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Abstract

Mechanism of Transmembrane Domain Driven Desmoglein Raft Association in
Desmosome Assembly

By Stephanie Zimmer

Desmosomes link cytoskeletal elements of adjacent cells through a series of protein-protein
interactions to confer robust mechanical cell adhesion and promote epidermal integrity. Mutations
in the genes encoding the desmosomal proteins, such as desmoglein-1 (DSG1), can cause skin
fragility diseases such as palmoplantar keratoderma (PPK) or severe dermatitis, multiple allergies,
and metabolic wasting (SAM) syndrome. The desmosome has been characterized as a mesoscale
lipid raft membrane microdomain whose assembly relies on raft association. Lipid rafts are
sphingolipid- and cholesterol-enriched functional ordered plasma membrane regions, yet the
relevance of the desmosome as a lipid raft and the mechanism driving raft association of the
desmosomal proteins remains unclear. Physical properties of single-pass transmembrane domains
(TMDs), including length, exposed surface area, and palmitoylation drive raft association.
Furthermore, we have identified disease-causing DSG1rmp mutations in patients with PPK and
SAM syndrome which obstruct these properties. Therefore, we hypothesize that DSGlrmp
physical properties dictate raft association and desmosome assembly while mutations disrupting
these properties cause disease. We designed and expressed a panel of Dsgltmp-GFP variants in
DSG-null cells to individually assess the contribution of each physical property towards Dsg1 raft
association, desmosome assembly, and function. TMD length and exposed surface area but not
palmitoylation contributed to DSG raft association which correlated with desmosome quantity and
function. However, we could not rule out whether a motif within the Dsglrmp sequence
contributed to raft association. Furthermore, we identified a Dsgltmp-GFP variant with a
scrambled sequence which uncoupled raft association from desmosome assembly and function.
We propose an amended model of desmosome assembly in which raft association of desmosomal
cadherins in concert with protein-protein interactions drives segregation from adherens junctions
while promoting further desmosome assembly by stabilizing nascent desmosomal clusters. We
start with a detailed overview of the current understanding of desmosome assembly followed by a
description of our DSG-null model and the use of this model to differentiate pathomechanisms of
two disease-causing DSG1tmp mutations. We characterize the Dsgltmp variant panel and then

conclude with a series of future directions to address the new questions uncovered by this work.
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CHAPTER 1

The Desmosome as a Model for Lipid Raft Driven Membrane Domain Organization

This chapter is adapted from:
Zimmer, S. E. and Kowalczyk, A. P. (2020). The Desmosome as a Model for Lipid Raft Driven

Membrane Domain Organization. BBA Biomembranes.

ABSTRACT

Desmosomes are cadherin-based adhesion structures that mechanically couple the
intermediate filament cytoskeleton of adjacent cells to confer mechanical stress resistance to
tissues. We have recently described desmosomes as mesoscale lipid raft membrane domains that
depend on raft dynamics for assembly, function, and disassembly. Lipid raft microdomains are
regions of the plasma membrane enriched in sphingolipids and cholesterol. These domains
participate in membrane domain heterogeneity, signaling and membrane trafficking. Structures
found to be dependent on raft dynamics include the post-synaptic density in neurons, the
immunological synapse, and intercellular junctions, including desmosomes. In this chapter, we
discuss the current state of the desmosome field and put forward new hypotheses for the role of
lipid rafts in desmosome adhesion, signaling and epidermal homeostasis which will be addressed
in subsequent chapters. Furthermore, we propose that differential lipid raft affinity of intercellular
junction proteins is a central driving force in the organization of the epithelial apical junctional

complex.



INTRODUCTION
1.1 Plasma membrane organization and intercellular junctions

The establishment of plasma membrane heterogeneity represents a fundamental
mechanism by which various cellular activities are compartmentalized at the cell surface. This
organization is achieved through the formation of membrane domains where specific sets of
proteins, lipids, and carbohydrates coalesce to carry out distinct functions such as signaling,
transport, and adhesion (2). Prominent examples of these domains include the post-synaptic
density in neurons, the immunological synapse, and intercellular junction complexes (3-6). It is
widely appreciated that key aspects of plasma membrane heterogeneity are driven by protein-
protein interactions that mediate the formation of macromolecular complexes. It is also clear that
the lipid composition of the plasma membrane is heterogeneous, and protein-lipid and lipid-lipid
associations are central factors in establishing membrane domain specialization.

We recently reported that the desmosome is a specialized membrane domain with
properties of a mesoscale (intermediately-sized, 10-1000nm) lipid raft (6). Lipid rafts have
emerged as domains essential for membrane organization and specialization (Figure 1.1). Lipid
rafts are transient, 10-200nm clusters of protein and lipid nanodomains that can further assemble
into larger, more stable microdomains through protein-protein and protein-lipid interactions (2).
Lipid rafts are enriched in sphingolipids and cholesterol, are detergent-resistant, and are more
ordered than surrounding membrane regions. Importantly, only a specific subset of proteins
associate with lipid rafts, thus providing a mechanism for collecting particular proteins into
functional scaffolds while selectively excluding non-raft proteins. In cells, lipid rafts have been
shown to be essential for numerous processes, including the polarization of the epithelial apical

membrane, immunological signaling, and host-pathogen interactions (2, 4, 7, 8). In recent years,



evidence for the involvement of lipid rafts in intercellular junctions, particularly desmosomes, has

emerged (6, 9).
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Figure 1.1: Lipid raft composition and function. Lipid rafts are cholesterol and sphingolipid-
enriched membrane microdomains, which cluster proteins for cell functions such as trafficking,
signaling, and endocytosis. Raft membranes are more ordered with thicker lipid bilayers than
surrounding membranes and are experimentally characterized by detergent resistance and
buoyancy on sucrose gradients.

Intercellular junction complexes, including tight junctions, gap junctions, adherens
junctions, and desmosomes, form at sites of cell-cell contact to mediate cell-cell adhesion and
communication (Figure 1.2). These junctions exhibit different molecular features that contribute
to their differential functions in epithelial biology. Tight junctions are continuous, anastomosing
strands of membrane contact that form barriers to establish tissue compartmentalization and to
regulate paracellular solute flow (10). Multi-pass transmembrane proteins, including claudins and
occludin, associate with the actin cytoskeleton through adaptor proteins, including zona occludens
proteins (e.g., ZO-1, Z0O-2), cingulin, and others (11, 12). Gap junctions allow solutes to pass

between adjacent cells by forming pores composed of two connexons, one in each cell membrane,



which are complexes of six transmembrane proteins called connexins (13). Though functionally
and morphologically distinct, adherens junctions and desmosomes are both anchoring junctions
that mediate adhesion at sites of cell-cell contact. Adherens Junctions are composed of calcium-
dependent classical cadherins and intracellular adaptor proteins, B-catenin and a-catenin, that link
the cadherins to the actin cytoskeleton (14). Desmosomes are composed of calcium-dependent
desmosomal cadherins and intracellular adaptor proteins, plakoglobin (PG), plakophilin (PKP),
and desmoplakin (DP), that link the cadherins to the intermediate filament cytoskeleton (15). Thus,
cells assemble a variety of specialized intercellular contacts required for the complex processes

that occur during development and adult tissue homeostasis.
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Figure 1.2: Intercellular junction structure, composition, and characteristics. Electron micrograph
of polarized rat intestinal mucosa [adapted from Farquhar and Palade] show apical tight junctions
(blue), adherens junctions (green) and desmosomes (purple). In tight junctions, claudins and occludin
link to the actin cytoskeleton through intracellular zona occludens and adaptors to maintain polarity and
regulate paracellular ion flow. Adherens junctions mediate calcium-dependent adhesion by anchoring
classical cadherin transmembrane proteins to the actin cytoskeleton via intracellular adaptor proteins.
Desmosomes also mediate calcium-dependent adhesion but attain a stronger, calcium-independent
state, allowing tissues to resist mechanical stress by coupling adjacent cells through desmosomal
cadherin transmembrane proteins anchored to intermediate filaments via intracellular adaptor proteins.




We focus on desmosomes with an emphasis on the role of lipid rafts in the formation and
function of this unique and important cell junction. We will summarize the current understanding
of desmosomal components and how disruption of desmosome function leads to human skin and
heart disorders. We then put forward new hypotheses that frame the desmosome as a specialized
lipid raft-like membrane domain harboring proteins, lipids, and biophysical features that contribute

to both the formation of the desmosome and the exclusion of non-desmosomal proteins.

1.2 Skin and heart require desmosomes to resist mechanical stress

Desmosomes are 0.5um-1.0um long protein complexes that anchor keratin filaments to the
plasma membrane through a series of protein-protein interactions that mediate robust cell-cell
adhesion, thus allowing tissues to resist mechanical stress. The desmosomal cadherins, including
desmogleins (DSG) and desmocollins (DSC), are single-pass transmembrane proteins that mediate
adhesion through homophilic and heterophilic extracellular interactions between adjacent cells
(16-19). The desmosomal cadherins also interact with intracellular armadillo proteins, including
PG and PKP, which also bind to DP. DP binds to intermediate filaments, thereby coupling the
cytoskeletal elements of adjacent cells. In this manner, desmosomes integrate cytoskeletal
networks with adhesive complexes to provide mechanical strength throughout a tissue.

Desmosomes form in all epithelial tissues but are most abundant in the epidermis and heart
where their function is crucial. Desmosomal protein composition depends on tissue- and
differentiation-specific gene expression (15, 20). In humans, four genes encode DSGs (DSG1-4)
and three genes encode DSCs (DSC1-3); expression of at least one DSG and one DSC is necessary
for normal desmosome formation (16). DSGs and DSCs each contain five extracellular cadherin

repeats, a transmembrane domain, and several intracellular domains, including an intracellular



anchor and a cadherin-like sequence where PG binds (21-23). DSGs also have a proline-rich
domain, repeat unit domain, and a DSG terminal domain (24). The function of these unique
intracellular domains in DSG is not well understood but may aid in desmosomal cadherin
clustering (25, 26).

Desmosomes are essential for epidermal differentiation and barrier formation (27). As a
barrier to the external environment, the epidermis is a constantly renewing stratified epithelium
composed of proliferating keratinocytes within the basal layer that migrate suprabasally as they
differentiate (28). EGFR signaling partly maintains keratinocytes in the basal layer in a
proliferative state, where DSG3 and DSC3 are predominantly expressed (29, 30). At the interface
between the basal layer and suprabasal layers, DSGL1 initiates the differentiation process by
interacting with Erbin to inhibit EGFR signaling (31, 32). As keratinocytes differentiate and move
suprabasally, DSG3 and DSC3 expression decreases while DSG1 continues to increase, also
driving DSC1 expression. Keratin expression switches from keratin-5 and keratin-14 to keratin-1
and keratin-10 and additional epidermal differentiation markers are expressed, such as loricrin and
filaggrin (28). These findings suggest that the differential expression pattern of desmosomal
cadherin genes is a key driver of the epidermal differentiation process.

Mutations in nearly all desmosomal genes are linked to numerous diseases of the heart and
skin. In the heart, desmosomes provide mechanical integrity and cardiomyocyte connectivity in
conjunction with adherens junctions and gap junctions in the intercalated discs (33, 34). DSG2 and
PKP2 mutations cause heart-specific diseases such as arrhythmogenic right ventricular
cardiomyopathy/dysplasia and other congenital heart problems while mutations in DP, DSC2, PG,
and most other desmosomal genes can cause heart and/or skin disorders (35). Among the many

skin-centric desmosomal diseases, common symptoms include woolly hair, hypotrichosis (hair



formation defects), keratoderma (epidermal thickening), and skin fragility due to loss of epidermal
integrity. The desmosome is also the target of autoimmune responses and bacterial toxins.
Pemphigus vulgaris and pemphigus foliaceus are severe autoimmune epidermal blistering diseases
resulting from autoantibodies (IgG) targeting DSG3 and DSG1, respectively (36). These
autoantibodies compromise desmosomal adhesion, leading to epidermal fragility and skin
blistering. DSG1 can be cleaved by bacterially-produced toxins to cause bullous impetigo and
staphylococcal scalded skin syndrome (36), resulting in epidermal blisters that are histologically
indistinguishable from pemphigus foliaceus. Collectively, these clinical findings underscore the
important role for desmosomes in resisting mechanical stress.

Insight into the importance of individual desmosomal components in epidermal
differentiation and homeostasis is also evident from mouse genetic models. Full knockout,
conditional knockout, and misexpression of various desmosomal proteins have revealed important
roles in both heart and skin function as well as development and differentiation (Table 1.1). Such
findings underscore the importance of desmosomal protein expression patterns in driving tissue
specific functions and differentiation programs. Thus, many of the desmosomal components are
essential not only for epidermal integrity but also for normal development and differentiation.

Table 1.1: Mouse genetic studies reveal important roles for desmosomal proteins in
development and homeostasis.

Gene |Expression | Lethality |Observed Defects References
Dsgl | Knockout Perinatal Epidermal water loss, severe blistering (37)
Knockout | Embryonic Pre-implantation lethality, potential non- (38)
desmosomal role
Dsg2 | Suprabasal : . : -
Epidermal | Non-lethal Hyperprol|ferat|on,_abnormal differentiation, (29)
. . barrier defects
Misexpression
Knockout | Non-lethal Separated keratlnc_cht_es, weakened (39)
desmosomal adhesion in oral mucosa
Dsg3 | Suprabasal : . : -
Epidermal | Non-lethal Hyperprol|ferat|on,_abnormal differentiation, (40)
: ) barrier defects
Misexpression




Dscl | Knockout | Non-lethal Epidermal hyperprollfergtlon, loss of cell-cell (41)
adhesion
Knockout | Embryonic Post-implantation lethality, potentially non- (42)
desmosomal role
Epidermal . - .
Dsc3 | Conditional Non-lethal Epidermal fragility, hair loss (43)
Suprabasal . . . .
Epidermal | Non-lethal Hyperprol|ferat|on,_abnormal differentiation, (44)
: ) barrier defects
Misexpression
Pg Knockout |Embryonic Heart defects, skin fragility (45)
Pkpl| Knockout Postnatal Epidermal fragility, tight junction defects, (46)
growth defects
Knockout |Embryonic Die at E6.5 (47)
Dsp Epld_er_mal Perinatal Severe skin fraglllty_, disrupted barrier (48)
Conditional function

1.3 The desmosome has features characteristic of a lipid raft-like membrane domain

The molecular mechanisms of desmosome formation are not fully understood.
Desmosomal cadherin adhesion is necessary for the assembly process, but the mechanisms by
which desmosomal cadherins and plaque components coalesce into a densely-packed membrane
domain are not clear. A number of studies have now shown that desmosomal proteins associate
with lipid rafts and that desmosome assembly, cell-cell adhesion, and desmosome disassembly are
all raft-dependent processes (49, 50). Several previous studies have examined the role of raft
domains in desmosome assembly (50, 51); this work is reviewed elsewhere (36) and will not be
discussed here. Early studies of desmosomes showed that cholesterol and sphingolipids, both of
which are enriched in lipid raft membrane domains, are enriched in desmosomes isolated from
bovine snout (52, 53). More recently, evidence for lipid raft association has come from sucrose
gradient fractionations in which desmosomal components were identified in detergent-resistant
membrane (DRM) fractions, starting with the identification of DSG2 (54). Later studies revealed
that DSG1, DSG3, DSC2, PG, PKP2, DP, and keratins are all present in DRM fractions (6, 49,

50). These studies also found that depleting cholesterol in cells with methyl-f-cyclodextrin



(mPCD) redistributed desmosomal cadherins along cell borders, reduced adhesion strength, and
prevented assembly of desmosomal components without disrupting adherens junction formation
(49, 50, 55). Additionally, desmosomal components were shown to colocalize with certain raft
markers, including ostreolysin, CD59, and caveolin but not clathrin (49, 50). For ostreolysin,
transmission immunoelectron microscopy was used to further show an association with
desmosomes which was reduced when cells were treated with mBCD (55). Furthermore, sSiRNA
knockdown of the raft marker, flotillin-2, reduced cell-cell adhesion (56). Collectively, these
studies strongly link desmosome assembly and function with lipid rafts.

Studies in model membranes have shown that lipid bilayers composed of longer and
saturated acyl chains such as those found in lipid rafts are thicker than those with unsaturated or
shorter acyl chains found in non-raft membrane domains (57). In addition, the presence of higher
levels of cholesterol in raft domains thickens the bilayer, increases order, and stiffens the
membrane (58-61). Using cryo-electron tomography, we found that the lipid bilayer of the plasma
membrane within the desmosome is thicker than non-desmosome and desmosome-adjacent
bilayers (6). These findings represent the first evidence that a plasma membrane domain known to
contain lipid raft associating proteins is thicker than other regions of the plasma membrane.
Because desmosomal proteins associate with lipid rafts, disruption of rafts prevents desmosome
assembly, and the desmosomal lipid bilayer is thicker than surrounding membrane, we concluded
that desmosomes represent a mesoscale, or intermediately-sized, raft-like plasma membrane

domain.

1.4 Mechanism of desmosomal protein association with lipid raft membrane microdomains
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Association with raft or non-raft lipid microdomains occurs by incompletely understood
mechanisms but has been proposed to involve protein-lipid (62) and/or protein-cholesterol (63)
interactions mediated by the transmembrane domain (TMD) of integral membrane proteins (64).
Recently, three physical properties of TMDs have been shown to dictate the raft affinity of single-
pass transmembrane proteins. Collectively termed physiochemical properties, these include TMD
length, TMD surface area, and palmitoylation (64-66). Lorent et al. (65) combined these properties
into a model that can predict the free energy required for a single-pass transmembrane protein to
associate with rafts (Figure 1.3). This model for raft affinity is highly predictive across a wide
range of single-pass transmembrane proteins and incorporates TMD length, surface area and

palmitoylation as key driving factors in lipid raft association.

TMD Exposed

Surface Area Palmitoylation TMD Length

—@ Xy )P X] |-PX

AG, . = AYryp Lo-La(ASA) + Ny (AGp,m) - 2B p(dyp - 0.5(d ,+d\ p))

Figure 1.3: TMD physical properties drive raft association. Collectively
considering the physical properties of a single-pass transmembrane protein TMD
predicts the energy required for that protein to be targeted to a lipid raft membrane
microdomain. Long, non-bulky, palmitoylated TMDs vyield smaller predicted
energies which are more favorable for raft association.

1.4.1 TMD Length

Cholesterol and sphingolipid content increases as membranes are modified along the
secretory pathway, leading to thicker lipid bilayers at the plasma membrane compared to the ER
and Golgi (67). Similarly, the amino acid (AA) length of TMDs of single-pass transmembrane
proteins increases through the secretory pathway such that proteins localized to the ER have the
shortest TMDs at about 16 AA while those that localize to the plasma membrane are longer at about

21AA (68). Consistent with the predicted increased thickness of raft bilayers in the plasma
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membrane, those proteins that partition into lipid rafts possess TMDs that are even longer (about
24AA or more) than a typical non-raft associated plasma membrane protein (64, 65). This feature
allows the extended hydrophobic TMD a-helix of raft proteins to associate with extended acyl
chains and cholesterol present in lipid raft domains while excluding proteins with shorter TMDs
due to hydrophobic mismatch (69, 70). Interestingly, the DSG TMDs are all 24AA in length
whereas the DSC TMDs are only 21AA in length even though DSCs are associated with raft
domains. These observations highlight the importance of other protein features in regulating raft

association, including TMD surface area and palmitoylation.

1.4.2 TMD Surface Area

The exposed surface area of a TMD refers to the area of the collective residue side chains
(71). Single-pass transmembrane proteins bearing TMDs with smaller surface areas can partition
into rafts to a greater degree due to a smaller energy barrier; these proteins pack into the more
ordered environment of the lipid raft more readily than those with larger surface areas. DSG TMDs
contain a number of bulky leucine residues such that the surface area may be larger than anticipated
for a raft-associated protein. The E-cadherin TMD also contains numerous leucines. These
residues have been shown to mediate TMD-TMD dimerization via a leucine zipper-like motif
which is important for cell adhesion through mechanisms that are not fully understood (72).
Because oligomerization via TMD-TMD dimerization can also increase raft affinity (66), leucine
residues in DSGs could be important for DSG dimerization or oligomerization, as well as raft
association. This possibility remains to be tested. Likewise, leucine residues are also present in
the DSC TMD. These observations raise the possibility of heterodimerization between DSG and

DSC, which, when coupled with the longer DSG TMD, could support raft association of DSCs as
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well as segregation of nascent adherens junctions and desmosomes. Additional experiments are
needed to fully understand how the leucine-rich TMDs of these various cadherins contribute to
dimerization, raft association and overall cadherin function for both classical and desmosomal

cadherins.

1.4.3 Palmitoylation

The presence of a palmitoyl group on cysteine residues adjacent to TMDs in single-pass
transmembrane proteins has also been shown to increase raft association. Palmitoylation is a
reversible post-translational modification that adds a 16C saturated acyl chain to cysteine residues
(73). For soluble cytoplasmic proteins, palmitoylation localizes a protein to the plasma membrane
and is important in regulation, stability, and function (74, 75). Integral membrane proteins are
commonly palmitoylated on cysteine residues on the cytoplasmic face of the TMD (73), and this
posttranslational modification is recognized as a key raft protein modification (66). All
desmosomal cadherins possess membrane proximal cysteines which are well conserved between
species (Figure 1.4). Interestingly, palmitoylation of DSG2 regulates trafficking as well as stability
of the protein but is not necessary for raft association (76). DSG3, also, does not require
palmitoylation for raft association (6). Thus, palmitoylation appears to be important in regulating
desmosomal cadherin dynamics, but it does not appear to be necessary for raft association.

Proteins are palmitoylated by palmitoyl acyl transferases (PATS), of which there are 23 in
humans (77). Named for their conserved DHHC (Asp-His-His-Cys) motif, the DHHC proteins are
multimeric transmembrane proteins with differential tissue expression that can localize throughout
membrane compartments, including ER, Golgi, and plasma membrane to palmitoylate targets (78,

79). While the PAT(s) responsible for palmitoylating desmosomal proteins remain to be identified,
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DHHC13 and DHHC21 have been shown to be important in keratinocyte proliferation and hair
follicle differentiation in the epidermis (80-82). There is some promiscuity among DHHC targets
as many have been shown to be palmitoylated by multiple DHHC forms in cultured cells, raising
the possibility that multiple DHHC proteins are capable of palmitoylating desmosomal proteins.

In contrast to the desmosomal cadherins, palmitoylation of the cytoplasmic PKPs is

D3G1 (human) 535 akdllsdnvhFGPAGIGLLIMGFLVLGLVPFLMICcdcggaprsa
D3GZ2 (human) €00 reaghdsyvgLGPAAIATMILAFLLLLLVPLLLIMchcgkgakgf
D3G3 (human) €06 trygrphsgrLGPAAIGLLLLGLLLLLLAPLLLLTcdcgagstgg

D3G4 (human) €18 edgagvsnvgLGPAGIGMMVLGILLLILAPLLLLLCCcCkgrgped

DSC1l (human) 682 dvrpnvilgrWAILAMVLGSVLLLCILFTCFcvtakrtvkkcfps
DSC2 (human) 685 igggovglgkWAILATLLGIALLFCILFTLVCcgasgtskgpkvip

DSC3 (human) 681 srstgvilgkWAILAILLGIALLFSVLLTLVcgvigatkgkrfps

Figure 1.4: Desmosomal cadherins are palmitoylated at intracellular
membrane-proximal cysteine residues. Human sequences for DSG1-4
and DSC1-3 showing TMD residues in blue and palmitoylated cysteines
highlighted in yellow. Palmitoylation at DSG2 cysteine residues has been
experimentally verified while only presence of palmitoyl groups on
DSG1-DSG3 and DSC2-3 but not exact sites has been shown.

necessary for raft association and for desmosome assembly. Loss of membrane association and
reduced Triton X-100 insolubility were seen in palmitoylation-deficient PKP2 and PKP3 mutants.
Furthermore, expression of these mutants resulted in the loss of desmosome assembly and
adhesion in a dominant-negative fashion. PKPs are thought to function by recruiting and clustering
other desmosomal proteins. This is accomplished through actively guiding DP and intermediate
filaments to sites of cell-cell contact and clustering desmosomal cadherins at the cell surface (83-
85). Though PKP1 is also palmitoylated, no studies have been done to address the impact of the
modification on PKP1 function. Though similar, the PKP proteins serve different purposes. For
example, PKP1 but not PKP3 regulates desmoglein clustering (86). Disease-causing truncation
mutations in PKP1 lead to reduced size and number of desmosomes in patients (87, 88) while
overexpression of PKP1 can increase desmosome length and adhesion strength (89). PKP3

overexpression also increases desmosome size and stability by upregulating the expression of other
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desmosomal proteins (90). PKP palmitoylation likely enhances membrane association during
clustering of desmosomal cytoplasmic plaque proteins, thereby promoting the lateral packing of

desmosomal proteins along the two-dimensional plane of the plasma membrane.

1.5 Role of raft association in disease

Lipid raft associated proteins have been implicated in a variety of human diseases. Well-
studied examples of diseases in which raft protein function is disrupted include Alzheimer’s
Disease and Prion Diseases (91). Various pathogens also have been shown to utilize rafts for
various steps in their life cycles (91). A possible link between lipid raft disruption and atopic
dermatitis has been identified as genes involved in lipid biosynthesis were found to be down-
regulated in patient skin relative to healthy skin (92). Furthermore, expression profiles were similar
between patient skin and cultured keratinocytes in which lipid rafts were disrupted by mpCD
treatment, including the same lipid biosynthesis genes downregulated in patient skin (93). These
findings raise the possibility that altered raft function or the inability of proteins to associate with
rafts could represent an underlying disease pathomechanism.

Recently, we identified a dominantly-inherited disease-causing mutation in the DSG1 gene
that causes a glycine-to-arginine substitution in the transmembrane spanning region of the DSG1
protein (6). The individuals carrying this mutation were diagnosed with severe dermatitis, multiple
allergies, and metabolic wasting (SAM) syndrome. SAM syndrome is characterized by epidermal
thickening, fragility, and barrier defects (27). Studies of this TMD mutation revealed that the
mutant DSG1 protein was excluded from lipid rafts and failed to assemble into desmosomes both
in patient skin and in cell culture models (6). Molecular modeling predicts that the glycine-to-

arginine substitution in the DSG1 TMD shortens the run of hydrophobic amino acids, resulting in
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hydrophobic mismatch with the thicker lipid bilayer present in the raft-like desmosomal membrane
domain. This mutation appears to be the first example of a mutation that compromises raft
association as part of the disease pathomechanism.

The mutation in the DSG1 TMD that causes SAM syndrome may represent a newly
appreciated class of mutations that disrupt raft association and cause human disease, particularly
among proteins bearing mutations in the TMD. Disease-causing glycine-to-arginine substitutions
have been identified in the TMDs of other single-pass transmembrane proteins including myelin
protein zero (MPZ) and FGFR3 which cause Marie-Charcot-Tooth Syndrome (94, 95) and
Achondroplasia (96), respectively. Both proteins have been identified in proteomic screens
assaying raft association (97, 98). Though raft association of FGFR3 has not been further verified,
MPZ has been identified in DRMs from adult peripheral nerve myelin (99, 100). In both examples,
the mutation was found to disrupt TMD-TMD mediated interactions. As oligomerization is known
to increase raft affinity (101), loss of lipid raft association could be central to the disease
mechanisms of these mutations. Further investigation is warranted for these and other mutations

that might involve loss of raft association as part of an underlying disease pathomechanism.

1.6 A new model for epithelial intercellular junction organization: lipid rafts as a driving
force for the assembly and segregation of junctional complexes

The association of desmosomes with lipid rafts is emerging as a mechanism fundamental
to the organization of the desmosomal membrane domain. A key question emerging from this work
is how raft association of desmosomal components integrates with the assembly mechanisms of
other junctional complexes, including adherens junctions. In contrast to desmosomes, adherens

junction components do not associate with lipid rafts biochemically (5, 50). However, desmosome
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assembly requires E-cadherin-based adhesion (102-105). The mechanisms by which adherens
junctions regulate desmosome assembly are not fully understood, although adherens junctions and
desmosomal proteins engage in a number of overlapping protein-protein interactions (106).
Recently, Shafraz et al. (107) showed that the requirement of adherens junction components for
desmosome assembly may be driven by a direct interaction between E-cadherin and desmosomal
cadherins. Using a combination of atomic force microscopy and cell biological approaches, E-
cadherin trans-homodimerization was found to initiate both adherens junction and desmosome
assembly by allowing for the brief cis-heterodimerization of E-cadherin and DSG2 (107).
Concurrently, short-lived DSC2 homodimers give way to DSG2:DSC2 heterodimers when the E-
cadherin:DSG heterodimers disengage. In line with these findings, others have shown that the
relative cell surface levels of DSGs and DSCs regulate the adhesion process (16), but the
recruitment of desmosomal cadherins begins with DSC clustering at the cell surface (108, 109).
DSG and associated armadillo proteins then stabilize the DSC clusters (108, 109).

If adherens junction and desmosomal proteins can associate, how do these structures
resolve into distinct membrane domains? One explanation is differential protein affinities. Both
PG and PKPs are required for the formation of distinct, non-continuous desmosomes (83). Mixed
adherens/desmosome junctions were identified in cardiac tissue from mice lacking Pg (110). PG
is unstable in the absence of a desmosomal cadherin (111), yet is also capable of binding E-
cadherin and a-catenin in place of 3-catenin. However, due to overlapping binding sites, PG cannot
bind a-catenin if it is bound to a desmosomal cadherin, thus excluding the desmosomal

cadherin:PG complex and likely contributing to segregation of the two junctions (106). These
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examples highlight how differential protein affinities contribute to the assembly of different

junctions.
E-cadherin E-cadherin:Dsg2 Keratin linkages Segregated, mature
No cell-cell trans- cis-heterodimers Raft-driven brought by PKP/ adherens junction
adhesion homodimers and Dsc clustering segregation DP complexes and desmosome
0.5-1.0pym
==seses E-cadherin ~ a-catenin e-scomssses Desmoglein < Plakophilin
0 P120 -sasw Actin =mmsssee Desmocollin o=0o Desmoplakin
@ p-catenin Lipid Raft © Plakoglobin < Keratin Filament
Figure 1.5: Lipid rafts drive segregation of adherens junctions and desmosomes during junction assembly.
Transient interactions between desmosomal and classical cadherins coordinate cadherin clustering at the cell
surface. Adaptor proteins stabilize nascent cadherin clusters. Interplay between cadherins and membrane lipids
leads to accumulation of cholesterol and raft lipids around desmosomal cadherin clusters and drives segregation
of adherens junction and desmosome components. PKPs further enhance desmosome formation and segregation
from adherens junctions by promoting raft-associated clustering and by promoting DP and keratin linkages.

We propose that a second driving force to segregate adherens junctions and desmosomes
is differential affinity for lipid rafts (Figure 1.5). In contrast to desmosomal proteins, adherens
junction components show poor affinity for raft fractions (5, 6, 50). For example, when the DSG
TMD is replaced with the E-cadherin TMD, the chimeric cadherin fails to associate with lipid rafts
(6). In addition, unlike desmosomal cadherins, E-cadherin is not palmitoylated (112), further
reducing raft affinity. As discussed above, E-cadherin and DSG associate at the plasma membrane
during initial cell-cell contact formation. Super-resolution imaging shows that these nascent

complexes then resolve into separate membrane domains as junction formation matures (107). It
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is likely that desmosomal cadherin association with raft lipids harboring longer acyl chains and
with higher levels of cholesterol leads to thickening of the lipid bilayer and the formation of a
membrane environment energetically unfavorable for the shorter E-cadherin TMD. Through this
mechanism, E-cadherin and cytoplasmic plaque proteins associated with E-cadherin would be
excluded from the desmosome as junction formation proceeds. Similarly, the palmitoylated
desmosomal plaque proteins, particularly PKPs, would further drive coalescence into a raft domain
and further exclude adherens junction components. Such a mechanism would allow for
coordinated assembly of the two junctions followed by subsequent resolution into distinct
membrane domains.

For these proposed mechanisms to work, we would expect the DSG TMD to be critical for
the raft association mechanism while loss of DSG raft association would be expected to affect
normal processes of desmosome assembly and function. Therefore, we hypothesize that DSG
TMD physical properties dictate lipid raft domain association and desmosome assembly while
mutations disrupting these properties cause disease. We have already discussed the existence of a
disease-causing glycine-to-arginine substitution in the DSG1 TMD identified in a patient with
SAM syndrome. In Chapter 2, we will establish a new DSG-null model system for the study of
DSGs. In Chapter 3, we will explore the effects of a different glycine-to-arginine substitution in
the DSG1 TMD identified in a patient with palmoplantar keratoderma in comparison to that of the
SAM syndrome patient. The findings in Chapter 3 further establish an important role for the DSG1
TMD in raft association, desmosome assembly, and function. Chapter 4 will continue in this vein
by exploring the properties of the DSG1 TMD that drive DSG raft association and the
consequences of losing DSG1 raft association. This will be explored by using DSG1tmp variants

in which one of the physical properties discussed above will be altered to individually address the



19

contribution of TMD length, exposed surface area, and palmitoylation. In both chapters, we will
utilize the DSG-null cells described in Chapter 2 to stably express our disease-causing DSG1
mutations and DSG1rmp variants. With these stable cell lines, we will determine the ability of
these various constructs to drive raft association, how that affects the raft association of other
desmosomal proteins, overall desmosomal assembly, and desmosome function. Through these
experiments, we will further our understanding of the relationship between raft association and
desmosome assembly and function as well as uncover new potential mechanisms. Our findings
support an alteration to the model of desmosome assembly described above where raft association
nucleates DSC clusters which are joined by raft-associated DSG and PG complexes segregating
from adherens junctions. This dissertation will be concluded with a discussion of future directions

and conclusions.
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CHAPTER 2

Establishing a New Model System to Study Desmoglein Function

ABSTRACT

Desmosome assembly is driven by a series of protein-protein interactions involving both adherens
junction and desmosomal components that results in independent mature junctions and robust cell-
cell adhesion, yet these interactions remain poorly understood. We created a desmoglein (DSG)-
null A431 cell line to better understand early stages of desmosome assembly and study the raft
associating mechanisms of desmogleins. Desmosomal proteins are mislocalized in these cells
resulting in little desmosome-mediated cell-cell adhesion, but exogenous expression of Dsg
species rescues these phenotypes. These cells can be used for expressing disease-causing DSG
mutants or other DSG variants to better understand the role of the different DSG domains during
desmosomal processes, including assembly and disassembly and to determine the mechanism of

adherens junction-desmosome segregation during junction assembly.
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2.1 INTRODUCTION

Desmosome assembly requires the presence of both desmogleins (DSG) and desmocollins
(DSC) (16). The four genes that encode the DSG species in humans are differentially expressed
(15, 20). While DSG2 is ubiquitous through epithelial and cardiac tissues, DSG1, DSG3, and
DSG4 are confined to different layers of the epidermis where their expression is regulated by
differentiation state (20). DSG3 is predominantly expressed in the basal, proliferating layers but
decreases as DSG1 levels increase through the upper, differentiating layers (30-32). DSG4 is
largely restricted to hair follicles (113).

Much remains unknown about desmosomal processes and how desmosomal proteins and
their differential expression drive those processes. Prior work with desmosomal proteins has often
involved transient or stable transfection of a tagged protein of interest in a variety of cell lines
alongside the endogenous protein of interest (6, 76, 112). Our earlier work with Dsgl and Dsg3
TMD constructs has also used this method (6), but the possible masking or muting of biological
effects by the presence of endogenous protein raised concerns about the continued use of this
method.

To reduce the potential contributions of endogenous desmosomal protein, we used
CRISPR-Cas9 to knockout DSG2 in A431 cells. Characterization of these DSG2-KO A431 cells
revealed total loss of DSG2 with no change in expression levels of other desmosomal proteins. As
DSG2 is the sole DSG species in A431 cells, desmosomal proteins, particularly desmoplakin (DP),
were mislocalized, raft association of DP and PG reduced, and cell-cell adhesion weakened by the
loss of DSG2. Exogenous expression of DSG species rescued these defects. With a strong,
rescuable desmosomal phenotype, these DSG-null cells are well-suited for understanding the role

that DSGs play in desmosomal processes.
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2.2 RESULTS
2.2.1 DSG-null cell characterization reveals desmosomal defects

We chose A431 cells to create a DSG-null cell line. A431 cells are an immortal human
epidermoid carcinoma cell line commonly used in desmosomal studies (76, 114, 115). We first
determined the DSG expression profile of A431s using immunofluorescence and western blot
analysis and found that DSG2 was predominantly expressed with no evidence of DSG1 or DSG3
at the protein level (Figure 2.1A). In contrast, positive controls for the DSG1, DSG2, and DSG3
antibodies used readily detected Dsgl in A431 cells transfected with a Dsg1 construct and detected
both DSG2 and DSG3 in HaCaTs, an immortal human keratinocyte cell line (20, 116). Our

collaborator, Daniel Conway, used CRISPR-Cas9 to knockout DSG2 in these A431 cells, and we

characterized them.
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Figure 2.1: DSG2 knockout in A431 cells causes desmosomal protein mislocalization. A) Widefield
immunofluorescence images show DSG2 but not DSG1 or DSG3 is highly expressed in A431 cells. DSG1
positive control is A431s transfected with an mDsgl construct. DSG2 and DSG3 are endogenously
expressed in HaCaTs. B) Widefield immunofluorescence images show lack of DSG2 staining in DSG2
KO cells and altered localization of DSC2, PG, and DP. Scale bars = 10 pm.

+ Control
DSG Null

We verified the loss of DSG2 expression by both immunofluorescence (Figure 2.1B) and
western blot analysis of whole cell lysates (Figure 2.2A). We also detected low DSG3 levels that
were absent in the parental A431 cells by immunofluorescence (data not shown). However, in the
absence of DSG2, DP, plakoglobin (PG), and DSC2 all experienced altered localization. In normal
conditions, DP appears in discrete, border-localized desmosomal puncta, but this localization is

lost in the DSG-null cells. While DSC2 appeared to form border-localized desmosomal puncta,
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these were smaller in size and less organized than in the parental cells. PG maintained border
localization but appeared reduced in intensity. PG also interacts with components of adherens
junctions (117), so this observation may be due to enhanced localization with adherens junctions.
Though the dispersal of several desmosomal components away from border puncta gave the
appearance of reduced protein expression, western blot analysis of whole cell lysates revealed no
statistically significant difference between the expression levels of DP, DSC2, PG, or E-cadherin
(Figure 2.2). Therefore, even in the presence of slightly upregulated DSG3, loss of DSG2

expression alters localization but not expression of desmosomal proteins; we consider these cells

to be DSG-null.
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Figure 2.2: DSG2 knockout in A431 cells does not affect expression levels of other desmosomal proteins or E-
cadherin. A) Western blots showing DSG2-KO in A431 cells with no change in levels of DP, DSC2, PG, or E-
cadherin. B-actin used as loading control. B) Quantification of DP expression levels in A431 parental cells versus
DSG2-KO cells. C) Quantification of DSC2 expression levels in A431 parental cells versus DSG2-KO cells. D)
Quantification of PG expression levels in A431 parental cells versus DSG2-KO cells. E) Quantification of E-
cadherin expression levels in A431 parental cells versus DSG2-KO cells. Error bars show mean +/- SEM (n=4).

Mislocalization of desmosomal proteins in the DSG-null cells suggests that these cells may
not assemble desmosomes. The components of mature desmosomes are detergent resistant and
associate with rafts (49, 50). Therefore, we can use raft association as a proxy for desmosome
formation. We used sucrose gradient fractionations to separate buoyant, detergent-resistant

membranes (DRMs) from non-buoyant, non-detergent resistant membranes (non-DRMs) (118).
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We found that raft association of DP and PG but not DSC2 were significantly reduced in DSG-

null cells compared to A431s (Figure 2.3). This loss of raft association suggests that DSG-null

cells do not assemble mature desmosomes.
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Figure 2.3: Desmosomal proteins exhibit reduced raft association in DSG-null cells. A) Western blots of
sucrose gradient fractionations show distribution of DP, DSC2, and PG between DRM and non-DRM fractions
in A431 vs DSG-null cells. Calnexin = non-DRM marker. Flotillin-2 = DRM marker. B) Quantification of DP
distribution between DRM and non-DRM fractions. C) Quantification of DSC2 distribution between DRM and
non-DRM fractions. D) Quantification of PG distribution between DRM and non-DRM fractions. Error bars show
mean +/- SEM (n=4). **p < 0.01
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Figure 2.4: Dispase cell dissociation assay tests desmosome strength. Confluent monolayers treated
with dispase are lifted from the substrate and undergo mechanical stress on an orbital shaker. Monolayers
fragment based on desmosome strength. Few fragments indicate strong desmosomes while many

fragments indicate weak desmosomes.

With mislocalized desmosomal components exhibiting reduced raft association indicative

of reduced desmosome formation, we next asked if the DSG-null cells formed functional

desmosomes. We used a dispase cell dissociation assay which

degree of mechanical stress-induced monolayer fragmentation

assesses desmosome function by

(119). A monolayer of confluent
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cells is lifted off its substrate with the enzyme dispase which cleaves cell-substrate interactions
while maintaining cell-cell interactions. Monolayers are subjected to mechanical stress on an
orbital shaker and the resulting monolayer fragments are counted such that minimal fragmentation
correlates with strong, functional desmosomes while extensive fragmentation suggests the
presence of weak or non-functional desmosomes (Figure 2.4). DSG-null cell monolayers
fragmented significantly more than A431 cell monolayers (Figure 2.5), indicating that desmosome

function is reduced in these cells.
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Figure 2.5: DSG-null A431 cells have reduced desmosome
function. A) Images show monolayer fragmentation of A431
cells versus DSG-null cells. B) Quantification of A. Error bars
show mean +/- SEM (n = 7). ****p < 0.0001
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Figure 2.6: Exogenous expression of Dsg species rescues desmosomal
protein localization. Widefield immunofluorescence images show expression
of Dsgl-GFP or Dsg3-dendra2 and DP localization in DSG-null cells. DP
staining in A431 and DSG-null cells for reference. Scale bar = 10 um.

2.2.2 Exogenous expression of Dsg species rescues desmosomal defects in DSG-null cells
Having seen that the DSG-null cells exhibited altered desmosomal protein localization and

reduced desmosome formation, we sought to rescue these characteristics by expression of
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exogenous DSG species. We stably expressed Dsgl-GFP or Dsg3-dendra2 by lentiviral
transduction and bulk sorted cells to create cell populations with similar expression distributions
while removing cells that expressed either Dsg species at very high levels or not at all. We found
that re-expression of either Dsg species showed renewed desmosome assembly with DP

localization returning to desmosomal puncta along cell-cell borders (Figure 2.6).
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Figure 2.7: Exogenous expression of Dsg species recovers raft association of desmosomal proteins. A)
Western blots show sucrose gradient fractionations of DSG-null cells expressing Dsg1-GFP or Dsg3-dendra2 as
well as DRM segregation of DSC2 or PG in parental A431 cells versus DSG-null cells expressing Dsg1-GFP.
Calnexin = non-DRM marker. Flotillin-2 = DRM marker. B) Quantification of DSG blots in A in parental A431
cells versus Dsgl-GFP or Dsg3-dendra2 in DSG-null cells. C) Quantification of DSC2 blots in A in parental
A431 cells versus DSG-null cells or DSG-null cells expressing Dsg1-GFP. D) Quantification of PG blots in A
in parental A431 cells versus DSG-null cells and DSG-null cells expressing Dsgl-GFP. Error bars in B show
mean +/- standard deviation (h = 2 (A431 (DSG2), Dsg3-dendra2), n = 4 (Dsg1-GFP)). Error bars in C, D show
SEM +/- standard deviation (n = 4). **p < 0.01

Additionally, sucrose gradient fractionations revealed that Dsgl-GFP and Dsg3-dendra2
segregated into DRMs similarly to DSG2 in A431 parental cells (Figure 2.7A, B). There was no
significant change in the DRM segregation of DSC2 between A431 parental cells, DSG-null cells,
and DSG-null cells expressing Dsgl-GFP (Figure 2.7A, C). Reduced PG segregation into DRMs
observed in DSG-null cells was also rescued by the exogenous expression of Dsg1-GFP (Figure
2.7A, D). This indicates that Dsgl-GFP is capable of driving raft association and desmosome
assembly and that the presence of the GFP tag does not appear to affect Dsgl behavior. Lastly, we

repeated the dispase cell dissociation assay and found that expression of either Dsg1-GFP or Dsg3-
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dendra2 rescued desmosome function (Figure 2.8). Therefore, the DSG-null cells exhibit a
dysfunctional desmosome phenotype which can be rescued by exogenous expression of Dsg

species.

Khkk
Kk

§ 038 1
S
£ 0.6 -
£ 0.4 -
=]
@
L 0.2 4

0 A
DSG Dsg1 Dsg3
null

Figure 2.8: Exogenous expression of Dsg species in DSG-null cells rescues
desmosome function. A) Images show fragmentation of DSG-null cell monolayers
expressing Dsgl-GFP or Dsg3-dendra2. B) Quantification of A. Error bars show
mean +/- SEM (n=6). ****p < 0.0001

2.3 DISCUSSION

We characterized a newly established DSG-null A431 cell line with defective desmosome
assembly and function that could be rescued with exogenous expression of Dsg species. In these
cells, loss of DSG2 expression resulted in mislocalization of DP, DSC2, and PG and reduced
desmosome formation and function.

Prior to using A431s for this purpose, we found that DSG2 was the sole DSG species
expressed at the protein level in these cells (Figure 2.1). Some have reported DSG2 to be the only
expressed DSG species in A431s (20) while others have reported DSG3 expression in addition to
DSG2 (112). Though DSG3 was absent in the parental A431s, we observed low DSG3 levels in
the DSG2-KO cells (data not shown). This may be the result of a compensatory mechanism which
has been observed following the loss of a desmosomal cadherin in some cases (120, 121).
However, these levels were insufficient to maintain normal localization of desmosomal proteins

or desmosome function. Therefore, we consider these cells to be DSG-null.
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The use of CRISPR-Cas9 has become widespread since its development. Others are also
using this technique in desmosomal studies. For example, Wanuske et al used HaCaT cells, an
immortalized keratinocyte cell line, to create PG-null and DP-null cell lines (122). In this way,
they identified that loss of PG altered desmosome morphology and reduced strength, but loss of
DP, the link between the desmosomal plaque and the cytoskeleton, caused complete loss of
adhesion, though the desmosomal cadherins still formed small clusters. With these cells, they
established a role for DP in stabilizing nascent clusters of desmosomal components into mature
junctions. Our DSG-null cells will be useful in untangling the interactions necessary for forming
these nascent clusters in the early stages of desmosome assembly. Furthermore, considering the
success of these DSG-null cells, additional knockout cell lines can be created to further explore
the roles of DSCs, PG, PKPss, and even the classical cadherins during desmosome assembly.

In the subsequent chapters, we use these DSG-null cells to compare two disease-causing
glycine-to-arginine mutations in the DSG1twvp and to explore the Dsgltmp physical properties that

drive raft association and the cost of reduced raft association on desmosomal processes.

2.4 MATERIALS AND METHODS

Generation of constructs and lentivirus
Cloning of plasmid expressing Dsg1-GFP has been previously described (6). Lentivirus for Dsg1-

GFP and Dsg3-dendra2 was purchased from Cyagen VectorBuilder.

Cell line generation, culture, and reagents
A431 cells were cultured in DMEM (Corning 10-013-CV) with 10% fetal bovine serum (Hyclone
SH30071.03) and 1X antibiotic-antimycotic solution (Corning 30-004-Cl). CRISPR/cas9 was

used to knockout DSG2 (DSG2 gRNA target sequence GTTACGCTTTGGATGCAAG) as
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previously described (123). Cells were stably infected with lentiviruses expressing murine
desmoglein constructs. Blasticidin (5ug/ml) was used to select for infected cells. No clonal
isolation was performed. Cell lines expressing Dsg-GFP species were subjected to fluorescence-

activated cell sorting to obtain populations with roughly equal Dsg-GFP expression levels.

Immunofluorescence

Cells were cultured to 70% confluence on glass coverslips and fixed in 3.7% paraformaldehyde
(PFA) in PBS+ on ice for 10 min. Cells were blocked and permeabilized in PBS+ containing 0.1%
Triton X-100 and 3% BSA for 10 min. Primary and secondary antibodies (listed below) were
diluted into blocking solution (PBS+ containing 3% BSA and 0.05% Triton X-100). Cells were
rinsed using PBS+ containing 0.05% Triton X-100. Cells were mounted to glass microscope slides

using Prolong Gold mounting medium (ThermoFisher Scientific).

Antibodies

Antibodies used were as follows: mouse-anti-DSG2 (6D8, courtesy of Dr. Jim Wahl), mouse anti-
GFP (Abcam ab1218); rabbit anti-DP (Bethyl A303-356A); mouse anti-PG (BD Trans Lab
610253); mouse anti-Dsc2/3 (Life Technologies 326200); mouse anti-DSG3 5G11 (Invitrogen 32-
6300); mouse anti-B-actin  (Sigma A5451); mouse anti-E-cadherin  (Abcam1416
(immunofluorescence); BD Trans Lab 610182 (immunoblots)). Mouse anti-Dsgl (PF1-8-15 IgG1)
was a kind gift from Dr. Aimee Payne. Secondary antibodies conjugated to Alexa Fluors were
purchased from Invitrogen. Horseradish peroxidase-conjugated secondary antibodies were

purchased from BioRad.

Image acquisition
Widefield microscopy was performed using a Nikon Ti-E inverted microscope (100x/1.49 NA oil

immersion objective) equipped with a motorized stage and a Hamamatsu C11440-22CU digital
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camera. Images were deconvolved using Microvolution (124) in ImageJ. All microscopy was
performed at room temperature. Results are representative of three independent replicates with 10

cells per condition.

Isolation of DRM

DRMs were isolated as described previously (118). Briefly, cells were cultured in 10-cm? dishes
and washed with PBS+. Cells were collected by scraping in TNE buffer supplemented with
protease inhibitors (Roche 11836153001) and pelleted by centrifugation at 0.4xg at 4°C for 5 min
(5415R; Eppendorf). Cells were resuspended in TNE buffer and homogenized using a 25-gauge
needle. TNE buffer containing 1% Triton X-100 was added and cells were incubated on ice for 30
min. Four hundred-twenty microliters of detergent extract were mixed with 840ul of 56% sucrose
in TNE and placed at the bottom of a centrifuge tube. Volumes (1.9ul) of 35 and 5% sucrose were
layered on top of the sample. Following an 18-hr centrifugation at 4°C (44,000 rpm, SW55 rotor,
Beckman Opima LE-80 K Ultracentrifuge), 420-ul fractions (1-11, remaining volume combined
to make up fraction 12) were removed from top to bottom of the gradient and stored at -20°C until
processed for western blot analysis. Flotillin-2 and calnexin were used as raft and non-raft markers,

respectively.

Dispase-based fragmentation assay

Cells were cultured until confluent in 24-well tissue culture plates and treated with 1 U/ml dispase
(Corning) for 15 min at 37°C. Cell sheets released from the plate were rinsed with PBS+,
transferred to 1.5 ml Eppendorf tubes in 500ul PBS+, and then subjected to mechanical stress on
an orbital shaker on its highest setting for 45 sec. Fragments were transferred to a fresh 24-well
plate, fixed with 1% PFA, and stained with methylene blue (Sigma). Plates were imaged on an

Elispot scanner (Cellular Technologies, Ltd) and fragments counted with ImageJ.
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Statistics

Error bars represent standard error of the mean. Significance was determined using one-way
ANOVA followed by Dunnett’s post-hoc and p-values have been indicated. Statistical analysis of
immunofluorescence results was conducted on at least 3 independent experiments with 10 images
per condition per replicate. For all experiments involving western blotting, statistical analysis was
conducted on results from four independent experiments. Statistical analysis of dispase assays was

conducted on results from seven independent experiments.
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CHAPTER 3
Differential Pathomechanisms of Desmoglein-1 Transmembrane Domain Mutations in Skin

Disease

This chapter is adapted from:
Zimmer, S. E., Takeichi, T., Conway, D., Kubo, A., Suga, Y., Akiyama, M., Kowalczyk, A. P.
Differential pathomechanisms of DSG1 transmembrane domain mutations in skin disease.

(Revisions submitted to Journal of Investigative Dermatology).

ABSTRACT

Dominant and recessive mutations in the desmosomal cadherin, desmoglein-1 (DSG1),
cause the skin diseases palmoplantar keratoderma (PPK) and severe dermatitis, multiple allergies,
and metabolic wasting (SAM) syndrome, respectively. Here, we compare two dominant missense
mutations in the DSG1 transmembrane domain (TMD), G557R and G562R, causing PPK
(DSG1prk) and SAM syndrome (DSGlsawm), respectively, to determine the differing
pathomechanisms of these mutants. Expressing the DSG1tmp mutants in a DSG-null background,
we use cellular and biochemical assays to reveal differences in the mechanistic behavior of each
mutant. Super resolution microscopy and functional assays showed a failure by both mutants to
assemble desmosomes due to reduced membrane trafficking and lipid raft targeting. DSG1lsam
maintained normal expression levels and turnover relative to DSG1wr, but DSG1lppk lacked
stability, leading to increased turnover through lysosomal and proteasomal pathways and reduced
expression levels. These results differentiate the underlying pathomechanisms of these disorders,

suggesting that DSG1sam acts dominant negatively while DSG1ppk is a loss-of-function mutation
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causing the milder PPK disease phenotype. These mutants portray the importance of the DSG
TMD in desmosome function and suggest that a greater understanding of the desmosomal cadherin
TMDs will further our understanding of the role that desmosomes play in epidermal

pathophysiology.
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3.1 INTRODUCTION

Epidermal integrity relies on the formation of intercellular junctions to protect against
abrasion, infection, and water loss. Among these junctions, desmosomes mediate strong cell-cell
adhesion by mechanically coupling adjacent cells through a series of protein-protein interactions
involving desmosomal cadherins and intercellular adaptor proteins that anchor intermediate
filaments to the plasma membrane (125, 126). Desmosomes are targeted in numerous skin fragility
diseases caused by autoantibodies, bacterially-produced toxins, and gene mutations (36, 127-130).
Among genetically-inherited diseases, haploinsufficiency of the desmosomal cadherin,
desmoglein-1 (DSG1), causes a relatively mild disorder called palmoplantar keratoderma (PPK)
in which epidermal thickening occurs along the palms of the hands and soles of the feet (131). In
contrast, severe dermatitis, multiple allergies, and metabolic wasting (SAM) syndrome has
broader effects arising from epidermal thickening, fragility, and barrier defects typically caused
by recessively-inherited DSG1 loss of function mutations (27).

DSG1 is critical in the epidermis where it promotes differentiation and becomes the main
DSG mediator of desmosomal adhesion in the upper epidermal layers (31, 32). The differences in
severity between PPK and SAM syndrome are thought to be due to gene dosage; PPK arises from
DSG1 haploinsufficiency while the complete loss of functional DSG1 in SAM syndrome causes a
more severe clinical presentation (132). Recently, we reported an unusual case of SAM syndrome
(referred to as DSG1sam) in which a dominantly-inherited missense mutation in DSG1 caused a
glycine-to-arginine substitution at residue 562 in the DSG1 transmembrane domain (TMD) (6).
Here and in a related study (Takeichi et al, in preparation), we report a second instance of a
missense mutation in the DSG1 TMD. This novel mutation also causes a glycine to arginine

substitution, occurring at position 557 within the DSG1tmp, but the patient presents with PPK
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(referred to as DSG1ppk). Despite the genetic similarities between these cases, the phenotypic
disparity suggests differing pathomechanisms underlying an important role for the DSG TMD in
desmosome assembly and function.

Here, we sought to determine the disease mechanisms of DSG1lppk Vversus DSGlsam
mutations and to determine the role of the DSG TMD in desmosome assembly and function. By
expressing these mutants in a DSG-null background, we identified defects in membrane trafficking
and lipid raft targeting which resulted in reduced desmosome assembly and function. Both
DSG1ppk and DSG1sam mutants failed to support normal desmosome formation and were deficient
in cell-cell adhesion strength. Mechanistically, DSG1ppk Was rapidly degraded in a lysosome- and
proteasome-dependent manner, while DSG1sam maintained normal protein and cell surface
stability. These findings reveal that different mutations within the DSG1rmp cause different types
of inherited human skin disease by distinct mechanisms and suggest that different therapeutic

strategies should be explored for treating these related disorders.
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Figure 3.1: PPK patient with DSG1tmb glycine-to-arginine substitution. A) Photographs of patient’s hands
and feet. B) Pedigree of patient’s immediate family. Arrow indicates proband. C) Chromatogram of patient
and patient’s relatives. D) Model of DSG1 domains with pink asterisk depicting location of DSG1ppk and red
asterisk depicting location of DSG1sam. |A = intracellular anchor, ICS = intracellular cadherin segment, IPL
= intracellular proline-rich linker, RUD = repeating unit domains, DTD = desmoglein terminal domain.
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3.2 RESULTS

3.2.1 Dsgltmp mutants support the formation of fewer, smaller, and weaker desmosomes.

We previously reported a heterozygous mutation in the DSG1ltvp (G562R) that disrupts
DSG1 association with lipid rafts, causing SAM syndrome (6). Here and in related work (Takeichi
et al, in preparation) we report a second DSG1rmp missense mutation, G1669A, resulting in a
different glycine-to-arginine substitution in the DSG1ltmp (G557R) (Figure 3.1, Figure 3.2A),
which causes PPK rather than SAM syndrome. To understand how these two DSG1tmp mutations
cause different skin diseases, we stably expressed mouse desmoglein (Dsgla) ORF with the
corresponding disease-causing TMD mutations (Dsglwr, Dsgleek, or Dsglsam) in the DSG-null
A431 cells described in Chapter 2. Dsgla shares 78% sequence identity with DSG1; most
differences are in the extracellular anchor. DSG-null A431 cells stably expressing Dsglwr-GFP,
Dsglerk-GFP, or Dsglsam-GFP were established using a lentiviral system and bulk sorted to create
populations with roughly equal expression patterns (Table 3.1). Immunofluorescence (Figure
3.2B) and western blot analysis (see additional analysis below) revealed reduced expression of the
Dsglerk-GFP mutant relative to Dsglwt-GFP or Dsglsam-GFP. Therefore, the brightness and
contrast for Dsglppk-GFP images were adjusted to allow for assessment of localization differences
between the Dsgl variants. Desmocollin-2 (DSC2), plakoglobin (PG), and E-cadherin levels were
unaffected (see Figure 3.8). We found that both Dsglrmp mutants could be detected with
desmoplakin (DP) in cell border-localized puncta. However, while DP is properly localized at
borders in cells expressing Dsglwr-GFP, it remained mislocalized in cells expressing Dsglppk-
GFP or Dsglsam-GFP. Quantifying the number of puncta positive for Dsg1-GFP and DP revealed

fewer puncta per border in the mutant-expressing cells relative to those expressing Dsglwr-GFP
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(Figure 3.2C). These findings suggest that G:R substitutions in the DSG1lrmp compromise the
ability of DSG1 mutants to support desmosome formation.

Table 3.1: Percentage of cells stably expressing Dsglwrt-GFP, Dsglpek-GFP, or Dsglsam-GFP,
based on post-sort data from FACS sorting.

Cell Line GFP+ Cells
Dsglw-GFP 89.2%
Dsglppg-GFP 96.0%

Dsgle-GFP|  86.6%

To assess the adhesive potential of the various cell lines, we utilized a dispase cell
fragmentation assay in which increased monolayer fragmentation correlates with decreased cell-
cell adhesion strength (119). Dsglwrt-GFP expression restored adhesion in the DSG-null A431
cells whereas the Dsglsam-GFP mutant failed to rescue desmosome function. The DSG1ppxk-GFP
mutant exhibited an intermediate adhesive phenotype (Figure 3.2D, E). These results suggest that

the DSG1sam mutation compromises desmosomal adhesion more than the DSG1ppk mutation.

A D bse Nl Dsglwr Dsg1ppk Dsg1sam
Dsglyy 542 DNVHFGPAGIGLLIMGFLVLGLVPFLLICCDC - ;
Dsglppx 542 DNVHFGPAGIGLLIMRFLVLGLVPFLLICCDC

Dsglsyy 542 DNVHFGPAGIGLLIMGFLVLRLVPFLLICCDC
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Figure 3.2: Dsglerk and Dsglsam support the formation of fewer, weaker desmosomes. A) Amino acid
sequences of DSG1lwr versus DSGlepk and DSGlsam. Arginine highlighted in pink and red. B) Widefield
immunofluorescence images show localization of Dsglwr-GFP, Dsgleek-GFP, or Dsglsam-GFP with DP. Scale
bar = 10um. C) Quantification of DP and Dsgl-GFP positive border puncta. E) Images show monolayer
fragmentation of DSG-null cells versus DSG-null cells expressing Dsglwr-GFP, Dsgleek-GFP, or Dsglsam-GFP.
F) Quantification of D. Error bars show mean +/- SEM (n=3 (C), n=7 (E)), **p < 0.01, ****p < 0.0001
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Desmosomes are characterized by the formation of mirror image cytoplasmic plaque
structures that appear as “railroad track” staining patterns when resolved by super-resolution
optical imaging (133, 134). To determine the cause of the reduced function in desmosomes formed
from Dsglepk-GFP and Dsglsam-GFP, we used structured illumination microscopy (SIM) to
examine desmosome organization (Figure 3.3A). We localized the Dsg1-GFP variants with DP, a
mature desmosome marker, and quantified images by measuring desmosome length and
desmosomes per border. Cells expressing Dsglwr-GFP formed more, longer desmosomes than
cells expressing Dsglppk-GFP or Dsglsam-GFP (Figure 3.3B, C). Together, these findings suggest
that Dsglrrk-GFP and Dsglsam-GFP support the formation of desmosomes that are fewer, smaller,

and weaker than desmosomes formed from Dsglwr-GFP.
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Figure 3.3: Dsglerk and Dsglsam desmosomes are smaller than Dsglwr desmosomes. A) SIM images show
resolved DP railroad tracks in DSG-null cells expressing Dsglwr-GFP, Dsgleek-GFP, or Dsglsam-GFP. Scale
bar = 10um. B) Quantification of desmosome number per border. C) Quantification of desmosome length.
Desmosome = DP railroad tracks sandwiching Dsgl-GFP; example of desmosomes versus non-desmosomes
shown in white boxes in A. Error bars show mean +/- SEM (n=3), **p < 0.01, ****p < 0.0001

3.2.2 Dsgltmp mutants reduce desmosome assembly by disrupting raft association.

Triton X-100 insolubility of desmosomal proteins is an indication of cytoskeletal
attachment and overall desmosome assembly status (6, 50, 135). Using a Triton X-100 solubility
assay, we found that Dsglprk-GFP and Dsglsam-GFP exhibited increased solubility compared to

Dsglwr-GFP (Figure 3.4A, B). E-cadherin solubility remained unchanged across the cell lines
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(Figure 3.4A, C). This finding suggests that Dsglprk-GFP and Dsglsam-GFP do not readily

assemble into cytoskeleton-attached desmosomes.
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Figure 3.4: Dsglepk and Dsglsam reduce cytoskeletal attachment. A) Western blots show
distribution of Dsgl-GFP or E-cadherin between Triton X-100 soluble and insoluble
fractions. S = soluble fraction; I = insoluble fraction. B) Quantification of Dsgl-GFP blots
showing Triton X-100 solubility of Dsgl-GFP in DSG-null cells expressing Dsglwr-GFP,
Dsglprk-GFP, or Dsglsam-GFP. C) Quantification of E-cadherin blots showing Triton X-
100 solubility of E-cadherin in DSG-null cells expressing Dsglwr-GFP, Dsglppk-tmp-GFP,
or Dsglsam-tmp-GFP. Error bars show mean +/- SEM (n=4), ****p<0.0001

Desmosomes are intermediately-sized lipid rafts (6), highly ordered, cholesterol- and
sphingolipid-enriched regions of the cell membrane important in various cell processes (2). Certain
TMD properties target single-pass transmembrane proteins, like desmogleins, to lipid rafts (65).
To determine how the arginine residues in DSG1ppk and DSG1sam could alter the TMD properties
that drive raft association of membrane proteins, we modeled each TMD a-helix using the Robetta
server (136) (Figure 3.5A). Whereas the DSG1lwr TMD is predicted to neatly traverse the
membrane, the DSG1ppk and DSG1sam models predict that arginine breaks the a-helix, effectively
shortening the TMD from the normal 24 residues to 11 residues for DSG1ppk and 16 residues for
DSG1sam. Length is one of several TMD properties used to predict TMD raft affinity by
calculating the energy needed for raft association (65). We used this raft affinity model to predict
the energy necessary for DSG1wr, DSG1ppk, and DSG1sam to associate with lipid rafts and found

that DSG1ppk and DSG1sam would require more energy for raft association than DSG1lwr.
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Figure 3.5: Dsgltmp mutants reduce raft association. A) Robetta server modeling of DSG1wr, DSG1ppk, and
DSG1sam. Blues = TMD residues. Gray = non-TMD residues. Red = arginine. Raft affinities (AGraf) Shown beneath
models. DSG1sam adapted from (6). B) Western blots show DRM isolation by sucrose gradient fractionation.
Calnexin = marker of non-DRM fractions. Flotillin-2 = marker of DRM fractions. Remaining blots depict Dsg1-
GFP from cells expressing Dsglwr-GFP, Dsglpek-GFP, or Dsglsam-GFP. C) Quantification of Dsg1-GFP blots in
B. D) Western blots showing DRM isolation by sucrose gradient fractionation of DSC-2. E) Quantification of DSC2
blots in D. F) Western blots showing DRM isolation by sucrose gradient fractionation of PG. G) Quantification of
PG blots in F. Error bars show mean +/- SEM (n=4), *p < 0.05, **p < 0.01, ****p < 0.0001

To verify this predicted loss of raft association in the DSG1tmp mutants, we used sucrose
gradient fractionations to isolate detergent-resistant, raft membranes (DRMs) from non-detergent,
non-raft membranes (non-DRMs). Raft association was verified by blotting for the DRM marker,
flotillin-2, and the non-DRM marker, calnexin (Figure 3.5B). Significantly more Dsglwr-GFP
fractionated with DRMs, suggesting defective raft targeting of both Dsglppk-GFP and Dsglsam-
GFP (Figure 3.5B, C). Assessing the raft association of other desmosomal proteins, we found that
DSC2 raft association was unaffected (Figure 3.5D, E), while less PG associated with rafts in cells
expressing Dsglppk-GFP or Dsglsam-GFP compared to Dsglwr-GFP (Figure 3.5F, G), suggesting
that DSC2 but not PG associates with rafts independently of desmogleins. Together, these findings
suggest that the reduced number, size, and strength of desmosomes formed by Dsglerx-GFP and
Dsglsam-GFP may be due to defective raft targeting of the Dsgltmp mutants and the sequestration

of PG away from desmosomal raft domains.
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3.2.3 Dsglepk and Dsglsam exhibit distinct trafficking defects.

The difference in TMD length predicted by modelling would also be expected to affect
Dsg1l subcellular localization (68). At steady state, we found increased colocalization of Dsglppk-
GFP and Dsglsam-GFP with the ER marker, VAPB, relative to Dsglwt-GFP (Figure 3.6A, B).
We had previously observed that the Dsglsam-GFP mutant was retained in the Golgi following a
calcium switch (6). Here, we observed increased colocalization of both the Dsglsam-GFP and the
Dsglerk-GFP mutants with the Golgi marker, GM130, at steady state (Figure 3.6C, D). These
observations suggest that Dsglrmp mutants exhibit delayed trafficking through the biosynthetic

pathway to the cell surface.
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Figure 3.6: Dsgleek and Dsglsam accumulate in intracellular organelles. A)
Widefield immunofluorescence images show Dsg1-GFP and VAPB, an ER marker. B)
Mander’s coefficient (colocalization quantification) between Dsg1-GFP and VAPB in A.
C) Widefield immunofluorescence images show Dsgl-GFP and GM130, a Golgi body
marker. D) Mander’s coefficient (colocalization quantification) between Dsgl-GFP and
GM130 in C. Scale bars = 10um. Error bars show mean +/- SEM (n=3), ***p < 0.001
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Despite apparent trafficking defects, immunofluorescence images show plasma membrane
localization of Dsglppk-GFP and Dsglsam-GFP (Figure 3.2B). Our previous work showed that
steady state surface levels of Dsglsam-GFP are equal to that of Dsglwr-GFP (6). Using surface
biotinylation, we found reduced steady state surface levels of Dsglppk-GFP (Figure 3.7A, B). To
determine whether this was due to differences in surface stability, we performed a pulse-chase
using an antibody against the Dsgl ectodomain. Cells were fixed but not permeabilized 0, 1, 3, or

6 hours after antibody treatment and imaged to compare remaining cell surface levels between
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Figure 3.7: Reduced Dsglrrk surface levels are due to decreased surface stability. A) Western blot shows
surface biotinylation levels of Dsglwr-GFP and mutants. (-) = unbiotinylated condition, (+) = biotinylated
condition. B) Quantification of blot in A. C) Schematic portrayal of experimental methodology. Cells incubated
with Dsgl ectodomain antibodies were washed to remove unbound antibody. Cells continued to incubate for
1, 3, or 6 hours to allow for internalization of antibody-bound Dsgl. Cells were fixed and stained without
permeabilization at the end of each timepoint, to detect only antibody-bound surface Dsgl. Remaining surface
levels reveal differences in surface stability. D) Widefield immunofluorescence images show antibody-bound
Dsgl remaining after 0, 1, 3, or 6 hours. Scale bar = 10um. E) Quantification of D showing loss of Dsg1 surface
levels over time. Error bars show mean+/- SEM (n=4). *p < 0.05, ***p < 0.001
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Dsglwr-GFP and the two mutants (Figure 3.7C-E). More Dsglppk-GFP was lost after the first hour
than Dsglwt-GFP or Dsglsam-GFP; this trend continued up to six hours, suggesting that Dsglppk-

GFP is less stable at the cell surface.
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Figure 3.8: Inhibiting protein degradation rescues Dsgl(PPK) levels. A) Western blot of whole cell lysates
showing reduced Dsglprk-GFP levels. DP levels are unchanged. B-actin shows equal loading. Two lanes per
sample. B) Quantification of Dsg1-GFP blot in A. C) Additional western blots of whole cell lysates showing that
DSC2, PG, and E-cadherin levels are unchanged in DSG-null cells expressing Dsglwr-GFP, Dsglpex-GFP, or
Dsglsam-GFP. D) Quantification of qRT-PCR analysis showing that mRNA levels of Dsg1-GFP does not differ
between cell lines. Dsg1-GFP levels normalized to GAPDH levels. E) Western blots depicting Dsg1-GFP levels
after 0, 1, 3, or 6 hours of MG-132 treatment. -actin shows equal loading. F) Quantification of E. G) Western
blots depicting Dsg1-GFP levels after 0, 1, 3, or 6 hours of primaquine treatment. $-actin shows equal loading.
H) Quantification of E. I) Western blots depicting Dsg1-GFP levels after 0, 1, 3, or 6 hours of cycloheximide
treatment. B-actin shows equal loading. J) Quantification of I. Error bars show mean +/- SEM (n=4 (A-C, E-J),
n=3 (D)), *p < 0.05, **p < 0.01, ****p < 0.0001

3.2.4 Low Dsglppk expression levels are caused by increased protein turnover rates.

To determine if retention in the ER and increased surface turnover of the Dsglppx-GFP
mutant resulted in reduced steady state protein levels, qRT-PCR and western blot analysis was
conducted for whole cell lysates of cells expressing Dsglwrt-GFP or the Dsglsam-GFP and

Dsglprk-GFP mutants. Dsglepk-GFP protein levels were reduced compared to Dsglwr-GFP and
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Dsglsam-GFP, but mRNA levels were consistent across cell lines (Figure 3.8A, B, D). In addition,
cells were treated for various amounts of time with MG132 or primaquine to inhibit proteasomal
or lysosomal degradation, respectively (Figure 3.8E-H). MG132 and primaquine treatments
increased steady state levels of each Dsgl variant over a 6-hour time course. However, the effects
were most dramatic for Dsglpprk-GFP, restoring Dsglerk-GFP to levels similar to those seen for
Dsglwr-GFP and Dsglsam-GFP. Similarly, cycloheximide treatment resulted in more rapid loss
of Dsglppk-GFP levels compared to Dsglwrt-GFP (Figure 3.8l, J). These data indicate that the low
levels of the Dsglrrk-GFP mutant are caused by increased protein degradation rates relative to

Dsglwr-GFP and Dsglsam-GFP.

3.3 DISCUSSION

The DSG1 mutations reported here are unique among >30 known DSG1 mutations causing
PPK or SAM syndrome (137). The DSGL1 extracellular domain harbors the majority of currently
known mutations, most of which cause premature translation termination and transcript
degradation by nonsense-mediated MRNA decay (138). The DSG1lppk and DSG1lsam mutations
studied here both occur in the TMD but cause disease by different mechanisms. Using a DSG-null
background, we find that neither mutant supports normal desmosome formation. However, while
the DSG1sam mutant is expressed at the cell surface and accumulates at steady state levels similar
to DSG1wr, the DSG1ppk mutant exhibits lower expression levels due to rapid turnover that is
dependent upon lysosomal and proteasomal pathways. Our findings suggest that Dsglppk
undergoes primarily proteasomal degradation that likely occurs in ER compartments where the
mutant accumulates after biosynthesis. Dsglepk that escapes ER retention or degradation

mechanisms traffics to the cell surface and assembles with other desmosomal proteins. However,



45

the Dsglepk pool at the cell surface is unstable, presumably due to increased endocytic rates and
subsequent lysosomal degradation. In contrast, Dsglsam escapes proteasomal degradation and
traffics slowly to the cell membrane where its stability at the cell surface permits a dominant
negative activity that may occur through competition with wildtype desmosomal cadherins for the
binding of intracellular adaptor proteins such as PG. These findings explain in part the mechanisms

by which these two unique DSG mutations cause different types of skin disease (Figure 3.9).
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Figure 3.9: Differential disease mechanisms of two DSG1tmp mutants. A) PPK disease mechanism
model. Based on current evidence, most DSG1ppk is degraded by the proteasome soon after synthesis. Some
traffics to the plasma membrane where its instability leads to rapid internalization and lysosomal degradation.
In the context of the patient, cells must rely solely on protein produced from the WT allele. B) SAM disease
mechanism model. Based on current evidence (here and from previous publication), the SAM mutant traffics
to the plasma membrane more slowly than WT. Stable at the membrane, it is less capable of associating with
rafts or assembling into functional desmosomes. However, it can interact with other desmosome proteins,
either preventing their assembly into desmosomes, or pulling them out of other desmosomes, leading to a
dominant negative effect.

TMDs are stretches of hydrophobic residues which allow proteins to traverse lipid bilayers
in an energetically-favorable manner. Uncommon within TMDs, arginines mostly occur at the
cytoplasmic-facing end of the a-helix where they interact with phospholipid headgroups, terminate
TMDs, and determine membrane protein topology (68, 139-141). The inappropriate presence of
an arginine can disrupt normal TMD behavior (142) from synthesis to trafficking and stability.
Our modelling of DSG1ppk and DSG1sam predict that the arginine residues present in the mutants
“snorkel” (143, 144) at the membrane:cytoplasmic interface where they may stabilize the mutant

TMDs in a trade-off that reduces the energetic costs of arginine and disrupts both protein-lipid
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associations and TMD behavior. This snorkeling is predicted to create kinks in the a-helix to
maintain the remaining hydrophobic residues within the hydrophobic region of the lipid bilayer,
effectively shortening the 24-residue DSG1tmp to just 11 residues for DSG1ppk and 16 residues
for DSG1sam. ER membranes can conform to TMDs down to 10 residues (145), but arginine
decreases the efficiency of translocon-mediated TMD insertion into ER membranes, with the
greatest effect occurring in the middle (146-148). The increased proteasomal degradation of
DSG1ppk that we observed may be the result of inefficient ER insertion. The DSG1sam arginine is
sufficiently distant from the TMD center that its impact on insertion efficiency would be
substantially less. Therefore, the effect of arginine on TMD behavior is position-dependent, likely
forming the basis for the differing disease mechanisms of DSG1ppk Versus DSG1lsam.

Though Dsglepk and Dsglsam trafficked to the plasma membrane, both mutants exhibited
retention in the ER and Golgi (Figure 3.6). TMD physical properties, including TMD length and
residue asymmetry, guide subcellular localization. Single-pass transmembrane proteins with
shorter, uniform TMDs localize to ER and Golgi while those with longer, asymmetric TMDs
localize to the cell membrane (68, 149). The asymmetry in plasma membrane-localized TMDs
manifests as bulky cytoplasmic residues and thin exoplasmic residues which allows TMDs to
conform to differential lipid packing between leaflets (149). Consistent with this, bulky leucines
in the DSG1tmp are prevalent in the cytoplasmic half while smaller glycines and alanines are
prevalent in the outer half. Our models suggest that this asymmetry is maintained in DSG1sam but
not in DSG1lppk. While interactions with other desmosomal proteins may contribute to the
localization of DSG1rpk at the plasma membrane, its instability due to local membrane distortions,
shortness, and even loss of symmetry may result in the rapid internalization and subsequent

lysosomal degradation observed in our experiments.
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Our previous work with Dsglsam showed that the DSG1lrwmp is important in desmosome
assembly and function through its ability to drive raft association (6). The kinks introduced by
arginine in our models increase the exposed surface area of the TMD residue sidechains which
likely affects lipid packing around DSG1ppk and DSG1sam. Both exposed surface area and TMD
length have been shown to guide raft association of single-pass transmembrane proteins (64);
TMDs with longer helices and less exposed surface area pack more readily into the ordered, longer-
chained acyl groups of lipid raft domains. We observed decreased raft association of Dsglppk and
Dsglsam in isolated DRMs which also reduced raft association of PG but not DSC2. Raft
association of desmosomal proteins is required for desmosome assembly and function (49, 50).
This loss of raft association is likely a major factor in the reduced desmosome size and number,
along with reduced cell-cell adhesion strength, observed in cells expressing the Dsglsam or
Dsglepk mutants.

Many of our experiments showed apparently similar behavior between Dsglepx and
Dsglsam, so how might one mutation cause a mild disorder while the other causes a severe
disorder? In the context of patient skin, both DSG1rpk and DSG1sam are expressed alongside
wildtype DSG1. Desmosomal protein levels are elevated in palm and sole skin relative to skin in
other parts of the body allowing for larger desmosomes to form (150). The key behavioral
differences we identified between Dsglprk and Dsglsam involved stability. Increased protein
turnover and decreased cell surface stability of DSGlppk would ultimately lead to a
haploinsufficient disease mechanism in which DSG1wr protein levels are sufficient for normal
desmosome assembly throughout most of the body, but insufficient for the assembly of larger
desmosomes needed to maintain epidermal integrity in the palms and soles. Furthermore, DSG1

expression is not only critical for desmosome adhesive strength in the upper epidermis but also for
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initiating epidermal differentiation by decreasing RAS/MAPK pathway activity (31, 32). In the
presence of DSG1ppk, DSG1wt protein levels may be insufficient to drive appropriate epidermal
differentiation in the palms and soles. Indeed, elevated RAS/MAPK signaling has been observed
in PPK patient skin (32) and PPK symptoms have been observed in individuals diagnosed with
RASopathies (151). How Dsglsam might affect the RAS/MAPK pathway is unclear, though
patient skin samples showed epidermal thickening consistent with differentiation defects (6). In
contrast to Dsglerk, Dsglsam maintains normal turnover rates and cell surface stability, allowing
this mutant to interfere with normal desmosomal processes regardless of location, resulting in the
more severe phenotype. Therefore, this mutant is well-poised to act dominant negatively, though
the exact mechanism requires further experiments to parse out.

In summary, our findings demonstrate a key role for the DSG1tmp in desmosome assembly
and function as well as the differential effects of glycine to arginine mutations based on TMD
residue position. Additional work with the DSG1rmp will further our understanding of desmosome

assembly mechanisms and their contribution to epidermal differentiation and disease.

3.4 MATERIALS AND METHODS

Generation of mutants and lentivirus

Cloning of plasmids expressing Dsglwrt-GFP and Dsglsam-GFP was previously described (6).
The plasmid expressing Dsglerpk-GFP was cloned by the Cloning Division within the Emory
Integrated Genomics Core. Lentivirus for Dsglwr-GFP and Dsglsam-GFP was purchased from
Cyagen VectorBuilder. Lentivirus for Dsglepk-GFP was made by transfection into HEK-293T
cells together with necessary lentiviral regulatory genes. Lentivirus was collected from culture

supernatants 48-72 h after transfection and concentrated by high-speed centrifugation.
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Structural predictions
TMD sequences were analyzed using the Robetta structure prediction server (136). Raft affinities

were calculated using the following formula:

AGraft = A’YTMD,LO-Ld(ASA) + npalm(AGpaIm) — 2Bp(dtmp — 0.5(dLotdLD)) (65)

Cell line generation, culture, and reagents

A431 cells were cultured in DMEM (Corning 10-013-CV) with 10% fetal bovine serum (Hyclone
SH30071.03) and 1X antibiotic-antimycotic solution (Corning 30-004-Cl). CRISPR/cas9 was
used to knockout DSG2 (DSG2 gRNA target sequence GTTACGCTTTGGATGCAAG) as
previously described (123). Cells were stably infected with lentiviruses expressing murine
desmoglein constructs. Blasticidin (5pg/ml) was used to select for infected cells. No clonal
isolation was performed. Cell lines expressing Dsglwr-GFP and mutants were subjected to
fluorescence-activated cell sorting to obtain populations with roughly equal Dsg1-GFP expression

levels.

Immunofluorescence

Cells were cultured to 70% confluence on glass coverslips and fixed in 3.7% paraformaldehyde
(PFA) in PBS+ on ice for 10 min. Cells were blocked and permeabilized in PBS+ containing 0.1%
Triton X-100 and 3% BSA for 10 min. Cells were not permeabilized for the surface turnover assay
and Triton was excluded from all buffers. Saponin was used in place of Triton for intracellular
organelle colocalization studies. Primary and secondary antibodies (listed below) were diluted into
blocking solution (PBS+ containing 3% BSA and 0.05% Triton X-100). Cells were rinsed using
PBS+ containing 0.05% Triton X-100. Cells were mounted to glass microscope slides using

Prolong Gold mounting medium (ThermoFisher Scientific).
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Antibodies

Antibodies used were as follows: rabbit anti-calnexin (Enzo Life Sciences ADI-SPA-860); mouse
anti-flotillin-2 (BD Trans Lab610383); rabbit anti-GFP (Life A11122); mouse anti-GFP (Abcam
ab1218); rabbit anti-DP (Bethyl A303-356A); mouse anti-PG (BD Trans Lab 610253); mouse anti-
Dsc2/3 (Life Technologies 326200); mouse anti-E-cadherin (BD Trans Lab 610182); mouse anti-
GM130 (BD TransLab 610822); rabbit anti-VAPB (Invitrogen PA5-53023); mouse anti-B-actin
(Sigma A5451); mouse anti-DSG3 5G11 (Invitrogen 32-6300). Mouse anti-Dsgl (PF1-8-15 1gG1)
was a kind gift from Dr. Aimee Payne. Secondary antibodies conjugated to Alexa Fluors were
purchased from Invitrogen. Horseradish peroxidase-conjugated secondary antibodies were

purchased from BioRad.

Image acquisition

Widefield microscopy was performed using a Nikon Ti-E inverted microscope (100x/1.49 NA oil
immersion objective) equipped with a motorized stage and a Hamamatsu C11440-22CU digital
camera. Images were deconvolved using Microvolution (124) in Imagel. SIM was performed
using a Nikon N-SIM system on an Eclipse Ti-E microscope system equipped with a 100x/1.49
NA oil immersion objective, 488- and 561-nm solid-state lasers in three-dimensional SIM mode.
Images were captured using an EM charge-couple device camera (DU-897; Andor Technology)
and reconstructed using NIS-Elements software with the N-SIM module (version 5.02; Nikon).

All microscopy was performed at room temperature.

Triton solubility assay
Cells were cultured until confluent in six-well tissue culture plates. Cells were washed twice with
ice-cold PBS+. The Triton-soluble pool was isolated by incubating cells with Triton lysis buffer

(1% Triton X-100, 10 mM Tris, pH7.5, 140 mM NaCl, 5 mM EDTA, 2 mM EGTA, with protease
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inhibitor [Roche 11836170001]) for 10 min on ice. Lysate was then centrifuged at 13,200xg for
10 min at 4°C to pellet the Triton-insoluble fraction. The Triton-soluble supernatant was collected
and mixed 1:1 with 2x Laemmli sample buffer containing 5% p-mercaptoethanol. The Triton-
insoluble pellet was resuspended in 2x Laemmli sample buffer (Bio-Rad 161-0737) containing 5%
B-mercaptoethanol. All samples were heated to 95°C for 10 min and vortexed half-way through,

prior to being run on a gel for western blotting.

Isolation of DRM

DRMs were isolated as described previously (118). Briefly, cells were cultured in 10-cm? dishes
and washed with PBS+. Cells were collected by scraping in TNE buffer supplemented with
protease inhibitors (Roche 11836153001) and pelleted by centrifugation at 0.4xg at 4°C for 5 min
(5415R; Eppendorf). Cells were resuspended in TNE buffer and homogenized using a 25-gauge
needle. TNE buffer containing 1% Triton X-100 was added and cells were incubated on ice for 30
min. Four hundred-twenty microliters of detergent extract were mixed with 840ul of 56% sucrose
in TNE and placed at the bottom of a centrifuge tube. Volumes (1.9pl) of 35 and 5% sucrose were
layered on top of the sample. Following an 18-hr centrifugation at 4°C (44,000 rpm, SW55 rotor,
Beckman Opima LE-80 K Ultracentrifuge), 420-ul fractions (1-11, remaining volume combined
to make up fraction 12) were removed from top to bottom of the gradient and stored at -20°C until
processed for western blot analysis. Flotillin-2 and calnexin were used as raft and non-raft markers,

respectively.

Dispase-based fragmentation assay
Cells were cultured until confluent in 24-well tissue culture plates and treated with 1 U/ml dispase
(Corning) for 15 min at 37°C. Cell sheets released from the plate were rinsed with PBS+,

transferred to 1.5 ml Eppendorf tubes in 500ul PBS+, and then subjected to mechanical stress on
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an orbital shaker on its highest setting for 45 sec. Fragments were transferred to a fresh 24-well
plate, fixed with 1% PFA, and stained with methylene blue (Sigma). Plates were imaged on an

Elispot scanner (Cellular Technologies, Ltd) and fragments counted with ImageJ.

Surface Biotinylation

Cells were grown until confluent in a 6-well tissue culture plate and then biotinylated for 30 min
at 37°C using PBS+ containing 0.5mg/ml EX-Link Sulfo-NHS-SS-Biotin (Thermo Scientific
21331). Unbound biotin was quenched in cold PBS+ containing 50mM Tris-HCI for 1 min on ice.
After washing in cold 1X PBS+, cells were lysed in RIPA (PBS+ containing 1% Triton X-100,
0.1% SDS, 0.1% sodium deoxycholate, 10 mM Tris-HCI, 140 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, and protease inhibitor cocktail [Roche 11836153001]), scraped to collect, transferred to an
Eppendorf tube, and incubated on ice for 10 minutes. Biotinylated protein was captured on
streptavidin-coated beads (Thermo Scientific 20349) during 1 hour rotation at 4°C. Beads were
collected by centrifugation at 2500 xg at 4°C for 1 min and washed three times with cold PBS+.

Protein was released from beads using 2X Laemmli buffer containing 5% B-mercaptoethanol.

Protein turnover assays

Cells were cultured until confluent in 12-well tissue culture plates and treated with 10 uM MG132
(Millipore 474790) or 200 uM primaquine bisphosphate (Sigma 160393) for 0, 1, 3, or 6 hours at
37°C. On ice, cells were washed with cold PBS+ and lysed in RIPA (PBS+ containing 1% Triton
X-100, 0.1% SDS, 0.1% sodium deoxycholate, 10 mM Tris-HCI, 140 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, and protease inhibitor cocktail [Roche 11836153001]), scraped to collect,
transferred to an Eppendorf tube, and mixed 1:1 with 2X Laemmli buffer containing 5% -
mercaptoethanol. All samples were heated to 95°C for 10 min and vortexed half-way through,

prior to being run on a gel for western blotting.
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gqRT-PCR
Cells were grown to 90% confluency in 6-well plates. Total RNA was isolated using Trizol (Life
Technologies) and reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad). We used
the PerfeCta SYBR Green FastMix kit (Quantabio) for gPCR and ran reactions in 96-well plates
on a Lightcycler. Primer pairs (IDT; 5’-GAACCGCATCGAGCTGAA-3’) were used to amplify

part of the GFP tag. Primer pairs for human GAPDH and B-actin were used as reference genes.

Statistics

Error bars represent standard error of the mean. Significance was determined using one-way
ANOVA followed by Dunnett’s post-hoc and p-values have been indicated. Statistical analysis of
immunofluorescence results was conducted on at least 3 independent experiments with 10 images
per condition per replicate. For all experiments involving western blotting, statistical analysis was
conducted on results from four independent experiments. Statistical analysis of dispase assays was

conducted on results from seven independent experiments.
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CHAPTER 4
The Desmoglein-1 Transmembrane Domain Drives Raft Association during Desmosome
Assembly

ABSTRACT

The desmosome is a mesoscale lipid raft membrane microdomain which mediates robust cell
adhesion through a series of protein-protein interactions to link cytoskeletal elements of adjacent
cells. Desmosome assembly requires raft association of the desmosomal proteins, but this
mechanism remains unknown. Physical properties of transmembrane domains (TMDs) of single-
pass transmembrane proteins, including length, exposed surface area, and palmitoylation, drive
raft association. We hypothesize that these TMD physical properties drive raft association of the
desmosomal cadherin, desmoglein-1 (DSG1), while the abrogation of raft association will hinder
desmosome assembly and function. Using the DSG-null cells from Chapter 2, we expressed a
panel of Dsgltmp-GFP variants to individually assess the contribution of each physical property
towards Dsg1l raft association and assembling functional desmosomes. We find that TMD length
and exposed surface area but not palmitoylation drive raft association, but we could not rule out
the possible contribution of unidentified motifs. Furthermore, while reduced Dsg1 raft association
impacts desmosome assembly and function, these processes can be uncoupled. We propose an
amended model of desmosome assembly in which raft association simultaneously drives

segregation from adherens junctions and promotes clustering of desmosomal proteins.
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4.1 INTRODUCTION

Essential for epidermal integrity, desmosomes are intercellular junctions that mechanically
couple adjacent cells to mediate robust cell-cell adhesion by linking cytoskeletal elements through
a series of protein-protein interactions (15). Extensively discussed in Chapter 1, desmosomes have
been characterized as a type of highly ordered, intermediately-sized lipid raft membrane
microdomain into which the desmosomal proteins partition (6). Though the lipid raft partitioning
mechanism of desmosomal proteins remains unknown, our work with the two disease-causing
DSG1 mutants characterized in Chapter 3 points to the transmembrane domain (TMD) as a likely
driver of desmosomal cadherin raft association as both mutants notably had missense mutations in
the TMD-encoding portion of DSG1. In general, mechanisms guiding the partitioning of raft-
associating membrane proteins into lipid rafts is incompletely understood, but this mechanism has
been proposed to involve protein-lipid (62) and/or protein-cholesterol interactions (63) mediated
by the TMD. Indeed, three structural features of TMDs that dictate raft affinity of single-pass
transmembrane proteins have been identified. Collectively termed TMD physical properties, these
include TMD length, TMD surface area, and palmitoylation status (64-66), all of which are
thoroughly described in Chapter 1.

We hypothesize that one or more of these DSG1rmp physical properties dictate lipid raft
association, desmosome assembly, and desmosome function while mutations disrupting these
properties cause disease. To address the contribution of each of the physical properties, we created
a panel of Dsgltwmp variants designed to individually assess the contribution of each TMD physical
property towards raft association. We used this panel of differentially-behaving Dsgltmp variants
to parse out the relationship between Dsg1 raft association and desmosome assembly and function.

We find that both TMD length and TMD surface area but not palmitoylation are involved in Dsgl
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raft association. This involvement extends to desmosome assembly and function, as none of the
Dsglrmp variants are able to assemble functional desmosomes as well as Dsglwr. Furthermore,
we find that the ability of Dsg1l to associate with rafts strongly correlates with desmosome function,
suggesting that raft partitioning of Dsgl is vitally important for desmosome assembly and strength.
We put forth a mechanism whereby raft partitioning of Dsgl is an essential nucleating step in

desmosome assembly that allows for clustering of desmogleins and desmocollins.

4.2 RESULTS
4.2.1 Dsglrmp variants are predicted to maintain a-helical structures characteristic of TMDs
In order to dissect the contribution of each TMD physical property towards raft association
of Dsgl and its relationship to desmosome assembly and function, we designed a panel of GFP-
tagged Dsglrmp variants in which one of the TMD properties is altered (Figure 4.1). To address
TMD length, we shortened the Dsgl TMD by removing seven residues from either the N- or C-
terminal end (Dsglan-GFP, Dsglasc-GFP) or by introducing a glycine-to-arginine substitution
(Dsgless2r-GFP) in a similar fashion to the disease-causing SAM mutant (Dsglsam-GFP) (6). In
these variants, the 24-residue Dsgl TMD is shortened to 16 or 17 residues, depending on variant.
To address TMD surface area, we decreased exposed surface area by substituting alanines for the
normal Dsgl TMD residues (Dsglai--GFP). We increased exposed surface area by substituting in
leucines (Dsgliew-GFP). The potential importance of surface area was also addressed through
chimeras in which the Dsgl TMD was swapped with TMDs from the raft associating membrane
protein LAT (Dsgliat-GFP) or the non-raft associating protein E-cadherin (Dsglecas-GFP). To
address TMD palmitoylation, we substituted the palmitoylated cysteines with alanines (Dsglaapa-
GFP). Considering the additional possibility that specific motifs within the TMD sequence could

be important, we also scrambled the Dsgl TMD residues in two ways (Dsglscr1-GFP, Dsglscro-
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GFP). For each variant, we predicted whether it would maintain raft association similarly to
Dsglwr-GFP when expressed in cells. Working on the assumption that any one or all of these
physical properties could be relevant for raft association, we predicted that Dsglai.-GFP, DsgliaT-

GFP, Dsglsc1-GFP, and Dsglsco-GFP would maintain raft association while the other variants

would not.

Extracellular Transmembrane Intracellular
Domain Domain Domain

Dsgl,; DNVHFGPAGIGLLIMGFLVLGLVPFLLICCDC
Dsgl, ,; DNVEAILVPCVLGLLLLPILAMLMALCCDC
Dsgl,,, DNVHAGAAGAGAAAAGAAVAGAVAAARACCDC

Dsgl...; DNVHVIGLLMLFATFLGPLILLVGGPFGECDC

Raft Associating

Dsgl,.., DNYERFPIGIGLGGMLFFLVLILPLVGLCEDC
Dsgl,;y DNVHLLIMGFLVLGLVPFLLICCDC
DsSglgssr DNVHFGPAGIRLLIMGFLVLGLVPFLLICCDC
Dsgl,,. DNVGHFGPAGIGLLIMGF LVLGCCDC
Dsglgy, DNVHFGPAGIGLLIMGFLVLRLVPFLLICCDC
Dsgl;.., DNVHLGILGGILALLILILLLLLFLCCDC

Dsgl,., DNVHLLLLLLLLLLLLLLLLLLLLLLLLCCDC
Dsgl,,;, DNVHFGPAGIGLLIMGFLVLGLVPFLLIAADA

Non-raft Associating

Figure 4.1: Panel of Dsglrmp variants. Variants are color-
coded based on the TMD physical property addressed by
each. Blue = length. Green = exposed surface area. Purple =
palmitoylation. Teal = scrambled sequence. TMD variants
are also sorted into predictions of raft versus non-raft
association.

Prior to expressing the Dsglrmp variants in cells, we modeled each Dsgltwmp variant using
the Robetta server (136) and Pymol (152) (Figure 4.2). We found that all TMD variants are
predicted to maintain a-helical structures through the region expected to interact with membranes
(Figure 4.2a). On further analysis with space-filling models of the Dsgl TMD variants, we noted
potentially important differences between certain variants relative to Dsglwr (Figure 4.2b).
Dsglscrs is predicted to have a kink on the intracellular end of the TMD which may affect its
predicted raft associating behavior by affecting how the lipids interact with the TMD residues. In

contrast, Dsglscr2, With its differing sequence, does not have this kink. Dsgliat also has a kink on
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the extracellular end of the TMD. Dsglaia displays an unbroken and narrow a-helix. Dsgla7n and
Dsglasc have shorter helices, consistent with the TMD length reduction while Dsglcssor has
apparently normal length, but the arginine is in a predicted position where it would be expected to
“snorkel” at the interface between the hydrophobic bilayer and the outside of the cell (143, 144).
Similarly, the arginine in Dsglsawm is predicted to both snorkel and introduce a kink to the a-helix,
as discussed more thoroughly in Chapter 3. This may suggest that Dsglessor Will be able to
function better than Dsglsam. Dsglecad and Dsglieu have extra bulk relative to Dsglwr as planned.
Lastly, Dsglaapa, Which is displayed at a different angle from Dsglwr to increase visibility of the

cysteine-to-alanine substitutions, is very similar to Dsglwr.
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Figure 4.2: Robetta Server modeling of Dsgltwmp variants. A) Dsgltmp variant models displayed as ribbons
arranged along a membrane. TMD variants predicted to associate with rafts are shown inside “rafts” (yellow).
Shades of blue = TMD length. Shades of green = exposed surface area. Purple = palmitoylation. B) Same
Dsgltmp variant models from A displayed as space-filling cartoons surrounded by raft (straight hydrocarbon
chains) and non-raft (kinked hydrocarbon chains) lipids and cholesterol. Light gray = non-TMD residues.
Dark gray = palmitoylated residues. Blues, greens, purple = TMD residues. Dsglsam adapted from (6).

In assembling and analyzing the Dsglrmp variants, we determined the number of residues
and expected length of each as well as calculated the raft affinity (AGraft) (Table 4.1) (65). Raft

affinity was calculated using the formula described in Chapter 1, taking into account the differing
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TMD length, surface area, and palmitoylation sites of each of the Dsgltmp variants. These
calculations further help us predict how each Dsgltmp variant will behave as they are predictions
of the energy required for a single-pass transmembrane protein to associate with rafts. Therefore,
lower raft affinity calculations correlate with increased likelihood of raft association. Dsglscr,
Dsglscr2, and DsgliaT have similar raft affinities to Dsglwt while Dsglaia has a higher raft affinity
in line with our raft associating predictions for those variants. In contrast, Dsglcssor, Dsglsam,
Dsglecad, Dsglieu, and Dsglaapa are predicted to require more energy to associate with rafts than
Dsglwr. Again, this is consistent with our predictions for those variants. The raft affinity
calculations for Dsgla7n and Dsglazc are not consistent with our predictions for these two variants.
Removing residues from the Dsgl TMD artificially reduced the calculated surface area of these
TMD variants, resulting in an apparently reduced energy required for raft association. For
prediction purposes, these calculations were disregarded.

Table 4.1: Number of residues in TMD, predicted TMD length (residue number multiplied by
1.5A), and calculated raft affinity (AGrart) for each Dsglrmp Vvariant.

WT | scrl | scr2 | LAT | Ala | A7N |G552R| A7C | SAM | Ecad | Leu |AADA
Residues | 24 24 24 22 24 17 17 17 16 21 24 24

Length (nm)| 3.6 | 36 | 36 | 33 | 36 | 255 | 255 | 255 | 24 | 315 | 36 | 36
AGrat | 023 | 023 | 023 | 021 | -034 ] 016 | 037 | -002| 040 | 030 | 064 | 1.2

4.2.2 Dsgltmp-GFP variants mostly localize to cell borders.

To test our predictions regarding the ability of each of the Dsgltwmp variants to associate
with rafts and assemble into functional desmosomes, we stably expressed each Dsgltmp-GFP
variant in the DSG-null A431 cells described in Chapter 2. Stable expression using a lentiviral
system resulted in a set of 12 cell lines, each expressing one of the Dsgltmp-GFP variants
described above. Each cell line was bulk sorted using the same gating to remove very high and
very low expressing cells, resulting in populations with fairly equivalent expression levels. The

similarity of the expression levels was verified by immunoblot of whole cell lysates (Figure 4.3A,
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B). We found that the Dsglrmp-GFP variants were largely expressed at similar levels to Dsglwr-
GFP. While some were expressed a little more highly or lowly, none were significantly different
from Dsglwr-GFP. We also assessed the protein levels of DP, DSC2, and PG in cells expressing
each Dsgltmp-GFP variant and found some variation, but none were significantly different from

cells expressing Dsglwr-GFP (Figure 4.3A, C-E).
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Figure 4.3: Expression levels of each Dsgltmp-GFP variant are similar to Dsglwr-GFP. A) Western blots
show Dsgl-GFP levels in whole cell lysates collected from cell lines expressing each Dsgltmp-GFP variant.
Dsglaia-GFP, Dsgliat-GFP, Dsglan-GFP, Dsglessr-GFP, and matched Dsglwr-GFP are from the same blot
with the same exposure time but have been rearranged for presentation purposes. Dsglsam-GFP is not shown but
can be seen in Figure 3.8. B) Quantification of Dsgl-GFP blots in A. C) Quantification of DP blots in A. D)
Quantification of DSC2 blots in A. E) Quantification of PG blots in A. Error bars show mean +/- SEM (n=4).
Dashed lines indicate level in cells expressing Dsglwr-GFP.
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Figure 4.4: Most Dsgltmp-GFP variants localize to borders similarly to Dsglwr-GFP. Widefield
immunofluorescence images show localization of each Dsglrmp-GFP variant in DSG-null cells. Most variants
localize to cell borders. Cells were also stained for DP. DP localization in A431s and DSG-null cells included
for reference. Most variants form discrete puncta containing both Dsg1-GFP and DP. Magenta = DP. Cyan =
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Desmogleins localize to the plasma membrane where they assemble into desmosomes with
other desmosomal proteins at cell-cell borders. We used immunofluorescence to verify that the
Dsglrmp-GFP variants maintained normal localization and found that most of the Dsgltmp-GFP
variants appeared to localize normally (Figure 4.4). However, Dsglai.-GFP and Dsglscri-GFP
appeared predominantly in intracellular organelles, although some Dsglscri-GFP also showed
membrane localization. Of note, DsgliaT-GFP appeared diffuse around the plasma membrane
rather than in discrete puncta observed in many of the other cell lines.

As previously described in Chapter 2, desmoplakin (DP) is mislocalized in DSG-null A431
cells but can be rescued by expression of wildtype desmogleins but not disease-causing Dsglsam-
GFP or Dsglepk-GFP mutants (see Figures 2.6, 3.2). Therefore, we also stained for DP to
determine if expression of the Dsgltmp-GFP variants could rescue DP localization (Figure 4.4).
We found strongly reduced intracellular DP staining in cells expressing Dsglsc2-GFP and
Dsglaapa-GFP similar to Dsglwr-GFP, somewhat reduced intracellular staining in cells
expressing Dsglan-GFP and Dsglessor-GFP, and no reduction in intracellular DP staining in cells
expressing the other Dsgltmp-GFP variants. Additionally, among those Dsgltmp-GFP variants
that show apparently normal desmoglein localization, we see colocalization with DP in discrete
desmosome-like puncta which may indicate that these variants are capable of desmosome
assembly. Together, based on the variability in localization of the Dsglrtmp-GFP variants,
colocalization with DP, and rescue of DP localization, we have a diverse panel of mutants. In the
next sections, we characterize the ability of each Dsglrmp-GFP variant to associate with rafts and

assemble into functional desmosomes.
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4.2.3 A full-length TMD is required for Dsgl raft association, desmosome assembly, and
desmosome function.

To further characterize the Dsglrmp-GFP variants, we categorized each variant based on
the physical property being addressed. Our previous work with Dsglsam-GFP suggested that the
presence of the arginine residue created a 16-residue TMD from the normal 24 residues ((6),
Chapter 2). As TMD length is one of the identified physical properties that has been shown to
drive raft partitioning (64), we pursued this line to further evaluate the effect of TMD length on
Dsg1 raft association and function. Towards this, we created the following Dsgltmp-GFP variants:
Dsglan-GFP, Dsglazc-GFP, and Dsglessor-GFP and compared their behavior to that of Dsglwr-
GFP and Dsglsam-GFP.

We used sucrose gradient fractionations to assess the raft association capabilities of these
Dsgltmp-GFP variants. Sucrose gradient fractionations allow for the segregation of buoyant,
detergent-resistant membranes (DRMSs) containing raft-associated proteins from non-buoyant,
non-detergent-resistant membranes (non-DRMs) (118). We verified the successful segregation of
these fractions by immunoblotting for the raft associating protein, flotillin-2, and the non-raft
associating protein, calnexin (Figure 4.5A). In sucrose gradient fractionations, we routinely find
that about 75% of Dsglwr-GFP segregates with DRMs (Figure 4.5A, B). However, none of the
Dsgltmp-GFP variants addressing length maintained that level of DRM segregation (Figure 4.5A,
B). We took this observation another step further to see if this loss in raft association had any effect
on other desmosomal proteins. DRM segregation of DSC2 was not affected by the expression of
these Dsglrmp-GFP variants (Figure 4.5C, D) suggesting that raft association of desmocollins may
occur independently of DSG raft association, an observation we also made in Chapter 3 (Figure

3.5D, E). In contrast, significantly less plakoglobin (PG) segregated into DRMs for all Dsgltmp-
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GFP variants except for Dsglan-GFP (Figure 4.5E, F). As PG is a cytoplasmic protein whose
ability to partition into rafts would be dependent on other raft associating proteins, such as the

desmosomal cadherins, this finding is unsurprising.
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Figure 4.5: TMD length guides Dsgl raft association. A) Western blots show segregation of Dsgltmp-GFP
between DRM and non-DRM fractions. Calnexin = non-DRM marker. Flotillin-2 = DRM marker. Remaining
blots show Dsg1-GFP in DSG-null cells expressing Dsglwr-GFP, Dsglan-GFP, Dsglazc-GFP, Dsglsam-GFP, or
Dsglessor-GFP. B) Quantification of A. C)Western blots show segregation of DSC2. D) Quantification of C. E)
Western blots show segregation of PG. F) Quantification of E. G) Western blots show distribution of Triton X-
100 soluble versus insoluble Dsg1-GFP or E-cadherin in DSG-null cells expressing Dsglwr-GFP, Dsglan-GFP,
Dsgla7c-GFP, Dsglsam-GFP, or Dsglessor-GFP. H) Quantification of Dsg1-GFP blots in G. I) Quantification of
E-cadherin blots in G. Error bars = mean +/- SEM (n=4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

The reduction in DRM segregation of PG and Dsglan-GFP, Dsglarc-GFP, Dsglessor-
GFP, and Dsglsam-GFP relative to Dsglwt-GFP in cells expressing these variants may result in
reduced cytoskeletal attachment of desmosomes formed from those variants. Segregation of whole

cell lysates into Triton X-100 insoluble and soluble fractions can be used as an indication of
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cytoskeletal attachment and overall desmosome assembly where greater Triton X-100 insolubility
equates to greater levels of cytoskeletal attachment and assembled desmosomes (6, 50, 135). Most
Dsglwrt-GFP is found in the insoluble fraction. However, the Dsgltmp-GFP variants were
significantly more soluble in Triton X-100 than Dsglwr-GFP (Figure 4.5G, H). This effect
appeared to be specific to Dsgl rather than a global impact on Triton X-100 solubility, as E-
cadherin solubility in Triton X-100 was unchanged across the cell lines (Figure 4.5G, 1). Therefore,
these results suggest that these Dsglrmp-GFP variants are less capable of assembling

cytoskeletally-attached desmosomes which may be the result of reduced raft partitioning.
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Figure 4.6: Short Dsgltmp variants support the formation of fewer, smaller desmosomes. A) SIM images
show resolved desmosomes in DSG-null cells expressing Dsglwr-GFP, Dsglan-GFP, Dsglazc-GFP, Dsglsam-
GFP, or Dsgless2r-GFP. Magenta = DP. Cyan = Dsg1-GFP. Scale bar = 1 um. B) Quantification of desmosome
number per border. C) Quantification of desmosome length. Error bars = mean +/- SEM (n=3, 10 images per
replicate). *p < 0.05, ***p < 0.001, ****p < 0.0001

Desmosomes assemble into characteristic mirror-imaged, railroad track patterns which can
be observed with super-resolution microscopy (133, 134). Having already seen by
immunofluorescence and widefield microscopy (Figure 4.4) that these Dsglrmp-GFP variants
display some level of border localization with DP, we used structured illumination microscopy

(SIM) to determine whether Dsglan-GFP, Dsgla;c-GFP, and Dsglessor-GFP - formed
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desmosomes with normal characteristics (Figure 4.6A). We assessed both desmosome quantity
and length and only quantified those desmosomes that fit our definition: mirrored DP railroad
tracks sandwiching Dsgl-GFP. While “true” desmosomes were identified in all cell lines, we
found that significantly fewer desmosomes formed per border in all of the variants analyzed here
(Figure 4.6B). Similarly, desmosomes were also significantly shorter than those formed in cells
expressing Dsglwr-GFP (Figure 4.6C). These results corroborate findings from the Triton X-100
solubility assay, further suggesting that these Dsglrtmp-GFP variants are less capable of
assembling desmosomes and implying that Dsgl TMD length is important for supporting

desmosome assembly, possibly through initial raft association.
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Figure 4.7: Short Dsgltmp variants form weaker desmosomes than Dsglwr. A)
Images show monolayer fragmentation of DSG-null cells and DSG-null cells
expressing Dsglwr-GFP, Dsglaw-GFP, Dsglasc-GFP, Dsglsam-GFP, or Dsglessor-
GFP. B) Quantification of A. Dsgltmp Vvariants were compared to DSG-null cells to
assess degree of desmosome function rescue and to DSG-null cells expressing Dsglwr-
GFP. Error bars show mean +/- SEM (n=6, each replicate includes 4 monolayers). *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

The reduced raft association of the Dsglrmp-GFP variants and PG, reduced cytoskeletal
attachments, and reduced desmosome quantity and length, all suggest that desmosome function
will be limited in these cell lines. We used a dispase cell dissociation assay to test desmosome
function. In this assay, the enzyme dispase is used to lift confluent cell monolayers off their
substrate. The monolayers are subjected to mechanical stress on an orbital shaker resulting in

fragmentation dependent on desmosome strength (Figure 2.4) (119). We compared the
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fragmentation of Dsgltmp-GFP variant cell monolayers to both DSG-null cell monolayers which
fragment readily and to Dsglwr-GFP cell monolayers in which desmosome function is rescued.
With these comparisons, we were able to determine which Dsglrmp-GFP variants could rescue
desmosome function in the DSG-null cells and whether any of the Dsgltmp-GFP variants could
rescue as well as Dsglwr-GFP. We found that neither Dsgla7c-GFP nor Dsglsam-GFP could
rescue desmosome function compared to DSG-null cells. In contrast, Dsg1an-GFP and Dsgless2r-
GFP were able to partly rescue desmosome function, but neither could do so as well as Dsglwr-
GFP (Figure 4.7A, B).

Altogether, this characterization of Dsgltmp-GFP variants addressing the importance of
Dsgl TMD length suggest that TMD length is involved in raft association of Dsgl. Furthermore,
the combined reduction in raft association with reduced desmosome assembly and function
suggests an important role for Dsgl raft association in these mechanisms. Intriguingly, truncation
or introduction of an arginine residue seems to have a greater impact when applied to the C-
terminal end of the TMD versus the N-terminal end. The exact relevance of this is interesting but
unclear. However, further characterization of the remaining Dsgltmp-GFP variants and the

physical properties that each addresses may shed some light on this observation.

4.2.4 TMD palmitoylation does not contribute to Dsgl raft association or desmosome assembly.

Palmitoylation occurs at cysteine residues adjacent to the cytoplasmic side of TMDs (153).
We created a Dsgltmp-GFP variant that cannot be palmitoylated by replacing the normal cysteines
with alanines. In contrast, Dsglwr-GFP will be palmitoylated in its normal fashion.
Characterization of cells expressing the Dsglaapa-GFP variant will address how palmitoylation

may contribute to raft association of Dsgl and subsequent desmosome assembly and function.
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Utilizing the sucrose gradient fractionation assay described above, we found that there is a
slight but insignificant decrease in DRM segregation between Dsglaapa-GFP and Dsglwt-GFP
(Figure 4.8A, B), suggesting that Dsglaapa-GFP remains capable of associating with rafts. We
also assessed the segregation of DSC2 and PG with DRMs and found small but insignificant
decreases in segregation of DSC2 and PG (Figure 4.8C-F) in cells expressing Dsglaapa-GFP
compared to Dsglwr-GFP. Therefore, loss of palmitoylation does not appear to substantially affect

raft association of Dsg1l.
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Figure 4.8: Palmitoylation is not required for Dsgl raft association. A) Western blots show segregation of
Dsglrmp-GFP between DRM and non-DRM fractions. Calnexin = non-DRM marker. Flotillin-2 = DRM marker.
Remaining blots show Dsgl-GFP in DSG-null cells expressing Dsglwr-GFP or Dsglaapa-GFP. B)
Quantification of A. C) Western blots show segregation of DSC2. D) Quantification of C. E) Western blots show
segregation of PG. F) Quantification of E. G) Western blots show distribution of Triton X-100 soluble versus
insoluble Dsgl-GFP or E-cadherin in DSG-null cells expressing Dsglwr-GFP or Dsglaapa-GFP. H)
Quantification of Dsg1-GFP blots in G. 1) Quantification of E-cadherin blots in G. Error bars = mean +/- SEM
(n=4). *p <0.05

Considering the minor effects on raft partitioning observed in sucrose gradient
fractionations, we considered whether there might be any impact on cytoskeletal attachment and

desmosome assembly using the Triton X-100 solubility assay described above. We observed no
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differences in the solubility of Dsglaapa-GFP in Triton X-100 (Figure 4.8G, H). We also found
that no global differences in Triton X-100 solubility exist between the two cell lines, as solubility
of E-cadherin was also unchanged (Figure 4.8G, 1). Therefore, cells expressing Dsglaapa-GFP
appear to assemble desmosomes with normal cytoskeletal attachment as well as those expressing
Dsglwr-GFP.

Having already seen by immunofluorescence and widefield microscopy (Figure 4.4) that
Dsglaapa-GFP localizes to cell borders with DP, we used SIM to verify that Dsglaapa-GFP
formed desmosomes with normal characteristics (Figure 4.9A). Again quantifying desmosome
quantity and length, we found that Dsglaapa-GFP formed as many desmosomes per border as
Dsglwr-GFP (Figure 4.9B), but those desmosomes were slightly shorter on average (Figure 4.9C).
This suggests that palmitoylation may not be involved in desmosome assembly but may play a

role in regulation of desmosome size or desmosome maintenance independent of raft association.
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Figure 4.9: Unpalmitoylated Dsgl forms small desmosomes. A) SIM images show resolved
desmosomes in DSG-null cells expressing Dsglwr-GFP or Dsglaapa. Magenta = DP. Cyan = Dsg1-
GFP. Scale bar = 1 um. B) Quantification of desmosome number per border. C) Quantification of
desmosome length. Error bars = mean +/- SEM (n=3, 10 images per replicate). *p < 0.05

While Dsglaapa-GFP has only minor effects on Dsgl raft association and desmosome
characteristics, it remains to be seen whether Dsglaapa-GFP affects desmosome function. Again
comparing fragmentation of Dsglaapa-GFP cell monolayers to both DSG-null cell monolayers
and Dsglwt-GFP cell monolayers using the dispase cell dissociation assay, we found that

expression of Dsglaapa-GFP rescued desmosome function relative to the DSG-null cells, but it
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did not rescue as fully as Dsglwr-GFP (Figure 4.10A, B). While this may indicate that loss of
palmitoylation has some effect on Dsgl function, this effect does not appear to be directly related

to raft partitioning.
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Figure 4.10: Dsgl palmitoylation is required for strong desmosomes. A) Images
show monolayer fragmentation of DSG-null cells and DSG-null cells expressing
Dsglwr-GFP or Dsglaapa-GFP. B) Quantification of A. Dsglrmp Variants were
compared to DSG-null cells to assess degree of desmosome function rescue and to
DSG-null cells expressing Dsglwr-GFP. Error bars show mean +/- SEM (n=6, each
replicate includes 4 monolayers). *p < 0.05, ****p < 0.0001

Altogether, this characterization of Dsgltmp-GFP variants addressing the importance of
palmitoylation suggests that this posttranslational modification is not involved in raft association
of Dsgl. However, the shorter desmosomes observed in SIM images coupled with the reduced
ability to rescue desmosome function in DSG-null cells compared to those expressing Dsglwr-

GFP suggest that palmitoylation plays an important role in desmosome dynamics.

4.2.5 Altering Dsgltmp surface area reduces raft association, desmosome assembly, and
function

TMD surface area refers to the cumulative area of the TMD residue side chains that
physically interact with lipids (65). TMDs which are largely composed of “bulky” residues like
leucine have greater exposed surface areas than those composed of residues with smaller side
chains, such as alanine. Single-pass transmembrane proteins containing TMDs with smaller
surface areas are more likely to associate with rafts than those with larger surface areas as the

smaller surface area will be more energetically favored in the ordered lipid and cholesterol-
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enriched environment of raft domains. In the Dsgl TMD, we have altered the exposed surface area
in two ways, both with the intent of increasing or decreasing exposed surface area. First, we
substituted residues for alanines to reduce surface area or for leucines to increase surface area.
Second, we created Dsglrtmp chimeras in which the TMD was replaced with the raft associating
LAT TMD (66) or the non-raft associating E-cadherin TMD (50). Importantly, surface area has
previously been shown to be important for raft association of LAT (65). Similarly, the many
leucines in the E-cadherin TMD create a bulkier TMD than seen in Dsgl. If exposed surface area
of the Dsgl TMD is important for raft association and desmosome assembly and function, then
the Dsgltmp-GFP variants with reduced surface area (Dsglaia-GFP and Dsgliat-GFP) should
behave similarly to Dsglwr-GFP while those with increased surface area (Dsglie,-GFP and
Dsglecad-GFP) should have reduced raft association which may further impact desmosome
assembly and function as seen with those Dsglrmp-GFP variants addressing TMD length.

As with the other TMD property categories being characterized here, we used sucrose
gradient fractionations to assess the ability of each Dsglrmp-GFP variant to segregate with DRMs.
DRM segregation was significantly reduced for all the Dsgltmp-GFP variants in this category
(Figure 4.11A, B), despite our expectation that reducing the TMD surface area would not affect
this characteristic of Dsgl behavior. We also found reduced DRM segregation of DSC2 (Figure
4.11C, D) and PG (Figure 4.11E, F), suggesting that the TMD alterations in these variants impacts
raft association of Dsgl as well as other desmosomal proteins.

Due to the extensive reduction in raft association of Dsgl as well as other desmosomal
proteins in cells expressing these Dsgltmp-GFP variants, we asked whether cytoskeletal
attachment and desmosome assembly was affected in these cell lines, again using the Triton X-

100 solubility assay. We observed significantly increased Triton X-100 solubility for all these



73

TMD variants, suggesting reduced cytoskeletal attachment and desmosome formation (Figure
4.11G, H). There was no global impact on Triton X-100 solubility as E-cadherin had normal

solubility levels across these cell lines (Figure 4.11G, ).
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Figure 4.11: TMD exposed surface area guides Dsgl raft association. A) Western blots show segregation of
Dsglrmp-GFP between DRM and non-DRM fractions. Calnexin = non-DRM marker. Flotillin-2 = DRM marker.
Remaining blots show Dsgl-GFP in DSG-null cells expressing Dsglwr-GFP, Dsgleca-GFP, Dsglie,-GFP,
Dsglaia-GFP, or Dsgliat-GFP. B) Quantification of A. C) Western blots show segregation of DSC2. D)
Quantification of C. E) Western blots show segregation of PG. F) Quantification of E. G) Western blots show
distribution of Triton X-100 soluble versus insoluble Dsg1-GFP or E-cadherin in DSG-null cells expressing
Dsglwr-GFP, Dsglecag-GFP, Dsgliew-GFP, Dsglai-GFP, or Dsgliat-GFP. H) Quantification of Dsgl-GFP
blots in G. 1) Quantification of E-cadherin blots in G. Error bars = mean +/- SEM (n=4). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001

Some of these results thus far may not be surprising considering localization results
obtained by widefield immunofluorescence microscopy. In Figure 4.4, Dsglaia-GFP was found to
have substantial localization issues and Dsgl.at-GFP localized to cell borders but appeared diffuse

through the membrane, in contrast to other cell lines in which the expressed Dsgltmp-GFP variant
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formed discrete DP-positive puncta at cell borders. Only Dsglecad-GFP and Dsglies-GFP
colocalized with DP into discrete cell border puncta. Results from our sucrose gradient
fractionations and Triton X-100 solubility assays suggest that desmosomes may have difficulty
forming in these cell lines. By SIM, we were able to identify classical, mirrored DP railroad track
formation in all cell lines (Figure 4.12A), however, quantification revealed significantly fewer
desmosomes per border in all cell lines (Figure 4.12B). Though fewer desmosomes formed overall,
the length of these desmosomes was not significantly different from Dsglwr-GFP with the
exception of Dsglaia-GFP (Figure 4.12C). It should be noted that due to the trafficking issues of

Dsglaia-GFP, desmosomes are rarely observed in these cells.

A B
20
3
o o =
3 L‘$ § 15 * KXK  AKKK  RRRK
= T (]
. & g 10
2 % g
a] - y S g 5
2+ 5 H» . 2
merged o a WT Ecad Leu Ala LAT
0.5 NS NS == NS
o o
t‘?- _ ts _ E :
H g =03
< < £
o =) 2 0.2
17 [ c
WT Ecad Leu Ala LAT
Figure 4.12: Dsglrmp variants with altered surface area support the formation of fewer
desmosomes. A) SIM images show resolved desmosomes in DSG-null cells expressing
Dsglwr-GFP, Dsglecad-GFP, Dsgliey-GFP, or Dsgliat-GFP. Images for cells expressing
Dsglais-GFP not shown. Magenta = DP. Cyan = Dsgl-GFP. Scale bar = 1 um. B)
Quantification of desmosome number per border. C) Quantification of desmosome length.
Error bars = mean +/- SEM (n=3, 10 images per replicate). *p < 0.05, ***p < 0.001, ****p <
0.0001

The results from our previous assays suggested that cells expressing these Dsgltmp-GFP

variants would be unlikely to rescue desmosome function in the DSG-null cells in a dispase cell
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dissociation assay. As expected, none of these Dsgltmp-GFP variants were able to do so (Figure

4.13A, B).
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Figure 4.13: Dsglrmp variants with altered surface areas form non-functional
desmosomes. A) Images show monolayer fragmentation of DSG-null cells versus
DSG-null cells expressing Dsglwr-GFP, Dsglecag-GFP, Dsgliei-GFP, Dsglaja-
GFP, or Dsgl. at-GFP. B) Quantification of A. Dsglrmp variants were compared
to DSG-null cells to assess degree of desmosome function rescue and to DSG-null
cells expressing Dsglwr-GFP. Error bars show mean +/- SEM (n=6, each replicate
included 4 monolayers). ***p < 0.001, ****p < 0.0001

Altogether, this characterization of Dsgltmp-GFP variants suggest that exposed surface
area of residue side chains is relevant to the raft associating mechanism of Dsgl. Furthermore, in
line with the results from those variants that addressed TMD length, the combined reduction in
raft association with reduced desmosome assembly and function continues to imply an important
role for Dsg1 raft association in these desmosomal mechanisms. Intriguingly, we saw a loss in raft
association, desmosome assembly and function from all variants addressing exposed surface area,
including those that were expected to maintain raft association. The exact relevance of this is
unclear. While this completes our analysis of the role of known TMD physical properties
potentially involved in Dsgl raft association, it remains to be seen whether a specific motif or

residue(s) in the Dsgl TMD might be involved in raft association.

4.2.6 Scrambling the Dsgl TMD sequence reduces raft association but has differential effects

on desmosome assembly and function.



76

The above sections characterize mutants which address the TMD physical properties of
length, surface area, and palmitoylation on Dsg1 raft association. Among these, we have collected
evidence for the involvement of TMD length and TMD surface area but not palmitoylation towards
the ability of Dsg1 to associate with rafts and assemble into functional desmosomes. In the process
of designing those Dsglrtmp-GFP variants which address TMD length and TMD surface area, it
was necessary to make extensive changes to the Dsgl TMD sequence, i.e., stretches of residues
were removed to shorten the length and TMDs from different proteins introduced to adjust surface
area. Therefore, it is difficult to differentiate between the changes made to the Dsgl TMD length
or surface area versus overall changes made to the Dsgl TMD sequence as the main driver of our
results. Our approach thus far assumes that the overall hydrophobicity of the Dsgl TMD or the
TMD as a whole is more important for raft association than any individual part of the TMD
sequence. Yet, cholesterol- or lipid-binding domains, or even TMD-TMD dimerization domains
could be the main driver of Dsgl raft association. There are no such identified motifs in the Dsgl
TMD to date, but this is the first study to specifically examine the TMD of a desmosomal cadherin.
To address this possibility, our final two Dsgltmp-GFP variants were scrambled versions of the
Dsgl TMD, Dsgls1-GFP and Dsglscro-GFP. These were generated by running the amino acid
sequence through a random sequence generator. Based on previous work performed on other raft-
associating single-pass transmembrane proteins, we anticipated that scrambling the Dsgl TMD
sequence would not affect raft association of Dsg1.

By sucrose gradient fractionations, we found that both Dsglsci-GFP and Dsglscro-GFP
showed significantly reduced DRM association relative to Dsglwrt-GFP (Figure 4.14A, B). DRM
association of DSC2 was not significantly affected by expression of Dsglscr1-GFP or Dsglscro-GFP

(Figure 4.14C, D), but DRM association of PG was significantly reduced in these cell lines
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compared to expression of Dsglwr-GFP (Figure 4.14E, F). The drastic reduction in raft association

of Dsglscri-GFP and Dsglscro-GFP suggests that we have disrupted some key quality of the Dsgl

TMD.
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Figure 4.14: Scrambling the Dsglrmp disrupts Dsgl raft association. A) Western blots show segregation of
Dsglrmp-GFP between DRM and non-DRM fractions. Calnexin = non-DRM marker. Flotillin-2 = DRM marker.
Remaining blots show Dsgl-GFP in DSG-null cells expressing Dsglwr-GFP, Dsglsc1-GFP, or Dsglsc-GFP.
B) Quantification of A. C) Western blots show segregation of DSC2. D) Quantification of C. E) Western blots
show segregation of PG. F) Quantification of E. G) Western blots show distribution of Triton X-100 soluble
versus insoluble Dsg1-GFP or E-cadherin in DSG-null cells expressing Dsglwr-GFP, Dsglsci-GFP, or Dsglsero-
GFP. H) Quantification of Dsgl-GFP blots in G. 1) Quantification of E-cadherin blots in G. Error bars = mean
+/- SEM (n=4). ***p < 0.001, ****p < 0.0001

Considering that reduced raft association of Dsgl and PG could affect cytoskeletal
attachment and desmosome assembly, we assessed the Triton X-100 solubility of each Dsgltmp-
GFP and found that Triton X-100 solubility was increased for both Dsglscri-GFP and Dsglscro-
GFP, with there being a greater effect on Dsglscri-GFP (Figure 4.14G, H). The Triton X-100
solubility of E-cadherin was unaffected across these cell lines, suggesting that the change in Triton

X-100 solubility is specific to Dsgl and not a global affect (Figure 4.14G, 1). Thus, scrambling the
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Dsgl TMD appears to affect cytoskeletal attachment and desmosome assembly in cells expressing
these two Dsglrmp-GFP variants.

In Figure 4.4, we found that localization of Dsglsco-GFP appeared at cell borders in
discrete puncta that colocalized with DP. In contrast, Dsglscri-GFP had some border localization
with DP, but also displayed strong intracellular localization patterns. Using SIM, we were able to
identify mirrored DP railroad tracks in both cell lines indicating desmosome formation (Figure
4.15A). In cells expressing Dsglscro-GFP, desmosome quantity and length were not significantly
different from those in Dsglwr-GFP-expressing cells, but cells expressing Dsglsci1-GFP had
significantly fewer desmosomes per border and shorter desmosomes (Figure 4.15B, C). While this
outcome for Dsglscri-GFP is consistent with our previous results as well as observations made for
many of the other Dsgltmp-GFP variants which had reduced raft association, finding apparently

normal desmosomes from cells expressing Dsglscro-GFP is surprising.
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Figure 4.15: Scrambling the Dsgltmp has differential consequences for
desmosome size and number. A) SIM images show resolved desmosomes
in DSG-null cells expressing Dsglwr-GFP, Dsgls1-GFP, or Dsglsco-GFP.
Magenta = DP. Cyan = Dsg1-GFP. Scale bar = 1 um. B) Quantification of
desmosome number per border. C) Quantification of desmosome length.
Error bars = mean +/- SEM (n=3, 10 images per replicate). **p < 0.01, ****p
<0.0001
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Finally, we used the dispase cell dissociation assay to assess desmosome function in cells
expressing Dsglscri-GFP or Dsglscro-GFP versus those expressing no desmogleins or Dsglwr-GFP
(Figure 4.18A, B). Both Dsgls.r1-GFP and Dsglsc-GFP showed some degree of rescue in DSG-
null cells. While neither could rescue as well as Dsglwr-GFP, Dsglsco-GFP performed
surprisingly well. These results continue to suggest that Dsg raft association is important for
desmosome assembly and function. However, Dsglscro-GFP suggests that the processes can be
uncoupled. Furthermore, there may be an unidentified motif or specific residues which are required

for raft association of DSG1.
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Figure 4.16: Scrambling the Dsgltmp has differential consequences for desmosome strength.
A) Images show monolayer fragmentation of DSG-null cells versus DSG-null cells expressing
Dsglwr-GFP, Dsglsi-GFP, or Dsglsc-GFP. B) Quantification of A. Dsgltmp variants were
compared to DSG-null cells to assess degree of desmosome function rescue and to DSG-null cells
expressing Dsgl(wr)-GFP. Error bars show mean +/- SEM (n=6, each replicate included 4
monolayers). **p < 0.01, ****p < 0.0001

4.2.7 Dsg1l raft association predicts desmosome function

Based on our characterization of a panel of Dsglrmp-GFP variants, TMD length and TMD
surface area but not palmitoylation are involved in the raft partitioning mechanism of Dsgl.
However, the possibility that we disrupted an unidentified motif or residue(s) essential for raft
association cannot be ruled out with the experiments performed here. That being said, several
interesting patterns have emerged in our data. Dsglrmp-GFP variants which showed the least
ability to segregate with DRMSs in our sucrose gradient fractionation assay were also the least

capable of rescuing desmosome function and vice-versa. We plotted this relationship and found a
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strong correlation between DRM segregation and desmosome function (Figure 4.19A, Table 4.2).

This suggests that, without Dsg1 raft association, functional desmosomes do not form.
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Figure 4.17: Dsgl raft association predicts desmosome strength and quantity but not length. A) Correlation
between raft association of each Dsglrmp-GFP variant and desmosome strength as assessed by sucrose gradient
fractionations and dispase cell dissociation assays. B) Correlation between raft association of each Dsgltmp-
GFP variant and desmosome length as assessed by sucrose gradient fractionations and SIM image analysis. C)
Correlation between raft association of each Dsgltmp-GFP variant and desmosome number as assessed by
sucrose gradient fractionations and SIM image analysis. D) Correlation between desmosome length and strength
as assessed by SIM image analysis and dispase cell dissociation assay. E) Correlation between desmosome
quantity and strength as assessed by SIM image analysis and dispase cell dissociation assay.

We further found that DRM association is strongly correlated with the number of
desmosomes per border but not desmosome length (Figure 4.19B-C, Table 4.2). In return, the
number of desmosomes per border but not desmosome length correlates with desmosome function
(Figure 4.19D-E, Table 4.2). These correlations indicate that desmosome adhesion is dependent
on desmosome quantity where a greater number of small desmosomes will be stronger than a few
large desmosomes. Furthermore, this indicates that the raft association requirement may be an

early step in desmosome assembly that promotes clustering of desmogleins and desmocollins.
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Table 4.2: Collected results from sucrose gradient fractionations, SIM analysis, and dispase
assays used for correlations in Figure 4.17.

Fractionation SIM Analysis Dispase Assay

Variant % DRM Length (um) | Desmosomes/Border | Fragmentation
Dsglwt 74.90 0.45 15.0 0.44
Dsglscr1 8.13 0.34 3.0 0.87
Dsglscr2 17.44 0.45 13.6 0.57
Dsgliat 4.10 0.38 4.4 1.08
Dsglala 0.00 0.27 0.6 0.93
DsglarN 34.64 0.36 8.5 0.61
Dsgless2r 43.33 0.35 7.9 0.76
Dsglarc 8.18 0.40 3.0 0.97
Dsglsam 24.70 039 5.9 0.90
Dsglecad 26.50 0.43 11.0 0.81
Dsglieu 15.82 0.37 6.6 1.03
Dsglaaba 62.16 0.41 13.4 0.57

4.3 DISCUSSION

We designed a panel of Dsglrmp-GFP variants to determine which Dsgltmp physical
properties contribute to Dsgl raft association as a means to understand the relationship between
Dsgl raft association, desmosome assembly and function. We found reduced raft association in
most Dsgltmp-GFP variants which usually coincided with reduced Dsgl cytoskeletal attachment,
desmosome quantity, length, and function. In particular, TMD length and exposed surface area
had the greatest effect on raft association, desmosome assembly, and function. However,
palmitoylation does not appear to play a dominant role in Dsg1l raft association. Most intriguingly,
we identified one TMD variant, Dsglscro-GFP, which showed reduced raft association with mostly
normal desmosome assembly and function, suggesting that these processes can be uncoupled. Our
results support a model whereby Dsgl raft association, through TMD-centric properties, supports
normal desmosome assembly and function. We propose a modified model of that discussed in
Chapter 1 whereby raft association nucleates desmosomal cadherin clustering until a critical mass

is reached at which point desmosome elongation is independent of raft association (Figure 4.18).
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Figure 4.18: Raft-driven model of desmosome assembly. In normal assembly, raft-associated DSC clusters self-
assemble. Protein-protein interactions between armadillo proteins (B-catenin, PG) promote segregation of DSG/PG
complexes. DSG/PG complexes join DSC clusters, enhancing stability of nascent desmosomal clusters. Raft-
dependent assembly continues until clusters reach a critical mass at which point growth becomes raft-independent.
Linkage to keratin filament network through DP stabilizes desmosomal rafts. DSGshort Obstructs assembly by
introducing hydrophobic mismatch and increasing the energy barrier to raft association and desmosome assembly.
DSGshort may gravitate towards cluster edges, preventing further growth and creating fewer, small desmosomes
which are insufficient for normal function. DSGypuiy obstructs assembly by preventing order among lipids and
proteins. Critical mass is difficult to reach; fewer desmosomes are insufficient for normal function.
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4.3.1 Dsgl TMD properties and raft association

Raft association is a continuum of probabilities that relies on energetically-favorable
events. Prior to experimentation, we attempted to characterize the Dsgltmp Vvariants by calculating
raft affinities from a formula that factors in the contributions of TMD length, exposed surface area,
and palmitoylation to determine the energy required for raft partitioning of a TMD with unique
properties (65). Such a reduced model may not capture the full picture for any single-pass
transmembrane protein. The two truncated variants (Dsglan-GFP and Dsglasc-GFP) were
calculated to require much less energy for raft partitioning due to the model perceiving the
truncation as a smaller surface area. If these are meant to be independent properties which
individually contribute to raft partitioning, then the model may require revision. For example,
single-pass transmembrane proteins which localize to the ER and Golgi apparatus have shorter
TMDs and, in this model, smaller exposed surface areas, yet we would not expect these membrane
proteins to associate with rafts. In contrast to these aberrant calculations, our sucrose gradient
fractionations revealed more consistent results. Furthermore, these results, but not the raft affinity
calculations, correlated with desmosome function (Figure 4.19), showing that the experimental
data is a better indicator for the relationship between lipid rafts and desmosomes than the raft
affinity calculation model.

Many, but not all, of the Dsg1tmp-GFP variants behaved as predicted. Our predictions were
based on the assumption that the altered physical property in each variant would be important for
Dsgl raft association. This appears to be the case for TMD length and surface area but not
palmitoylation. Furthermore, the surprising behavior of our scrambled TMD variants make it
difficult to determine whether a TMD physical property versus an unidentified motif is the true

driver of Dsgl raft association. TMD length, exposed surface area, and palmitoylation as drivers
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of raft partitioning were identified based on the raft partitioning behavior of the protein LAT and
further tested in additional raft associating and non-raft associating proteins (64-66). However, it
remains possible that these TMD properties are not relevant to all raft associating single-pass
transmembrane proteins, or that some single-pass transmembrane proteins only require a subset of
these TMD properties to associate with rafts. Furthermore, there may be additional, unidentified
TMD properties that can drive raft association, as the behavior of our scrambled TMD variants
may suggest.

It is also necessary to consider the lipid environment in which the desmogleins exist and
that the unique desmoglein TMD, which is conserved nearly in entirety across mammalian, avian,
reptilian, and fish species ((154), see Figure 5.5, 5.6), must be equipped to drive clustering of
desmosomal cadherins within the membrane. While proteins like LAT may require raft association
to assemble with other proteins into a transient signaling complex, desmogleins assemble with
desmocollins and intracellular adaptor proteins to form stable, massive, highly ordered, protein
dense structures. Desmosomal cadherins make up a substantial portion of the lipid bilayer in these
structures, potentially meaning that protein-protein interactions are more important than protein-

lipid interactions in stable, fully-formed desmosomes.

4.3.1.1 TMD length

We expected the length of the Dsgl TMD to play an important role in Dsg1 raft association
based on our previous work with the disease-causing Dsglsam and Dsglpprx mutants, both of which
possess TMD-centric glycine-to-arginine substitutions. These mutants are characterized in Chapter
3, in which we discuss the likelihood that the arginine “snorkels” at the membrane:cytoplasm

interface (143, 144), effectively shortening the Dsgl TMD to 16 residues in Dsglsam and 11
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residues in Dsglppk. Based on these findings, the Dsgl TMD variants were intended to address
the contribution of length towards raft association by mimicking Dsglsam. Dsglazc complements
Dsglsam by removing the same number of residues “lost” in Dsglsam. Dsglesszr €xplores how an
arginine might behave on the other end of the TMD. Dsgla7nv complements Dsglessor. We found
that none of these TMD variants associated with rafts at normal levels and this loss of raft
association impacted downstream desmosomal processes. These outcomes are likely the result of
hydrophobic mismatch between the length of the TMD and the width of the lipid bilayer.
Accommodating the shorter stretch of hydrophobic residues would cause distortion of surrounding
lipids which is not favorable for raft association or even for plasma membrane localization (64,
69).

Intriguingly, a C-terminal arginine or truncation appears to be more detrimental to Dsgl
raft association and downstream processes than an equivalent N-terminal arginine or truncation.
There are several possibilities to explain this difference. The Dsgl TMD boundaries have not been
experimentally verified; we have relied on hydropathy plots to determine the edges. The C-
terminal end is likely anchored and defined by palmitoylation. Truncation at this end may do more
than introduce hydrophobic mismatch. In contrast, the N-terminal end is less defined and the
sequence immediately adjacent to the TMD is poorly conserved across species. Adjacent residues,
many of which are nonpolar, may help compensate for the loss in length. Alternatively, these
differences, particularly if viewed alongside results from the scrambled Dsgl TMDs, may suggest
that a motif or residue, if present, is located near the C-terminal end of the TMD and was disrupted
in Dsgla7c-GFP. If that is the case, then our findings from Dsglan-GFP may be solely indicative
of the importance of TMD length while findings from Dsgla7c-GFP are telling us more. This may

be further supported by results from Dsglessor-GFP and Dsglsam-GFP, where a snorkeling N-



86

terminal arginine (Dsglessor-GFP) might only shorten the TMD whereas a snorkeling C-terminal
arginine (Dsglsam-GFP) could shorten the TMD and affect a motif. The potential nature of such

a motif is further discussed in Chapter 5.

4.3.1.2 Palmitoylation

We observed no significant change in the raft association of Dsglaapa-GFP relative to
Dsglwr-GFP. This was not surprising as similar findings have been reported for Dsg2 and Dsg3
(6, 76). While this previous work showed no relationship between palmitoylation of Dsg2 or Dsg3
and raft association, these experiments were carried out in A431 parental cells with endogenous
DSGs. Therefore, it remained possible that endogenous wild type DSGs pulled the mutant non-
palmitoylated DSGs into rafts. Our work suggests that this is unlikely to be the case as we
expressed our Dsglaapa-GFP TMD variant in a DSG-null background. Nonetheless, our work and
previous work indicate an important role for DSG palmitoylation. Despite apparently normal raft
association, Dsglaapa-GFP could not support normal length desmosomes, nor could it rescue
desmosomes in DSG-null cells as well as Dsglwr-GFP. Dsg2 palmitoylation has been shown to
impact Dsg2 stability (76). Specifically, loss of palmitoylation increases turnover of non-
desmosomal Dsg2 pools. We have not yet assessed protein turnover in our Dsglaapa-GFP-
expressing cells, but a rapidly turning over pool of non-desmosomal Dsgl may result in reduced
availability of Dsgl during and after desmosome assembly leading to smaller, possibly weaker
desmosomes. The exact role of DSG palmitoylation in desmosome assembly and function remains
a fascinating area and warrants further work to understand these mechanisms. In particular, the
palmitoyl acyltransferase(s) responsible for palmitoylating DSGs remain unknown. This can be
further extended to nearly all desmosomal proteins as all except DP have been shown to be

palmitoylated (112). Such a route will be further explored in Chapter 5.
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4.3.1.3 Exposed Surface Area

As with TMD length, we suspected a role for TMD exposed surface area in Dsgl raft
association based on modeling of Dsglsam-GFP that predicted altered surface areas. Exposed
surface area is an inherently difficult property to explore as it requires extensive modification to a
native TMD. We anticipated that a Dsglrmp variant with increased exposed surface area (Dsglieu-
GFP) would be less capable of associating with rafts while one with decreased surface area
(Dsglaia-GFP) would be similar to Dsglwr-GFP. In a similar vein, we anticipated that Dsgltmp
chimeras would behave based on the origin of the inserted TMD (raft associating LAT versus non-
raft associating E-cadherin). These outcomes would reflect the concept that “narrow” TMDs are
more amenable to raft association than “bulky” TMDs as they can more readily pack into the
ordered lipid environment. Instead, we found that any substantial change to the Dsglrmp surface
area, whether increased or decreased, affected raft association. A caveat of this finding is that
Dsglaia-GFP was trapped in the ER where it may not have been normally incorporated into the
lipid bilayer. Therefore, it is difficult to conclude whether decreased surface area is as detrimental
as increased surface area to Dsgl raft association. However, even Dsgliat-GFP, which bears a
similar surface area to Dsglwr-GFP, showed very little raft association. Furthermore, the variants
with increased surface area fared better in sucrose gradient fractionations than those which were
expected to be similar to Dsglwr-GFP. While this may be further evidence that a motif was
disrupted in these variants as the scrambled Dsglrwvp variants suggest, there is another explanation
specific to changes in exposed surface area.

Differing exposed surface areas of the various residue side chains create nooks and crannies
important for lipid packing. As stated previously, the DSG TMDs are all remarkably well-

conserved and would have similar surfaces to each other. Such surfaces may allow for packing
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with lipids, cholesterol, and other desmosomal cadherins during assembly or within the mature
desmosome but would be absent in most of the Dsgltwmp variants used here. The role of the Dsgl
TMD surface may even extend to localization and endocytic processes as TMD exposed surface
area has also been shown to be involved in cell localization and endocytosis through asymmetrical
surfaces (149, 155). Thin exoplasmic TMD surfaces coupled with bulky endoplasmic TMD
surfaces are readily found in single-pass transmembrane proteins which localize to the plasma
membrane and endocytic organelles. Such bulk distribution packs well into asymmetric lipid

bilayers.

4.3.2 Dsgl TMD sequence and raft association

As mentioned above, extensive changes to the Dsgl TMD were often necessary to assess
the contribution of certain TMD physical properties towards the raft associating nature of DSGs.
While such changes were meant to assess TMD length or surface area, outcomes observed from
those variants could also be attributed to the interruption of unknown motifs. Such motifs could
be involved in protein-lipid, protein-cholesterol, or protein-protein interactions and potentially
have important roles in DSG trafficking, function, or stability which translate into key parts of
desmosomal processes. These possibilities will be discussed in more detail in Chapter 5.

Whether lipid or cholesterol binding sites or dimerization motifs exist in the Dsgl TMD,
and how these potential functional domains might contribute to raft association or other
desmosomal processes is largely speculative, though the peculiar differences in the behavior of the
Dsglscr1 versus Dsglser. TMD variants may suggest the obstruction of such a site. One important
and potentially relevant difference between the design of the scrambled Dsgltwmp variants is the

placement of proline residues. Two flanking proline residues exist in Dsglwr. These residues are
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conserved among the DSGs but are absent in the DSCs and classical cadherins. These residues are
also well-conserved across species (see Figure 5.1 and 5.2). Prolines are rare in the a-helices of
soluble proteins as their inability to form stabilizing hydrogen bonds with other residue sidechains
cause helix breakage (156). In contrast, prolines are fairly common in the TMDs of membrane
proteins, particularly near the edges or in the center, where they can distort the TMD helix to
promote lipid packing or introduce functionally important kinks or swivels (156-158). This can be
accomplished through a GxxP motif which has increased flexibility due to a lack of hydrogen
bonding between the glycine and proline (159). Furthermore, proline isomerization between the
cis and trans forms has been shown to act as a molecular switch in a variety of voltage-gated ion
channels and GPCRs, conferring structural changes that can activate or inactivate a protein or
transmit signals (158). Whether and how the prolines in the DSG1 TMD could be functionally
important has not been studied. However, random scrambling of the Dsgl TMD to create Dsglscr1
resulted in one proline near an edge and one proline near the center of the TMD while the normal
proline positioning was purposely maintained in Dsglsc2. It has been shown that substitution of
prolines into various positions within a TMD is not energetically favorable. Therefore, it is not
surprising that Dsglscr1 behaved so poorly compared to Dsglwr. The apparent uncoupling of Dsgl
raft association from desmosome assembly and function observed in cells expressing Dsglscro may
suggest that appropriately placed proline residues are sufficient for desmosome assembly and
function irrespective of raft association. While the mechanism behind this phenomenon is unclear,
a Dsgl mutant that does not require raft association in order to assemble functional desmosomes
is a powerful tool for further desmosome studies. For our purposes here, the potential contributions
from lipid or cholesterol binding vs TMD dimerization vs TMD prolines is impossible to sort out

with these scrambled mutants but could more readily be addressed with different mutants specific
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for each of these possibilities. Therefore, further work is required to understand whether each of
these possibilities contribute towards DSG1 raft association or desmosome assembly and function.

Such future directions are thoroughly discussed in Chapter 4.

4.3.3 The role of raft association in desmosome assembly and consequences for disease

While we sought to determine the mechanism of TMD-driven DSG1 raft association, our
work here has also been useful in beginning to understand how DSG1 raft association translates to
desmosome assembly and function. Characterizing our panel of Dsglrmp variants provided a set
of closely related Dsgl species bearing unique properties with which we were able to observe
previously unappreciated trends.

Though the Dsglrmp variants remained capable of forming desmosomes, none of the
variants equaled Dsglwr in all desmosomal properties tested. This was most apparent in results
from sucrose gradient fractionations, where nearly all variants showed significantly reduced DRM
segregation. These disparities often translated into reduced desmosome quantity and strength but
not size. This implies that raft association is necessary for the formation of functional desmosomes.
Desmosomes observed in cells expressing the Dsglrwvp variants are likely formed from the fraction
of each variant observed in DRMs. Since energetic favorability determines the likelihood of raft
association, reduced raft association observed from nearly all Dsgltmp variants implies that this
event and any downstream processes, such as desmosome formation, became energetically
unfavorable and less likely to occur. This suggests that raft association is a rate-limiting step that
is most essential early in assembly when desmosomal cadherins first begin to cluster.

However, raft association does not seem to regulate desmosome size, which was only

sometimes reduced in cells expressing certain variants. The reduced ability of cells expressing
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short Dsgltwmp variants to form full-length desmosomes is likely a result of hydrophobic mismatch.
Though palmitoylation is not necessary for DSG raft association, smaller than average
desmosomes formed by cells expressing Dsglaapa may indicate an effect on protein packing
within the plane of the bilayers. Cells expressing those variants with altered exposed surface area
formed normal-sized desmosomes on average, despite severely reduced raft association. This
suggests that, once clustering of desmosomal cadherins and intracellular adaptor proteins reaches
a critical mass, increases in length can occur independently of raft association.

Lastly, the correlation between raft association and desmosome function is likely indirect
and mediated by the initiation of desmosome assembly through raft-mediated clustering of
desmosomal cadherins and other desmosomal proteins. Ultimately, the robustness of desmosome-
mediated cell-cell adhesion relies on the presence of many desmosomes along each border and can
be disrupted if only a few desmosomes form, even if those desmosomes are of a normal length.
Such a mechanism could be readily disrupted in disease states. For example, research with the
disease-causing DSG1sam, Which is a heterozygous mutation and expressed alongside DSG1wr in
the patient, suggests that this mutant acts dominant negatively, but the mechanism itself remains
elusive. The inability of Dsglsam to associate with rafts may be dominant negative in and of itself
by preventing that initial stage of raft-mediated desmosomal cadherin clustering. This hypothesis

can be tested by dual expression of Dsglwr alongside Dsglsawm in the DSG-null cells.

4.3.4 A newer model of raft-driven segregation of adherens junctions and desmosomes
during junction assembly
In Chapter 1, we proposed a model whereby raft association drives segregation of

junctional complexes during assembly, focusing on the segregation of adherens junctions and
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desmosomes (Figure 1.4). As discussed in Chapter 1, the early stages of adherens junction and
desmosome assembly involve transient dimerization of E-cadherin and Dsg2 followed by
clustering between Dsg2 and independently formed Dsc2 dimers (107). Intracellularly, PG-
binding to Dsg prevents B-catenin-binding (106). We proposed that this sequence of interactions
is further promoted by raft association. However, the details of this proposed raft-mediated
segregation mechanism model remain murky. Here, we found that DSC2 raft association was
largely unaffected by reduced Dsglrwmp raft association. This suggests that DSC2 associates with
rafts independently of desmogleins. The Dsc2 dimerization that occurs early in desmosome
assembly may involve raft association which is furthered by the inclusion of Dsg2 and promoted
by the correct binding of PG over B-catenin. The raft associating mechanism of desmocollins

remains unexplored but will be discussed further in Chapter 5.

4.3.5 Conclusions

By creating a panel of Dsglrmp variants, we have used a critical, but previously overlooked
portion of the Dsgl protein to further our understanding of the relationship between lipid raft
membrane microdomains and desmosome assembly and function. The raft associating mechanism
of desmosomal proteins that simultaneously promotes segregation from nascent adherens junctions
and furthers junction assembly is slowly becoming clearer. However, this work has also raised
many new questions to be addressed with future work. In Chapter 5, we will discuss some of these

avenues and propose new hypotheses and experiments to be pursued.
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4.4 Materials and Methods

Generation of mutants and lentivirus

Cloning of plasmids expressing Dsglwr-GFP and Dsglsam-GFP was previously described (6).
Short sequences bearing a Dsg1ltmp sequence variant flanked by appropriate restriction sites were
obtained from Invitrogen’s Gene Art Strings and inserted into the plasmid expressing Dsglwr-
GFP using existing restriction sites. Sequencing was performed through Genewiz to verify clones.
This was done for Dsglscro-GFP, Dsgliat-GFP, Dsglcssor-GFP, Dsglecad-GFP, Dsglan-GFP.
The plasmids expressing Dsgliei-GFP, Dsglscri-GFP, Dsglaapa-GFP, Dsglarc-GFP Dsglaia-
GFP were ordered through Genscript. Lentivirus for Dsglwr-GFP and Dsglsam-GFP was
purchased from Cyagen VectorBuilder. Lentivirus for all remaining plasmids was made by
transfection into HEK-293T cells together with necessary lentiviral regulatory genes. Lentivirus
was collected from culture supernatants 48-72 h after transfection and concentrated by high-speed

centrifugation.

Structural predictions and raft affinity calculations
TMD sequences were analyzed using the Robetta structure prediction server (136). Raft affinities
were calculated using the following formula:

AGraft = AYTMD,Lo-Ld(ASA) + Npaim(AGpaim) — 2BLp(dtmp — 0.5(dLo+dLp)) (65)

Cell line generation, culture, and reagents

A431 cells were cultured in DMEM (Corning 10-013-CV) with 10% fetal bovine serum (Hyclone
SH30071.03) and 1X antibiotic-antimycotic solution (Corning 30-004-Cl). DSG-null cells were
stably infected with lentiviruses expressing murine Dsglarmp-GFP constructs. Blasticidin

(5pug/ml) was used to select for infected cells. No clonal isolation was performed. Cell lines
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expressing Dsglrmp-GFP variants were subjected to fluorescence-activated cell sorting with

equivalent gating to obtain populations with roughly equal Dsg1-GFP expression levels.

Immunofluorescence

Cells were cultured to 70% confluence on glass coverslips and fixed in 3.7% paraformaldehyde
(PFA) in PBS+ on ice for 10 min. Cells were blocked and permeabilized in PBS+ containing 0.1%
Triton X-100 and 3% BSA for 10 min. Saponin was used in place of Triton for intracellular
organelle colocalization studies. Primary and secondary antibodies (listed below) were diluted into
blocking solution (PBS+ containing 3% BSA and 0.05% Triton X-100). Cells were rinsed using
PBS+ containing 0.05% Triton X-100. Cells were mounted to glass microscope slides using

Prolong Gold mounting medium (ThermoFisher Scientific).

Antibodies

Antibodies used were as follows: rabbit anti-calnexin (Enzo Life Sciences ADI-SPA-860); mouse
anti-flotillin-2 (BD Trans Lab610383); rabbit anti-GFP (Life A11122); mouse anti-GFP (Abcam
ab1218); rabbit anti-DP (Bethyl A303-356A); mouse anti-PG (BD Trans Lab 610253); mouse anti-
Dsc2/3 (Life Technologies 326200); mouse anti-E-cadherin (BD Trans Lab 610182); mouse anti-
GM130 (BD TransLab 610822); rabbit anti-VAPB (invitrogen PA5-53023); mouse anti-[-actin
(Sigma Ab5451). Secondary antibodies conjugated to Alexa Fluors were purchased from
Invitrogen. Horseradish peroxidase-conjugated secondary antibodies were purchased from

BioRad.

Image acquisition
Widefield microscopy was performed using a Nikon Ti-E inverted microscope (100x/1.49 NA oil
immersion objective) equipped with a motorized stage and a Hamamatsu C11440-22CU digital

camera. Images were deconvolved using Microvolution (124) in ImageJ. SIM was performed
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using a Nikon N-SIM system on an Eclipse Ti-E microscope system equipped with a 100x/1.49
NA oil immersion objective, 488- and 561-nm solid-state lasers in three-dimensional SIM mode.
Images were captured using an EM charge-couple device camera (DU-897; Andor Technology)
and reconstructed using NIS-Elements software with the N-SIM module (version 5.02; Nikon).
All microscopy was performed at room temperature. Widefield microscopy and SIM results are

representative of three independent replicates with 10 cells per condition.

Triton solubility assay

Cells were cultured until confluent in six-well tissue culture plates. Cells were washed twice with
ice-cold PBS+. The Triton-soluble pool was isolated by incubating cells with Triton lysis buffer
(1% Triton X-100, 10 mM Tris, pH7.5, 140 mM NaCl, 5 mM EDTA, 2 mM EGTA, with protease
inhibitor [Roche 11836170001]) for 10 min on ice. Lysate was then centrifuged at 13,200xg for
10 min at 4°C to pellet the Triton-insoluble fraction. The Triton-soluble supernatant was collected
and mixed 1:1 with 2x Laemmli sample buffer containing 5% [-mercaptoethanol. The Triton-
insoluble pellet was resuspended in 2x Laemmli sample buffer (Bio-Rad 161-0737) containing 5%
B-mercaptoethanol. All samples were heated to 95°C for 10 min and vortexed half-way through,

prior to being run on a gel for western blotting.

Isolation of DRM

DRMs were isolated as described previously (118). Briefly, cells were cultured in 10-cm? dishes
and washed with PBS+. Cells were collected by scraping in TNE buffer supplemented with
protease inhibitors (Roche 11836153001) and pelleted by centrifugation at 0.4xg at 4°C for 5 min
(5415R; Eppendorf). Cells were resuspended in TNE buffer and homogenized using a 25-gauge
needle. TNE buffer containing 1% Triton X-100 was added and cells were incubated on ice for 30

min. Four hundred-twenty microliters of detergent extract were mixed with 840ul of 56% sucrose
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in TNE and placed at the bottom of a centrifuge tube. Volumes (1.9ul) of 35 and 5% sucrose were
layered on top of the sample. Following an 18-hr centrifugation at 4°C (44,000 rpm, SW55 rotor,
Beckman Opima LE-80 K Ultracentrifuge), 420-ul fractions (1-11, remaining volume combined
to make up fraction 12) were removed from top to bottom of the gradient and stored at -20°C until
processed for western blot analysis. Flotillin-2 and calnexin were used as raft and non-raft markers,

respectively.

Dispase-based fragmentation assay

Cells were cultured until confluent in 24-well tissue culture plates and treated with 1 U/ml dispase
(Corning) for 15 min at 37°C. Cell sheets released from the plate were rinsed with PBS+,
transferred to 1.5 ml Eppendorf tubes in 500ul PBS+, and then subjected to mechanical stress on
an orbital shaker on its highest setting for 45 sec. Fragments were transferred to a fresh 24-well
plate, fixed with 1% PFA, and stained with methylene blue (Sigma). Plates were imaged on an

Elispot scanner (Cellular Technologies, Ltd) and fragments counted with ImageJ.

Statistics

Error bars represent standard error of the mean. Significance was determined using one-way
ANOVA followed by Dunnett’s post-hoc and p-values have been indicated. Statistical analysis of
immunofluorescence results was conducted on at least 3 independent experiments with 10 images
per condition per replicate. For all experiments involving western blotting, statistical analysis was
conducted on results from four independent experiments. Statistical analysis of dispase assays was

conducted on results from seven independent experiments.
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CHAPTER 5

Future Directions and Conclusions

ABSTRACT

We created a desmoglein (DSG)-null cell model, established a role for the DSG1 transmembrane
domain (TMD) in raft association, desmosome assembly and function, and began dissecting the
DSG1 raft association mechanism. While we attained new insights into the desmosome assembly
process and the role that raft association plays, we also uncovered new questions and identified
related areas in which knowledge is severely lacking. Here, we delve into those areas, assessing
the current state of knowledge in relation to DSGs, raft association, and desmosomal processes
and suggesting experiments to address the gaps. Addressing these gaps will continue to utilize the
DSG-null cells as well as those expressing the Dsglrmp-GFP variants, but we also look to the use
of null systems to study other desmosomal proteins. We consider areas such as palmitoylation in
desmosomal processes, conserved TMD-centric proline residues, important motifs that may
contribute to protein-lipid or protein-protein interactions, raft associating mechanisms of
desmocollins, and raft association in segregation of adherens junctions and desmosomes. We
conclude by discussing the desmosome as a stable platform whose function extends beyond cell-

cell adhesion.
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5.1 INTRODUCTION

We generated a desmoglein (DSG)-null cell model system and used it to dissect the
relationship between raft association of DSG1 and desmosome assembly and function. In doing
so, we identified that length and exposed surface area but not palmitoylation of the Dsgltmp are
necessary for raft association. However, we were unable to rule out whether the Dsglrmp sequence
contains an important residue or motif necessary for raft association as others have ruled out for
different raft associated proteins, such as LAT (65). Instead, this lack of clarity has uncovered new
avenues to explore. In this chapter, we will explore new questions that this work has revealed and

thoughts on how to address these questions in future work.

5.2 Null model systems for studying desmosomal dynamics

In Chapter 2, we generated a DSG-null A431 cell line which exhibited mislocalization of
desmosomal proteins and lacked functional desmosomes. We went on to use this cell line to
explore differing pathomechanisms of two disease-causing DSG1rmp mutants and to characterize
a panel of Dsglrmp variants, all aimed at establishing a role for the DSG1tmp in desmosomal
processes and understanding the nature of that role. However, DSG-null cells are infinitely useful
for experiments involving any of the DSGs. Having used this cell line to establish a panel of cell
lines expressing Dsgltmp-GFP variants, we can continue experimentation with some of these lines
to better understand desmosomal processes. Some of these possibilities will be discussed below.
We can also make additional Dsg1ltmp variants to fully resolve the TMD-mediated raft associating
mechanism of Dsgl and establish whether a similar mechanism applies to the other DSGs. By
switching out the GFP tag for another marker, these variants could also be mixed and matched

within a cell population to explore interactions.
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5.2.1 Identifying roles for the DSG intracellular domains

Moving beyond the Dsglrmp, the intracellular domains of DSGs, including the intracellular
anchor (I1A), intracellular cadherin segment (ICS), intracellular proline-rich linker (IPL), repeating
unit domains (RUD), and desmoglein terminal domain (DTD) (see Figure 3.1, 5.1) remain largely
uncharacterized. The ICS contains the plakoglobin (PG)-binding site (22, 23, 106) while the IPL,
RUD, and DTD domains, which are unique to DSGs, have been shown to be disordered and
capable of binding various desmosomal protein partners (160). In Dsg2, the unique cytoplasmic
tail contributes to strong cell-cell adhesion by stabilizing surface pools and preventing
internalization (25).

Expression of truncated or domain deleted Dsgl species in our DSG-null cells can help
reveal the roles of these unique regions in desmosomal processes. Such endeavors have already
begun as we have created a small series of truncations by removing everything but the 1A which
deletes the PG-binding region (Dsglia), introducing a disease-causing nonsense mutation which
truncates the intracellular domain in the IPL at G795 (Dsglcres+), or removing the DTD

(Dsglaptp) (Figure 5.1).

Dsg1ia
Dsg1eres Disease-causing
Dsg1apm
Dsglwr
= ~ Y Y Y Y Y
Extracellular Domain TMD A ICSIPL RUD DTD

Intracellular Domains

Figure 5.1: Dsgl truncations to define intracellular domain functions. Schematics of
truncated Dsgl constructs compared to Dsglwr. Blue = extracellular and intracellular
domains. Black = TMD. IA = intracellular anchor. ICS = intracellular cadherin segment.
IPL = intracellular proline-rich linker. RUD = repeating unit domain. DTD = desmoglein
terminal domain. Dsglia removes all intracellular domains except IA. Dsgleres+ IS a
homozygous SAM syndrome-causing nonsense mutation that introduces a premature stop
codon at residue 795 (red asterisk). retainina 1A and ICS. Dsalanrn removes the DTD.
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Figure 5.2: Truncated Dsgl-GFP variants localize to the plasma membrane and do not alter expression of
desmosomal proteins. A) Widefield immunofluorescence images stained for Dsg1-GFP and DP show membrane
localization of Dsgl truncations and colocalization with DP in cells expressing Dsglwr-GFP or the Dsg1-GFP
truncations. Scale bar = 10 um. B) Western blots of whole cell lysates show slight but insignificant elevation of
Dsglcres+-GFP and Dsglaptn-GFP expression relative to Dsglwr-GFP while Dsglia-GFP has similar levels. C).
Quantification of Dsg1-GFP blots in B. D) Quantification of DP blots in B. E) Quantification of DSC2 blots in
B. F) Quantification of PG blots in B. Error bars show mean +/- SEM (n = 4).

Characterization of DSG-null cells stably expressing these truncated Dsg1-GFP constructs
is underway. Immunofluorescence experiments have shown that all three truncated Dsgl-GFP
constructs maintain membrane localization, however, only Dsglaprp-GFP forms discrete, DP-
positive puncta along cell borders (Figure 5.2A). Dsglia-GFP is diffuse, and Dsglc7es«-GFP
appears to act as a hybrid, forming some discrete, DP-positive puncta but also appearing more

diffuse than Dsglwr-GFP or Dsglaptp-GFP. Western blots of whole cell lysates showed that Dsgl
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Dsglc7es«-GFP and Dsglaptp-GFP levels are elevated relative to Dsglwr-GFP though not
significantly (Figure 5.2B, C), but the levels of the other desmosomal proteins, including DP,

DSC2, and PG do not differ from cells expressing Dsglwr-GFP (Figure 5.2B, D-F).
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Figure 5.3: Dsgl truncations reduce Dsgl but not DSC2 raft association. A) Western blots show sucrose
gradient fractionations of DSG-null cells expressing Dsglwr-GFP, Dsglia-GFP, Dsglcres+-GFP, or Dsglaprp-
GFP. Calnexin = non-DRM marker. Flotillin-2 = DRM marker. Remaining blots show Dsgl-GFP. B).
Quantification of blots in A. C) Western blots show sucrose gradient fractionations of DSC2. D) Quantification
of blots in C. E) Western blots show sucrose gradient fractionations of PG. F) Quantification of blots in F. Error
bars show mean +/- SEM (n = 4). *p < 0.05, ***p < 0.001

By sucrose gradient fractionations, we found reduced DRM segregation of the truncated

Dsg1-GFP constructs with the greatest effect in the DSG-null cells expressing Dsglia-GFP (Figure
5.3A, B). Based on the diffuse nature of Dsglia-GFP that we observed by immunofluorescence,
this is unsurprising. In contrast, DRM segregation of DSC2 was unaffected by the expression of
truncated Dsgl-GFP constructs (Figure 5.3C, D), and DRM segregation of PG was only affected
in DSG-cells expressing Dsglia-GFP (Figure 5.3E, F). This decrease in DRM segregation of PG
is likely due to the inability of Dsglia-GFP to bind PG. Just as PG requires Dsg1 for raft association
as we observed in Chapter 3 and Chapter 4, it appears that Dsgl also requires PG or other

interactions with desmosomal proteins to maintain raft association. Furthermore, if the cytoplasmic
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tail is necessary for surface stability as in Dsg2 (25), then reduced raft association may be the result
of reduced surface stability and increased endocytic rates.

Dispase cell dissociation assays have also been performed with these cell lines to determine
if truncated Dsg1-GFP constructs are able to form functional desmosomes (Figure 5.4). Dsglia-
GFP was not able to rescue desmosome function in the DSG-null cells while DSG-null cells
expressing Dsgleres~-GFP and Dsglaptp-GFP formed weak desmosomes. The inability to form
strong desmosomes has been observed in similar truncated Dsg2 constructs (25), indicating that

the DSG intracellular domains are structurally and functionally important.

A B
DSG-null Dsglwr r ax nls xx 5

*kEK X% *A%
14 T T T 1

Dsg1cres Dsg1apm0

Fragmentation

0 -
DSG WT IA G795 ADTD
Null

Figure 5.4: Truncated Dsgl-GFP variants do not form functional desmosomes. A)
Images depicting monolayer fragmentation of DSG-null cells versus DSG-null cells
expressing Dsglwr-GFP, Dsglia-GFP, Dsglcres»-GFP, or Dsglapro-GFP. B)
Quantification of images in A. Error bars show mean +/- SEM (n = 6, each replicate
includes 4 monolayers). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

This characterization is incomplete. In particular, super-resolution microscopy techniques
such as the structured illumination microscopy (SIM) experiments performed in Chapter 3 and
Chapter 4 will be important to identify any differences in quantity or length of desmosomes
forming in DSG-null cells expressing these truncated Dsg1-GFP constructs. Additionally, moving
beyond steady-state experiments will be necessary. As the intracellular region of Dsg2 has been
linked to surface stabilization and inhibition of endocytosis, this will involve endocytosis assays,
assessing cell surface levels, and fluorescence recovery after photobleaching (FRAP) experiments.

Depending on the outcomes of such endeavors, additional experiments can be planned to further
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understand the roles of these intracellular domains and additional truncations or single-domain

deletions can be generated and expressed in the DSG-null cells as necessary.

5.2.2 Null model systems beyond desmogleins

A431 cells can also be used to create other null cells. For example, we already have
desmocollin (DSC)-null A431 cells which can be characterized and eventually used to understand
desmocollins, as well as a dual knockout of DSG and DSC. Additionally, we have acquired a
classical cadherin null A431 cell line which can be used to understand the dependency of
desmosome assembly on adherens junction components as well as understand the segregation
mechanism. Lastly, our work has raised questions regarding the involvement of PG and PKPs in
promoting and/or maintaining raft association of the desmosomal cadherins. Null model systems
for these proteins can also be created to further study their contributions. Therefore, the DSG-null
model system we created for this work will continue to be used for other efforts and the

experimental paradigm remains useful to study other desmosomal proteins and processes.

5.3 Further exploration of desmosomal dynamics with Dsgltwvp variants

Desmosomal processes are dynamic, yet the experiments performed here were done at
steady state. These steady state experiments were sufficient for understanding the raft associating
capabilities of the Dsgltwmp variants and how that translates to stable desmosome formation and
function. However, some of our results suggest that most of the Dsgltmp-GFP variants negatively
impact desmosome assembly and steady state experiments will not be sufficient to understand
these effects. For example, we observed that desmosomes form from each Dsglrmp variant, but
the number of desmosomes forming varied widely and correlated with the level of raft association

of each variant. This could indicate that an early stage of desmosome assembly requires raft
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association or that desmosomes form normally but readily disassemble without raft association.
Furthermore, the observation of desmosome formation from non-raft associating Dsgltmp-GFP
variants drives more questions. Do these desmosomes form from the proportion of raft-associating
Dsgltmp-GFP observed in sucrose gradient fractionations? Does this proportion of raft-associating
Dsgltmp-GFP overcome an energy barrier to form desmosomes? Or are interactions between the
extracellular or intracellular domains forcing non-raft associating Dsgltmp Vvariants into
desmosomes? If the former possibility occurs, then the desmosomes observed by SIM are likely
reduced in number because desmosome formation becomes a rarer event, i.e., an increased energy
barrier decreases the rate of desmosome formation. However, if the latter possibility occurs, it is
more likely that the desmosomes observed by SIM are the result of normal rates of formation but
increased disassembly rates. Therefore, disturbing the system by applying calcium switches or
altering cholesterol levels with methyl-B-cyclodextrin in a subset of the cell lines expressing the
Dsgltmp-GFP variants would provide more information and help answer these and other
questions. Additionally, determining trafficking rates as well as the surface levels and stability of
some of these variants will also provide important information that is currently lacking from our

datasets.

5.4 Identifying the role of transmembrane prolines in desmogleins

The Dsglscri and Dsglses TMD variants were designed to address the possibility that a
motif or specific residue(s) is necessary for raft association, but these two variants behaved in
surprising ways (see Figures 4.14-4.16). The loss of raft association and desmosome assembly and
function observed in cells expressing Dsglscri-GFP suggested that a specific residue or motif in

the TMD sequence may be important rather than or in addition to one of the physical properties of
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TMDs. However, cells expressing Dsglscro-GFP formed apparently normal desmosomes which
rescued the DSG-null cells nearly as well as Dsglwr-GFP despite experiencing reduced raft
association. Importantly, the positioning of two proline residues near the edge of the Dsgl TMD
was maintained in Dsglsc2 but not in Dsglsei. Furthermore, the process of designing many of the
other Dsgl TMD variants caused one or both proline residues to be lost. Therefore, the apparent
uncoupling of Dsgl raft association from desmosome assembly and function revealed by Dsglscro

may expose an important functional role for prolines in the DSG TMD.

H. sapiens (human) 535 akdllsdnvhFGPAGIGLLIMGFLVLGLVPFIMICcdcggaprsa
M. musculus (mouse) 552 etplygdnvhFGPAGIGLLIMGFLVLGLVPFLLICcdcggapggg
EBE. taurus (bovine) 539 vyaplrdnvhFGPAGIGLLIMGFLVLGLVPFLIMCcdcggapggg
P. cinereus (koala) 544 vegypgdnvhFGPAGIGLLIMGFLVLGLVPFLLIAcCACggasgvy

A. mississippiensis (Bmerican alligator) 555 pgarlggpttLSAAAVGIMFLGGLILVLIPILMSMcdccgcgpdp

Desmoglein-1

A. grahami (kanglang fish) 679 avggrtasatLGAPGIAFLILGFLCLILVEMALIKcecgsagvhf
H. sapiens (human) 600 reaghdsyvgLGPAAIAIMILAFLLLLLVPLLLIMchcgkgakgf

M. musculus (mouse) 605 vaagydnyvgLGPAAIATMILALLLLLLVPLLLLIchcgggakgf

B. taurus (bovins) 558 vnmwadsyvgLGPAATALIILALLLLLLIPLLLLVchcgkgakgf

P. cinereus (koala) 603 vgaladpyvgLGAGAIWIMIFALLLLLLVPLLLLLChcggaggga

M. gallopavo (wild turkey) 586 dritgtgsvgLGPGATALIILAFLLLLLIPLLLLLCpcgsgakkg

Desmoglein-2

A. mississippiensis (Bmerican alligator) 589 rdaligssvvLGPGAIALIILALLLLLLVPLLLLLchgragpkgf
H. sapiens (human) 606 trygrphsgrLGPAAIGLLLLGLLLLLLAPLLLLTcdcgagstgg

M. musculus (mouse) 605 pntygesswrLGPAAIGLILLGLIMLLLAPLLLLTcdcgsgpigg

B. taurus (bovins) 605 npiigersgrMGAAAIGLLFLGLLLLLLALLLLLTcdcgagpigy

P. cinereus (koala) 611 nrgtgtpsvrLGPAGIGLLLLGLIMLLLAPLLLLFcdcgagglgg

P. kuhlii (Kuhl's pipistrelle) 603 prygdgpsgrLGPDAIGLILLGLIMLLLAPLLLIAcCdcgkgpigg

Desmoglein-3

4. grahami (kanglang fish) 601 asgapkkgtrFGPAGIGLLFLGLLALLLILLLLLFCOgCgaagmag
H. sapiens (human) 618 edgagvsnvgLGPAGIGMMVLGILLLILAPLLLLLCCCKOrgpeg

M. musculus (mouse) 621 ddgvrgshvgLGPAGIGMIILGLLLLLLSPLLLIMccckrrgpeg

B. taurus (bovine) 621 ddgteasnvgMGSTGIGMITMGVLLLLLAPLLLLLcccckrkaps

P. cinereus (koala) 606 gdrigggnvgLGPAGIGLIVLGLLLLLIMPLLLLIccckrkapag

P. kuhlii (Kuhl's pipistrelle) 624 gdriegsnvgLGPAGIGMIALGLLLLLLSPLLLLFCCCrrropdg

Desmoglein-4

L. crocea (large yellow croaker) 461 anggsskgasFGPACIGLLLLGLLLLLLIPLLLLFCcgcggsaglp

Figure 5.5: The DSG TMD is conserved across species. DSG1-4 TMDs (blue) and surrounding residues in
mammals, reptiles, birds, and fish. Kuhl’s pipistrelle is a species of bird. Large yellow croaker is a species of
fish. Prolines highlighted in gray. Sequences pulled from Uniprot. Species kept the same where possible or
replaced with something similar when not possible.
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Proline residues in the DSG1 TMD are conserved both between DSG1-DSG4 and among
numerous species going back to reptiles, birds, and fishes where desmosomal cadherins first
emerge (154) (Figure 5.5). Proline residues are widely known as “helix-breakers” and are rare in
a-helices of soluble proteins (161). The unique, cyclical structure of proline prevents the formation
of hydrogen bonds necessary for stable a-helices (156). In contrast, prolines are surprisingly
common in the TMD a-helices of membrane proteins where they are mostly found in the middle
of the TMD or near the edges (158, 162, 163). In these locations, proline can provide improved
flexibility which can benefit lipid packing or act as a molecular switch through cis-trans
isomerization causing important structural changes for signal transmittance or protein activation
(158). Substituted prolines in a membrane protein are generally unfavorable (164). Therefore, it is
not surprising that we observed drastic changes in Dsgl function when the prolines were
rearranged in Dsglscr1.

We can address the possible role of these prolines in the Dsgl TMD by creating additional
Dsglrmp variants. These variants would involve mutating one or both prolines within the context
of the wildtype Dsgl TMD, stably expressing these new variants in our DSG-null cells, and using
the same set of experiments shown in Chapter 4 to determine the effect that these prolines might
have on raft association versus desmosome assembly and function. While this will address whether
the prolines are necessary for these processes, we can also ask if these prolines are sufficient for
desmosome assembly and function by placing them in their normal positions in the context of one
of our variants, such as Dsg1eu.

Should experimentation with these new Dsglrmp variants show that the proline(s) alone
has an important role, we can pursue additional avenues to determine that role and how it

contributes to desmosome assembly and function. This role will likely fall into one of two possible
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categories: flexibility to promote lipid or protein packing in the plane of the desmosomal bilayers
or a cis-trans isomerization to activate a molecular switch (158).

We can readily anticipate how either of these scenarios might fit into what is already known
about desmosome dynamics. Due to the protein density of desmosomes along the membrane plane,
the desmosomal cadherin TMDs must be able to pack closely with each other, cholesterol, and
other lipids, including palmitoyl groups. However, the C-terminal ends of the DSG TMDs are
bulkier than the N-terminal ends. Additional flexibility, particularly around the C-terminal end of
the TMD where the proline is more highly conserved, could help with packing. We can begin to
explore an association between proline placement and lipid packing through molecular dynamics
simulations and move into cell models by using lipid probes that can reveal membrane distortion
or lipid packing.

Proline isomerization can act as a molecular timer (165). If the prolines undergo cis-trans
isomerization, this could serve as a switch that regulates desmosome dynamics. For example, the
prolines could be in one conformation during trafficking, but isomerization to the other
conformation would be a necessary step during desmosome assembly that occurs at the plasma
membrane. In relation to this possibility, cis-trans isomerization could modulate binding partner
sets (165). Though the trans isomer is more common than the cis isomer (166, 167), the presence
of adjacent aromatic residues such as the phenylalanine next to the C-terminal proline in DSG1
(Figure 5.5) promote maintenance of the cis conformation (168, 169), and may be involved in
conformational regulation. Unfortunately, there are no methods for directly detecting cis- versus
trans-proline in cellular contexts at this time. Therefore, any work in this direction would have to
be indirect such as linking the activity of a peptidyl-prolyl isomerase (PPlase) to desmosome

dynamics.
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Cis-trans prolyl isomerization can happen spontaneously but slowly (170), making PPlases
necessary for any processes that require rapid isomerization. Cells could be treated with drugs
targeting each of the three families of PPlases (171, 172) to determine if this causes desmosomal
defects, either during steady state or with calcium switches. Observing desmosomal defects from
one drug treatment but not another could also help narrow down the possibilities since the three
families of PPlases including FK506-binding proteins (FKBPs), cyclophilins, and parvulins each
have a number of members (173, 174). Interestingly, FKBP3 and FKBP4, PPIA, and PPIB were
identified in an unpublished BiolD screen using the biotin ligase, BirA, fused to the C-terminal
end of Dsg2 or Dsg3 in A431 cells (Conway, unpublished). Another BiolD screen using BirA
fused to DP in mouse keratinocytes also identified PPIA (175). These possibilities are all expressed
in human skin, HaCaT, and A431 cells and have potentially appropriate subcellular localization
(176, 177) making them good candidates to consider for knockdown studies to determine if these

proteins might be involved in desmosome dynamics.

5.5 Considering the possible role of motifs in the desmoglein TMD

TMDs are not inert protein segments existing solely to join extracellular and intracellular
protein domains. Instead, TMDs actively interact with their environment, whether that be adjacent
lipids or other proteins. These interactions can further dictate subcellular localization, protein
activation or inactivation, and signal transmittance among other processes (178). Even TMD shape
can determine localization or endocytic rates (149, 155). Raft association of single-pass
transmembrane proteins is directly reliant on how a protein’s TMD associates with the lipid bilayer
with the goal of avoiding hydrophobic mismatch and reducing energy expenditure. While this has

been linked to several TMD physical properties as discussed at length throughout this dissertation,
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it remains possible that TMD-lipid, TMD-cholesterol, or TMD-TMD interactions can also play a
role in the raft associating mechanism of some proteins. Based on our results with the Dsgltmp
variants, TMD physical properties such as length and exposed surface area may be important, but
other unidentified factors may also be involved in the raft associating mechanism of DSGs. As the
desmosome is a unique protein structure that partly exists in the plane of the lipid bilayer, it stands
to reason that such factors may play important roles in desmosomal processes.

Important motifs involved in lipid-binding, TMD-TMD interactions, or other membrane
dynamics would be expected to be conserved across species. To identify well-conserved residues
in the TMDs of DSG1-DSG4, we collected sequences from various species using Uniprot (179)
and then plotted the frequency of each TMD residue in its respective position with Weblogo (180,
181) (Figure 5.6). This revealed that most residues in the DSG1 and DSG3 TMDs are remarkably
well conserved. The C-terminal ends of the DSG2 and DSG4 TMDs are also conserved while the
N-terminal ends of these two DSGs have more variation. While this level of conservation is
interesting, determining whether particular motifs might exist becomes difficult. Such
conservation could make a good argument for the importance of TMD physical properties over
motifs but comparing conserved elements among the DSG TMDs may also offer some insight. For
example, the position of the two prolines discussed above is conserved between the four
desmoglein TMDs. Additionally, two stretches of leucines dominate the C-terminal end of the
DSG2, DSG3, and DSG4 TMDs. Though these stretches of leucines are not fully present in the
DSG1 TMD, L14, L16, L18, and L22 are conserved between all four desmoglein TMDs while L8
is conserved among DSG1-DSG3. Lastly, G2 is conserved in all the desmoglein TMDs, G5 is
conserved in DSG1 and DSG4, and G7 and G12 are conserved in DSG1, DSG3, and DSG4. Some

of these observations are relevant to known binding motifs, discussed next.
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Figure 5.6: Residue conservation across DSG TMDs. A) DSG1 TMD across 96 species. B) DSG2 TMD

N
across 151 species. C) DSG3 TMD across 61 species. D) DSG4 TMD across 65 species. Sequences were

collected from Uniprot, and plots were created at https://weblogo.berkeley.edu/logo.cgi.
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5.5.1 Lipid-binding Motifs

As raft-associating proteins, DSGs must associate with lipid bilayer regions that are
enriched for sphingolipids and cholesterol. It is unknown if DSGs directly bind either of these lipid
raft denizens, but sphingolipid- and cholesterol-binding motifs have been identified in the TMDs
of other membrane proteins.

The sphingolipid binding domain (I/L/TN\)xx(I/LITN)(/LITIN)xx(I/LITIV)(FIW/Y)
which starts 13 (+/-3) residues from the N-terminal end of a TMD has been found in numerous
membrane proteins and verified in a subset (182, 183). The DSG1, DSG2 and DSG3 TMDs have
sequences that vaguely work with this motif, however, an aromatic residue at the C-terminal end
tends to be absent. The DSC sequences are difficult to assess for the presence of this motif due to
the uncertainty surrounding the C-terminal end of these TMDs, though some mildly well-
conserved phenylalanines exist in potentially relevant positions. Even without an aromatic residue,
the rigidity of the branched chain residues present in other positions may allow for interactions
between a sphingolipid or other lipid. Due to the sphingolipid enrichment within lipid rafts, it may
be pertinent to test the desmosomal cadherin TMDs for sphingolipid-binding even without the
clear presence of an appropriate motif. If any of the desmosomal cadherins were shown to bind
sphingolipids, mutational analysis could be performed to determine which residues are involved
and non-sphingolipid binding mutants could be expressed ibn our DSG-null cells to discover

functional consequences.

5.5.2 Cholesterol-binding motifs
TMDs bind cholesterol through the cholesterol recognition amino acid consensus (CRAC)
motif and its mirror consensus, CARC, which follow the pattern (L/V)x1-5(Y/F/W)x15(K/R) and

(R/K)x15(Y/FIW)x15(L/V); one or both of these can appear in a TMD (184). Such a motif does
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not appear to exist in DSGs which tend to lack positively charged residues on either end as well
as appropriately placed aromatic residues (Figure 5.5). A GxxxG motif more commonly associated
with TMD oligomerization (see below) has also been reported to be involved in cholesterol binding
(185). GxxxxG is present in the DSGs, but this does not appear to be a relevant motif. Therefore,
it seems unlikely that DSGs directly bind cholesterol unless through an unidentified motif. In
contrast, positively-charged residues such as lysine and arginine are common on either end of the
DSC TMDs, a conserved tryptophan starts these TMDs, and a conserved leucine follows within
five positions (Figure 5.7, see Figures 5.8, 5.9). DSC1 may have mirror-imaged CRAC and CARC
domains, though the aromatic residue on the C-terminal end is not fully conserved. It would be
very interesting if DSGs were able to bind sphingolipids while DSCs could bind cholesterol. This
could be an important mechanism related to both raft association and clustering of the desmosomal

cadherins.

DSG1 535 akdllsdnvhFGPAGIGLLEMGFENLGEVPEEMECCcdcggaprsa
DSG2 600 reaghds yngGPAAIALM.AE‘.L.VP.I.Chcgkga kgf
DSG3 606 trygrphsgrLGPAAIGLI.GI.L.AP.IIT cdecgagstgg
DSG4 618 edgagvs anI.GPAGIGMM.GI.L.AP.I.ccqurqpeg (small)xxx(small) motif

DSC1 682 dvrpnvilgrWATLAMN.GsHLEEcILETEFCVTAKrtvkkcfpe Leucine zipper motif
DSC2 685 iggggvglgkWAILARELEEALEEcIEETlccasytskapkvip GxxP motif
DSC3 681 srstgvilgkWAILABELGEALEESVEETElcGVFgatkgkripe

Figure 5.7: Positioning of various possible binding motifs within the human DSG and DSC TMD sequences.
Human DSG and DSC TMD sequences in bold with flanking residues. Yellow highlighting = potential cholesterol-
binding motif. Orange highlighting = potential dimerization motif. Magenta highlighting = potential leucine zipper
dimerization motif. Teal highlighting = potential GxxP structural motif. Sequences obtained from Uniprot.

Cholesterol-binding motif

5.5.3 TMD-TMD Dimerization

TMD-TMD dimerization has been shown to promote the assembly of large protein
complexes via noncovalent interactions within the plane of the membrane for various purposes
including signaling and cell-cell adhesion (186-188). Several motifs that allow for dimerization

have been identified, including GxxxG, QxxS, and leucine zipper-like motifs (178, 189-192).
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GxxxG has been identified in a number of membrane proteins (140, 188, 189). While several
conserved glycines exist in the DSG TMDs as mentioned above, none have the appropriate
distribution to fulfill the well-documented GxxxG dimerization motif. However, the
(small)xxx(small) motif, where small equates to glycine, alanine, or serine, is also well
documented. But even the distribution of these residues does not fit into this motif. Instead, the
DSCs have AxxxG at position 5-9, and these residues are well conserved (Figure 5.7, see Figures
5.8, 5.9). However, such motifs are abundant in TMDs and do not always promote dimerization
(189). QxxS, sometimes defined as polar(xx)polar can also mediate TMD dimerization (191, 192).
Such a motif is absent in desmoglein TMDs, but mutation to PxxS has been shown to maintain
dimerization (193). While such a motif is also absent from desmoglein TMDs, this showed that a
proline located along the interaction interface could promote dimerization. It is not clear to what
extent this phenomenon occurs and more work would be required to determine if either of the
prolines in the desmoglein TMDs are along an interaction interface, assuming that there is an
interaction interface for dimerization. On the other hand, proline can also disrupt dimerization
interfaces as has been shown in E-cadherin (187). As introduced prolines have been shown to be
detrimental (164), this observation may not be relevant. Of the known TMD-TMD dimerization
motifs, the leucine zipper-like motif may be the best candidate. This motif follows the heptad
pattern abcdefg where leucine is commonly in the ga..de.ga..de.ga positions and works by creating
“knobs and holes” that readily pack together (190, 194). Additionally, isoleucine, valine,
methionine, and phenylalanine can also be present in these positions. Between the abundant
leucines found in all the DSG TMDs and these other residues, a leucine zipper motif may be
present (Figure 5.7). Furthermore, E-cadherin TMD-TMD dimerization has been shown to occur

via a leucine zipper-like motif and have functional significance for adhesion (72).
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A variety of bacterial-based assays have been developed to test TMD-TMD dimerization,
such as ToxCAT and AraTM (195, 196). In AraTM, GFP expression is coupled to TMD-TMD
dimerization events through the AraC promoter. We have used this assay to produce preliminary
data that Dsglwr dimerizes (not shown). Whether this dimerization occurs through a leucine
zipper-like motif as in E-cadherin or one of the other motifs discussed has yet to be seen. A
mutational analysis would help determine which residues are necessary for dimerization. As it is
unknown whether TMD-TMD dimerization is also involved in raft association of DSG1, using our

Dsglrmp variants in this assay may help reveal this possibility.

5.5.4 Structural TMD motifs

Apart from lipid-binding or TMD-TMD dimerization, motifs can also be involved in
structural aspects of a TMD. For example, a GxxP motif has been shown to promote helix
flexibility and bending due to a lack of stabilizing hydrogen bonds (158, 159). While this motif
can be found in the DSG1 TMD, it is not present in the TMDs of the other desmogleins (Figure
5.7). If significant, it would likely be involved in a DSG1-specific function that does not apply to

the other desmogleins.

5.6 Understanding the contribution of palmitoylation towards desmosomal processes

Here we found that palmitoylation of the Dsgl TMD is not required for raft association of
Dsgl. However, we found slight decreases in desmosome length, and the palmitoylation mutant
did not rescue desmosome function in DSG-null cells as well as Dsglwr. This suggests that
palmitoylation may play an important role in desmosome dynamics. Future work should focus on
determining the role of palmitoylation in desmosome dynamics as well as identifying the palmitoyl

acyltransferase responsible for palmitoylating Dsgl. One possibility is that the long, saturated
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hydrocarbon chain of palmitoyl groups promotes packing among the desmosomal proteins at the
membrane and may help maintain the structure as a raft. Therefore, without this maintenance,
desmosomes remain small and may experience increased turnover rates. A Dsg2 palmitoylation
mutant has been shown to have increased turnover rates compared to wildtype Dsg2 (76).
Increased turnover of Dsglaapa would be expected to have consequences for desmosomal
turnover and affect desmosome length and strength. We can perform protein turnover assays to
determine if overall protein stability is affected as well as endocytosis assays to see if turnover at
the surface is affected by loss of palmitoylation. Additionally, we can perform fluorescence
recovery after photobleaching analyses to see if desmosomal versus non-desmosomal surface
Dsglaapa-GFP shows different behavior compared to Dsglwt-GFP or if desmosomal dynamics
differ between cells expressing each construct. A Dsg2 palmitoylation mutant was also found to
form desmosomes more slowly than wildtype Dsg2 following a calcium switch (76). As our work
was done entirely with cells at steady state, disrupting the system further with calcium switches
would also help to offer some insight into the role of palmitoylation in desmosomal processes.
These experiments would help establish a role for palmitoylation in desmosome dynamics,
but it will also be important to determine how desmosomal proteins, including DSGs, are
palmitoylated. Palmitoylation is carried out by palmitoyl acyltransferases (PAT), of which there
are 23 in humans (79). Possible candidates include ZDHHC13 (81, 82, 197, 198), ZDHHC21 (80),
and DHHC5 (199). Of these, ZDHHC13 and ZDHHC21 are implicated in epidermal
differentiation and integrity, though no studies have specifically linked these with desmosomes.
DHHCS5 has been shown to palmitoylate DSG2 in HeLa cells (199). DHHCS5 has also appeared in
an unpublished BiolD screen using BirA-tagged DSG2 but not DSG3 expressed in A431 cells

(Conway, unpublished) and a BiolD screen using BirA-tagged DP in mouse primary keratinocytes
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(175). As PATSs are promiscuous (79), it remains possible that DSG2 can be palmitoylated by other
DHHC enzymes, and it remains to be seen which PATs palmitoylate the other desmosomal
proteins. To determine which PATs might be good candidates to consider, we collected
localization and expression level information about the PATs in A431 and HaCaT cell lines and
skin tissue from the Human Protein Atlas (Table 5.1). Though information regarding protein level
expression in A431s or HaCaTs was often missing, this revealed that DHHC3, DHHC5, DHHC9,
DHHC20 may be good candidates with several others also being possibilities if they are expressed
at the protein level. siRNA knockdown studies could be used alongside acyl biotin exchange to
determine if loss of PAT expression of one or more of these candidates leads to loss of DSG or
desmosomal protein palmitoylation. Should this identify a particular PAT, further experiments
could be performed to assess how this PAT might be involved in regulating desmosome dynamics.

Table 5.1: Localization and expression of PATs in cultured cells commonly used in
desmosomal studies and skin. Information collected from the Human Protein Atlas (176,

177).

DHHC A431 HaCaT Skin*
isoform Localization RNA | Protein | RNA | Protein | RNA | Protein
DHHC1 Cytosol + + + + + -
DHHC2 Plasma membrane - NA - NA + medium
DHHC3¢} Golgi body + + + NA + | medium
DHHC4 NA + NA + NA + -
DHHC5+ | Plasma membrane, Nucleus | + + + NA + | medium
DHHC6 NA - NA - NA + -
DHHC7 Golgi body + NA + NA + -
DHHCS8 Cytosol, Nucleus + + + NA + -
DHHC9} ER, Golgi body, cytosol + + + + + low
DHHC11 Mitochondria low NA + NA + medium
DHHC11b Mitochondria - - + - + medium
DHHC12 | Nucleus, Keratin Filaments + NA + NA + medium
DHHC13 Vesicles, Golgi body + + + NA + -
DHHC14 Nucleoli, Mitochondria - NA - NA + -
DHHC15 Nucleus, Cytosol - - - - + -
DHHC16 Nucleus, Cytosol + + + NA + -
DHHC17 Golgi body, Vesicles + NA + NA + -
DHHC18 Microtubules + + + NA + -
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DHHC19 NA - - - basal NA
DHHC207 | Vesicles, plasma membrane | + + + NA + low
DHHC21 Golgi body, Cytosol + NA + NA + | medium
DHHC22 Plasma membrane - - - - NA NA
DHHC23 Nucleus + + + NA + NA
DHHC24 Vesicles, Cytosol + NA + NA + low

*Levels in basal and suprabasal keratinocytes. Many DHHC are expressed in other skin cell types.
TDHHCs whose expression levels and localization make them potential candidates for
desmosomal palmitoylators. Of these, DHHC5 has been identified in BiolD screens involving
desmosomal proteins.

5.7 The raft associating mechanism of desmocollins

Little is known about DSCs. Both DSCs and DSGs are required for strong desmosomal
adhesion (18, 19). Mutations in DSC2 have been linked with heart disorders such as
arrhythmogenic right ventricular cardiomyopathy/dysplasia (200). Loss of DSC1 causes epidermal
fragility, abnormal differentiation, and barrier defects in mice (41) while loss of DSC3 in mice
causes skin blistering (43). Mechanistically, DSC2 requires glycosylation to be transported to the
plasma membrane (201), and its transport along microtubules occurs independently of DSG2
(202). At the membrane, DSC3 but not DSC2 heterophilically binds E-cadherin in the absence of
calcium (203), but DSC2 forms calcium-dependent homodimers (108). DSC2 is palmitoylated but
the cysteine residue(s) involved have not been identified (112). Lastly, DSC2 has been shown to
associate with rafts ((49), this work), but the raft-associating mechanism remains unknown. We
anticipate that this mechanism is fairly similar to that of the DSGs.

A similar study to the one conducted here could be performed wherein one designs and
expresses a series of DSCrmp variants in a DSC-null background, such as the uncharacterized
DSC-null A431 cells mentioned above. In our work here, we rarely observed reduced raft
association of DSC2 when Dsgl raft association was reduced. This suggests that the ability of

DSCs to associate with rafts is independent of DSGs and is in line with previous work that shows
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early clustering of Dsc2 during desmosome assembly (108) while Dsg2 initially interacts with E-
cadherin before clustering with Dsc2 (107), although the role of raft association was not addressed
in those studies. In the context of DSC-null cells or DSG-null cells expressing a DSCtmp Vvariant,

it would be very interesting to see whether DSG2 raft association occurs independently of DSC.

- H. sapiens (human) 682 dvrpnvilgrWAILAMVLGSVLLLCILFTCFCVTAkrtvkkcfpe
Iﬁ M. musculus (mouse) €82 dakpniilgkWAILAMVLGSALLLCILFTCFCVITtkrtvkkcfp
ﬂ EBE. taurus (bovine) €83 aalanvilgkWAILAMVLGSVLLLCILFTCFCVTVkktvkkcfpe
§ P. cineresus (koala) €82 ispsnihlgkWAILAMVLGSALLLCVLFTCFCVTTkktvgkcfpe
E P. kuhlii (Kuhl's pipistrelle) 684 aklpnvilgkWAILAMVLGSALLLCALFTCFCVATkrtvkkcipe
g 4. sinensis (Chinese alligator) 684 ragdkfslgvGAILTMILGSLLLLLILITLCGCWGtaavgrevtd
o~ H. sapiens (human) 685 iggggvglgkWAILAILLGIALLFCILFTLVCGASgtskapkvip
Iﬁ M. musculus (mouse) 685 tgyadvrlgpWAILAILLGIALLFCILEFTLVCSVSraskagkilp
ﬂ B. taurus (bovine) 635 tgnrevilgkWAILAILLGIALLFCILFTLVCGATtgadkkpkvf
§ P. cinereus (koala) 679 avypdtrlgtWAILAILLGVALLFCVLFTLVCGIWspskvkkpfp
E P. kuhlii (Kuhl's pipistrelle) 842 tgagdfrlgkWAILAILLGIALLFCILFTLVCGATgaarkpkplp
g A. sinensis (Chinese alligator) €84 ragdkfslgvGAILTMILGSLLLLLILITLCGCWGtaavgrevtd
f? H. sapiens (human) 681 srstgvilgkWAILAILLGIALLFSVLLTLVCGVFgatkgkrfpe
E M. musculus (mouse) 682 srsagitlgkWAILAILLGIALLFSVLLTLVCGVVLarkgkhfpe
'6' B. taurus (bovins) 681 rrsadvilgkWAILAILLGIALLFSILLTLVCGIVsarnkkafpd
E P. kuhlii (Kuhl's pipistrelle) 67% arsagaslgkWAILATILLGLALLSSVLLTLVCGVVgarkkkgfpe
E X. tropicalis (western clawed frog) 677 kkgifaalggWAILVMVLSALLFALLLCGLCACLCgaazatkgkks
Figure 5.8: The DSC TMD is conserved across species. DSC1-DSC3 TMDs (blue) and surrounding
residues in mammals, bird, and reptiles. Kuhl’s pipistrelle is a bird species. Sequences pulled from Uniprot.
Species were kept the same where possible or replaced with something similar when not possible.

Additionally, should further study into the DSG TMD reveal a possible motif or specific
residues that drives raft association of DSGs, such a motif or residue may also be found in DSCs.
Like DSG, the DSC TMD is also well-conserved among mammals, reptiles, and birds, and the
TMDs of DSC1, DSC2, and DSC3 are similar to each other (Figure 5.8). As with the DSG TMD
sequences, we collected a series of DSC TMD sequences from Uniprot (179) and plotted the
frequency of residues in each position using Weblogo (180, 181). We found strong residue
conservation at many positions with greater conservation in the N-terminal half of the TMD versus

the C-terminal half (Figure 5.9). The residue dichotomy towards the C-terminal end is mostly due
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to the inclusion of birds and reptiles. Doing this analysis with only mammalian species results in
nearly full agreement among these residues (indicated by red asterisk in Figure 5.9). In mammals,
C22 is a probable candidate for palmitoylation as it is conserved across DSC1-3 while the exact
positioning of this cysteine is more variable in non-mammalian species. As we observed among
the DSG TMDs, high levels of conservation within each TMD make assessing residues of
importance difficult, however, comparing TMDs to each other brings several positions into focus.
For example, L4, L8, L12, L13, and L17 are conserved across DSC1-3 while L7 and L20 are also
well-conserved in DSC2 and DSC3. Many of the conserved residues are consistent with the

potential motifs mapped in Figure 5.7 and make for additional interesting avenues to explore.
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Flgure 5.9: Residue conservation across DSC TMDs. A) Dsc1 TMD across 111 species. B) Dsc2 TMD across
91 species. C) Dsc3 TMD across 64 species. Red asterisks represent residues typically seen in mammalian
species (DSC1 = 63 species, DSC2 = 71 species, few non-mammalian DSC3 sequences available on Uniprot).
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5.8 The role of raft association in segregation of adherens junctions and desmosomes

The segregation of adherens junctions and desmosomes is driven, in part, by protein-
protein interactions. As discussed in Chapter 1, PG and B-catenin can both bind E-cadherin and
desmoglein, but binding of PG to desmoglein prevents binding of B-catenin, promoting the
exclusion of adherens junction components (106). This mechanism alone is likely insufficient for
complete segregation. Unlike desmosome components, adherens junction components do not
associate with rafts and are unaffected by raft-disrupting agents (50, 204). Furthermore, adherens
junction components are not palmitoylated while desmosome components, with the exception of
DP, are palmitoylated (112). Though palmitoylation alone does not seem to be required for raft
association of desmogleins ((6, 76), this work), unpalmitoylated PKP2 and PKP3 mutants lose raft
association and prevent desmosome assembly (112). Furthermore, inhibiting palmitoylation with
2-bromopalmitate inhibits desmosome assembly without disrupting adherens junctions (112).
Palmitoylation may aid in junction segregation by allowing for the differentiation of classical
cadherins from desmosomal cadherins and for the clustering of palmitoylated components together
and away from non-palmitoylated proteins. In that vein, PKPs have been shown to be important
for clustering of desmosomal cadherins to increase size and stability of desmosomes (83, 86, 89,
90). Thus, PG and PKP work together; while PG initiates segregation by protein-protein
interactions, PKP stabilizes growing desmosomal cadherin oligomers through both protein and
lipid interactions. The desmosomal cadherin oligomers are likely raft-associated at this stage but
require palmitoylated PKP-mediated stabilization to assemble larger complexes. This raft
association is then an additional mechanism meant to further exclude adherens junction

components.



122

A B
Non- 100 -
DRM DRM
123456 7/89/1011 80 -
Calnexin | N — s
14
Flotillin-2 | e Q
X
D) Hcml -----....|
[72]
al Lem| e B el |
% sucrose | HCM LcMm
Figure 5.10: DSG2 raft association is calcium dependent. A) Western
blots of sucrose gradient fractionations show DRM segregation of DSG2
in A431s in high (HCM) versus low calcium media (LCM). Calnexin =
non-DRM marker. Flotillin-2 = DRM marker. B) Quantification of blots
in A. Error bars show standard deviation (n = 2). *p < 0.05

These ideas can be tested in several ways. Overexpression of PKP1 has been shown to
induce the calcium-independent, hyperadhesive state in keratinocytes and even to induce
desmosomal protein clustering in low calcium conditions (89). Identifying other conditions under
which PKP1 overexpression can induce desmosome formation would further show the ability of
PKP to cluster desmosomal components. For example, PKP1 overexpression in the DSG-null cells
may allow for clustering of endogenous DSC2 and even relocalization of DP to cell-cell borders.
If the desmosomal cadherins need PKP1 for stabilization, their clustering may be too transient to
study in the early stages of desmosome assembly. However, the raft-associating state of
desmogleins varies by conditions. Dsg2 and Dsg3 exhibit reduced raft association under low
calcium conditions ((50), Figure 5.10). Therefore, sucrose gradient fractionations following
overexpression of PKP1 in low calcium conditions would show increases in raft association of
desmogleins if PKP1 is able to cluster in these conditions. This could also be done in the DSG-
null cells that express some of the Dsgltmp-GFP variants to see if clustering by overexpressed
PKP1 can overcome or bypass the raft association energy barrier. Alternatively, PKP1
overexpression in classical cadherin-null cells may be able to bypass the need for adherens junction

components. In contrast, PG overexpression cannot induce desmosome formation on its own in
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classical cadherin-null A431D cells (205), suggesting that clustering is not the role of PG. If PKP1
is capable of clustering desmosomal cadherins under these various conditions, further testing with
PKP1 mutants that lack desmosomal protein binding domains or the palmitoylated cysteine would
help determine how PKP functions to cluster desmosomal cadherins.

To then understand the role of palmitoylation in these processes, it will be imperative to
determine how and when desmosomal proteins are palmitoylated. Determining how
palmitoylation occurs has been discussed above but knowledge of where and when is also
unknown. Are desmosomal proteins palmitoylated in both low and normal calcium conditions or
only when calcium is present? Does palmitoylation occur at the plasma membrane or during
trafficking? Do conditions for palmitoylation vary between membrane versus cytoplasmic
desmosomal proteins? Different PATs inhabit different cellular compartments (79), so
determining which PAT(s) palmitoylate each desmosomal protein would give some insight into
location. Comparing palmitoylation levels during low versus normal calcium conditions may also
reveal additional mechanisms for palmitoylation of desmosomal proteins. For example, if
palmitoylation occurs during trafficking, regardless of calcium levels, then it is likely important
for driving membrane localization as is the case for some proteins (206). However, if
palmitoylation occurs in response to increased calcium levels, then it may be part of a mechanism
that stabilizes desmosomal proteins at the cell surface. Pursuing these various directions will help

reveal the segregation mechanism between adherens junctions and desmosomes.

5.8.1 Raft association as a driver of junction segregation
It is possible that similar principles apply to tight junction assembly. Tight junction
components are also raft associated (5) and also require adherens junctions to drive assembly (207,

208). Like the desmogleins and desmocollins, the claudins are palmitoylated (209-211).
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Furthermore, there are overlapping protein-protein interactions between tight junction and
adherens junction components (212, 213). In simple polarized epithelial cells, such as those lining
the intestines, mature junctions are arranged along the basolateral sides of adjacent cells such that
tight junctions are most apical followed by adherens junctions and then desmosomes. An attractive
model is that E-cadherin associates with tight junction and desmosomal components to initiate the
formation of the apical junctional complex, but that this process is followed by the recruitment of
raft lipids and cholesterol into tight junction and desmosome domains to drive the segregation of
the proteins into distinct membrane domains. In this manner, differential raft association would be

a key driver of the overall organization of the apical junctional complex.

5.9 Desmosomes assemble and mediate robust cell-cell adhesion through a hierarchy of
molecular interactions

The work here is another small stepping stone in our endeavor to understand desmosomal
processes and brings into focus the hierarchy of molecular interactions required to generate robust
cell-cell adhesion in tissues. We can add new information to the orchestrated series of interactions
through which desmosomes assemble and think of these interactions as occurring in a hierarchy
(Figure 5.12). At the earliest stage in desmosome assembly, classical and desmosomal cadherins
cluster with cadherins in the opposing cell and with those in the proximal membrane plane (19,
107, 108). Weak adhesion is mediated by individual trans strand-swap dimers between the EC1
and EC2 domains (17, 18). Cytoplasmic, membrane-localized armadillo proteins, including f-
catenin and PG, stabilize nascent cadherin clusters through direct protein-protein interactions (22,
23, 106, 214-217). In the next stage, exclusionary binding among the cadherins and armadillo

proteins as well as protein-lipid interactions drive segregation of DSG-PG complexes away from
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classical cadherin-B-catenin complexes and towards raft-associated DSC clusters (106, 107).

Clusters grow laterally, bringing together more desmosomal cadherins and armadillo proteins,
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Figure 5.11: Strength in numbers: hierarchy of desmosomal interactions. Interactions within assembling
desmosomes build on each other to stabilize the growing complex and create a platform for further growth. Affinity
between individual desmosomal cadherin transdimers multiplied by hundreds of clustered dimers within
desmosomes generate an adhesive interface. Desmosomes along cell borders maintain adhesion between adjacent
cells within tissues and promote mechanical stress-resistance and tissue integrity.
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including PG and PKP. In the last stage of desmosome assembly, DP connects keratin to stabilize
desmosomal clusters (122, 218). Adhesion in a single desmosome is mediated by individual strand
swap dimers between hundreds of desmosomal cadherins on each side of the cell border. Many
desmosomes along a single cell-cell border interlock adjacent cells. When such borders are
multiplied among the many cells in a tissue, the robust adhesive strength of the desmosomes
confers stress-resistance to these tissues. With the integrity of tissues being dependent on this
hierarchy of interactions, mutations in the genes encoding the desmosomal proteins can follow

numerous pathomechanisms to cause disease.

5.10 Beyond cell-cell adhesion: the desmosome as a stable molecular platform

By definition, lipid rafts are transient membrane events, yet desmosomal structures are
highly stable membrane domains. A stable structure is necessary for maintaining strong adhesion
but could also create a cellular locale around which other, non-adhesive mechanisms are
conducted. In this way, the desmosome is both a cell junction that mediates adhesion and a
molecular platform on which many cellular processes depend. This then raises the question of
whether the raftiness of the desmosome is a requirement for it to also be a molecular platform. A
proteomics study on the inner dense and outer dense desmosomal plagues uncovered numerous
proteins with varying functions from cytoskeletal regulators to signaling and RNA-binding
proteins whose localization and even function may be dependent on their association with mature
desmosomes (175). The dependence of these proteins on normal desmosome dynamics was
verified for a subset of hits, including tyrosine phosphatases Ptpn13 and Shp2, the microtubule-
associated protein gephyrin, and the exocyst complex component ExoC4 among others, by

assessing localization changes under DP knockdown conditions; these proteins were mislocalized
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in the absence of DP expression. This finding raises a number of questions. Do these proteins
require localization in the vicinity of the desmosome to function? Alternatively, does localization
in the vicinity of the desmosome prevent their activity? In the absence of desmosomes, such as in
DP-knockdown or DSG-null conditions, would these proteins lose or gain function? To what
extent do non-adhesion proteins like these depend on the desmosome as a raft? Are these proteins
capable of associating with rafts themselves? Sucrose gradient fractionations could be used to
determine if these proteins segregate with DRM fractions and whether such segregation might be
lost in the absence of desmosomes. Should this be the case even for a subset of these molecules,
would they also localize to “non-raft” desmosomes, such as those formed from Dsglscro-GFP?
Such considerations may have consequences for the way we think about the SAM syndrome-
causing DSG1lrmp mutant and other disease-causing mutations in the genes encoding the

desmosomal proteins.

5.11 Final Thoughts and Conclusions

Desmosomes represent an important intercellular junction that also offers unique properties
for the broader study of raft-like membrane domains. Desmosomes are mesoscale domains that
can be identified by both super-resolution optical imaging as well as electron microscopy. At the
same time, desmosomal proteins have been identified as verified lipid raft targeting molecules.
Desmosomes can also be identified within tissues and isolated from tissue homogenates, making
these structures ideal for analysis of raft targeting properties of desmosomal proteins using both
imaging and biochemical approaches. Ongoing studies to understand how raft association of
desmosomal components impacts the ability of desmosomal proteins to cluster and mediate

adhesion will be critical in defining how raft association contributes to the densely packed and
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strongly adhesive nature of the desmosomal junction. Similarly, although keratin linkages are
essential for strong desmosomal adhesion (219-221) we do not yet know how these linkages
influence raft association, or alternatively, how raft association of desmosomal proteins influences
keratin filament organization.

Desmosomes are both morphologically and functionally distinct from adherens junctions.
One key difference is that desmosomes are tightly packed and can achieve a calcium-independent,
hyperadhesive state (222-224). This state is characterized by the appearance of an electron-dense
midline in electron microscopy images and stronger adhesion (223). Though the predominant state
in tissues, the hyperadhesive state is reversible; desmosomes can return to a state of calcium-
dependence for the purpose of wound healing or tissue remodeling (223). Hyperadhesion is
regulated by phosphorylation of DP by PKCa (225, 226). PKC inhibition can even initiate
desmosome assembly in the absence of adherens junctions or calcium (227, 228). Recent work has
shown that PKC inhibition limits desmosomal plaque protein diffusion out of the desmosome,
thereby conferring hyperadhesion and calcium independence (229). Lastly, desmosomal cadherins
have recently been shown by fluorescence polarization to arrange into highly ordered
configurations (230) that presumably contribute to desmosomal cadherin clustering and adhesion,
but we do not yet know how raft association impacts desmosomal cadherin organization within
desmosomes.

In addition to the assembly of the desmosomal membrane domain, it is important to
consider that the relationship between lipid rafts and desmosomes may extend beyond desmosome
dynamics and adhesive functions. Lipid rafts have been shown to impact the processes of
proliferation, migration, apoptosis, and differentiation in keratinocytes (231-235). Desmosomal

components have also been shown to play a role in each of these processes. The signaling
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molecules p38 mitogen-activated protein kinase, Akt, ERK1/2, and EGFR have been found to be
abnormally activated when lipid rafts are disrupted in keratinocytes by methyl-B-cyclodextrin
(mBCD) treatment (93, 232, 235, 236). Similarly, many of the knockout mouse models described
in Chapter 1 have revealed that desmosomal components are involved in regulating important
signaling pathways, including the Wnt (44), EGFR, PI3-kinase/AKT, and NF-«kB signaling
pathways (29). Future studies will be needed to understand how the integration of desmosomal
cadherin adhesion and signaling is achieved and how the association of signaling molecules and

desmosomal components with raft domains impacts this adhesion and signaling network.
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