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ABSTRACT

The plectin-integrin B4 complex plays a pivotal role to maintain the mechanical stability
of hemidesmosomes in keratinocytes. The binding of calcium-calmodulin (CaM) to plectin
isoform 1a contributes to the disruption of the interaction between plectin and integrin
B4 together with the phosphorylation on several sites of integrin B4, which results in the
disassembly of hemidesmosomes during keratinocyte differentiation and migration.
During my PhD thesis, | characterized the interaction between CaM and the actin binding
domain of plectin 1a (P1aABD) by ITC and cross-linking assays, and revealed the
preferable binding of the N-lobe of CaM (CaMy.) to the N-terminal tail of plectin 1a. |
determined the crystal structure of the P1aABD in complex with the N-lobe of CaM to
1.8A resolution and the entire complex construction was completed by SAXS modeling.
The structural analyses show that the disordered N-terminal tail of plectin 1a alters the
conformation to a-helix dependent upon the binding of CaM, which is varied into the

hydrophobic cleft of (CaMy).

To shed light on the detailed mechanism of the disassembly of the P1aABD/integrin B4
complex in hemidesmosomes modulated by the binding of calcium-calmodulin to
plectin, | also solved the crystal structure of the P1aABD/integrin B4 complex. The
dissociation mechanism of the P1aABD/integrin B4 driven by CaM was simulated by
displacement ITC experiments and the superposition of two structures. The results
suggest that CaM binding causes a steric clash against integrin B4 and promotes the
disruption of the plectin-integrin B4 complex. My PhD studies provide the first structural

insight into the hemidesmosome disassembly modulated by calcium-calmodulin.
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1. INTRODUCTION

1.1. Hemidesmosomes

Hemidesmosomes are the junctional complexes that connect epithelial cells (Farquhar &
Palade, 1963). The name of hemidesmosome is originated from the structural similarity
with desmosome: one half of a desmosome that mediates the lateral adhesion of
epithelial cells (Jones et al, 1994). Electron microscope studies on the basal layer of human
epithelial cells found that hemidesmosomes possess electron-dense plaques at one side of
epithelial membranes, unlike desmosomes featuring electron-dense plaques at each side
of membranes where intermediate filament networks are associated (Figure 1.1A)

(Borradori & Sonnenberg, 1996; Green & Jones, 1996).

Figure 1.1. (A) Electron micrograph of the basal layer of human epidermis, showing the
structural difference between desmosomes (D) and hemidesmosomes (HD), modified from
the work of (Green & Jones, 1996). Scale bar: 500 nm. (B) Electron micrograph of thebasal
layer of a human keratinocyte. Abbreviations are the followings; IF: intermediate filaments, LL:
lamina lucida, HD: hemidesmosome, LD: lamina densa, AF: anchoring filaments, AFb:
anchoring fibrils, Col: collagen fibers. Scale bar: 100 nm. The figure was reproduced from

(Borradori & Sonnenberg, 1999)



Hemidesmosomes play a role in establishing a firm attachment of epithelial cells to the
underlying basement membrane by connecting extracellular matrix proteins to
intermediate filaments in epithelial cells (Jones et al, 1994). Hemidesmosomes are closely
located onto the sub-basal plate in the lamina lucida of the basement membrane, which is
connected to the lamina densa via the anchoring filaments. Anchoring fibrils in the dermis
are associated with lucida densa in the basement membrane (Figure 1.1B) (Borradori &
Sonnenberg, 1999; Jones et al, 1998). Hemidesmosomes maintain the stable architecture
for the integrity of epithelial cells; however, this function is dynamically regulated upon
responding to the signals for cell differentiation, migration, or wound healing (Litjens et al,

2006).

1.2. Hemidesmosome assembly

Hemidesmosomes are the multi-protein complexes, which components are largely
classified into three categories: the cytoplasmic proteins, the transmembrane proteins,
and extracellular proteins (Figure 1.2) (Green & Jones, 1996). The cytoplasmic part of
hemidesmosomes comprises BP230 and plectin, which connect the intermediate filament
network to hemidesmosomes. BP230 (bullous pemphigoid antigen 230) was originally
characterized as the 230 kDa antigen protein that is targeted by auto-antibodies in bullous
pemphigoid (a skin blistering disease caused by an auto-immune disorder) (Stanley et al,
1988). BP230 is involved in the hemidesmosome architecture; the C-terminal domain
interacts with keratin intermediate filaments and the N-terminal domain binds to the
transmembrane components of hemidesmosomes (BP180 and integrin a6p4). Plectin is a
cytoskeletal linker protein connecting different elements of cytoskeletons, expressed in a

variety of mammalian cells.
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Figure 1.2. (A) Junctional complexes that connect epithelial cells. (B) Schematic illustration of
the hemidesmosome, showing hemidesmosomal components in three categories:
extracellular protein (laminin-322), transmembrane proteins (BP180 and integrin a6$4), and

cytoplasmic proteins (plectin and BP230). The figure was modified from (Litjens et al, 2006).

The N-terminal globular part of plectin, including the actin binding domain and the plakin
domain, interacts with the cytoplasmic domains of integrin B4, and the C-terminal part
binds to intermediate filaments such as cytokeratins (Rezniczek et al, 1998; Wiche et al,
1982). The transmembrane part of hemidesmosomes comprises BP180 and integrin a6p4.
BP180 is also identified as a target antigen of bullous pemphigoid, which has a large
extracellular domain containing 15 collagenous subdomains (Giudice et al, 1992). The
cytoplasmic part of BP180 is known to interact with integrin a6B4 (Borradori et al, 1997).
The a6B4 integrin heterodimer is a principal constituent of the hemidesmosome assembly

(Stepp et al, 1990). It serves as a transmembrane receptor for laminin-332, previously
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termed laminin-5 consisted of three subunits (a3, B3, and y2) (Aumailley et al, 2005), to
mediate hemidesmosome formation and plays a role in the stable assembly of
hemidesmosomes (Baudoin et al, 2005). The cytoplasmic part of B4 integrin associates
with plectin and BP230. The extracellular proteins consist of laminin 322 and type IV
collagen. Laminins are the heterotrimeric glycoproteins mainly found in basement
membrane. Laminin-322 is a major ligand of the integrin a6B4 and the interaction is
essential for the stable adhesion of hemidesmosomes. It also supports the keratinocyte
motility. During the wound healing of the epidermis, the laminin-322 synthesis is up-
regulated and the keratinocyte starts to migrate via the interaction with integrin a3p1

(Goldfinger et al, 1999).

1.2.1. Plectin

Plectin is one of the cytoplasmic components of hemidesmosomes, interacting with
integrin B4 to maintain the mechanical stability of hemidesmosomes. It was named
according to preliminary studies on the cytoskeletal network formation, meaning a net or
a mesh in Greek (Wiche & Baker, 1982). Plectin is a cytoskeletal linker protein that
connects different cytoskeletal elements (actin filaments, intermediate filaments, and
microtubules), and co-localized with cytoskeleton attachment sites including
hemidesmosomes, desmosomes, Z-disks in sarcomere, and focal adhesions. Plectin has a
large molecular weight that ranges from 499 kDa to 533 kDa according to the isoform
variation and a multi-domain structure; the central rod domain (~200 nm long) is flanked
by N and C-terminal domains, which is shown as a dumbbell-like shape under electron
microscopy (Figure 1.3) (Foisner & Wiche, 1987). Plectin plays an essential role in
maintaining the structural integrity of skin, skeletal muscle, and heart; plectin (-/-) mice
die 2-3 days after birth showing extensive epithelial detachment caused by keratinocyte
degeneration and the loss of myofibril integrity in skeletal and heart muscle (Andra et al,

1997).
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Figure 1.3. Negative staining electron
micrographs of plectin oligomers, exhibiting
dumbbell-like structure of purified plectin
molecules. Scale bar: 100 nm. The figure was

modified from (Walko et al, 2011)

1.2.1.1. Domain structure of plectin and its molecular interactions

Most interactions of plectin are accomplished by N and C-terminal domains. The N-
terminal domain is largely consisted of two domains: the actin-binding domain and the
plakin domain. The actin-binding domain (ABD), encoded by exon 2-8, comprises a tandem
pair of calponin homology domains (CH1 and CH2) and is located close to the N-terminus
of plectin (Figure 1.4) (Fuchs et al, 1999). The sequence alignment results show that the
sequence of plectin actin-binding domain has a high similarity with other cytoskeletal
proteins like dystonin, B-spectrin, and dystrophin (Fuchs et al, 1999). In addition to the
actin-binding function, the actin-binding domain interacts with other proteins such as
vimentin (Sevcik et al, 2004) and integrin B4 (Rezniczek et al, 1998). Some binding partners
of the actin-binding domain regulate the actin-binding property. Phosphatidylinositol-4,5-
bis-phosphate (PIP;) binds to plectin actin-binding domain, regulating its binding to F-actin
(Andra et al, 1998). The integrin B4 binding to plectin actin-binding domain prevents the
association of F-actin with plectin actin-binding domain (Geerts et al, 1999). The plakin
domain, encoded by exon 9-30, is consisted of nine spectrin repeats (SR1-9) and the Src-

homology 3 domain (SH3) is inserted into the middle of spectrin repeats (SR5) (Figure 1.4)
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(Jefferson et al, 2007). The plakin domain is also involved in the interaction with integrin

B4 (Koster et al, 2003).

N-terminal C-terminal

Plectin Plakin Domain Rod ) B)y=B)=B)=B)=B)=C)

Plakin Repeat Domains

ABD Plakin domain

SR2 ;. .- SR3 IR4 SR5 ¢

Figure 1.4. Schematic domain structure of plectin. Plectin can be divided into three parts: two
globular N and C-terminal domains, flanked by the coiled-coil rod domain. The N-terminal
domain contains the actin binding domain (ABD) and the plakin domain. The ABD is consisted
of two calponin homology domains (CH1 and CH2), and the plakin domain comprises nine
spectrin repeats and Src homology 3 domain. The C-terminal domain contains six plectin
repeat domains (PRDs) composed of the plectin module flanked by two short linkers. The
figure was modified from (Ortega et al, 2011) and (http://xtal.cicancer.org/research.html).

The C-terminal domain is mainly responsible for the interaction with intermediate
filaments. The intermediate filament binding site of plectin is located between the C-

terminal repeats 5 and 6, which was mapped to a stretch of approximately 50 amino acids
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as a binding site for vimentin (Nikolic et al, 1996). In addition, the interaction with several
kinds of intermediate filament proteins were identified including glial fibrillary acidic
protein (GFAP) (Foisner et al, 1988), desmin (Reipert et al, 1999), and type | and Il
cytokeratins (Geerts et al, 1999). The central rod domain of plectin is an a-helix, forming
anti-parallel coiled-coil homodimers and higher order oligomers by the lateral adhesion of

plectin dimers (Foisner & Wiche, 1987; Walko et al, 2011).

1.2.1.2. Isoform diversity of plectin

The alternative splicing of 5’-end of the plectin gene produces a total of 16 exon variants
(Figure 1.5), including eight kinds of first exons (1, 1a, 1b, 1c, 1d, 1e, 1f, and 1g), six non-
coding first exons (0, Oa, -1, 1h, 1i, and 1j), and additional two exons (2a and 3a) spliced

within the actin-binding domain of plectin (Fuchs et al, 1999).

Figure 1.5. Schematic illustration of alternative splicing of 5’-end of the plectin gene, showing
that 11 kinds of first exons are spliced into a common exon 2 and additional two exons (2«

and 3a) are spliced within plectin ABD. The figure was modified from (Fuchs et al, 1999).
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Eleven of these are spliced into exon 2, generating isoform specific N-terminal sequences,
which determine the tissue specific distribution of individual plectin isoforms, for example,
plectin 1a is mostly expressed in epithelial tissues like small intestine and skin whereas
plectin 1d is exclusively found in skeletal and cardiac muscles (Fuchs et al, 1999). Its
subcellular localization is also dependent on N-terminal sequences. There are four
identified isoforms (plectin 1, 1b, 1d, and 1f) in myofibrils; nevertheless they are
respectively associated with outer nuclear membrane, mitochondria, Z-disk, and
costameres (Konieczny et al, 2008; Rezniczek et al, 2007). In addition, the
hemidesmosomal defect in plectin (-/-) keratinocytes is restored by the overexpression of
plectin 1a, not by plectin 1c, which is co-localized with microtubules in keratinocytes

(Andra et al, 2003).

1.2.1.3. Human diseases related to plectin

Epidermolysis bullosa simplex combined with muscular dystrophy (EBS-MD) is the first
identified disease, which is related with mutations of the human plectin gene (PLEC)
(Chavanas et al, 1996). All EBS-MD patients suffer from the skin blistering from early
childhood, whereas the progress of skeletal muscle weakness is relatively slow; most EBS-
MD patient noticed the muscle weakness in twenties (Fine et al, 1991). Epidermolysis
bullosa (EB) is an inherited disorder of the epithelial basement membrane, which can be
largely divided into three categories based on the location where blisters occur (Eady &
Dunnill, 1994). Epidermolysis bullosa simplex (EBS) is one of EB types that blisters develop
at the level of the basal keratinocytes where hemidesmosomes are located (Fine et al,
1991). Various autosomal recessive mutations (at least 25 independent cases) were
identified at most sites of the plectin gene, causing EBS-MD (Rezniczek et al, 2010). In
contrast, EBS-Ogna is the EBS without muscle dystrophy, caused by an autosomal
dominant mutation (heterozygous C-T transition at cDNA position 5998) on the plectin

gene (Koss-Harnes et al, 2002; Koss-Harnes et al, 1997). In result, the Ogna mutation leads
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to the Arg2000Trp substitution in central rod domain, which makes pletin vulnerable to

the proteolytic degradations by calpains and other proteases in epidermis (Walko et al,

2011).

1.2.1.4. Structure and function of plectin actin-binding domain

The actin-binding domain (ABD) of plectin contains two conserved calponin homology
domains (CH1 and CH2) in tandem. All reported ABDs share the function, binding to F-
actin with 5-50 uM of the dissociation constant (Ky). Each CH domain has a distinct role;
CH1 is able to interact with F-actin by itself while CH2 is not (in cases of a-actinin, B-

spectrin, dystophin, and utrophin).

Figure 1.6. Structure of the calponin homology (CH) domain from human (-spectrin. The CH
domain is composed of four major a-helices (4, C, F, and G) and three minor helices (B, D, and
E). The figure was generated using the coordinates in PDB(1AA2) (Djinovic Carugo et al,
1997). The helix annotations are different from the original work since the figure was

produced using different program, PyMOL.
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When CH1 binds alone, the affinity is 10-fold lower than entire ABD, demonstrating the
cooperative role of CH2 in F-actin binding (Way et al, 1992). The calponin homology
domain consists of four main helices (A, C, E, and G) and three short minor helices (B, D,
and F) (Figure 1.6) (Djinovic Carugo et al, 1997). Biochemical and structural studies found
that there are three actin-binding sites mostly consisted of hydrophobic residues (ABS1, 2,
and 3) in actin-binding domains; ABS1 is located at the A-helix of CH1 and ABS2 comprises
F and G helices in CH1, whereas CH2 contains ABS3 at the first helix (Bresnick et al, 1990;
Levine et al, 1990) (Figure 1.7).

Figure 1.7. (A) The amino acid sequence of plectin ABD is aligned with utrophin, dystrophin,
and fimbrin and B-spectrin ABDs. Actin-binding sites are depicted as ABS1, 2, and 3. The
figure was reproduced from (Garcia-Alvarez et al, 2003). (B) Three actin-binding sites are
shown in magenta on the structure of plectin actin-binding domain (PDB:1MB8) (Garcia-

Alvarez et al, 2003). CH1 domain contains ABS1 and ABS2, and CHZ domain comprises ABS3.
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The structures of human and mouse plectin actin-binding domains were determined by X-
ray crystallography (Garcia-Alvarez et al, 2003; Sevcik et al, 2004). Plectin actin-binding
domain shows the similar actin binding affinity like other reported actin-binding domains
(22.3 uM of Ky) (Garcia-Alvarez et al, 2003). The structural studies on actin-binding
domains have shown that actin-binding domains can adopt either open or closed
conformations; the crystal structures of utrophin and dystrophin actin-binding domains
were found in an open conformation, while actin-binding domains of plectin, a-actinin,
and fimbrin exhibit a closed conformation. Plectin, a-actinin, and fimbrin actin-binding
domains change the conformation upon the F-actin binding, leading to a relaxation of the
CH1-CH2 interaction (Galkin et al, 2010; Moores et al, 2000). The structure of plectin CH1
shows a high similarity with utrophin and dystrophin (the root-mean-square deviation of
0.43 and 0.50 A over equivalent 47 Ca atoms in CH1, respectively) and CH2 is also in good
agreement with other actin-binding domains like B-spectrin and utrophin (Garcia-Alvarez
et al, 2003). One notable feature of plectin actin-binding domain is that it contains an
addition helix encoded by exon 2a after A-helix of CH1, which contributes to a higher
affinity to F-actin than other actin-binding domain variants lacking exon 2a (Fuchs et al,
1999). The plectin isoforms containing exon 2a are dominant in heart and skeletal muscles,
suggesting the role of the exon 2a insertion to modulate the actin binding capacity in

those tissues.

1.2.2. Integrin o634
1.2.2.1. Integrins

Integrins are hetero-dimeric receptors for cell adhesion to extracellular matrix proteins,
consisting of non-covalently associated a and B subunits; 18 a chains and 8 B chains have
been identified so far, which form 24 functional pairs (Figure 1.8) (Clark & Brugge, 1995;
Hynes, 2002; Schwartz et al, 1995).
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- Figure 1.8. The integrin receptor
{ Collagen receptors I Leukocyte-specific
receptors diversity. The figure demonstrates

possible combinations of 18 a and 8

@ subunits, generating 24 integrin
@ @ heterodimers, which can be classified
into 4 families: RGD, collagen, laminin,
and leukocyte-specific receptors. The
figure was modified from (Hynes,

2002)

Each integrin pair has a specific function and shows ligand specificity. Integrins are
transmembrane glycoproteins that function as a mechanical linker between extracellular
matrix and cytoskeletons. The cytoplasmic parts of integrins are linked to actin filaments
except integrin a6B4 that connects to intermediate filaments (Tamura et al, 1990). In
addition to the function for the linkage between extracellular matrix and cytoskeletal
networks, integrins transduce a variety of signals, modulating many aspects of cell
behavior including proliferation, survival, apoptosis, shape, polarity, motility, gene
expression, and differentiation (Figure 1.9) (Hynes, 2002; Shattil et al, 2010). As depicted
in Figure 1.9, there are two directions of integrin signaling. When extracellular ligands
bind to integrins, it leads to the conformational change or clustering of integrins,
consequently, transmitting signals from the extracellular matrix into the cell. This
mechanism is called ‘outside-in’ integrin signaling (Schwartz et al, 1995; Shattil et al, 2010).
For example, the activation of leukocytes is regulated by adhesion to the extracellular
matrix. Secretion of cytokines such as IL-1B in monocytes is stimulated by integrin-
mediated adhesion of integrins with antibodies (Pacifici et al, 1992). Differentiation and
gene expression are regulated by the contact with extracellular proteins in many cell types

(Schwartz et al, 1995).
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Figure 1.9. There are two directions of integrin signaling: ‘inside-out’ and ‘outside-in’. The
figure exhibits that ligands can bind to either the cytosolic domain or the extracellular domain
of integrins, causing bidirectional integrin signaling. The figure was modified from (Shattil et

al, 2010)

The ‘inside-out’ integrin signaling is caused by the binding of cytosolic activators like talin
and kindlin to cytosolic domains of integrins (Moser et al, 2009). For example, talin binds
to the cytoplasmic domain of the B-integrin subunit, and activates f1 and B3 integrins
(Tadokoro et al, 2003). Two point mutations (Y747A and L746A) in the B3 integrin tail
prevent the interaction with talin. Mice harboring these mutations are defective in the
alllB3 integrin activation (abundantly present in platelets) and resistant from thrombosis,
proving that the ‘inside-out’ signal by talin binding is required for the alllB3 integrin

activation (Petrich et al, 2007).
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1.2.2.2. Integrin domain structures and the interactions

Each subunit of integrin can be divided into three parts: a large extracellular segment
(~1000 residues for a and ~750 residues for B), a transmembrane segment, and a short

cytoplasmic C-terminal tail (~50 residues) (Figure 1.10A).
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Figure 1.10. (A) Schematic presentation of the integrin axf2 structure. The figure was
modified from (Campbell & Humphries, 2011). (B) The crystal structure of the extracellular
segment of integrin aVB3. The extracellular part of aV subunit consists of a 3-propeller (with
seven blades), a thigh, and two calf domains (calf 1 and 2). The extracellular part of 33 subunit
comprises a A domain, a hybrid domain, a plexin-semaphorin-integrin (PSI) module, four
epidermal growth factor (EGF) modules, and a -tail domain (BTD). The figure was modified
from (Xiong et al, 2001).
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The crystal structure of the extracellular segment of integrin aVB3 was solved in a ‘bent
and closed’ conformation (Figure 1.10B) (Xiong et al, 2001). In that conformation, ligands
like fibronectin can bind to integrin aVB3; the RGD (Arg-Gly-Asp) motif of fibronectin binds
into the crevice between the B-propeller and BA domains on the integrin head (Xiong et al,
2002). The ligand binding induces the ‘outside-in’ activation of integrin aV3, releasing a
‘deadbolt’, the elongated CD loop of BTD that locks the a7 helix of BA-domain in a bent
conformation, and then it changes to an ‘extended and open’ conformation (Xiong et al,
2003). The structure of the complex of allbf3 transmembrane helices in an inactive state
was solved by NMR, showing that the complex is stabilized by glycine-packing within the
outer membrane leaflet and by electrostatic and hydrophobic interactions in the inner
membrane leaflet (Figure 1.11A) (Lau et al, 2009). Together with the structural study on
the B3-cytoplasmic tail/talin F3 complex (Wegener et al, 2007), these results suggest that
talin F3 binding induces the dissociation of transmembrane helices of integrin allbf3 and

transduces the ‘inside-out’ signal (Figure 1.11B).
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Figure 1.11. (A) Structure of the integrin allbf3 transmembrane complex. (B) The proposed
model of the ‘inside-out’ integrin signaling by talin F3 binding. The figures were modified

from (Lau et al, 2009).
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1.2.2.3. Integrin a6p4

The a6 subunit can associate with either 1 or B4; however, a6 preferentially binds to B4
in many epithelial cells (Hemler et al, 1989) and integrin a6B4 is specifically located at the
hemidesmosomes (Sonnenberg et al, 1991; Stepp et al, 1990). The B4 subunit has an
exceptionally long and unique cytoplasmic domain (more than 1000 residues), providing
the function for the interaction with the intermediate filaments, which differ from other
integrins usually associated with actin filaments (Suzuki & Naitoh, 1990; Tamura et al,
1990). The essential role of a6B4 in hemidesmosomes has been demonstrated by several
functional studies (Georges-Labouesse et al, 1996; Vidal et al, 1995). The absence of B4
causes junctional epidermolysis bullosa, one type of epidermolysis bullosa that blisters
occur within basement membranes due to the lack of functional hemidesmosomes (Eady
& Dunnill, 1994; Vidal et al, 1995). In addition, the lack of a6 also leads to the severe skin
blistering and neonatal death in mice (Georges-Labouesse et al, 1996). Integrin a6p4 is the
receptor for several laminins, major components of the basement membrane (Lee et al,
1992). Particularly, laminin-322 (previously termed laminin-5) plays a role in the formation
and stabilization of hemidesmosomes (Baker et al, 1996). The interaction of integrin a6p4
with plectin is crucial for the stable assembly of hemidesmosomes. Two different
mutations (Arg1225His and Arg1281Trp) in the second fibronectin type Ill domain, found
in patients with non-lethal form of epidermolysis bullosa, interfere the interaction with

plectin (Koster et al, 2001).

1.2.2.4. Structure of the fibronectin type Ill domain

The cytoplasmic part of B4 subunit is consisted of two pairs of fibronectin type Il (FN-III)
domains separated by the connecting segment (Suzuki & Naitoh, 1990). Fibronectin type
Il domains (~90 residues) are found in many proteins including adhesion molecules,

cytokine receptors, and extracellular matrix proteins. One of the well-known functions is
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that the RGD (Arg-Gly-Asp) motif in several FN-IIl domains binds to RGD integrin receptors,
which mediates numerous cell adhesion processes such as thrombosis and inflammation
(Ruoslahti & Pierschbacher, 1987). The fibronectin type Ill domain has a conserved -
sandwich fold, consisted of two B-sheets enclosing a hydrophobic core; one with three
strands (A, B, and E) and another with four strands (C, C’, F, and G) (Figure 1.12) (Leahy et
al, 1992).

A

Figure 1.12. (A) Schematic diagrams of the fibronectin type Il domain from human integrin
4. (B) The structure shows a 3-sandwich fold, composed of two (3-sheets: one is consisted on
A, B, and E B-strands, another comprises C, C’, F, and G (-strands. The figure was generated
from the structure of the second fibronectin type III domain of integrin 4 using PDB (1QG3)
(de Pereda et al, 1999).

The crystal structure of a tandem pair of fibronectin type Ill domains from the B4 subunit
shows that two FN-IlIl domains of the B4 integrin are quite similar (root-mean-square
deviation of 1.3 A over 58 Ca atoms) and lacking the RGD sequence in the F-G loop (de
Pereda et al, 1999). The crystal structure of the integrin B4 fragment in complex with
plectin 1c actin-binding domain was determined, demonstrating the structural basis of the

interaction (de Pereda et al, 2009). The crystal structure exhibits that two residues
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(Arg1225 and Arg1281), mutated in patients with epidermolysis bullosa, are critical for the
interaction with plectin actin-binding domain, making salt bridges respectively with plectin
Asp155 and Glu95. The interaction studies show that the connecting segment (CS) plays a
role in the binding to plectin actin-binding domain; the mutant lacking the connecting
segment shows a weaker affinity than other constructs having a partial connecting

segment (de Pereda et al, 2009).

1.3. The plectin/integrin 4 complex in hemidesmosomes and its regulation by

phosphorylation

Although hemidesmosomes are adhesive protein complexes mediating the firm
attachment of the basal layer of epithelial cells to underlying basement membrane,
hemidesmosomes are regulated since their components are rearranged when cells detach
from the basement membrane during processes such as cell migration or differentiation.
(Litjens et al, 2006). There are two binding sites between plectin and integrin B4. The first
binding interface of the plectin/integrin a6B4 complex is established between plectin
actin-binding domain and the first pair of fibronectin type Ill domain including the N-
terminal part of the connecting segment (Figure 1.13) (Geerts et al, 1999; Rezniczek et al,
1998), which is sufficient for the localization of a6B4 in hemidesmosomes (Niessen et al,
1997). The phosphorylation of three serine residues (Ser1356, Ser1360, and Ser1364)
located in the connecting segment, induced by protein kinase A and C (PKA or PKC) under
epidermal growth factor (EGF) stimuli, causes the partial disassembly of hemidesmosomes
in keratinocytes (Rabinovitz et al, 2004; Wilhelmsen et al, 2007). Additionally it was found
that only two serine residues (Ser1356 and Ser1364) are phosphorylated by extracellular
signal regulated kinases (ERK) 1/2 and p90 ribosomal s6 kinases (p90RSK) 1/2 under PMA
and EGF stimuli, leading to the destabilization of the integrin B4 binding to plectin (Frijns
et al, 2010).

25



ERK1/2
+
p90RSK1/2

o NN %"'-QDQQVBDDM
Autoimlihition

l‘r Ca?*/Calmodulin

CaZ+ U
calmodulin

T Y Y o TV VH———

* F-actin

Figure 1.13. Putative model for the hemidesmosome disassembly driven by the
phosphorylation on integrin 4 and the binding of calmodulin to plectin. The phosphorylation
on Thr1736 disrupts the interaction with the plakin domain of plectin (2nd site), and the
additional phosphorylation on Ser1356 and Ser1364 prevents the binding with plectin ABD
(1st site). CaM binding to plectin ABD contributes the disassembly along with the
phosphorylation on integrin 4. The figure was modified from (Frijns et al, 2012).

The second interfacing site is between the plakin domain of plectin and loop regions of
integrin B4 including the C-terminal part of the connecting segment and the C-terminal tail
(Figure 1.13) (Geerts et al, 1999; Koster et al, 2004; Rezniczek et al, 1998). Thr1736
residue in the C-terminal tail is phosphorylated by PKD1, which is a downstream event of

PKC and EGF receptor activation. The phosphorylation on Thrl736 prevents the
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interaction between the plakin domain of plectin and the C-terminal tail of integrin B4
(Frijns et al, 2012). The integrin B4 binding to plectin is strictly regulated by the
phosphorylation on aforementioned serine residues in the connecting segment and
Thrl736 in the C-terminal tail, which respectively diminish the interaction with plectin

actin-binding domain and plectin plakin domain.

1.4. Calmodulin regulation of the plectin/integrin B4 complex

Calcium-calmodulin regulates the binding of plectin to integrin B4 in an isoform-specific
manner (Kostan et al, 2009). Among three plectin isoforms (1a, 1c, and 1f) tested, calcium-
calmodulin only binds to plectin isoform 1a that is specifically present in
hemidesmosomes (Andra et al, 2003). Calmodulin binding to plectin 1a actin-binding
domain (plectin 1aABD) reduces the binding affinities of plectin 1aABD with integrin B4
and F-actin, demonstrating that calmodulin also regulates the plectin/integrin B4
interaction together with the phosphorylation and contributes the hemidesmosome

disassembly.

1.4.1. Calmodulin

Calmodulin (CaM) is a cytosolic calcium chelating protein (148 amino acid residues) that
modulates a plenty of calcium-dependent cellular processes upon binding to its partners.
The calcium concentration in cytosol is maintained at 0.1 uM. When the cytosolic calcium
concentration is approximately 100-fold increased upon stimuli such as inositol-1,4,5-
triphosphate (InsP3) or cyclic ADP-ribose (Berridge, 1993; Galione & White, 1994),
calmodulin binds four calcium ions with high affinity (K4 of 1~10 uM) (Crivici & lkura, 1995).
Calmodulin is ubiquitously present in eukaryotic cells and more than hundred binding

partners have been reported. Functions of calmodulin binding partners are modulated by
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calmodulin binding, for examples, myosin light chain kinases, brain adenylate cyclase,
ATPase, and Ca”* pump of erythrocyte membrane (Crivici & lkura, 1995). Calmodulin
possesses two similar lobes: N-terminal and C-terminal lobes. The calcium binding affinity
of each lobe is different; C-lobe (Ky: ~0.2 uM) exhibits a 10-fold higher affinity than N-lobe
(Kq: ~2 uM), causing that calcium first binds to the C-lobe and subsequently to the N-lobe
(Potter et al, 1983; Yazawa et al, 1987). Calcium binding to each lobe of calmodulin
independently occurs; however, calcium binding to each lobe becomes co-related in the
presence of the binding partner. Calcium binding to the C-lobe leads to the cooperative
calcium binding to N-lobe; consequently, the calcium binding affinity of calmodulin is
increased (Yazawa et al, 1987). Due to the cooperation between two lobes, calmodulin

can activate many cellular signals at very low calcium concentration.

1.4.2. Various conformations of calmodulin

Two lobes of calmodulin (N and C terminal lobes) are separated by a linker (76-84
residues), and each lobe comprises a pair of EF-hand (helix-loop-helix) motif (Babu et al,
1985). The conformational change of calmodulin upon calcium binding was measured by
several methods such as small angle X-ray scattering (SAXS) and circular dichroism (CD)
spectroscopy. The SAXS studies reveal that calcium-calmodulin shows 21.3 A of Rg (radius
of gyration) and 63 A of Dpax (maximum distance), calculated by pair distribution functions,
whereas apo-calmodulin (calcium-free calmodulin) exhibits 19.6 A of Rg and 59 A of Diay,
indicating that a conformational change caused by calcium binding leads to the increase of
the overall shape of calcium-calmodulin compared to apo-calmodulin (Heidorn &
Trewhella, 1988). The circular dichroism analyses show that the a-helical content is
increased when calcium binds (Klevit et al, 1985). The high resolution structures of apo-
calmodulin and calcium-calmodulin were respectively solved by NMR and X-ray
crystallography, revealing the conformational change of calmodulin in detail triggered by

calcium binding to each EF-hand motif (Babu et al, 1985; Kuboniwa et al, 1995).
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Figure 1.14. Conformational change of calmodulin upon Ca2+ binding. (A) Four helices are
tightly packed in each lobe of apo-calmodulin. The figure was generated using the PDB (1CF(C)
worked by (Kuboniwa et al, 1995). (B) Calcium-calmodulin shows an extended conformation,
exposing the hydrophobic core of each lobe. Calcium ions are shown as magenta spheres. The

figure was generated using the PDB (3CLN) (Babu et al, 1988).

As shown in Figure 1.14A, apo-calmodulin contains two globular lobes separated by a
flexible linker and each domain is consisted of tightly packed four anti-parallel a-helices.
The hydrophobic residues, which are responsible for the binding to partners, are varied,
exhibiting a closed conformation; calmodulin possesses nine methionine residues (6.1%)
comprising the hydrophobic core and generating strong van der Waals interactions with
binding partners (Crivici & lkura, 1995). On the contrary, calcium-calmodulin shows a
dumbbell-like extended conformation, exposing the hydrophobic core (Figure 1.14B). Each
EF-hand motif contains one calcium ion and the inter-lobe linker adopts a helical
conformation. The interlobe linker varies in rigidity and length, enabling to accommodate
the different conformation of calcium-calmodulin upon binding to various binding

partners.
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1.4.3. Target recognition of calmodulin

The binding of calmodulin to target proteins induce an additional conformation change of
calcium-calmodulin. The initial conformational change occurs upon calcium binding as
mentioned above. The second conformational change is caused by anchoring to
hydrophobic residues in an a-helix of the binding partner, meaning that the conformation
varies based on the arrangement of hydrophobic residues in binding partners (Hoeflich &
Ikura, 2002). Such an adaptive conformation of calmodulin is granted by largely two
factors. First, calmodulin can adopt different conformations due to the flexibility of the
interlobe linker (Heidorn & Trewhella, 1988). The second factor that affects the
conformational flexibility is the adjustment of the flexible and hydrophobic methionine
residues in each lobe for the binding. The calmodulin recognition motif can be classified
based on the positions of two major hydrophobic residues that anchor to each lobe such
as 1-10, 1-14, 1-16, and 1Q (isoleucine and glutamine) motifs (Rhoads & Friedberg, 1997).
These motif groups can be divided into subgroups, considering additional hydrophobic
residues in the middle. For examples, the 1-14 motif class comprises the 1-5-8-14 motif,
characterized for calcineurin and skeletal muscle myosin light chain kinase (skMLCK) and
the 1-8-14 motif, found in smooth muscle myosin light chain kinase (smMLCK) and

caldesmon (Rhoads & Friedberg, 1997).

1.4.4. Calmodulin complexes

A number of structures of calmodulin in complex with binding partners were determined
and calmodulin conformations can be largely classified into two types: collapsed and
extended conformations (Vetter & Leclerc, 2003). Figure 1.15 shows some examples of

adaptive conformational changes of calcium-calmodulin.
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Figure 1.15. Calmodulin in different conformations. Calmodulin changes the conformation

upon binding to partners; the left panel shows collapsed conformations with peptides from

calmodulin-dependent protein kinase II (CaMKII), calmodulin-dependent protein kinase

kinase (CaMKK), and smooth muscle myosin light chain kinase (smMLCK), and the right panel

displays extended conformations of CaM with the CaM binding domain (CaMBD) of small

conductance Ca?*-activated K+ channel and oedema factor (EF, calmodulin-activated adenylyl

cyclase). The figure was modified from (Hoeflich & Ikura, 2002).

The collapsed conformation is found in many calmodulin/peptide complexes such as

calmodulin/calmodulin dependent protein kinase Il (CaMKIl),
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dependent protein kinase kinase (CaMKK), and calmodulin/smooth muscle myosin light

chain kinase (smMLCK).

In a closed conformation, the interlobe linker, shown as an a-helix in the crystal structure
of calcium-calmodulin, is divided into two short helices or becomes disordered, enabling
two lobes to form a hydrophobic channel and to engulf the target peptides. In the case of
the calmodulin/melittin (venom peptide) complex, apo-calmodulin and calcium-
calmodulin show respectively 19.46 A of R; and 20.17 A of R; whereas the
calmodulin/peptide complex exhibits 18.01 A of Rg, indicating that the overall shape of the
complex is more compact than apo-calmodulin and calcium-calmodulin (Kataoka et al,
1989). The calmodulin binding with a 1:1 stoichiometry in a collapsed conformation is

called a ‘canonical binding’ of calmodulin (Hoeflich & Ikura, 2002).

An extended conformation of calmodulin means that calmodulin exhibits a similar
extended conformation as the crystal structure of calcium-calmodulin; however, the
interlobe linker is disrupted as found in a closed conformation. The binding of calmodulin
in an extended conformation seems to have more possible ways for the interactions. As
shown in Figure 1.15, the calmodulin forms active tetrameric complex with the calmodulin
binding domain (CaMBD) of small conductance Ca’*-activated K' channel 2 in a
stoichiometry of 2:2 (Schumacher et al, 2001); the CaMBD has two a-helices and it forms
an anti-parallel dimer with calmodulin. The crystal structure of the calmodulin/CaMBD
complex shows that calmodulin remains in an extended conformation and binds to three
a-helices of CaMBD: one lobe to two a-helices and another lobe to one a-helix. The
second example in Figure 1.15 is the calmodulin/oedema factor (EF) complex. Oedema
factor is a calmodulin-activated adenylyl cyclase, contributing to both cutaneous and
systemic anthrax (Dixon et al, 1999). The catalytic part of EF comprises three globular
domains: Ca, Cg, and the helical domain. Calmodulin inserts between C, and the helical
domain in an extended conformation, causing a translation and a rotation of the helical

domain away from the catalytic core and leading to the enzyme activation. Interestingly,
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N-lobe of calmodulin does not contain Ca** and remains closed, and C-lobe interacts with
H-helix of EF containing a 1-5-10 motif (Drum et al, 2002). Similarly, in the case of the
calmodulin/C20W (the N-terminal calmodulin binding domain of plasma membrane Ca®*
pump) peptide complex, only C-lobe binds to C20W possessing a 1-5-8 motif and
calmodulin exhibits an extended conformation owing to the lack of an anchor residue at

14 position in C20W peptide (Elshorst et al, 1999).
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2. THE AIM OF THE STUDY

Calmodulin plays an important role in hemidesmosome regulation; calcium-calmodulin
binds to plectin 1a located in hemidesmosomes, leading to the disruption of the
plectin/integrin B4 complex and contributing the hemidesmosome disassembly. Recent
studies revealed that calmodulin binds to plectin in an isoform-specific manner (Kostan et
al, 2009); however, previous studies have not elucidated the binding region of calmodulin
on plectin 1a and the role of the N-terminal isoform specific extension for the calmodulin
binding. In addition, the molecular mechanism of calmodulin binding to plectin has not
been examined. The interaction of plectin and integrin B4 is regulated by the
phosphorylation on several sites of integrin B4, as well as by calmodulin which only binds
to plectin isoform 1a to modulate the interaction (Frijns et al, 2012). The overall aim of the
study is to understand this isoform specific regulation on the plectin 1a/integrin B4 at

molecular level.

The goal of my study is to elucidate the structural basis of the dissociation of the plectin
la/integrin B4 complex driven by calcium-calmodulin binding. To achieve this aim, studies
on the plectin 1a actin-binding domain/calmodulin complex and the plectin 1a actin-
binding domain/integrin B4 complex have been carried out by structural approaches
including X-ray crystallography and small angle X-ray scattering, combined with cross-
linking/mass spectrometry analyses and isothermal titration calorimetry. The results
obtained during my PhD study present the first structural insight into the calcium-
calmodulin regulation of the hemidesmosome disassembly and propose a molecular

model for the hemidesmosome disassembly modulated by calcium-calmodulin.
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3. RESULTS
3.1. Structural studies on plectin 1a actin-binding domain
3.1.1. Construct design

The plectin construct named P1aABD is designed to contain the N-terminal tail and the
actin-binding domain of plectin isoform 1a (amino acid residues 1-263, Figure 3.1) to study

the interaction with calmodulin (Kostan et al, 2009).

1 263
Plectin | (CH1)CH2| PpD ROD e
P1aABD

Figure 3.1. Schematic illustration of plectin. The P1aABD construct (1-263) contains the N-
terminal tail and the actin-binding domain of plectin. The abbreviations correspond to the
followings; ABD: actin-binding domain, PD: plakin domain, ROD: coiled-coil rod domain, CTD:

C-terminal domain.

3.1.2. Purification of plectin 1aABD constructs

Plectin constructs were expressed in E.coli Rosetta2 (DE3) plLysS cells. Protein samples
were initially purified by affinity chromatography with a HisTrap HP column (GE
Healthcare). After histaq cleavage by 3C protease, samples were introduced again to a
HisTrap HP column (GE Healthcare). Unbound fractions were collected and further
purified using a Superdex 75 26/60 gel filtration column (GE Healthcare) (Figure 3.2A). The
fractions of the peak corresponding to the molecular weights of 22~28 kDa were collected,
indicating that plectin variants are monomer in solution, and further analyzed by SDS-

PAGE to measure the purity of samples (Figure 3.2B).
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Figure 3.2. Purification of P1aABD (A) Elution profile of P1aABD using a Superdex 75 26/60
column. Aggregates were eluted at the void volume (109.7 ml) and P1aABD was eluted at the
peak of 173 ml, corresponding to the molecular weight estimation of 28 kDa. (B) SDS-PAGE
analysis of the fractions. The gel (15% of acrylamide) was stained with Coomassie brilliant

blue.

3.1.3. Prediction of the disordered region of the N-terminal tail.

The isoform specific sequence of plectin 1a was aligned with other isoforms (1b, 1c, 1d, 1e,
1f, and 1g) to examine the sequence similarity among isoforms (Figure 3.3). The alignment
shows no sequence conservation among seven plectin isoforms. These sequences were
also analyzed by PrDOS (Ishida & Kinoshita, 2007) to predict the disordered region (Figure
3.3). It was predicted that plectin isoform 1a mostly contains the disordered part from the
N-terminus (81.1 %) like isoform 1c (85.1 %). Other isoforms contain the following
portions of residues predicted to be intrinsically disordered: 1b (43.2 %), 1d (100 %), 1e
(66.7%), 1f (60.7 %), and 1g (27.3%).
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Figure 3.3. Sequence alignment of plectin isoform sequences. The N-terminal specific
sequences of seven isoforms were aligned, showing no sequence similarity among isoforms;
conserved residues are shaded in green and identical residues are lightened in yellow. In
addition, disordered residues predicted by PrDOS (Ishida & Kinoshita, 2007) are shown in red.
The UniProt accession numbers of plectin isoform specific sequences are the following: 1a
(Q9QXS1-3), 1b (Q9QXS1-5), 1c (Q9QXS1-6), 1d (Q9QXS1-10), 1e (Q9QXS1-12), 1f (Q9QXS1-
13), and 1g (Q9QXS1-14).

3.1.4. Mapping of calmodulin interaction site on plectin 1a

Calmodulin interacts with plectin in an isoform-specific manner, namely only plectin
1aABD, but not 1cABD, or 1fABD showed binding to calmodulin-Sepharose beads (Kostan
et al, 2009). In the same study the calmodulin interaction site was mapped to CH1 domain
of plectin ABD. To further dissect and characterize the interaction site between P1la and
calmodulin and to examine the role of the N-terminal sequence specific segment of Pla
isoform in this interaction, | prepared several N-terminal truncation mutants of P1aABD
and subjected them together with the full-length P1aABD to the pull-down assays with
calmodulin-Sepharose beads in the presence of either Ca®* or EDTA. While P1aABD,
P1aABDa1;, and P1aABD,y, showed binding to full-length calmodulin in a calcium-

dependent manner (Figure 3.4), this was not the case for P1aABD,3; missing 32 residues
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from the N-terminus, and for P1aABDx3; missing the entire N-terminal extension. Thus the
binding of calmodulin to P1a seems to be restricted to the region spanning 10 amino acids
(residues 23-32) in the N-terminal tail, supporting the previous observation that the
binding of calmodulin to plectin is isoform specific, as corroborated by sequence
comparison that shows no sequence homology between plectin isoform specific

sequences (Figure 3.3).

Input  Ca?* EDTA

S o P1aABD ' (@@
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-— P1aABDas; (cHupgE®)

Figure 3.4. Pull-down assay. CaM-Sepharose beads were incubated with plectin variants in
the presence of either Ca?* or EDTA, showing that ten amino acid residues (residues 23-32)

are essential for the binding.

3.1.5. Crystallization and structure determination of P1aABDa22

P1aABDgay; (23-263) was crystallized by a vapor diffusion method (sitting-drop) at 22 °C.
The protein sample was mixed with an equal volume of the crystallization solution
containing 0.05 M potassium phosphate monobasic and 20% PEG 8000. Crystals were
transferred to crystallization solution containing 20% glycerol and flash frozen in liquid
nitrogen. Diffraction data were collected using the beamline ID14-4 at ESRF (Grenoble,
France). The structure was solved by molecular replacement; plectin ABD (PDB: 1MBS8)

(Garcia-Alvarez et al, 2003) was used as a search model.
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3.1.6. The crystal structure of P1aABDa2,

| determined the crystal structure of P1aABDa,, to 2.3 A resolution in order to analyze the
conformational change dependent upon the binding of calmodulin (Figure 3.5). P1aABDx;;
was crystallized in the space group of C222; and an asymmetric unit contains two
P1aABD,,; molecules. The structure was refined to Ryork and Reee factors of 0.191 and
0.244, respectively. The data collection and refinement statistics are summarized in Table

1.

Figure 3.5. (A) The crystal structure of P1aABDa22is displayed in orange; calponin homology
domains 1 and 2 (CH1 and CH2) are respectively consisted of four major helices and shown in
bright and dark orange. (B) The electron density corresponding to 15 residues of N-terminal
tail (amino acid residues 23-37) is absent in the structure. The electron density map (2Fo-Fc)

is contoured at 1.5 o.
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Table 1. Data collection and refinement statistics P1aABDa;;

DATA COLLECTION REFINEMENT
ID14-4 (ESRF) ]
Source Rwork 0.194
. 0.939
Wavelength (A) Reree. 0.244
. 60.37-2.30 (2.38-2.30)° .
Resolution (A) R.m.s.d. bonds (A) 0.010
C222,
Space group R.m.s.d. angles (°) 1.236
. a=41.60,b=159.39,c=
Unit cell (A, °) 183.83,a=B=y =90 Wilson B factor 34.65
2 f
Molecules / a.u. MOLPROBITY' STATISTICS
28020 (2698)
Unique reflections All-atom clash score 6.04
99.7 (99.8) Ramachandran plot
Completeness (%)
. 0.125 (0.424) Outliers 0.00 %
Rmerge
0.143 (0.483) Allowed 1.34%
Rmeas
. 0.067 (0.224) Favored 98.66 %
Rpim
4.4 (4.2) Rotamer outliers 0.72%
Multiplicity
6.9 (2.2) C-beta deviations 0
Mean I/sig(l)
0.945 (0.856)
CC(1/2)

®Values in parentheses are for the highest resolution shell.

R Skt 225 M nang — (Tnaa)| R Yo o5 Ziet g — {Tnsa)|
yerge pim =
b g 2okt 225 Thiet c Xt 25 Thaa

deo,k= 2|Fo-Fc| /2Fo, ®Ryee is the cross-validation. deo,k computed for the test set of reflections (5 %) which
are omitted in the refinement process.

f(Chen et al, 2010)
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The actin-binding domain of plectin 1a is consisted of two calponin homology domains
(CH1 and CH2) (Figure 3.5A). The most notable feature is that the electron density
corresponding to 15 residues of the N-terminal tail is absent from the crystal structure
(Figure 3.5B). The missing residues in the crystal structure are essential for the CaM
binding (Figure 3.4); however the crystal structure shows that the N-terminal tail is
disordered as predicted above (Figure 3.3). The difference between isoform 1a and 1c is
that isoform 1c possesses an ordered helix in the isoform specific sequence (6
residues)(Garcia-Alvarez et al, 2003) extended from the A-helix of CH1 domain; whereas

the isoform specific sequence of 1a is totally disordered.

3.1.7. The solution structure of P1aABD

P1aABD was prepared as described in a section 3.1.2. The SAXS analysis of P1aABD alone
was carried out to model the N-terminal segment, which is not visible in the crystal
structure of P1aABD,,,. Three concentrations of P1aABD samples (3.0, 4.5, and 6.0 mg/ml)
were measured and merged for the further analyses since the concentration dependence
was not detected by comparing I(0) and Rg. Three concentrations of P1aABD samples (3.0,
4.5, and 6.0 mg/ml) were measured and merged for the further analyses since the
concentration dependence was not detected by comparing 1(0) and Rg. Data collection
and structural parameters derived from SAXS analyses on P1aABD are summarized in
Table 2. The N-terminal extension was modeled as an ensemble of structurally variable
moieties by the program EOM while the crystal structure of plectin ABD (Figure 3.5) was
used as a rigid body for model generation, which fits to the experimental data with the )
value of 1.09 (Figure 3.6A). EOM analysis shows a broad R, distribution against the
frequency of occurrence, indicating high flexibility of the N-terminal tail (Figure 3.6B).
Eight models from the selected ensemble (in total 50 models) were superimposed to ABD,

showing the random conformations of the N-terminal tail of plectin isoform 1a (Figure
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3.6C). All together, these data confirm the disordered nature of the Pla isoform specific

sequence.
A B
2 0.10
. Experimental data —— Pool
1] Selected ensemble (3=1.09) 0.08 | Selected ensemble
>
= 0 2 o006
= o
g z
=4 Q 0.04
w
2 ] 0.02
3 v T T T T 0.00 v T T
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Figure 3.6. EOM analyses on the N-terminal tail of P1a. (A) The experimental scattering curve
of P1aABD is shown in red; the simulated scattering curve of the selected ensemble by EOM is
displayed in black (B) The frequency distributions of R; generated from EOM are compared
between the pool (red curve) and the selected ensemble (black curve). (C) Eight models from
the selected ensemble are superimposed, showing the random conformations of the N-

terminal tail in different orientations.
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Table 2. Data collection and scattering-derived parameters of P1aABD

Data collection parameters Structural parameters

Instrument SAXS beamline X33 1(0) [from P(r)] 26.05+0.01°
(DESY)

Sample to detector SAXS beamline X33 Rg (nm) [from P(r)] 2.51+0.01

distance (m) (DESY)

Wavelength (A) 2.7 m 1(0) (from Guinier) 26.29 £ 0.04

Srange (A™) 1.5 Rg (nm) (from Guinier) 2.52+0.01

Exposure time (sec) 0.08-0.6 Porod volume (nm?) 58.34

Temperature (K) 15 Dmax (nm) 8.7

* . .
Data are expressed as mean value + standard deviation.
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3.2. Studies on the plectin 1a actin-binding domain/calmodulin complex

3.2.1. Construct design

The plectin construct (P1aABD) was used for the interaction study with calmodulin. Full-

length calmodulin (CaM, 148 residues) and each lobe of CaM were prepared (Figure 3.7).

1 263 1 148
Plectin | (@GR caM
P1aABD CaMy,  CaMq

Figure 3.7. Schematic drawings of P1aABD and calmodulin constructs. The entire calmodulin
(CaM, 1-148) construct as well as its N-terminal and C-terminal lobes (termed CaMn.(6-73)

and CaMc.(82-148), respectively) were prepared.

3.2.2. Purification of calmodulin constructs

Expressed calmodulin constructs were finally purified using Superdex 75 gel filtration
columns (GE Healthcare). Calmodulin (CaM) was eluted at the peak of 71 ml from a
Superdex 75 16/60 column (GE Healthcare), corresponding to the molecular weight
estimation of 40 kDa, indicating that CaM has an elongated shape in solution (Figure 3.8A).
CaMy, was eluted at the peak of 198 ml from a Superdex 75 26/60 column (GE Healthcare),
corresponding to the molecular weight estimation of 14 kDa, while CaM¢_ was eluted at
the peak of 212 ml, corresponding to the molecular weight estimation of 10 kDa. Both
lobes exhibit several bands in SDS-PAGE gels, indicating that each lobe possesses multiple

conformations even in the denatured condition (Figure 3.8B and 3.8C).
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Figure 3.8. Purification of calmodulin constructs. (A) Elution profile of CaM using a Superdex
75 16/60 column. CaM was eluted at the peak of 71 ml, corresponding to the molecular
weight estimation of 40 kDa. (B) Elution profile of CaMy using a Superdex 75 26/60 column.
CaM was eluted at the peak of 198 ml, corresponding to the molecular weight estimation of 14
kDa. Due to the absence of aromatic residues, UV 205 nm was used to detect CaMn.. (C)
Elution profile of CaMcL using a Superdex 75 26/60 column. CaM was eluted at the peak of 212

ml, corresponding to the molecular weight estimation of 10 kDa.
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3.2.3. Thermal shift assay (Thermofluor)

Thermofluor was carried out to understand the thermal stability of the complex and
individual components and to find out the optimal crystallization solution for the
P1aABD/CaM complex (Ericsson et al, 2006). The thermofluor profile of CaM is not
interpretable; it has a highest fluorescence signal at the very beginning (at 20 °C) and the
fluorescence level deceases afterwards (Figure 3.9). It is suggested that the hydrophobic
dye (Sypro Orange, Molecular Probes) binds to the hydrophobic core of CaM in the
presence of calcium and emits the signal from the initial temperature. P1aABD shows a
typical thermofluor curve, showing the melting temperature of 60 °C. The P1aABD/CaM
displays the melting temperature of 54 °C; whereas it exhibits an approximately half signal
of the CaM at the beginning. The results suggest that one of calmodulin lobes might bind

to P1aABD, showing the half fluorescence signal of CaM at the beginning.

Melt Curve
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3.2.4. Cross-linking and Mass Spectrometry analyses

The cross-linking assay combined with mass spectrometry analyses was performed to

understand the binding interface of the P1aABD/CaM complex in order to verify the
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thermofluor results that suggest only one lobe of CaM is involved in the interaction
(Figure 3.9). Cross-linking was tried using EDC/sulfo-NHS as a zero-length cross-linker in
the presence of either calcium or EDTA with one or two-step methods. The results show
that EDC/sulfo-NHS cross-links CaM and P1aABD in a calcium dependent manner and two-
step cross-linking is more specific than one-step (Figure 3.10A and B). In addition to bands
of monomeric P1aABD and CaM, protein bands corresponding to approximately 40 kDa
specifically appear upon one- or two-step zero-length cross-linking, indicating the
formation of a 1:1 complex. To identify intermolecular cross-links at a site-specific level,
protein bands produced by two-step methods from a SDS-PAGE gel were in-gel digested
using trypsin and further analysed by high resolution LC-MS/MS in the collaboration with

Dr. Friedel Drepper and Prof. Bettina Warsheid in University of Freiburg, Germany.

A No X-linkers X-linkers B No X-linkers X-linkers
CaCl, EDTA CaCl, EDTA
kDa
70 - E
55 - Cross-linked .- [ Cross-linked
40 - = 1 - complex
35 -

‘- s e e es eses P1aABD
25 TR W . P1aABD
L1 1 Wi

-
15 SR - caM _————

»
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Figure 3.10. Cross-linking assays. The cross-linking assays using EDC/sulfo-NHS were carried
out by one-step (A) and two step methods (B). Each experiment was performed with three
batches in three different conditions: without cross-linkers (No X-linkers) and with cross-
linkers (X-linkers) in the presence of either CaCl, or EDTA. The bands of the cross-linked

complex are pointed out in the figure (Cross-linked complex).

47



Table 3. Mass spectrometry analysis of the cross-linked complex.

mass /Da  peptide of P1aABD Peptide of CaM P-value No. of sum of

¢ spectra Intensity
d

sequence® P-value sequence® P-value
b b
1955.9565 ASEGKKDE 6.7E-03 EAFSLFDK 8.4E-14 4.7E-15 1 4.9E6
R
2372.1453 KDER 1.3E-03 EAFSLFDKDGDGT 7.9E-11 8.4E-14 1 2.1E6
ITTK
2643.2760 KDERDR 1.6E-03 EAFSLFDKDGDGT 7.4E-08 5.2E-12 3 8.4E6
ITTK
1555.7858 ASEGKK 1.9E-03 EAFSLFDK 1.9E-07 2.0E-11 1 3.0E6
2844.3763 ASEGKKDE  2.8E-02 EAFSLFDKDGDGT 4.0E-05 1.9-07 1 6.1E7
R ITTK
1818.8752 EKGR 2.1E-02 LTDEEVDEMIR 3.2E-12 7.2E-14 1 2.3E6
1818.8766 EKGR 1.5E-02 LTDEEVDEMIR 1.0E-09 1.3E-11 1 1.8E6
2211.1308 HLIKAQR 1.1E-04 LTDEEVDEM*IR 2.8E-05 2.9E-10 2 6.6E6
1320.6529 KDERDR 1.0E-03 EAFR 3.7E-02 2.5E-06 1 1.5E5
1049.5253 KDER 2.5E-02 EAFR 3.0E-03 2.4E-05 1 8.3E4
1521.7516 ASEGKKDE 1.3E-04 EAFR 1.9E-02 5.8E-06 2 1.9E6
R
1513.7656 EKGR 2.1E-02 HVM*TNLGEK 3.5E-03 6.0E-05 2 1.1E6

a’g, K signify site of cross-linker, M’, oxidized methionine

®) Subscores per peptide

9 p-value for cross-linked peptide

I MS/MS spectra for ion species differing in charge or oxidation state; mass and P-values

represent best match
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Figure 3.11. MS/MS-Spectrum identifying a pair of cross-linked peptides after in-gel
proteolysis of the complex band marked in A obtained by two-step cross-linking of CaM and
P1aABD. Fragment ions are annotated for the a-peptide (red) and the -peptide (green).
Insets show mapping of the fragment ions onto the cross-linked peptide sequences (left) and
the corresponding high-resolution MS1 spectrum displaying the isotopic distribution of the
cross-linking product (right).

A representative MS/MS spectrum of a specific cross-linking product identifying a linkage
between Glu14 of CaM and Lys37 of P1aABD is depicted in (Figure 3.11). In total, 12 cross-
linked peptides were identified for the P1aABD/CaM complex obtained by EDC/sulfo-NHS
treatment (Table 3). Most of the cross-linked sites were identified in more than one pair
of peptides, increasing the confidence for these sites of interaction. The major cross-
linking products identified involve the adjacent lysine residues 36 and 37 within the
sequence specific N-terminal segment of P1aABD. Both residues located in the N-terminal
tail were found to be cross-linked to Glul4 residing in the A-helix of CaM's EF-hand 1.
Other identified cross-linking products involve several sites of the C-lobe of CaM, possibly
indicating a less specific binding of the C-lobe to P1aABD. Thus, the crosslinking data

suggest that both lobes of CaM have the capacity to interact with P1aABD; however,
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cross-linked peptides connecting the N-lobe of CaM to the N-terminal tail of P1aABD were

found to be more prominent and detected in higher abundance (Table 3).

3.2.5. N-lobe of CaM preferably binds to P1aABD

In order to further characterize the preferable binding of CaMyy, as suggested from the XL-

MS analyses, | measured and compared the binding affinities of Ca**/CaM, CaMy. and

CaMc, lobes to P1aABD by ITC. The ITC results revealed that CaMy, binds to P1aABD with

higher affinity (K4 of 10.5 uM) than CaMc, (Ky of 27.7 uM) (Figure 3.12A and B).
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Figure 3.12. ITC analyses (A) 400 pM CaMy;, was titrated to 40 uM P1aABD (B) 400 puM CaMc
was titrated to 40 pM P1aABD (C) 400 pM CaMyy, was titrated to 40 pM P1aABD/60 uM CaMg..
(D) 400 puM CaMc was titrated to 40 uM P1aABD/60 uM CaMyy, All ITC measurements were

carried out at 25 °C of isotherm.
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Both reactions are enthalpy-driven, however, the CaMy, binding is enthapically more
favored, leading to the higher affinity (Table 4). In addition, CaMy,_ was found to displace
CaMc. when titrated to the P1aABD/CaMc. complex. In detail, the competitive binding
reduces the apparent binding affinity (Figure 3.12C), resulting in decreased enthalpy
contribution owing to the dissociation of CaMc_ (Table 4). In contrast to CaMy,, CaMc_
could not displace CaMy, from P1aABD/CaMy. complex (Figure 3.12D). These results
indicate that the CaMy, binds to the same binding site of P1aABD with higher affinity than
CaMc.. When CaM was titrated to P1aABD, the affinity (Ky of 4.2 uM) was higher than
CaMy, alone (Figure 3.29B), suggesting an auxiliary role of CaMc, for the binding event. In
summary, XL-MS data combined with comprehensive binding study by ITC conclusively

show that CaM binds to P1a preferentially via its N-terminal lobe.

Table 4. Summary of ITC results

Syringe Cell N Kd (uM) AH (kcal/mol)  AS (cal/mol/deg)
CaMp, P1aABD 1.01 10.5¢ 1.1 -9.81+ 0.64 -9.57
CaMc, P1aABD 0.95 27.7+3.9 -7.42+0.89 -3.65
CaMy, P1aABD/ CaMq  0.97 18.7+2.8 -2.61+0.26 13.00
CaMc, P1aABD/ CaMy, ND ND ND ND

* Data are expressed as mean value * standard deviation. ND means ‘not determined’.

3.2.6. Crystallization and structure determination of the P1aABDa22/CaMy. complex

To get insight into molecular mechanism of Pla interaction with calmodulin, | carried out
structural studies on the P1aABD/CaM complex. Based on the results of the pull-down
assay and predictions of intrinsically disordered regions, it was considered that the

P1aABDay;, construct (residues 23-263) to be the most suitable for further crystallization
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studies. Even though extensive crystallization trials with P1aABD,,,/full-length calmodulin
complex, | did not obtain any crystals. Since N-lobe of calmodulin preferentially binds to a
short region of the N-terminal extension of Pla, N-lobe of CaM (CaMy.) was used for
crystallization studies instead of full-length calmodulin. P1aABD,;; (23-262) was mixed
with CaMy. in an equal molar ratio and the protein complex was purified from a gel
filtration column in the presence of calcium (Figure 3.13). Crystals of the complex were
grown by the hanging-drop vapor diffusion method at 4 °C. The concentrated protein
solution (11 mg/ml) was mixed with an equal volume of the crystallization solution
containing 0.1 M Bis-Tris pH 6.5, 0.2 M MgCl;, and 13% PEG 8000. Crystals were
transferred to cryo-protectant containing 20% glycerol and flash frozen in liquid nitrogen.
Diffraction data were collected at the beamline ID14-1 in ESRF (Grenoble, France). The
structure was solved by molecular replacement using plectin ABD (PDB: 1MBS8) as a search

model.
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Figure 3.13. Purification of the P1aABDa2;/CaMn. complex. (A) Elution profile of the
P1aABDa22/CaMni, complex using a Superdex 75 16/60 column. The P1aABDaz/CaMnr
complex was eluted at the peak of 65 ml, corresponding to the molecular weight estimation of
51 kDa. (B) SDS-PAGE analysis of the fractions. The gel (15% of acrylamide) was stained with

Coomassie brilliant blue.
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3.2.7. Crystal structure of the P1aABDa22/CaMy. complex

| determined the structure to 1.8 A resolution with final Ryor and Reree factors of 0.149 and

0.188, respectively. Data collection and refinement statistics are summarized in Table 5.

Table 5. Data collection and refinement statistics P1aABDa,,/CaMy,

DATA COLLECTION REFINEMENT
Source ID14-1 (ESRF) Ruork’ 0.149
Wavelength (A) 0.933 Riree” 0.188
Resolution (A) 48.93-1.8 (1.9-1.8)° R.m.s.d. bonds (A) 0.007
Space group P2,2:2, R.m.s.d. angles (°) 0.974
Unit cell (A, °) a=59.08, b= 65.38, c=87.3 Wilson B factor 17.05
o= B =y= 90
Molecules / a.u. 2 MOLPROBITY' STATISTICS
Unique reflections 31805 (4301) All-atom clash score 2.15
Ramachandran plot
Completeness (%) 99.2 (94.7)
. Outliers 0.00 %
Rmerge 0.095 (0.488)
Allowed 0.96 %
Rimeas 0.101 (0.527)
Favored 99.04 %
Rpim’ 0.033 (0.193)
Rotamer outliers 0.70 %
Multiplicity 9.4 (7.2)
C-beta deviations 0
Mean I/sig(l) 17.5(3.7)
CC(1/2) 0.998 (0.877)

®Values in parentheses are for the highest resolution shell.

R Yot 225 st g — (T} | R Yo o5 Ziet g — {Tnsa)|
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deo,k= 2| Fo-Fc| /ZF0, Riee is the cross-validation. deo,k computed for the test set of reflections (5 %) which
are omitted in the refinement process. ' (Chen et al, 2010)
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Figure 3.14. Crystal structure of the P1aABDa22/CaMni, complex. (A) Crystal structure of the
P1aABDa22/CaMni, complex is displayed; CH1 and CH2 in ABD are separately displayed in
bright-orange and orange, the N-terminal tail in yellow, and CaMu. in green. Ca2+ is presented
as a violet sphere (B) The binding interface of P1aABDaz2/CaMni, complex; CaMyy, is shown in
the electrostatic potential surface and two residues (L25 and V29) of plectin are varied into
CaMyy (C) A salt bridge is established between CaM Glu14 and plectin Arg40 (2.7 A apart).
CaM Glu14 is involved in the cross-linking with plectin Lys36 (5.7 A apart) and plectin Lys37
(7.0 A) by EDC/sNHS.

As expected, CaMy,. was found to bind to the N-terminal tail, which adopts an a-helical
structure, extending from the A-helix of CH1 domain, and protruding away from the body
of the ABD (Figure 3.14A). Each EF hand of CaMy, coordinates one calcium ion, and binds
to the N-terminal extension of P1la mainly via hydrophobic interactions (Crivici & lkura,

1995) (Figure 3.15). CaMy, does not change the conformation upon binding to plectin, as
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compared with the crystal structure of unbound Ca®*/CaM (PDB: 3CLN) (root-mean-square

deviation, RMSD: 0.40 A over 62 equivalent Ca atoms in N-lobe).

EF hand

Figure 3.15. Calcium coordination of the EF hand motif. (A) Schematic drawing of EF hand (B)
The first EF hand motif is shown in green stick. The pentagonal bi-pyramidal coordination of
calcium is completed by 4 acidic residues (Asp21, Asp23, Asp25, and Glu31), one carbonyl
group of the protein backbone, and one water molecule. The electron density map (2Fo-Fc) is

contoured at 1.5 o.

Three hydrophobic residues of the N-terminal the a-helical extension (Leu25, Val29, and
Ala32) are buried into the hydrophobic cleft of CaMy, (Figure 3.14B), which is consistent
with known binding motif of Ca**/CaM termed 1-5-8 (Elshorst et al, 1999; Rhoads &
Friedberg, 1997). The interacting residues were analyzed by Ligplot (Wallace et al, 1995).
Leu25 forms stabilizing hydrophobic interactions with CaMy, residues Leu32, Val55,
Met51 and Met71, while Val29 interacts with residues Phel9, Phe68, and Met72 of CaMy;,.
Ala32 is responsible for the interaction with Leu18 and Leu39 (Figure 3.16).
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Figure 3.16. Ligplot analysis on hydrophobic residues (1-5-8 positions) in the N-terminal tail
of plectin 1a. The interfacing hydrophobic residues in N-CaM are shown in green. (A) Leu25
forms stabilizing hydrophobic interactions with CaM residues Leu32, Val55, Met51 and Met71.
(B) Val29 interacts with residues Phe19, Phe68, and Met72 of CaMn. (C) Ala32 is involved in
the interaction with Leu18 and Leu39 of CaM..

To validate the role of these residues in binding to Ca2+/CaM, the double mutant of
P1aABD (Leu25Asp and Val29Asp) was generated. By using of both, ITC and size exclusion
chromatography, | showed that P1aABD double mutant does not interact with Ca®*/CaM,
confirming that Leu25 and Val29 residues play an essential role in the binding (Figure
3.17). In addition, a polar interaction between GIn41 (residing in the loop between B and C
helix of N-lobe) and Arg31 of Pla (located in the N-terminal tail) and a salt bridge between
Glul4 in A-helix of EF1 and Arg40 in A-helix of the CH1 domain of plectin are formed
(Figure 3.14C). The salt bridge does not seem to be essential for the CaM binding as other
isoforms of plectin also possess arginine residue at this position in CH1, but do not bind to
Ca*’/CaM, however, it is most likely involved in further stabilization of the overall
interaction. In addition, the crystal structure of the P1aABDa,,/CaMy. complex shows that
the carboxylate group of Glu14 in CaMy is 5.7 A and 7.0 A apart from the amino group of
plectin Lys36 and Lys37 residues, respectively, which is in good agreement with the results

obtained by XL-MS analysis (Figure 3.14C) (Table 3).
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Figure 3.17. In vitro mutational analyses. (A) ITC experiment was carried out to measure the
mutational effect on the interaction. CaM is titrated to the P1aABD mutant (Leu25Asp and
Val29Asp); no interaction is observed. (B) Gel-filtration analyses. When P1aABD is mixed with
Cal, it is eluted earlier than CaM and P1aABD, suggesting the complex formation in solution.
However the P1aABD mutant/CaM mixture is identically eluted as P1aABD, showing no

binding to CaM.

The most notable feature of the crystal structure of P1aABDyy,/CaMy. complex is an a-
helix formed by the N-terminal tail (residues 23-37) (Figure 3.14A). It was proved that the
N-terminal tail is disordered, shown by the crystal structure of P1aABD,;, and EOM

analysis of P1aABD.

On the other hand, the structure of the plectin ABD in complex with CaMy, is almost
identical to that of the plectin ABD alone (RMSD: 0.69 A over 209 equivalent Ca atoms)
indicating that plectin ABD does not undergo a conformational change upon Ca®*/CaM
binding (Figure 3.18). Taken together these data show that the N-terminal tail is
intrinsically disordered in unbound state and adopts an a-helical conformation upon

binding to CaM through “coupled folding and binding” mechanism (Dyson & Wright, 2005).
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Figure 3.18. The crystal structure of P1aABDa2zis shown in blue and superimposed to the
P1aABDa22/CaMy;, complex (RMSD: 0.69 A over 209 equivalent Ca atoms), demonstrating that
the Ca2*/CaM binding does not affect the conformation of plectin ABD.

3.2.8. Molecular determinants for the preferable binding of CaMy.

The remarkable feature of the Ca**/CaM binding to plectin is that N-lobe displays a higher
affinity than C-lobe. The molecular basis for the higher affinity of CaMy, was therefore
assessed by structural and thermodynamics analyses. The structure of CaMc, (residues 82-
146, PDB: 3CLN) was superimposed on the crystal structure of the P1aABD,,,/CaMy.
complex (RMSD: 0.50 A over 58 equivalent Ca atoms) and the structure of the

P1aABD,,,/CaMc. complex was generated.
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A

N-lobe 9 IAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQ 41
C-lobe 82 EEEIREAFRVFDKDGNGYISAAELRHVMTNLGE 114
42 NPTEAELQDMINEVDADGNGTIDFPEFLTMMA 73

115 KLTDEEVDEMIREADIDGDGQVNYEEFVQMMT 146

(7.2/4.6)

"F68/F141
AL V55/A128

N-lobe/C-lobe

(Buried surface area, &%)

Figure 3.19. Comparison of CaM lobes for the P1a binding. (A) The sequence alignment of
each lobe of CaM. The interfacing residues were analyzed by PDBePISA and shaded in yellow.
Different residues between two lobes are shown in red (B) Interfacing hydrophobic residues
of two lobes are superimposed and shown in sticks; N-lobe in blue and C-lobe in green,
showing that Leu18 and Val55 in N-lobe coordinate larger hydrophobic interfaces than C-lobe.

Hydrophobic residues of P1a corresponding to a 1-5-8 motif are displayed in yellow sticks.

Amino acid residues involved in the interaction were individually analyzed by PDBePISA
(Krissinel & Henrick, 2007) and highlighted in yellow in the sequence alignment (Figure
3.19A). The majority of interface residues are highly conserved between two lobes
(CaMy/CaMcy: Phe19/Phe92, Leu32/Leul05, Leu39/Leull2, Met51/Met124,
Phe68/Phel41, and Met72/Met145), nevertheless differences are in three positions
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involved in polar or hydrophobic interactions: GIn41(CaMy.)/Glul14(CaMc),
Leul8(CaMyy)/Val91(CaMc), and Val55(CaMy.)/Ala128(CaMc,) (Figure 3.19A). Although
Glul114 in C-lobe has a potential to form a stronger interaction with P1aABD Arg31 residue
(3.32 A) than corresponding GIn41 in N-lobe (3.79 A), the two hydrophobic residues in N-
lobe (Leul8 and Val55) coordinate larger buried surface areas (59.9 and 7.2 A?) than
corresponding C-lobe residues: Val91 (12.0 A%) and Ala128 (4.6 A%), leading to the higher
affinity (Figure 3.19B).

Table 6. Summary of PISA analysis

P1aABD,2,/CaMy, P1aABD,2,/CaMc,
P1aABDay» CaMy, P1aABDa;; CaMc.

Number of atoms 56 (2.8 %) 61 (12.3 %) 57 (2.9 %) 70 (13.3 %)
Number of residues 15 (6/9) 19 (15/4) 15 (6/9) 23 (17/6)
(Non-polar/polar) (6.2 %) (29.2 %) (6.2%) (35.4 %)
Solvent-accessible 664.8 (5.2 %) 634.7 (14.9 %) 671.0 (5.3%) 617.6 (13.4 %)

area (A?)
Solvation energy -6.2 (2.9 %) -6.7 (14.7 %) -5.2 (2.4 %) -5.4 (11.2)

gain (kcal/mol)

PISA interface analysis shows that the total interface area of the CaMy, (634.7 A2, 14.9%
of solvent accessible surface area) is larger than that of the CaM¢ (617.6 A2, 13.4% of
solvent accessible surface area) and that the complex formation of P1aABD,,, with CaMy,
is thermodynamically more favored (solvation energy gain: -12.9 kcal/mol for CaMyvs -
10.6 kcal/mol for CaMc,) (Table 6), which is in good agreement with experimental data of
ITC, where CaMy, displays a higher affinity to P1aABD and is displaces CaM¢ from a
complex with P1aABD.
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3.2.9. SAXS structure of the P1aABD/CaM complex

3.2.9.1. Ab initio modeling

SAXS was carried out to decipher the solution structure of the P1aABD/CaM complex and
to model the missing part of the crystal structure. Three samples with different
concentrations (3.5, 6.0, and 8.4 mg/ml) were measure by SAXS, while the lowest
concentration sample (3.5 mg/ml) was chosen for further studies due to the concentration
dependence; overall structural parameters such as zero-angle intensity, 1(0) and radius of
gyration, R; were analyzed by Guinier analyses. Data collection and structural parameters

derived from SAXS analyses are summarized in Table 7.

Table 7. Data collection and scattering-derived parameters of the P1aABD/CaM complex

Data collection parameters Structural parameters

Instrument SAXS beamline X33  /(0) [from P(r)] 47.44 +0.01°
(DESY)

Sample to detector 2.7m Rg (nm) [from P(r)] 3.17+0.01
distance (m)
Wavelength (A) 1.5 1(0) (from Guinier) 4794 +0.11
Srange (A% 0.08-0.6 R (nm) (from Guinier) 3.17+0.01
Exposure time (sec) 15 Porod volume (nm?) 80.36
Temperature (K) 283 Dmax (nm) 10.4

* . .
Data are expressed as mean value + standard deviation.
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Figure 3.20. SAXS analyses on the P1aABD/CaM complex. (A) The experimental scattering
curve of the complex is shown in red dots. The calculated scattering profile from ab initio
modeling is fitted to the experimental data and displayed in blue line (x2 =1.17). (B) The P(r)
curve shows the Dmax (10.4 nm) of the complex. (C) The molecular surface of the averaged ab

initio model is shown in different orientations (rotated 90° along Y-axis).

The overall structural parameter of the complex was analyzed by Guinier plot and P(r)
curve, generating Rg of 3.17 nm and 3.14 nm respectively. Ab initio model construction
was performed using the program DAMMIF (x°=1.17, Figure 3.20A). The maximum
dimension of the complex is 10.4 nm, determined by P(r) curve (Figure 3.20B). Twenty

models generated were superimposed and averaged by the program DAMAVER. The
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averaged model is shown in Figure 3.20C. SAXS structure suggests that CaM displays
rather extended conformation than collapsed in complex with P1aABD in solution;
nevertheless the molecular shape with low resolution limits the explanation about the
molecular details of the interaction. Rigid-body modeling with high resolution structures

was carried out to overcome the drawback of the ab initio modeling.

3.2.9.2. An extended conformation of CaM in complex with P1aABD

The program CORAL was employed to model the missing parts of the crystal structure of
the P1aABD,,,/CaMy. complex, which fits to the experimental data with the x value of

1.47 (Figure 3.21A), and superimposed to the averaged ab initio model (Figure 3.21B).

2.0

1.5 4 Experimental data

1.0 4 CORAL (y=1.47)

0.5 4
0.0 4

log (1)

-0.5
-1.0 4

1.5 1

0.05 0.10 0.15 0.20 0.25 0.30
s(A )

Figure 3.21. Rigid-body modeling of the P1aABD/CaM complex. (A) The simulated scattering
profile of the rigid-body model fits to the experimental data (x=1.47). (B) The ab initio
molecular shape of the P1aABD/CaM complex is shown in gray, superimposed to the rigid-

body model of the complex.

In the SAXS-derived molecular model of the P1aABD/CaM complex, Ca**/CaM exhibits an

extended conformation where the two lobes are connected with an inter-lobe linker
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modelled with dummy residues. The Ry of CaM (20.95 A) in the complex is calculated by
CRYSOL (Svergun et al, 1995), which is similar to the Rq value of the solution structure of
extended Ca**/CaM (21.3 £ 0.2 A) (Heidorn & Trewhella, 1988). The analysis of the model
shows that the CaMc, and the first 22 residues of the N-terminal segment (missing in

P1aABD,y;) do not participate in the interaction at all.

1 5 8 14
skMLCK 566 KRRWKKNFIAVSAANRFKKISS
smMLCK 796 ARRKWQKTGHAVRAIGRLSS
Calcineurin 393 KEVIRNKIRAIGKMARVFSVLR
c20w 1102 RGOQILWFRGLNRIQTQIK
Muncl3-1 459 RAKANWLRAFNKVRMOQLOQEARGEGEMSKSLWEF
Plectin 1a 20 SSEDNLYLAVLRASEGKKDERDRV

Figure 3.22. Sequence alignment of CaM binding motifs. The hydrophobic residues
corresponding to the CaM binding motifs are highlightened in red. skMLCK, smMLCK, and
calcineurin are classified into a 1-5-8-14 motif, whereas C20W and plectin 1a belong to a 1-5-

8 motif. Munc13-1 has a 1-5-8-26 CaM-binding motif.

The CaM binding motif of the N-terminal tail is classified into a 1-5-8 motif (Leu25-Val29-
Ala32), which is a sub-group of a 1-5-8-14 class (Figure 3.22) (Elshorst et al, 1999; Rhoads
& Friedberg, 1997). The extended, non-canonical conformation of Ca®*/CaM in the bound
form has been reported in several cases (Drum et al, 2002; Elshorst et al, 1999; Rodriguez-
Castaneda et al, 2010; Schumacher et al, 2001). However, to my knowledge, this is the
first finding that N-lobe of CaM plays the major role in the interaction with the binding

partner in an extended conformation.
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3.3. Studies on the plectin 1a actin-binding domain/integrin 4 complex

3.3.1. Construct design

The integrin B4 construct termed PB4Fn12 (1126-1355) comprises the first pair of
fibronectin type Ill domains including a part of the connecting segment (CS) of integrin B4

(Niessen et al, 1997) (Figure 3.23). P1aABD was employed for the interaction study with

integrin B4.
1126 1355 1 263
Integrin B4 s> :lcs FN-3)FN-8)— Plectin | (CH1)CH2
B4Fn12 P1aABD

Figure 3.23. Schematic diagram of integrin 4 and plectin 1a constructs. Cytoplasmic domain
of integrin 34 is shown in blue; fibronectin type IIl domain is named FN and CS is the

connecting segment between Fnlll-2 and 3 domains.

3.3.2. Purification of f4Fn12

Expressed PB4Fn12 was purified as the same way used for plectin and calmodulin
constructs, and finally purified using a Superdex 75 26/60 gel filtration column (GE
Healthcare) (Figure 3.24A). The fractions of the peak were collected and analyzed by SDS-

PAGE to measure the purity of samples (Figure 3.24B).
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Figure 3.24. Purification of 34Fn12. (A) Elution profile of f4Fn12 using a Superdex 75 26/60
column. B4Fn12 was eluted at the peak around 170 ml, corresponding to the molecular weight
estimation of 35 kDa. (B) SDS-PAGE analysis of the fractions. The gel (15% of acrylamide) was

stained with Coomassie brilliant blue.

3.3.3. Crystallization and structure determination of the P1aABDa2,/B4Fn12

complex

The crystal structure of the P1cABD/B4Fn12 complex was determined (de Pereda et al,
2009); however only plectin 1a is regulated by Ca®*/CaM (Kostan et al, 2009) and co-
localized with hemidesmosomes in basal keratinocytes (Andra et al, 2003). In addition, the
results suggested “coupled folding and binding” mechanism for a Pla isoform specific
sequence when binding to Ca’*/CaM, which suggests that Pla isoform specific sequence
might display the similar behavior upon binding to integrin B4. In order to address this
guestion, the integrin B4 construct (B4Fn12: residues 1126-1355) was used to crystallize
with P1aABD,,,. Due to the low affinity of the interaction between plectin 1aABD and
B4Fn12 (K4q: 41.7), the protein complex was not eluted from a size-exclusion
chromatography. P1aABD,,, was mixed with P4Fn12 in an equal molar ratio and

concentrated to 12 mg/ml, which was used for crystallization. Crystals of the protein
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complex were grown at 22 °C using vapor diffusion methods, consisted of equal volumes
of the protein sample and the crystallization solution containing 20 mM HEPES pH 6.5, 150
mM Sodium formate, 7.5% PEG 5500 MME, and 3% Sucrose. The obtained crystals were
treated with several dehydration methods (Section 5.5.4). After dehydration, the crystals
were flash frozen with liquid nitrogen for the diffraction experiments. Diffraction data
were collected using the beamline 1D23-2 at ESRF. The structure of the complex was
solved by molecular replacement; plectin ABD (PDB: 1MB8) (Garcia-Alvarez et al, 2003)

and integrin B4 fragment (PDB: 3F7Q) (de Pereda et al, 2009) were used for search models.

3.3.4. Crystal structure of the P1aABDa22/B4Fn12 complex

The crystal structure of the P1aABDa,/PAFN12 complex was determined to 4.0 A
resolution and refined to final Ryok and Rsee factors of 0.217 and 0.285, respectively
(Figure 3.25A and Table 8). The asymmetric unit contains two P1aABDx,; molecules and
an anti-parallel B4Fn12 homo-dimer as observed previously (de Pereda et al, 2009; de
Pereda et al, 1999); one of B4Fn12 subunits binds to one P1aABDj,, molecule, while
another B4Fn12 does not have any contact with P1aABDjy; molecules. The crystal
structure of the P1aABD,,,/B4Fn12 was superimposed to the crystal structure of
P1cABD/B4Fn12 (PDB: 3F7P) (de Pereda et al, 2009) to compare the integrin B4 binding to
the two different plectin isoforms. RMSD of 0.87 A over 367 equivalent Ca atoms suggests
that the binding interface of B4Fn12 maps to the same site of plectin isoforms 1a and 1c
and that no substantial conformational changes of the subunits occurred. The Fnlll domain
has a beta sandwich structure consisting of two B-sheets; one is consisted of A, B, and E
strands and another possesses C, C’, F and G strands (Campbell & Spitzfaden, 1994). One
side of Fnlll-2, comprising A, B, and E strands and interconnecting loops, faces the tip of C-
helix and neighboring two short helices (B and E) of CH1. Three salt bridges between CH1
domain of ABD and Fnlll-2 domain of integrin B4 identified in the P1cABD/B4Fn12 are

essential for the interaction as proven by mutational analyses (de Pereda et al, 2009;
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Koster et al, 2001). They are also conserved in the P1aABDp;,/B4Fn12 complex:
Asp123/Arg1225 (2.60 A), Arg71/Glu1242 (3.04 A), and Glu68/Arg1281 (2.57 A) (Figure
3.25B). 15 amino acid residues corresponding to the N-terminal extension of P1aABDa;;
are not visible in the electron density of P1aABDa,,/B4Fn12 crystal structure, suggesting
that the N-terminal segment is again disordered in the complex and does not play a role

for the interaction with integrin 4.

Figure 3.25. Crystal structure of the P1aABDaz2/B4Fn12 complex. (A) The crystal structure is
shown in two different orientations (rotated 90°along x-axis); P1aABDa2> and 4Fnl12 are
respectively displayed in orange and cyan. (B) The binding interface comprises three salt

bridges: Asp123/Arg1225 (2.60 A), Arg71/Glu1242 (3.04 &), and Glu68/Arg1281 (2.57 A).
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Table 8. Data collection and refinement statistics P1aABDa,,/B4FNn12

DATA COLLECTION REFINEMENT
Source ID23-2 (ESRF) Ruworld 0.224
Wavelength (A) 0.873 Reree’ 0.287
Resolution (A) 48.16-4.0 (4.47-4.0)° R.m.s.d. bonds (A) 0.004
Space group P65 R.m.s.d. angles (°) 0.888
_ . a=96.32, b=96.32, c= 207.8 _

Unit cell (A, °) a= 90, B= 90, y= 120 Wilson B factor 99.74
Molecules / a.u. 4 MOLPROBITY' STATISTICS
Unique reflections 9188 (2594) All-atom clash score 14.46

Ramachandran plot
Completeness (%) 99.1 (99.5)

. Outliers 0.12%

Rmerge 0.272 (0.793)

Allowed 6.64 %
Rmeas 0.300 (0.879)

Favored 93.23 %
Rpim’ 0.123 (0.364)

Rotamer outliers 0.82 %
Multiplicity 5.7 (5.6)

C-beta deviations 1
Mean I/sig(l) 7.4(3.9)
CC(1/2) 0.977(0.751)

®Values in parentheses are for the highest resolution shell.

R Skt 225 M nang — (Tnaa)| R Yo o5 Ziet g — {Tnsa)|
yerge pim =
b g 2onki 2= Tnt g ¢ Dt 225 That

deo,k= 2|Fo-Fc| /2Fo, ®Ryree is the cross-validation. deo,k computed for the test set of reflections (5 %) which

are omitted in the refinement process.

f(Chen et al, 2010)
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This observation was further supported by SAXS analysis, which revealed the presence of
the N-terminal tail of plectin in a number of variable conformations (Figure 3.6C). This
suggests that the main function of the N-terminal tail is not binding to integrin B4, but

regulating Pla-integrin B4 interaction via binding to Ca?*/CaM.

3.3.5. SAXS structure of the P1aABD/ B4Fn12 complex

SAXS experiment was carried out to understand the structure of the P1aABD/B4Fn12
complex in solution. The protein samples with different concentrations (2.4~15.5 mg/ml)
were measured by SAXS, while the lowest concentration sample (2.4 mg/ml) was chosen
for modeling to minimize the concentration dependence, detected by comparing 1(0) and
Rg obtained from Guinier analyses. Data collection and structural parameters derived from

SAXS analyses are summarized in Table 9.

Table 9. Data collection and scattering-derived parameters of the P1aABD/ B4Fn12

complex
Data collection parameters Structural parameters
Instrument SWING beamline at the /(0) [from P(r)] 0.0429 + 0.0001"
synchrotron SOLEIL
Sample to detector 1.8 m Rg (nm) [from P(r)] 2.90+0.01
distance (m)
Wavelength (A) 1.03 1(0) (from Guinier) 0.0430 + 0.0057
Srange (A 0.04-0.38 Rg (nm) (from 2.85+0.6
Guinier)
Exposure time (sec) 500 Porod volume (nm?) 48.87
Temperature (K) 283 Dmax (nm) 9.0

* . .
Data are expressed as mean value + standard deviation.
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The overall structural parameter of the complex was analyzed by Guinier plot and P(r)
curve, generating Rg; of 2.85 nm and 2.90 nm respectively. Ab initio model construction
was performed using the program DAMMIF (x’=1.01, Figure 3.26A). The maximum
dimension of the complex is 9.0 nm, determined by P(r) curve (Figure 3.26B). Twenty
models generated were superimposed and averaged by the program DAMAVER. The

averaged model is shown in different orientations (rotated 90° along x-axis, Figure 3.26C).

1.0 0.8
Experimental data
1.5 - DAMMIF(3*=1.01)
0.6 4
2.0 A
E 2.5 1 E 0.4 1
-3.0 4
0.2 4
3.5 -
-4.0 T T T T ’ 0.0
0.05 010 015 0.20 0.25 0.30 0.35 0 2 4 6 8 10
s (A R (nm)

Figure 3.26. SAXS studies on the P1aABD/B4Fn12 complex. (A) The experimental scattering
curve of the complex is shown in red dots. The calculated scattering profile from ab initio
modeling is fitted to the experimental data and displayed in blue line (2 =1.01). (B) The P(r)
curve shows the Duyax (9.0 nm) of the complex. (C) The molecular surface of the averaged ab

initio model is shown in different orientations (rotated 90° along x-axis).
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The scattering data was simulated from the crystal structure of the P1aABDx,,/B4Fn12
complex by OLIGOMER (Figure 3.27A). | employed the program OLIGOMER to calculate
the volume fractions of the complex and each subunit in solution, since the concentration
of the sample used (41.3 uM) is similar with the Ky of the complex (41.7 uM), causing a
polydisperse solution (62.0% dissociated). The proportions of the volume fractions were
estimated like the followings: 53.7 % for the complex, 25.4 % for P1aABD, and 20.8 % for
B4AFn12, fitting well to the experimental data (x* = 0.90). The SAXS structure was
superimposed to the crystal structure of the P1aABDa,,/B4Fn12 complex, showing a good
agreement between SAXS and crystal structures of the P1aABD/B4Fn12 complex (Figure
3.27B).

«  Experimental data A
+  DAMMIF (x'=1.01)
+  OLIGOMER (3'=0.90)

log(1)
~N

0.05 010 045 020 025 030 0.35
s (A1)

Figure 3.27. Comparing crystal and SAXS structures. (A) The scattering profile of the crystal
structure was simulated by OLIGOMER, exhibiting a good agreement with the experimental
data (x2 = 0.90). (B) The crystal structure of P1aABDaz2/B4Fn12 complex is superimposed to
the SAXS structure.
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3.4. Disassembly of the P1aABD/ 34Fn12 complex by CaM binding
3.4.1. In silico analysis of the dissociation mechanism

The dissociation mechanism was simulated by superimposing two structures of the
CaM/P1aABD complex and the P1aABDyy,/B4Fn12 complex. The rigid body model of the
P1aABD/CaM complex and the crystal structure of the P1aABDy,,/B4Fn12 complex were
superimposed to plectin ABD (RMSD: 0.765A over 206 Co atoms, Figure 5A) to mimic the
CaM binding to the P1aABD,;,/B4Fn12 complex. As shown in Figure 3.28, the N-terminal
tail and CaM generate steric hindrances against Fnlll-2 domain, resulting in the disruption

of the B4Fn12 binding to plectin ABD.

snnns Steric clash

Figure 3.28. The structure of the CaM/P1aABD complex are superimposed to plectin ABD of
the P1aABDa22/B4Fn12 complex (RMSD 0.77 A over 206 equivalent Ca atoms), generating

steric clashes with the Fnlll-2 domain indicated in purple.
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3.4.2. Competitive binding assay by displacement ITC

| further carried out ITC to analyse thermodynamics of the dissociation and interactions
between CaM, B4Fn12, and P1aABD. The B4Fn12 binding to P1aABD is an entropy-driven
reaction, having weak affinity (Ky 41.7 uM, Figure 3.29A), while the Ca’*/CaM binding is
enthalpy-favoured process, and an order of magnitude stronger than the B4Fn12 binding

(Kg 4.2 uM, Figure 3.29B). No interaction was observed between Ca**/CaM and B4Fn12

(Figure 3.30A).
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Figure 3.29. The displacement of f4Fn12 by Ca?*/CaM assessed by ITC. (A) 0.8 mM [34Fn12
was titrated into 0.08 mM P1aABD, exhibiting the entropy-driven binding. (B) 1 mM CaM was

N:1.03 Kd:41.7+4.2puM
AH:3.69 + 0.2 kcal/mol
AS :32.2 cal/mol/deg

titrated into 0.1 mM P1aABD. CaM binds to P1aABD with a higher affinity than 34Fn12. (C) 1
mM CaM was injected into the sample cell containing 0.1 mM P1aABD and 0.1 mM (4Fn12 for
the displacement binding assay. All ITC measurements were carried out at 30 °C of isotherm.

Data are expressed as mean values * standard deviations.
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In the displacement experiment Ca**/CaM was titrated to the P1aABD/B4Fn12 complex,
the apparent binding affinity of Ca**/CaM was reduced because of the competitive binding
of B4Fn12 to P1aABD, and the enthalpy and entropy changes (AH and AS) were enlarged

due to the replacement of an entropic binding with an enthalpic one (Figure 3.29C).
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Figure 3.30. ITC analyses (A) 0.4 uM CaM was titrated to 0.04puM B4Fn12 at 30°C, displaying
the no interaction. (B) 0.7 mM CaMy, is titrated to 0.07 mM of P1aABD and f4Fn12; ITC
experiment was carried out at 30 °C. CaMy, binds to P1aABD in the presence of f4Fn12 with
the lower affinity (Kq of 21.5 pM).

The measured binding affinity of Ca?*/CaM is identical to the calculated one using the
competitive binding model by Origin software (Sigurskjold, 2000). The displacement-
binding assay demonstrates that the Ca**/cam binding to P1aABD leads to the disassembly
of the P1aABD/B4Fn12 complex. When CaMy, is titrated to the P1aABD/B4Fn12 complex,
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it is also able to displace B4Fn12 and to bind to P1aABD as expected from the affinity
differences: CaMy, possesses a higher affinity (Kq of 10.5 uM) than B4Fn12 (Ky of 41.7 uM)
to P1aABD, which suggests that the CaMy, binding is sufficient to disrupt the interaction
between P1aABD and B4Fn12 (Figure 3.30B).

Thermodynamics of the B4Fn12 and Ca®*/CaM interaction to P1aABD was compared to
elucidate the mechanism of integrin B4 dissociation. The formation of P1aABD/B4Fn12
complex is not enthalpy-favourable (AH: 3.69 kcal/mol, Figure 3.29A). The interaction is
namely entropy-driven, indicating that ordered water molecules solvating each binding
partner are released upon complex formation (Cozzini et al, 2004; Dunitz, 1994). For the
P1aABD/CaM interaction, the results show that the disordered N-terminal tail of plectin
isoform 1a folding into an a-helix is coupled with binding to Ca?*/CaM. This reaction is
entropy-unfavourable as shown by ITC results (Figure 3.29B). However, the enthalpy
contribution compensates the entropy cost to instigate the binding reaction (Figure 3.29B
and C) (Dyson & Wright, 2005), which is inferred from the fact that the binding affinity of
Ca?*/CaM to P1aABD (K4: 4.2 uM) is lower than to other binding partners reported (K4 of
107 to 10™ M) (Crivici & lkura, 1995). Taken together the results show that the Ca®*/CaM
has a higher affinity to P1aABD than does B4Fn12, resulting in capacity to displace of
B4Fn12 from complex with P1aABD.
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4. DISCUSSION

It has been shown that the hemidesmosome disassembly is regulated by phosphorylation
on multiple sites of integrin B4. Under the EGF or PMA stimuli, extracellular signal-
regulated kinase (ERK) 1/2 and ribosomal s6 kinase (p90RSK)1/2 phosphorylate integrin B4
Ser1356 and Ser1364 residues positioned in the connecting segment (CS) between Fnlll-2
and 3 domains, interfering with the interaction between integrin f4 and plectin ABD
(Frijns et al, 2010), whereas previous studies reported that calcium regulated protein
kinase C (PKC) phosphorylates Ser1356, Ser1360, and Ser1364, resulting in mobilization of
integrin B4 from hemidesmosomes and its association with F-actin (Rabinovitz et al, 2004;
Wilhelmsen et al, 2007). The phosphorylation of integrin B4 at its C-terminal tail (Thr1736)
mediated by PKD1 reduces the interaction with plakin domain of plectin (Frijns et al, 2012).
The results show that the Ca®'/CaM binding to the N-terminal extension of plectin isoform
1a is sufficient to disrupt the interaction between plectin ABD and the first pair of Fnlll
domains of integrin B4, contributing along with the phosphorylation on integrin B4 to the
hemidesmosome dissociation. Structural analysis of the P1aABDa,/B4Fn12 and
P1aABD,,,/CaM complexes, together with thermodynamic and mutational studies allowed
to elucidate molecular mechanism of Ca*/CaM regulation of hemidesmosome

disassembly via disruption of integrin B4 from P1la interaction.

4.1. The role of the isoform specific sequence of plectin 1a

The disassembly of the plectin and integrin B4 complex is isoform-specific and calcium-
dependent. Alternative splicing at 5-end of plectin gene generates 11 first exons,
encoding diverse N-terminal extensions that determine cellular locations of isoforms
(Fuchs et al, 1999; Rezniczek et al, 2003). In mouse keratinocytes, plectin 1a is specifically
located in hemidesmosomes, whereas plectin 1c is co-localized with microtubules (Andra

et al, 2003). Ca2+/CaM only binds to plectin 1a among three isoforms tested (P1a, P1c, and
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P1f) (Kostan et al, 2009). Structural analysis showed that architectures and nature of
interactions in complexes between integrin B4 Fnlll-2 domain with P1aABD or P1cABD are
identical (RMSD of 0.87 A over 367 equivalent Co atoms) except for the N-terminal
isoform specific tail: five residues in the N-terminal extension of 1cABD are bound to Fnlll-
2 domain via hydrogen bonds from the polypeptide backbone. These residues are not
conserved in P1a isoform, where the entire N-terminal extension is intrinsically disordered
and therefore not detectable in electron density. Binding affinities of Pla and Plc to
integrin B4 are comparable (Ky of 28 + 5 uM for P1aABD and Ky of 31 + 4 uM for P1cABD)
(de Pereda et al, 2009), suggesting that the N-terminal extensions of plectin isoforms (1a

and 1c) do not play a determinant role in the complex formation of plectin with integrin

B4.

4.2. The non-canonical binding of calmodulin in an extended conformation

The CaM binding motif of P1aABD belongs to a 1-5-8 class, bearing hydrophobic residues
at these positions (Leu25-Val29-Ala32), which is a sub-group of a 1-5-8-14 motif (Figure
3.22) (Rhoads & Friedberg, 1997). Interestingly, CaM displays an extended conformation
when it binds to P1aABD recognition site, which lacks a hydrophobic residue at position 14
in a 1-5-8-14 motif group (Elshorst et al, 1999; Rodriguez-Castaneda et al, 2010). In the
CaM/C20W (the N-terminal calmodulin binding domain of plasma membrane ca* pump)
complex (PDB: 1CFF) the C-lobe binds to the peptide (1-5-8 motif), exhibiting an extended
conformation (Elshorst et al, 1999). In addition, the CaM binding motif of Munc13-1 (a
synaptic vesicle priming protein) features a 1-5-8-26 motif, where residues corresponding
to a 1-5-8 motif are responsible for the interaction with calmodulin C-lobe while the
hydrophobic residue at position 26 binds to the N-lobe (PDB:2KDU) (Rodriguez-Castaneda
et al, 2010). On the other hand, a peptide of skeletal muscle light chain kinase (skMLCK),
possessing a 1-5-8-14 CaM binding motif, recruits CaM in a collapsed conformation by

anchoring a hydrophobic residue at position 14 into N-lobe (PDB: 2BBM) (lkura et al, 1992).
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Plectin 1a hosts Asp38 at position 14, indicating that C-lobe of CaM is not able to bind to
plectin due to the absence of a hydrophobic residue at this site. In addition, Asp38 is the
first residue of A-helix, which comprises the core of CH1 domain. Binding of C-lobe to this
site would lead to a steric clash with plectin and calmodulin. In order to simulate binding
of calmodulin C-lobe to plectin Asp38, crystal structure of the CaM bound to smMLCK
(skeletal muscle myosin light chain kinase) (PDB: 1CDL) (Meador et al, 1992) (RMSD:
0.684A over 57 Ca), which contains the CaM binding motif 1-5-8-14 (Figure 3.22) was
superimposed on our P1aABD,,,/CaMy.complex. The analysis of the superposition shows
that the C-helix of CaM C-terminal lobe of the CaM/smMLCK complex generates a steric

clash against plectin ABD (Figure 4.1).

Figure 4.1. The crystal structure of the P1aABDaz2/CaMn. complex superimposed on the
crystal structure of the CaM/smMLCK complex (PDB:1CDL) (RMSD: 0.684A over 57 Ca); N

and C-lobes are respectively displayed in light and dark cyan and smMLCK peptide (797-815
residues) is shown in red. The superposition shows that C-helix of N-lobe makes a steric clash

with plectin ABD (shown in an orange molecular surface).
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In all cases mentioned above, C-lobe plays a major role for the binding, assisted by
secondary role of the N-terminal lobe. To my knowledge, this is the first example of the
preferential Ca®*/CaM N-terminal lobe binding to the binding partner in extended

conformation.

4.3. Calmodulin is the first reported binding partner of isoform specific sequences

of plectin

Plectin features isoform diversity by alternative splicing at the 5-end of plectin gene,
generating variable N-terminal sequences, which determine tissue-specific distribution of
isoforms (Fuchs et al, 1999). My bioinformatics, biophysical and structural studies show
that N-terminal tail of plectin 1a is disordered. However, bioinformatics analysis of plectin
N-terminal extensions in other isoforms suggests that this is not a common feature among
plectin isoforms (Figure 3.3). The first exon encoded regions of plectin 1b and 1g are
expected to be mostly ordered, whereas plectin 1a, 1c, and 1d show strong tendencies for
being intrinsically disordered. Albeit the subcellular co-localization partners of plectin
isoforms are well known: plectin 1a with hemidesmosomes, plectin 1b with mitochondria,
plectin 1c with microtubules, plectin 1d with Z-disk, plectin 1 and 1f with costameres
(Andra et al, 2003; Konieczny et al, 2008; Rezniczek et al, 2007), the binding partners of
the isoform specific sequences have sofar not been reported. Previous studies have not
elucidated the binding region of calmodulin on plectin 1a and the molecular mechanism of
plectin - calmodulin interaction (Kostan et al, 2009). My PhD study firstly shows that CaM
is the binding partner of the isoform specific sequence of plectin 1a, whereas the role of
the N-terminal tail in the specific sub-cellular localization with hemidesmosomes is not

clear yet.
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4.4. The role of calmodulin binding to plectin in the interaction with F-actin

Actin-binding capacity of plectin is common among all isoforms bearing different N-
terminal sequences (Kostan et al, 2009). Interestingly, the muscle-specific isoforms of
plectin containing additional exon 2a and 3a sequences in CH1 exhibit enhanced affinity
to F-actin (Fuchs et al, 1999). In addition to its role in modulating the interaction between
plectin 1a and integrin B4, calmodulin was found to prevent plectin 1a binding to actin
filaments (Kostan et al, 2009). To understand the mechanism of this regulation, the SAXS
structure of the P1aABD/CaM complex was superimposed on the CH1 domain of a-actinin
ABD bound to F-actin (PDB: 3LUE) (Galkin et al, 2010) (RMSD: 0.54 A over 98 equivalent Ca

atoms).

Figure 4.2. The SAXS structure of the P1aABD/CaM complex is superimposed to the CH1
domain of a-actinin (red) that is bound to F-actin (light grey, PDB: 3LUE) (RMSD: 0.54 A over
98 equivalent Ca atoms). The steric clash between CaM and F-actin is indicated by purple

arrows.
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a-actinin ABD namely displays a closed conformation like plectin ABD (Franzot et al, 2005),
with RMSD of 1.26 A over 203 corresponding Ca atoms. Besides the steric clash between
CH2 of ABD and F-actin, already observed in a-actinin F-actin study (Galkin et al, 2010), C-
lobe of CaM in complex with P1aABD forms a steric clash with F-actin (Figure 4.2). While
the actin-binding sites (ABS) of CH1, mapped to the first and the last a-helix of the CH1
domain and to the first helix of CH2 (Bresnick et al, 1990; Levine et al, 1990), are not
directly affected by CaM binding, the structural analysis shows that CaM binding inhibits

the plectin ABD/F-actin interaction by limiting the accessibility of F-actin to ABD.

4.5. Summary

During my PhD study, | have shed light on the structural basis of the hemidesmosome
disassembly regulated by calcium-calmodulin. | would like to summarize major findings of
my PhD study. Firstly, | solved the crystal and solution structures of plectin 1a actin-
binding domain, which both show that the N-terminal tail of plectin 1a is disordered, while
ABD adopts the classical closed conformation. Secondly, | solved the crystal structure of
the P1aABD,,,/CaMy,. complex and the solution structure of the P1aABD/CaM complex.
These results provide the first structural insights into the calmodulin binding to plectin 1a.
The structures show that the N-terminal lobe of calmodulin binds to the N-terminal tail of
plectin 1a. These findings were corroborated by isothermal titration calorimetry and
chemical cross-linking combined with mass spectrometry analysis. Upon calmodulin
binding to the N-terminal tail of plectin 1a, the disordered N-terminal tail adopts an a-
helical structure. Comparative structural analysis showed that calmodulin binds to plectin
1la in a non-canonical way, in extended conformation. Thirdly, | determined the crystal
structure of the P1aABDa,,>/B4FNn12 complex and solution structure of the P1aABD/B4Fn12
complex. In both structures N-terminal tail of plectin 1a is disordered and does not play a
role for the interaction between plectin and integrin B4. Finally, in order to elucidate at

molecular level the dissociation mechanism of the P1aABD/B4Fn12 complex driven by
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calmodulin, the comprehensive displacement ITC study and structural analyses were
carried out. Taken these results together, | suggest a model for the mechanism as
depicted in Figure 4.3. At low cytosolic calcium concentrations plectin 1a — integrin B4
complex is maintained in hemidesmosomes. In this complex plectin 1a and in integrin B4
interact via an isoform independent interface also observed in plectin 1c - integrin B4. The
N-terminal extension of plectin 1a is disordered in the complex and is not involved in the

interaction.

BAFN12
-Ca*

J N
; }Nr\,\)
% calmodulin

P1aABD

Figure 4.3. Model for the CaM driven disruption of the P1aABD/B4Fn12 complex. (A) In low
cytosolic calcium concentration, the P1aABD/B4Fnl12 complex is maintained in
hemidesmosomes (B) When calcium concentration is increased in cytosol, calmodulin is
activated by calcium binding, subsequently, it binds to the disordered N-terminal tail of
plectin 1a which leads to its the folding into an a-helix. The steric clash caused by calmodulin

binding results in the dissociation of the P1aABD/B4Fn12 complex.
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Increased cytosolic calcium concentration causes the conformational change of
calmodulin, rendering it capable of binding to the disordered N-terminal tail of plectin 1a.
Calmodulin binds to the N-terminal tail of plectin 1a via its N-terminal lobe, which exhibits
a higher affinity than the C-terminal lobe, due to a larger buried surface area with Pla
than the C-terminal lobe. The N-terminal segment does not contribute to the complex
formation with integrin B4. Nevertheless, being intrinsically disordered is its essential
property, which enables plectin 1a to interact with calmodulin. If it formed an a-helix, it
would generate a clash with integrin B4, impeding the plectin-integrin B4 interaction.
Upon calmodulin binding to plectin 1a, the N-terminal tail folds into an a-helix, causing a
steric clash that leads to the displacement of integrin B4. When calmodulin binds to
plectin la-integrin B4 complex, the binding affinity of calmodulin is reduced due the
competition with integrin B4, and enthalpy and entropy changes are enlarged because of
the replacement of integrin B4. Calmodulin binding concomitantly leads also to inhibition
of plectin 1a interaction with F-actin due to steric clash of calmodulin C-terminal lobe with
actin filaments, suggesting its role in modulating competitive actin-binding of plectin and
integrin. The hemidesmosome disassembly is also regulated by phosphorylation on
several sites of integrin B4; phosphorylation on Ser1356 and Ser1364 by ERK 1/2 and
P90RSK 1/2, and phosphorylation on Thr1736 by PKD1. My study deciphered only one
mechanism contributing to the hemidesmosome disassembly. | think that a
comprehensive study including several factors leading to the hemidesmosome
disassembly should be accomplished to understand the interplay between the calmodulin

binding to plectin 1a and the phosphorylation on integrin B4.
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5. MATERIALS AND METHODS

5.1. Molecular cloning

Table 5.1. Oligonucleotide primers used for PCR

Name Sequence

Primers for plectin 1a

PlecF1 5" ATAGATACATGTCTCAGCACCGGCTCCG

PlecF13 5" ATAGATCCATGGGCCTGGGTAGCAAGAGAAC
PlecF23 5" ATAGATCCATGGACAACCTCTACCTGGCTGTG
PlecF33 5" ATAGATCCATGGCCTCCGAGGGCAAGAAAGAT
PlecF38 5 ATAGATCCATGGATGAACGAGACCGTGTGCAG
PlecR263 5" ATACATGGATCCCTAGGGCATAGCATCGTACAGGGA

Primers for calmodulin

CaM_F1 5" ATATATCCATGGAGGAGCAGATTGCAGAGTTCAAG
CaM_R1 5" ATATATGGATCCTCAGGCCATCATGGTCAGGAACTCC
Cam_F2 5" ATATATCCATGGACAGTGAGGAGGAGATCCGAGA
Cam_R2 5" ATATATGGATCCTCACTTTGCAGTCATCATCTGTACAAAC

Primers for integrin 4

ITB4_F 5 CCAGGGGCCCGCCATGGACC TGGGCGCCCCG

ITB4_R 5 GACCCGACGCGGTTAGCGTA GAACGTCATCGCTGTA

Primers for site-directed mutagenesis of plectin 1a

LvDD-F 5 AGCTCAGAGGACAACGACTACCTGGCTGACCTCAGAGCCTCCGAG
LVDD-R 5" CTCGGAGGCTCTGAGGTCAGCCAGGTAGTCGTTGTCCTCTGAGCT
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5.1.1. Plectin 1aABD

cDNA of mouse plectin 1aABD (UniProt accession number: Q9QXS1-3) encoding exon 1a-8
was amplified by polymerase chain reaction (PCR) using the oligonucleotide primers listed
above (Table 5.1), generating plectin constructs with various lengths of the N-terminal tail
encoding exon 1a, which are named P1aABD (1-263), P1aABDa11(12-263), P1aABDxy; (23-
263), P1aABDj3, (33-263), and P1aABDa37(38-263). The amplified products were digested
with Ncol (or Pscl only for P1aABD construct) and BamH]I, and were ligated into the
expression vector pETM-14 containing the N-terminal his-tag and the 3C protease
cleavage site, which had been digested with the same enzymes. The ligated products were

transformed to E.coli DH5a competent cells.

5.1.2. Calmodulin

The full-length calmodulin construct was prepared as described previously (Kostan et al,
2009). Calmodulin constructs of N- and C-terminal lobes were prepared using the
oligonucleotide primers listed above; CaMF-1 and CaMR-1 were used for the N-terminal
domain of calmodulin (CaMy.) and CaMF-2 and CaMR-2 were used for the C-terminal
domain of calmodulin (CaMc,) (Table 5.1). The amplified products were digested with Ncol
and BamH|, and were ligated into the expression vector pETM-14, which had been
digested with the same enzymes. The ligated product was transformed to E.coli DH5a

competent cells.

5.1.3. Integrin B4

The integrin B4 construct termed PB4Fn12 (1126-1355) comprises the first pair of
fibronectin type lll domains including a part of the connecting segment (CS) of integrin (4,

designed by previous researchers (de Pereda et al, 2009; Niessen et al, 1997). The B4Fn12
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construct was prepared using the cDNA of human integrin B4 (Rezniczek et al, 1998) and
amplified using the oligonucleotide primers listed above (ITB4_F and ITB4_R) containing
the complementary overhang for ligase independent cloning (Table 5.1). The PCR product
was incubated for 30 min at 22 °C with T4 DNA polymerase in the presence of dATP,
followed by heat treatment at 75 °C to inactivate the polymerase. The expression vector
PETM-14LIC containing the N-terminal his-tag and the 3C protease cleavage site, designed
for ligase independent cloning (pETM-14LIC), was digested with Bsal and the digested
vector was treated for 30 min at 22 °C with T4 DNA polymerase in the presence of dTTP,
followed by heat treatment at 75 °C to inactivate the polymerase. The insert and the
vector were annealed at 22 °C for 30 min, and the annealed product was transformed to

E.coli DH5a competent cells.

5.1.4. Site-directed mutagenesis of plectin 1aABD

The oligonucleotide primers were designed to mutate two hydrophobic residues
(Leu25Asp and Val29Asp) in the N-terminal tail of plectin 1a. The PCR was carried out
using the expression vector containing P1aABD (encoding exon 1a-8) and the mutagenesis
oligonucleotide primers listed above. The amplified vector was incubated with Dpnl at
37 °C for 1 h to digest the template plasmid, followed by the transformation to E.coli

DH5a competent cells.

5.2. Protein expression and purification

The expression vectors transformed to E.coli DH5a competent cells were isolated and
transformed to E.coli Rosetta2 (DE3) pLysS cells after checking nucleotide sequences. Cells
harboring the different expression plasmids were grown at 37 °C in ZYP media until the OD
600 is reached to 0.6. Protein expression was induced by 0.2 mM isopropyl-B-d-

thiogalactopyranoside (IPTG), and cultures were grown for another 18 °Cfor 16 h. ZYP
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media was used for the protein expression, which is supplemented with 0.5% glycerol, 2
mM MgSO, and the trace metal solution containing 50 uM FeCls, 20 uM CaCl,, 10 uM
MnCls, 10 uM ZnSO4, 2 uM CoCl,, 2 uM CuCl,, 2 uM NiCl,, 2 uM Na;MoQ4, 2 UM Na,Se0s,
and 2 uM H3BO3 (Studier, 2005). Cells were harvested by centrifugation and resuspended
in the lysis buffer (20 mM Tris—HCI pH 7.5, 150 mM NaCl, and 0.1 mM EDTA). The
resuspended cells were disrupted by sonication and centrifuged at 30,000g for 20 min at

4°C.

Protein samples were introduced to a HisTrap HP column (GE Healthcare) equilibrated
with the HisTrap buffer A containing 20 mM Tris pH 7.5, 0.5 M NaCl, and 0.01 mM EDTA
and samples were eluted with the HisTrap buffer B (20 mM Tris pH 7.5, 0.5 M NacCl, and
0.5 M imidazole). Major fractions containing the desired proteins were pooled and
dialyzed against the HisTrap buffer A, supplemented with 2 mM B-mercaptoethanol. The
GST-3C protease cleavage was followed after the dialysis. The dialyzed samples were
introduced again to HisTrap HP column (GE Healthcare). Unbound fractions were collected
after second nickel-affinity chromatography, which were further purified using a Superdex
75 gel filtration column (GE Healthcare) and an in-line GSTrap HP column (GE Healthcare)
in the SEC buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.1 mM EDTA, and 3% glycerol).

5.3. Thermal shift assay (thermofluor)

20 uM protein samples (13.5 pl) were mixed with 1.5 pl of 100 X Sypro Orange (Molecular
Probes), which were added to 96-well PCR plate. The plates were sealed with Optical-
Quality Sealing Tape (Bio-Rad) and heated in an iCycler iQ Real Time PCR Detection System
(Bio-Rad) from 20 to 95 °C in increments of 1 °C. Fluorescence changes in the plates were
measured at the wavelengths for excitation and emission were 490 and 575 nm,

respectively (Ericsson et al, 2006).
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5.4. Determination of protein concentration

Extinction coefficients of protein samples were calculated by ProtParam tool on the
ExPASy server (Gasteiger et al, 2003) and listed below (Table 5.2). The extinction
coefficient of CaMy, was not able to calculate due to the absence of aromatic residues.
Each protein concentration was measured by NanoDrop spectrophotometer (Thermo

Scientific) at UV 280 nm or 205 nm (in the case of CaMyy).

Table 5.2. Extinction coefficients of proteins

Name Extiction coefficient (Mcm™) Abs 0.1% (=1 g/L)

Plectin 1a constructs

P1aABD 32430 1.062
P1aABDa11 32430 1.115
P1aABDay; 32430 1.150
P1aABDas; 30940 1.145
P1aABDasy 30940 1.171

Calmodulin constructs

CaM 2980 0.177
CaMy, ND ND
CaMc. 2980 0.371

Integrin B4 construct

B4Fn12 41620 1.616
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5.5. Protein crystallization

5.5.1. Crystallization and Structure Determination of the P1aABDa2>

P1aABDay; (23-263) was prepared in the buffer containing 20 mM Tris pH 7.5, 150 mM
NaCl. Crystals were grown by the sitting-drop method at 22 °C. The protein sample (10
mg/ml) was mixed with an equal volume of the crystallization solution containing 0.05 M
potassium phosphate monobasic and 20% PEG 8000. Crystals were transferred to
crystallization solution containing 20% glycerol and flash frozen in liquid nitrogen.
Diffraction data were collected at the beamline ID14-4 in ESRF (Grenoble, France),
integrated with XDS (Kabsch, 2010) and scaled with Scala in the CCP4 suite (Evans &
Murshudov, 2013). The structure was solved by molecular replacement using Phaser
(McCoy et al, 2007); plectin ABD (PDB: 1MB8) was used as a search model. Refinement
was carried out using Phenix Refine (Afonine et al, 2012), alternating with model
adjustment by Coot (Emsley & Cowtan, 2004). Data collection and final refinement

statistics are summarized in Table 1.

5.5.2. Crystallization and structure determination of the P1aABDa22,CaMy. complex

P1aABDj;; (23-262) was mixed with CaMy,in an equal molar ratio and the protein complex
was eluted from a gel filtration column in the buffer containing 20 mM Tris pH 7.5, 150
mM NaCl, and 5 mM CacCl,. Crystals were grown by the hanging-drop vapor diffusion
method at 4 °C. The concentrated protein solution (11 mg/ml) was mixed with an equal
volume of the crystallization solution containing 0.1 M Bis-Tris pH 6.5, 0.2 M MgCl,, and 13%
PEG 8000. Crystals were transferred to cryo-protectant containing 20% glycerol and flash
frozen in liquid nitrogen. Diffraction data were collected at the beamline ID14-1 in ESRF
(Grenoble, France), integrated with XDS (Kabsch, 2010) and scaled with Scala in CCP4 suite

(Evans & Murshudov, 2013). The structure was solved by molecular replacement using
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Phaser (McCoy et al, 2007); plectin ABD (PDB: 1MB8) was used as a search model. The
initial model was constructed by Arp/wARP (Langer et al, 2008), and refinement was
carried out using Phenix Refine (Afonine et al, 2012), alternating with model adjustment
by Coot (Emsley & Cowtan, 2004). Data collection and final refinement statistics are

summarized in Table 5.

5.5.3. Crystallization and structure determination of the P1aABDa2,/B4Fn12

complex

P1aABD,,; was mixed with B4Fn12 in an equal molar ratio and concentrated to 12 mg/ml
for crystallization. Crystals of the protein complex were grown at 22 °C using vapor
diffusion from hanging drop, consisted of equal volumes of the protein sample and the
crystallization solution containing 20 mM HEPES pH 6.5, 150 mM Sodium formate, 7.5%
PEG 5500 MME and 3% Sucrose. The obtained crystals were treated with several
dehydration methods. Crystals were transferred to cryoprotectant containing 40% PEG550
MME and flash frozen in liquid nitrogen. Two data sets were collected at the beamline
ID23-2 in ESRF and each data set was individually integrated by XDS, followed by merging
and scaling with Aimless. The structure of the complex was solved by molecular
replacement with Phaser by using plectin ABD (PDB: 1MB8) and integrin 4 fragment (PDB:
3F7Q) as search models. The refinement was performed alternately by Coot and Phenix
Refine using strategies of rigid body and TLS (Krissinel & Henrick, 2007). Data collection

and final refinement statistics are summarized in Table 8.

5.5.4. Crystal dehydration

Dehydration for crystals of the P1aABDy,,/B4Fn12 complex was performed in house by

following several methods shown in Figure 5.1. First, crystal dehydration was carried out
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by transferring cover slips to reservoirs containing the crystallization solution with serial
concentrations of PEG 550 MME; the concentration was increased to 40% in steps of 10%
(equilibration time: 24h each). Second, crystals were transferred to another drop
containing higher precipitant concentration (3% increment of PEG 5500 MME) and
incubated for 2 h, which step was repeated until the concentration of PEG 5500 MME in

drop is reached to either 15 % or 20 %.

Method 1: Serial transfer to increasing concentration of precipitant; dehydrate either over reservoir or
exposed to air (example increments and soaking times shown)

T 50 ul ~5—15 min each
pngi=TRV-VE N - L b g @ -
X% precipitant (x+5%  (x+10)% (x + 25-30)% precipitant

Method 2: Add dehydrating solution to crystallization drop and air dehydration

o J
— —> {—-__-_-_-E’_:)'P C& ~30 min=several hours

b precipitant {x + 10-12)% precipitant + 5-10% glycerol

X!

oy

Method 3: Transfer to dehydrating solution, equilibrate over reservoir

g " E\Cg) _.E 12-16 h

x% precipitant (x + 5-10)% precipitant

Method 4: Transfer cover slip 1o reservoirs containing serial increase of dehydrating solution

= ¥ o f o g =
—_— - -l»I |-l- > -D-E 8—12 h each

1% precipitant (x+5%  (x+10)% {x + 25-30)% precipitant

Figure 5.1. Crystal dehydration with several methods. The figure was reproduced from

(Heras & Martin, 2005).

Crystal dehydration was also tried using humidity-control device (HC1lb) at BM14 and
ID23-2 beamlines at ESRF (Grenoble, France) (Sanchez-Weatherby et al, 2009). The
crystals were transferred to mesh loops without redundant solvent and mounted on the

goniometer. Relative humidity was decreased from 99 % to several relative humidity levels
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such as 96%, 92%, and 86%. After dehydration, the crystals were flash frozen with liquid

nitrogen for the diffraction experiments.

5.6. Isothermal Titration Calorimetry (ITC)

All protein samples were dialyzed against the buffer (20 mM HEPES pH 7.5, 150 mM NaCl
and 5 mM CaCl,) overnight at 4°C. 200 pl protein samples were injected in the sample cell
and water was filled in the reference cell. 40 ul of protein samples were inserted into the
sample syringe for injection. ITC was performed at 25° or 30°C using
iTCypoMicrocalorimeter (MicroCal). The experimental parameters were established like the
followings: 22 times of total injections, 60 sec of initial delay, and 1000 rpm of stirring
speed. Injection parameters are like the followings: 1.8 pl of injection volume, 180 sec of
spacing time, and 5 sec of filter period. Thermodynamic parameters of each interaction
were obtained by fitting the single-set of binding model or competitive binding model
using Origin 7. The heat of dilution into buffer was subtracted from each reaction or the

final titration point was used to estimate the reference baseline.

5.7. Small angle X-ray scattering (SAXS)

5.7.1. SAXS analysis of P1aABD

SAXS experiments were performed at the SAXS beamline X33 at the Doris Il storage ring,
DESY (Hamburg, Germany) for the analyses of P1aABD (Blanchet et al, 2012). All protein
samples were prepared in three different concentrations (3.0, 4.5, and 6.0 mg/ml) in the
buffer containing 20 mM Tris pH 7.5, 150 mM NacCl, 5 mM CaCl, and 1 mM DTT. Data
reduction and processing were performed using the ATSAS program package. Structural

parameters, zero-angle intensity (1(0)) and radius of gyration (Rg), from the Guinier plot
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were calculated using PRIMUS (Konarev et al, 2003). The program GNOM was employed
to generate the pair distribution curve for determining the maximum dimension (Dmay)
and to obtain Rg and 1(0) values (Svergun, 1992). Three scattering data with different
concentrations were merged since the concentration dependence was not detected by
comparing 1(0) and Rg values of three samples. EOM (Ensemble optimization method) was
employed to assess the flexibility of the N-terminal tail (Bernado et al, 2007). The random
pool of 10,000 conformers was generated using plectin ABD as a constraint. 50 models in
the pool were selected to calculate the averaged scattering intensity, which was fitted to
experimental data. Rg distributions against the frequency of occurrence were analyzed
and compared between the pool and the selected ensemble. A random pool of 10.000
conformers was generated by EOM and the averaged scattering data from the selected

ensemble was computed.

5.7.2. SAXS analysis of the P1aABD/CaM complex

SAXS measurements of the P1aABD/CaM complex were performed at the SAXS beamline
X33 at the Doris lll storage ring, DESY (Hamburg, Germany) (Blanchet et al, 2012). The
protein complex was purified by size-exclusion chromatography using a Superdex 75
16/60 column (GE Healthcare) after mixing P1aABD and CaM in an equal molar ratio in the
presence of Ca®". Protein samples were prepared in three different concentrations (3.5,
6.0, and 8.4 mg/ml) in the SAXS buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM CacCl,, and
1 mM DTT). The scattering data were processed as mentioned above. The P1aABD/CaM
complex was analyzed by SAXS to model the missing parts from the crystal structure of the
P1aABD,y,/CaMy. complex. The concentration dependence was analyzed by analyzing
structural parameters (I(0), Rg) among samples. Ab initio shape determination was
computed by the program DAMMIF (Franke & Svergun, 2009) based on the P(r) function

generated by GNOM. Generated ab initio models were averaged using the program
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DAMAVER (Volkov & Svergun, 2003). Rigid-body modelling of the complex was performed
by the program CORAL (Petoukhov et al, 2012) employing two subunits; one is the crystal
structure of the P1aABD,,,/CaMy. complex and another is the crystal structure of CaMc,
(83-148, PDB: 3CLN) (Babu et al, 1988), which was combined with an ab initio approach to
model missing residues (1-22 residues of P1aABD and 74-82 residues of CaM).

5.7.3. SAXS analysis of the P1aABD/ 34Fn12 complex

SAXS data of the P1aABD/B4Fn12 complex were collected at SWING beamline in the
synchrotron SOLEIL (Saint-Aubin, France) (David & Perez, 2009). The collected data were
integrated and processed using the program Foxtrot. The protein complex was prepared
by mixing P1aABD and B4Fn12 in an equal molar ratio with three concentration series (2.4,
4.5, and 6.9 mg/ml) containing the SAXS buffer mentioned above lacking CaCl,. Ab initio
structure determination of the P1aABD/B4Fn12 complex was performed in the same way
as for the P1aABD/CaM complex. The program OLIGOMER was employed to calculate the
volume fraction of the P1aABD/B4Fn12 complex in solution due to the expected
polydispersity at the concentration used. Residues missing in the crystal structure of the
P1aABD,,,/B4Fn12 complex (1-37 residues of P1aABD and 1321-1355 residues of B4Fn12)
were supplemented by the program BUNCH before generating form factors for OLIGOMER

analyses.

5.8. Pull-down assay

All plectin constructs were prepared at 5 uM concentration in the buffer (20 mM Tris pH
7.5, 150 mM NacCl, and 0.05% Tween 20). 1 ml of plectin samples were mixed with 50 ul of
CaM-Sepharose 4B beads (GE Healthcare) supplemented with either 5 mM CaCl, or 1 mM

EDTA. The samples were incubated for 2 hours at room temperature, followed by
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centrifugation at 3,000 x g for 2 min. Beads were washed with 1.5 ml of the buffer for
three times and incubated with SDS-PAGE sample buffer at 95°C for 10 min to elute bound

samples.

5.9. Cross-linking and mass spectrometry analyses

Cross-linking assays were performed using both one-step and two-step methods. For the
one-step method, 2.5 mM cross-linkers (EDS/sNHS or DSS) were added to P1aABD/CaM
complex (5 uM) prepared in the reaction buffer (0.1 M MES pH 6.5 and 0.5 M NacCl). For
the two step cross-linking, 5 uM CaM was prepared in the reaction buffer and activated
with 2.5 mM EDC (zero-length crosslinker) and 5 mM sulfo-NHS for 15 min, followed by
adding 20 mM B-mercaptoethanol to quench the excessive EDC. P1aABD prepared in PBS
was added to the activated CaM in an equal molar ratio and incubated at room

temperature for 30 min.

Bands from SDS-PAGE of cross-linked samples were cut out, subjected to in-gel digestion
using trypsin and analyzed by nano-HPLC-ESI-MS/MS using an UltiMate 3000
RSLCnano/LTQ-Orbitrap XL system (Thermo Fisher Scientific, Bremen, Germany) as
described (Cristodero et al, 2013). In a first step data files from LC-MS/MS were analysed
by standard database searches using the programs OMSSA (version 2.1.9) (Geer et al,
2004) as described (Kuhn et al, 2011) and MaxQuant (version 1.3.0.5) (Cox & Mann, 2008;
Cox et al, 2011). All searches were done against the amino acid sequences for the
recombinant proteins and for a set of common contaminants as provided with the
distribution of the MaxQuant program with tryptic specificity allowing up to two missed
cleavages. Oxidation of methionine and carbamidomethylation of cysteine were
considered as variable and fixed modification, respectively. The mass tolerance for
precursor and fragment ions was 5 ppm and 0.5 Da, respectively. In a second step, data

were subjected to a rigorous search for the identification of cross-linked peptides using in-
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house developed programs. For this purpose, theoretical proteolytic peptides of the
recombinant proteins were computed with accurate masses and stored as an indexed
table in a MySQL database. For each theoretical peptide the difference between its
accurate mass and the precursor mass of each MS/MS spectrum was computed and
queried against the indexed list of peptides indexed by mass using the same mass
tolerance as in the first search. The cross-linker specificity was taken into account by

retrieving only peptide pairs containing at least one suitable residue on each peptide.

For those peptide pairs matching a precursor mass, the list of theoretical fragment ions
was generated and compared to the experimental list of fragment ions assigning a P-value
according to the probability of finding at least the number of matched out of the number
of theoretical masses by chance using the formula used for the Andromeda score (Cox et
al, 2011) with minor changes as specified below. Neutral losses were considered for the
precursor mass but not for fragment masses. Charges of fragment ions are allowed from
+1 up to the charge of the precursor minus 1, but only if the charge state is in a plausible
range compared to the expected charge state from the number of charged groups of the
peptides. The expected charge state of fragments, computed as the number of basic sites
estimated according to a simple scheme described by (Schlosser et al, 2007) (Arg, Lys, N-
term: 1; His: 0.5) has to be met with a tolerance of +/- 1. In addition, analogously to the
overall P-value of a cross-linked peptide spectrum match, Pyp-values were determined
representing probabilities of finding at least the number of matched out of the number of
theoretical fragment masses by chance for the a- and B-peptide, respectively, of the cross-
linked pair, carrying the mass of the complementary peptide at one linkage residue. From
the resulting list of candidate peptide pairs only those with Py/s-values below 0.05 were

considered as cross-linked peptide spectrum matches.

Quantitative analysis of peptide spectrum matches was performed based on the
intensities of peptide features in the allPeptides.txt result file from the MaxQuant

program. For this purpose the text file was stored in a MySQL table. For each peptide
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spectrum match the sum of intensities was retrieved for features within the given
precursor m/z tolerance and a retention time window +/- 1 min around the retention time

of the MS/MS spectrum.
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