23. Synthetic peptides encoding the A8 sequence pull-down COPI in an in vitro peptide
pulldown assay (A) Amino acid sequence of synthetic peptides. (B) Synthetic peptides containing the
amino acid sequences of hit constructs were conjugated to sulfo-link resin and incubated with the
total lysate of HEK293 cells. Pulled down proteins were eluted, and samples were run through SDS-
PAGE and blotted for interaction with B-COP. The peptides encoding the Kir2.1-WT extreme C-
terminal tail and the A19 sequence (negative control) do not pull-down COPI. The peptide encoding
sequence A8 pulls down COPI similar to the sequence E6 (di-Arg positive control)
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Ideally we would have wanted to test the interaction of CD8 fused to A8 and A9 with COPI, however due
to technical difficulties, we were not able to see reliable COPI binding of even control CD8 constructs
fused with RXR motif (data not shown). We therefore again utilized the pulse-chase assay developed by
Jackson and coworkers to visualize CD8 undergoing ER retrieval (84). They observed that while CD8
fused to di-Lys motifs do not travel through the Golgi and therefore do not achieve full maturation, they

are retrieved from the early Golgi where they obtain some exposure to the earliest glycosyltransferases

that modify CD8 and slightly decrease its mobility on the gel (relative to unmodified). This slight

maturation is difficult to observe in a steady-state blot but can be visualized via pulse-chase assay (84).

We therefore performed the pulse-chase assay on CD8 fused to A8 together with CD8-WT and controls
for the ER retrieval motifs CD8-J77 (di-Arg motif) and CD8-KKTN (di-Lys motif). CD8-WT shows rapid
maturation already at 2 hrs of chase. CD8-J77, as well as the CD8-KKTN control, never fully matures but
shows a slight increase in size at the 2, 6 and 23 hrs time points, the pattern which was previously
characterized as a sign of CD8 ER retrieval ((84) and Fig. 24). CD8 fused with A8, however did not show
any maturation over the course of the 23 hrs (Fig. 24). These results suggest that rather than undergoing
ER retrieval, CD8 fused to A8 is retained in the ER. However, it is impossible to completely rule out if
CD8-A8 is functioning through a retrieval mechanism via this pulse-chase assay, since ER retrieval can
occur in multiple steps of forward trafficking, including from the ERGIC prior to the protein reaching the
Golgi (13). If CD8-A8 is undergoing rapid retrieval from the earlier trafficking step such as ERGIC, it might
not gain the exposure to the glycosyltransferases. Furthermore, if CD8-A8 is truly retained in the ER it
remains to be determined whether the retention is achieved by direct recognition of signal A8 or by

sequence A8 causing CD8 protein misfolding or misassembly (Fig. 25).
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Figure 24. Pulse-chase analysis of CD8-A8 shows a glycosylation pattern consistent with CD8
retained in the ER (A) Amino acid sequence of hit sequences and a control KKXX motif. (B) HEK293

cells expressing CD8 constructs were pulse labeled for 10 min using 100 uCi of 35S-Met/Cys at 37° C
then chased for 2, 6, and 23 hrs. CD8 was collected by immunoprecipitation on beads and then
resolved by SDS-PAGE followed by autoradiography. CD8-WT (left panel), which is robustly
expressed on the cell surface, rapidly becomes the fully mature band. As we previously showed,
CD8-J77 and CD8-KKTN (right two panels) display a slight maturation over time consistent with CD8
undergoing ER retrieval. However CD8-A8 (second panel from the left) shows no maturation over
time, indicative of a protein either retained in the ER or rapidly retrieved to the ER prior to any
exposure to the O-glycosylation enzymes in the cis-Golgi.
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Role of sequences A8 and A9 in down-regulating surface expression CD8

Endosome

ER localization
ER retention or retrieval?

Plasma
membrane

Figure 25. Hit sequences A8 and A9, fused to the extreme C-terminal tail of CD8 localized the
protein to the ER. CD8-A8 does not reach the Golgi, therefore the localization is either a result of ER

retention or retrieval from an early compartment such as the ERGIC.
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IV.4.3e Kir2.1-A8 does not appear localized to the ER by immunocytochemical analysis

Being that both the steady-state blot and pulse-chase analysis clearly indicated ER localization for CD8-
A8, combined with the fact that Kir2.1-A8 showed COPI interaction by our co-IP assay, we wanted to
determine if Kir2.1-A8 was localized to the ER. We used immunocytochemistry to explore this possibility.
We transiently transfected GFP-tagged Kir2.1-WT, Kir2.1-A8, and Kir2.1 fused to a di-Arg control into
Hela cells. The cells were fixed and permeablized, then immunostained for an ER luminal marker Bip.
Cells were examined under a laser scanning confocal microscope for co-localization (Fig. 26). Both

Kir2.1-WT and Kir2.1-A8 typically did not show increased co-localization with Bip (Fig. 26, top and middle

panels) whereas the Kir2.1 fused to the di-Arg control was more clearly co-localized with Bip (Fig. 26,
Bottom panels). These results suggest that despite Kir2.1 binding to COPI in the co-IP and peptide pull-
down assays ER-retrieval does not appear to be the major mechanism responsible for the reduced
surface expression in the context of Kir2.1. The functional role, if any, of COPI binding on Kir2.1-A8 and

A9 requires further investigation.

IV.4.3f A8, A9, J47 and J55 increase endocytosis in Kir2.1

Considering the sequence A8, J47 and J55 meet the criteria of the di-Leu motif, and sequence A9 could
be functioning as an atypical di-Leu, we suspected that the surface reduction of Kir2.1 could be
mediated by this motif. The di-Leu motifs have been best characterized as an endocytosis motif, causing
the rapid internalization of proteins bearing the motif to the endosomes. The di-Leu motif can also
function to directly target proteins from the TGN to the intracellular compartments such as the

endosomes and lysosomes (39).

To test if sequences A8, A9, J47 and J55 function as an endocytosis motif when fused to Kir2.1, we
performed a FCM-based Ab feeding assay. Kir2.1 proteins expressed in HEK293 cells were labeled with

primary anti-HA epitope Ab at 4 °C, where endocytosis is inhibited. Cells were then warmed to an



83

GFP-Kir2.1 Bip (ER) Merged Enlarged area

-

A8

RXR control

Figure 26. Kir2.1-A8 does not appear co-localized with the ER marker Bip. Hela cells expressing
either GFP-tagged Kir2.1-WT (upper panels), Kir2.1-A8 (middle panels) or Kir2.1-RXR control, were
fixed and permeabilized, then stained for Bip followed by Cy3-labeled secondary antibody. Images
were collected with a laser scanning confocal microscope. Kir2.1-WT does not co-localize with Bip,
rather it is present on the cell surface (upper panels). Kir2.1-J77 shows no signal on the cell surface
but rather shows co-localization with Bip (lower panels). Kir2.1-A8 (middle panels) is not co-localized
with Bip, suggesting the surface reduction of Kir2.1-A8 is not mediated through ER

retrieval/retention.
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endocytosis permitting temperature, 37 °C, for various time periods, then cooled back down to 4 °C and
stained with a fluorescently tagged secondary Ab at 4 °C. The Kir2.1 fusions remaining on the cell surface
were analyzed by FCM. The fusion of the hit sequences A8, A9, J47, and J55 all significantly increased the
rate of Kir2.1 endocytosis (Fig. 27), indicating that these hit sequences function to reduce the surface

levels of Kir2.1 by promoting endocytosis.

IV.4.3g Kir2.1 fused A8, A9, J47 and J55 undergo clathrin-mediated endocytosis

The di-Leu motif has been characterized to function by promoting clathrin-mediated endocytosis (39).
We were curious whether Kir2.1 fused to our hit sequences functioned this mechanism. To explore this
possibility, we utilized AP180C, a C-terminal clathrin binding domain of another essential clathrin
adapter protein AP180 that specifically disrupts clathrin-mediated endocytosis (87) to test if the hit

Kir2.1 constructs were internalized via the clathrin-mediated pathway.

To determine if our Kir2.1 peptide fusions were undergoing clathrin-mediated endocytosis we co-
expressed our Kir2.1 fusion constructs with either empty vector (pCDNA3.1) or AP180C in HEK293 cells
to see if the disruption of clathrin-mediated endocytosis would increase the steady-state surface levels
of Kir2.1 fusion protein. The Kir2.1 fusion constructs all showed increased presence on the cell surface
when co-transfected with AP180C compared to empty vector, consistent with the proteins constitutively
undergoing clathrin-mediated endocytosis (Fig. 28B). On the other hand, Kir2.1-WT showed reduced
rather than increased surface expression when co-expressed with AP180C compared to empty vector
(Fig. 28B), which would suggest clathrin-independent endocytosis, which is inconsistent with the
previous reports (88). However, examination of the total expression levels by western blot analysis
revealed that co-expression of Kir2.1 with AP180C substantially reduced the overall Kir2.1 protein
expression level compared to the co-expression with empty vector pCDNA3.1 in both WT and Kir2.1

peptide fusions (Fig. 28C). We do not have good explanation for this reduced expression of Kir2.1 by
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Figure 27. Kir2.1 fused to hit sequences A8, A9, J47, and J55 show enhanced endocytosis
compared to Kir2.1-WT. (A) Amino acid sequence of hit sequences. (B) Endocytosis of Kir2.1-WT and
fusion constructs. Kir2.1 expressed in HEK293 cells were labeled with a primary anti-HA epitope
antibody at 4 °C where endocytosis is inhibited. Cells were then warmed to an endocytosis
permitting temperature, 37 °C, for various time periods, then cooled back down to 4°C and stained
with fluorescently tagged secondary antibody at 4°C. The Kir2.1 fusions remaining on the cell surface
were analyzed by FCM. Values are averageiSD from a representative experiment. * indicates

significant difference (P<0.05) from WT values at each time point.
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Figure 28. Kir2.1 fused to A8, A9, J47, and J55 are sensitive to AP180C, an inhibitor of clathrin-
mediated endocytosis, causing an increase in their surface levels despite a decrease in overall
expression level. (A) Amino acid sequence of hit sequences. (B) Surface levels of Kir2.1-WT and
Kir2.1 fusion constructs when co-expressed with AP180C. HEK293 cells were co-transfected with HA-
Kir2.1 constructs and either empty vector (pCDNA3.1) or AP180C. Kir2.1 cell surface expression was
analyzed by FCM. The median values were determined for the total viable cell populations and
normalized to the average value of WT. Results shown in averagexSD. of triplicate samples from the
representative of three experiments. (C) Total lysates from HEK293 co-transfected with HA-Kir2.1
constructs and either empty vector or AP180C were resolved by SDS—PAGE and immunoblotted for
HA.
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AP180C co-transfection, although differential transcriptional competition between the plasmid vectors
might be a possible reason. Nonetheless, the relatively slow rate of endocytosis of Kir2.1-WT, combined
with the reduced total expression level of Kir2.1 when co-transfected with AP180C could explain our WT
result, whereas for the rapidly internalizing Kir2.1 fusion proteins (A8, A9, J47, J55) the disruption of
clathrin-mediated endocytosis probably overcame the loss of total protein expression and increased the

steady-state surface expression level.

To more clearly determine the clathrin dependency, we used an Ab feeding assay to test if the
internalization of Kir2.1 proteins is regulated by the presence of AP180C. In the Ab feeding assay each

sample is normalized to its pre-internalization value, eliminating the effect of the relative protein

expression level on the data. We co-expressed our Kir2.1 fusion constructs with either empty vector or
AP180C and performed the previously described Ab feeding assay. At 30 min after shifting to the
endocytosis permitting temperature 37 °C, Kir2.1-WT co-expressed with AP180C showed significantly
7hyureduced endocytosis when compared to co-transfection with empty vector, a result consistent with
Kir2.1-WT undergoing a clathrin-mediated endocytosis (Fig. 29). All the tested Kir2.1 fusion proteins also
showed significantly reduced endocytosis when co-expressed with AP180C, consistent with our steady-
state result. Combined, our data suggest that as previously reported Kir2.1-WT undergoes a constitutive
clathrin-mediated endocytosis (88) and fusion of hit sequences A8, A9, J47, and J55 to Kir2.1 all

increased the rate of clathrin-mediated endocytosis (fig. 30).

IV.4.3h The Leu residues of A8, A9, J47 and J55 are critical to the Kir2.1 surface reduction phenotype,

however an additional hydrophobic residue is also contributing to the A8 and A9 effect

Finally, to determine if the enriched clathrin-mediated endocytosis of the Kir2.1 fusion proteins was
mediated through di-Leu motifs found in the hit sequences, we generated Ala mutants by replacing the

Leu and adjacent residues. We expressed these constructs in HEK293 cells and used FCM analysis to
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Figure 29. Kir2.1-WT and Kir2.1 fused A8, A9, J47, and J55 show sensitivity to AP180C, the
inhibitor of clathrin-mediated endocytosis (A) Amino acid sequence of hit sequences. (B)
Endocytosis of Kir2.1-WT and Kir2.1 fused A8, A9, J47 and J55 are sensitive to AP180C. HEK293 cells
co-expressing Kir2.1 constructs and either empty vector or AP180C were labeled with primary anti-
HA epitope antibody at 4 °C, where endocytosis is inhibited. Cells were then warmed to an
endocytosis permitting temperature, 37 °C, for 30 min, then cooled back down to 4°C and stained
with fluorescently tagged secondary antibody at 4°C. The Kir2.1 fusions remaining on the cell surface
were analyzed by FCM. All the constructs Kir2.1-WT and the fusions, showed sensitivity to AP180C,
with less protein endocytosed from the cell surface.
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Role of sequences A8, A9, J47 and J55 in down-regulating surface expression of Kir2.1

ER

Endosome

Plasma
membrane

Figure 30. Hit sequences A8, A9, J47 and J55 fused to the extreme C-terminal tail of Kir2.1
promotes the clathrin-mediated endocytosis of the channel.
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analyze the surface levels of the mutated hit constructs, and checked the total expression levels by
western blot analysis of the total cell lysates. For Kir2.1-A8, we generated mutants making a single Ala
replacement of each of the residues of the hit sequence. FCM analysis showed that mutating either of
the residues comprising the di-Leu motif, L5 and 16, caused a partial surface restoration of the protein
(Fig. 31A). The final C-terminal hydrophobic residue, F8, also caused the partial restoration whereas no
other substitutions caused an increase of the protein on the cell surface (Fig. 31A). We generated the
single Ala replacements of the last four residues of Kir2.1-A9, similar to Kir2.1-A8. Both elimination of
the residues of the atypical di-Leu motif, L5 and V6, as well as the final C-terminal hydrophobic residue,
WS, caused the partial restoration of the surface levels of the protein (Fig. 31C). These results were
surprising in that if Kir2.1-A8 and A9 are acting as the established di-Leu signals, we would expect to see
a full restoration of the surface level by replacing any of the essential Leu residues. Additionally,
downstream hydrophobic residues have not been characterized to enrich the effect of the di-Leu motif,
yet in both Kir2.1-A8 and A9, replacing the final hydrophobic residue with Ala caused the partial
restoration of the surface levels. These results could suggest either that in the context of Kir2.1,
sequence A8 and A9 could be functioning through a novel mechanism. It is also possible that the

downstream hydrophobic residue enhances the effect of the di-Leu motif.

We also generated the Ala mutants of Kir2.1-J47. This sequence contained two di-Leu signals and to
obliterate all potential di-Leu motifs it was necessary to mutate three Leu residues to Ala per mutant.
We also generated a mutant changing all four Leu residues to Ala. Interpretation of the results was
made difficult by the fact that some of the mutants did not express well as measured by the total lysate
blot (Fig. 31F). Kir2.1-J47-L5/7/8/A, and Kir2.1-147-L4/5/7/8/A had reduced total expression level and
thus reduced surface levels (Fig. 31, E and F). Kir2.1-J47-L4/7/8A showed a partial restoration of the
surface levels. Kir2.1-J47-L4/5/7A and Kir2.1-J47-L4/5/8/A had the majority of the protein restored to

the surface (Fig. 31E).
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Figure 31. Surface levels of Kir2.1 fused A8, A9, J47, and J55 Ala mutations. (A, C, E, G)
Surface expression of Kir2.1 fusions. HEK293 cells were transiently transfected with HA-Kir2.1
constructs and analyzed for cell surface expression of Kir2.1 fusion peptides by FCM. The median
values were determined for the total cell populations and normalized to the average median value of
WT. (B, D, F, H) Total lysates from HEK293 cells transfected with HA-Kir2.1 fusion constructs were
resolved by SDS—PAGE and immunoblotted for HA. (A) Cell surface levels of Kir2.1-A8 Ala mutants. (B)
Total expression level of Kir2.1-A8 Ala mutants. (C) Cell surface levels of Kir2.1-A9 Ala mutants. (D)
Total expression level of Kir2.1-A9 Ala mutants. (E) Cell surface levels of Kir2.1-J47 Ala mutants. (F)
Total expression level of Kir2.1-J47 Ala mutants. (G) Cell surface levels of Kir2.1-J55 Ala mutants. (H)
Total expression level of Kir2.1-J55 Ala mutants.
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Ala mutation of Kir2.1-J55 showed the clear dependence on the di-Leu motif. Mutation of L3 or 14 to Ala
caused the protein surface restoration to the level of Kir2.1-WT. Double mutation of L3/4A expressed
higher on the surface than Kir2.1-WT, though for an unknown reason. Since a Pro residue preceding the
di-Leu motif has been characterized to enhance the signal (43) we also mutated P2 to Ala. However, this
mutation did not show an effect on the surface restoration (Fig. 31G). Combined, our results suggest
that in each of the hit clones the di-Leu residues are critical for the enriched endocytosis. However, it is
still not clear if the Kir2.1-fused hit sequences are functioning as the classic di-Leu motif. While Kir2.1-
J55 appears likely to be functioning as a classic di-Leu motif, with Kir2.1-A8 and A9, the involvement of
the additional downstream hydrophobic residue as well as the only partial surface restoration by

mutations could suggest that A8 and A9 sequences may be a novel type of endocytosis motif.

1V.4.4 Hit sequence K20 functions as a PPxY Ubiquitin-ligase binding motif:

We obtained one sequence from the screen, clone K20 (PPSYYSCQ) that contained a PPXY consensus
sequence known to bind to the WW domains of WW domain-containing proteins. There are many
characterized proteins that contain WW domains that function to mediate protein-protein interactions
involved in a wide array of cellular processes, including transcription, apoptosis, cellular differentiation,
RNA splicing, and ubiquitination (89). Ubiquitination is the process most relevant to protein trafficking
(89). Protein ubiquitination within the protein trafficking system was first and is most well characterized
in its role in protein degradation via the proteasome. In this system, proteins are covalently tagged with
chains of ubiquitin moieties, which signal the protein for degradation in the proteasome (90).
Proteasomal degradation is typically understood to be instrumental in cellular housekeeping,
eliminating excess, misfolded, or misassembled proteins from the cell (90). ERAD, which eliminates the
erroneous proteins in the ER, functions through the ubiquitin proteasome system. However, ubiquitin
has since been characterized to play many additional roles in protein trafficking (91). These roles include

acting as signals for endosomal sorting and lysosomal degradation through its interaction with the
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Endosomal Sorting Complexes Required for Transport (ESCRT) machinery. Ubiquitination of proteins can

also act as a trafficking signal that induces endocytosis of plasma membrane proteins (91).

Ubiquitin as a trafficking signal for endocytosis has now been characterized in many membrane proteins
in both yeast and mammalian cells. In mammalian cells the roll of ubiquitin in the trafficking of
membrane proteins has perhaps best been characterized in the epidermal growth factor receptor
(EGFR) and the epithelial sodium channel (ENaC). ENaC endocytosis is specifically dependent on the
ubiquitination of its PPXY domain (92). ENaC ubiquitination is mediated through the binding of Nedd4-
2, a WW domain-containing E3 ubiquitin ligase, to PPXY motifs in the C-terminal tail of ENaC.
Ubiquitination of ENaC when located in the the plasma membrane induces endocytosis into the early
endosomes where ubiquitinated ENaC proceeds to the lysosome for degradation. Alternatively, some
ENaC can be deubiquitinated in the endosome and recycled back to the plasma membrane (30).
Currently the mechanism of ENaC endocytosis remains controversial (92). Some studies have shown
ENaC to be undergoing clathrin-mediated endocytosis (93), whereas other studies contend the channel
undergoes caveolin-dependent endocytosis (94). It seems the exact experimental conditions can affect
the mechanisms by which ENaC is endocytosed as there is often conflicting data between studies using
transfected or untransfected cells (95). Additionally, the processes of ENaC endocytic sorting, recycling,

and degradation remain only partially understood (95).

FCM analysis of Kir2.1-K20 showed a reduction of the surface level of the fusion protein compared to
WT, and the total lysate blot showed a reduction in the total expression level of the protein (Fig. 9),
probably suggesting degradation. However, B31 Adoa10 expressing Kir2.1-K20 did not show a change in
the K*sensitivity compared to B31, indicating that the degradation of Kir2.1-K20 was likely not mediated
by ERAD (Fig. 11). In light of the apparent PPXY domain contained in sequence K20 we first tested
whether Kir2.1-K20 was functioning in a PPXY-dependent manner and causing the ubiquitination of the

channel.
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First, in order to determine if the PPXY motif is the functional motif contained within the K20 sequence,
we generated Kir2.1-K20 mutants where the essential residues of the PPXY motif P1, P2, and Y3
(PPSYYSCQ) were mutated to Ala, respectively. We compared the surface levels of Kir2.1-WT, Kir2.1
fused to K20 and the K20 Ala mutants by FCM analysis. While the K20 Ala mutants resulted in a partial
restoration of the surface levels of Kir2.1 compared to Kir2.1-K20, the surface levels of the mutant K20

were still below the Kir2.1-WT levels (Fig. 32).

Reviewing the literature, we found that, in the context of poly(A)-binding protein-interacting protein 1
(Paip1), the PPXY motif was shown to partially function even with a single Pro residue. The functional
motif of Paipl was found to be PEFYPSGY requiring only the PXXY motif, indicating that the PPXY motif
could function as a degenerate sequence (96). With our hit sequence K20, generating Ala mutations of
P1, P2 Y3 all resulted in a PXXY sequence, and this could have partially functioned as a WW binding
motif. We therefore generated a double Ala mutant of K20, mutating P1 and P2 to Ala (AASYYSCQ), and
examined the surface expression level. The double Ala mutation of K20 restored the surface level of
Kir2.1 even beyond that of Kir2.1-WT. (Fig. 32). While we do not have a good explanation for why the
double mutant surpasses WT, our results suggest that the PPXY motif is the functional requirement of

the K20 hit sequence.

Being that the PPXY motif is known to mediate ubiquitination of proteins, we tested whether sequence
K20 was causing increased ubiquitination of Kir2.1 by a co-IP experiment. HEK293 cells were transiently
co-transfected with HA-Kir2.1 constructs and a construct encoding Myc-tagged ubiquitin, and the
immunoprecipitated Kir2.1 proteins were probed for association with ubiquitin. Kir2.1-K20 showed

increased ubiquitination compared to Kir2.1-WT and other Kir2.1 hit clones (Fig. 33).

Since Kir2.1-K20 was insensitive to the disruption of an ERAD machinery Doal0 in yeast, we looked to

explore whether degradation of Kir2.1-K20 involves endocytosis as has been reported for ENaC (92). We
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Figure 32. Ala mutation scanning of the PPxY residues from hit sequence restores the surface level
of Kir2.1. (A) Amino acid sequence of parental hit sequence K20 and K20 Ala mutants of the PPXY
motif. (B) Surface expression of Kir2.1-K20 fusions. HEK293 cells were transiently transfected with
HA-Kir2.1 constructs and analyzed for cell surface expression by FCM. The median values were
determined for the total viable cell populations and normalized to the average median value of WT.
(C) Total lysates from HEK293 cells transfected with HA-Kir2.1 fusion constructs were resolved by
SDS—PAGE and immunoblotted for HA.
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Figure 33. Kir2.1-K20 shows enriched ubiquitination compared with Kir2.1-WT and Kir2.1 fused to
other hit constructs. HEK293 cells were co-transfected with HA-Kir2.1 hit constructs and a construct
encoding Myc-tagged ubiquitin. The immunoprecipitated HA-Kir2.1 proteins were resolved by SDS-
PAGE and blotted for HA (top) and Myc (middle). Total lysate proteins were blotted for HA (bottom).
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first tested whether Kir2.1-K20 was inducing endocytosis by our previously described Ab feeding assay.
We also explored Kir2.1-K20’s sensitivity to AP180C in HEK293 cells by examining both the steady-state
levels of Kir2.1 as well as the rate of endocytosis when co-expressed with AP180C (Fig. 34). Our Ab
feeding assay did not show an increase in the endocytosis of Kir2.1-K20 when compared with Kir2.1-WT
(Fig. 34A), however, interestingly, unlike Kir2.1-WT, the endocytosis of Kir2.1-K20 appeared insensitive
to AP180C inhibition as measured by both steady-state surface levels (Fig. 34B) as well as the
endocytosis rate of Kir2.1-K20 determined by the Ab feeding assay (Fig. 34C). These results suggest that
while sequence K20 did not increase the endocytosis rate itself, it could be altering the path of
internalization from clathrin-mediated to clathrin-independent endocytosis. Additionally, being that
fusion of sequence K20 did not increase the rate of endocytosis, endocytosis alone cannot explain the
reduced steady-state surface level of Kir2.1-K20. We speculate that Kir2.1-K20 at the plasma membrane
recruits a WW domain-containing ubiquitin E3 ligase that ubiquitinates the channel, and this leads to
the clathrin-independent endocytosis and the subsequent proteasomal or lysosomal degradation (Fig.
35). The switching of the endocytosis pathway from the clathrin-mediated to the clathrin-independent
one by PPXY motif is a novel finding but warrants further investigation if this effect is specific to Kir2.1 or

applies to other membrane proteins.

1V.4.5 Discussion:

The correct trafficking of proteins throughout the cell is critical for cell function and survival. Elucidating
the mechanisms, machineries and pathways of protein transport throughout the cell provides valuable
knowledge of cellular physiology, cellular disease, and potential therapeutics for diseases caused by
trafficking defects. Our laboratory takes particular interest in the trafficking of membrane bound
proteins. The cell surface density of membrane proteins dictates their corresponding cellular activity (8),
and many diseases, such as cystic fibrosis, arise from defects in cell surface trafficking of membrane

proteins (5).
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Figure 34. Kir2.1 fused K20 does not exhibit an increase of endocytosis compared to WT, however
Kir2.1-K20 appears insensitive to AP180C inhibition. (A) Endocytosis of Kir2.1-WT and Kir2.1-K20.
Kir2.1 expressed in HEK293 cells were labeled with primary anti-HA epitope antibody at 4 °C, where
endocytosis is inhibited. Cells were then warmed to an endocytosis permitting temperature 37 °C for
various time periods, then cooled back down to 4°C and stained with fluorescently tagged secondary
antibody at 4°C. The Kir2.1 signals remaining on the cell surface were analyzed by FCM. The total
florescent values were determined for the total viable cell populations and normalized to the
average value of the pre-internalization samples. Results shown in averageSD of triplicate samples
from the representative of three experiments. The fusion of hit sequence K20 did not effect the
Kir2.1 endocytosis rate. (B) Surface levels of Kir2.1-WT and Kir2.1 fusion constructs when co-
expressed with AP180C. HEK293 cells were co-transfected with HA-Kir2.1 constructs and either
empty vector (pCDNA3.1) or AP180C. Kir2.1 cell surface expression was analyzed by FCM. The
median values were determined for the total cell populations and normalized to the average median
value of WT. Results shown in average #s.d. of triplicate samples from the representative of three
experiments. (C) Total lysates from HEK293 co-transfected with HA-Kir2.1 constructs and either
empty vector (pCDNA3.1) or AP180C were resolved by SDS—PAGE and immunoblotted for HA. (D)
HEK293 cells co-expressing Kir2.1 constructs and either empty vector (pCDNA3.1) or AP180C were
labeled with primary anti-HA epitope antibody at 4 °C where endocytosis is inhibited. Cells were then
warmed to an endocytosis permitting temperature 37 °C for 30 min, then cooled back down to 4°C
and stained with fluorescently tagged secondary antibody at 4°C. The Kir2.1 signal remaining on the
cell surface were analyzed by FCM. The total florescent values were determined for the total viable
cell populations and normalized to the average value of the pre-internalization samples. Results
shown as averageSD of triplicate samples from the representative of three experiments
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Figure 35. Hypothetical model of Kir2.1-K20. Fusion of K20 to Kir2.1 causes the ubiquitination of the
channel and the switch from CDE to CIE. While the mechanism of endocytosis changes, the rate
remains the same so the switch in endocytic pathways cannot explain the Kir2.1 surface reduction
phenotype. We hypothesize that post endocytosis Kir2.1-K20 is targeted for degradation whereas
Kir2.1-WT may undergo more recycling to the plasma membrane.
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Intracellular trafficking of membrane proteins is often dictated by the distinct signal motifs on the cargo
proteins (27-29,31). These signals are recognized by the protein trafficking machinery, sorted into the
correct coated vesicles, and transported down the appropriate pathways to their final destinations (27-
29,31). Despite the fact that many trafficking sequences have been identified and characterized, many
membrane proteins are transported throughout the cell without containing any of the well-
characterized trafficking motifs (43). Our goal was to develop a novel systematic approach to identify

trafficking signal sequences that reduce the surface levels of membrane bound proteins.

We observed a previous study by Kolacna and coworkers that reported that the B31 yeast strain lacking
the K* and Na* efflux system shows sensitivity to higher external concentrations of alkali-metal—cation
salts when transformed with a mammalian Kir2.1 channel (60). Due to the fact that Kir2.1 activity
inversely correlates with B31 growth in high K* media, we hypothesized that the complementation of
growth of B31 expressing Kir2.1 on high K* media would reflect the trafficking of functional receptor to
the cell surface. In chapter Ill we explored this possibility, demonstrating that the B31 system can be
used to study the function and trafficking of Kir2.1 and other open K* channels such as KCNK3 and
KCNK9. Moreover, the fact that B31 growth was rescued in high K* media when expressing Kir2.1
channel fused to the characterized trafficking motifs known to reduce the surface levels of proteins
demonstrated that the B31 screening system could be used for identifying the cis-acting peptide
sequences that downregulate surface trafficking of the K* channels and other membrane proteins in

mammalian cells.

Based on our studies with B31 along with the fact that previous studies have demonstrated that the
extreme C-terminal tail of Kir2.1 can be modified without having an effect on the function or surface
transport of the protein (45,77), we hypothesized that B31 could be used to develop a gain-of-function
screening system to identify trafficking signal sequences that reduce the levels of membrane proteins on

the cell surface. By fusing a random peptide library to the C-terminal tail of Kir2.1, expressing the library
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in B31 and screening on high K* media, we hypothesized that the signals that reduced the surface levels
of Kir2.1 would be enriched on the screening plates. Furthermore, as our initial studies on B31
demonstrated that the B31 growth was rescued both by the fusion of ER retrieval motifs, as well as an
endocytosis motif, we predicted that the B31 screening system would offer a platform to screen for

trafficking motifs functioning through many distinct pathways.

Here, in Chapter two, we developed and carried out the B31 screening. As hypothesized, the B31
screening system was able to select for trafficking signal sequences that reduced the surface levels of
Kir2.1. Upon characterization of the identified hit sequences we determined that our system identified
trafficking motifs functioning to reduce the surface levels of Kir2.1 through at least four distinct
trafficking pathways: (1) sequences containing large patches of hydrophobic residues which leads to the
ERAD (represented by clone E3), (2) sequences containing the di-Arg motif mediating COPI-mediated ER
retrieval (represented by clones E6 and J77), (3) sequences which mediate clathrin-mediated
endocytosis (represented by clones J47, J55, A8, and A9) and (4) a sequence (clone K20) matching the
PPXY motif that causes ubiquitination and subsequent degradation probably in the post-ER stage of
trafficking (fig. 36). Additionally, the fact that many of hit sequences functioned when transplanted to
CD8 demonstrates the screening systems ability to identify autonomous trafficking motifs not limited to

the Kir2.1 protein context.

The most commonly identified signal sequences from the screen were sequences involved with protein
folding quality control. Hit sequences containing large patches of strong hydrophobic residues
(represented by hit sequence E3), which are recognized as a sign of protein misfolding in the ER and
induces ERAD, were the most abundantly identified signals obtained from the screen. The next most
abundant signals in the screen were di-Arg signals (represented by sequences E6 and J77), which act as a
signal of misfolded proteins that have escaped the ER and induces COPI mediated ER retrieval. It is

perhaps not surprising that these sequences would be the most common in the screening. The escape of
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Figure 36. Overview of hit sequence function in the context of Kir2.1 identified from the B31

screening system.
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misfolded proteins from the ER is associated with many diseases including cancers and
neurodegenerative diseases (4). It is therefore logical that the cellular systems associated with
identifying protein misfolds in the ER and beyond would be very robust. In fact, the abundance of strong
hydrophobic signals that caused the ERAD of Kir2.1 were so high that it was necessary to optimize the
screening system to reduce the number of these sequences from appearing on the screening so that we

could identify other signals.

ER-retrieval of proteins is both an essential cellular process and critical process for membrane protein
quality control, yet to date there remains only the two well characterized ER retrieval motifs in a
relatively limited number of membrane proteins, the di-Lys (KKXX-COOH or KXKXX-COOH) and di-Arg
(RXR) motifs (97). Hence, we were somewhat surprised that our screening did not identify more novel
ER-retrieval motifs. Of the two known motifs we knew our screening system would be unable to detect
di-Lys motifs, since our fusion of C-terminal KKXX motif to Kir2.1 did not rescue B31 growth in the 600
mM K* screening plate and also minimally reduced the surface expression of Kir2.1 in HEK293 cell (data
not shown). The C-terminal di-Lys motif has been characterized to be less functional when placed
distally from the transmembrane region, as opposed to the di-Arg signal that is less effective when
placed proximally to the transmembrane region (83). Being that the C-terminal tail of Kir2.1 is 249 amino
acids, the di-Lys motif will not function optimally in the context of Kir2.1. However thus far, the B31
screening system only identified the di-Arg motif and did not yet identify any novel ER retrieval motif.
While we did demonstrate that Kir2.1 fused with the A8 sequence associates with COPI by co-IP assay
and also the A8 sequence alone can pull-down COPI in vitro, the Kir2.1-A8 channel was not localized to
the ER, and we were unable to clearly prove or disprove the functional significance of that binding in the
trafficking pathways. CD8-A8 was localized to the ER at the steady-state, although pulse-chase analysis

did not provide evidence of the ER retrieval from the Golgi for this construct. Nevertheless, in light of
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Kir2.1-A8 binding COPI, and CD8-A8 being localized to the ER, it is possible that sequence A8 in different

protein contexts might function as a novel ER retrieval motif.

We hypothesize that our current lack of novel ER retrieval motif is at least partly due to the high
numbers of false positive clones and previously characterized motifs that appeared in our screening,
limiting our ability to screen enough diversity space to identify a novel ER-retrieval motif. This issue of
the “background noise” in the B31 screening system is perhaps the greatest challenge of the system.
This issue, and further strategies to combat this issue will be discussed further in the discussion and
future studies section. Resolving this issue will increase the likelihood of identifying novel trafficking

motifs functioning through ER retrieval as well as other trafficking pathways.

In addition to the above motifs our screening also identified signals enriched for Leu residues, which, in
the context of Kir2.1, we characterized as promoting endocytosis. We hypothesized that these motifs
could be functioning as di-Leu endocytosis motifs. Indeed, our Ala mutation studies suggest that, of the
four representative Leu rich motifs characterized, at least two, J47 and J55, are functioning as a classic
di- Leu motif. The two other representative motifs, A8 and A9, while they may be also functioning as the
classic motif, had some additional curious attributes that suggest other mechanisms could be involved.
Firstly, Kir2.1-A8 and A9 bind COPI, the coat protein involved in retrograde trafficking, in co-IP assays.
Additionally, synthetic peptides containing the A8 sequence were able to pull-down COPI in vitro as well,
implying the direct interaction with the COPI complex. Despite binding, Kir2.1-A8 did not show typical
localization in the ER at the steady-state. While as of current we have been unable to prove the
functional relevance of the binding, the other motifs did not bind COPI. If the A8 and A9 COPI binding
proves to be functionally relevant it might indicate that these sequences are functioning through a novel
mechanism. While COPI has been best characterized as the coat protein mediating retrograde trafficking
from the Golgi to the ER (97), there have been reports of COPI having a cryptic role in the post-endocytic

sorting of proteins, although no distinct mechanism for this pathway has been elucidated (98,99). Thus it
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is possible that A8 and A9 sequences play a role in the post-endocytic intracellular sorting of Kir2.1
through a COPI interaction, e.g., by regulating the plasma membrane recycling, to reduce the steady-

state surface expression level.

An additional curiosity of Kir2.1-A8 and A9 is the fact that the additional downstream hydrophobic
residue from the di-Leu or Leu-Val, separated by a single amino acid, seemed to contribute to a surface
reduction phenotype similarly to the di-Leu or Leu-Val. Downstream hydrophobic residues playing a role
in the di-Leu motif is not currently established. Based on the characterized classic di-Leu motif we
expected that mutating any of the critical di-Leu or Leu-Val residues would result in total loss of surface
reduction. Rather, what we observed was a single deletion of any of the di-Leu or Leu-Val residues as
well as the downstream hydrophobic caused a partial restoration of the protein on the surface. These
results could suggest that Kir2.1-A8 and A9 is functioning through a novel mechanism rather than the
established di-Leu motif. Alternatively, they could indicate a novel role of additional downstream

hydrophobic residues in enriching the di-Leu, motif which would also be a novel finding.

CD8-A8 and -A9 require further investigation as well. Unlike with Kir2.1, A8 and A9 sequences fused to
CD8 localized the protein to the ER, at the steady-state, indicating these sequences were functioning
through a different mechanism in the context of CD8 when compared with Kir2.1. In light of CD8-A8’s ER
localization and the fact that synthetic A8 peptides are able to pull-down COPI, we hypothesized that in
the context of CD8 sequences A8 and A9 might function as an ER retrieval signal. However, by pulse-
chase analysis we could not see the early maturation of CD8-A8 that we would expect of a protein
undergoing retrieval, rather it appeared as retention in the ER. If CD8-A8 and A9 are truly retained in the
ER, further work will be necessary to determine the mechanism of action. Of course, it is not possible to
completely rule out the possibility of a mechanism of ER retrieval with this CD8 pulse-chase assay, as the

CD8 protein could be rapidly retrieved from the ERGIC where early O-glycosylation enzymes are absent,
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as has been reported for another receptor (13). Delineating the mechanism of CD8-A8 and A9 ER

localization has the potential to identify novel mechanisms of ER retrieval/retention.

Finally, we obtained one hit sequence that we characterized as functioning as a PPxY ubiquitin ligase
binding domain. However, the exact mechanism of Kir2.1 surface reduction remains elusive. Being that
Kir2.1-K20 functioned similarly in both B31 and B31 Adoa10, we ruled out ERAD for the reduced protein
expression of this construct. Furthermore, the fact that our Ab feeding assay did not show a change in
the endocytosis rate between Kir2.1-WT and Kir2.1-K20 indicates that the increased rate of endocytosis
itself is not the mechanism either. It is curious that the fusion of the K20 sequence to Kir2.1 seemed to
change the mechanism of endocytosis from the clathrin-mediated to clathrin-independent one,
although that alone also cannot explain the surface reduction phenotype. Previous studies have
suggested that the PPxY motif in ENaC induces the clathrin-independent endocytosis of the channel (94),
however there remains conflicting evidence (93), and a clear consensus has not been made (92). Based
on our current data, we speculate that the K20 peptide recruits the WW domain-containing ubiquitin E3
ligase that ubiquitinates Kir2.1, and this induces clathrin-independent endocytosis, which eventually
leads to the degradation of the channel in the lysosome and/or proteasome. Additional studies on
Kir2.1-K20 are required to determine where the ubiquitination is occurring, where the degradation is
occurring, and the specific CIE pathway to fully elucidate the trafficking mechanism. Kir2.1-K20 will offer
an interesting model that provides a better understanding of the PPxY motif’s role in membrane protein

trafficking.

IV.4.5a The B31 screening system requires the screening of many clones to identify potentially novel

sequences:

The biggest challenge of the B31 screening system is the high amount of false positive clones that must

be screened to identify hit sequences. In the screening system, the factor that determines B31 survival is
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the lack of Kir2.1 channel on the cell surface. Therefore, as hypothesized, the trafficking signal motifs
that reduce the cell surface levels of Kir2.1 are enriched on the screening plate. However, by the nature
of the screen, any non-trafficking related factor that results in a reduction of Kir2.1 on the B31 surface
are enriched as well. These false positive sequences act as “background noise” that increases the

number of clones that need to be screened to identify true hit sequences.

The problem of false positive clones due to erroneous homologous recombination perhaps best
illustrates the issue. In gap repair cloning by homologous recombination in yeast there is a small
percentage of vector plasmid that undergoes erroneous homologous recombination in which the vector
recombines with itself, losing the insert sequence but maintaining the selection marker. The percentage
of erroneous homologous recombination is very low, reported to be below 1% (55). However, B31
containing these plasmids will survive the screening condition. Even an error rate of 0.5% would result

in an additional 5000 false positive clones per million clones.

Of course, false positive clones due to erroneous homologous recombination are only one type of false
positive that can appear in the screening system. Factors that inhibit ion conductance through the
channel, Kir2.1 elongation clones, and yeast specific mechanisms all can appear as false positive clones
in the screen. As discussed earlier, we developed a number of technical strategies to reduce the
prevalence of false hit clones to a manageable range and systematically evaluated surviving clones to
eliminate false positives, however false positive clones continued to remain throughout the screen

reducing the throughput of the screens.

Additionally, as the screen progressed the high number of clones containing the established trafficking
motifs became problematic as well. Our success in isolating the established trafficking motifs from the
surviving hit clones demonstrated the screening system’s ability to enrich trafficking motifs from a

random peptide library. Even better, we identified many trafficking signals functioning through multiple
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distinct pathways. However, the high number of hits bearing the established strong trafficking signals

eventually required screening of many clones to identify potentially novel sequences.

For example, the most commonly identified sequence type from the screen was sequences containing a
patch of strong hydrophobic residues (e.g., clone E3), which both reduced the surface levels of Kir2.1
when fused to its C-terminal tail and also showed a much lower levels of overall expression by western
blot analysis. We experimentally determined that these sequences were acting as a substrate for ERAD.
These sequences were true, biologically relevant, hit sequences, however the high incidence of these
sequences in the screen made identifying other types of sequence motifs very inefficient. As one
strategy to combat this, we performed the screen with an oligonucleotide in which the random region
was encoded by an NVK sequence; where N could encode any nucleotide, V could encode A, C, or G, and
K could encode G or T. This sequence still permitted the encoding of all 20 amino acid residues however
it now discriminated against strong hydrophobic residues and still eliminates the TAA and TGA stop

codons.

While this approach did reduce the number of hit clones containing the strong hydrophobic sequences,
it was an imperfect solution. As previously described, a weakness of oligonucleotides, and particularly
oligonucleotides containing random sequences is the low prevalence of congeneric species containing
one or more deleted nucleotide (78). In our case, any such congeneric species in the oligonucleotide
pool would eliminate the desired effect of the NVK sequence, and hit clones containing the strong

hydrophobic signals that caused the ERAD of Kir2.1 continued to appear throughout the screening.

In addition to the strong hydrophobic sequences, we also obtained a large number of clones containing
di-Arg type motifs and, to a lesser extent, di-Leu type motifs. Again these motifs are bona fide trafficking
signals that we would expect the screen to pick up, but their prevalence on the screening plate reduced

the diversity space we could reasonably screen through. In the future studies chapter we propose
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optimization strategies that, if successful, will greatly reduce the number of false positive clones
appearing in the screen. We also propose strategies for reducing the known trafficking motifs from

appearing on the screen.



V. Conclusions:

Here, the main findings and conclusions of this doctoral work are summarized:

e B31 growth assay reflects the functional surface expression levels of Kir2.1 and other inward

rectifying K* channels.

e Developed the B31-based screening system to systematically identify sequence motifs that

down-regulate surface expression of membrane proteins.

e Identified sequence motifs that reduced surface levels of Kir2.1 through at least four distinct

trafficking pathways:

O

O

ERAD

COPI-mediated ER retrieval
Clathrin-mediated endocytosis
Ubiquitin ligase binding motif

Some identified signals are potentially functioning through novel mechanisms

e The B31 system requires the screening of many clones to identify novel sequences due to the

high number of false positive and established motifs that appear on the screen

O

Additional technological and genetic optimization can eliminate false positives and
established motifs:
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VI. Future Studies:

VI.1 Optimizations to the B31 screening system:

We have demonstrated that our newly developed B31 yeast based screening system is able to be used
to screen a random peptide library to identify trafficking motifs that reduce the surface levels of
membrane proteins. However, the biggest challenge of the B31 screening system is the high amount of
false positive clones and previously characterized motifs that appear on the screening plate, which
reduces the throughput of the screening, and prohibited us from screening through the diversity space
needed to identify more of the novel sequences. Despite the high amount of screening the current
system requires, we believe that with sufficient resources and automation, the necessary diversity space
could be screened. However, further optimizing the screen to reduce the false hits and known motifs
would greatly improve the efficacy of the screening. Here, we propose optimization strategies that if

successful will greatly reduce the number of false positive clones appearing in the screen.

VI.1.1 A fluorescent cell sorting strategy to eliminating false hit clones and rapidly degraded clones

False positive hit clones due to erroneous homologous repair that retain the auxotrophic marker but do
not express Kir2.1 was the most abundant false positive hit appearing on the screen. Additional false
positive clones such as Kir2.1 tail elongation causes the rapid degradation of Kir2.1. The most abundant
true hit sequences were patches of strong hydrophobic residues, which caused ERAD of Kir2.1. The
abundance of these Kir2.1 non-expressing or rapidly degrading clones greatly reduced the throughput of
the screening system. Utilizing an improved fluorescent cell sorting strategy has the potential to screen

out these clones before appearing on the screening plate.

During the initial screening optimization, we switched from using untagged Kir2.1 to GFP-tagged Kir2.1.
We hypothesized, that by utilizing GFP-Kir2.1 we could perform an initial screening of the B31 growth
phenotype on the high K* media, then a secondary screening by FCM to determine the Kir2.1 total

113
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expression level by GFP levels. We compared the GFP levels in B31 expressing GFP tagged Kir2.1-WT, as
well as the degrading E3 sequence and non-degrading J77 sequence by FCM analysis. Indeed, we could
see a clear reduction in GFP expression in GFP-Kir2.1-E3 compared to both GFP-Kir2.1-WT and J77 (data
not shown). Screening the yeast from the selection plate for GFP expression was a slow process being
that the yeast needed to be individually picked and diluted for FCM analysis. However, utilizing
fluorescent cell sorting, B31 expressing a GFP-Kir2.1 C-terminal fusion library could first be screened in
high K* liquid media, followed by a secondary screening utilizing fluorescent cell sorting to exclude the
population of cells with no or low GFP expression. Sorted cells could then be plated pre-cleared of
clones lacking Kir2.1 expression or expressing Kir2.1 undergoing rapid degradation. This approach would
simultaneously eliminate the most abundant false positive population, as well as the large population of
ERAD inducing strong hydrophobic sequences. Indeed, a very similar approach is commonly used for
screening yeast surface display libraries (55), and such protocols are likely amenable to the B31

screening system.

VI.1.2 Further mutations of the yeast protein trafficking machinery in B31 can be generated to

potentially reduce the established trafficking sequences from appearing in the screen:

Completely eliminating the previously characterized trafficking motifs from appearing on the screen is
impossible as the B31 screening system is designed to enrich such sequences. However, through further
deletion and mutation of genes involved with protein trafficking in B31 the presence of certain signals
can be reduced. For example, in this work we have shown that deleting the DoalO gene in B31
selectively eliminated the growth of B31 Adoal0 on high K* media when expressing Kir2.1 constructs
which undergo ERAD. Screening using B31 Adoa10 would likely result in much fewer clones in that Kir2.1
is degraded through ERAD. Similarly, Michelson et. al. developed a yeast mutant with mutated B and &
subunits of COPI that selectively inhibits COPI binding the di-Arg ER retrieval motif but not the di-Lys

motif (38). Generating these mutations in B31 could eliminate di-Arg signals, which were the second
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most abundant signal in the screen, from appearing on the screening plate. This COPI mutation could be
particularly useful in the B31 system considering there are only the two well characterized ER retrieval
motifs in membrane proteins, the di-Lys and di-Arg motifs. Given that the di-Lys motif does not function
in the context of Kir2.1 due to the length of the C-terminal tail, utilizing a B31 mutant deficient in

binding the di-Arg motif would mean any ER-retrieval motif identified would likely be novel.

The exact binding sites between some of the trafficking motifs and transport machinery have been
determined (36-38) and mutating those residues in B31 could lead to the selective exclusion of other
characterized signal motifs from the screening system. Additionally, less specific yeast mutants have
been generated that cause generalized deficiencies in various trafficking pathways. For example, yeast
with mutated dsll genes have been reported to partially reduce the efficacy of COPI-dependent ER
retrieval (100) . There have also been many mutant yeast generated in which endocytosis has been
disrupted (101). Generating additional strategic mutations in B31 could serve as a powerful tool for
eliminating characterized sequences, or further focusing the B31 screening system to identify signals
functioning on a specific pathway. Of course, many of these additional mutations are reported to slow
the growth and/or reduce the viability of the yeast. Candidate B31 mutants would need to be tested to
ensure that (1) the mutation is causing the desired results and (2) the transformation efficiency of the

mutant B31 remains high enough to screen the necessary diversity space.
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