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Abstract
The Role of pH, Self-Association, and Lipid BindimgVinculin Tail Structure and Function

(Under the direction of Dr. Sharon L. Campbell)

Vinculin is a highly conserved cytoskeletal pratéhat localized to sites of cell
adhesion and is involved in linking the actin celeton to the cell membrane. Loss of
normal vinculin function has been associated wathcer phenotypes, cardiovascular disease,
and lethal errors in embryogenesis. Vinculin imposed of a 90 kDa head domain (Vh) and
a 21 kDa tail domain (Vt) connected by a flexibhetk” region. Vh and Vt form auto-
inhibitory interactions in its inactive state. Gormational changes in these domains have
been proposed to be important for vinculin actmatifreeing domains to bind to a variety of
ligands involved in cell adhesion processes.

My work has focused on the vinculin tail domairhalve assigned the majority of the
backbonéHy, N, *C,, **CO, and side chaiiC, NMR resonances of Vt (Biological
Magnetic Resonance Data Bank, accession numbeB)l58hese assignments have proven
useful for investigating the effects of ligand bimgl pH and Vt self-association.

The tail domain of vinculin has been reported tdengo a pH dependent
conformational change between pH 5.5 and 7.5. Wewave found no indication of a
significant alteration in Vt conformation in thisigange by both circular dichroism and

NMR. Although, Vt was reported to self-associatptd 5.5 while remaining monomeric at



pH 7.0, results from analytical ultracentrifugatiodicate that Vt self-associates at both pH
values, albeit with weak affinitykg > 100nM).

The binding of acidic phospholipids by Vt has beemposed to play a role in
vinculin activation and focal adhesion turnovere 8bserve a marked affinity of Vt for
phosphatidylinositol 4,5-bisphosphate (BI®ut no significant binding to
phosphatidylethanolamine (PE), phosphatidylchdli@), phosphatidylserine (PS), or
phosphatidylinositol (P1) in the context of mixepidl vesicles. A significant increase in
PIP, binding was observed with multiple mutant form3/6fexpected to alter the
conformation or flexibility of the N-terminal strayd Vt, suggesting that a rearrangement of
this N-terminal strap may be required for Pifhding. Additionally, we find that the
hydrophobic hairpin at the C-terminus of Vt is wodtical for lipid insertion, as previously

proposed.
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Chapter I.

Introduction

A. Vinculin

Vinculin is a ubiquitously expressed, abundant, laigtily conserved 116 kDa
protein that localizes to membrane-associated cexegland couples the actin cytoskeleton
to the membrane at sites of cellular attachmehiesé sites of attachment include adherence
junctions and focal adhesions which link cells éaghboring cells and cells to extracellular
matrix (ECM), respectively[1]. A larger isoform winculin, called metavinculin, is found
exclusively in smooth and cardiac muscle[2]. Baticulin and metavinculin are found in
costameres, protein complexes that link the fosreegating sacromeres to the cell
membrane, and in cardiac muscle both isoformslacelacalized to intercalated discs, a
specialized linkage between adjacent cells[2,18]all of these locations vinculin plays a
role in connecting the actin cytoskeleton to thembrne and therefore located at primary
sites of contractile force transmission. In additio the obvious importance for muscle
contraction, transmission of contractile forcealso critical for cell motility and migration.
Not too surprising, vinculin plays an importanteoh processes that require regulated cell
movement, including development and wound heahsgyell as pathological processes
including invasion and metastasis[4, 5]. Dynaneigulation of cell adhesions and actin
cytoskeletal morphology is also important for pisszs involved in cell growth,

differentiation, and cell death. Aberrant functammregulation of these processes contributes



to a number of human diseases, including cancess bf normal vinculin function, in
particular, has been associated with cancer phpastyardiovascular disease, and lethal

errors in embryogenesis[5-9].

B. The Role of Vinculin in Development, Cell Motity, Cell Survival, and Cancer

Cell adhesions, whether they are between adjaedistar with the extracellular
matrix (ECM), play a critical role in developmemtdasurvival. Ordered cellular motility
requires adhesive structures to be dynamic andsetgcontrolled. In addition, these sites
of adhesion are also involved in the sensing amsttuction of a multitude of signals both
from the extracellular and intracellular environmeWinculin plays an important role in the
regulation and function of both focal adhesion adberence junctions and, consequently,
affects many cellular processes that are mediateltular attachment. Vinculin null mice
die in early embryogenesis, with mice embryos atihip brain and heart defects[5].
Vinculin null cells also exhibit tumor suppressooerties, including: decreased focal
adhesion, increased motility, resistance to apoptosd anoikis, ability to grow in soft agar,
and altered signaling through extracellular sigegilated kinase (ERK)[4, 5, 7, 10-12].
Additional support for vinculin’s role in tumor spgession comes from studies showing
decreased vinculin protein levels that are coreelatith highly metastatic, invasive cancers.
Moreover, transfection of vinculin cDNA into tumeells lines with decreased vinculin
expression drastically reduces their tumorigenititgld 3], further solidifying vinculin’s role

as a tumor suppressor.

C. The Role of Vinculin in Cardiovascular Functian



Although vinculin is a widely expressed proteinisiparticularly abundant in muscle
cells where it localizes to costameres, which 8akromeres to the cell membrane[3]. In
contrast, a larger isoform of vinculin, metavinaulis exclusively expressed in smooth and
cardiac muscle and contains a 68 amino acid imsenti the tail domain[2, 14, 15]. Both
isoforms are found in intercalated discs of cardisgue[2]. Although no ligand specific to
the metavinculin insert has been found, there nsesevidence suggesting that metavinculin
possesses distinct properties. In addition tdiffseie specific expression, metavinculin tail
(MVt) promotes distinct F-actin organization frohetvinculin tail domain (Vt). Both Vt
and MVt bind F-actin, however Vt bundles F-actitoiparallel filaments, while MVt
generates “highly viscous F-actin webs”[15].

Vinculin null mice and nematodes both die in depetent with cardiac and muscle
defects, respectively[5, 16]. While it is possitilat these developmental abnormalities are
due solely to defects in cell migration, it is afsmssible that vinculin has a specific
developmental role in these tissues. Regardless adle in development, both vinculin and
metavinculin have been implicated in cardiovasctuaction, as separate mutations in each
have been associated with human cardiomyopathieuéine to methionine mutation at
position 277 in vinculin is believed to confer setbility to hypertrophic cardiomyopathy,
while an arginine to tryptophan substitution atipos 975 in metavinculin is associated with
both hypertrophic and dilated cardiomyopathy[17, IBhe metavinculin mutation (R975W)
has also been shown to alter F-actin organizatiitro as cardiac myocyte samples
containing the mutation have irregular and fragreémttercalated discs (structures involved
in transmitting contractile force between cardiamoytes)[19]. Even in the absence of

mutations, samples taken from patients with obstredypertrophic cardiomyopathy and



aortic stenosis, show a consistent defect in vinfaketavinculin expression in intercalated

discs suggesting an important and distinct roleviioculin/metavinculin in cardiac tissue[8].

D. Vinculin Domains and Their Ligands

Early studies using electron microscopy and prgteotleavage approaches
indicated that vinculin consists of three domaasgjobular head domain (Vh), a flexible
neck, and a tail domain (Vt)[20, 21]. Each of tndemains has been shown to bind multiple
ligands. The head domain has been shown to ittertictalin, a-actinin,a-catenin b-
catenin, and the bacterial virulence factor IpdAe neck domain interacts with vinexin,
ponsin, the Arp 2/3 complex, and the vasodilatorslated phosphoprotein (VASP). The
tail domain binds to F-actin, paxillin, protein kise Ca (PKCa), acidic phospholipids and

a-synemin (reviewed by Ziegleet al, 2006)[22, 23].

E. Vinculin Structure and Auto-inhibition

Multiple crystal structures of vinculin have be@ived, including the full length
protein, isolated domains, and isolated domair®mplex with ligands[24-29]. The full
length crystal structure was published in 2004wshg that vinculin consists of a “bundle of
bundles”[24]. The structure is comprised of 8 ¢telbundles that are organized into tandem
pairs. Each of the first three tandem pairs (DJ)-&htains two four-helix bundles with one
long helix connecting them. The fourth tandem paitains two helical bundles (D4 and
Vt) connected by a flexible linker. The head damaii vinculin (Vh) consists of D1-D3
which forms a clamp-like structure, with the tadndain (Vt) held in its center (Figure 1.1).

Vt consists of a five-helix bundle fold. The isigld domain shows similar structural features



to Vt in the context of full length vinculin[24, P5Multiple sites of interaction between Vh
and Vt occur, giving rise to a compact, auto-intabi complex. While the majority of
contacts are observed between D1 and Vt, additiateriactions occur between Vt and D3
and D4. The numerous interactions between Vh andive rise to a high affinity
intramolecular interaction, with an estimategdof ~1 nM [24]. Activation of vinculin
requires release of auto-inhibitory Vh and Vt iatgions to expose binding sites for
interactions with -actinin, VASP, talin, F-actin, PK& acidic phospholipids, and the

Arp2/3 complex[10, 30-35].

F. Vinculin Activation

The tight auto-inhibitory interaction between tiead and tail domains of vinculin is
possible due to three distinct interaction surfdissveen Vh and Vt (D1-Vt, D3-Vt, D4-
Vt)[24, 36]. The apparent affinity is further ie@sed due to the intramolecular nature of the
interaction (once separated Vt does not diffuseyaweam Vh). Notably, binding cell
adhesion protein, talin, to the vinculin head danteas been proposed to disrupt auto-
inhibitory Vh-Vt interactions to activate vinculinHowever, a detailed characterization
study of talin/Vh interactions, indicated that altigh talin can efficiently displace Vt from
the isolated D1 fragment of Vh[29], talin bindinig@e, disrupts only a subset of interactions
between Vt and Vh, and thus cannot release auib#aty interactions in the context of the
full length protein[36]. To date, no single natiigand has been found with sufficient
affinity to compete with the Vh-Vt interaction, ggesting a combination of multiple ligands
are needed to activate vinculin[37]. A combinatbaictivation mechanism is supported by

the ability of talin to successfully interact witlll length vinculin in the presence of



actin[37]. Given the number of ligands that bindbth the head and tail domains of
vinculin, it is possible that additional ligand amay also be capable of activating vinculin
or that subsequent binding of additional ligandsradctivation could help maintain vinculin
in an activated state. Additional ligands interagtvith the head, neck, or tail could
conceivably play such roles. Interestingly 8tagella flexnervirulence factor, IpaA,
appears to activate vinculin in the absence ofrdigands[37]. Although IpaA contains two
vinculin-binding sites (VBS), their binding to viakn is mutually exclusive. Crystal
structures of D1 of vinculin with either IpaA VB%v¥e been solved and appear to mimic the
binding of vinculin-binding sites from talin ardactinin[28]. IpaA-VBS has been reported
to have at least 10-fold higher affinity for Vh-Ddlative to other VBSs, which may account
for its ability to activate vinculin[28]. Howeveit,cannot be ruled out that an additional
interaction between IpaA and vinculin could be iwed in disrupting the Vt-D3 and Vt-D4

interactions.

G. The Tail Domain of Vinculin and its Ligands
1. Vinculin Tail Structure

The crystal structure of Vt (residues 879-10663 wablished in 1999, showing a
bundle of five amphipathic helices[25]. The confiation of the isolated tail domain, solved
at pH 5.5, is virtually identical to that seen e tauto-inhibited full length structure of
vinculin, solved at pH 6.5 in 2004[24]. In thelfldngth structure of vinculin, Vt is held by
the clamp-like Vh. In the isolated crystal struetthowever, the asymmetric unit contains
two Vt molecules, forming a dimer with a hydrophobiteraction interface covering end of

helix 4 and the beginning of helix 5. Some of #asne interface is involved in the



interaction between Vt and the D1 domain of Vhhae &uto-inhibited structure[24]. In
addition to the main helical bundle of Vt, there &wo structural features of interest; an N-
terminal strap and C-terminal extension (Figurg.1.2

Residues 879-893 form the N-terminal strap, arapadn extended conformation. In
the crystal structure of the isolated tail doméhis strap is seen in multiple conformations,
suggesting some conformational mobility. In therenardered conformation, this N-
terminal strap packs against helix 1 and 2. Ins#@ond conformation, only weak electron
density was seen prior to residue 890, and crgstatiacts were seen at the position the strap
occupied in the first conformation. Due to a moréered electron density and the lack of
crystal contacts, the conformation with the strapking against helix 1 and 2 was assumed
to be a better model of the structure in soluti®h[2n support of this idea, in the full length
vinculin structure the N-terminal strap of Vt isesen a very similar conformation, packed
along helix 1 and 2. Residues F885 and D882 ostitag form interactions with the helix
bundle, and are likely important to maintaining éxtended conformation along the helix 1-
2 interface. In both the isolated tail structund ¢he full length vinculin structure, the side
chain of F885 packs in a hydrophobic crevice betweadix 1 and 2, making interaction with
H906 of helix 1. Interactions made by D882 vargnedetween crystal structures, but they
include interactions with S914 and K924, locatethm helix 1-2 loop and helix 2
respectively, and K1061 and Y1065, located in tHer@inal extension[24, 25].

The C-terminal extension of Vt consists of resgli847-1066 and is located at the
bottom of the helical bundle. Residues in thie@rinal extension form the bottom of the
hydrophobic core, packing against helix 1, thexh&iR loop, and helix 5. In particular,

L1056 inserts into a hydrophobic cavity while W1Q&R ks against W912 of the helix 1-2



loop and these interactions are thought to be itapofor the structural stability of Vt[25,
38]. The final C-terminal residues form a “hydropic hairpin” (TPWYQ) that emerges
close to the N-terminal strap. It has been postdl¢hat this hydrophobic hairpin is
important for insertion into the membrane.

The crystal structure of Vt also aided in identifytwo solvent-accessible surface
features that have been postulated to be impdatipid binding; the “basic collar” and
“basic ladder” (Figure 1.2)[25]. The basic colkansists of residues from helix 1, helix 5,
and the C-terminal extension, including R910, KR1039, K1049, R1060, and K1061.
These residues surround the hydrophobic hairpitheabottom of the helical bundle. The
basic ladder consists of residues located alontgetigth of helix 3 and at the base of the
helical bundle, including K944, R945, K952, K95®a3, K966, K970, R978, R1008, and

R1049.

2. Actin Interactions

The binding of actin is considered one of the prirfanctional consequences of
vinculin activation. Indeed, despite findings thatculin can interact with additional actin-
binding proteins (i.e., Arp2/3, Vasp, etc), intdéraas between the vinculin tail domain and
actin, provide a major link between focal adhesiand the actin cytoskeleton [39]. In
addition to F-actin binding, vinculin also promotasss-linking of actin bundles[40]. F-
actin binding has been reported to induce Vt diradion with dimerization important for
Vt-induced F-actin bundling[41]. Binding of F-actby Vt is blocked by the auto-inhibitory
Vh-Vt interaction and full length vinculin neithbimds or crosslinks F-actin in the absence

additional ligands[32, 37]. Two isolated recomininftagments of Vt were shown to bind to



F-actin[42], however, in the context of the crystlicture of Vt neither of these fragments
correspond to a canonical actin binding site. @arnn protease sensitivity and tryptophan
fluorescence upon F-actin association have beeanteg]) providing evidence of a possible
conformational change in Vt upon actin binding[Z5}ther complicating clear identification
of the binding site or sites.

Three-dimensional models of Vt, both bound to ams$slinking F-actin, were
created using a combination of electron microscopgge analysis and computational
docking[43]. Crystal structures of Vt, alone andhe context of full length vinculin, were
docked into 3D difference maps produced from imadsactin decorated with Vt.
However, in contrast to earlier observations[25¢, docked protein models did not support a
large scale conformational change in Vt upon bigdiractin, as a high correlation of the
docked structure with the corresponding reconstrastwas obtained with no major clashes
observed between the docked proteins [43]. Thidahsupports Vt binding to two separate
actin monomers along the actin filament via twdidd sites. The upper interaction
interface includes residues at the top of heliceas®3, along with residues contained in the
N-terminal strap (883-890). The correspondingriiatee on actin is located at the bottom of
subdomain 1, and contains a large hydrophobic gock#icated in interactions with several
actin binding proteins[43]. The lower F-actin/¥iteraction interface is more polar, is
located at the base of helix 3, and includes residiose to the C-terminus. This Vt
interface interacts with an acidic region at the e subdomain 1 of a second actin
monomer. Superimposition of the full length sturetof vinculin with the tail domain in the
actin bound model exhibits severe clashes betwdeard actin, consistent with the

evidence that the Vh-Vt interaction must be reldasdacilitate actin binding[32, 43]. A



three-dimensional model of actin bundling by Vt veasduced by computationally docking
the F-actin-Vt model into tomographic reconstrusti@f Vt-crosslinked actin arrays. This
model shows an asymmetric dimer with the C-termiasidues of one monomer (located at
the bottom of the helical bundle) contacting théekininal strap along the side of the second
monomer. However, as severe steric clashes assv@isbetween the C-terminus of one
monomer and the N-terminus of the other, it wasslaged that either one or both of these
regions of Vt may undergo a conformational chamgeromote F-actin bundling[43]. The
overall 5-helix bundle of Vt is believed to remé&angely unaltered by either F-actin binding
or bundling. Currently, no specific point mutatson Vt have been identified that effectively
block its F-actin binding and/or bundling activitfhe production and characterization of
such mutants would be beneficial in elucidatingdbgvation, role, and function of vinculin

in vivo.

3. Lipid Interactions

The tail domain of vinculin has been shown by mpidtgroups to bind acidic
phospholipids[25, 31, 44, 45]. Among the varioyses of acidic phospholipids, Vt has been
shown to have an increased affinity for phosphétidgitol 4,5-bisphosphate (PR
although the affinity and degree of specificity wasied in the literature (possibly due to
varying methods used to assay binding)[24, 2548147]. PIR has been shown to be a key
regulator of actin dynamics, adhesion-site turnpaed cell morphology[48, 49], and
therefore is of particular interest as its intei@cwith Vt could explain some of vinculin’'s
effects on cell motility and morphology. The irgetion between Vt and lipids alters

vinculin interaction with actin, talin, and PKC Moreover, in earlier studies, lipid binding
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to vinculin was proposed to release interactiote/éen Vh and Vt, thereby leading to
vinculin activation[24, 31, 35, 46, 50]. Howevsubsequent work indicated that
phospholipid binding to full length vinculin is sidicantly reduced relative to Vt, and that
this interaction is unable release Vh-Vt interactid hus, phospholipid binding to vinculin,
alone, does not lead to vinculin activation[31,.4#stead of a role of phospholipids in
vinculin activation and localization to sites oha&dion, multiple reports have now suggested
that vinculin-lipid interactions are important iagulating focal adhesion disassembly and
turnover, a process critical to cell motility[38}]4

Although the lipid binding to vinculin residestime tail domain, multiple disparate
sites have been proposed. Deletion mutagenesng ad/t fragment containing residues
916-970, suggested a binding site localized toxt&hnd 4[31]. However, as this fragment,
comprised of helix 3 and 4, is markedly amphipa#inid undergoes self-association, the
isolated fragment may possess different (perhapsspecific) phospholipid interactions.
Once a structure of Vt became available, additisrias of possible lipid interaction were
proposed. The C-terminus was postulated to be ritapofor insertion into the lipid
membrane, based on results obtained from a deletudant (VDC) lacking residues 1052-
1066 that showed a significant decrease in lipmlimig. Additionally, a “basic collar” and
“basic ladder” were noted as possible sites oftedstatic interaction with the phospholipid
headgroup[25]. The “basic collar” surrounds th&e@ninal extension and includes residues
from the bottom of helices 1 and 5 and within thte@ninus. The “basic ladder” contains a
stretch of exposed basic residues covering thehesfchelix 3. A model for phospholipid
binding to Vt was proposed by Liddington and co+euss, in which following insertion of

the C-terminus, the helical bundle “unfurls” expagshelical hairpins which could interact
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with the lipid membrane and possibly additionaahds[25]. Further research, however,
indicated that deletion of 15 C-terminal residue¥1i, significantly destabilizes the Vt
tertiary fold due to removal of a hydrophobic iaterons between the C-terminus and the
base of the helical bundle. Hence, the reductidipid binding to Vt C is likely to result
from large scale conformational/dynamic chang¥t[88]. Two remaining basic collar
residues, K911 and K924 were also proposed as d&eyrdinants of PiPbinding [24, 38].

A separate study produced a “lipid binding defitiesriant of vinculin by introducing a
series of mutations into the basic collar and biaslder; mutation of 4 basic residues (K952,
K956, R963, and K966) in the basic ladder and Rluves (R1060 K1016) within the basic
collar and contained in the C-terminal extensibtutation of either group of residues alone
led to only a partial loss in lipid binding[44]. odiever, the effects of these multiple
mutations on ligand binding were not fully charaizt&tion. Moreover, no studies were
conducted to determine whether mutations of 6 vesidvithin Vt alters Vt structure. Given
the 3D disposition of the basic ladder and coltas, unlikely that vinculin binds both sites,
unless more than one site of interaction occursupteraction with phospholipids. Hence,
with multiple mutations in disparate surfaces & photein, the complete picture of lipid
binding remains unclear. It is also still unknowhether these mutations have effected the
conformation of Vt causing confusion in data intetption, as appears to have happened

with VtDC.

4. Paxillin Interactions
Paxillin is a 68 kDa cytoskeletal protein thaassociated with focal adhesions and

exhibits increased tyrosine phosphorylation follegvcell adhesion or transformation by the
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Rous sarcoma virus[51, 52]. Paxillin was identifees a vinculin binding protein that
associates with a C-terminal cleavage fragmentrafulin containing the tail domain[51].
The domain structure of paxillin consists of 5 lieeerich ‘LD’ motifs and 4 double zinc
finger LIM domains. Paxillin is believed to funeti as a molecular scaffold, with both the
LD and LIM domains participating in protein-protemteractions [53, 54]. Three of the LD
motifs, LD1, LD2, and LD4, were shown to bind te tiail domain of vinculin[55]. Deletion
mutagenesis studies suggested that paxillin bmdswut fragment comprising residues 979-
1000[56]. Paxillin binding was assessed by anriayéassay, by first using denaturing
SDS-gel electrophoresis of Vt or Vt fragments,daled by blotting on nitrocellulose filters
prior to paxillin binding[25, 56]. It should be t@al that this fragment contains the majority
of helix 4 of Vt, which is markedly amphipathic.hds, the conformation of this fragment in
overlay binding assays could be significantly déf& from Vt in solution.

The physiological role of the vinculin-paxillintegraction is currently unclear.
Intriguingly, both vinculin and focal adhesion kssa(FAK) bind to the LD2 and LD4
domains of paxillin, suggesting that both of thesk adhesion proteins may compete for
paxillin binding. This idea is further supporteglfindings that alterations in vinculin
expression can modulate FAK-paxillin interactionsl ghe activity of extracellular signal-
regulated kinase (ERK), leading to changes inroeliility and survival[7]. However, no
clearin vivo evidence currently exists, that supports a dirgetaction between vinculin and
paxillin, due at least in part to a lack of chaeaizted, specific mutations to block the
interaction. Further complicating this matter,aeicevidence indicates that vinculin
overexpression induces the robust recruitment willpato focal adhesions, and this

recruitment occurs independent of the vinculin dainain[39]. Although care must be taken
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in the interpretation of protein overexpressionakpents, this would appear to suggest that,
in addition to possible direct interactions with Vinculin either possesses additional

paxillin interactions or vinculin is capable of mdating the subcellular localization of

paxillin indirectly. As there is no evidence sugiijeg a secondary paxillin binding site, the
latter appears more likely. However, either cirstamce may complicate interpretation of

data concerning the physiological role of a vinatgaxillin interaction.

5. Vinculin Tail Phosphorylation

Vinculin is phosphorylated as a result of variotisigli, including calcium, phorbol
esters, and leukotriene D(4)[57-59]. In the cdssafrium stimulation, phosphorylation of
vinculin is observed in connection with both platedtimulation and formation of tight
junctions[59, 60]. Src kinases and protein kin@se (PKCa) are both capable of
phosphorylating vinculin, although a direct funatib role for phosphorylation by either
kinase is still not understood[35, 61-63].

During cell spreading, PK&Lhas been shown to interact with vincuhrvivo via
crosslinking and pulldown experiments, and tworseresidues in Vt, S1033 and S1045,
have been shown to be phosphorylated by KCvitro. Thein vitro phosphorylation of Vt
by PKCa was promoted by the addition of acidic phosphdBpieading to the speculation
that binding of phospholipids may help releasehef¥h-Vt complex allowing
phosporylation[35].

Two residues phosphorylated by Src have been ftehtone in Vh and the other in
Vt. The Src phosphorylation site in Vt is the sy®@sine in the domain, Y1065, which is

the second to last residue from the C-terminu$iastbeen suggested that phosphorylation of
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Y1065 could inhibit the Vh-Vt interaction withoutfecting actin-binding[63]. Cells that
contain a vinculin mutant with both Src phosphatigla sites (Y100F/Y1065F) mutated
exhibited decreased cell spreading relative to-yife vinculin, indicating a physiological

role for Src phosphorylation[63].

6. Vinculin Tail Self-Association

There is some disagreement in the field concersétigassociation of vinculin. Early
work, using a variety of methods including overésgays, infrared attenuated total reflection
spectroscopy, and electron microscopy, suggestexiim was capable of self-association.
Electron microscopy implicated the tail domairttees strongest point of interaction[2, 20,
64-66]. It should be noted, however, that moghefmethods used in these experiments
involved either 1) vinculin interacting with a sace or 2) conditions where additional
ligands may be present, which raises the questiarhether surface or ligand induced
conformational changes could have occurred. Tihddanain of vinculin has been shown to
dimerize in the presence of actin or acidic pho$iplus, but was reported to be a monomer
in solution[41, 43, 67]. The crystal structurevifwas also solved as a dimer, although this
dimer structure was distinct from the model of matiduced dimerization[25, 43]. The
crystallographic dimer involves a hydrophobic scefat the top of helices 4 and 5, a surface
also involved in the Vh(D1)-Vt interaction. Whillee actin induced Vt dimer is thought to
be important for the F-actin bundling activity ohegulin, it is unknown whether the crystal
dimer is physiologically relevant. However, basexthe exposed hydrophobic nature of the

crystallographic dimer interface, which is freedentVt is separated from Vh, it is not
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unreasonable to speculate that this site may lvesd in some type of interaction,

following the release of the Vh-Vt interaction.
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Figure 1.1: The full length crystal structure of vinculin (PDB 1ST6) is comprised of 8
helical bundles that are organized into tandenspaiihe first three tandem pairs (D1 colored
red, D2 colored yellow, and D3 colored magenta)aios two four-helix bundles with one
long helix connecting them and make up the headadoof vinculin (Vh). The “neck”
domain, comprising D4 and a flexible linker, isa@d green. The tail domain (Vt) is
colored blue, and is held by the clamp-like heachaio.
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Figure 1.2: The tail domain of vinculin (residues 879-1066¢@nposed of a bundle of five
amphipathic helices, with an N-terminal strap antéfninal extension. The structures
represented here are taken from the full lengtbulin structure (PDB ID 1ST6). A) The
N-terminal strap and C-terminal extension of Vt highlighted in green and yellow
respectively. The hydrophobic hairpin in the Gxgrus is highlighted in red. Major
interactions between the termini and the helicaldbel are labeled, including L1056 and
W1058 in the C-terminus, and D882 and F885 in tkitershinal strap. B) The basic ladder
and basic collar are highlighted on the moleculafage, colored by electrostatic potential.
The first structure in both A) and B) are depidtedoughly the same orientation.
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Chapter II.

Backbone'H, *C, and >N NMR Assignments of the Tail Domain of Vinculin

A. Introduction

Vinculin is a 116 kDa highly conserved cytoskelgtadtein that localizes to both
cell-matrix and cell-cell contacts and plays anamant role in the linkage between
transmembrane receptors (integrins or cadherirgsjl@actin cytoskeleton [1]. Vinculin is
composed of an N-terminal head domain (Vh), a fiexneck domain, and a C-terminal tail
domain (Vt). Each domain contains binding sitesnaltiple ligands. In addition to an
important auto-inhibitory interaction with Vh, Virls F-actin, paxillin, and acidic
phospholipids. However, these interactions ateast partially occluded in the intact
protein due to auto-inhibitory interactions with Vithe activation of vinculin requires
release of the head/tail interaction, and is thot@hequire combinatorial binding of ligands
to both Vh and Vt [2].

Vinculin is essential in development, as vinculull@mbryos die early in
embryogenesis [3]. Cells lacking vinculin are hygimetastatic, highly motile, and resistant
to apoptosis and anoikis, suggesting that vindulinttions as a tumor suppressor protein.
The C-terminus of vinculin appears to play a caitiole here, as a C-terminal fragment
containing Vt, was shown to restore both apoptasdanoikis in vinculin null cells [4]. In

addition to cancer, deregulation of vinculin condites to other disease states, as mutations in



the vinculin gene have been linked to both hypetito and dilated cardiomyopathy, while
decreased expression of vinculin is correlated wiginedisposition to stress-induced
cardiomyopathy [5, 6]. In order to elucidate thkerof vinculin in both physiological and
pathophysiological states, a detailed understanalimig activation, function, and ligand

interactions is needed.

B. Methods and Experiments
1. Expression and Purification

Escherichia colstrain BL21(DE3) was transformed by electroporatioth a
pPET15b vector (Novagen) containing the tail don@iminculin (G. gallus 879-1066), as
previously described [7]. UniformfyN or **C/**N isotopically enriched Vt was grown in
M9 minimal media containing 1 gA°NH.Cl, 2 g/L*°Cs-glucose (Spectra) in 0.
Perdeuterated Vt was grown in M9 minimal media aiming 1 g/L**NH,CI, 2 g/L*H-°Ce-
glucose (Spectra) in 99%,0. Bacterial cultures were grown at’&7until reaching an
optical density of 0.6, at which point Vt expressiwas induced by the addition of 0.25 mM
IPTG and grown for 4-5 hours. The bacteria wergdsted by centrifugation and
resuspended in lysis buffer (20 mM Tris, pH 7.5) @M NaCl, 5 mM Imidizole, 0.1%-
mercaptoethanol) and lysed by sonication. Vt w#glly purified using by affinity
separation using Ni-NTA Agarose beads (Qiagen)lowing elution from the Ni-NTA
beads, Vt was exchanged into thrombin cleavageeb(@0 mM Tris, pH 7.5, 500 mM NacCl,
2.5 mM CaCl}, 0.1% BME) by dialysis. The 6-His tag was cleabgdhrombin and removed
by dialysis in the same buffer. Vt was then furtherified by cation-exchange

chromatography using a HiPrep 16/10 SP XL columig H&althcare Life Sciences) with a
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0.05-1 M NaCl gradient at pH 7.5. In some casssluble Vt was refolded and purified by
resuspending cell pellets in 6M guanidinium chler{@&dmClI) prior to sonication. Vtwas
bound to Ni-NTA beads under denaturing conditiomd gefolded by removal of the GdmCl
through dialysis. After refolding, thrombin cle@eaand cation-exchange chromatography
was performed as described above. Perdeuteratedd/purified under denaturing

conditions to ensure the back-exchange of amidepscao’H.

2. Nuclear Magnetic Resonance Spectroscopy

NMR spectra of Vt were collected at°8on Varian Inova 600, 700, and 800 MHz
spectrometers. Select spectra were collected oiarvinova 700 and 800 MHz
spectrometers equipped with cryogenically coolabprheads. The NMR buffer contained
10 mM K;HPO,, 50 mM NaCl, 0.01% Nai2 mM DTT at pH 5.5, in 90% 40 and 10%
D,0O. Backbone assignments were determined dsifigN HSQC, HNCO, HN(CA)CO,
HNCA, HNCACB, HN(CA)CB, HN(CO)CA, and HN(COCA)CB eeriments.
Assignments were also verified where possible byHIWNOESY cross peaks obtained
from 3D *°N-edited NOESY data. NMR data was processed usMBPipe/NMRDraw [8]

and analyzed using NMRView [9].

C. Assignments and Deposition

The Vt domain employed for this study, comprisesdues 879-1066 of full length

vinculin, and was crystallized as a dimer with tlve monomer units packed in an

‘orthogonal’ arrangement, each containing an aatalbel five helix bundle fold [7].
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Consistent with previous observations of Vt dimatian, our NMR, analytical
ultracentrifugation, isothermal titration calorimgtand fluorescence anisotropy studies all
indicated that Vt is significantly dimeric at thencentrations used for NMR (0.3 mM).
Standard 3D triple resonance NMR data on Vt shguoet magnetization transfer
efficiency, consistent with a 43 kDa dimer at thesecentrations. Perdeuteration of Vt
improved efficiency of magnetization transfer iiple resonance NMR experiments, making
sequential assignment possible. However, conderisawere limited to 0.3 mM. At higher
Vt concentrations, magnetization transfer decreasgdficantly suggesting further
oligomerization likely occurs. We were able toatatine sequence specific assignments for
84.24% of the non-prolinEN and amide proton resonances. We were also @loletain
86.7%, 88.83%, and 82.98% of the 0, *C,, and**C, resonances assignments,
respectively. The majority of the unassigned nassdfall in one region of the protein
between residues 897 and 919. This region appe&esin intermediate exchange on the
NMR time scale with backbone resonances not ddilectaln the crystal structure of Vit [7],
this region packs against the N-terminus whicteensin multiple conformations, possibly
explaining the observed exchange broadenDespite deuteration, complete side chain
assignments could not be obtained due to poor niagtien transfer efficiency. Vt NMR

assignments have been deposited in the BMRB witbsston number 15653.
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Figure 2.1: 2D *H->N HSQC spectrum of uniformlyii,*>N,**C]-labeled Vt collected on a
Varian Inova 700 MHz spectrometer at 37 °C. Thepa contained 0.3 mM Vt, 10 mM
K,HPO,, 50 mM NaCl, 0.01% Najand 2 mM DTT at pH 5.5 in 90%,8 and 10% BO.
NMR resonance assignments are numbered accordthg fall lengthG. gallusvinculin
protein sequence. To improve clarity, some sidgrchesonances are labeled with “sc”. For
resonances which appear in multiple conformatipeaks associated with the minor
conformation are labeled with “mc”.
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Chapter lll.

The Role of pH and Histidine 906

A. Introduction

Contacts between cells (cell-cell) and with the@ellular matrix (cell-matrix)
regulate a wide variety of critical cellular proses including cell growth, migration,
differentiation, and cell death[1-3]. Aberrant uéagion of these processes contributes to a
number of human diseases, including cancer[4]. hitjely conserved cytoskeletal protein,
vinculin, is found in both cell-cell and cell-miatcontacts [5], is essential for
embryogenesis[6], and plays an important role gulkaing cell morphology and
migration[7]. Vinculin is a large, approximately6 kDa protein consisting of an amino-
terminal "head" domain (~ 90 kDa) and a carboxy-teati'tail" domain (~ 21 kDa)
connected by a flexible hinge region. The vincwdih (Vt) domain forms auto-inhibitory
contacts with the vinculin head (Vh) domain anddsiseveral ligands including F-actin,
paxillin, PKCa and acidic phospholipids [8-15]. Auto-inhibitacgntacts between the head
and tail domain are believed to downregulate vimciulnction by preventing the interaction
of multiple ligands [11-13, 16, 17]. On the fligls, vinculin activation requires release of
auto-inhibitory contacts. Current models of vinguwdctivation have proposed that a
combinatorial input of multiple ligands is necegsiar release interactions between the head
and tail domain. For example, acidic phospholgidr-actin binding to the tail domain,

when coupled with talin association with the heathdin are believed to modulate vinculin



activity [18-21]. The binding of these liganddmlieved to induce conformational changes
in both the head and tail domains causing disraptfcauto-inhibitory contacts [18, 19, 22,
23]. One study suggested that a single histideselue (H906) in the vinculin tail domain
(V1) is critical for both a pH- and lipid-dependeconformational change in Vt, which in
turn, can modulate vinculin head/tail interacti¢24).

Several crystal structures of vinculin are now ke [18, 19, 22, 25]. The Vt
domain was solved at pH 5.0, and found to posseasiaparallel, five helix bundle fold.
The tail domain adopts a similar structure in thetext of the full length protein, despite
differences in the pH at which the structures vgailged. In addition to the helix bundle
fold, Vt contains an N-terminal “strap” (residue&8o 893) that exists in an extended
conformation and forms interactions with residues@the helix 1-2 face and the C-
terminus. In particular, F885 in the strap paaffainst the H906 side chain in helix 1, and
D882 of the strap forms electrostratic interactioith S914, K924, K1061, and Y1065
(located in the loop between helices 1 and 2, i&leind the C-terminus respectively). In
the isolated Vt domain solved at pH 5.0, the stsagbserved in multiple conformations,
suggesting conformational mobility.

Histidine 906 has been implicated in both pH apdaiiinduced Vt conformational
changes, which in turn affect auto-inhibitory @mis between the head and tail domain[24].
To better characterize the role of H906 in pH deleah VVt conformational changes, we
investigated whether the protonation state of H&flGences Vt structure using NMR and
CD spectroscopy. Although a previous CD studyadatid that protonation/deprotonation of
H906 promotes a change in Vt conformation[24], itssabtained from our NMR and CD

studies do not support a large scale conformaticimahge in Vt over a pH range from 5.5 to
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7. 5. Mutation of H906 to alanine cause localizedmical shift perturbations in helices 1
and 2 and the N-terminal strap, consistent withysbation of the F885/H906 interaction
resulting in release of the strap from the hel® itterface. However, loss of this contact
does not appear to cause a large scale conforrahtibange in the Vt five helix bundle fold.
As H906 has also been implicated in pH-dependeselftassociation[24], we employed
NMR and analytical ultracentrifugation (AUC) appcbas to investigate whether Vt
undergoes pH-dependent self-association. ThatesbNMt domain was crystallized as a
dimer at pH 5.0 with the site of dimerization lcdin the upper portions of helices 4 and
5[19]. Our NMR data support Vt self-associatiortha solution state, with the dimerization
interface consistent with that observed by crystgiphy. However, in contrast to a
previous report[24], our AUC and NMR results indecghat Vt does not undergo a monomer
to dimer transition between pH 5.5 and pH 7.5. Tlous overall results indicate that Vt does
not undergo a pH-dependent change in structuretedachs the ability to self-associate

between pH 5.5 and pH 7.5.

B. Materials and Methods
1. Protein expression and purification

The tail domain of vinculin (Vt) comprising residi879-1066 of chicken vinculin
(98.9% identity with human vinculin) was expresseth a N-terminal His-tag[19]. The Vit
construct was transformed ino coli strain BL21(DE3), and expression of Vt inducedmpo
addition of 0.25 mM IPTG at 3€. Cells were grown for 5 hrs and lysed by sorocain a
buffer containing 20 mM Tris, pH 7.5, 150 mM Na&IlmnM Imidizole, 0.1% -

mercaptoethanol (BME). Soluble protein was sepdrhy centrifugation for 1 hour at
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25,000g. Vtwas initially purified by affinity sepation using Ni-NTA Agarose beads
(Qiagen). The bound protein was washed and eluiddysis buffers containing 60 mM
and 500 mM Imidizole, respectively. The elutedtprowas dialyzed into Thrombin
cleavage buffer (20 mM Tris, pH 7.5, 500 mM NaCh thM CaC}, 0.1% BME) and the
His-tag was cleaved by incubation with thrombin (#lt per 5 mg protein) overnight at37
C. Thrombin was then removed by dialysis in thmed&uffer. Vt was then further purified
by cation-exchange chromatography (HiPrep 16/1&XE5Bolumn from GE Healthcare Life
Sciences) in a buffer containing 20 mM Tris (pH)755 mM ethylenediaminetetraacetic
acid (EDTA), and 0.1% BME with a 0.05-1 M NaCl giexat. In some cases insoluble Vt
was refolded and purified by resuspending cellgtglin 6M guanidinium chloride (GdmCI)
prior to sonication. GdmCl-treated Vt was purifieggsing a similar procedure as for soluble
Vi, except that purification using Ni-NTA Agaroseduls was carried out under denaturing
conditions. Vt was subsequently refolded by rerho¥éghe GdmCI by dialysis in a buffer
containing 20 mM Tris, pH 7.5, 500 mM NacCl, 0.1% BMThe His-tag was removed and
Vt further purified by cation-exchange chromatodmapusing the procedures described
above for the natively folded proteifH-">°N HSQC spectra were acquired BN-enriched
refolded Vt and natively folded Vt, to verify sirail spectral features and proper refolding.
The Vt mutant, Vt H906A, was expressed and purifisithg procedures described above for

wild-type Vt.

2. Nuclear Magnetic Resonance Assignments

The nuclear magnetic resonance (NMR) assignmentidamajority of the backbone

Hy, N, 1C,, 130, and side chailfC, resonances were determined for wild-type Vt. The
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assignments and experimental details have beersidegdn the Biological Magnetic
Resonance Data Bank (http://www.bmrb.wisc.edufeasion number 15653. In brief,
NMR assignments were determined using a standaebsH triple resonance experiments
(*H-">"N HSQC, HNCO, HN(CA)CO, HNCA, HNCACB, HN(CA)CB, HO)CA, and
HN(COCA)CB)[26] on tH, *°C, **N)-enriched Vt in a buffer containing 10 mNLHPO,,

50 mM NacCl, 0.01% Nahl 2 mM dithiothreitol (DTT) at pH 5.5, in 90%,8 and 10% BO.
NMR resonance assignments for Vt HO06A were detsgthusing the wild-type
assignments as a starting point, and were confifimoed HNCO, HNCA, and HN(CA)CB

spectra on*fC, **N)-enriched labeled Vt HO06A.

3. NMR Samples

Bacteria containing the Vt construct[19] were grawminimal media containing
1g/L *®N-NH.CI (Spectra Stable Isotopes). Vt protein was esg®e and purified as
described above and exchanged into NMR buffer (RPotassium Phosphate, 50 mM
NaCl, 2mM DTT, 0.1% Nabland 10% BDO) using an Amicon Ultra centrifugal filter device
(10000-dalton molecular weight cutoff, MilliporeProtein concentration was determined by

UV absorbance (280 nre= 17990 M'cm?).

4. NMR Spectroscopy

NMR experiments were conducted on a Varian INOVA KHz spectrometer at 37
C. *H->N HSQC spectra were collected on uniforfiy-enriched wild-type and Vt HO06A
in NMR buffer (10 mM Potassium Phosphate, 50 mM Na@nM DTT, 0.1% NaMand

10% D,O). The data was processed with NMRPipe[27] aradyaed with NMRView[28]
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'H-1>N HSQC spectra were collected over a pH range Bdto 7.5 on 15@M wild-type
Vt and Vt H906A protein samples. Weighted chemstafts were calculated using the

following equation:

(**N chemicalshift)?
6

weightedchemicalshift = \/ (*H chemicalshift)® +

5. Circular Dichroism

All circular dichroism (CD) data were collectedngian Applied Photophysics
Pistar-180 spectrometer. The CD buffer contair@tM Potassium Phosphate, 50 mM
NaSQy, 1 mM DTT, at either pH 5.5 or 7.5 and°25. Near UV (ultraviolet) CD spectra
(350-250 nm) were collected using 450 uM protemgas. Far UV CD spectra (260-190
nm) were collected using 5 uM protein samplesbdth cases, spectra were recorded in 0.5
nm steps, averaging over 100,000 samplings per gtegmoothing function using a three

point window was applied to all spectra.

6. Analytical Ultracentrifugation

Sedimentation equilibrium experiments were perfnirasing a Beckman Optima
XL-1 analytical ultracentrifuge equipped with absance optics. A Ti50 8-hole rotor was
used with six-sectored centerpieces. Wild-typend &t H906A, each at three different
concentrations (150 uM, 300 uM, and 450 uM), weralyzed at both pH 5.5 and pH 7.5 in
a buffer containing 10 mM Potassium Phosphate, BONBACI, and 2 mM DTT. Samples

were spun at 20C, at 19,000 rpm for 18 hours, and absorbancesseare recorded every 2
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hours. Due to high absorbance at 280 nm, data eadlected at 305 nm (absorbance of all
samples was between 0.2 and 0.95). Equilibriumagasmed to have been reached when
the difference between two consecutive absorbarafégs was zero. The meniscus-
depletion method was used to determine absorbdfsstafter centrifugation of the
samples at 40,000 rpm for 6 h[29]. Data were aralyzith Beckman XL-A/XL-1 Analysis
Software Version 4.0, and fit to a monomer/dimedelaising a partial specific volume of

0.736.

C. Results

The tail domain of vinculin (Vt) has been reportedindergo an H906-dependent
conformational change as a function of pH and agutliospholipid binding[24].
Intriguingly, H906 has also been linked to pH deget Vt self-association[24]. Based on
these findings, it was speculated that H906 plaksyarole in the conformational dynamic
properties of Vt and thus in the regulation of wine function. To this end, we have
employed NMR, CD, and AUC approaches to betteragtiarize the role of H906 in pH- and

lipid-dependent Vt conformational changes.

1. Mutation of Histidine 906 to Alanine does notrsiigantly alter Vt structure

As mutations have the potential to alter proteintire and therefore significantly
change the interpretation of experimental resulesemployed CD and NMR spectroscopy
to determine whether mutation of histidine 906lemane alters the conformation of Vt.
Circular dichroism (CD) spectroscopy can be usgarobe both secondary and tertiary

structural alterations in proteins[30]. Far-UV (¢250 nm) CD is sensitive to the
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conformation of the peptide bond and therefore iseany structure of proteins and is often
used to estimate the percent of secondary stru@targa-helix orb-sheet) present. Near-
UV (250-350 nm) CD can be used to detect aromat& chain packing interactions in
proteins, and is thus a useful probe of tertianycstire[30]. We obtained virtually identical
near and far-UV CD spectra for both wild-type Vtldhe Vt H906A variant at pH 7.5
(Figure 3.1), indicating that both the overall balicontent and the tertiary packing of
aromatic residues in Vt are not significantly atbby mutation of histidine 906 to alanine.

However, as near and far-UV CD provide informationthe average of all
chromophores that absorb at the wavelength ofdsten the molecular population, it is not
possible to obtain residue specific informatiora more specifically characterize site
specific spectral perturbations in Vt resultingnfronutation of H906, we employed
multidimensional heteronuclear Nuclear Magneticd®asce (NMR) spectroscopy.
Uniformly **N-enriched wild-type Vt and the H906A Vt proteinene expressed and
purified as described in Methods, and 2D NMR hetaotear correlation spectra collected.
'H->N Heteronuclear Single Quantum Coherence (HSQGtispdetect signals for protons
attached td°N nuclei, and can provide a residue specific pfob@ach NH pair in wild-type
and H906A Vt. The NH resonance is sensitive tangea in its electrochemical
environment. By analyzing the chemical shift andbensity change in NH resonances
corresponding to each residue, perturbations iagutiom the mutation (Vt H906A) can be
assessed. As is shown in Figure 3.2, the majofitgsidues in Vt are unaffected by the
mutation. A small subset of NH resonances exkifigmical shift changes greater than 0.1
ppm (13), and four additional NH resonances exlsiigiificant loss of intensity. The

residues associated with these NH resonances@emal to the site of mutation (H906) in
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the three dimensional structure, and are display&igure 3.3. NH resonances associated
with residues that exhibit changes in either chahsbift or intensity almost all localize to
the N-terminal strap of Vt and the surface of hedid@ and 2 that contact the strap. In crystal
structures of Vt and full length vinculin, H906 paagainst the side chain of the N-terminal
strap residue, F885. It is likely that this intgran is disrupted by mutation of the histidine
aromatic side chain, resulting in loss of contdetsveen the strap and helix 1, consistent

with the chemical perturbations observed at thées.s

2. The conformation of Vt is largely unaltered bedw@H 5.5 and 7.5

It was previously reported that Vt undergoes adeidendent conformational change.
However, this study employed far-UV CD, which issi@ve only to secondary
structure[24]. To assess the effects of pH changeake secondary and tertiary structure of
Vt, both near and far-UV CD spectra were acquineavdd type Vt and Vt HO906A at pH 5.5
and 7.5. Inspection of Figure 3.4, shows virtualentical near and far-UV CD spectra at
pH 5.5 and 7.5 for both Vt and Vt H906A, suggestimat neither the secondary or tertiary
structure of Vt or Vt H906A differs between pH @id pH 7.5. As noted previously, CD
does not provide residue specific information. cbmplement CD analyses, NMR studies
were conducted.

'H-1>N HSQC spectra were collected at pH values ranfjorg 5.5 to 7.5 for both Vit
and Vt H906A. The chemical shift perturbationsdtirdetectable resonances were analyzed
with the results are shown in Figure 3.5. For beild-type and H906A Vt, the largest
chemical shift change was observed for the H1025&#dnance. Almost all other

significant perturbations (> 0.15 ppm) were frorsideies close to H1025, while the vast
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majority of resonances showed no significant pedtion (< 0.1 ppm). Thus, our NMR and
CD data indicate that the neither the conformatibwild-type Vt or Vt H906A is
significantly altered between pH 5.5 and 7.5. Basethe small and localized nature of the
chemical shifts around H1025, it is likely thatskechemical shift perturbations simply
represent the protonation/deprotonation of thedirst side chain rather than a localized
conformational change. We could not detect ancefbee assign NH resonances near to and
including H906 (904-914), presumably due to broaugof these resonances by
conformational exchange on the intermediate NMRetsoale. However, our findings that
the NH resonances corresponding to E884, K924, AB2Z8, which are proximal to this
site, do not significantly change as a functiopldf indicates that either H906 does not
titrate over this pH range due to interactions whih strap or that deprotonation of this side

chain does not cause a large scale conformatidraage in the helix bundle.

3. Vinculin Tail Self-Association

Evidence for vinculin tail domain dimerization aolijomerization has been
observed in both the presence and absence of fraaddiacidic phospholipids[19, 24, 31,
32]. As noted earlier, the vinculin tail domainsaaystallized at pH 5.0 as a dimer[19].
Moreover, studies by Miller et al (2001) indicabat Vt undergoes pH-dependent self-
association with H906 playing a critical role. Detter characterize Vt self-association and
the role of H906 in the pH dependence, we havewded analytical ultracentrifugation
(AUC) studies.

The self-association of wild-type Vt and Vt H90@as analyzed by AUC at pH 5.5

and pH 7.5. All data was fit to a monomer/dimerdeloof self-association. Apparej
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values and a representative monomer/dimer fitgerted in Figure 3.6. Interestingly,

Miller et al (2001) reported that Vt was monomexigH 7.0, but self-associated at pH 5.5 as
determined by gel filtration chromatography[24]owEver, our AUC data indicates that Vt

is capable of self-association at both pH 5.5 abdwith aKq of 243 and 134,

respectively. Moreover, we observed a decreatieeidissociation constant at pH 7.5
relative to pH 5.5, which is reverse of the treedorted by Miller et al[24]. A decrease in
self-association was observed with Vt H906A at @th5.5 and pH 7.5 relative to wild-type
Vt, however all apparery values were >100 uM, suggesting this self-associahay not

be biologically relevant.

D. Discussion

Ligand binding to both the vinculin head and taihthin has been reported to induce
conformational changes in vinculin that modulagefuinction[19, 22, 32, 33]. In particular,
binding of F-actin and acidic phospholipids to thidomain has been reported to cause
both a change in conformation and oligomerizatiane$19, 32]. Studies reported by Miller
and Ball (2001) supported a H906-dependent confbome change in Vt in response to pH
changes and acidic phospholipid binding [24]. ddition, the protonation state of H906 was
reported to modulate Vt self-association. To bettelerstand the molecular basis for the
role of H906 in pH—dependent Vt conformation anaelization, we conducted a series of
biophysical studies on Vt and a Vt H906A variant.

H906 was previously proposed as a critical residuipid and pH-dependent Vt
conformational changes[24], based on far-UV CD issidf wild-type Vt and Vt HO06A.

As far UV CD (190-250 nm) is sensitive only to sedary structure, we were interested in
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further characterizing whether mutation of H90@&kanine affects the tertiary structure of Vi.
We conducted near-UV CD (250-350 nm) on wild-tygeadd the H906A variant, as near-
UV CD spectra are sensitive to differences in paglmteractions associated with aromatic
amino acids and therefore tertiary structure. regengly, we found both the near and far
UV CD spectra of Vt and Vt H906A were similar at @tb (Figure 3.1). These results
indicate that, within the resolution of CD, thattadion of histidine 906 to alanine does not
alter the secondary or tertiary fold of Vt at pi3.7We also conducted Nuclear Magnetic
Resonance (NMR) studies, as NMR spectroscopy gqaortren site specific differences in
the chemical environment of residues within wilgeyand Vt HO06A. For these studidd;
15N HSQC spectra were collected bN-enriched wild-type Vt and Vt HO06A to analyze
chemical shift differences in the amitf&l and proton resonances for Vt and Vt HO06A. We
found that the majority of the amide proton resaesnn Vt HO06A are not significantly
changed from wild-type Vt, indicating that the aadéconformation is not altered by the
mutation (Figure 3.2), consistent with CD data. ti@f resonances that do exhibit chemical
shift changes, the changes are small and local@#te site of mutation. In addition, as
NMR chemical shifts are very sensitive to surrongdthemical environment, changes in
chemical shifts do not necessarily represent comtional changes. For residues in the
immediate vicinity of H906, the removal of the dgte side chain is likely to alter the
chemical shift associated with neighboring residere in the absence of a conformational
change. The additional chemical shift changes aesitenably explained upon inspection of
the known crystal structure. In the crystal stuoes of both Vt and full length vinculin,
histidine 906 is located in helix 1 and the histelside chain extends away from the helical

bundle and interacts with the side chain of phdagiae 885 in the N-terminal strap of
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Vt[18, 19]. The N-terminal strap is held in anemded conformation along the interface of
helices 1 and 2, mainly via interactions involvif885 and D882. Interactions between the
side chains of F885 and H906 are likely to stabitpntacts with the helix 1-2 interface and
the extended conformation of the strap. Intriglynm the crystal structure of Vt, the strap
is observed in two distinct conformations, suggestionformational flexibility[19].
Disruption of the interaction between H906 and F&8tkely to promote increased
conformational flexibility in the strap, though atiohal interactions between residues in the
strap and the helical bundle should still restthanconformation of the strap to some degree.
Mutation of histidine 906 to alanine should inceeise conformational flexibility of the N-
terminal strap, allowing increased sampling ofralée strap conformations, due to
disruption of contacts between the N-terminal saag the helical bundle. These
conformations are likely also sampled in the wilde structure although at lower frequency.
The chemical shift changes observed for NH resasmassociated with the strap and the
surface of helices 1 and 2 between wild-type Vt ¥h&#906A, are consistent with increased
conformational flexibility of the strap. The laok chemical shift changes in the remaining
helices of the bundle suggest that there are gatfgiant changes in helices 1 and 2, as
structural alterations in these helices are likelperturb the chemical environment of the
other helices within the helical bundle.

CD studies by Miller and Ball (2001) concludedtthlthough the conformation of Vt
and Vt H906A are similar at pH 7.0, differences evebserved at pH 5.5. A change in the
far UV CD spectrum of wild-type Vt between pH 5ridar.0 was interpreted as a pH-
dependent conformational change. In this prevgtudy, far UV CD spectra of Vt HO06A,

but not wild-type Vt, was reported to be similabath pH 7.0 and pH 5.5, suggesting that
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H906 was critical for a pH dependent conformatiarteinge in Vt[24]. To further
characterize this reported conformational change¢cenducted both near and far UV CD of
both wild-type Vt and Vt H906A at pH 7.5 and pH 5However, comparison of CD spectra
for both Vt and Vt H906A, showed no significant sypel differences at either pH 7.5 or pH
5.5 (Figure 3.4). Thus, our CD results do not supa pH dependent conformational change
for either wild-type Vt or Vt HO06A. As these rétsudiffered from findings of Miller and
Ball, we sought to corroborate these data withtimttil NMR studies. For these studidid;

>N HSQC NMR spectra were collected at pH values bets.5 and 7.5 for botfiN-
enriched wild-type Vt and Vt HO06A. Heteronucl@®r spectra as a function of pH provide
residue specific probes of pH dependent changks. olly amino acid side chain that
normally undergoes protonation/deprotonation okies pH range is that of histidindl(
proton), consistent with our observation that tistitine NH resonances show the largest
changes in chemical shift. Vt has two nativeidlise residues, H906 and H1025. Histidine
1025 exhibits large chemical shift changes oveptHeange studied, consistent with the
titration of its side chain. Unfortunately, the Nésonance associated with H906 is not
detected in our spectra, presumably due to cheraxdange on an intermediate time scale
resulting in broadening. However, of all detectat@sidues, the only significant chemical
shift changes are localized to H1025, consistetit thie protonation/deprotonation of its side
chain between pH 5.5 and 7.5. Although H906 cowldbe measured, residues within 3-4
amino acids from H906 and those closest in thestdmmensional structure were detectable
and showed small/insignificant chemical shift chresigThe majority of NH resonances in Vt
exhibit insignificant chemical shift changes betw@él 5.5 and 7.5 (Figure 3.5). This is

strong evidence that the conformation of Vt is sighificantly altered by pH, consistent with
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CD data. Additionally, the pH dependent chemitifit €hanges observed in HSQC spectra
of both Vt and Vt H906A are virtually identical ditating that mutation of H906 does not
alter pH-dependent spectral changes observed for Vt

Vinculin tail self-association has been reporeder a variety of different
conditions, by a number of groups[8, 19, 24, 31, 3@ one report[24], Vt was reported to
exist in its monomeric state at pH 7.0, but sefeagate at pH 5.5. In contrast, the Vt HO06A
variant was reported be insensitive to pH-depenselifassociation. Based, on these
findings, H906 was proposed to play an importald o Vt self-association. Interestingly,
the crystal structure of Vt was solved as a dinrhemsng H906 to be distant from the site of
dimerization, raising the question of how H906 cbrdgulate this self-association. As self-
association is likely critical for the F- actin llimg function of Vt[8, 31, 32], we were
interested in further characterizing Vt self-asation in solution. AUC and NMR studies
were conducted to measure Vt self-association.c@umnation dependent NMR spectral
changes support the existence of the Vt dimer @bksgdny crystallography, at both pH 7.5
and pH 5.5. The concentration dependence ofrthdearesonances in HSQC spectra were
fit to a monomer dimer model and provided an apimexeKy between 200 and 300 uM at
pH 5.5 (data not shown). As the high protein cotregions required by NMR and
complications associated with interpretation ofrafeal shifts can lead to significant
uncertainty in the determination oka by NMR, we conducted AUC to better characterize
Vt self-association. Initial AUC studies, monitdrat 280 nm, with Vt samples between 10
and 40 uM did not exhibit evidence of self-assaosra{data not shown), consistent with the
approximateKy obtained by NMR. AUC experiments at higher pmooncentrations do

show evidence of self-association for both wildeyt and Vt H906A (Figure 3.6). For
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both wild-type Vt and Vt HO906A, however, the appudr€y determined by fitting to a
monomer/dimer model was greater than is commonggnied for physiological
interactions, suggesting the self-association enalisence of F-actin or acidic phospholipids
may not be biologically relevant. It remains ueld the weak self-association observed in
solution is relevant to the self-association inphesence of F-actin. Although all apparent
Kq measurements determined were >100 uM, the Vt H9A6rease in th&y for self-
association. For both wild-type Vt and Vt H906Aete is also an increase in self-
association at pH 7.5 relative to pH 5.5. In aes, it should be noted that the appafgnt
determined by AUC may be complicated higher ordigomerization. While the AUC data
was fit to a monomer/dimer model, it is possiblat ttit self-association may involve higher
order oligomerization, in which case tkgs determined by a monomer/dimer fit may be
inaccurate. Poor magnetization transfer efficieindyeteronuclear NMR experiments and
some non-random residuals in monomer/dimer fitlWE data both suggest some higher
order oligomerization may occur, however the natureé extent of this oligomerization is

unclear.
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Figure 3.1: The circular dichroism (CD) spectra of wild-type &ftd Vt HO906A were
compared to assess potential changes in seconadteiary structure. Far ultraviolet
(UV) CD, 190-260 nm, is sensitive to changes indbeformation of the peptide backbone
and therefore secondary structure of proteins.r N&aCD, 250-350 nm, can detect
aromatic side chain packing interactions in praeand is thus a useful probe of tertiary
structure. The far and near UV spectra of Vt ahtHYO6A are virtually identical at pH 7.5,
suggesting that the mutation of histidine 906 tmale in Vt does not alter either the
secondary or tertiary structure over this pH range.
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Figure 3.2: To specifically characterize site specific spegueiturbations in Vt resulting

from mutation of H906'H-""N Heteronuclear Single Quantum Coherence (HSQGspe
were collected of°N-enriched Vt and Vt H906A (0.15 mM protein, pH .3\s shown in

A, minor chemical shift perturbations are obserpatharily for backbone HN resonances
associated with residues in the N-terminal straplalix 1-2 interface, consistent with
minimal changes in the overall fold of Vt. The gleted chemical shift changes for each
residue are displayed in B. The majority of resglexhibit perturbations of < 0.05 ppm,

with perturbations > 0.1 ppm localized to the Nxigral strap and the helix 1-2 interface (see

Figure 3.3).
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Figure 3.3: Residues exhibiting either chemical shift pertudya or significant changes in
intensity due to mutation of H906 to alanine aighhghted on the structure of Vt (1ST6).
The site of mutation (H906) is highlighted in matgenResidues showing chemical shift
changes > 0.2 ppm, between 0.15 and 0.2 ppm, daneéée 0.1 and 0.15 ppm are shown in
red, orange, and yellow, respectively. Residuspldyed in green exhibit significant
changes in intensity or broadening of the assatisitéd resonances. The residues colored
grey could not be measured in either wild-type MYoH906A, presumably due to
broadening of the NH resonance due to chemicalangd between two or more conformers.
Almost all residues whose NH resonances chemicdfilahintensity perturbations relative to
wild-type Vt, are localized to the N-terminal strapd the surface of helices 1 and 2 that are
contacted by the strap. This is consistent withcalize change in the N-terminal strap of
Vt, with the overall conformation of the helicalrlle largely unaltered.
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Figure 3.4: The far and near UV spectra of wild-type Vt andH&06A were compared at
pH 5.5 and 7.5 to assess pH dependent conformatibaages. Both wild-type Vt (A) and
Vt H906A (B) exhibited no significant differencaseither far or near UV CD spectra
between pH 5.5 and 7.5, suggesting that there ssgmificant pH dependent conformational
change for either wild-type Vt or Vt HO06A acrobsstpH range.
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Figure 3.5: The weighted chemical shift changesth'*N HSQC spectra of wild-type Vt

(A) and Vt H906A (B) collected between pH 5.5 an8. 7For both Vt and Vt H906A, the
largest chemical shift changes measured corresfpoHd025. The backbone HN resonance
of H906 is not detectable, presumably due to chalnexchange on an intermediate time
scale resulting in broadening. The majority ofral@l shift changes are small (< 0.05

ppm), suggesting there is no overall conformati@hange in Vt between pH 5.5 and 7.5.
The largest chemical shift changes are localizdd1i025, consistent with titration of the
histidine side chain over this pH range. Furtheenthe chemical shift changes observed for
Vt H906A are nearly identical to wild-type Vt, swggjing that the protonation state of H906
does not play a role in pH dependent spectra clsamigeerved between pH 5.5 and 7.5.
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Figure 3.6: Analytical ultracentrifugation (AUC) studies werentlucted on both wild-type
Vt and Vt H906A to quantify Vt self-associationxferiments were conducted at 150, 300,
and 450nM protein concentrations. Sedimentation equilibricurves were fit to a
monomer/dimer model, and a representative fit wshin A. TheK, for self-association
was observed to be lower at pH 7.5 relative to @Hfér both Vt and Vt H906A, however in
both cases the association was relatively wealk Kygtvalues > 100riM. Dissociation
constants determined for monomer/dimer fits arevshio B.
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Chapter IV.

Vinculin Tail and Lipid Binding

A. Introduction

Vinculin is a highly conserved cytoskeletal prateihich localizes to points of cell
adhesion and is involved in linking the actin cielston to the cell membrane[l]. Sites of
adhesion in which vinculin is enriched include foedhesions (cell-extracellular matrix),
adherence junctions (cell-cell), costameres in meuseglls, and intercalated discs in cardiac
cells[1-3]. At these sites, vinculin is beliew®dplay an important role in cell adhesion
processes involving regulation of the actin cytéska. Moreover, vinculin has been linked
to pathways that control cell growth, differentoatj motility, and survival[4-7]. Vinculin is
also critical for proper development in model origars[6, 8] and its loss in cells leads to
increased motility, invasiveness, and resistan@puaptosis[5, 9, 10]. Decreased vinculin
expression and mutations have also been assogvételuman cardiomyopathies[11-14].

Vinculin is a 116 kDa cytoskeletal protein, andyatudies by electron microscopy
and proteolytic cleavage determined it to be mamefia globular head domain (Vh), a
flexible neck, and a tail domain (Vt)[15, 16]. &full length structure of vinculin has been
solved by X-ray crystallography, and has been desdras a “bundle of bundles”[17]. Vh
is composed of 6 helical bundles organized intarigiém pairs of bundles while Vt is
composed of a single helical bundle. The head@hdomain interact to form a closed,

auto-inhibited conformation with Vt held “pincek&” by Vh[17]. Vinculin binds a number



cytoskeletal and adhesion proteins including at#lr), a-actinin,a-cateninb-catenin,
vinexin, ponsin, actin-related protein complex (&/8), vasodilator-stimulated
phosphoprotein (VASP), and paxillin. However, mafyhese interactions are at least
partially masked in the intact, unstimulated protue to the auto-inhibitory interactions
between the head and tail domains[18]. Vinculis &lao shown to bind acidic
phospholipids through its tail domain, and thigmttion also appears to be regulated by
head/tail interactions[19-21], with lipid bindinggposed to play a role in vinculin activation
and focal adhesion turnover[17, 19, 22, 23]. Althio vinculin has been shown to bind
acidic phospholipids, including phosphatidylserfR&), phosphatidylinositol (PI1), and
phosphatidylinositol 4,5-bisphosphate (§)JRhe relative affinity for various acidic
phospholipids and phosphoinositides (PPIs) hadeen reported. The inositol ring of PPIs
can be phosphorylated at three separate positmtsncluding the phosphodiester linkage at
position 1), allowing for a number of PPIs withtdist functions. Three families of
phosphoinositol phosphate kinases are involvetlemptoduction, interconversion, and
regulation of PPIs[24, 25]. PPIs, including RIRave been shown to be regulated both
spatially and temporally at sites of actin assenall¢ cytoskeletal remodeling[26-29].
Although a number of structurally conserved PPI Bifél binding motifs have been
identified[30-32], none have been found within #gculin tail domain. Structural studies
of Vt identified three features proposed to plaple in binding of acidic lipids; a C-terminal
extension containing a “hydrophobic hairpin”, askwacollar” of lysine and arginine residues
surrounding the hydrophobic hairpin, and a “baadder” of exposed basic residues along
the length of helix 3. A series of vinculin mutagsis studies have been conducted to

pinpoint the site of lipid binding to Vt. Howevehe data is somewhat difficult to interpret,
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as the number, location and effectiveness of thiatons vary. Although some of the
phospholipid defective variants have been charaei@to determine whether the mutation(s)
effect other ligand binding interactions (i.e., \dctin), the structural effects of these
mutations are largely unknown. Thus, the exactasitt mode of phospholipid binding is still
unclear. In order to better characterize phosplbbinding interactions with the vinculin

tail domain (Vt), we have examined the relativdigbof various acidic phospholipids to
associate with the vinculin tail domain using lipiotsedimentation assays, and performed

biophysical characterization and lipid binding sésdon various Vt mutants.

B. Materials and Methods
1. Protein expression and purification

Vinculin tail (Vt) constructs containing residues®81066 (generously provided by
Dr. Robert Liddington) and 884-1066 of chicken wilic in the pET15b vector (Novagen)
have been described previously[19, 21]. Mutanmni®of Vt were produced using the
QuikChange Site-Directed Mutagenesis Kit (Stratay@md verified by DNA sequencing.
Vectors were transformed inkx coli strain BL21(DE3) and cells were grown af@%o an
optical density of 0.6 (600 nm). Vt expressioriated by addition of 0.25 mM isopropw
D-1-thiogalactopyranoside (IPTG) and cells werengrdor a further 5 hrs and harvested by
centrifugation. Vinculin was expressed at higteleand purified from both the soluble and
insoluble fraction. Cell pellets were resuspenigeal lysis buffer containing 20 mM Tris, pH
7.5, 150 mM NacCl, 5 mM Imidizole, 0.1%mercaptoethanol (BME) and lysed by
sonication. Vinculin, expressed in the solubletien was separated from the particulate

fraction by centrifugation for 1 hour at 25,000 Bhe fraction containing soluble Vt, was
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purified by affinity separation using Ni-NTA agasbeads (Qiagen). Vtwas washed and
eluted from the beads using lysis buffer contairi@gnM and 500 mM Imidizole,
respectively, and then dialyzed into Thrombin chegesbuffer (20 mM Tris, pH 7.5, 500 mM
NaCl, 2.5 mM CaGl 0.1% BME). The His-tag was cleaved by thrombih ¢nit per 5 mg
protein) overnight at 37C. Cation-exchange chromatography (HiPrep 16 R XE column
from GE Healthcare Life Sciences) was used to @&urplurify Vt, using a 0.05-1 M NacCl
gradient in a buffer containing 20 mM Tris (pH 7.8)5 mM ethylenediaminetetraacetic acid
(EDTA), and 0.1% BME.

To purify Vt from the insoluble fraction, cell pets were resuspended in 6 M
guanidinium chloride (GdmCI) prior to sonicatioA.protocol similar to that used for
soluble Vt was employed except that purificatioonfrNi-NTA agarose beads was carried
out under denaturing conditions. Following eluti@dmCI was removed and Vt refolded by
dialysis in a buffer containing 20 mM Tris, pH 7590 mM NacCl, and 0.1% BME.
Thrombin cleavage to remove the His-tag and furtiagion-exchange chromatography was
identical to the procedure for the natively folgedtein. Proper refolding was verified by
comparison ofH-">N HSQC spectra acquired on refolded and nativetjef Vt (both™N

enriched).

2. Lipid Co-sedimentation

Lipid binding to Vt was assessed by co-sedimemtatrith small, unilamellar vesicles
(SUV). The binding of phosphatidylinositol (Pl)daphosphatidylserine (PS) were assessed
in lipid vesicles containing 60% phosphatidylethanane (PE), 40% phosphatidylcholine

(PC) by weight, with either Pl or PS replacing REha concentration indicated. The
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binding of phosphatidylinositol 4,5-bisphosphatéPgPwas assessed using vesicles
containing 60% PE, 20% PC, and either 20% PS bghtewith PIRB replacing PS at the
concentration indicated. For example, experimasgsng the role of 10% Pimployed
vesicles composed of 60% PC, 20% PE, 10% PS, étdP1B,. Vesicles were produced by
combining the appropriate lipids suspended in dffym, to producing a sample containing
250 pg total lipid. The mixture was dried usin§@eedVac and then resuspended in 90 pL
of buffer containing 40 mM 4-(2-hydroxyethyl)-1-gigazineethanesulfonic acid (HEPES),
150 mM NacCl, and 2 mM dithiothreitol (DTT), pH 7.4Resuspension and production of the
SUVs was accomplished by brief sonication with @oertip sonicator. 10 pL of 100 uM
protein (in an identical buffer) was added to eaesicle sample, producing a final volume of
100 pL and a final protein concentration of 10 plamples were nutated &t@ for 1

hour, then centrifuged at 100,000 g for 1 houre $hpernatant was removed and the pellet
resuspended in buffer containing 0.1% sodium dddadfate (SDS), 25 mM glycine, and
25 mM TRIS, pH 8.3. Supernatant and pellet samplre analyzed by SDS
polyacrylamide gel electrophoresis (SDS-PAGE). sG@tre stained with coomassie,

scanned, and protein levels quantified using Imagéivare[33].

3. NMR Samples and Spectroscopy

Bacterial expressedN-labeled Vt protein was produced for nuclear méigne
resonance spectroscopy (NMR) studies by growth 9nhimal media containing 1g/L
1>N-NH.CI (Spectra Stable Isotopes). NMR samples werbanged into NMR buffer (10
mM Potassium Phosphate, 50 mM NaCl, 2 mM DTT, ON&bk; and 10% RO at the

indicated pH) using an Amicon Ultra centrifugatdil device (10000-dalton molecular
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weight cutoff, Millipore). *H-'>N Heteronuclear Single Quantum Coherence (HSQC)
spectra were collected on a Varian INOVA 700 MHec&pmeter at 37C. NMR data

processing and analysis was performed using NMRB4pand NMRView[35].

4. Circular Dichroism

Circular dichroism (CD) spectra were collectedaiih near-ultraviolet (350-250 nm)
and far-ultraviolet (260-190 nm) spectral regioddl. spectra were collected at 2& in a
buffer contained 10 mM Potassium Phosphate, 50 napb®;,, and 1 mM DTT, pH 7.5
using an Applied Photophysics Pistar-180 spectremé®rotein concentrations were 0.45

mM and 5 uM for near-UV and far-UV respectively.

C. Results

1. The Vinculin Tail Domain Shows Specificity for P@ontaining Vesicles  Although

the tail domain of vinculin has been reported tadacidic phospholipids and
phosphatidylinositol 4,5-bisphosphate (BJBhe methods used to assess acidic phospholipid
binding have varied significantly, making compansd separate reports on lipid binding
difficult[17, 19, 21, 22, 36, 37]. To clarify tredfinity and specificity of Vt for PIR we
performed co-sedimentation experiments with mixBJRC, and PS vesicles, examining the
effect of increasing PIRconcentration. Although Vt has previously beeoveh to bind to

pure PS vesicles[21], we found that under physiokity relevant lipid and salt
concentrations, no significant binding of Vt to &&taining vesicles was observed. In the
absence of PIRlittle co-sedimentation of Vt with mixed lipid siles containing 60% PC,

20% PE, and 20% PS vesicles was observed, in 150NaM (Figure 4.1). Upon the
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addition of PIR however, a clear concentration dependent co-sedatien was observed,
indicating that Vt specifically recognizes RIP

The vinculin tail domain has also been reportenhtieract with pure
phosphatidylinositol (P1) and phosphatidylserin€)Resicles. To ascertain the relative
affinity of Vt for PI, PS, and PRVt association was observed in mixed lipid vesscl
containing each of these lipids. As shown in fegdr2, Vt does not bind Pl or PS
significantly in the context of mixed lipid vesisleand demonstrated a marked preference for

PIP; over either Pl or PS.

2. Vt demonstrates loss of tertiary structure in lipiicelles and loses specificity for BIP

As shown in figures 4.1 and 4.2, the vinculin taimain shows enhanced association
with PIP; in lipid co-sedimentation relative to PS and Fi.an effort to determine the site(s)
of interaction between Vt with PJPwe employed circular dichroism (CD) and solution
nuclear magnetic resonance (NMR) spectroscopyeltreral, information derived from high
resolution NMR decreases as the molecular sizeases. Hence, we initiated studies of
phospholipid interactions with Vt using micellesapposed to larger vesicles. However,
introduction of dodecylphosphocholine (DPC), ataamtrations that promote micelle
formation causes a collapse in Vt structure, asrdehed by both near-UV (ultraviolet) CD
and *H-*N heteronuclear 2D NMR.

Near-UV CD is sensitive to the tertiary packinggodmatic residues and therefore the
tertiary structure of proteins. Far-UV CD is séinsito the conformation of the peptide
backbone and therefore the secondary structureotéips. The far-UV CD of Vt exhibits

only minor changes in the presence of 100 mM DRIzating there is no significant change
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in the secondary structure (Figure 4.3 A). Tha+##4 CD spectra, however, exhibits a
significant los of signal, indicating a loss oftiary structure (Figure 4.3 A).

The'H-"N HSQC NMR spectra detect signals for protons hiddo™N nuclei.

The backbone NH of each amino acid (with the exoapif proline) providing a residue
specific probe sensitive to changes in its eleteatical environment'H-"N HSQC

spectral dispersion arises from the unique enviemtrof each distinct NH pair. Loss of a
distinct, folded structure results in convergentceesonances toward random coil chemical
shifts (centered at ~8.3 ppm). The significant lolsspectral dispersion seen in Vt in the
presence of 100 mM DPC (Figure 4.3 B) is indicatifa significant loss in tertiary
structure, in agreement with the near-UV CD. Téwdual dispersion seen also agrees with
the persistence of helices suggested by far-Uv CD.

Although Vt has been proposed to undergo a confooma change upon association
with phospholipids[17], DPC micelles may act aetedyent causing unfolding of Vt. As Vt
does not bind to PC containing vesicles, the iiteva with DPC micelles may be non-
specific. Adding to this possibility, a similarl@pse in NMR chemical shift dispersion was
observed iftH-*"N HSQC spectra of Vt in the presence of other résdksted, including C-
4 PIR, and 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-®Al-glycerol)] (LPPG) (data
not shown).

Attempts to map the Pinteraction site by NMR using the BIReadgroup, D-myo-
Inositol-1,4,5-triphosphate or a short chain (C&)ivhative of PIR were also unsuccessful
(data not shown), as a clear, specific bindingw#s not observed. These results indicate
that the head group alone does not have suffiaifinity for Vt to either bind specifically to

Vt or promote a conformational change necessarifgr affinity binding.

62



3. Vt C-terminal residues stabilize its tertiary fold

A C-terminal deletion Vt mutant reported to beideht in lipid binding has been
utilized in multiple studies[17, 19, 22, 23]. Thmutant, VDC, lacks 15 C-terminal amino
acids (1052-1066). The deletion of this fragmeas been reported to decrease,PiRding
but does not significantly affect interaction wéhher actin or the head domain of
vinculin[19, 23]. However, \IIC shows increases susceptibility to protease dagoa19,
23] and alterations in one dimensioftdINMR spectra indicating loss of structure [23]s A
residues in the C-terminus form tertiary interagsiovith other residues in the tail domain,
the loss of these residues upon deletion could @déestructure and stability of Vt. In
particular, the deletion results in removal of toghan 1058 (W1058) which packs against
tryptophan 912 (W912) that is located at the bottdrnelix 1, could alter Vt structure
resulting in destabilization. Interestingly, bo#sidues are conserved in all vinculins as well
asa-catenin, a cell adhesion protein with high homglagvinculin[23, 38]. There is also
an interaction of the C-terminus and the N-termstedp of Vt seen in full length
vinculin[17]. To better understand the role of ¥teC-terminus in lipid binding, we
conducted NMR and CD analyses of th®¥tvariant. As reported previously, we found
VtDC to be significantly more susceptible to protegdsavage than wild-type Vt[19, 23].
The 2-D*H-N (NMR) spectra indicate that the C-terminal deletiesults in significant
loss of tertiary structure. As shown in FigureAd.the'H-'>°N HSQC spectra of wild-type
Vt displays the spectral dispersion consistent witt of a well foldedi-helical protein. In
contrast, théH-""N spectrum of VDC exhibits increased overlap resulting from a @s&in

chemical shift dispersion and an increase of rasoegsmwith random coil chemical shifts

63



(Figure 4.4 A). In addition, the majority of resmrtes exhibit chemical shift changes. These
NMR data suggest loss of structural stability ugetetion of the C-terminal residues.

While the near UV CD (350-250 nm) of X could not be directly compared with
wild-type Vt due to the removal two of the thregptiophan residues in the protein (Trp
residues represent a majority of the near UV Cprateins), far UV CD (260-190 nm)
which is sensitive to the secondary structure ofgins, suggests that the helical content of
wild-type Vt and VDC are nearly identical (Figure 4.4 B). Togethkis tlata suggest that
while the secondary structure ofD@ is largely unaltered relative to wild-type V& tertiary
conformation and stability has been significanttered.

Structural changes in BC have been attributed at least in part to l034d058[23],
however other residues present in the deleted@htal fragment have been suggested to be
important for lipid binding. The “hydrophobic hain” (TPWYQ at the extreme C-terminus)
has been postulated to be important for vinculgertion into the membrane, and that
R1057, R1060, and K1061 (part of the “basic co)laray be involved in binding acidic lipid
headgroups[19, 22]. To elucidate the role of thhes&lues in Vt structural integrity, we
generated two new C-terminal deletion mutant®GA and VDC7. VIDCS is a deletion
which removes 5 amino acids from Vt that make @phtydrophobic hairpin (TPWYQ),
whereas in MDC7, two additional amino acids are deleted, R1&&DK1061, which are
part of the basic collar. As shown in Figure 4,5H#e'H-"N HSQC spectra of \BiC5 is
nearly identical to that of wild-type Vt, suggesfitihat the removal of these 5 amino acids
has a minimal effect on the structure of the protén contrast, théH-">N HSQC spectra of
VtDC7 exhibits changes similar to those seen DG/(chemical shift changes, increase in

overlap, increase in resonances with random ceitsbal shifts), although the comparative
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spectra changes observed foDE¥ are not as significant as those observed fDCVt
(Figure 4.4 A and Figure 4.5 B). This NMR dataioades that R1060 and K1061 may play a

role in maintaining the tertiary fold.

4. The Role of the N-terminal Strap in BIBinding

A significant number of mutations have been madétito assess their affect on lipid
binding. In addition to the \&C deletion mutant, a variety of basic residues Heaen
mutated, targeted predominately to residues initbébasic collar” and “basic ladder”[17,
22, 23]. To elucidate lipid binding determinamtsvt, we characterized a series of mutants
in both Vt (879-1066) as well as a shorter constofi&/t containing residues 884-1066[21].
For clarity, we will refer to the construct contiaig residues 884-1066 asD and the
construct containing residues 879-1066 as wild-typer simply Vit.

The N-terminus of Vt contains a “strap”, which @ihd in an extended conformation
along the interface of helices 1 and 2 in the alystructure of full length vinculin[17]. The
N-terminal strap is found in multiple conformatianghe crystal structure of Vt, suggesting
conformational flexibility. In the full length gstal structure, the N-terminal strap forms
contacts with the main helical bundle through katkenylalanine 885 (F885) and aspartic
acid 882 (D882). The side chain of F885 packsresgdine side chain of histidine 906
(H906) in helix 1, while D882 makes polar contasith residues including S914 (helix 1-2
loop), K924 (helix 2), and K1061 and Y1065 in theg@minus (Figure 4.6). Removal of 5
amino acids from the N-terminal strap of Vt DXt) results in loss of D882, which makes

multiple interactions with the helix bundle.and €&rinus
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Intriguingly, we found the lipid binding capacity ¥tDN to be significantly different
from wild-type Vt. While the lipid binding speatiity of VIDN was nearly identical to Vt
(minimal binding to PS and PlI, data not shown),afimity for PIP, was considerably higher
(Figure 4.7). As one of the points of interactbmiween the N-terminal strap and the helical
bundle (D882) has been removed ilDMt we hypothesized that the enhancement observed
in PIR, binding may be due to release or partial rele&sieeostrap. To test this hypothesis,
we conducted lipid co-sedimentation assays on twtants, Vt D882A and Vt H906A.
Mutation of either of these residues should dismigractions with the N-terminal strap. In
particular, mutation of H906 to alanine should djgrpacking with F885 while the aspartic
acid to alanine mutation at 882 should disrupt potetacts S914, K924, K1061, and
Y1065. Results shown in figure 4.7, indicate thath mutants significantly increase the co-
sedimentation of Vt with PiRcontaining lipids, consistent with our hypothebiat release of
the N-terminal strap increases Phbnding.

As previously mentioned, we found that changesértH->N HSQC spectra of
VtDC are indicative of loss in structural relativevy while VIDC5, which removes only the
hydrophobic hairpin at the C-terminus of Vt, shasimilar NMR spectra to wild-type Vt
indicating similar fold. As MDC5 does not appear to perturb the tertiary folsftadind is
postulated to play a role in membrane insertioncareducted lipid co-sedimentation
experiments with VDC5. We found that similar to YN, VtDC5 significantly increases
association with PPcontaining vesicles. Interestingly, in the crystaucture of vinculin,
Y1065 (removed in MIC5) forms tertiary contacts with both D882 and S@4Mich also
appears to makes polar contact with D882), in tkeriinal strap and helix 1-2 loop,

respectively, possibly linking the N and C-termifihus, the apparent increase in PIP
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binding associated with the DE5 mutant may results from the release of the ctstaith

D882, allowing for increased release of the N-taahstrap from the helical bundle.

D. Discussion

The regulation of the actin cytoskeleton, its aartions to the cell membrane, and the
linkage to neighboring cells or extra cellular ma#ll play an integral part in many
physiological and pathological processes. Celtgsses including migration, differentiation,
proliferation, and survival, along with larger ss@rocesses such as tissue organization,
wound healing, and tumorigenesis are all regulatgxhrt by dynamic regulation of cell
adhesions and the actin cytoskeleton[39-42]. Mytihanges required for many of theses
processes involves dynamic creation, stabilizatmal turnover of sites of adhesion[43, 44],
with vinculin playing an important role[5, 22, 285, 46]. The activation and function of
vinculin has been shown to be spatially and temjyoragulated in cells, and vinculin has
been associated with the strengthening of adhgdion48]. Intriguingly, interactions with
lipids play a role in the regulation of adhesiaie surnover[22, 23]. The lipid binding
function of vinculin is localized to the tail doma(Vt), which had been reported to bind to
acidic phospholipids, including PS, PI, and 2B, 21]. Of these, P}Rs of particular
interest as it is known to be an important regulatdhe actin cytoskeleton[32]. As many of
the reports of Vt lipid binding were in the contettpure lipid vesicles, we were interested in
assessing binding in more physiological mixed Iyggicles. We found that Vt does not
bind significantly to vesicles containing PE, P@d#&S, while demonstrating a significant
concentration dependent binding to PéBntaining vesicles (Figure 4.1). Although Vt has

been shown to bind pure Pl and PS vesicles, wenadxd@nly minimal co-sedimentation
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with mixed lipid vesicles containing Pl or PS (Fig4t.2). Local concentrations of Rl&e
controlled by both synthesis and sequestrationregdlated by signaling pathways known
to affect the actin cytoskeleton such as the RhibRaxc families of GTPases[31]. The
selective affinity of vinculin for PlfPsuggests this interaction may be a link in theulegon
of actin cytoskeletal dynamics.

Our lipid co-sedimentation assays indicated thagxhibits marked affinity for PIR
but does not specifically associate with vesiclastaining PE, PC, and PS. It is of interest
to note that while vinculin does not appear to gmedly bind phosphatidylcholine (PC), we
see interactions with dodecylphosphocholine (DPEghles. In fact our CD and NMR data
support loss of tertiary structure and lipid spelf upon association with micelles (Figure
4.3). These observations suggest that Vt mayaaotevith lipid micelles acting as a
detergent to unfold Vt. Therefore, micelles maymamic physiological lipid interactions.

How PIR interacts with Vt to modulate vinculin functiommains unclear. Vinculin
does not contain motifs known BIBinding motifs[30], and mutation and deletionsared
to block lipid binding have not identified a clesate of binding[17, 19-23]. Supporting the
observations of Saundert,al [23], our data supports a loss in structural $itglassociated
with the C-terminal deletion mutant DT (Figure 4.4). Hence, loss of lipid binding may
result from an altered tertiary structure. In cast, removal of the hydrophobic hairpin
results in enhanced RIBssociation and does not appear to alter Vt sirectMoreover, our
results indicate that removal of the hydrophobicgia (TPWYQ) is not critical for lipid
insertion, as previously proposed[19]. Removamadditional two amino acids from the C-

terminus, VDC7, causes spectral perturbations that may bedtidécof a structural change,

albeit not as extensive as those observed fDC\Figure 4.5). These results indicate that
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perturbations of contacts between the basic casidues, R1060 and K1061, and both the
bottom of helix 1 and the N-terminal strap, maga\t structure, which should be noted
when interpreting the lipid binding data of Vt \ats containing mutations at these
positions.

Intriguingly, analysis of lipid binding data on fttiple Vt mutants (VDN, D882A,
and H906A), indicates that perturbation of intei@atd with the N-terminal strap of Vt
enhances PlRassociation (Figure 4.6 and 4.7). It is posdibét the release of this strap
may expose a surface important for lipid bindirtpveing for the formation of a lipid
binding surface not present in the closed confammabr more readily allow a
conformational change required for lipid bindingis intriguing to speculate that residues in
the basic collar (K911 and K924) become more addes®r interaction with PIPupon
release of the N-terminal strap, as these residaes been proposed to be important for,PIP
association[17, 23]. It has also been reportetahmaarrangement in the N-terminal strap of
Vt may be required for F-actin binding[49], andttHRIP; inhibits interactions of vinculin
with F-actin[36, 50]. Rearrangement of the N-terahistrap of Vt may be a common
requirement for the binding of either BI& F-actin, with both ligands sharing a mutually
exclusive, overlapping site of interaction. Thisuld be consistent with the hypothesis that
PIP, binding may displace vinculin from F-actin, allowgifocal adhesion turnover as has

been proposed[22, 23].
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Figure 4.1: The lipid binding of wild-type Vt was examined bg-sedimentation studies
with lipid vesicles containing 60% phosphatidyletbamine (PE), 20% phosphatidylcholine
(PC), and either 20% phosphatidylserine (PS) bygktear with phosphatidylinositol 4,5-
bisphosphate (PHpat concentrations that replace PS. Solubleri8)ollet (P) fractions
were analyzed by SDS polyacrylamide gel electrog$ier(stained with coomassie), and a
representative gel is shown in A. Gels were scarame the amount of protein in each
fraction quantified using ImageJ software. Wilgeyt shows minimal binding to vesicles
containing 60% PE, 20% PC and 20% PS (display@d@RIR), while exhibiting increasing
association as P{Roncentrations are increased (B), suggesting @fgpaffinity for PIP..
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Figure 4.2: To compare the affinity of Vt for PS, PI, and R1€b-sedimentation studies
with mixed lipid vesicles containing PE, PC, anthei PS and PIl. Binding of PS and Pl was
minimal at concentrations up to 15%.
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Figure 4.3: The structural effect of association with dodpbglsphocholine (DPC) micelles
was assessed by CD and NMR. While the far UV CBtah the presence of 100 mM DPC
shows only minor alteration, the near UV CD is ticadly reduced (A). This is consistent
with a minor change in secondary structure in \& tluinteractions with DPC, but a
significant change in tertiary structure. Thigligher supported by NMR studieSd-**N
HSQC NMR spectra were collected on 0.15 mM Vt atopb] both alone and in the presence
of 100 mM DPC (B). The loss of spectral dispersaod the increase in resonances with
chemical shifts close to the random coil values3pm) suggest that Vt losses significant
tertiary structure upon association with DPC me=ll As vinculin does not appear to
specifically bind phosphatidylcholine (PC), inteians with dodecylphosphocholine (DPC)
micelles are likely non-specific. In addition, $ftowed similar structural perturbation with
all lipid micelles tested, suggesting that lipidcelles may act as a detergent, unfolding Vt.
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Figure 4.4: The deletion mutant, Y2C, lacking the 15 C-terminal residues of Vt hasrbee
reported to be deficient in lipid binding. In orde assess possible structural perturbations
due to this deletion, we conducted NMR and CD swmidif VOC. The'H-*N spectrum of
VtDC exhibits increased overlap resulting from a gs&in chemical shift dispersion and an
increase of resonances with random coil chemiaéisgr-8.3 ppm) (A). This is consistent
with a loss of structural stability due to the @atenal deletion. The far UV CD of ¥OC

shows minor changes relative to wild-type Vt (B)ggesting only small alterations in the
overall helical content.
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Figure 4.5: To assess the role the hydrophobic hairpin aner@inal basic collar residues

in Vt structure, two deletion mutant €5 and VDC7) were created. YXC5 removes only
the hydrophobic hairpin (the final five C-terminakidues), while M@C7 removes an
additional two residues that are part of the besilar (R1060 and K1061). As seen in A,
the'H->N HSQC spectra of \BIC5 is nearly identical to that of wild-type Vt, cistent with
the deletion of the hydrophobic hairpin causingimad changes to the structure of Vt. In
contrast, théH-">N HSQC spectra of \AC7 shows exhibits changes similar to those seen in
VtDC (Figure 4.4), although not as drastic. The ckarggen in the spectra oD@ are
consistent with the deletion of R1060 and K1061saaya loss in tertiary stability,

suggesting these residues play a role in the teitability of Vt.
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Figure 4.6: The structure of Vt (from 1ST6), highlighting theeractions of the N-terminal
strap of Vt with the helix 1-2 interface and thée@minus. The N-terminal strap of Vtis
depicted in green, while the C-terminus is showpealow (with the hydrophobic hairpin
shown in red). Two significant residues (F885 BX&®82) of the strap make interactions
likely to stabilize the extended conformation of #trap, which packs against the helix 1-2
interface. F885 of the N-terminal strap packs @gfaH906 of helix 1, while D882 makes
polar interactions with S914 (helix 1-2 loop), K9@wlix 2), and K1061 and Y1065 in the
C-terminus.
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Figure 4.7: While wild-type Vt exhibits a PIRdependent association with lipid vesicles, a
number of mutant forms of Vt show marked increasBIR affinity. Of these, VDN, Vt
D882A, and Vt H906A are all likely to allow for ireased release of the N-terminal strap
from its conformation packed along the helix 1-2iface. Both VDN and Vt D882A

remove D882, which makes polar interactions wiidees in the helix 1-2 interface and the
C-terminus. Vt H906A should disrupt the packing=885. The increase in RBIBinding

seen with these mutants is consistent with the tingsis that a conformational change in the
N-terminal strap of Vt facilitates high affinitydid binding. VDCS5 also exhibits increased
association with PPcontaining vesicles, and either could also effieetconformation of the
N-terminal strap (through loss of interactions wWit882), or its removal may expose an
occluded surface to allow lipid binding. For d&taif the structural interactions of D882,
F885, H906A, and residues in the helix 1-2 intexfand the C-terminus, see Figure 4.6.
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Chapter V.

Conclusion

A. Introduction

Vinculin is a highly conserved and abundant cygdstal protein involved in linking
the actin cytoskeleton to sites of adhesion[1]ncdiin localizes to specialized multi-protein
involved in various types of cellular adhesion luging adherence junctions (cell-cell
adhesion), focal adhesions (cell-extracellular madhesion), costameres (linkage between
the force producing sacromeres and the cell memsliramuscle cells), and intercalated
discs (specialized adhesions between adjacentacaedlls)[1-4]. Vinculin is critical in
development, as vinculin null mice die in early eydgenesis with heart and brain
defects[5]. Vinculin has the properties of a tureoppressor, and reduction in vinculin
expression in cells results in increased motilitgreases invasiveness, resistance to
apoptosis and anoikis, and the ability to growaft agar[6-10]. In addition, transfection of
vinculin cDNA into cancer cells lines causes a ticasippression of tumorigenicity[11].
Vinculin also plays a role in cardiovascular headthd both mutations or reduction in
vinculin expression has been linked to cardiomyleigatin human patients[12-14].

Vinculin is a 116 kDa protein consisting of thik@mains; a head domain (Vh), and
flexible neck, and a tail domain (Vt). Each vinaubinds a number of ligands, including
talin, a-actinin,a-cateninb-catenin, and the bacterial virulence factor IpaAthe head

domain, vinexin, ponsin, the Arp 2/3 complex, ame Yasodilator-stimulated phosphoprotein



(VASP) for the neck domain, and F-actin, paxilfnotein kinase Gx (PKCa), and acidic
phospholipids for the tail domain[15]. In additjiaghe head and tail domain interact, forming
a closed, auto-inhibited conformation which mustdleased in order to bind many
important ligands, including F-actin, taliactinin, VASP, PK@, the Arp2/3 complex, and
acidic phospholipids[16-22]. Current models ofoulin activation and function suggest a
combinatorial activation mechanism requiring theiaction of ligand on both the head and
tail domains, and that the activation of vincubreégulated both spatially and temporally[15,
23, 24]. Conformational changes in both the hewtitail domain have also been proposed
to play a critical role in vinculin function[25-33]

Despite significant research, both the physiolalgiole and detail structural
information about many of vinculin’s ligand inteti@ans is still unclear. Multiple proposed
conformational changes in Vh and Vt are also ndt wederstood. In order to elucidate the
role of vinculin in both physiological and pathoica processes including, development,
cancer, and cardiovascular health, a details utatet®mg of vinculin activation, ligand
binding, and conformational changes is required. ddctoral dissertation has focused on
increasing the understanding of conformation charagel ligand binding of the tail domain

of vinculin. | have addressed the following topics

Backbone'H, 1*C, and"®N NMR Assignments of the Tail Domain of Vinculin

The Role of pH and Histidine 906 in Vinculin Taib@formation

Vinculin Tail and Lipid Binding
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B. Backbone'H, *C, and >N NMR Assignments of the Tail Domain of Vinculin

1. Summary of Results
a) The majority of the backbory, N, **C,, $*CO, and side chaitiC, NMR

resonance assignments of the tail domain of vinouére determined.

2. Implications

Multidimensional nuclear magnetic resonance (NMpyctroscopy can provide atom
specific probes of the electrochemical environnwémiroteins in solution. This makes NMR
uniquely suited to the study of protein structalgamics, and ligand binding. However, a
prerequisite of atom specific studies of proteipdNIMR is the assignment of the observed
resonances. Assignment of the protein backbone K&8Bnances provides residue specific
probes sensitive to a variety of perturbationsar@fes in the chemical shift and/or intensity
of a resonance are signs of changes in the eléemnaical environment of the corresponding
amino acid, and can represent changes in prot@ifocoation, dynamics, or alterations due
to ligand binding.

The majority of the backbortely, °N, *C,, **CO, and side chailiC, NMR
resonance assignment were determine for wild-tyjpat YH 5.5. Backbone amide proton
assignments were extended to pH 7.5. The NMR essmnassignments for the backbone of
Vt has allowed the residue specific analysis ofdtiect of pH, both point and deletion

mutations, and ligand binding on the structure emaformation of Vt.

3. Current and Future Directions
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The NMR resonance assignments of Vt, depositédemiological Magnetic
Resonance Data Bank (BMRB), serve as a basis fogrduand future NMR studies of Vi.
Current and future work in the Campbell lab that &ad will benefit from the NMR

resonance assignments of Vt may include:

Assessing perturbations in Vt resulting from muteegs

Mapping the site of interaction on Vt for the LD&ptide of paxillin

Further characterization of the Vt self-associatbit, and its effect on F-

actin bundling

Determining the site of interaction of actin on Vt
In addition, as the assignments have been puldehpsited, they may also be used by
additional research groups as a starting pointhfeir own NMR studies of Vt.

While the majority of théHN, N, *Ca, **CO, and side chaitfCb NMR resonance
assignments of Vt have been determined, full bac&lnd side chain assignments has not
been completed due to intrinsic difficulties wiltetsystem. Vt self-association, dynamics,
and conformational exchange may have all contribt@enaking complete assignments
impractical. If it is determined that further resmce assignments are required for future
experiments, additional strategies could be uselktermine additional assignments. These
strategies may include selective mutagenesis tedse self-association and selective
isotopic labeling to decrease spectral overlapmossible resonance assignments.
Additionally, if the question about structural gmémic properties of Vt arise, more

complete assignments may be possible with Vt vesiamich decrease self-association.
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C. The Role of pH and Histidine 906 in Vinculin Té Conformation

1. Summary of Results

a) Mutation of Histidine 906 to Alanine does niginsficantly alter Vt structure.

b) There is no significant conformational chang&/t between pH 5.5 and 7.5, and the
effect of pH on Vt and the variant, Vt HO06A, aiguwally indistinguishable.

c) Vt self-associates at both pH 5.5 and 7.5, vawéhe interaction is weak and may not be

physiologically relevant.

2. Implications

The tail domain of vinculin was reported to unaeegH906-dependent
conformational change as a function of pH and aqatliospholipid binding. In addition,
H906 was reported to be important for Vt self-agsomn at low pH 5.5[33]. These results
suggested that H906 and its protonation state riegygm important role in Vt
conformational changes, which could play a padimeulin activation and function.

In order to clarify the role of H906 in both pH alid dependent Vt conformational
changes, we first assessed the effect of the imstid alanine mutation at position 906 in Vt,
as this variant, Vt H906A, was used in the studigdicating H906 in conformational
changes in Vt[33]. We found no indication of angfigant change in the overall
conformation of Vt HO06A, relative to wild-type VCircular dichroism spectra, both at both
near and far ultraviolet wavelengths (350-250 nieh 260-190 nm respectively), show no

significant difference between wild-type Vt andW906A. We also collected and compared
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2 D 'H-"N Heteronuclear Single Quantum Coherence (HSQC) Mitra of wild-type Vt
and Vt H906A. Comparison of the chemical shift arnténsity changes associated with the
HN resonances, indicate that the mutation of H80&ldanine may cause localized
perturbation in the N-terminal strap, but the olteranformation of the helical bundle is
unaltered. Although changes in HN resonances iQE Spectra can not be conclusively
interpreted in terms of specific changes in confaran, the spectral differences between
wild-type Vt and Vt HO06A are consistent with a nba in the packing of the N-terminal
strap of Vt. In the crystal structure of vinculthis N-terminal strap is packed along the
helix 1-2 interface in an extended conformation[26885 in the N-terminal strap packs
against H906 (in helix 1), and disruption of tmgeraction would likely alter the packing of
the strap. Protonation of the H906 side chainatautheory disrupt the interaction with
F885. To test this possibility, we assessed pHdeéent changes in both CD and NMR
spectra of Vt and Vt H906A.

In contradiction to the work of Milleet al, our data suggests that there is no
significant conformational change in Vt betweenfB and pH 7.5. Moreover, the localized
spectral changes as a function of pH observed byRNik& virtually identical for Vt and Vt
H906A, indicating that H906 does not play a critizde in any significant pH dependent
effects. Furthermore, pH dependent chemical shédinges in the N-terminal strap and helix
1 and 2 for both wild-type Vt and Vt H906A are shildss than 0.05 ppm on average). This
is consistent with the hypothesis that protonatibthe side chain of H906, between pH 5.5
and 7.5, does not cause a significant conformalticmange in the N-terminal strap. By

comparison, the chemical shift changes betweentyid Vt and Vt HO06A are more
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substantial (up to 0.3 ppm), suggesting that motadf H906 to alanine perturbs interactions
with the N-terminal strap more so, than does tlmégmation of the H906 side chain.

We also analyzed the self-association of both \d#nhH906A at pH 5.5 and 7.5.
While Miller et alreported that Vt was monomeric at pH 7.5 but asHeciated at low pH,
we found that Vt self-association was present #t pél 5.5 and 7.5. Sedimentation
equilibrium analytical ultracentrifugation (AUC)drcated that Vt self-association is greater
at pH 7.5 than pH 5.5, however the interactionesikvKy >100 puM) at both pH values.
GivenKy's determined by AUC, this self-association may im@{physiologically significant.
Vt H906A was also determined to self-associateo#tt pH 5.5 and 7.5, with a greater
association at higher pH, as was observed with-type Vt. While theKy for Vt HO06A
self-association was 190 + &M relative to 130 + 10 for wild-type Vt at pH 7.5, it is

not clear if this difference is significant.

3. Current and Future Directions

Our data suggests that there are no significandgp€ndent conformation changes in
Vt, and therefore pH is not likely to play a rafethe Vinculin activation or function. With
no link evident between ligand dependent conforomati changes and pH, there is no data to
suggest that pH changes over a physiologicallyweglepH range play a role in modulating
vinculin function, via either Vt-dependent ligandself-association. As such, without
additional data to suggest a role for pH depenfierdtional changes, further study of pH
effects on Vtis not warranted. There are two li@mg points of interest in this research;

release of the N-terminal strap, and Vt self-asgam.
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NMR spectral comparison of wild-type Vt and VtH#OBIN resonances suggest that
there is no significant alteration in the main balibundle due to mutation of histidine 906 to
alanine. There is, however, evidence to suggesthiat the N-terminal strap may be altered
due to loss of the interaction between H906 (imxhEl and F885 (in the strap). This
alteration in the N-terminal strap due to mutatwdid906 is of particular interest as it
appears to play a role in Vt/ligand interactiohs particular, Vt H906A and other mutant
forms of Vt that appear to perturb interactionsngstn the N-terminal strap and the helix 1-2
interface enhance Vt-PJRssociation (see Chapter 4). Further charactenzaf the
alterations in the N-terminal strap of these mugdimcluding H906A) may elucidate binding
determinants and/or conformational changes assalcwith phospholipid binding. In
addition, the N-terminal strap of Vt has been ssgggto change conformation to
accommodate F-actin binding, and possibly playl@iroF-actin bundling[31]. The mutant
characterized in these studies, Vt HO06A, may ledulisn elucidating the role of the N-
terminal strap of Vt in F-actin binding and bundjlin

We found that the Vt self-association occurs ahlpid 5.5 and pH 7.5, with a small
increase in affinity at pH 7.5. This is in contrasprevious work suggesting that that Vt
self-association only at the lower pH[33]. The mbegof self-association at either pH is weak
(Kg > 100mM). Despite the significant levels of vinculin fodiin cells and the possibility of
increased localized concentration, this weak sedbaiation may not be able to compete with
other ligand interactions that may bind with higa#émity. For example, the Vh-Vt
interaction has an estimatig of ~1 nM[25], and may inhibit Vt self-associatiowith the
Ky of self-association >100M, this interaction may not be physiological relevanless it is

modulated by the binding of additional ligands.lf-@ssociation of Vt in the presence of
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ligands is thought to be physiologically importadt has been reported to self-associate in
the presence of both actin and phospholipids, Witdimerization postulated to be critical
for F-actin bundling[31, 32, 34]. However, it isalear whether the self-association
observed in solution in the absence of ligandseleted to or distinct from ligand induced Vt
self-association. The Vt dimer that promotes Frdatindling may be either 1) a separate,
cryptic site of self-association not accessibléhs conformation present in solution, or 2) an
allosteric enhancement of the ligand-free self-cisgion site. Characterization of the
ligand-free self-association observed in solutigrNIMR has suggested that the site of
interaction is similar to the dimer interface idéad in the crystal structure of Vt[26].
Characterization of mutations designed to disrhistligand-free self-association is
underway, and these mutants may aid in understgnidenrole of Vt dimerization in F-actin

binding and bundling.

D. Vinculin Tail and Lipid Binding

1. Summary of Results

a) Vt shows little affinity for mixed lipid vesies containing 20% phosphatidylserine

b) A concentration dependent co-sedimentationtofith PIP, containing vesicles indicates
specific recognition of PP

c) Although Vt has been reported to bind pure phasidylinositol (PI) vesicles, we find

that that the affinity for PI containing vesiclassignificantly reduced compared to RIP
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d) Vtdemonstrates a loss of tertiary structure lgmnd specificity in the presence of
micelles, suggesting Vt interactions with micekgsnot mimic physiological lipid
interactions.

e) The C-terminal deletion mutant,D@, shows a loss of tertiary structure, which may
contribute to its loss of lipid binding. In additi to W1058 (proposed to be C-terminal
residue important for tertiary structure[35]), ROGd K1061 also appear important for
maintaining the structural integrity of the Vt teali bundle fold.

f) The “hydrophobic hairpin” (TPWYQ) at the extren®-terminus does not appear to be
important for lipid insertion as previously propdgzg].

g) Release of the N-terminal strap of Vt facikshigher affinity interactions with PP

containing vesicles.

2. Implications

The tail domain of vinculin has been reporteditallacidic phospholipids, including
phosphatidylserine (PS), phosphatidylinositol (BRd phosphatidylinositol 4,5-bisphosphate
(PIP)[18, 25, 26, 36]. Methods used to assess phogpthdinding have varied
significantly, making comparative literature stugl@ Vt and mutant Vt lipid binding
profiles difficult. We demonstrated that Vt extigominimal binding to mixed lipid vesicles
containing 60% phosphatidylethanolamine (PE), 20f4sphatidylcholine (PC), and 20%
phosphatidylserine (PS). The major componentukémlyotic membrane are PC, PE, PS,
and PI[37]. Previous demonstrations of PS binditigzed pure PS vesicles, however PS is
generally believed to constitute only 5-10% of fiteesma membrane[37, 38]. The lack of Vt

binding to mixed vesicles containing 20% PS sugoistt the binding of PS may not
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physiologically significant. In contrast, we denstmated that Vt associates with mixed lipid
vesicles in a PlfPconcentration dependent manner, with significasbaiation at 15% PP
Although PIR is a minor constituent of plasma membranes (0.)-8% known to be
enriched in focal adhesion[39, 40], and is knowditectly regulate the actin cytoskeleton
through modulating the activation and localizatodrtytoskeletal and regulatory
proteins[41]. The specific affinity of Vt for PiRuggests that this interaction may play a
physiological role at sites of adhesion. One psgglofunction of the Vt-PlHnteraction is in
the turnover of focal adhesions, a process critakllular motility.

Micelles have been used in studies of Vt lipiddong, however our data suggests that
Vt interaction with micelles may not be physiolaglg relevant. In addition to a significant
loss of tertiary structure upon interaction withcelies, Vt appears to loose all lipid
specificity. Thus, lipid micelles may act as aaigént, unfolding Vt, and caution should be
taking in interpreting reports of Vt-lipid bindirigased on methods utilizing lipid micelles.

As has been suggested previously, we found eveltrat the C-terminal deletion
mutant, VDC, exhibits a loss in tertiary structure and stghiThus, the decrease in
phospholipid binding observed with this mutant rbaydue to a loss in tertiary structure,
rather than disruption of specific phospholipicenaictions with the C-terminus. Moreover,
the proposed role of the hydrophobic hairpin in rheane insertion (based on studies of
VtDC), does not appear to be correct. We demonsttiastdhe removal of the hydrophobic
hairpin (VIDC5) likely has minimal effects on the structureconformation of Vt, while lipid
binding is actually increased. These results ssigpat insertion of the hydrophobic hairpin

into lipid membranes is not a critical factor ipitl binding.
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In addition to the hydrophobic hairpin in the Crténus of Vt, two basic surfaces
have been proposed as site of lipid interactioa;sic collar and the basic ladder[25, 26,
28]. Distinct from these two sites, we have ideedi the N-terminal strap of Vt as an
important element in phospholipid binding. Ourd®nce indicates that the release of the
strap from its interaction with the helix 1-2 irfeere enhances lipid binding, suggesting that a
conformational change in the N-terminal strap oméy play a role in vinculin function.
Although residues responsible for P#nding and specificity have not yet been
conclusively identified, release of the strap maggibly increase the accessibility of K911
and K924, both residues postulated to be impoftaripid binding[25, 35]. Interestingly,
multiple ligand interaction sites, including thasfevinexin, ponsin, and the Arp 2/3 complex,
have been identified in the flexible neck regiorvioiculin, directly proceeding the strap of
Vt[15]. The binding of ligand to the neck regiohvinculin could affect the N-terminal strap
of Vt, facilitation lipid binding, or conversely, tMipid interaction could also cause a

conformational change in the strap, facilitatirgahd binding to the neck of vinculin.

3. Current and Future Directions

Although we have identified the N-terminal strdp/bas an important factor in lipid
binding, the mode and exact site of lipid interawetis still unclear. Multiple mutations have
been identified that increase lipid binding, howevemutations which disrupt lipid binding,
without significantly alter Vt structure, have rimgen identified. Basic collar residues and
residues which would likely be exposed by reledsb@eN-terminal strap of Vt can be
mutated, and the effects of such mutations asseddezke residues may include R910,

K911, and K924. Further complicating Vt lipid bind, it has been proposed that Vt may
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undergo a significant conformational change upoeraction with lipids. Although we do
not believe that the loss of tertiary structurensggon interactions with lipid micelles is
physiological, we have not been able to assessteftéd interactions with lipid vesicles on
the structure of Vt. If Vt undergoes a significaohformational change upon lipid binding,
the site of PIRinteraction may not present in the crystal stestaomplicating its
identification. One method of assessing changésarconformation of Vt upon lipid
binding is the comparison of Vt's protease senisjtiv the presence or absence of lipid
vesicles. Changes in the extent, or pattern depse digestion could indicate whether a
conformational change occurs upon phospholipidibopd In addition, mass spectrometry
may aid in identification of sites of altered clage, which could indicate regions of Vt

undergoing conformational changes.
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