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Abstract
FUNCTIONAL AND STRUCTURAL STUDIES OF A
SMALL F-ACTIN BINDING DOMAIN
by
DON SHIMON DOERING
Submitted to the Department of Biology on March 5, 1992 in partial fulfillment of the
requirements for the Degree of Doctor of Philosophy in Biochemistry

ABSTRACT

In order to fully understand the assembly and regulation of the actin
cytoskeleton, we must characterize the component proteins and their
interactions. Villin is a structural protein of the intestinal brush border and
is a calcium regulated actin-severing and -bundling protein. Villin's 76
amino acid, carboxyl terminal domain, "headpiece", is employed by villin to
create bundles of actin filaments. I have expressed headpiece in E. Coli and
showed that the expressed protein has the identical structure as the natural
peptide, and is a highly stable (Tm = 76 'C) folding domain. To map the
actin binding site, forty unique cysteine mutants of headpiece were created,
and purified from E. Coli. Measurement of the accessibility of the cysteine
by reaction with Ellman's reagent segregates the mutants into those on the
surface of the domain and those mutants in which the cysteine is buried in
the core of the domain, as well as those of intermediate accessibility. Thirtythree mutants showed wild-type stability and even the most severely
destabilized mutants (Tm - 50 *C) are likely to be maximally structured at
the temperature of the actin binding assays (25 *C). The structural assays of
the mutants limits the possible sequence space that might comprise the
binding site to fewer than 30 amino acids. The cysteine mutants were
assayed for f-actin binding activity by their ability to co-sediment with f-actin
upon ultracentrifugation. This assay revealed that 32 of the mutants had
actin binding activity indistinguishable from the activity of wild-type
headpiece. Eight mutants showed significantly reduced actin binding
activity. These residues are at two clusters in the sequence and may identify
a single f-actin binding site in the tertiary structure of the domain.
Thesis Supervisor: Dr. Paul T. Matsudaira
Title: Associate Professor of Biology

Table of Contents
Chapter 1: Introduction to the Thesis ................................................................

9

Introduction..........................................................................................................

9
11

Introduction to Chapter 1.........................................................................
Cell Structure and the Cytoskeleton........................................................11
The intestinal epithelial cell.....................................................................12

The intestinal brush border and microvillar cytoskeleton.............14
Proteins of the microvillar cytoskeleton................................................16
17

A ctin ...................................................................................................................
Actin Binding Proteins.............................................................................18
Fimbrin..............................................

21

Villin: Structure and function.................................................................

22

The cellular location and expression of villin..................26
Villin's cellular functions...............................................................28
Acknowledgements ...........................................................

31

.............................................

31

Bibliograp hy...............................................................

50

Chapter 2: Wild-type Headpiece..........................................................................
Introduction to Chapter 2.........................................................................

50

Villin Headpiece..........................................................................................50
Headpiece and villin's structure and function................54
Questions raised by villin headpiece..........................56
R ESU LTS ...........................................

..........

................................. ...............

... 5 7

Cloning of Villin Headpiece.......................................57
Comparison to natural headpiece.........................................................
Comparison of nHP and rHP......................................
The calcium binding property of headpiece ....

62

............ 63

...................................

70

Equilibrium dialysis of nHP..........................................................................73
Physical detection of calcium binding........................75
The actin binding activity of headpiece......

.............................

75

EDC headpiece-actin crosslinking...........................77
Protection of cys374 of actin...................................................
DISC USSIO N ....

....................

................ 79

...........................................................................

4

82

Protein expression and purification.......................................................
82
The N-terminal methionine and the inter domain region.............82
84
Structural analysis of WT headpiece......................................................
Structural comparison to nHP..................................................................84
Calcium binding of nHP and rHP................................................................85
Villin function and calcium binding..........................................................88
Actin binding activity of headpiece..... ..................

Actin's headpiece binding site ..................................................................
Headpiece affinity for f-actin.....................................................................91
Role of headpiece in Villin function ......................................................
Materials and Methods.........................................................................................
Abbreviations used .............................................................
Acknowledgements ...........................................................
Bibliography ..................................................................................................................

89

90
91
92
99
99
100

Chapter 3: Structural Studies of Headpiece mutants.....................105
Introdu ction ..................................................................................................................
105
Introduction to Chapter 3..............................................................................105
Protein tertiary structure................................................................................106
Theoretical approaches to protein structure........................107
Experimental Approaches to protein structure......................108
Scanning Mutagenesis....................................................................................109
Site Directed Mutagenesis to Cysteine ........................................................
111
Cysteine Scanning Mutagenesis of Headpiece......................112
R esults............................................................................................................................114
The cysteine scan of headpiece .....................................................................
114
Mutagenesis and expression .........................................................................
116
Purification of the cysteine mutants ...........................................................
117
The initiator methionine ..............................................................................
123
Mutant dimer formation.............................................................................124
Ellman's assay of cysteine reactivity............................................................124
Circular dichroism study of the headpiece-cys mutants.........................132
DISCUSSION ..............................................................................................................
139
5

Mutagenesis studies and cysteine scanning mutagenesis.............139
Expression and Purification of the Mutants.......................142
143
Dimer form ation .............................................................................................
Ellm an's assay of cysteine reactivity............................................................144
145
Thermal denaturation of the m utants .......................................................
147
Helical and non-helical subdom ains ..........................................................
Conclusions .....................................................................................................

M aterials and M ethods...............................................................................................149
Acknowledgem ents ................................................................

148

151

Bibliography..................................................................................................................152
158
Chapter 4: M apping the F-actin Binding Site ........................................................
Introduction..................................................................................................................158
Introduction to Chapter 4..............................................................................158
Actin Structure.................................................................................................158
Protein Binding Sites on actin......................................................................162
Actin Binding Sites on proteins...................................................................163
Actin Binding Assays......................................................................................167
M apping the actin binding site.....................................................................168
Results............................................................................................................................169
Prediction of the actin binding sites on headpiece...................169
169
Charged-to-cysteine m utants ........................................................................
Pelleting Assays................................................................................................170
175
Discussion .....................................................................................................................
Isoforms and isoform specific binding........................................................175
EDC crosslinking of the charged-to-cysteine mutants................178
The actin binding site(s) of headpiece.........................................................178
Is this one of villin's bundling sites?................................. ... ........ ......... ..... 183
Have I identified the actin binding site?....................................................183
184
M aterials and M ethods..........................................................................................
185
Acknowledgem ents ................................................................
Bibliography..................................................................................................................185

6

The A ppendices ...........................................................................................................

192

Headpiece Oligomers I: P-Galactosidase-HP Fusion Protein.................193
Introduction..................................................................................................................193
Results............................................................................................................................194
C onstruction of the vectors...........................................................................194
Expression and purification of the protein.........................194
A ctin binding assays................................................................195
Discussion .....................................................................................................................

199

Sufficiency of bundling site...........................................................................199
D isadvantages of the construct.....................................................................199
Headpiece Oligomers II: Recombinant Headpiece Dimers..................201
Introduction..................................................................................................................201
A ctin Bundles in the Cell......................................................201
Results............................................................................................................................202
D iscussion .....................................................................................................................

205

M aterials and M ethods...............................................................................................206
Bibliography..................................................................................................................208
A ppendix 2: Villin Localization..............................................................................209
Introduction..................................................................................................................209
Localization of proteins......................................................................209
The Localization H ypothesis.............................................................209
M icroinjection as an assay.................................................................210
Microinjection of villin and gelsolin........................210
211
Experim ental design ...........................................................................
Results............................................................................................................................212
3T3 Cell M icroinjection..................................................................................212
Microinjection of villin into 3T3 cells.......................212
Headpiece Microinjection of 3T3 cells........................213
Injection of b-gal-H P ...........................................................................

216

M icroinjection of M DCK Cells ....................................................................

216

D iscussion .....................................................................................................................

7

221

M aterials and M ethods...............................................................................................226
Acknowledgem ents ................................................................

227

Bibliography..................................................................................................................228
Appendix 3: Chemical Crosslinking........................................................................231
Introduction..................................................................................................................231
Chemical Crosslinking Studies...........................231
Results - Villin-villin Crosslinking ........................................................................

232

Results - Actin-Villin Crosslinking.........................................................................236
Discussion .....................................................................................................................

240

Villin-actin crosslinking....................................................................240
Crosslinking of isolated villin domains to actin...............240
The intra-dom ain crosslink ..............................................................
Conclusions ......................................................................................................

241
241

M aterials and M ethods...............................................................................................242
Purification of villin...............................................................242
Purification and crosslinking of villin domains..........242
Villin-villin crosslinking ......................................................

242

Villin-actin crosslinking........................................................243
FPLC of EDC crosslinked villin.......................243
Trypsin digests of EDC crosslinked villin...............243
Radio-labelling Experim ent ..................................................
Bibliography..................................................................................................................244

8

243

CHAPTER 1: INTRODUCTION TO THE THESIS

INTRODUCTION
This thesis describes the study of the structure and the function of the
carboxy-terminal domain of villin; villin headpiece. Only 76 amino acids in
length, headpiece is one of the smallest described f-actin binding domains.
Through characterization of headpiece, and forty point mutations to
cysteine of the domain, I have located the f-actin binding site. I have
identified significant portions of the non-functional protein surface, and the
structural core of the domain. This work represents the most detailed study,
to date, of the structure of a non-muscle f-actin binding domain.
Chapter 1 of the thesis provides an introduction to the study of cell
structure and the cytoskeleton, and an introduction to the intestinal
epithelial cell as a model system. In chapter one, I describe the major
features of actin and its regulatory proteins, including villin.

Chapter 2 begins with a review of the previous studies of villin
headpiece and presents the major biological and structural questions that are
raised, and that might be answered, by the study of this domain. I then
describe the expression, purification, and characterization of wild-type
chicken villin headpiece.
Chapter 3 details the study of headpiece structure by the strategy of
cysteine scanning mutagenesis. The chapter begins with a general
discussion of the study of protein -structure, and of the study of protein
structure and function by mutagenesis. The results of the cysteine scan that
define the surface of the domain and the structural core of the domain are
described in this chapter.
Chapter 4 contains the results of the functional studies of the
headpiece cysteine mutants and the mapping of the f-actin binding site. The
chapter begins with an introduction to the structure of f-actin. and to the
structure of f-actin binding proteins and their actin binding sites. The
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chapter concludes with a general summary of the thesis and a discussion of
the results of the cysteine scanning mutagenesis.
The appendices to the thesis summarize three projects related to the
thesis and these are summarized in the introduction to the appendices.
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Introduction to Chapter 1
Chapter 1 provides an introduction to the field of cell structure and
the actin-based cytoskeleton. The actin cytoskeleton is the major
determinant of the resting shape of cells and also plays a critical role in cell
movements and morphological changes. The structure of several model
systems, such as the muscle sarcomere, neurons, red blood cells, and the
intestinal epithelial cell has been extensively studied and dissected to the
level of the component proteins.
This chapter describes the epithelial cell and its specialized
transporting surface, the apical 'brush border' and the two regions of the
brush border, the microvilli and the terminal web. The most abundant
proteins of the brush border have been identified and characterized. The
essential properties of the proteins that comprise the microvillar actin
bundle (actin, villin, and fimbrin) are reviewed in this chapter. Chapter 1
ends with a short review of the literature on the actin binding activities, the
cellular role, and the structure of villin.
Cell Structure and the Cytoskeleton
The cell is a complex three dimensional machine. Cellular processes
occur in precise temporal sequence and within a distinct spatial
organization. This spatial organization and compartmentalization of the
cell is created by the structural filament systems of the cell, and the
membrane bound organelles that are organized within these filament
systems. A major determinant of cell shape is the actin-based, or
'microfilament', cytoskeleton.
The actin cytoskeleton is composed of polymers of the 42,000 D actin
monomer that can be assembled into a variety of structures, such as sheets,
bundles, and meshes. The cytoskeleton is a dynamic structure that is under
constant reorganization as part of cellular processes such as cytokenesis, cell
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migration, and differentiation. Thus, the cell must employ a large number
of actin modulating proteins that can assemble, disassemble, and organize
actin into a wide variety of cell structures. These proteins must not only
create actin structures, but must link actin to cytoplasmic components,
cytoplasmic membranes, and to the plasma membrane. Though not a part
of the assembled structures, the pool of sequestered actin monomers and
monomer-binding proteins, is also a regulated element of the actin
cytoskeletal system [reviewed in (Stossel et al., 1985), (Pollard and Cooper,
1986), (Stossel, 1989)].
Cellular actin structures include bundles, such as the well ordered
bundles found in the brush border microvilli, microvilli of cochlear hair
cells, and the sperm acrosomal process. There are also smaller less
organized bundles found in the cortical microvilli of most cell types, and in
cellular extensions such as axons and platelet pseudopods. The cytoplasm of
cells contains a network of actin filaments that form dense meshworks in
regions of the cell cortex and cell periphery. Actin filaments also form
fibrous structures that are anchored at points of cell-substrate contact and
cell-cell junctions.
Consequently, a complete description of cell structure will require the
identification of all the structural proteins, their locations, and the
determinants of their interactions. In addition, the temporal and spatial
features of their expression must be described to understand the
differentiation of the cell. and the assembly of cellular structures. To this
end, there have been several cell types that have served as model systems
for the study of cell structure.
The intestinal epithelial cell
The transporting epithelial cell (enterocyte) of the small intestine is
one of the best studied cells for both physiological function and cellular
architecture. These cells form a continuous transporting epithelium that is
responsible for the absorption and sorting of nutrients from the lumen of
the intestine into the blood stream, that flows beneath the epithelium. This
12

organ is the primary absorptive surface of all higher organisms, from insects
to man, and has a structure that is highly specialized for its function. The
apical surface of the enterocyte contains membrane-bound transporters,
peptidases, and sugar hydrolases that are responsible for the polarized
delivery of ions, metals, proteins, amino acids, and sugars across the
epithelium [reviewed in (Rodriguez-Boulan and Nelson, 1989)].
Diseases, including cancers and malabsorption diseases, of the
intestine are a major cause of death in man. The intestine undergoes
continual differentiation, and may be a particular target for oncogenic
mutation and disruption. Approximately 85% of human cancers are
carcinomas of epithelial tissues. Though many diseases result in alteration
of absorptive function, it is unclear how the cytoskeleton is involved in
these processes. Microvillar inclusion disease, or Davidson's disease, is a
fatal autosomal recessive disorder that may be directly due to the incorrect
assembly of the brush border [reviewed in (Cutz and al., 1989), (Wilson et al.,
1991)].
The intestinal epithelial cell has also attracted the attention of
biologists as a system for the study of cellular differentiation. This
epithelium and the cells of the hematopoetic system, are the only cells in
the adult that undergo continual differentiation from a pluripotent stem
cell into a variety of cell types [reviewed in (Gordon, 1989)]. In addition to
differentiation into the enterocyte, the stem cells that occupy the crypts of
Lieberkuhn, at the base of the villi, differentiate into goblet cells, paneth
cells, and enteroendocrine cells. The enterocytes, goblet cells, and endocrine
cells, differentiate without division as they migrate from the crypt to the
apex of the villus, in a continuous and rapid process that renews the entire
surface of the vertebrate intestine in approximately three days (Potten and
Hendry, 1983).
The epithelial cell contains all of the stereotypical cellular actin
structures. The cell is surrounded by actin filaments that are associated with
cell junctions, including the zonula adherens and the zonula occludens.
Filaments are also associated with mitochondrial membranes, and are
located in the cytoplasm adjacent to lateral and basal cell membranes, and
13

are found in bundles on the basal surface of the cell (Hagen and Trier, 1988).
Thus, it is not only the transport proteins that are polarized in the
enterocyte, but the actin containing structures of the apical and basal regions
must be assembled and regulated in a polarized and distinct manner.
The intestinal brush border and microvillar cytoskeleton
The elucidation of major questions in biology has always been
dependent upon a model system for the study of that question. In general,
this has demanded a system of relatively few components or variables that
affect the question of interest. The principal systems that have led to our
understanding of cytoskeletal structure and function are striated muscle, the
red blood cell, and the intestinal brush border. The brush border, named for
its brush-like appearance to early light microscopists, is composed of two
regions: the microvilli and the terminal web. 1
The brush border has been recognized as a discrete cell structure from
its appearance at the light microscope level since the 1840's, though for
nearly a century a controversy raged over whether the striated border was
due to microvilli or canals through the apical cell surface (Baker, 1942). The
question was put to rest with the advent of electron microscopy in the early
1950's, and it was found that the brush border was composed of densely
packed, cylindrical microvilli that projected from the cell surface, and were
thought to be covered by the cellular membrane (Granger and Baker, 1950).
Improved microscopy techniques revealed that the microvilli contained
tubular structures that were laterally linked to the membrane, and ended in
the terminal web (Millington and Finean, 1962). In the same period, the
brush border was first isolated as a discrete cellular organelle containing all
of the cellular maltase and invertase activities, a development which
allowed the molecular dissection of its protein components in the 1970's
(Miller and Crane, 1961).
1 See Figure 1.1. (Photo courtesy of Mark Chafel.)
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Fig 1.1 (A) Transmission electron micrograph of the brush border of adult mouse. (B). A current model of the
cytoskeleton of the brush border and terminal web of the intestinal epithelium. A, actin; a-A, a-actinin; Ank,
ankyrin; Cs, centrosome; MA, macula adherens; Mt, microtubues; My, myosin; PA, punctum adherens or
actin-associated spon desmosome; Sp, spectrin isoforms; Tf, tonofilmanets; AZ, zonula adherens; ZO, zonula
occludens. Reprinted from Drenckhahn and Dermietzel, 1988, @ J. Cell Biology, 1988.

Actin was discovered to be the major protein of the microvillar cores
by its decoration with heavy meromyosin (Ishikawa et al., 1969). The actin
bundle that forms the core of the microvilli contains 20-30 parallel filaments
of the same polarity (Mukherjee and Staehelin, 1971), (Tilney and Mooseker,
1971), (Mooseker and Tilney, 1975). In 1978, Bretscher and Weber first
isolated pure microvilli (Bretscher and Weber, 1978). Electron microscopy
and differential purification showed that the microvillar core is attached to
the cell membrane by regularly spaced cross-filaments (Mukherjee and
Staehelin, 1971), (Mooseker and Tilney, 1975), (Bretscher and Weber, 1978),
(Bretscher and Weber, 1979), (Matsudaira and Burgess, 1979). The
microvillar actin bundle is not typical of other actin bundles found in stress
fibers and muscle, for its lack of significant amounts of myosin,
tropomyosin, a-actinin, or filamin (Bretscher and Weber, 1978), (Geiger et
al., 1979), (Mooseker et al., 1978).
The actin bundle extends into the cortical region of the cell, termed
the terminal web. The terminal web is a dense meshwork of cytoskeletal
muscle proteins including actin, tropomyosin, and myosin [reviewed in
(Hull and Staehelin, 1979), (Mooseker, 1985) and (Maroux et al., 1988)]. In
mammals, the sub-membrane structure is roughly analogous to the red
blood cell cortex, and contains filaments of a spectrin homologue, fodrin
(TW 260/240 in the chicken), as well as cytokeratin (Glenney et al.,
1982),(Hirokawa et al., 1983). The actin filaments at the cell margins are
associated with the cellular junctions of the apical surface and proteins such
as a-actinin, and vinculin. For the sake of this discussion, it is important to
recognize that the microvilli are distinct from the terminal web, and that
the cytoplasmic and cytoskeletal proteins that are found in the terminal web
are largely excluded from the microvilli.
Proteins of the microvillar cytoskeleton
The molecular dissection of the microvillar cytoskeleton began in
1971, with the demonstration that the major soluble protein of isolated
16

brush borders was actin (Tilney and Mooseker, 1971). Analysis of isolated
microvilli by SDS-PAGE revealed a relatively simple protein content. In
addition to actin, the microvillar cytoskeleton contains villin (95 kD),
fimbrin (68 kD), 110 kD protein, and calmodulin (17 kD) (Bretscher and
Weber, 1979), (Matsudaira and Burgess, 1979), (Bretscher and Weber, 1980),
(Glenney and Weber, 1980), (Howe et al., 1980). The 110 kD and calmodulin
were shown to be the components of the lateral cross filaments, and are now
known as the heavy and light chains of brush border myosin I (Matsudaira
and Burgess, 1979), (Glenney and Weber, 1980), (Mooseker and Coleman,
1989), (Collins et al., 1990). The 110 kD - calmodulin complex is a
component of the membrane-actin linkage, but is not an integral
component of the actin bundle.
Importantly, the specificity for the assembly of this structure is not
dependent on the membrane (or membrane proteins), but is entirely
contained in the component proteins. As will be discussed below, villin and
fimbrin can form actin bundles in vitro, and, together, form bundles with
the structural feature of the microvillar core (Matsudaira et al., 1983). The
addition of purified 110 K - calmodulin complex decorates the bundle with
lateral arms as is seen in the brush border. Therefore, the periodic
arrangement of brush border myosin I is dictated by actin that has been
organized by villin and fimbrin (Coluccio and Bretscher, 1989).

Actin
As discussed above, actin is present in a variety of structures and
distinct regions of the enterocyte. The microvillar actin bundle is a
uniformly polarized bundle of actin filaments that ends in the terminal
web, and actin filaments are virtually absent in the mesh of myosin and
spectrin isoforms that are the predominant filaments in the terminal web
(Drenckhahn and Dermietzel, 1988). The actin in the brush border of the
fully differentiated enterocyte appears to all be in the polymerized state
(Drenckhahn and Dermietzel, 1988). X-ray scattering studies of the
microvillar actin bundle and bundles assembled in vitro, showed actin to be
17

at the electrostatically limited concentration of approximately 3.7 mM (- 150
mg/ml), and it forms a virtually solid core to the microvillus (Matsudaira et
al., 1983).
In higher organisms, actin is a member of a family of genes that
encodes actin isoforms, or "isoactins" [reviewed in (Firtel, 1981),
(Buckingham and Minty, 1983), (Hightower and Meagher, 1986)]. Though
the mammalian genome may contain over 20 actin-related genes, only six
protein species have been detected (Vandekerckhove and Weber, 1978),
(Vandekerckhove and Weber, 1979). These actins include four muscle
isoforms and the two P- and y- cytoplasmic actins. To date, these isoactins
have been shown to have discrete tissue specificity, cellular localization, and
differential expression in development. However, a functional difference
among these actins has not yet been determined, though differential
localization suggests a functional difference among the isoactins. It is
possible, that part of the need for multiple genes is for the fine control of
gene expression, rather than for the production of functionally different
gene products.
A screen of monoclonal antibodies to actin, revealed that the
microvilli of rat brush borders contain two unique actin isoforms, that share
epitopes with, but are not identical to, muscle isoforms (Sawtell et al., 1988).
Importantly, the enterocyte (as well as the microvascular pericyte and other
cell types) contains multiple isoforms that are localized to specific regions in
the cell (Hartman et al., 1989), (DeNofrio et al., 1989). Thus, there is a special
form of actin in the microvilli that might be related to the specific
developmental assembly of the brush border, but might also contain a
functional specificity for the microvillar proteins, i.e. the isoactin (or villin
and fimbrin) may have a special affinity for the brush border, due to an
isoform-specific interaction.
Actin Binding Proteins
Filamentous actin, f-actin, is a linear polymer composed of the 42,000
D actin monomer. The geometry of the filament creates a large surface for a
18

variety of actin binding activities. 2 Proteins may specifically bind to the
distinct ends of the filament, to the sides of the filaments, and they may
assemble filaments into bundles and meshworks. In addition, actin-binding
proteins may regulate the disassembly of such structures, as well as the
polymerization of the filament. Thus, actin binding proteins may be
classified on the basis of their distinct actin binding activities [reviewed in
(Craig and Pollard, 1982), (Weeds, 1982), (Pollard and Cooper, 1986),
(Vandekerckhove, 1990), (Hartwig and Kwiatkowski, 1991)].
Though structures composed of actin filaments are striking features
of most cell types, only approximately 50% of cellular actin is assembled into
structures (Wang, 1987). In homogenates of enterocytes, about 70% of the
actin appears to be in assembled form (Stidwill and Burgess, 1986). The
remaining actin is thought to be sequestered as a regulated pool of
monomeric actin, or as unpolymerized oligomers that can be recruited for
the assembly of new structures, or for the maintenance of existing
structures. Cellular actin concentrations are considerably higher than the
critical concentration for actin assembly in vitro, and the monomeric actin is
thought to be sequestered in complexes with monomer binding proteins.
Proteins that have been found to bind to monomeric actin, but not
filamentous actin, include profilin (Carlsson et al., 1977), cofilin (Nishida et
al., 1984),(Muneyuki et al., 1985), and actin-depolymerizing factor
(ADF/destrin) from vertebrate brain (Bamburg and Bray, 1987),(Nishida,
1985), actobindin from Acanthamoeba (Lambooy and Korn, 1986),
(Vandekerckhove et al., 1990), Fx (thymosin 4) from platelets(Safer et al.,
1990),(Safer et al., 1991), and depactin (Mabuchi, 1983), (Takagi et al., 1988).
There is also a class of homologous proteins, the capZ proteins, that
bind to the fast growing (barbed) end of the actin filament, and are widely
distributed in vertebrate cells and have been found in Acanthamoeba

2 A more detailed discussion of actin, the structure of the actin filament,
and actin binding sites, is found in the introduction to Chapter 4.
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castallanii (Isenberg et al., 1980) and Dictyostelium (Hartmann et al., 1989).
The capping protein, MCP/gcap39 is related by sequence to gelsolin and
villin (Southwick and DiNubile, 1986),(Yu et al., 1990), but does not have
severing activity. These actin capping proteins may be involved in
nucleating actin assembly, or in anchoring actin filaments in structures such
as the Z line of the muscle sarcomere (Casella et al., 1986),(Casella et al.,
1987). An array of polarized filaments that is analogous to the Z line is the
microvillar actin bundle, and a capZ-like filament capping protein may exist
at the tips of the microvilli and may be critical for nucleating the assembly of
the microvillar actin bundle (Ohashi and Maruyama, 1989).
Actin-binding proteins that disassemble f-actin into shorter oligomers
are called actin-severing proteins, and are thought to be involved in cellular
processes that involve the rearrangement and the assembly of the
cytoskeleton. These proteins may bind to the end of the actin filament and
can nucleate actin polymerization, suggesting a possible cellular role in the
assembly of actin filaments. The family of severing proteins includes four
proteins related by sequence and function, villin, gelsolin, fragmin
(Hasegawa et al., 1980), and severin (Brown et al., 1982). There are also three
recently described severing proteins, fragmin 60 (Furuhashi and Hatano,
1989), scinderin (Rodriguez Del Castillo et al., 1990), and adseverin
(Maekawa and Sakai, 1990),(Sakurai et al., 1991) which appear to be
structurally and functionally related to gelsolin. The actin severing activity
of these proteins is regulated by micromolar levels of calcium as well as
polyphosphoinositides, PIP2, and phosphatidyl inositol 4-phosphate
(Maekawa and Sakai, 1990),(Sakurai et al., 1991), [reviewed in (Hartwig and
Kwiatkowski, 1991) and (Matsudaira and Janmey, 1988)].
A major class of actin-binding proteins, is those that can crosslink
actin filaments. Crosslinked filaments may resemble the near crystalline
filament array of the acrosomal process or the loose actin networks found
below the peripheral cell membrane. Many of these proteins have been
found to be related by a conserved actin binding domain, but differ in the
20

length and type of structural motif that separates the actin binding domains,
and this family includes fimbrin, ABP-120, and spectrin (De Arruda et al.,
1990), (Hartwig and Kwiatkowski, 1991), (Matsudaira, 1991)). Other actin
bundling proteins that have been characterized include fascin (Bryan and
Kane, 1978), band 4.9 (Siegel and Branton, 1985), 55 kD bundling protein
from HeLa cells (Yamishiro-Matsumura and Matsumura, 1985) and 30 kD
bundling protein from Dictyostelium discoideum, (Fechheimer, 1987).
There are also proteins that bind to the sides of actin filaments without
crosslinking the filaments, such as troponin, tropomyosin, and caldesmon.
Fimbrin
The two major proteins of the microvillar core are villin and a 68 kD
protein, fimbrin (Bretscher and Weber, 1980). Fimbrin is not restricted to
the brush border, or to the enterocyte, but is a ubiquitous protein in
microspikes, membrane ruffles, and peripheral microfilament containing
structures. In vitro, fimbrin can form uniformly polarized bundles of actin
filaments (Bretscher, 1981), (Glenney et al., 1981). Actin bundles formed by
fimbrin have a highly ordered structure that resembles the actin bundle of
the microvillus more closely than does a villin-actin bundle. Fimbrin
appears to be the principal bundling protein of the stereocillia of hair cells,
which contain a near crystalline bundle of actin filaments (Shephard et al.,
1989),(Drenckhahn et al., 1991). As will be discussed below, the fully
differentiated morphology of the microvilli is not achieved until fimbrin is
expressed and localized to the brush border. These results suggest that
fimbrin, and not villin, directs the structure of the fully differentiated
microvillar core (Matsudaira et al., 1983).
The amino acid sequence of fimbrin shows it to be unrelated to any
domain of villin, and to contain four repeats of a motif that is common to
dystrophin, alpha-actinin, beta-spectrin, and actin gelation protein. This
motif makes fimbrin a member of two families of actin binding proteins, the
proteins that assemble organized actin bundles, and the family of actin
gelation proteins (De Arruda et al., 1990). Though fimbrin has been
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measured to bind calcium, and contains two calmodulin-like calcium
binding sequences, the role of calcium in fimbrin's function is unclear
(Glenney et al., 1981), (Mooseker, 1985), (De Arruda et al., 1990). Fimbrin is
homologous to two human proteins, L-plastin and T-plastin (Lin et al.,
1988). The two plastins are differentially expressed and 1-plastin may be
phosphorylated (Goldstein et al., 1985), (De Arruda et al., 1990). The
presence of multiple fimbrin isoforms, or evidence of fimbrin
phosphorylation, has not been detected in intestinal epithelial cells, or in
the brush border.
Villin: Structure and function
Villin was first purified and characterized by Bretscher in 1979 and
was also concurrently studied by Mooseker, Craig, and Matsudaira (Bretscher
and Weber, 1979), (Mooseker et al., 1980), (Craig and Powell, 1980),
(Matsudaira and Burgess, 1982). Villin is not only an actin-bundling
protein, but a calcium regulated actin-severing protein, and it is the only
actin severing protein that is also a bundling protein. The protein was first
purified and characterized from the brush border, but has also been found in
the transporting epithelia of kidney and visceral endoderm (Bretscher et al.,
1981), (Maunoury et al., 1988), (Ezzell et al., 1989). 3
Villin has been sequenced completely from human and chicken
cDNA's and the two species have approximately 80% homology (Bazari et
al., 1988),(Arpin et al., 1988). Sequence analysis reveals villin to be
composed of two major - 44 kD domains and headpiece. The two amino
terminal domains share a three fold repeat of a common sequence motif
and the seventh domain, headpiece, is structurally unique. There is a direct
3 Virtually all of the biochemical characterization of villin has been on
villin purified from chicken brush borders. Unless otherwise specified, in
this thesis, "villin" will refer to chicken intestinal villin and "headpiece"
will refer to the headpiece sequence of chicken villin.
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correlation of the seven sub-domains defined by sequence analysis to the
domains defined by partial proteolysis of villin (Bazari et al., 1988).4
Though the repeated motif of villin is common to all of the
sequenced severing proteins, there is no direct evidence that the conserved
sequences represented actin-binding sites. In fact, the region between
villin's first two domains has been shown to interact with actin (De Arruda
et al., 1992). The first six domains comprise the 87 kD core of villin that is
analogous to gelsolin (Glenney and Weber, 1981). It is these six domains
that also relate villin to the other calcium dependent actin severing
proteins. Villin and its homologues appear to have evolved by successive
events of gene duplication (Ampe and Vandekerckhove, 1987), (Andre et al.,
1988), (Bazari et al., 1988),(Arpin et al., 1988).
Villin's two major domains are the core domain and the headpiece
domain. The core domain can be further proteolized to two 44 kD domains.
The amino terminal domain, 44T, retains the calcium regulated actin
severing activity of villin (Matsudaira et al., 1985). Further proteolysis of
44T, produces a fragment 44T-14T corresponding to domain 1, and that still
retains some actin binding activity (Matsudaira et al., 1985). Chemical
footprinting identifies a region in between domains 1 and 2 that is protected
from chemical modification by actin. Mutations in the basic residues in this
region significantly reduce the actin-severing activity of 44T (De Arruda et
al., 1992).
There is no known role for domains 4-6 of villin (44C) in actin
binding. It is possible that these domains are analogous to the spacer regions
in actin gelation proteins, and are necessary to separate villin's two actin
bundling sites. This fragment cannot be stably purified and thus its actin
binding properties are unknown. The horologous domain in gelsolin
(domains 4-6, CT38C) shows calcium-dependent binding to monomeric
actin and may be involved in a conformational change leading to severing

See Figure 1.2.

23
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95 kD

Core
Headpiece
44T

calcium-dependent
actin severing activity

f-actin
binding

Fig. 1.2 A schematic diagram of the major domains of villin. Domains 1-6
share the sequence motif that is common to gelsolin, fragmins, and
severins. Only the major actin binding activities are noted in this figure.
Monomer binding activity, filament-capping activity, as well as
phosopholipid binding, have been localized to regions of domains 1-3.

by the amino terminal half of gelsolin. (Kwiatkowski et al., 1985),
(Chaponnier et al., 1986), (Bryan and Hwo, 1986),(Bryan, 1988). By analogy
to gelsolin, it is likely the the two halves of villin interact and domains 4-6
may have a subtle role in regulating the severing activity of the aminoterminal domains. 5 Chemical crosslinking of villin directly demonstrates a
calcium dependent interaction between 44T and 44C ((Doering and
Matsudaira, 1987), Appendix 3).
Villin must also contain sites for crosslinking actin into bundles
(Bretscher and Weber, 1980), (Mooseker et al., 1980), (Matsudaira and
Burgess, 1982), (Matsudaira et al., 1983). In order for a monomeric protein to
bundle actin filaments, the protein must have two actin binding sites. One
of the two bundling sites in villin has been localized to the headpiece
domain, and this domain will be discussed in detail in Chapter 2. The
second bundling site resides in the villin core and may include the f-actin
interaction sites between domains one and two, that is involved in f-actin
severing (De Arruda et al., 1992).
Actin polymerization probably occurs after a rate limiting step in
which a small number of monomers form a "nucleus" which then rapidly
elongates into a filament [reviewed in (Korn, 1982), (Pollard and Craig,
1982)]. Above a critical concentration of monomers, the filament will
elongate, about 10 times more rapidly at the fast growing, or 'barbed end', of
the filament than at the slow, or 'pointed end.' A reduction in the
concentration of monomers, or an increase in the number of free filament
ends, may induce filament disassembly until a steady state is achieved.

5 Though a great deal has been learned from the comparison of villin and
gelsolin, it should be noted that these two proteins have significant
structural and functional differences (Janmey, 1988 #37}. For example,
though both protein's amino terminal domain has severing activity, in
villin it is calcium regulated, whereas in gelsolin the calcium regulation is
conferred by the carboxy terminal domain.
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Capping of the barbed end of the filament will promote disassembly until
the monomer pool is raised to the critical concentration of the opposite end
of the filament. When an actin-binding protein assembles monomers into
a nucleus, or stabilizes an actin oligomer, it will serve to accelerate, or
'nucleate' filament growth.
At low calcium concentrations of 10-30 nm, villin caps the end of
actin filaments by binding to the barbed end of the filament (Bonder and
Mooseker, 1983),(Northrop et al., 1986). At higher calcium concentrations of
1-10 pM, villin nucleates actin assembly and caps the barbed end of the
filament, and, at near 100 p.M calcium, villin eventually severs assembled
filaments. Villin's binding to the barbed end of actin raises the critical
concentration for assembly to that of the pointed end, but the net effect of
villin on filament length will depend on the villin concentration and
number of free filament ends [reviewed in (Mooseker, 1985)]. The effects of
villin's sub-domains, including headpiece, on actin polymerization have
not been well characterized.
Though calcium is the primary signal that regulates villin's transition
from a bundling protein to a severing protein, villin's activity may be
modulated in vivo by polyphosphoinositides. The severing activity of
gelsolin was found to be inhibited by phosphatidyl inositol 4,5 bisphosphate
(PIP2) and phosphatidyl inositol monophosphate (PIP), and this activity was
localized to domains 2 and 3 of gelsolin which bind to the sides of actin
filaments (Janmey and Stossel, 1987), (Janmey et al., 1987), (Yin et al., 1988).
The severing activity of villin, and to a lesser extent, of 44T, can be
completely eliminated by physiological concentrations of PIP2 and PIP
(Janmey and Matsudaira, 1988). This finding suggests that villin's activity
may be regulated by components of the microvillar membrane, and that
villin may be able to bind to cell membranes. The effect of
polyphosphoinositides on the activities of villin headpiece has not been
investigated.
The cellular location and expression of villin
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Despite the detailed description of villin's structure and in vitro
biochemical properties, villin's role in cell structure and cell function is
largely a subject of conjecture. The hypothesized cellular function of villin
is based on a) the in vitro actin-binding activities, b) the tissue specific and
sub-cellular localization of the protein, and c) the expression and
localization of the protein in embryonic developMent and in organ
development. The localization and expression of villin will be discussed,
below, to introduce the hypotheses of villin's cellular function.
As previously mentioned, villin is localized to the transporting
epithelia of adult intestine and kidney proximal tubules, and in embryonic
epithelia derived from the endoderm (Bretscher et al., 1981), (Robine et al.,
1985), (Dudouet et al., 1987), (Maunoury et al., 1988),(Ezzell et al., 1989).
There are recent reports that villin is also concentrated in the microvilli of
human pancreatic duct and acinar cells (Elsasser et al., 1991), and is found in
limited regions of the oviducts and seminiferous ducts in mouse (Horvat et
al., 1990). Villin is overwhelmingly concentrated to the microvillar actin
bundle, immunofluoresence shows some villin along the basal and lateral
membranes of the cell (Heintzelman and Mooseker, 1990), (R. Ezzell and M.
Chafel, personal communication). Though the concentration of actin is the
same in the microvillar rootlets as in the bundle, there is 20% less villin
(and fimbrin) in this region (Drenckhahn et al., 1983), (Drenckhahn and
Dermietzel, 1988). The exclusion of villin from the rootlets may be due to
the competition with tropomyosin for actin (Bonder and Mooseker, 1983),
(Burgess et al., 1987), as well as the affinity of villin for the actin bundle.
It is interesting to contrast the cellular location of villin and gelsolin.
Gelsolin is found in most tissues and cell types, as well as in the blood
plasma (Chaponnier et al., 1979), (Norberg et al., 1979), (Harris et al., 1980),
(Yin et al., 1981), (Carron et al., 1986), and (Cooper et al., 1988). Though
remarkably similar in structure and function, the two homologues have
strikingly different distribution. It has been suggested that villin's specificity
for the microvillar actin bundles is conferred by the headpiece domain
(Arpin et al., 1988) and this is considered in detail in Appendix 2.
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Villin is first detectable at day 5 of mouse development in the
primitive endoderm of the embryo, and then becomes limited to the
visceral endoderm. By day 8.5, villin localizes to the apical surface of the
endoderm, and in days 10-13, villin appears in, and is localized to the apical
surface of the gut (Maunoury et al., 1988),(Ezzell et al., 1989). It should be
noted, that villin and fimbrin are localized diffusely in the cytoplasm of all
of these cells, prior to apical localization, and villin is present at the apical
surface prior to microvillar growth. Thus, the presence of actin and villin
in the apical cell cortex is not in itself sufficient for microvillar assembly
(Heintzelman and Mooseker, 1990). The localization of villin to the apical
surface and microvilli of these mouse tissues is followed several days later,
at each stage, by the appearance of fimbrin (Ezzell et al., 1989). The
sequential appearance of villin and fimbrin was also seen in developing
chick brush borders (Shibayama et al., 1987). There is a change in the
morphology of the microvilli during development to a longer, more rigid
structure, and this may reflect the localization of fimbrin to the microvilli
(Overton and Shoup, 1964), (Stidwill and Burgess, 1986), (Shibayama et al.,
1987), (Ezzell et al., 1989).
Villin has not been directly implicated in the etiology of any disease
or cancer. However, as a marker for the tissues derived from the endoderm
and intestine, villin may prove useful to study the origin of tumors
[reviewed in (Louvard, 1989)]
Villin's cellular functions
The results of these morphological and developmental studies, have
led to some consensus among investigators as to the possible cellular roles
of villin The discussion below, summarizes the major hypotheses in the
literature as to villin's putative function in differentiating cell and the
mature cell. It should be noted here that there is no known function for any
of villin's homologues. Gelsolin is found both within the cell and in a
28

secreted plasma form and is hypothesized to be, but has not been shown to
be, involved in cytoskeletal rearrangements or clearing actin from the
plasma.
Though fimbrin appears to determine the geometry of the actin
bundle and is the candidate to be the primary bundling protein of the
differentiated cell, villin may also be important as a bundling protein early
in development. Villin appears before fimbrin during development, and
though the microvilli do not assume their fully differentiated appearance
until fimbrin is expressed, villin may play a morphogenic role in the brush
border as a bundling protein. Villin may be able to associate with
membranes through interaction with polyphosphoinositides, and may be
able to nucleate actin filament assembly at the apical surface. Villin's
bundling activity may allow villin to assemble the loose bundles
characteristic of the early microvilli and villin may recruit existing actin
filaments to this bundle. Direct experimental evidence that villin can play a
morphogenic role is that villin expression in CV-1 cells induces microvillar
growth (Friederich et al., 1989), (Friederich et al., 1990). Microinjection of
villin in fibroblasts led to loss of stress fibers, the appearance of surface
microvilli and the reorganization of stress fiber proteins (Franck et al., 1990).
These results show that villin has a capacity for initiating cytoskeletal
reorganization, that may reflect a regulatory role in cellular differentiation
(Franck et al., 1990). While villin's bundling activity might play an obvious
role in microvillar assembly, villin's severing activity might be activated, as
well. In order for the non-differentiated, unpolarized cells of the endoderm
to differentiate, there must be a reorganization of the existing cytoskeletal
structures. The activation of villin's severing activity by increases in
cellular calcium, might allow the disassembly of the actin meshworks and
their subsequent assembly into actin bundles.
Villin's function in the mature cell is also unproven. A function for
villin's bundling activity seems redundant, since there are high levels of
fimbrin in the brush border of the differentiated cell. Though there appears
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to be a functional redundancy in cytoskeletal systems, villin and fimbrin
differ in many properties and in their regulation (Witke et al., 1992),
[reviewed in (Noegel and Schleicher, 1991)]. In the terminally differentiated
cell, villin's bundling activity may only serve to localize villin, or to
maintain villin, in the microvillar actin bundle as a localized actin severing
protein. It has been shown, that the inhibition of protein synthesis causes a
shortening of the microvilli, suggesting a need for protein renewal to
maintain the microvillar structure (LeCount and Grey, 1972). Metabolic
labelling studies of protein stability in the intestine show that villin,
fimbrin, and actin, turn over at a measurable rate that is much slower than
membrane turnover. As this turnover occurs over many hours, it is not
clear if this is due to basal levels of degradation and synthesis, or to
regulated cytoskeletal rearrangements (Stidwill et al., 1984). The microvilli
are not static structures, and a continued role for villin's severing activity
for the assembly of the cytoskeleton must be considered in the differentiated
cell.
If not for maintenance of the microvillar structure, why would the
differentiated enterocyte require a localized severing protein? The key to
villin's putative function may be provided by the absorptive function of the
intestine. The microvillar actin bundle does not seem to have a motile
function, but may only serve as a support of the absorptive membrane. As
the major absorptive surface of the body, and one across which there can be
both the absorption and the loss of nutrients and water, the surface area is
linked to the metabolic state of the organism. For example, to limit nutrient
loss the intestinal surface area is reduced during fasting and the microvilli
are seen to shorten and extrude membrane vesicles (Misch et al., 1980). This
surface area may be controlled by the pinching off of the microvilli into
vesicles ("vesiculation") and their loss into the intestinal lumen.
Membrane vesicles are seen in among microvilli in the healthy state, so
their production may be a constitutive process related to membrane
turnover. Such vesiculation can be observed in vitro when isolated brush
borders are incubated in micromolar calcium concentrations (Matsudaira
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and Burgess, 1982), (Burgess and Prum, 1982). Vesiculation has been
observed in response to antibody binding to the membrane and glutens
(Lorenzsonn et al., 1979), (Lorenzsonn and Olsen, 1980), and after cell
homogenization in a calcium containing buffer (Hearn et al., 1981). A
means of the body to protect itself from invasion or infection by membranebinding agents, would be the shedding of the effected area by loss of the
epithelial surface and perhaps the loss of the entire cell.
A frequent intracellular signal in response to membrane events is a
rise in intracellular calcium. This increase in intracellular calcium may
activate villin's severing activity and thereby cause the vesiculation of the
microvilli and cell loss. An analogous cell structure to the brush border is
the apex of hair cells. The stereocilia contain fimbrin but not villin which
might be deleterious since the hair cell is subjected to calcium transients, yet
requires the permanent assembly of the cillia's actin bundle (Drenckhahn et
al., 1991). Thus, in the mature enterocyte, villin may be the calciumdependent regulator of the enterocyte's apical surface area and, therefore, a
key calcium-regulated modulator of intestinal absorptive surface area
(Matsudaira and Burgess, 1982).
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CHAPTER 2: WILD-TYPE HEADPIECE

Introduction to Chapter 2
This thesis describes my study of the structure and function of
chicken villin headpiece. In addition to this work, there are four published
papers from Klaus Weber's laboratory. and one paper from Daniel Louvard's
laboratory that experimentally address the structure or cellular function of
headpiece (Glenney and Weber, 1981), (Glenney et al., 1981), (Hesterberg and
Weber, 1983), (Hesterberg and Weber, 1983), (Friederich et al.,
1989),(Friederich et al., 1990). In this chapter, I review and discuss the
headpiece literature. I then describe the expression and characterization of
headpiece. These experiments not only investigate the fundamental
properties of headpiece, but provide the necessary characterization of the
wild-type domain prior to the study of the mutants of headpiece that is
detailed in Chapter 3 (structural studies) and Chapter 4 (functional studies).
Villin Headpiece
Headpiece was first described as a distinct proteolytic domain,
produced by the partial proteolysis of villin with V8 protease. In 1981,
Glenney showed that V8 protease could cleave villin to create a core
fragment that appeared to have the calcium dependent severing activities of
the intact protein. He suggested that this is the common domain shared by
the other known calcium-dependent actin severing proteins, and later the
same year, he isolated the other product of the V8 proteolysis, and named
the 8,500 D domain, headpiece (Glenney and Weber, 1981), (Glenney et al.,
1981). Glenney discovered the essential properties of headpiece and
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determined the sequence of the peptide by direct manual Edman
degradation. 6
Glenney showed that headpiece is necessary for villin's bundling
activity, and that headpiece could inhibit villin's actin bundling activity.
Alone, headpiece binds to f-actin, but does not bind to a column of G-actin
saturated DNase. This indirect result is the 9nly evidence that headpiece
does not interact with monomeric actin. Co-sedimentation assays,
quantified by densitometry, showed that headpiece's f-actin binding is
calcium independent, and that headpiece saturates f-actin at a molar ratio of
1 headpiece to 1 actin monomer (1:1, mole:mole).
Glenney also concluded that headpiece must be a compact domain; he
observed that none of the five internal glutamic acids were cleaved by V8
protease, and that headpiece is the major antigenic determinant on villin.
From these studies, he identified headpiece as one of villin's f-actin binding
sites that are necessary for filament bundling.
Villin headpiece is 76 amino acids in length; the stop codon directly
follows Phe76. The peptide is unusual in its amino acid sequence, for the
lack of isoleucine, tyrosine, and cysteine and the original peptide sequencing
has been confirmed by automated sequencing, and the sequence of the
chicken villin cDNA. There is now headpiece sequenced from human,
chicken, and mouse cDNA (Bazari et al., 1988), (Arpin et al., 1988), (R. Ezzell,
J. Leung, and P. Matsudaira, unpublished results). The comparison of these
three species reveals remarkable sequence conservation in headpiece, with
65% identity between human and chicken. and 82% identity between
human and mouse. 7 Headpiece is the most conserved sub-domain of
villin. There are only 30 positions that are not identical among all of the

6 See Figure 2.1.
7 See Figure 2.2.
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Glu-Val-Phe-Thr-Ala-Thr-Thr-Thr-Leu-Val-Pro-Thr-Lys10
11
12
9
3
4
5
6
7
8
0
1
2
gag gtc ttc acg gcc acc acc aca ctt gtc ccc acc aag
Leu-Glu-Thr-Phe-Pro-Leu-Asp-Vdl-Leu-Val-Asn-Thr-Ala13
14
15
16
17
18
19
20
21
22
23
24
25
ctg gag acc ttc cca ctg gac gtg ctg gtg aac act gca
Ala-Glu-Asp-Leu-Pro-Arg-Gly-Val-Asp-Pro-Ser-Arg-Lys-

26

27

28

29

30

31

32

33

34

35

36

37

38

gct gag gac ctg ccc cgg ggt gtg gat ccc agc agg aag
Glu-Asn-His-Leu-Ser-Asp-Glu-Asp-Phe-Lys-Ala-Val-Phe39
40
41
42
43
44
45
46
47
48
49
50
51
gag aac cac ctc tct gac gag gac ttc aag gct gtt ttt
Gly-Met-Thr-Arg-Ser-Ala-Phe-Ala-Asn-Leu-Pro-Leu-Trp52
53
54
55
56
57
58
59
60
61
62
63
64
ggc atg acc cgc tct gcc ttt gcc aac ttg ccc ttg tgg
Lys-Gln-Gln-Asn-Leu-Lys-Lys-Glu-Lys-Gly-Leu-Phe

65

66

67

68

69

70

71

72

73

74

75

76

aaa cag cag aac ctc aag aag gag aaa gga ctc ttc TAG

Fig. 2.1 The amino acid and DNA sequence of chicken villin headpiece.
The glutamic acid before Vall is the site of the endproteinase-Glu-C
cleavage. The stop codon (TAG) that defines the terminus of villin is
shown in the DNA sequence.
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Fig. 2.2 Sequence comparison and graphic representation of chicken, mouse, and human villin headpiece amino
acid sequences. Positions that are identical (0); positions that are not conserved (0); and conserved positions (:),
according to the following groupings: D,E; I,L; S,T.

three species, and only 5 positions that are not identical in two out of three
of the sequenced species. 8 All of the three species contain a conserved acidic
amino acid and the sequence Asp/Glu - Val - Phe that marks the beginning

of headpiece, and all three peptides are 76 amino acids in length before the
stop codon.
Studies of polyclonal anti-sera raised to villin show that headpiece is
the primary antigenic epitope of villin and virtually all monoclonal
antibodies made to intact villin are specific for villin headpiece (M.
Mooseker, personal communication). Villin antibodies have been shown to
cross react among human, pig(Gerke and Weber, 1983), chicken, man, sea
urchin, guinea pig, and rat(Alicea and Mooseker, 1988), which reflects the
strong structural conservation of the headpiece domain (Bretscher et al.,
1981).
Sequence conservation can be to preserve a structural motif or to
preserve a functional motif, and sequence analysis of headpiece does not
discriminate between these evolutionary forces. The high degree of
conservation, and the small size of headpiece, argue that the information
content of the sequence is very high, with few dispensable sequences. The
high level of conservation may be a direct function of the strong
conservation of actin's structure among divergent species.
Headpiece and villin's structure and function
In Lyndal Hesterberg's papers on villin, he performed the most
detailed work on the structure of villin and the calcium-induced
conformational change of villin (Hesterberg and Weber, 1983), (Hesterberg
and Weber, 1983). In the first paper, he performed hydrodynamic studies of
villin's conformation change. He found that upon binding calcium, villin
becomes dramatically more elongate. This large change in axial ratio does
8 The conservation of headpiece will be addressed in the discussion of the
structure of villin headpiece in Chapter 3.
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not occur in the isolated core domain. He proposed a model in which
headpiece is closely associated with the core domain in the absence of
calcium, but upon villin's binding calcium, headpiece 'becomes more
removed from the core domain,' and he suggested a hinge mechanism.
Hesterberg concluded that headpiece plays a major role in the
conformational change observed for the intact protein. In the discussion, he
hypothesized that headpiece dissociation may put headpiece in an
orientation that is not suitable for bundling, and therefore, it facilitates the
transition to an active severing protein.
As mentioned in Chapter 1, it has been hypothesized that headpiece
may function to localize villin to the microvillar actin bundle (Arpin et al.,
1988), (Doering and Matsudaira, 1990). Villin's properties have been studied
by transient expression of villin, core, and headpiece in CV-1 cells
(Friederich et al., 1989)(Friederich et al., 1990). In transient expression, they
found a gelsolin-like distribution for core, and a villin-like distribution for
headpiece. They concluded "our results present the first direct evidence that
the structural features of villin headpiece domain carry information for
specific villin-actin interaction in living cells." Though headpiece was
implicated in the localization, the authors caution that these experiments
could not prove the role of headpiece in villin's localization.
Microinjection studies of villin and villin core, showed that both proteins
induced loss of stress fibers, but that only intact villin led to the growth of
cortical microvilli and localization to microvilli (Franck et al., 1990). These
results suggest that it is the severing activities of core that lead to
cytoskeletal rearrangements, and the bundling activity conferred by
headpiece that leads to cytoskeletal assembly and localization.
Hesterberg performed Hummel-Dreyer chromatography on villin,
villin core, and headpiece, and found two exchangeable calcium sites with
micromolar dissociation constants, one on each domain. He also found a
non-exchangeable calcium binding site within villin core. He carried out
circular dichroism studies of villin core and headpiece that show a spectral
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change in both domains upon calcium binding. The apparent Kd of the
calcium binding site on headpiece was 7.4 pM. Analysis of the headpiece
sequence and searches of the sequence databases, do not detect any
significant relation between villin headpiece and any known protein or any
known calcium binding protein. 9
The presence of multiple calcium binding sites on villin has also been
suggested by studies of actin polymerization., There appears to be different
calcium dependencies for capping and severing, which implies regulation by
two sites whose affinities are in the nanomolar and micromolar range
(Walsh et al., 1984), (Northrop et al., 1986). However, since similar
experiments have not been performed on isolated villin core this may not
reflect calcium binding within the headpiece domain.
Questions raised by villin headpiece
There are a myriad of questions that are raised by the previously
published studies of villin headpiece. Headpiece is a very small domain,
and, as such, the information content of its sequence must be high. Though
sequence conservation among other actin-binding proteins has not always
been correlated to conservation of functional sites, there is such little
deviation among headpiece structure, that functional conservation is
certain. 10 Headpiece lacks disulfides, and proteolysis shows headpiece to be

9 A variety of databases and query methods have been used, based on the
chicken sequence or consensus sequences. A search on February 6, 1992 of
the 36,150 sequences in the protein database with BlastP detected no
significant homologies (courtesy of Dr. Wenyan Shen).
10 As will be discussed in Chapter 4, there are relatively few actin binding
sites that have been experimentally defined. Thus, the failure to identify
actin binding sites by sequence, may be due to the small database, at
present.
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a folded, and an extremely stable domain. What is the structural basis for
the stability of headpiece? The compact nature, high solubility, and stability
of headpiece make the domain a very likely candidate for direct structural
methods such as crystallography and NMR.
As one of the smallest described f-actin binding domains, headpiece
presents a minimal model with which to begin to study and to map an factin binding site. Where is the binding site of headpiece on actin? Does
binding to this site explain the property of bundling? Do other actin binding
proteins compete with this same site? Do other domains of villin bind to
this site?
Why has headpiece been so highly conserved, yet is still unique
among the sequenced proteins? There are very few actin binding proteins
that bear no homology to any other known protein, and one would expect
the headpiece motif to appear in other actin bundling proteins, or to appear
as a structural motif among proteins of very different function. Are there
headpiece homologues? Is headpiece the key to villin's specific localization
in the brush border? Is headpiece responsible for the specific interaction
with the microvillar actin bundle or with the microvillar isoactin?
An answer to all of these questions is beyond the survey of this thesis.
However, most of the questions that I have raised are united by a
requirement to understand the structure of headpiece, and to map the factin binding site. A first step, is to acquire a more complete understanding
of headpiece's structure and function. In this chapter I detail the expression
and purification of headpiece from Escherichia coli (E. coli), and the
characterization of that protein as a stable folding domain and an f-actin
binding domain.

RESULTS
Cloning of Villin Headpiece
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Villin headpiece is defined as the peptide produced by cleavage of
villin at glutamic acid 749 by V8 protease. This produces a 76 amino acid
peptide whose amino terminus has the sequence Val - Phe -Thr. Headpiece
is numbered from 1-76 beginning with Vall (Va1750 of villin). To express
only this peptide in E, coli, it was necessary to isolate the gene for headpiece
and to create an initiator methionine in place of the glutamic acid. The
mutation was created, and the gene was isolated, in a single step by PCR
amplification, using the chicken villin cDNA as template and
oligonucleotides containing the necessary mutations as primers.
The availability of highly purified and specific template DNA resulted
in the specific and high yield amplification of headpiece. The 240 bp
product was cloned into a derivative of the T7 expression vector system,
originally developed by Dr. William Studier of Brookhaven National
Laboratories (Studier and Moffatt, 1986),(Rosenberg et al., 1987). The
expression vector/phagemid, pAED4, containing headpiece was designated
pDDHP1O. 11 The correct construct was verified by restriction mapping,
direct double stranded DNA sequencing of the expression vector, and single
stranded sequencing of the gene cloned into M13. 12 A single, silent
mutation was discovered which either resulted from the PCR amplification,
or reflects a mistake in the original villin cDNA sequence. This silent
mutation (GTC to GTA) is in the codon for Vall and both the mutation and
correct amino acid have been repeatedly verified by DNA and protein
sequencing.

11

I developed the pAED4 vector to create a more useful cloning vehicle as
well as an expression vector/phagemid for the production of single
stranded DNA, allowing mutagenesis and sequencing directly upon the
expression construct.

12 See Figure 2.3.
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Fig 2.3 Schematic diagrams of (A) the T7 expression vector /phagemid,
pAED4 and (B) the headpiece expression vector, pDDHP1O. T7.Pr, T7
promoter; T7TT, T7 transcriptional terminator; fl(-), f intergenic region;

HP, chicken villin headpiece coding sequence.

Headpiece expression and purification
The induction of T7 polymerase expression in E. coli BL21(DE3)
containing pDDHP10 by IPTG results in the over-expression of an 8.5 kD
protein, as judged by SDS-PAGE. Protein expression appeared to reach a
maximum near five hours after induction and the product appeared stable
in the E. coli up to eight hours post-induction. The product cross reacts with
a polyclonal antisera, R200.2, that is specific for the chicken villin headpiece
(Matsudaira et al., 1985).
E. coli have very few soluble proteins below 10,000 D and headpiece
may be significantly purified by a single size exclusion chromatography step.
Headpiece does not bind to either a cation or to an anion exchange column
at pH 8.0, however the detectable contaminants bind to these two columns.
Headpiece was purified by size separation on an AcA34 column and passage
through CM-Sepharose and DEAE Sephacyl columns, as described in the
materials and methods section of this chapter. Headpiece is also soluble
after lyophilization from water, and some minor contaminants are not
soluble and can be removed by centrifugation. A single four liter prep
performed in February 1990 yielded nearly 300 mg of headpiece that appears
>99% pure and this single preparation has been used for all of the structural
and functional characterization of wild-type headpiece described in this
thesis. 13

13 Fig 2.4 The purification of recombinant headpiece. (A) SDS-PAGE of the
major steps of the rHP purification. Lanes 1; total E. Coli fraction, 2; highspeed pellet, 3; high speed clarified supernate, 4; Aca34 column pool, 5; CM
Sepharose flow through, 6; DEAE Sephacyl flow through, 7; final product.
(B) SDS-PAGE of 1; final purified product, 2; total cell protein of uninduced E.Coli BL21(DE3), and 3; total cell protein of E. Coli induced to
express headpiece. (C) Analytic HPLC chromatogram of the purified
recombinant headpiece.
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Comparison to natural headpiece
Proteins produced as recombinant proteins in E. coli, must be
structurally and functionally compared to the protein from the natural
source to verify the identity of the two molecules. The recombinant
headpiece produced in E. coli was subjected to a number of analytical
techniques to compare it to headpiece purified from proteolysis of chicken
intestinal villin. In the following discussion, recombinant headpiece will be
designated rHP, and the naturally derived peptide, nHP.
For comparison with rHP, nHP was purified from natural chicken
villin. Villin was purified from a calcium extraction of isolated brush
borders by purification on two DEAE Sephacyl columns, and stored as an
ammonium sulfate precipitate. The pure protein was digested at a 1:2000
w:w ratio with endoproteinase-Glu-C (V8 protease) to produce villin core
and headpiece. The headpiece was then purified away from villin core by
passage though a DEAE-Sephacyl column in the absence of salts, at pH 7.4.
The nHP was concentrated, and then purified from the remaining
contaminants by size exclusion chromatography on a G-75 column. The
resulting peptide, nHP, was stored dried and judged to be highly pure by
SDS-PAGE and reverse phase analytic high performance liquid
chromatography (HPLC).
Both nHP and rHP were sequenced to confirm the identity of the
peptides and their amino terminal sequence. The bacterially expressed
protein (rHP) was blotted onto polyvinylidene difluoride membranes and
sequenced by automated gas phase sequencing, and the correct villin
sequence from Vall-Thr7 was confirmed (Matsudaira, 1987). Furthermore,
purified rHP was cleaved with trypsin and V8 proteases and the resultant
peptides were purified by reverse phase HPLC, and sequenced by automated
gas phase sequencing. Eight peptides were sequenced, and confirmed the
correct headpiece sequence at 48 positions. The purified nHP was sequenced
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by automated gas phase sequencing, which verified that the peptide began at
Vall and had the expected sequence from Vall through Leu13.
A consideration of the T7 expression system is whether the initiator
methionine will remain at the amino terminus of the expressed protein.
Headpiece should only contain a single methionine at position 53. Amino
terminal sequencing of rHP was not blocked and does not reveal the
methionine. Amino acid analysis of rHP only measured the presence of a
single methionine and gave the expected composition for all of the other
amino acids. The expressed rHP is homogeneous as judged by analytic
HPLC, and the molecular mass is identical to that of nHP (see below). 14
Thus, the amino terminal methionine appears to be quantitatively removed
by the E. coli during expression.
Comparison of nHP and rHP
Analytic reverse phase HPLC is a very sensitive technique for the
detection of structural heterogeneity in a peptide preparation . For example,
many of the single cysteine mutants show elution times that are distinct
from wild-type recombinant headpiece. In order to detect if there was a
significant difference in the covalent structure of nHP and rHP, the two
peptides were rigorously compared by HPLC. Not only were the two
peptides shown to elute at the identical retention time, but they also co-elute
when loaded on the HPLC as a peptide mixture. 15 Values were calculated as
14 As described in Chapter 3, the conditions used here for analytic HPLC
would reveal a population of peptide that still contained the terminal
methionine.
15 Fig 2.5 HPLC comparison of nHP and rHP. HPLC chromatographs of (A);
nHP, (B); rHP, and (C); nHP and rHP. Each preparation bears a small
"signature" contaminant (labelled * and #), which can both be seen in
mixture of the two preparations.
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an average of three runs and the hypothesis of non-identity was subjected to
the paired t test showing that nHP and rHP are identical when compared by
HPLC. 16

The analytic experiments, described above, strongly support that the
rHP and nHP are indistinguishable peptides. However, it remained a
possibility that there might be a small structural difference between the two
peptides. The two peptides were submitted to quantitative mass
spectroscopy at the M.I.T. Mass Spectroscopy Facility (Smith and Rivier,
1992). The rHP was subjected to six independent determinations that
yielded an average molecular mass of 8535.0 with a maximum range in the
results of 1.3 mass units. The nHP was submitted to eight independent mass
determinations, and was found to have an average molecular mass of 8534.7
with a maximum range of 1.6 mass units. 17 The two peptides have identical
sequence and the identical molecular mass; the two peptides are
indistinguishable. Henceforth, experiments that refer to 'headpiece' and
'wild-type headpiece' refer to the peptide expressed in bacteria and this is the
identical preparation of headpiece peptide that was submitted to all of the
above analyses.
Circular dichroism study of headpiece
In order to develop parameters for judging the structure of headpiece
mutants, wild-type headpiece was studied by circular dichroism spectroscopy
(CD). The circular dichroism signal is created by the rotation and absorbance

16 See Table 2.1.
17 Fig 2.6 Mass spectra of nHP (A) and rHP (B). The spectra show the
internal standard, insulin, and the doubly ionized peaks. The horizontal
axis is labelled for time-of-flight (ps; pseconds) and molecular mass to
charge ratio (m/z).
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HPLC Comparison of Natural
Headpiece (nHP) and Recombinant Headpiece (rHP)
Retention
Sample

Time (min)

Area (units)

nHP

33.122

0.17

3440.0

50.0

172.2

4.4

150.3

6.1

rHP

33.173

0.026 a

2808.0

75.3 b

mixture, rHP + nHP

32.998

0.005

6187.3

16.4

predicted value

6248

Height (mAU)

90

272.2
322

9.6 c
7.5

a A paired t test of the retention times of nHP and rHP yields a P
value of 0.063 (P > 0.05).
b The quantitiy of the rHP is 82% of nHP.
c The peak height of the mixture is 85% of the predicted value due to
peak broadening; the area is 99% of the predicted value.
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of polarized light, principally by the helices of a protein (Schmid, 1989). The
CD signal, as it varies with wavelength, can be used to calculate the
approximate helical content of small proteins. Monitoring the variation of
the signal at a fixed wavelength with changes in temperature will show the
temperature at which the protein population goes from the folded to unfolded state. This transition temperature, Tm, can be used as a parameter to
describe the stability of a protein.
I
The CD spectrum of headpiece was determined from 200 to 300 nm.
The wavelength scan reflects that the domain is well-structured, and
contains approximately 30% c-helix (approximately 20 residues). 18 The
signal at 222 nm chiefly reflects the helical signal of headpiece, and this
wavelength was monitored versus temperature from 5 *C to 80 *C. Thermal
denaturation ("melts") of headpiece showed that the Tm in aqueous
solution was near 75 *C, but the full transition to the unfolded state can not
be monitored at greater than 90 'C. In order to observe the full transition,
thermal denaturation was performed in 2 M guanidine hydrochloride
(GuHCl), which lowered the Tm to 45.5 'C. The melting curve is perfectly
superposable upon a reverse melt (from 80 'C to 5 *C), showing that
headpiece can be renatured in a perfectly reversible manner (data not
shown). This result demonstrates that the folding of headpiece is not
dependent on other domains of villin, and establishes headpiece as a
"folding domain." As CD primarily samples the helical structures, this data
does not show the temperature at which the non-helical sub-domains of the
peptide might unfold.

18 Fig 2.7 Circular dichroism studies of wild-type headpiece (A) The CD
spectrum of headpiece. (B) Thermal denaturation of headpiece in aqueous
solution. Inset; thermal denaturation in 2M GuHCl.
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NMR spectroscopy of villin headpiece

Nuclear magnetic resonance spectroscopy (NMR) of proteins can be
used to determine contacts made between amino acids and this information
can be used to identify regions of secondary structure elements, and to
derive the three dimensional structure of the domain (Wuthrich, 1990),
(Bax, 1991). The NMR study of headpiece strpcture is being carried out by
Dr. Jamie McKnight in Dr. Peter Kim's laboratory at the Whitehead
Institute. The preliminary NOESY spectrum of the headpiece preparation
shows well dispersed peaks, indicative of a well structured protein and that
the structure of this domain may be determined by NMR techniques. Dr.
McKnight's preliminary results on 15N-labelled headpiece suggest that the
first seven residues of the domain are unstructured and that the a-helical
subdomain may be within the carboxy terminal half of headpiece. 19
The calcium binding property of headpiece
One of the properties of headpiece that was reported in the literature,
is the binding of calcium reported by Hesterberg. Calcium binding requires
the precise spatial orientation of the calcium ion, usually by the oxygen
atoms of side chains, particularly acidic residues, main chain carbonyl
groups, and water. Coordination of calcium by almost any amino acid and
water creates an infinite variety of calcium binding sites and makes their
prediction near impossible [reviewed in (Heizmann and Hunziker, 1991),
(Strynadka and James, 1991), and (McPhalen et al., 1991)]. Therefore, if
calcium binding occurs, it can serve as a sensitive probe for perturbations in
the tertiary structure of a protein. In order to confirm and extend
Hesterberg's findings, recombinant headpiece was tested indirectly and
19 Fig 2.8 A 500 mHz NMR spectra of headpiece. A 150 millisecond mixing
time NOESY spectrum of 3 mM villin headpiece (25 mg/ml) in 10 mM
Phosphate, pH 5.0, at 30 *C.
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directly for calcium binding. Indirect spectroscopic and functional assays of
rHP have failed to detect any differences in the properties of the peptide in
the presence or absence of calcium. Direct equilibrium dialysis experiments
to detect calcium binding to rHP have not detected any calcium binding to
the peptide.
In direct calcium binding assays, the greatest degree of care was taken
to insure that all the solutions and laboratory ware used in the experiments
were made metal-free by extensive washing and treatment with the
chelating resin, Chelex 100. Headpiece was dialyzed at a concentration of 1
mM against 1000 volumes of 1 pM to 1 mM free calcium in the same buffer
conditions as those used by Hesterberg (Hesterberg and Weber, 1983). These
conditions should have unequivocally detected calcium binding to
headpiece, even if headpiece had a disassociation constant for calcium as
low as 100 gM. 4 5Calcium counts associated with the protein should have
been twice that of the dialysis buffer, but were not statistically different from
the counts in the dialysis buffer. The counts in the protein samples were 510% higher than the calcium buffer, regardless of calcium concentration.
The difference between the protein samples and the buffer was never greater
than the standard deviation of the three counted samples, showing that rHP
does not bind calcium. HPLC analysis showed that rHP did not undergo any
degradation during the experiment.
I performed a positive control to verify that calcium binding was
detectable in these conditions. I used troponin that is reported by Sigma to
be 4 major bands on a gel. Three of these are probably the three subunits of
troponin, TnT, TnI, and TnC. I assumed that the lyophilized solid was one
fifth TnC, and I dissolved it in 200 pl of the same buffer used in the 100 pM
Ca dialysis. The troponin C should be at several hundred pM and should
have all four binding sites saturated by calcium. Two TnC sites have
dissociation constants of 10 pM, and the other two are about 0.1 gM. The
sample was dialyzed for 96 hours against 2500 volumes of the identical pCa 4
buffer that was used for headpiece.
The counts associated with the troponin were 3.5 x higher than the
dialysis buffer. This result is consistent with 100 pM troponin C with all
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four calcium sites saturated. This clearly demonstrates that the conditions
and reagents with which I used to test rHP calcium binding could detect
binding of tM affinity (a second positive control with bovine brain
calmodulin is described below). 20
Equilibrium dialysis of nHP
Having shown that rHP and nHP are identical, and that rHP does not
bind calcium, the calcium binding property of nHP was re-examined. Due to
a shortage of material, naturally derived headpiece was tested for calcium
binding by equilibrium dialysis in a single point (i.e. at a single calcium
concentration, and single protein concentration) assay. A single 10 pM
sample of calcium-free nHP was dialyzed against the same 10 gM calcium
buffer as were samples of 13, 47, and 89 pM bovine brain calmodulin and 25,
100, 500 pM rHP. While calcium binding was easily detected even in the 10
pM sample of bovine brain calmodulin, there was no calcium binding
detected for either nHP or rHP (i.e. calcium concentration in the protein
samples, post-dialysis, was 10 pM). The concentrations of calcium within
the dialysis tubing of the 13, 47, and 89 p.M calmodulin samples, were 14, 25,
and 35 pM. This corresponds to the predicted saturation of calmodulin's
two nanomolar affinity calcium binding sites, and partial binding to the two
20 Fig 2.8

45 Ca

equilibrium dialysis experiments. Each experiment shows the
average and deviation of 3-5 measurements of the protein and buffer
samples, post-dialysis. (A) Equilibrium dialysis of 1 mM recombinant
headpiece against pCa 3-6 buffers. Each bar shows the measurements of
the calcium buffer (shaded) and the protein sample (black) within the
dialysis tubing. (B) The equilibrium calcium binding to 10 pM troponin C.
(C) Equilibrium dialysis showing the absence of calcium binding to nHP.
Bknd; background counts, Buffer; pCa 4 buffer, Blank; dialysis tubing
containing no protein, 90 pM, 50 iM, 1OpM; bovine brain calmodulin,
rHP; recombinant headpiece, and nHP; natural headpiece.
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mM affinity calcium binding sites. nHP and rHP were assayed for purity by
reverse phase HPLC and did not undergo any contamination or degradation
during these experiments.
Physical detection of calcium binding
It was reported that the circular dichroism spectra of headpiece
purified from chicken intestines showed a calcium dependent change in the
region from 220 nm to 210 nm (Hesterberg and Weber, 1983). In an attempt
to confirm this result, recombinant headpiece was submitted to high
resolution scans and thermal denaturations in the presence and absence of
calcium and EGTA in aqueous solution and in 2 M guanidine HCl. These
experiments were performed on a sample before and after calcium was
added in excess of EGTA, and on samples before and after EGTA was added
in excess of calcium. No differences were observed in either the spectra or
the thermal denaturations. These experiments show that rHP does not
undergo any significant change in helical content or any change in global
stability in the presence of calcium.
(NMR should be an exquisitely sensitive probe of calcium binding,
and preliminary NMR experiments have not shown any calciumdependent chemical shifts in the spectra of headpiece.)
The fluorescence spectrum of headpiece's single tryptophan residue,
Trp64, is shifted from that of a free tryptophan near 350 nm, to a peak at 340
nm. This shows that Trp64 exists in an environment of other amino acids,
and is likely to be buried in the domain. There was a small possibility that if
the calcium binding created a conformational change in the protein near
this tryptophan, there would be a change in its spectrum. No changes in
tryptophan fluorescence, or in the UV spectra of headpiece were observed
upon the addition of calcium or the chelation of calcium.
The actin binding activity of headpiece
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The affinity of headpiece for f-actin was studied by co-sedimentation
assays with actin. The goal was to establish a quantitative parameter, such as
a dissociation constant, that could be used to characterize wild-type
headpiece and the cysteine point mutants. Such an analysis demands
equilibrium binding conditions, which could not be met for several reasons.
First, equilibrium analysis such as the Scatchard analysis can not be
applied;the pelleting assay is not an equilibrium binding assay. Second; the
assay can not yield accurate data due to technical considerations that limit
the concentration of actin, and the separation of the bound and free
fractions. Though the two proteins may reach an equilibrium before
centrifugation, centrifugation will concentrate the actin filaments and
deplete actin from the supernate. The extent of the disruption of
equilibrium binding will depend upon the on and off rates of the binding
protein relative to the time of centrifugation and post-centrifugation
fractionation. To compensate for this effect, the concentration of the ligand
(headpiece) must remain in constant excess over actin through the course of
the assay. This can be satisfied by very high concentrations of headpiece, or
very low concentrations of actin. In order to sediment, the f-actin
concentration must be kept near 5 p.M, and this prevents having an excess of
free headpiece near its estimated Kd of 10 pM. Though headpiece can be
dissolved at concentrations of 100-200 gM, contamination of the pelleted
actin with the high concentration supernate, creates large errors. These
errors are magnified in analysis such as a scatchard analysis, and pelleting
assays that attempted to satisfy equilibrium binding conditions could not be
analyzed. The data could not be fit by a straight line; the deviation in the
points may be accounted for by contamination of the pellet by 0.2 p1 of the
supernate, or errors in measuring the concentrated headpiece of 0.05 pl.
As reported by Glenney, headpiece saturates actin filaments near one
mole headpiece per mole of actin, indicating one headpiece site per
monomer or one headpiece site at every dimer interface. Headpiece binding
can be characterized by measuring the amount of headpiece bound, or the
percentage of total headpiece bound to actin in a specified binding condition.
At sub-saturating conditions, and a fixed actin concentration, the amount of
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headpiece pelleted is almost linear with total headpiece concentration. In
the experiment shown in Fig. 2.10, when equimolar concentrations of
headpiece and actin are pelleted at 36 gM, approximately 60% of the
headpiece is found in the f-actin pellet. Equilibrium binding analysis cannot
be applied since the concentration of unbound ligand changes so greatly in
the course of the assay. However, this fraction of bound headpiece is
consistent with it's binding to one site per monomer with a dissociation
constant on the order of 20 M. These assay conditions establish a
quantitative method by which the actin binding activity of mutants of
headpiece can be compared to that of the wild-type domain. 2 1
EDC headpiece-actin crosslinking
High yield chemical crosslinks between headpiece and actin can be
produced with the zero-length carbodiimide, 1-ethyl-3-(3dimethylaminopropyl) carbodiimide [EDC]. EDC crosslinking is direct
evidence of an interaction of two charged amino acids (Glu and Lys)
between headpiece and actin and suggests the involvement of charge-charge
interactions at the headpiece f-actin binding site. When 36 jiM actin and 45
pM headpiece are crosslinked with 55 mM EDC, two bands appear on an
SDS-PAGE gel, of apparent molecular weights of 51 kD and 97 kD. These
high molecular weight species are not seen when actin is crosslinked alone,
and there is no crosslinking detected with headpiece, alone. These bands are
consistent with the formation of crosslinked
21 Fig. 2.10 F-actin co-sedimentation assay of headpiece. (A) The
densitometry values of the supernate and pellet samples of headpiece at
approximately 10, 20, and 35 gM (B) [Inset; the internal calibration standard
of the gel showing the linearity of the densitometer in the protein range of
this assay] The pelleting data plotted to show the binding of headpiece to
actin with increasing headpiece concentration (C) The data shown in (A)
plotted to show the percentage of the total headpiece bound to actin.
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complexes of headpiece crosslinked to an actin monomer and headpiece
crosslinked to an actin dimer. 22
Protection of cys374 of actin
The carboxy terminus of actin is distant from the helical axis of the
filament, is highly mobile, and has been crosslinked to a large number of
actin binding proteins. 2 3 In addition, the penultimate residue is cysteine
number 374 (cys374), which is the most reactive cysteine of actin. In order to
investigate if headpiece interacts with this residue, the reactivity of cys374
was compared in the absence of headpiece and in molar excess of headpiece.
Headpiece and f-actin at 24 tM were incubated in binding buffer (without
DTT) and then labelled by the addition of a 10 fold excess of N-[ethyl-1- 1 4 C]ethylmaleimide (1 4 C-NEM). The labelling reaction was quenched after 10
minutes by the addition of SDS-PAGE gel sample buffer and boiling.
Samples were run on gels, and the actin and headpiece containing bands
were dissolved, and counted. Actin was labelled to the same degree in the
presence or absence of headpiece and incorporation was approximately 1:10
(moles 1 4 C-NEM:moles actin). 24 This failure to protect cys374 from
modification suggests, but certainly does not prove, that headpiece does not
interact with the most carboxy-terminal residues of actin.

2 2Fig

2.11 Coomassie stained gel of EDC crosslinking of headpiece and actin.
Lanes 1-3; no crosslinking agent, lanes 4-6; with 55 mM EDC, lane 7;
crosslinking with 20 p.M EDC.

23 The actin structure and chemical crosslinking studies are reviewed in the
introduction to Chapter 4 of this thesis.
24 See Figure 2.12.

79

I

kD
97
-

b-.

66

d

43

31

1 HP

2 Actin
3 HP + Actin

22

4
5
6
7

14 .iiiiie

HP+EDC
Actin+EDC
HP+Actin+EDC
HP+Actin+EDC

1234567

1--

..m.ma.aaair

~r

.

/

- -

0.3
Mu 0.25
o

0.2

E
0.15
U)

0.1

0

E 0.05
0

0

2

4

6

8

HP:Actin (mole:mole)
Fig. 2.12 The modification of actin Cys-374 in the presence of
headpiece. Actin at 24 p.M was incubated with 10 - 200 pM headpiece
and labelled with 14 C-NEM; (@9) fraction molar incorporation of14 C
with bound headpiece, (o) actin alone.

DISCUSSION

Protein expression and purification
The original report that headpiece is a protease resistant domain, and
that the domain could be functionally reconstituted in water after
lyophilization, suggested that headpiece was an independent structural unit
that could re-fold in vitro. Therefore, headpiece was a likely candidate for
over-expression in E. coli. Wild-type headpiece and the mutants described
in Chapter 3, have been expressed at very high levels in E. coli. Headpiece
expression is very high due to a combination of factors, such as the stability,
solubility, rapid folding and protease resistance of the domain.
The wild-type domain and all of the mutants are expressed as soluble
protein in lysates of the bacteria and there are no detectable inclusion bodies
of headpiece, suggesting that the protein is rapidly folded in the bacterial
cell. Furthermore, the amino terminal methionine of the wild-type (but not
all of the mutants) is efficiently removed by the bacterial systems. These
data support the sequence analysis of villin, that suggest that villin is an
evolutionary specialization of a gelsolin-like protein, to which was added an
independently evolved structural domain.
The N-terminal methionine and the inter domain region
The amino terminus of headpiece is usually the linker region
between domain 6 and headpiece, and is among the least conserved regions
of villin. Since this site is a proteolytically sensitive site and part of a
charged and polar sequence , it is thought to be a surface exposed site. 25 In
the context of the intact protein, headpiece functions with a "fusion" at the
25 See Figure 2.13.
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Chicken 730 ELGDNASIGQLVSGLTSKNEVFT 751
Human

I

II

731 SGNLRDWSQITAEVTSPKVDVFN 753
0123

Fig 2.13 The inter-domain region between domain six and headpiece of
chicken and human villin. (I); identical amino acids.

I

amino terminus, therefore, the presence of an amino-terminal methionine
is not likely to affect the structure or function of headpiece. A mutant of
headpiece was created with a terminal tyrosine. This can be regarded as the
substitution of the glutamic acid at the V8 cleavage site (headpiece position
0) with tyrosine, and is designated GluOY. This mutant was expressed with
the amino-terminal sequence: Met - Tyr - Val - Phe - Thr. Quantitative
pelleting assays with this protein radio-labelled at the unique tyrosine,
showed the protein to compete equally with wild-type headpiece (data not
shown). Therefore, though the wild-type protein has been shown to be
expressed without the methionine, the presence of a methionine would not
be expected to perturb the structure or function of headpiece.
Structural analysis of WT headpiece
There are many definitions of a protein domain that each reflect
different aspects of a protein. The original description of headpiece was
defined as a proteolytic domain. Experiments with isolated core and
headpiece further identified headpiece as a functional domain. The
sequence analysis of villin from three species and the sequence of a large
number of actin binding proteins, show that headpiece is defined as a
structural domain by its primary structure. The circular dichroism
experiments described in this chapter, clearly demonstrate that headpiece
folds into a highly stable protein structure and show that the peptide is a
folding domain, as well. These definitions that describe headpiece as an
independent unit of structure and an independent unit of function have
important implications for the role of headpiece in villin's structure and
function that will be discussed, below.
Structural comparison to nHP
The structural analysis of recombinant headpiece shows that the
peptide as purified from E. coli is indistinguishable from the peptide that is
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purified from chicken villin. The two peptides have the identical sequence
and identical molecular mass, which rules out the possibility of any known
form of covalent modification of headpiece, unless one hypothesizes
modifications that result in no net change in molecular mass. What
explains the irreproducibility of Hesterberg's calcium binding result?
One explanation for the discrepancy in calcium binding results of
headpiece between Hesterberg and myself, is that the headpiece peptides
were purified in conditions that led to modifications that altered their
calcium binding activities. Hesterberg purified headpiece according to the
procedure described by John Glenney (Glenney et al., 1981). We both digest
villin in similar conditions from an ammonium sulfate precipitated villin
stock. Whereas, I quench the reaction with protease inhibitors and flow the
digest through a DEAE column (which binds core) at pH 7.4, Hesterberg
quenches by flowing the digest through an anti-V8 protease column and
then a DNase-Sepharose column (which binds core) at pH 8.0. Hesterberg
then lyophilized the nHP, and purified it in water on a G-50 column and relyophilized the peak fractions. I concentrate the DEAE flow through and
purify it in buffer on a G-75 column and then lyophilize the peak fractions.
Therefore, the purifications are qualitatively and chemically very similar,
and both keep the peptide in water or near neutral pH, and store the peptide
as a dry solid. Recombinant headpiece is produced and purified by very
independent means, and has the same mass and sequence as nHP. Thus, it
is unlikely that my purification procedure introduces a modification to the
peptide.
Calcium binding of nHP and rHP
I have not been able to show a dependence of recombinant
headpiece's circular dichroism spectra on calcium binding. I performed the
experiment a variety of ways, adding or chelating calcium from the samples
and could detect no effect of calcium. I did not denature the headpiece in
the presence of a chelator, so there is a very remote possibility that my
recombinant protein contained a different tightly bound metal. A second
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explanation, is that CD data taken in the region where Hesterberg saw a
difference, is not reliable or conclusive, particularly in Tris buffer. Spectra
are generally not interpreted in this region, particularly in a highly
absorbing buffer. It is not noted in the published paper, if dynode voltage
was within the linear range of the instrument at such low wavelengths, and
if buffer values were subtracted from the signal. Hesterberg did not use
thermal denaturation monitored by CD to investigate the stability of the
domain. These differences in methodology make our results hard to
compare directly.
The disagreement between my calcium binding results and those of
Hesterberg is great. An accurate description of the calcium binding
properties of villin is essential for our understanding of villin function and
the mechanism for calcium regulation of actin severing. There are a
number of conclusions that might be drawn from the discrepancy between
my result and the published findings, that will be discussed below.
1. Recombinant headpiece does not bind calcium. This is the simplest
explanation of the results. The experiments were performed to the highest
degree of care and the methodology was confirmed by the presence of
troponin and calmodulin as positive controls. Given that the natural and
recombinant peptides are identical, the correlate of this possibility is that
natural headpiece, too, does not bind calcium.
2. Natural headpiece does not bind calcium. The negative result in
the single point calcium binding assay does not prove that nHP does not
bind to calcium. Hesterberg measured two calcium sites on villin, and,
independently, he measured one site on core and one site on headpiece.
One must explain his results not only for headpiece, but the results for
villin and core. Conceivably there could be a calcium site that is headpiece
dependent but is not found on headpiece alone. Since Hesterberg measured
a 1:1 molar ratio with calcium, one must hypothesize a contaminant or cofactor that was present in equimolar amounts with native headpiece.
Unfortunately, mass spectroscopy and analytic HPLC were never performed
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on Hesterberg's preparation, and the preparation of peptide no longer
exists. 26
3. rHP does bind calcium. This explanation demands that there was
an experimental flaw in my equilibrium dialysis experiments and CD
experiments and that the published experiments are correct. However,
there is an accumulation of independent equilibrium dialysis and physical
experiments that rHP does not bind to calcium. Unfortunately, Hesterberg
did not have as precise a CD instrument as we have available today, and he
did not perform thermal denaturations.
4. Native headpiece, but not recombinant headpiece, binds to
calcium. This explanation demands a contaminating co-factor in
Hesterberg's experiments, or a novel post-translational modification that
helps to coordinate the calcium that was present in his preparation, but is
not present in my preparations. The only post-translational modification
that has been shown to participate in calcium binding is the modification of
glutamic acid to y-carboxy glutamic acid, or Gla (Stenflo and Suttie, 1977),
(Creighton). Gla has only been found on a limited set of coagulation factors
and bone proteins, and results from specific modification in the
endoplasmic reticulum. Since villin is a not carbohydrate modified or
secreted from the cell, it is very unlikely that villin would be in the correct
cellular compartment for this modification.
The most generous interpretation of the single point calcium binding
assay of nHP, is that headpiece does not bind to calcium. Alternatively,
headpiece does bind to calcium, but for unknown variables, I have not been
able to detect this binding, though I can qualitatively detect calcium binding
to troponin and calmodulin under similar conditions. Though the nHP
experiment was a single point assay, the calcium binding experiments on
rHP have varied across several order of magnitude of both calcium
concentration and rHP concentration. These experiments, and the identity
26 Klaus Weber, personal communication.
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of rHP and nHP lead to the conclusion that nHP does not bind to calcium. A
more qualified interpretation, is that regardless of the physical reality of
calcium-headpiece interactions, both niHP and rHP behave identically in my
hands.
I conclude that the 76 amino acid headpiece domain does not bind
calcium and does not contain a complete calcium binding site.
Recombinant headpiece that I have purified is pure and structurally
identical to headpiece derived from chicken. The calcium binding assays,
functional assays, spectroscopic assays, and stability assays that I have
performed would have certainly detected a calcium binding site of
micromolar affinity. I conclude that a) the preparation used in the previous
study was contaminated, or b) that there was a methodological flaw to the
previous calcium binding experiments. I believe that the irreproducibility
of the Hesterberg's results does not cast doubt upon the structural analysis of
headpiece described in Chapter 3, or upon the mapping of the actin binding
site described in Chapter 4.
Villin function and calcium binding
Villin is a calcium regulated protein, and a description of the calcium
binding sites is necessary to understand the protein's function. We might
ask, what is the simplest model of villin calcium binding? Or, is headpiece
required to bind calcium to explain villin's function? All of the calcium
regulated activities in villin reside in the core six domains. Importantly, not
only is the actin-binding/severing activity modulated by calcium levels, it is
completely shut off in the absence of calcium. Thus, the "transition" from a
bundling protein (a non-severing protein), to a severing protein, does not
require headpiece. This suggests, that there is no requirement for headpiece
to bind to calcium, or to have its own calcium regulated activity. Indeed,
there is no experimental evidence to suggest that headpiece does not
continue to bind to an adjacent filament, during severing, until the filament
is disassembled by severing or depolymerization.
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Hesterberg showed that the headpiece domain is associated with the
core domain during bundling, but dissociates in the presence of calcium.
These experiments were performed with isolated villin, and the large
movement that is deduced to be headpiece dissociation may not occur in the
presence of actin. There are three most simple mechanisms that might
explain this conformational change. First, headpiece might bind calcium
leading to a conformational change in headpiece, or calcium shields
interactions that were involved in binding to core. Second, core might bind
calcium leading to a conformational change in core that leads to headpiece
dissociation, or calcium shields interactions at the core-headpiece interface.
Lastly, the calcium binding site might be created in the inter-domain regions
between core and headpiece, that leads to the conformational change, but is
not a product of either isolated domain.
The calcium dependent activity of domains 1-3 and calcium
dependent interactions between domains 1-3 and 4-6, provide evidence for
calcium binding and conformational changes in the core domain of villin
(Doering and Matsudaira, 1987). Aside from Hesterberg's experiment, there
is no evidence for calcium binding or calcium regulated activity of
headpiece. The possible models for the headpiece-dependent shape change
in villin do not demand that headpiece bind calcium, nor do models of
villin's calcium regulated severing activity. In summary, the possibility that
headpiece does not actually bind calcium, is entirely consistent with our
understanding of villin's in vitro activities, villin's cellular function, and
the proposed mechanisms of villin's calcium dependent actin-severing
activity.
Actin binding activity of headpiece
It has not been conclusively proven whether or not headpiece binds
to monomeric actin. John Glenney concluded that headpiece did not bind gactin, since it passed through a DNase-g-actin column. The x-ray structure
and filament model of actin show that DNase binds to g-actin at part of the
monomer-monomer interface. Regions of actin (such as the termini) that
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are solvent exposed in the filament should also be accessible for binding to a
complex of DNase and g-actin.
If headpiece does not bind to g-actin, then there must be a specificity
for f-actin due to a binding site specific for a adjacent monomers in the
filament or a site created by a conformational change in the monomer upon
polymerization. Headpiece may specifically bind to an actin dimer in the
filament, rather than just a site on a monomer in the filament. It appears
that actin does not undergo a significant conformational change upon
polymerization (Holmes and Kabsch, 1991). It is possible that there might be
site on the monomer that undergoes a slight conformational change when
polymerized into a filament, thereby allowing the specific binding of f-actin
binding proteins.
Actin's headpiece binding site
The sites on actin to which villin binds, have not been mapped in
either the severing or the bundling condition. Tropomyosin has been
shown to compete with villin for actin severing (Bonder and Mooseker,
1983). It seems unlikely that villin's two bundling sites would bind to the
exact same site on actin, as this would lead to self-competition and would
require a bundle geometry such that villin could bind equivalent sites in
adjacent filaments. While tropomyosin can block actin bundling, it can still
bind to filaments saturated by villin (Burgess et al., 1987). This suggests that
tropomyosin can only compete for one of villin's two actin bundling sites.
The inhibition of severing by tropomyosin suggests that it competes with a
site on villin's amino terminus, rather than with headpiece. As is discussed
in the introduction of Chapter 4, most proteins that crosslink to actin, do so
to the amino or carboxy terminal peptides of actin which are both acidic and
dose to each other. One or both of these peptides may be crosslinked to
headpiece, though headpiece does not seem to effect the modification of
actin's carboxy terminal cysteine.
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Headpiece affinity for f-actin
The presence of a single f-actin binding site on headpiece with a
dissociation constant on the order of 20 pM is consistent with simple
binding to the side of an actin filament, and invoking multiple-independent
or multiple-cooperative binding sites for f-actin are not necessary. Glenney
did not calculate the affinity of headpiece for actin, but he suggested that
headpiece's affinity for actin was in the micromolar range. A low affinity
site of 10 gM can still dictate specificity and appropriate assembly of the
cytoskeleton, since the cytoplasmic actin concentration is on the order of 100
pM and is near 1 mM in some regions of the cell such as the microvillar
actin bundle. The assembly of actin bundles in the cell is hypothesized to be
a cooperative process that is accelerated by the large increases in the effective
actin concentration as filaments are brought together by the bundling
protein. The low affinity of headpiece for f-actin, and the competition for
sites on actin by other f-actin binding proteins, may be partly responsible for
the localization of villin to the microvilli.
Role of headpiece in Villin function
What is the function of headpiece in the context of the intact protein
and villin's calcium regulated activity? The isolation and analysis of
domains of villin core and gelsolin have revealed activities and regulation
that are difficult to place in the context of the intact protein (Way et al.,
1990). This may be due to artifactual activities and cryptic binding sites
revealed by isolation of the domain, or be due to activities that are
dependent on domain-domain interactions. Thus far, headpiece shows the
greatest structural and functional independence of villin's domains. It is
likely that conclusions drawn from the study of the isolated domain will
hold true to the domain in the context of the intact protein.
The question remains, however, of whether there might be an
important regulatory interaction between headpiece and the domains of
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villin core. The model that headpiece is responsible for the major
conformational change of villin, has not been contradicted by any
subsequent study. It is attractive to hypothesize that the binding of calcium
to villin core serves to dissociate the headpiece domain from the core
domain, and favors the severing activity in vivo. This could occur by
calcium directly shielding the sites that keep headpiece close to core in low
calcium, or, indirectly, through the conformational change that occurs in
core upon calcium binding. If there are regions of headpiece that interact
with core, these might become cryptic actin binding regions on isolated
headpiece. Despite these qualifications, the structure and function of villin
and headpiece strongly suggest that headpiece is the 'most independent'
domain of the seven domains of villin.
An interaction of headpiece and core might produce a calcium
binding site, it might also complete an actin binding site. Proteolysis of
headpiece from villin, showed that headpiece is necessary for villin's actin
bundling activity. Though headpiece is competent to bind to f-actin, these
results do not prove that headpiece alone is an f-actin bundling site. It is
possible that the f-actin bundling site is composed of headpiece and regions
of an adjacent domain in the tertiary domain structure of villin. A step
toward proving that headpiece is one of villin's actin bundling sites, is to
show its sufficiency, in oligomeric form, to bundle actin. A fusion of
headpiece to b-galactosidase, discussed in Appendix 3, produces a protein
that is tetrameric for headpiece and was found to bundle actin. However,
dimeric charged peptides and poly-lysine peptides can bundle actin
filaments, and there remains the formal possibility that headpiece does not
contain an entire f-actin bundling site of villin.

MATERIALS AND METHODS
Reagents
Unless otherwise specified, all chemicals used in the experiments
described herein, were of standard reagent or ultra-pure grades.
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PCR cloning of headpiece
Purification, analysis, and cloning of recombinant DNA was
performed according to common laboratory protocols, unless otherwise
noted (Sambrook et al., 1989), (Ausubel et al., 1987).
The headpiece gene was obtained for expression of the isolated
domain by PCR amplification from the purified chicken villin cDNA
(Bazari et al., 1988). The forward primer contained the Nde I/Start site. and
the reverse primer encoded the wild-type stop codon followed by an Xba I
site. Amplification was performed according to manufacturer's instructions
(Perkin-Elmer Cetus, Norwalk, Ct.) in 30 cycles with an annealing
temperature of 60 *C and produced only the expected 240 bp product
The headpiece PCR product was cut with Nde I and Xba I. pET3a was
cut with Nde I and NheI to allow directional cloning. The presence of a
mis-documented Nhe I site, 3' of the terminator in pET3a, allowed the
cloning of headpiece, but the deletion of the T7 terminator sequences. The
resulting plasmid is pDDHP3. The BamH 1 to EcoR 1 fragment of pET3a,
containing the terminator was cloned into pUC18 to produce pDDCT9. The
terminator was then cloned as a Hind III fragment of pDDCT9 into the Hind
III site of pDDHP3 to create pDDHP5. The headpiece containing fragment of
pDDHP5 later cloned into pAED4 (described in Chapter 3, Materials and
Methods) to create pDDHP10. The PCR amplified gene was sequenced in the
expression vector and contained a single mutation of the codon for Vall
(GTC to GTA), that did not change the codon identity.
Construction of pAED4
The plasmid backbone of the phagemid/expression vector, pAED4 is
pUC-f1 (Pharmacia Fine Chemicals, Piscataway, NJ), which contains an fl
intergenic region cloned into the Sma I site of pUC19. Two deletions were
made to this backbone; from the Nde I to Kpn I sites (225 bp) and from the
Sal I to the second Pvu II site (199 bp). The Sal I to Pvu II deletion and
subsequent ligation regenerated the Sal I site. The T7 expression sequences
of pAED4 are from the pET3a expression vector (Rosenberg et al., 1987) and
were moved into the deleted pUC backbone after the Nde I to Bgl II
fragment (polylinker) of pSP72 (168 bp) (Promega Inc., Madison, WI) was
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cloned into the Nde I - BamH I site of pET3a (pDDET9). The Nhe I to Bgl II
fragment (551 bp) of the polylinker-modified pET3a (pDDET9) was cloned
into the BamH I - Xba I site of the deleted pUC-fl. The resulting vector was
named pAED4 (3322 bp) for paedogenesis "the precocious reproduction by
immature organisms," it was "paid for," and for my sister, A.E.D.
SDS-PAGE
Polyacrylamide gel electrophoresis was carried out according to the
method of Laemmli, as modified for fan-cooled mini-gel apparatus
(Laemmli, 1970),(Matsudaira and Burgess, 1978).
Large scale purification of rHP
Four liters of'E. coli BL21(DE3) bearing the wild-type headpiece
expression vector were induced at an absorbance at 590 nm of 1.0 by a final
concentration of 1 mM IPTG. Cells were harvested five hours postinduction and frozen at -80 *C. Cells were lysed by sonication in 50 mM Tris,
0.2 M NaCl, 3 M Urea, 0.1 mM EGTA, pH 8.0 and the lysate was clarified by
centrifugation at 70,000 x g for 30 minutes. The 100 ml. clarified lysate was
loaded onto a 1.8 liter 5 cm x 90 cm AcA34 column (Pharmacia Fine
Chemicals, Piscataway, NJ) running in the above urea buffer. The peak
containing headpiece was flowed through an 80 ml. CM-Sepharose column
equilibrated in Tris, pH 8.0. and the resultant fraction was dialyzed
exhaustively against water and lyophilized. The dried peptide was
suspended in 100 ml. of 0.1 M Ammonium Bicarbonate, pH 8.0 and was
loaded onto a 25 ml. DEAE Sephacyl column and the flow through fraction
was lyophilized.
Peptide purification
Enzyme digests of recombinant headpiece were performed on 250 pg
of purified headpiece with 10 gg of trypsin and 40 pg of V8 protease in Tris,
pH 8.0. Samples were dried, suspended in 5% Acetic Acid and the soluble
peptides were injected on a 2.1 x 250 mm Vydac C18 HPLC column (The
Separations Group, Hesperia, CA) and eluted with a gradient of acetonitrile
in TFA. Well resolved peaks were collected and dried.
Peptide sequencing
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All peptides and proteins sequenced in this study were sequenced
using a gas phase sequencer (model 2090E; Porton Instruments, Tarzana,
CA) equipped for on-line PTH amino acid identification.
Villin purification
Villin was purified according to a procedure modified from published
protocols. The intestines of 12 chickens were collected, slit open, and
washed in three 10 liter changes of cold 10 mM Imidazole, 0.14 M NaCl, pH
7.3. Washed intestines were minced and stirred for 45 minutes in 4 liters of
room temperature 10 mM Sodium Phosphate, 0.1 M Sucrose, 0.14 M NaCl,
10 mM EDTA, pH 7.3. The EDTA-released epithelial cells were collected by
filtration through cheesecloth, and spun at 3,500 x g for 15 minutes. Cells
were homogenized in six liters of 4 *C 10 mM Imidazole, 5 mM EGTA, pH
7.3 in the presence of fresh phenylmethyl-sulphonyl fluoride (PMSF) with a
Brinkmann tissue homogenizer (Brinkmann Instruments, Westbury, NY)
The cell homogenate was spun at 3,500 x g for 15 minutes and the brush
borders were collected in the pellet. The brush borders were washed
repeatedly with 4-6 liters of 10 mM Imidazole, 75 mM NaCl, 1 mM MgCl2,
0.1 mM EGTA, 0.1 mM PMSF, pH 7.3 by suspension and centrifugation until
the supernatant buffer was clear. The washed brush borders were then
stirred for 30 minutes at 4 *C in 10 mM Imidazole, 75 mM NaCl, 1 mM
MgCl2, 0.1 mM EGTA, .1 mM PMSF, pH 7.3 with 5 mM CaCl 2. The calcium
extracted brush borders were spun at 25,000 x g for 15 minutes and the
supernate was centrifuged a second time to obtain a straw colored extract.
The calcium extract was diluted 1:1 with 4 'C water and loaded onto a 50 ml.
DEAE-Sephacyl column in 10 mM Imidazole, 1 mM CaCl2, pH 7.3. After
loading the column was washed in 10 mM Imidazole, 0.1 mM EGTA, pH 7.3
and eluted with a 500 ml. gradient of 0 to 0.15 M NaCl. The villin
containing peak eluted near 90 mM NaCl, was diluted to 20 mM NaCl and
loaded onto a 25 ml. DEAE-Sephacyl column in 10 mM Imidazole, 0.1 mM
EGTA, pH 7.3 and was eluted with a 400 ml. gradient of 0 - 0.12 M NaCl. The
villin peak was precipitated by dialysis against solid ammonium sulfate and
the precipitate collected by centrifugation at 45,000 x g for 10 minutes. The
ammonium sulfate precipitate was stored at 4 *C.
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Headpiece purification from chicken villin
Eight mg. of ammonium sulfate precipitated chicken villin was
desalted into 25 mM PIPES, 1 mM EGTA, pH 7.4 on a 10 ml. G-10 column,
and was digested for one hour at room temperature with 1:2000
weight:weight ratio of sequencing grade endoproteinase-glu-C (Boehringer
Mannheim, Indianapolis, IN). The digest was quenched by the addition of
PMSF to 1 mM and diisopropyl fluorophosphate (Sigma Chem. Co., St.
Louis, MO) to 2.5 mM. The digest was immediately loaded onto a 15 ml.
DEAE-Sephacyl column equilibrated in 25 mM PIPES, 1 mM EGTA, pH 7.4.
The headpiece was collected in the flow-through fraction and concentrated
from 25 ml. to 3 ml. against Aquacide I (Calbiochem, La Jolla, CA). The
concentrate was dialyzed against water and re-concentrated against Aquacide
I, and then loaded onto a 75 x 1 cm G-75 (Pharmacia Fine Chemicals,
Piscataway, NJ) column in 25 mM PIPES, 0.1 M NaCl, 1 mM EGTA, pH 7.4.
The peak fractions were dialyzed against water and dried in a Speed Vac
(Savant Instruments Inc, Farmingdale, NY). Yield was approximately 100
gg. Samples were stored dried at -20 'C. The peptide was judged to be >95%
pure by reverse phase HPLC and SDS-PAGE.
HPLC analysis
Dried peptides were suspended in 0.1% trifluoroacetic acid (TFA) in
water and injected on a 2.1 x 250 mm Vydac C18 column on an Hewlett
Packard 1090 HPLC instrument (Hewlett Packard, Paramus, NJ). Samples
eluted 33 minutes after injection at 39% Acetonitrile during a gradient of
0.3% acetonitrile per minute. Absorbance was monitored at 220 nm and
peak areas and peak heights were automatically calculated using the Hewlett
Packard chromatography software.
Amino acid analysis and mass spec
Mass spectral data obtained by matrix-assisted laser desorption timeof-flight mass spectrometry and were kindly provided by the M.I.T. Mass
Spectrometry facility (supported by NIH grant number RR00317 to K.
Biemann). Amino acid analysis was performed at the M.I.T. Department of
Biology Biopolymers Laboratory.
Circular dichroism
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Purified headpiece was suspended in 10 mM Sodium Phosphate, 25
mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, pH 7.4 (+/- 2 M guanidine
hydrochloride), clarified by centrifugation and analyzed in an Aviv circular
dichroism model 62DS spectrophotometer (Lakewood, NJ). The Tm was
determined as the maxima of the first derivative of the melt, using the
Aviv software.
NMR Spectrometry
NMR spectra and data was kindly provided by Dr. Jamie McKnight,
and was obtained on a Bruker AMX-500 NMR spectrometer.
rHP calcium binding assays
All experiments were performed with new laboratory glassware and
plastic ware that was extensively washed in 0.1 mM EDTA, distilled water,
MilliQ treated water (Millipore Corp., Bedford, MA), and then Chelex 100
(Bio-Rad Laboratories, Richmond, CA) treated MilliQ-treated water. New
dialysis tubing, dialysis clips, centrifuge tubes, and stir bars were similarly
treated. All solutions were Chelex treated or prepared with Chelex treated
MilliQ distilled water. Headpiece was dialyzed against 6 M Guanidine in the
presence of Chelex, renatured in calcium free water, and clarified by
ultracentrifugation to create 'metal-free' headpiece. 0.5 ml. of headpiece at
1300 pM was dialyzed at room temperature for 45 hours against 1000
volumes of 50 mM Tris, 50 mM NaCl, 0.1 mM EGTA, 1 mM MgCl2, pH 8.5
plus calcium. Calcium was added from a concentrated stock whose
concentration was determined by atomic absorption. Calcium addition was
calculated using two independent computer programs to give free calcium
concentrations of 1, 10, 100, 300, and 1000 pM calcium. 4 5 Calcium was added
to give about 5 Ci/liter, or approximately 500 cpm in 50 1. Buffers were set
to pH 8.50 after addition of calcium. After 45 hours of dialysis at room
temperature, the protein concentrations were measured and three samples
were counted for each of the five free calcium concentrations.
Troponin was purchased (Sigma Chem Co., St. Louis) and suspended
and dialyzed against the identical 100 pM calcium buffer that was used for
rHP at approximately 100 pM. The troponin was dialyzed for 96 hours
against 2500 volumes of buffer and three samples were measured for 45 Ca.
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nHP calcium binding assay
Purified nHP was dissolved at a concentration of 10 pM in MilliQ
treated water, as were 25, 100, and 500 pM samples of rHP, and 13, 47, and 89
pM samples of bovine brain calmodulin (Sigma Chem Co., St. Louis). The
proteins were dialyzed against 25 mM Tris, 0.1 mM EGTA, pH 8.0 for 64
hours in the presence of Chelex 100 to chelate all exchangeable metals. All
of the samples were dialyzed together at 4 *C in 10 mM Tris, 50 mM NaCl,
0.1 mM EGTA, 1 mM MgCl2, 10 gM free calcium, pH 8.50 for 55 hours.
Calmodulin concentration was determined by the BCA assay (Pierce Chem.
Co.) and nHP and rHP were assayed for concentration and purity after
dialysis by reverse phase HPLC.
Actin purification
An acetone powder of rabbit skeletal muscle was prepared and
extracted according to the method of Taylor and Weeds (Taylor and Weeds,
). The extracted and depolymerized actin was purified on an Aca34 column
in Buffer A ( 2.5 Tris, 0.1 mM ATP, 1 mM b-mercaptoethanol, pH 8.0) and
the pure fractions were polymerized and concentrated by centrifugation. Factin was stored as a concentrated stock and was diluted to working
concentrations in the buffers specific for the actin-binding assays. Actin
concentration was measured by absorbance at 290 nm using an extinction
coefficient of 0.66.
Pelleting assay
Headpiece was mixed with actin to a final actin concentration of 36
pM and headpiece varied from 10-30 pM in binding buffer: 10 mM Tris, 100
mM NaCl, 1 mM MgCl2, 0.1 mM ATP, 5 mM DTT, pH 7.4. Samples were
incubated at room temperature for 4-6 hours, and then centrifuged at 90,000
krpm for 1 hour at 4 'C in a Beckman TL-100 ultracentrifuge. After
centrifugation, the supernate was removed, the pellet washed in binding
buffer and suspended in SDS-PAGE sample buffer. After electrophoresis
and staining, samples were analyzed by volume densitometry.
Densitometry
Gels were destained completely, equilibrated in 5 % glycerol, and
vacuum dried between sheets of cellulose acetate (Bio-Rad Laboratories,
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Richmond, CA) to create uniform drying. Gels were scanned using a
Molecular Dynamics 300 Series volume densitometer (Molecular Dynamics,
Sunnyvale, CA) and bands were manually outlined to create the scanned
areas. All calculations of protein concentration were based on an internal
standards of wild-type headpiece. The assays were specifically designed so
that the gel samples were in the optimal density range of the densitometer.
EDC crosslinking of actin and headpiece
Actin and headpiece were mixed to final concentrations of 36 pM and
45 pM in 10 mM Tris, 100 mM NaCl, 1 mM MgCl2, 0.1 mM ATP, pH 7.4.
After incubation at room temperature, EDC was added to a final
concentration of 55 mM. The reaction was quenched after one hour by the
addition of SDS-PAGE sample buffer and boiling.
14 C- labelling of actin
Purified headpiece was lyophilized and suspended in 24 gM actin in
10 mM Tris, 100 mM NaCl, 1 mM MgCl2, 0.1 mM ATP, pH 7.4, to headpiece
concentrations of 5 to 200 p.M. Samples were incubated for 4 hours at room
temperature, and labelled by the addition of 10 nmoles of 14 C-NEM [8-fold
molar excess over actin](Dupont-NEN, Wilmington, DE), and the reaction
was quenched after 10 minutes by the addition of SDS-PAGE sample buffer
and boiling. After brief staining, gels were neutralized in Tris, pH 8.0, and
bands were dissolved and counted in Solvable (Dupont, Wilmington, DE)
according to the manufacturer's instructions.
Abbreviations used
Abbreviation used without definition are according to the
conventions of the American Society for Biochemistry and Molecular
Biology and American Society for Cell Biology. All other abbreviations used
in the text are defined upon first occurrence and used without definition,
thereafter.
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CHAPTER 3: STRUCTURAL STUDIES OF HEADPIECE MUTANTS

INTRODUCTION

Introduction to Chapter 3
The question of how the primary sequence of a protein determines
the folded, tertiary structure of the protein, is one of the outstanding
unanswered questions in biology. The primary sequence of the protein
appears to contain all of the information for three-dimensional structure of
the protein (Epstein et al., 1963), (Anfinsen, 1973). And though predictive
algorithms are becoming increasingly sophisticated, we are still unable to
predict the fine structure of a protein from its sequence.
There are three principal reasons for the structural studies of mutants
of headpiece. First, the domain is of interest to structural biologists as a
highly stable non-disulfide bonded domain.

Structural information on the

domain will help provide constraints for a theoretical model of the domain
and for a direct solution of the structure by physical methods. Second,
methods of structural analysis and criteria for wild-type structure must be
developed for a functional study of the headpiece f-actin binding site;
structural mutants must not be mistaken for mutants of the active site.
Third, a description of the structure of the domain will restrict the location
of the f-actin binding site to a limited set of the total 76 amino acids.
This chapter describes the strategy of cysteine scanning mutagenesis of
headpiece and the structural assays of headpiece cysteine mutants. The
chapter begins with a thematic review of some essential elements of protein
structure, prediction of protein structure, as well as a review of the general
strategies of deciphering protein structure and function by mutagenesis. A
qualitative prediction of the surface and core of headpiece is followed by the
results of structural studies of single cysteine mutants of headpiece.
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Protein tertiary structure; the interior and surface
By mapping the f-actin binding site on headpiece, we are asking: how
does the structure of headpiece determine the function of headpiece? The
tertiary structure of the domain can be broadly classified into the solvent
accessible surface of the domain and the buried, core of the domain. The
surface of the domain must be investigated further, to discriminate the
functional surface (i.e., the f-actin binding site) from the non-functional
surface.
The core of a protein plays a determining role in the domain's
structure and is chiefly (but not exclusively) comprised of hydrophobic
amino acids. The amino acids of the core are closely packed, and their
packing determines the relative positions and orientation of secondary
structural elements (x-helices and p-sheets) and thus defines the overall
shape of the protein The sequestering of the hydrophobic residues away
from water stabilizes the protein. Therefore, the most destabilizing
mutations are generally those that make a non-allowed substitution in the
hydrophobic core of the protein (Lim and Sauer, 1989), (Pakula and Sauer,
1989), (Bowie et al., 1990). In broad generality, mutations at solvent exposed
positions will generally have wild-type stabilities, and those that are buried
will generally reduce stability (e.g. (Hecht et al., 1984)). However, wild-type
stability of a mutated position does not limit a position to the solvent
exposed surface. Only a small number of the total residues in a protein,
make large contributions to protein stability [reviewed in(Alber, 1989),
(Pakula and Sauer, 1989)].
An amino acid may be inferred to be a component of the hydrophobic
core by the criteria of, a) the chemical nature of the side chain, b) the
inaccessibility of the side chain to solvent (e.g. chemical modification), and
c) mutations at that site destabilize the protein. However, these criteria are
experimental, and do not, alone, have a strong predictive function. Side
chains are promiscuous; any side chain can be on the surface, any side chain
can be found in the core. We can only make statistical predictions as to
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where in the tertiary structure of a protein a particular amino acid might
reside.
The surface of a protein can accept any of the amino acids. However,
there is a bias toward hydrophilic and polar residues, and against the large
(particularly hydrophobic) side chains. Mutations at mobile and solvent
exposed sites do not have a great effect on overall stability, though surface
residues involved in turns (e.g., glycine and proline), or residues involved
in helix 'caps' may have critical structural roles. Though tolerant of many
substitutions, the surface contributes to the structure of the protein, since
protein folding "requires a partitioning between surface and buried
positions (Bowie et al., 1990)." Thus, certain positions in the sequence must
be directed to the exterior of the protein, so as not to compete with the
preferred native conformation and the orientation of buried residues.
Consequently, the surface residues and core residues form two largely nonoverlapping sets, and identification of residues of one set, defines the other
set. Given that headpiece is only 76 amino acids in length, the identification
of an amino acid to be in the core of the domain or on the surface of the
domain, by predictive or experimental methods, greatly constrains the actin
binding site to a much smaller region of "sequence space."
Theoretical approaches to protein structure
At present, the only reliable way to theoretically model the fine
structure of a protein, is if a protein is closely homologous to a protein of a
known structure. However, analysis of the determinants of protein
structure and stability do allow qualitative predictions of tertiary structure,
such as which residues are likely to reside on the surface or in the core of a
protein. Structural predictions can also analyze the effects of stabilizing and
destabilizing mutations in terms of the the structural core and elements of
secondary structure. Many of these analysis methods are not based on
principals of protein folding, but are based on a statistical analysis of solved
protein structures that examine the occurrence of certain amino acids or
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short sequences in elements of secondary structure [e.g., (Chou and Fasman,
1978),(Lim, 1974), (Gibrat et al., 1987)]. These programs can successfully
identify secondary structure elements with about 60% accuracy [reviewed in
(Yada et al., 1988), (Huang et al., 1990), (Nishikawa and Noguchi, 1991)].
Their are also similar analysis programs that predict regions of sequence that
might have high probabilities for existing on the surface or in the core of the
protein [e.g., (Hopp, 1989), (Parker and Hodges, 1991)].
A potentially useful tool for structural prediction is to compare
homologous proteins. In general, the most conserved sites will be the
functional amino acids, as well as those of the hydrophobic core.
Conversely, the most variable sites might be the least structurally important
and might indicate surface residues that are not involved in binding
functions. The strong conservation in headpiece among three species is
evidence that the structural or functional information content of each
position is high. Comparison of the three species sequence allows us to
analyze the experimental results of mutagenesis of chicken villin headpiece
in the context of all three species, rather than just in the context of the single
sequence.
Current methods of theoretical analysis of a protein sequence cannot
yet yield the complete tertiary structure of the encoded protein. However, by
analysis of the database of known protein structures, one can make credible
predictions of the structural space in which an amino acid is most likely to
be found. These predictions are valuable both for the design of experiments,
as well as for analysis of experimental results. The results presented in this
chapter will be discussed with consideration of these themes of the
partitioning of elements between the surface and core and the conservation
of functional and structural elements.
Experimental Approaches to protein structure; mutagenesis studies
A traditional approach to understanding a biological problem is to
study mutations that affect the process of interest. Originally confined to the
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study of spontaneous genetic mutations, we can now use recombinant DNA
methods to direct the specific mutagenesis of cloned proteins [reviewed in
(Shortle et al., 1981), (Botstein and Shortle, 1985), (Zoller, 1991)]. There are
two basic strategies used to study a protein by mutagenesis; a site-directed
approach, or a random approach (Pakula and Sauer, 1989). A directed
approach is most fruitful when there is already structural and functional
information, and very specific questions may be asked. A random approach
identifies residues important for structure and function in an unbiased way,
but is generally only practical if there is an efficient selection for the mutant
or wild-type phenotypes, or an efficient screen for such phenotypes.
Neither the criteria of pre-existing structural information, or the
availability of screens and selections, are satisfied by villin headpiece. There
is no experimental evidence to identify any region of headpiece as
particularly important for actin binding. Though basic residues have been
frequently implicated in actin binding, there are many basic residues in
headpiece, and the emphasis on basic residues may be due to
methodological biases. 27 Villin has not been identified in any of the major
organisms used for genetic studies, and there is no hypothesis of the effect of
loss of villin on an organismal level that might allow recognition of a
mutant phenotype. There is not a sensitive and efficient actin-binding assay
that can be used to screen for actin-binding mutants. Since F-actin presents
such a large binding surface to headpiece, it was possible that no single point
mutation would have a very large effect on actin binding. Therefore, at the
onset of this study, is was considered possible that a purely structural
approach would be required to map the f-actin binding site.
Scanning Mutagenesis

27 The identification of actin binding sites by sequence analysis in discussed
in detail in Chapter 4 of this thesis.
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A compromise approach between random and site-directed
mutagenesis, is scanning mutagenesis. In scanning mutagenesis, directed
replacements are made in a random or systematic way throughout the
protein sequence. Sites may be chosen that are likely to effect the function of
interest, and replacements may be made to an amino acid for some preselected property. However, these changes are made throughout a protein
sequence and are not biased toward regions predicted to have structural or
functional importance. Scanning mutagenesis may be termed as "the
directed replacement of the natural residues with a specific amino acid at
regular intervals through a protein sequence."
There are now several successful precedents for scanning point
mutagenesis approaches. Cunningham and Wells, in the first description of
alanine scanning mutagenesis, scanned through three segments of human
growth hormone thought to be involved in receptor binding. In total, 62
amino acids of the 191 amino acids of human growth hormone were
replaced with alanine and these mutants identified approximately one
dozen positions that might contact the receptor (Cunningham and Wells,
1989), (Wells, 1991). In a similar study, the hormone binding sites in the
extracellular region of human growth hormone receptor were identified,
principally by charged-to-alanine mutagenesis (Bass et al., 1991). The results
of these two studies have been confirmed by the recent solution of a cocrystal of human growth hormone bound to the receptor (De Vos et al.,
1992). Mutation to alanine at every one of the fifty amino acids of two zinc
fingers, identified functionally important residues in the zinc fingers of
transcription factor ADR1 (Thukral et al., 1991). "Charged-to-alanine"
mutagenesis was also used at 60 out of 397 positions of Saccharomyces
cervisiae cAMP-dependent protein kinase, to identify several important
regions for recognition and catalysis (Gibbs and Zoller, 1991), and has also
been used to identify critical residues of interleukin-8 for receptor binding
(Hebert et al., 1991) and human tissue-type plasminogen activator [tPA]
activity (Bennett et al., 1991).
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Site DirectedMutagenesis to Cysteine
There has been no published report of a systematic scan through a
protein sequence with the cysteine, however, the utility of mutagenesis to
cysteine, or "site-directed sulfhydryl chemistry," has been previously
recognized (Falke and Koshland, 1987). In studies of seven cysteine mutants
of aspartate receptor of Salmonella typhimurium, sulfhydryl modification
was used to determine the exposure of mutant cysteines to the protein
surface and transmembrane environment, and the tertiary and quaternary
structure was probed by the ability of the introduced cysteines to form
disulfides and chemical crosslinks (Falke and Koshland, 1987), (Falke et al.,
1988), (Milligan and Koshland, 1988).28 Directed sulfhydryl chemistry was
suggested, by the authors, as a general approach to the study of protein
structure and dynamics (Falke et al., 1988).
The utility of the sulfhydryl group of cysteine for site specific chemical
modification has long been recognized (Lundblad, 1991). Multiple single
cysteine mutants have also been introduced into a protein to provide new
sites for the attachment of : fluorescence resonance energy transfer donors
and acceptors. (Lakey et al., 1991), labels for recombinant antibodies (Lyons et
al., 1990), and electron paramagnetic resonance spin labels (Todd et al., 1989),
(Altenbach et al., 1989), (Altenbach et al., 1990).
Ballery et al. created five single cysteine mutants of a 'cysteine-less'
mutant of yeast phosphoglycerate kinase (PGK). The introduced cysteines
were then used as probes of the protein folding process by the kinetics of
their modification by 5,5'-dithiobis(nitrobenzoate) and their effect on the
free energy of folding (Ballery et al., 1990). In an interesting study, a
glutamic acid at the active site of ribulosebisphosphate
carboxylase/oxygenase was mutated to cysteine and subsequently modified
to carboxy-methylcysteine. This modification altered the substrate specificity
28 Aspartate receptor of Salmonella typhimurium is 553 amino acids and
contains no native cysteines (Falke, 1987).
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of the enzyme and demonstrates the power of using the cysteine to create
novel side chains (Smith et al., 1990).
Cysteine mutagenesis for the goal of disrupting or creating intrapeptide disulfide formation has also been employed to study protein
structure and folding [e.g., (Perry and Wetzel, 1984), (Wells and Powers,
1986)] and for engineering stable proteins (Matsumura and Matthews, 1991).
Kanaya and co-workers used the term "cysteine scanning mutagenesis" to
describe moving a single pair of cysteines through approximately 10 residues
of human lysozyme to study the role of a particular disulfide pair upon
folding of the enzyme (Kanaya et al., 1990).
Cysteine Scanning Mutagenesis of Headpiece
I have chosen to scan through the headpiece sequence by replacement
to cysteine. There are a number .of reasons for choosing cysteine as the
scanning mutation. Cysteine has the third smallest side chain (after glycine
and alanine), and is uncharged and relatively non-polar in character.
Therefore, it has been found that cysteine can be tolerated both in the
hydrophobic core regions of a protein, and on the generally hydrophilic
surface regions of a protein [e.g. (Lim and Sauer, 1989), (Bowie et al., 1990)].
The allowance of cysteine in the structural core, predicts that systematic
mutation to cysteine will create a minimal number of structural
'knockouts,' and that most of the core mutants should be stably expressed
and purified for structural and functional assays.
The sulfhydryl side chain of cysteine may be chemically reacted in
conditions that no other amino acid chain will be modified or labelled.
Cysteine can be rapidly modified by a large variety of chemical agents such as
fluorescent and radiolabelled probes. A cysteine that is not accessible to
solvent, such as a cysteine buried in the protein, one in a disulfide bond, or
one at a protein-protein interface will be protected from chemical reactivity
(i.e. will react slowly). Therefore, if mutation to cysteine at a specific
position yields a stable protein (or complex), the cysteine may be used as a
probe to detect if a region of protein is in one of these protected states. The
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large number of sulfhydryl reactive reagents allows the modification of
cysteine by chemical groups of different sizes and charges to introduce a
variety of site specific mutations. There are a large number of commercially
available cysteine-specific chemical agents such as crosslinking agents, spin
labels, energy donors and acceptors, and labels [reviewed in (Lundblad,
1991)].
Very importantly, there are no cysteines in headpiece. The cysteine
mutations will introduce a unique cysteine, and therefore a site-specific
chemical cleavage and chemical modification site. Every mutation will
create a modification site that can be unambiguously identified and
modification experiments will not be complicated by the 'background' of an
endogenous cysteine.
This chapter describes the structural studies performed on the single
cysteine point mutants of headpiece. I have chosen to divide the results of
the mutagenesis into separate chapters on their structure and function, since
these aspects of the project were experimentally distinct. It is very common
to study protein and biological functions by mutation. However, in a
mutagenesis study of a protein, it is paramount to distinguish effects on the
stability or gross structure of the protein, from effects on the functional sites
of the protein. Since the general goal of this study is to map the functional
sites on the surface of villin headpiece, there is the danger of
misinterpreting mutations as mutations at the functional site, that are
actually secondary effects of a structural disruption of the domain.
Important information has emerged on the structurally important residues
of headpiece, however, the principal aim of the structural studies was to
identify surface residues and mutants with largely wild-type structure that
might be used to define the f-actin binding site.
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RESULTS

The cysteine scan of headpiece
In order to get the most complete data set, the original experimental
design was to create single cysteine mutations at all 76 positions in
headpiece. Difficulties in, and tedium of, the cloning process led to limiting
the number of cysteine mutants that were cloned into the expression vector
and obtained as highly expressing clones, to fifty mutants. Sequence analysis
and preliminary results of structural assays of the mutants, argued that the
information from many of the mutants would be limited. The final data set
comes from forty single point mutations to cysteine. The region with the
fewest substitutions is the amino-terminal 15 residues, in which there are
only three mutants, and none within the first five amino acids. Through
the rest of the sequence, the largest "gap" without substitution to cysteine is
three amino acids. 29 Of the 36 positions that were not studied by mutation
to cysteine, four of these are proline residues, and sixteen are the
hydrophobic residues Ala, Leu, Val, or Phe. It is improbable that there are
many of the solvent accessible positions of headpiece that have not been
substituted to cysteine. 3 0
29 See Figure 3.1.
30 The headpiece peptide is numbered from Vall to Phe76. Single point
mutations to cysteine are identified by their wild-type residue, residue
number, and followed by a C, to denote the substitution to cysteine. For
example the mutation of the alanine at headpiece position 25 (villin
position 774) to cysteine will be designated Val25C or V25C in the text and
figure legends. Wild-type headpiece is designated WT in some figure
legends.
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Fig. 3.1 The cysteine mutagenesis scan of chicken villin headpiece. Amino
acids substituted by cysteine, and characterized in this study as point mutants
of headpiece, are shown as black bars (I). Non-substituted positions are
shown as white bars (I). Numbers correspond to the amino acids of
headpiece.

Mutagenesis and expression

Though methods such as using phagemids or PCR directed
mutagenesis promise faster mutagenesis, I found the efficiency of
mutagenesis and sequencing in M13 to be the most effective way to quickly
and reproducibly create a large number of site-directed mutants. The gene
encoding headpiece was moved from a pET3a derived vector (pDDHP5) into
M13mp19 to allow efficient single stranded DNA mutagenesis. Mutagenesis
was performed using a selection against a uracil containing template
according to the method of Kunkel (Kunkel, 1985), (Ausubel et al., 1987). A
single oligonucleotide was designed to create each point mutation to
cysteine. Typically, the oligonucleotides were 30-35 nucleotides in length,
with approximately 15 nucleotides of identity flanking the mutating
mismatch(es). For each mutant, four plaques were selected and single
stranded DNA was prepared. Two plaques were sequenced for the correct
mutation, and the remaining two were sequenced, if necessary. This
strategy required the sequencing of only 84 clones to obtain 53 independent
point mutations of headpiece. The headpiece sequence can be read on a
single sequencing gel, and the sequence contains no regions that form
compressions or unreadable sequence.
Mutants were cloned from M13 into the expression vector/phagemid,
pAED4. In order to allow an efficient cloning strategy, a redundant Xba I site
in pAED4 was deleted, which also resulted (unintentionally) in the deletion
of the entire terminator region for the T7 RNA polymerase. 3 1 As found for
other proteins, deletion of the terminator appears to have no effect on
headpiece expression (W. Studier, personal communication).
Recombinants in pAED4 were chosen and tested for over-expression of
31 With the exception of the mutation to create a cysteine codon, the
expression constructs of the mutants are identical to that of pDDHP10,
illustrated in figure 2.3.
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headpiece. Highly expressing clones were identified by SDS-PAGE for all of
the cysteine mutants. 32
Purificationof the cysteine mutants
There were a number of mutants that appeared to express highly in
bacteria, but proved refractory to purification as a homogeneous
preparation. This was probably due to their instability in the cell lysates and
in impure purification fractions, or to their inability to refold after
lyophilization and subsequent sensitivity to low levels of contaminating
proteases. These mutants included Phe2C, ProlOC, Glu14C, Prol7C, and
Phe51C.
The purification of the cysteine mutants was based on the properties
of headpiece that were discovered in the large scale purification of
recombinant headpiece described in Chapter 2. Mutants were grown as 250
ml. cultures, induced at an O.D. 590 of 0.5-1.0, collected by centrifugation
after 4-6 hours of growth, and stored as frozen cell pellets. The cells were
lysed by sonication in the presence of DTT at pH 8.5, and the lysate was
clarified by a low speed centrifugation and than a short ultracentrifugation.
The mutant headpiece was purified on a 35 ml. size exclusion column and
peak fractions were identified by SDS-PAGE, and dialyzed against water.
After lyophilization, protein was purified as a "flow-through" fraction of a

32 Fig. 3.2 SDS-PAGE analysis of small scale induction tests on a panel of
mutants. Each lane is the total E. Coli protein from a recombinant colony
after sub-cloning from M13 into pAED4. Mutants were tested until two
clones were isolated for each mutant. Clones that failed to express
headpiece in this test can be seen for the mutants D28C and H41C.
(Samples varied slightly in the volume of culture and cell density at the
time of induction and harvest.)
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small DEAE column (mutants were not eluted through a cation exchange
column). 33 The protein product was over 90% pure as judged by reverse
phase HPLC and appeared to be a single band by SDS-PAGE. 34 All of the
mutants behaved similarly through this purification protocol. Mutants that
appeared impure by HPLC analysis were re-purified or were not included in
the study.3 5
The final yield of the cysteine mutant varied from as low as 2
milligrams of purified peptide to as high as 20 milligrams of purified
peptide from a 200 ml. bacterial culture, with an average yield of about 10
milligrams. With only a few exceptions, all the mutants that were chosen
in the expression screen appeared to have equally high levels of expression.
Multiple mutants were induced and purified simultaneously, and the
variation in yield may reflect variability in induction and purification,
rather than the stability or expression levels of the mutants. In fact, the
most unstable mutant, Met53C, and the most stable mutant, Lys73C, were
among the highest yielding mutants.

33 Fig 3.3 Purification of the cysteine mutants. (A) Gel showing lysis and G75 purification step of three mutants, D28C, P30C, and R55C. Each gel
shows the column load and the fractions that comprised the headpiece
peak. (B) SDS-Page gel showing the major steps of the mutant
purification: 1; uninduced E. Coli. 2; induced E. Coli, 3; clarified lysate and
G-75 column load, 4; G-75 purified mutant, 5; DEAE flow through fraction.
34 Fig 3.4 15% acrylamide SDS-PAGE gels showing the forty cysteine
mutants characterized in this study. Each mutant is identified by the
amino acid number of headpiece that was substituted to cysteine.
35 Fig 3.5 Reverse phase HPLC analysis of mutant purity. Chromatographs
1-4 show representative chromatograms of mutants included in the study;
E39C, K71C, K48C, and H41C. Chromatographs 5 and 6 show preparations
considered to be too impure for study; F2C and P10C.
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The initiator methionine

After purification by elution through the DEAE-Sephacyl column,
mutants were lyophilized, suspended in water, and centrifuged to remove
any precipitated headpiece or precipitated contaminants. The protein was
then adjusted to a final concentration of 5 mM HCl, pH 2.0 and frozen at -20
*C, to inhibit proteolysis and oxidation of the cysteine. In the course of the
HPLC analysis of the purified mutants, it was noticed that almost one fourth
of the mutants contained a 'split' peptide peak, that on a very shallow
gradient could be resolved into two very closely eluting peaks. This second
peak generally did not exceed 10% of the total protein, but in a few mutants
amounted to almost 40% of the total protein. Deliberate strongly reducing
or strongly oxidizing conditions did not change the position or the relative
ratio of the late peak, suggesting that it was not mutant dimers or a
reversible modification of the introduced cysteine.
In order to determine the identity of the late peak, a detailed analysis
was performed on one mutant, His41C, since this mutant had the highest
percentage of the late peak (chromatograph 6 in Fig 3.5). The early peak,
corresponding to the elution time of wild-type headpiece, and the late peak,
were partially separated and purified by HPLC. Automated peptide
sequencing showed the early peak to have the amino terminal sequence Val
- Phe - Thr, and the late peak to have the sequence Met - Val - Phe. These

two samples were submitted for amino acid analysis, and were found to
have the identical composition for all residues except that the late peak
contained a half mole greater amount of methionine per mole of peptide
than the early peak. These results show that the only difference between
these two peaks is that a fraction of the expressed peptide does not have the
terminal methionine removed in the bacteria. Therefore, mutants that
contained the split peak, but no contaminants were considered to be pure for
the purpose of this study, and no other assay has suggested any
heterogeneity in the properties of these mutants.
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Mutant dimer formation

The presence of a cysteine in the headpiece mutants should allow the
formation of headpiece dimers by oxidation. To investigate this possibility,
mutants at approximately 450 pM (4 mg/ml) were subjected to deliberate
oxidizing conditions of 10 mM Tris, pH 8.5, 1 mM MgCl2, and left at room
temperature for 48 hours and then electrophoresed on denaturing
polyacrylamide gels, in the absence of any reducing agent.3 6 Almost all of
the mutants, if allowed to remain in oxidizing conditions, will form dimers
and some are almost entirely converted to a high molecular weight form.
Even cysteine mutants, such as Phe47C, Met53C, Lys73C, that have been
shown to be relatively unreactive to Ellman's reagent after reduction (and
presumably proper folding), will form dimers upon prolonged oxidation. In
the case of buried or partially accessible cysteine side chains, the formation of
dimers is likely to represent trapping of the unfolded state of the peptide. A
significant population of headpiece dimers might seriously effect assays of
the structural and functional properties of a mutant. As a result of this
finding, all of the assays for the structure and the function of the headpiece
cysteine mutants were performed in strong reducing conditions, or were
performed immediately upon reduction and removal of the reducing agent
by chromatography.

Ellman's assay of cysteine reactivity

36 Fig 3.6 Formation of disulfide linked dimers of headpiece. (A) Fourteen
mutants are shown after incubation in oxidizing conditions and
electrophoresed on 15% SDS-PAGE gel without
in the
gel sample buffer. (B) The same samples as shown in (A), electrophoresed
in a 15% SDS-PAGE gel after the addition of P-mercaptoethanol to the
samples.

s-mercaptoethanol
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In order to determine the accessibility of the cysteine side chain to
solvent, the mutants were reacted with Ellman's reagent, 5,5'-dithio-bis(2nitrobenzoic acid) (DTNB). Proteins were reduced, and the DTT was
quantitatively removed by desalting the samples, and no reaction of residual
DTT with DTNB could be detected in control samples. Protein samples were
allowed to equilibrate to 25 *C in a temperature controlled, stirred cell, and
DTNB was rapidly added and the absorbance at 412 nm was monitored until
it had reached equilibrium. The concentration of the mutants could be
determined by the absorbance at 412, and were in agreement with the
expected values. 3 7
The time after the addition of DTNB at which the sample reached
half maximal absorbance was determined as the characteristic parameter for
reactivity; T1/2- 38 The comparative rates of the mutants are best represented

37 The precise concentration of the mutants was not known in these
experiments, and in the circular dichroism experiments, due to several
factors: 1) small scale purification of the mutants resulted in a
contaminant that absorbed slightly at 288 nm, 2) samples were one of
several column fractions of unsure dilution from the desalting column, 3)
samples were too dilute after desalting to assay by conventional protein
assays.
38 Fig. 3.7 Reaction of twelve of the headpiece cysteine mutants with DTNB.
(A). The concentration of these four mutants differed by about 10%,
therefore, reactivity is normalized as a percentage of the maximal
absorbance at 412 nm. K70C, R55C, and A25C, represent the fast,
intermediate and, slow classes of reactivity. (B) Reactivity of four mutants
shown as the absorbance at 412 nm and the gmoles of TNB (thionitrobenzoate) released by the reaction. K65C, K48C, and V33C, illustrate
the fast, intermediate, and slow classes of reactivity. (C) Cysteine reactivity
plotted as in (B), showing L75C, a fast reactive mutant, K12C, an
intermediate reactive mutant, and two slowly reactive mutants; F47C and
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as the log of the T1/2- 3 9 For the sake of this discussion, it is very useful to
broadly classify the mutants into three classes based on their value for
log(T1/2); rapid, intermediate, and slow. In order to define the boundaries
of these classes, a histogram of the number of occurrence of each value was
plotted in Figure 3.9. Of course, the mutants that define the boundaries of
the intermediate class could be equally placed in either the fast or slow
class. 4 0 These boundary cases are specifically noted in the discussion of the
activities of particular mutants, later in the thesis.
Reactive classes of the headpiece-cys mutants according to
reactivity with Ellman's reagent.
Fast

T1 / 2 = 1 - 3 sec.

18 mutants

Intermediate

T 1 / 2 = 5 - 15 sec.

14 mutants

Slow

T 1 / 2 = 25 - 1000 sec.

8 mutants.

Reactive classes of the headpiece-cys mutants sorted by the wild-type
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amino acid that was substituted to cysteine.

M53C. The equilibrium absorbance, measured at 1000 seconds, of the two
slow mutants is indicated as discontinuous points on the vertical axis.
39 Fig 3.8 Ellmans reactivity of the headpiece-cysteine mutants. (A) The
absolute values of T1 /2 for the forty cysteine mutants. (B) The log (T1/2) of
the forty mutants. (C) The log (T1 / 2 ) of the mutants plotted vs. the amino
acid numbers of headpiece. e; mutants with log(T1/2) = 0.
40 Fig 3.9 The classification of headpiece-cys mutants by reactivity to DTNB.
(A) Plot of the number of mutants by T1 / 2 that was used to define the
reactive classes. (B) A summary bar graph of reactive class of the mutant
plotted according to the headpiece amino acid position of the mutation.
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It is germane to repeat the caveat that the study of sulfhydryl
reactivity only assesses the behavior of the cysteine side chain, and not the
behavior of the wild-type residue at that position. It is likely that some of
the substitutions will result in local chain perturbations that may partition
the sulfhydryl group onto the surface or into the core, in a non-native
conformation, without effecting global stability or structure.
The immediately reactive mutants define the set of positions at
which the introduced cysteine side chain is accessible to DTNB modification
and likely to be surface exposed. Leu8C is immediately reactive. Phe16C,
Leu18C, and Asp19C are all fast reacting and suggest that this region is at or
near the surface of the domains. Pro30C and Asp34C, which flanks Pro35 are
both rapidly reactive. Lys38C and Glu39C are fast reactive, and Lys38 and
Glu39 are likely to be solvent accessible side chains. The three conserved
acidic residues Asp44, Glu45, and Asp46 are solvent accessible according to
the fast reaction of the cysteine substitutions. Ser56C was rapidly reactive.
Many of the fast reactive mutants are in the carboxy terminus of the peptide

(Leu63C, Lys65C, Asn68C, Lys70C, Glu72C, and Leu75C) and this part of the
protein may have high solvent accessible surface area.
Lys12C is partially protected which may reflect the partial burial of the
native side chain, or the partial burial of a charge, i.e. in a P-sheet. The
fastest of this class, may be partially protected from modification by local
folded structure and the conformation of the neighboring side chains.
Ala26C, Glu27C, and Asp28C were partially protected and may reflect their
positions in structural elements between the complete burial of the
proceeding residues (Thr24 and Ala25) and the complete exposure at Pro30.
Val33C and Asn40C are in the intermediate class. Lys48C and Ala49C were
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partially reactive, and are found near the boundary of the most hydrophobic
sequence of headpiece. Moderately reactive mutants at the carboxy terminus
are: Arg55C, Asn60C and Lys71C, and Phe76C, which have T1/2's of 8, 10,6,
and 9 seconds, respectively.
The slowly reactive mutants were easily distinguishable from the
other two classes of mutants by their extremely slow reaction rates. These
mutants define the set of positions at which the cysteine side chain is
protected from modification due to their burial in the domain's core or in
the interior of local sub-domains. The reaction of these mutants over time
probably corresponds to the slow trapping of cysteine by DTNB as the
peptides unfold. Va122C, Thr24C, and Ala25C were all relatively inaccessible
to DTNB and lie within a hydrophobic region from Val20 to Ala26. Two
arginine to cysteine substitutions, Arg31C and Arg37C, are in the slow
reactive closs and are both flanked by fast reactive positions at Pro30 and
Lys38. Met53C is protected from modification, and is the last residue of a
purely hydrophobic region from Ala49 to Thr54. One mutant at the carboxy
terminus, Lys73C was the least reactive mutant, and is the last charged
position of headpiece.
Circular dichroism study of the headpiece-cys mutants
The temperature, determined by circular dichroism spectroscopy, at
which half of the protein is unfolded (Tm) was measured, in order to
provide a general structural parameter with which to compare the
headpiece mutants. 41 Mutant protein in 2 M GuHCl was reduced and
41 Fig 3.10 Thermal denaturation curves of fifteen headpiece-cys mutants.
(A) Five mutants at the carboxy terminus of headpiece. F76C has wild-type
stability. (B) Five mutants at near position 38-46. K38C, E39C, and N40C
have Tm's near wild-type. (C) Five mutants of interest. M53C is among
the most destabilized mutants, and N68C is one of the most stabilized
mutants. D28C and D34C show wild-type stability.
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desalted to lower the DTT concentration. Thermal melts were performed
from 5 *C to 80 *C in 3 'C increments with 2 minutes equilibration at each
temperature, and 15 seconds of measuring time.
Three degree steps for data collection, limits the accuracy of the data to
approximately 3 *C. Mutants that are considered to have wild-type
stability are those with a Tm from 43 - 49 *C (wild-type; TmWT = 45.5 *C).
Though this is the formal range of possibility, 25 of the mutants had a Tm of
46 *C 2 *C, and those that deviated from this value, did so by greater than
5 *C. Mutants considered to be significantly stabilized are those with a
TmcYs > TmWT by 6 'C and significantly destabilized mutants had a
measured Tmcys < TmWT of 6 OC.42

-

Wild-type mutants: One of the intents of mutagenesis to cysteine was
to avoid mutants that were perturbed in their overall structure, as judged by
their global stability. Consistent with this design, 25 of the forty mutants
had a Tm that was indistinguishable from wild-type. In addition, it was not
noted that any mutant failed to return to its initial circular dichroism signal,
indicating that the folding of the mutants was reversible.
Destabilized Mutants: There are five proteins that are very
marginally destabilized by the mutation to cysteine (TmcYs < TmWT of 3.5
4.5 *C): Glu45C, Asp46C, Lys65C, Lys71C and Glu72C. Three other mutants,
Asp44C, Ala49C, and Leu63C are less stable than wild-type by 9.5 *C, 5.5 *C,
and 7.5 *C. The Tm's in 2 M GuHCl of Met53C is 30 *C and Arg55C is 28 *C, a
full 15 0 C less than wild-type. There are two mutants that are almost
completely unfolded in 2 M GuHCl, His41C and Phe47C, and a Tm could not

42

Fig 3.11 Summary of the thermal denaturations of the headpiece-cys
mutants. (A) The absolute value of the Tm of each mutant shown for all
forty mutants. (B) The Tm data expressed as the difference of each mutant
from the wild-type stability, plotted across the amino acid positions of
headpiece. The two mutants, H41C and F47C, that were unfolded in the
conditions used for the other mutants, are specially noted.
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be measured in this condition. They were assayed in the aqueous conditions
in which TmWT = 75.5 'C, and His41C and Phe47C are found to be half
folded at 51 'C and 54 *C, respectively. Importantly the unfolding transition,
as detected by CD, does not appear to have begun at 25 *C, the temperature of
the Ellman's assay and actin-binding assays. 43
Stabilized mutants: Only three of the mutants clearly showed that
the mutation to cysteine increased the stability of the domain. Lys73C
increased the Tm by 4.5 *C to 50 *C, Asn68C increased the Tm by 8.5 *C to 54
1C, and the most stable mutant, Lys70C had a Tm 11.5 'C greater than wildtype, of 57 *C.
The circular dichroism spectra of about one third of the mutants,
including all of the stabilized and destabilized mutants were compared to
the spectrum of wild-type headpiece. Samples were experimentally
normalized to give a signal of -35 millidegrees at 208 nm. Circular
dichroism primarily senses the helical content of proteins which is most
sensitively sampled at 222 nm. If a mutation to cysteine had seriously
disrupted the helical content or structure of the domain it would be
observed as a change in the line shape of the spectra and particularly the
ratio of the absorbance at 222 nm to 208 nm. No significant differences were
detected in the spectra of any of the mutants at 25 *C at which the spectra
were taken. 44 The thermal denaturation studies of these mutants has

43 Fig 3.12 Thermal denaturation of H41C and F47C in the absence of
guanidine. The two mutants are shown in comparison to wild-type
headpiece.
44 Fig 3.13 Circular dichroism spectra of wild-type headpiece and ten
cysteine mutants. (A) The CD spectra from 200-260 nanometer. The wildtype spectrum is marked by open circles and is overlaid by the spectra of
the mutants. (B) A bar graph that shows the invariance of the ratio of the
CD signal at 222 to 208 nm among fourteen cysteine mutants of headpiece.
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established that even the most destabilized are maximally structured at this
temperature, and cysteine is not expected to be a "helix-breaker." 4 5

DISCUSSION
Mutagenesis studies and cysteine scanning mutagenesis
All mutagenesis studies bear the qualification that one is studying the
structure and function of the mutant protein; an indirect way to study the
wild-type protein. As reviewed in the introduction to this chapter, proteins
can accept a wide variety of amino acid substitutions by subtle alterations in
the environment of the mutation. Due to the other selective pressures on
sequence, such as the protein's function, a sequence may not be optimized
for stability and folding, and mutations may introduce favorable
interactions and increase the free energy of the folded state. These
compensatory effects may mask the effects of a mutation on the structure of
the domain or upon the functional site of the domain.
By mutation to cysteine, I am only sampling the effect of a particular
amino acid chain. Thus the conclusions that can be made as to the nature of
the interactions that might be lost or gained by such substitutions are very
limited. Even in cases where a structure is known, a determination and
model of the energetic and structural effects of a mutation is difficult, due to
the myriad of short and long-range interactions in the tertiary structure of a
protein.
In choosing mutants for the scan, I introduced a bias in terms of the
class of residues that were chosen for substitution to cysteine. Of the 36
residues that were not studied, four are proline, sixteen are hydrophobic
residues (Ala, Val, Phe, Leu), eight are Thr or Ser, and three are Gln and

45 The results of the Ellman's assay and thermal denaturation assay of the
headpiece-cys mutants are tabulated in Table 3.1 for reference.
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Table 3.1 Tabulation of the results of the Ellman's assay and
thermal denaturation assay of the headpiece-cystene mutants
Villin
Position
-

HP
Mutant

Ellmans
T1/2 (sec)

J

CD Tm
C

WildType

--

46

755

Thr 6C

4

47

757

Leu8C

3 -

47

761

Lys12C

6

45

765
767

Phe 16C
Leu18C

3
2

48
44

768
771

Asp 19C
Val 22C

2
160

46
44

773

Thr 24C

165

46

774

29

46

775
776
777

Ala 25C
Ala 26C
Glu 27C
Asp 28C

7
9
11

46
45
45

779

Pro 30C

3

46

780

Arg 31C

27

46

782

Val 33C

14

44

783

1

46

786
787
788

Asp 34C
Arg 37C
Lys 38C
Glu 39C

135
2
1

46
47
49

789

Asn 40C

6

48

Summary of Ellman's Assay and Thermal Denaturation
cont.
Villin
Position

HP
Mutant

Ellmans
T1|2 (sec)

CD Tm
*C

790

His 41C

7

51

793

Asp 44C

1

36

794

Glu 45C

1

42

795

Asp 46C

2

41

796

Phe 47C

31

54

797

Lys 48C

5

44

798

Ala 49C

7

40

802

Met 53C

95

30

804

Arg 55C

8

28

805

Ser 56C

2

45

809

Asn 60C

10

43

812

Leu 63C

2

38

814

Lys 65C

1

41

817

Asn 68C

2

54

819

Lys 70C

3

57

820

Lys 71C

6

42

821

Glu 72C

1

41

822

Lys 73C

700

50

824

Leu 75C

3

44

825

Phe 76C

9

45

Assayed without 2 M guanidine hydrochloride.

Asn. The over-representation of these residues is due to a bias toward
mutating charged amino acids (18 mutants out of 19 total) and against
hydrophobic residues (13 mutants out of 29 total), in the interest of
identifying the actin binding site.
Expression and Purification of the Mutants
All of the mutants that have been created are stably expressed in E.
coli ; evidence of headpiece's ability to rapidly fold into a stable structure.
Though native proteins are generally protease resistant, unfolded proteins
are very susceptible to protease digestion (Pace and Barrett, 1984), (Pakula
and Sauer, 1989). The stability of a proteins has correlated both to their
sensitivity to protease digestion in vitro, and to their susceptibility to
proteolysis in vivo in E. coli (Hecht et al., 1984), (Pakula et al., 1986), (Parsell
and Sauer, 1989), (Pakula and Sauer, 1989).
There were five mutants that proved refractory to purification:
Phe2C, ProlOC, Glu14C, Prol7C, and Phe51C. These mutants expressed
protein, but in the final HPLC analysis were shown to be very
heterogeneous. This may reflect that these mutants were destabilized by
mutation to cysteine, as might be inferred by their identity and location.
Residues Lys12 - Leu13 - Glul4 of chicken headpiece are Pro - Leu -Pro in the

mouse and human sequence. This tripeptide may be a constrained turn in
the tertiary structure of the domain. Mutation at Glu14 may destabilize the
domain or may create protease sensitive sites by misdirecting the proper
folding of this region.
Phe2 is part of the hydrophobic amino terminus of headpiece that is
Vall - Phe2 in the three sequenced species. It is possible that the
phenylalanine is buried, and plays a structural role in defining the domain.
Phe5l is in the most purely hydrophobic region of headpiece and both
Ala49C and Met53C are destabilized mutants and are partially, and
completely buried, respectively. It is, therefore, probable that Phe5l plays a
role in the structural core of headpiece.
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A proline residue confines the peptide backbone to a restricted angle
that is often found in surface turns, and mutants to, or from, proline are
frequently destabilizing (Pakula and Sauer, 1989). The only proline
mutation that was purified (and stable) was Pro30C, which is in a very
hydrophilic region in which conformational tension might be relieved by
Gly32.
Dimer formation
Virtually all of the cysteine mutants of headpiece, but not wild-type,
will form a high molecular weight species on non-reducing SDS-PAGE gels
when subjected to oxidizing conditions. This species can be eliminated by
the addition of a reducing agent such as DTT or P-mercaptoethanol and is
likely to be a disulfide linked dimer of the headpiece-cys mutant. These
homo-dimers could form in either the folded or the unfolded state of the
domain. The dimers that form in the unfolded state may serve to trap the
cysteine side chain in a solvent exposed conformation, and may shift the
equilibrium of folded protein toward the unfolded state. Due to the trans
conformation of the peptide backbone, neighboring side chains should have
little effect on disulfide formation in the completely unfolded state.
However, disulfide formation will be very sensitive to local structure near
the cysteine when the domain is completely or only partially folded.
Mutants that form dimers may be doing so in unfolded, partially folded or
completely folded conformation, however, mutants that form dimers more
slowly probably have a stable local structure in the immediate environment
of the introduced cysteine. Given the dependence of dimer formation on
both the local structure and the kinetics of the folding equilibrium, little can
be concluded from these observations. It is also possible that some mutants
do not form dimers in solution, but do so upon denaturation in nonreducing sample buffer. Thus, the dimers might be a gel artifact in some
cases. A large number of mutants were unreactive to Ellman's reagent
without prior reduction, suggesting that in the case of many mutants,
dimers form in an aqueous, non-denaturing, environment. However, the
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discovery that dimer formation occurs led to important modifications of
experimental procedures to insure that mutant activity and structure was
assayed in reducing conditions.
Ellman's assay of cysteine reactivity
The assay of side chain accessibility by reaction with DTNB is most
informative at the two extremes of the assay: the rapidly reactive mutants
and the slowly reactive mutants. The fast reactive mutants are
unambiguous for the speed with which they reach maximal absorbance at
412 nm. These mutants are completely modified by TNB within a 3-6
seconds of reaction, and are concluded to be surface accessible side chains.
The slowly reactive mutants are equally recognizable for their very
slow reaction rates that can take as long as 5-15 minutes to reach maximal
absorbance. These mutants are buried cysteine side chains that become
reactive due to local unfolding in the environment of the mutation, or
global unfolding of the domain.
More difficult to classify, are the intermediate class of mutants, which
may display partial protection from cysteine modification due to many
factors. There is uncertainty to the boundaries of this class of mutants
where there are mutants that are relatively rapid (e.g., Thr6C and Lys48C)
and those that are relatively slow (e.g., Val33C). There exists an equilibrium
between the folded and unfolded states of the domain. On the level of the
entire domain, the unfolding of the peptide will expose buried and partially
buried side chains, and the reaction with DTNB may trap or sequester the
unfolded state. Importantly, a protein the size of headpiece will be
comprised of smaller regions of secondary and tertiary structure; the
subdomains. Subdomains may vary from those that are more stable than
the major domain, to those that are considerably less stable than the major
domain. Thus, the partially protected cysteines may represent those in
regions of the domain that are less stable and undergo "breathing", i.e. mild
conformational flexibility.
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Defining the surface of headpiece by the reactivity of the introduced
cysteine, may be subject to overestimation or underestimation of the
solvent exposed surface. For example, the P and 5 methyl groups of an
arginine might be inaccessible to the surface, though the amino group is
exposed. Substitution to the small cysteine side chain at that site might
completely protect the sulfhydryl group from modification. Or, one might
imagine a leucine whose hydrophobic side chain is buried in the domain,
but the substituted and slightly polar cysteine cannot make the same
contacts, favoring rotation about the peptide bond, and placing the
sulfhydryl group in partially protected or exposed environment.
The fast reactive mutants are: L8C, F16C, L18C, D19C, P30C, D34C,
K38C, E39C, D44C, E45C, D46C, S56C, L63C, K65C, N68C, K70C, E72C, and
L75C. These surface accessible sulfhydryl side chains are the ones that are
most likely to be at the functional surface of the domain and to be actin
binding mutants. They are also likely to have wild type stability.
The slow reactive mutants are: V22C, T24C, A25C, R31C, R37C, F47C,
M53C, K73C. These mutants are expected to be involved in the structural
interior of the domain and are not likely to represent wild-type positions
that are normally involved in direct interactions with actin. Effects of these
mutations on actin binding might be secondary effects on the structure or
the stability of the domain.
Thermal denaturation of the mutants
The circular dichroism study of the mutants was chiefly intended to
recognize those substitutions to cysteine that grossly perturb the overall
stability of the domain. Not only does this distinguish mutants that might
not be suitable for functional studies, but helps to identify positions that
might be involved in the structural core of the domain as opposed to the
functional surface of headpiece. It is critical to note that circular dichroism
principally samples the helical structure of the domain and only provides a
measure of the global stability of the domain. Every mutation to cysteine,
including those on the surface, creates a limited local effect on the structure
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of the domain. These local effects may be as small as sub-angstrom
movements of a single side chain or the unfolding of a small sub-domain,
and be undetectable by circular dichroism spectra or thermal denaturation.
Given the tolerance of cysteine in almost all kinds of structural space, and
the ability of proteins to adapt to minor changes, the failure of a mutation to
destabilize the domain is not interpretable. If these mutations occur at a
functional side chain, however, there might be profound effects on the actin
binding activity of the domain.
The minor destabilization of the rapidly reactive cysteine mutations
of Glu45 and Asp46, and more severe instability of Asp44C, may show that
the direction of these acidic amino acids to the protein surface by their
hydrophilic nature is important to the folding of the protein. Asp44 may be
involved in a stabilizing internal structure such as a r-sheet. There are
marginal changes in the overall stability of the domain seen in the
mutation of the charged amino acids, K65, K71, and E72 to cysteine. This
may be from the loss of a variety of favorable interactions from the longer
side chains and the hydrophilic end groups may control the folding of
subdomains of headpiece by directing segments to the domain's surface.
The slightly greater destabilization Ala49C and Leu63C may reflect
their role in stabilization of domain's core. The substitution of alanine for
cysteine may create unfavorable interactions due to the insertion of the
larger cysteine side chain. This alanine is flanked by several other
hydrophobic amino acids. Leu63C was rapidly reactive to Ellman's reagent
and is in between Pro62 (potentially on the surface) and Trp64 (potentially
buried). Mutation of this position to cysteine may result in the loss of
favorable interactions of the hydrophobic leucine side chain with amino
acids of the protein's interior.
The five most unstable mutants: His41C, Asp44C, Phe47C, Met53C,
and Arg55C are probably all positions in the wild type structure that are
critical for the stability of the domain. and are within only 14 amino acids of
headpiece sequence. Even the most destabilized mutants, His41C and
Phe47C have their greatest circular dichroism signal at 25 *C, almost 30
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degrees below their Tm. Phe47C, and Met53C are protected, and Arg55C is
partially protected from DTNB modification, and are likely components of
the protein interior; their actin binding activity will be considered in this
light.
All three of the stabilizing mutations are within six amino acids in
the relatively charged and polar carboxy terminus, and the entire carboxy
terminal 15 residues are identical between human and chicken. Two of the
mutants Asn68C (+ 8.5 *C), Lys70C (+11.5 *C), were rapidly reactive with
Ellman's reagent and the third, Lys73C (+4.5 *C), was virtually unreactive.
A third mutant Glu39C (+ 3.5 *C) is marginally stabilized. In each case, the
cysteine appears to stabilize the folded state of the domain relative to the
wild-type residue. That is to say, at these positions, the protein sequence has
not been optimized by evolution for stability. This suggests a evolutionary
pressure other than protein stability to conserve this structure. The most
conserved residues will be the key determinants of the structural core, and
the functional amino acids. The relative "instability" of the wild-type
sequence, suggests that these amino acids and their near neighbors are at the
functional site, or play an important structural role in creating the
functional surface of headpiece.
We do not know of all the functions of headpiece's surface, such as
interaction with villin core, phospholipids, or other proteins of the
microvillus. These sites may be to direct attractive interactions, or even to
create repulsive interactions to avoid deleterious competition with other
actin-binding proteins or domains of villin. A selection against maximal
stability might even be to create a proteolytic instability of the protein to
allow protein degradation and turnover. However, for lack of any other
demonstrated functions of the domain, these residues may be at or near the
actin binding site.
Helical and non-helical subdomains
The summary figures of the thermal denaturation data show that
there are no mutants that effect the global stability of the domain in residues
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1-36 of the domain. All of the cysteine mutants that stabilize or destabilize
the domain as measured by circular dichroism thermal denaturation curves
are within residues 37-76. This hints at the existence of structural
subdomains in villin headpiece. In residues 1-36, the substitution to
cysteine does not cause any major perturbation to the helical sub-domains of
headpiece. Mutations in this region may destabilize or stabilize the
subdomain but these changes 1) do not effect the overall stability of the
domain, and 2) are not detectable by circular dichroism. There is clearly
stable tertiary structure in this region as evidenced by its protease resistance
and the complete or partial protection of cysteine mutants at residues 22-28,
31, and 34. This suggests that the structure in the amino terminal 36
residues may not be helical and may not influence the folding and global
stability of the carboxy terminal subdomain. Thus, it may be possible to
further subdivide villin headpiece into smaller stable structural domains,
and may also delineate a smaller functional domain.

Conclusions
The studies of the single cysteine point mutations of headpiece
described in this chapter have achieved several goals.
1. I have limited the set of possible actin-binding site mutations by
identifying amino acid positions involved in the structural core of the
domain and amino acid positions that are not on the solvent accessible
surface of the domain.
2. These results establish constraints and provide important
structural information for theoretical models of the domain and the
determinants of its structure.
3. The findings described here can be used to corroborate and confirm
structural information that is obtained by direct physical methods such as xray crystallography and NMR spectroscopy.
4. I have provided evidence for the existence of structural
subdomains within headpiece that might be used to further dissect the
structure and function of the domain.
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5. I have created a powerful set of reagents with which to probe global
and local structure of the domain through study of the mutant proteins and
utilization of the sulfhydryl side chain.

MATERIALS AND METHODS
Oligonucleotide design and synthesis
Oligonucleotides were 30-35 nucleotides in length and contained
approximately 15 complementary nucleotides on the either side of the
mutation. Oligonucleotides were synthesized on a Dupont Gene Coder 300.
Oligonucleotides were purified by affinity purification to the 3' trityl group
on Applied Biosystems Oligonucleotide purification cartridges according to
the manufacturer's instructions (Applied Biosystems, Inc., Foster City, CA).
Purity was assayed by polyacrylamide gel electrophoresis prior to their use in
mutagenesis reactions.
Cloning into M13 and ssDNA mutagenesis
The Bgl II to Sph I fragment of pDDHP5 was cloned into the BamH I
to Sph I sites of M13mp19 and a recombinant plaque was selected according
to standard methods and was designated M13mp19HP11. Single stranded
template was produced by passage of the phage through CJ236, a dutungstrain of E. coli. Mutagenesis was performed according to the method of
Kunkel as described in (Ausubel et al., 1987).
Sequencing and cloning into pAED4
The entire coding sequence of HP can be read on a single 6%
acrylamide sequencing gel, and sequencing of the mutants was performed
with Sequenase according to the manufacturer's instructions (United States
Biochemical, Cleveland). Double stranded M13 DNA was purified by CsCl
gradients for the correct clones and the 476 bp Xba I to Hind III fragment pf
M13mp19HP11 was cloned into the Xba I to Hind III site of pAED4AXba.
pAED4AXba is pAED4 in which the redundant Xba I site was removed by a
deletion with Sal I. This directional cloning strategy resulted in almost
100% correct recombinants.
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Expression testing of mutants
Cysteine mutants cloned into pAED4 and transformed into E. Coli
BL21(DE3) were induced in 2 ml. cultures and screened for over-expression
of headpiece by SDS-PAGE. Over-expressing clones were preserved as
bacterial stocks in 50% glycerol at -80 *C and as purified plasmid DNA at -20
*C.
Small scale purification of mutants
250 ml. cultures of the cysteine mutants were grown and induced at
an OD590 of 1, in 2 x TY with ampicillin. Pelleted cells were frozen and then
lysed by sonication in 2 ml. of CB5: 10 mM Tris-HCl, pH 8.5, 50 mM NaCl, 0.1
mM EDTA and 1 mM DTT. The lysate was clarified by centrifugation at 10
krpm for 5 minutes (15,000 x g ) and then at 100 krpm for 10 minutes at 4 *C
in a Beckman TL-100 ultracentrifuge, and the supernate was loaded onto a
0.8 x 40 cm G-75 column in CB5. The peak fractions were pooled, dialyzed
overnight against water and lyophilized. The lyophilized G-75 pool was
suspended in 1 ml.. of 0.1 M Ammonium Bicarbonate, pH 8.0, and flowed
through a 1 ml. DEAE-Sephacyl (Pharmacia Fine Chemicals, Piscataway, NJ)
and lyophilized. The lyophilized DEAE flow-through was suspended in
water, centrifuged at 20,000 x g, and the supernate was stored at -20 *C in 5
mM HCl (pH 2.0).
Assay of mutant purity
The purity of the mutants was assayed by SDS-PAGE and reverse
phase HPLC. Samples were injected on a 2.1 x 250 mm Vydac C18 column
running at 0.2 ml./min and developed with a 0.6% CH 3 CN/min gradient of
0% CH3 CN,0.1% TFA to 80% CH3 CN,0.085% TFA. Mutants elute near 46%
CH3 CN.
Dimer formation
Mutants at approximately 450 pM were lyophilized and suspended in
10 mM Tris, 1 mM MgCl2, pH 8.5 and allowed to air oxidize at room
temperature for 48 hours. Protein samples were then analyzed on 15% SDSPAGE gels with or without P-mercaptoethanol in the gel sample buffer.
Ellman's assay for cysteine reactivity
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Peptide was reduced at room temperature in 0.1 M Phosphate, 1 mM
EDTA, 25 mM NaCl, 40 mM DTT pH 7.4 and then DTT was removed by
desalting on a 10 ml. G-10 column equilibrated in 0.1 M Phosphate, 1 mM
EDTA, 25 mM NaCl, pH 7.4. The peak 1 ml. fraction, containing
approximately 25 pM peptide, was collected and immediately placed in a
stirred cell in an Aviv model 14DS UV-Vis-IR spectrophotometer
(Lakewood, NJ). After allowing the sample to equilibrate to 25 *C, 20 p1 of 3
mM 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB (Pierce Chem. Co., Rockford,
IL) was added to a final concentration of 60 pM. The change in absorbance at
412 nm was measured every second with an averaging time of 0.1 second
until the sample had reached equilibrium. After background subtraction,
the time (T1/ 2 ) after addition of DTNB at which the sample reached half
maximal absorbance was calculated.
Circular dichroism thermal denaturation
Approximately 350 pg of peptide was dissolved in 100 p1 of 10 mM
Sodium Phosphate, 25 mM NaCl, 2 M guanidine hydrochloride, 50 mM
DTT, 0.1 mM EDTA, pH 7.4 and allowed to reduce at room temperature for
30 minutes. DTT was then removed on a 10 ml. G-10 column equilibrated
in 10 mM Sodium Phosphate, 25 mM NaCl, 2 M guanidine hydrochloride,
0.5 mM DTT, 0.1 mM EDTA, pH 7.4. The peptide was collected as a 2.5 ml.
fraction of approximately 20 pM headpiece, directly into a quartz cuvette and
immediately assayed. Melts were monitored at 222 nm from 5 - 80 *C in 3 *C
steps, sample equilibration time was 2 minutes at each temperature at an
averaging time of 15 seconds. Sample concentration was adjusted so that
maximal dynode voltage did not exceed 350 volts. Thermal denaturations
were analyzed as described for wild-type headpiece.
Circular Dichroism spectra
Samples were prepared and reduced as for the thermal denaturation.
Samples were diluted in buffer to a signal of -35 mdeg at 208 nm. Scans were
performed at 25 IC, from 200-300 nm (below a dynode voltage of 400 V),
every 1 nm at an averaging time of 2 seconds.
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CHAPTER 4: MAPPING THE F-ACTIN BINDING SITE

INTRODUCTION

Introduction to Chapter 4
The theoretical analysis of the headpiece sequence, and the
experimental analysis of the cysteine mutants, identified candidate amino
acids that might comprise the surface of headpiece. A subset of the surface
amino acids must interact specifically with f-actin. This chapter begins with
an introduction to the tertiary structure of the actin filament and to the
binding sites of actin, and the binding sites of other proteins for actin. In
addition, I provide an overview of the mapping of f-actin binding sites, and
the recognition of f-actin binding sites from primary sequence data. The
results section of this chapter details the mapping of headpiece's f-actin
binding site using the cysteine mutants of headpiece.

Actin Structure
Actin is one of the most strongly conserved proteins through
evolution. Analysis of 30 animal isoforms shows that only 32 of the 375
amino acids may be substituted (Hambly et al., 1986), and two thirds of these
substitutions are confined to two small variable regions, including the
amino terminus (Hambly et al., 1986), (Vandekerckhove and Weber, 1984).
This conservation of actin has allowed the comparison of actins and actin
binding proteins from very divergent species. Between plant and non-plant
genes the level of substitution is approximately 10%, and the actin gene
predates the divergence of monocots and dicots. Divergence times of actin
genes on the order of 650 million years suggests that specialized actin forms
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appeared at the same time as the evolution of new types of cells and tissues
(Hightower and Meagher, 1986).46
There is an enormous body of literature that describes biochemical
and physical studies of actin structure and polymerization [reviewed in
(Kom, 1982),(Pollard and Craig, 1982) (Egelman, 1985), (Pollard and Cooper,
1986)]. Recently, the crystal structure of DNase I complexed to an actin
monomer was solved at high resolution (Kabsch et al., 1990). Though factin has not been crystallized, accurate x-ray diffraction of f-actin fibers has
elucidated the structural features of actin along the dimension of the
filament axis. Using the structure of the actin monomer and the fiber
diffraction parameters, Holmes, et al. were able to make a high resolution
structural model of the actin filament (Holmes et al., 1991). The following
discussion is based on these crystal structures [reviewed in (Holmes and
Kabsch, 1991)].
The actin monomer is roughly a quadrilateral with a 55 A square face
and a width of 35 A. There are two major domains, each of which is
comprised of two subdomains. They are defined as: subdomain 1 (residues
1-31, 70-144, 338-372), subdomain 2 (residues 33-69), subdomain 3 ( residues
145-180, 220-337), and subdomain 4 (residues 181-269).47 The rectangular
shape makes actin a very flat molecule and thus creates a very large surface
for intra-filament interactions and exposes a large surface to actin binding
proteins. The formation of the filament involves interaction of all four
domains and includes the insertion of a hydrophobic loop into a pocket

46 It is important to note, that, due to the conservation among actins, most
biochemical studies in the field are performed in heterologous systems, for
example, the analysis of chicken villin and human gelsolin binding to
rabbit muscle actin.
47 See Figure 4.1.
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formed by two monomers in the opposite strand, perhaps making a trimer
the stabilizing unit of the filament.
DNase I binds to monomeric actin by binding to a surface loop in
domain 2 (principally Gly42, Val43, and Met44) and incorporating it into a
sheet structure at the binding site. Lys6l forms a salt bridge to DNase I and
had been implicated in DNase I binding by EDC crosslinking experiments
(Sutoh, 1984). The DNase I binding loop (41-50) is part of the monomermonomer interface and is part of the dense and extensive hydrophobic core
that is at the actin filament axis. The myosin binding site appears to
principally involve surface loops between beta strands of domain 1, and
when the myosin contact sites are identified on the filament model, they
form a surface patch of residues distant from the helix axis.
The least certain regions of the actin monomer crystal structure and
the filament model, are the amino and carboxy termini. These two
segments are closely juxtaposed in domain 1. This domain is the most
distant from the helix axis and is, therefore, most accessible to actin binding
proteins. The uncertainty in the structure of this region is due to the
conformational freedom and flexibility of these segments. These two acidic
regions are frequently found crosslinked to actin-binding proteins. It is
possible that the flexible nature of these regions is important to their
interaction with non-muscle actin binding proteins, but also might lead to
secondary interactions that are likely to be trapped by chemical crosslinking
agents.
Studies to map the actin-binding sites of proteins upon actin are
enormously complicated by the fact that there are actin-actin contacts among
actin monomers in the filament. Each actin monomer probably makes
contacts with four other monomers. The actin-actin interface has now been
described by the modeled f-actin structure. When sites are biochemically
mapped on the actin surface, it is not clear if these are sites on the same
monomer, adjacent monomers, or relatively distant monomers. The
implications of this potential confusion upon the models of actin binding
sites and regions of contact are great.
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The actin-actin interface is of particular relevance to the mechanism
of filament severing. In severing, there is a non-proteolytic separation of
actin monomers in the filament, and the severing protein remains bound to
the end of one the created filaments. There are two frequently considered
mechanisms: 1) the severing protein induces a conformational change in
the actin filament causing monomer separation, or 2) the severing protein
intercalates itself between monomers and thereby, directly binds or mimics
the actin-actin interface. Presumably, the mechanism of actin bundling is a
simpler process. In actin bundling, the monomer-monomer contacts need
not be disrupted, and the bundling protein interacts with the solvent
exposed surface of the f-actin filament.
Protein Binding Sites on actin
Much of the information about the location of protein binding sites
on actin has come from chemical crosslinking studies using the zero-length
carbodiimides. In almost all of the studies, crosslinking has been to the
acidic amino terminus of actin [shown in Figure 4.2(A)]. Muscle proteins
crosslinked to this region include myosin (Sutoh, 1982) and troponin I.
Non-muscle proteins crosslinked to actin's amino terminus include
depactin (Sutoh and Mabuchi, 1984), fragmin (Sutoh and Hatano, 1986),
cofilin (Muneyuki et al., 1985), alpha-actinin (Mimura and Asano, 1987), and
the amino-terminal domains [17N and 28N] of gelsolin (Sutoh and Yin,
1989).
Non-muscle actin binding proteins crosslinked to the carboxy
terminus of actin include profilin (Vandekerckhove et al., 1989), depactin
(Sutoh and Mabuchi, 1984), (Sutoh and Mabuchi, 1986), DNase I (Sutoh,
1984) and the carboxy terminal domain [38C] of gelsolin (Sutoh and Yin,
1989), (Doi et al., 1991). Also, the alkaline light chain 1 of myosin crosslinks
to actin's c-terminal acidic residues 360, 362, and 363 (Sutoh, 1982).
Some other regions of actin have been identified by chemical
crosslinking, that generally reside in domain 1, not too distant from the
amino- and carboxy-termini. Subfragment-1 of myosin [S1] has been
162

crosslinked to amino acids within actin residues 1-28 and 40-113 (Bertrand et
al., 1988), and a-actinin has been crosslinked to Lys112 and to the residues
within 86-119/123 of actin (Mimura and Asano, 1987). Chemical
crosslinking has an inherent bias toward side chains of particular types, and
the limitations of carbodiimide mapping of binding sites is discussed, below.
Actin Binding Sites on proteins
There has not yet been the crystallization of an f-actin binding
protein, or an f-actin binding protein complexed to actin. The two crystal
structures that have been solved, are the DNase:actin structure and the
(unpublished) profilin: actin structure. The DNase I binding site mimics an
actin monomer, and thus may model the binding of some classes of
monomer sequestering proteins, and capping proteins. Our knowledge of
the actin binding sites on proteins at the amino acid level derives
principally from chemical crosslinking and peptide binding experiments as
well as a more limited number of studies that employ chemical
footprinting and site-directed mutagenesis studies. The following
discussion will highlight some of the results from these different, though
often complementary, experimental approaches to mapping actin binding
sites.
The site at which EDC crosslinks actin to actin binding proteins has
been identified for a small number of proteins. All of these regions are rich
in basic amino acids. It has been suggested that the acidic terminus of actin
attracts the positively charge regions of actin binding proteins and may help
orient them for binding. Therefore, carbodiimides might preferentially trap
such early interactions that might just be the first step in the binding process
(Vandekerckhove, 1990). Carbodiimides will crosslink interacting basic and
acid side chains into an isopeptide bond, and does not serve as a probe of
other kinds of protein-protein interactions. As mentioned, numerous
proteins have crosslinked to the amino terminus of actin, which is the most
highly mobile region of actin and might be promiscuous for basic residues
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(Kabsch et al., 1990). However, not all proteins crosslink to actin's termini
[e.g. , (Vandekerckhove et al., 1989)], adjacent monomers are not crosslinked
by EDC, and control proteins are not crosslinked to actin (Vancompernolle
et al., 1991). As will be described below, some of the regions on actin binding
proteins that have been crosslinked to actin with EDC are conserved regions,
and peptides to some of these regions compete for actin binding. These
results argue that EDC is trapping specific interactions in the binding
process, though this only identifies one class of such interactions.
Cofilin has been EDC crosslinked to actin at cofilin's Lys112 or Lys114.
A dodecapeptide that flanks this region inhibits cofilin crosslinking to actin
and inhibits actin polymerization. A heptapeptide of sequence D A I K K K L
specifically blocks cofilin actin binding and accelerated actin polymerization
(Yonezawa et al., 1989). The sequence in this region has been found in four
other low molecular weight actin depolymerizing proteins, destrin, ADF,
and depactin (Yonezawa et al., 1991).48
EDC crosslinking of actobindin to actin identified that Lys16 of
actobindin could crosslink to GlulOG or an amino-terminal glutamic acid
and that Lys52 of actobindin crosslinked to the amino terminus of actin
(Vancompernolle et al., 1991). The amino terminus of actin and GlulOO are
near each other in the structure of actin. This site on actobindin has also
been found in a number of other actin binding proteins (Safer et al., 1991),
(Vancompernolle et al., 1991) and is shown in FG 4.2.

48 Fig 4.2 (A) The sequence of the amino and carboxy termini of several
types of actins. The acidic and basic residues which might be targets for
EDC crosslinking. (B) Two actin binding motifs identified by chemical
crosslinking. The proteins listed first, cofilin and actobindin, were
crosslinked to actin, and the sites of other listed proteins were identified by
sequence homology. (C) Two actin binding motifs identified by peptide
binding experiments. The sites on the proteins listed first, ABP-120 and
villin were identified experimentally, the sites of the other listed proteins
were recognized by sequence homology.
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Peptide binding experiments have become increasingly utilized to
study actin binding. One method has been to purify peptides of an actin
binding protein by their ability to bind to actin. An analysis of tryptic
peptides of ABP-120 for Dictyostelium showed that a 27 amino acid sequence
was necessary for cosedimentation with f-actin (Bresnick et al., 1990).
Furthermore, a synthetic peptide of this region inhibits actin binding by
ABP-120 as does the Fab' fragment of the anti-27 mer antibody (Bresnick et
al., 1991). As shown in figure 4.2(C), this region also bears homology to a
number of actin crosslinking proteins (Bresnick et al., 1990), (Matsudaira,
1991), (Adams et al., 1991). An analogous experiment with tryptic peptides
of human red blood cell $-spectrin, delineates a sequence from alanine 47 to
lysine 186 that binds to f-actin and also bears homology to a-actinin and
dystrophin (Karinch et al., 1990).
Regions of myosin that have been shown to bind to actin by a variety
of biochemical and biophysical methods have been modeled by short
peptides. The S-site around cysteine 705 on the heavy chain is critical for
actin binding (Katoh et al., 1985), and can be modeled by a heptapeptide Ile
Arg Ile Cys Arg Lys Gly (Suzuki et al., 1987), (Eto et al., 1990), (Eto et al., 1991).
A longer peptide in the same regions, 690-725, will bind specifically to actin,
inhibit actin-ATPase activity, and influence contractile force in isolated
fibers (Keane et al., 1990). An acidic peptide that neutralizes the basic charges
in the S1 sequence 633-642 reduces the actin binding activity of S1
(Chaussepied and Morales, 1988).
A region of villin that was shown to contact actin by chemical
footprinting experiments has been modelled by synthetic peptides. Peptides
containing the basic charge cluster within residues 138-146 bind to actin
filaments. These peptides require that the basic charges be within a nine
residue peptide, and the pentadecapeptide of villin residues 133-148 inhibits
villin's severing activity (De Arruda et al., 1992).
Chemical foot-printing compares the pattern or extent of reactivity of
an amino acid on a protein in the presence and absence of its binding
166

partner. Amino acids that are at or near the protein-protein interface will be
inhibited or blocked from chemical reaction. The reactivity of lysines has
been used to map the surface of actin as well as the actin monomer interface,
and these studies have been confirmed by the filament model (Lu and
Szilagyi, 1981), (Szilagyi and Lu, 1982), (Hitchcock-De Gregori et al., 1982).
The protein surfaces and interaction sites of troponin-C and troponin-I have
been mapped by the relative reactivity of the lysines with radiolabelled acetic
anhydride (Hitchcock et al., 1981), (Hitchcock, 1981).
The use recombinant methodologies and mutagenesis is has only
recently been applied to the study of actin binding sites and actin binding
proteins, and I have found no published reports of the mapping of an actin
binding site by site-directed mutagenesis. (The report of De Arruda et al. has
been mentioned.) There is also a report in press that identifies an actin
binding site in the first domain of gelsolin, and shows that mutations in two
conserved motifs have no effect on actin binding (Way et al., 1992).
Actin Binding Assays
The affinity of many actin-binding proteins for actin is the pM range.
This is probably due to the high concentration of actin in the cell that is
approximately 200 pM and can be as high as several millimolar in regions
such as the microvilli and focal contacts. Consequently, interactions that
might be thought of as low affinity in the context of other proteins are likely
to be significant for actin binding proteins. The direct assays for binding to factin are not very sensitive or easy to quantify. There are sensitive assays
for effects on actin polymerization that take advantage of changes in a
fluorescent probe on actin. These polymerization assays, though sensitive,
are not structural assays and are an indirect measure of binding and they can
only be interpreted by applying structural models.
The most common assay to qualitatively measure a protein binding
to f-actin is the actin co-sedimentation, or "pelleting" assay. Actin polymers
are of sufficient size that they will sediment out of an aqueous solution
upon centrifugation at forces of -100,000 times gravity. Nearly 100% of the
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actin in a solution of 25-50 pM actin (1-2 mg/ml) will be found in the
protein pellet after centrifugation at 100,000 x g for 30 minutes. This is not
sufficient force to cause soluble, monomeric proteins to sediment. In a
pelleting assay, a protein of interest is incubated with actin, subjected to
centrifugation, and the protein found in the supernatant fraction represents
'free' protein, and that in the pelleted fraction, represents 'bound' protein.
In addition, if a protein promotes the disassembly of actin filaments, there
will be a detectable increase in the quantity of actin found in the supernate.
This assay may be made quantitative by radio-labelling of the actin binding
protein or actin, or by quantitative densitometry of SDS-PAGE gels of the
centrifuge fractions.
Mapping the actin binding site
Why map an actin binding site? The cysteine scanning approach to
studying the structure of headpiece may be described as an attempt to get
crystallographic information by non-crystallographic means. As such, the
resolution and interpretation of the structural data is limited to qualitative
conclusions and predictions of the domain structure. In order to progress
from structural predictions of secondary structures to a prediction of tertiary
structure there must be topological constraints that position structural
elements relative to each other. Amino acids that are found to interact with
actin are likely to be near one another in the tertiary structure, or on the
same general face of the domain. Mapping the actin binding site may place
residues that are distant in the primary structure near each other in the
tertiary structure and be useful for predictions of the tertiary structure of the
domain.
The nature of headpiece (size, stability, and solubility) makes it a
superb candidate for solution of a crystal structure. However, f-actin has
proved impossible to crystallize and a co-crystal of headpiece and f-actin is
highly unlikely. In the best of cases, with two high resolution crystal
structures of interacting proteins, it is extremely difficult to model how two
proteins might interact. [This was only possible in the case of actin due to
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the filament diffraction data.] However, any biochemical information that
identifies interacting amino acids, enormously reduces the number of
possible binding geometries, and identification of the actin binding site on
the crystal structure of headpiece will require the biochemical mapping,
described in this chapter.

RESULTS
Prediction of the actin binding sites on headpiece
As mentioned above, clustered basic charges have been frequently
implicated in the mechanism of f-actin binding. If we apply a relatively
relaxed criterion for a basic cluster, that the two out of five residues in a five
residue window be basic, there are only two clusters in headpiece. The first
occurs in the sequence Pro35 - Ser36 - Arg37- Lys38 - Glu39 - Asn40, and the
second in the sequence Leu69 - Lys70 - Lys7l - Glu72 - Lys73 - Gly74. Among

mouse and human headpiece there is a third basic cluster that includes
Arg63 and Lys65, but in chicken there is a leucine at position 63. A
comparison of the three sequenced species shows:
Chicken V D P S R K E N H L S

...P L W K Q N L K K E K G L F

Mouse

V D P S S K E E H L S

...P R W K Q N I K K E K G L F

Human

V D P S R K E E H L S

...P R W K Q N L K K E K G L F

In the mouse sequence, there is only a single basic charge in the first
cluster; there is a Serine at position 37. Human and mouse headpiece both
contain a lysine at position 24, but there are no other conserved basic
residues among these three species. Therefore, if there is a cluster of basic
charges in the tertiary structure that forms one or more f-actin interaction
sites, it would include the sequences of headpiece at near residues 37 and 38,
70-73, and possibly near residues 63-65.
Charged-to-cysteine mutants; EDC crosslinking experiment
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In order to identify the site of EDC cross-linking of headpiece to actin,
all of the cysteine mutants that are substitutions of acidic and basic amino
acids were crosslinked to f-actin. 49 Actin at 36 pM was incubated with 45 pM
headpiece-cys peptides and crosslinked for one hour at room temperature.
The crosslinking was judged qualitatively by electrophoresis of the crosslinking reactions on SDS-PAGE gels. All of the tested mutants showed a
wild-type pattern of crosslinking to actin. In the experiment shown in Fig
4.X (A), it appears that Asp28C, Lys71C, and Lys73C do not crosslink with as
high yields as the other mutants. This is not a reproducible result, and this
is illustrated by a second independent experiment in panel (B) in which
crosslinking to Lys71C and Lys73C shows the wild-type pattern of high
molecular species. The mutants show the wild type pattern for both the
putative actin monomer-headpiece species, and the actin dimer-headpiece
species.
PelletingAssays
The actin binding activity of the mutants was compared by their
ability to co-sediment with f-actin at a fixed condition of headpiece and actin
concentration. Purified mutants were diluted to the same concentration on
the basis of their tryptophan absorbance at 288 nm in 6 M GuHCl. These
dilutions (shown in Fig 3.4) were run on SDS-PAGE gels and quantified by
densitometry. On the basis of these measurements, the dilutions of mutants
were adjusted if necessary to be equal to the concentration of wild-type
headpiece. The concentration of the mutants was double-checked, to guard
49 Fig 4.3 EDC crosslinking of the charged-to-cysteine mutants of headpiece.
(A) 7.5-20% gradient SDS-PAGE gel of the crosslinked mutants. The wild
type amino acid number of each mutant is shown below the gel. (B)
Several mutants which are not clearly seen to crosslink to actin in panel
(A) are shown to effectively crosslink to actin in an independent
experiment.
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against methodological errors, after the assay by totalling the amount of
peptide in the supernate and pellet fractions.
Measurement by densitometry demands that the quantity of
headpiece be in the band be sufficient to be measured accurately (>_100 ng),
but also be within the linear range of the instrument (_. 1500 ng). The
amount of headpiece in the assay, and the actin concentration, had to be
such that both the bound peptide (in the pelleted fraction) and unbound
peptide (in the supernatant fraction) fell within a range that could be loaded
onto a mini-protein gel. Due to the variation in staining and de-staining
from gel to gel, every gel used to quantify the protein dilutions or to
measure the results of the assay, contained at least six samples of pure
headpiece to produce a standard concentration curve. 50
A comparative pelleting assay on all of the mutants was performed
several times with very consistent results. To address the concern that the
actin concentration and peptide concentrations varied from experiment to
experiment, all forty mutants were assayed under identical conditions,
simultaneously. Duplicate samples of wild-type and mutant peptides were
mixed with actin at a final concentration of 43 gM headpiece and 26 pM factin in binding buffer (10 mM Tris, 100 mM NaCl, 1 mM MgCl2, 5 mM
DTT, 0.1 mM ATP, pH 7.4) at a final volume of 100 microliters. After
incubation for 4-6 hours at room temperature, samples were centrifuged for
one hour at 90 krpm, fractions were separated and diluted to identical

50 Fig 4.4 Concentration of headpiece-cys mutants used in the single point
pelleting assay. (A) A plot of three standard curves from three of the gels
used to quantify the results of the assay. Each line was created by duplicate
samples of 100, 200, and 400 ng of purified WT headpiece. The difference
in the positions of the lines is due to variability in staining and de-staining
the gels. The R values of the equation for the lines is indicated. (B) A bar
graph showing the concentration of the mutants used in the assay as
determined by summing the amount of peptide found in the supernate
and pellet fractions. Wild-type headpiece was at 43 pM (0.37 mg/ml).
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volumes of SDS-PAGE sample buffer. All samples were run on gels with
internal calibration standards. Any mutants that appeared to be at the
wrong concentration were re-diluted and assayed. All of the mutants were
assayed with the same diluted preparation of f-actin within 48 hours. 5 1
The results are expressed in Fig 4.X as the inverse of the percentage of
total peptide pelleted. 44% of wild-type headpiece co-sedimented with actin
in these conditions. Values for the assay are shown as the average of two
samples. To verify the results half of the mutants, including all of those
that have consistently shown reduced actin binding were re-assayed.
Therefore, mutants with have visible error bars represent the average and
the deviation of 3-5 samples. The wild-type samples were repeated eight
times, and the deviation of that measurement is used to express the results
for the mutants as the number of standard deviations away from the wildtype sample.
The results of this assay are clear and striking. Mutants that have
clearly reduced actin binding activity are Lys38C, Glu39C, Phe47C, Lys65C,
Lys70C, Lys71C, Leu75C, and Phe76C. The mutants with the next most
reduced actin binding activity are Phe16C, and Leu63C. An additional
eleven mutants are within 1-2 standard deviations of the wild-type value
but this is within the deviation of those measurements and the affinity of
these mutants for actin cannot be judged in this assay. These eight mutants
define two actin binding regions in the headpiece primary structure; at the

51 Fig 4.5 Samples from the pelleting assay of the headpiece-cys mutants.
This figure shows 15% SDS-PAGE gels of the supernates and pellets of
seventeen cysteine mutants, including all of the actin binding mutants.
Each pair of lanes is the supernate and pellet for a particular mutant and
each gel shows 100 and 300 ng of purified wild-type headpiece (Stds). Actin
binding mutants can be qualitatively recognized on these gels by
comparison with the samples with wild-type activity on each gel: A26C,
R55C, WT, H41C, E45C, N68C, and E72C. Values for each mutant were the
average of 2-5 samples like those shown here.
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middle of the sequence near residue 38 and at the carboxy terminus of the
domain. 5 2 Every single one of the positions that greatly reduced actin
binding when mutated to cysteine is conserved among chicken, mouse and
human villin headpiece. 53 These results are discussed in detail, below.
DISCUSSION
Isoforms and isoform specific binding
All of the experiments described in this thesis have been performed
using rabbit skeletal muscle actin. The endogenous actin that is bound to
villin most resembles a cytoplasmic actin, though it contains a muscle-like
epitope. The sequence divergence of these two actins is greatest at the acidic
amino terminus, which is precisely the region implicated in the binding of
non-muscle proteins to actin. It is possible that the affinity and specific
interactions formed by headpiece is dependent on the isoform of actin, but
this has not been quantitatively demonstrated for any actin binding protein.
This study has also only studied the chicken headpiece structure and not
that of the human or mouse villins. However, all of the functionally

52 Fig 4.6 The pelleting assay of the headpiece-cys mutants. (A) The result of
the assay is illustrated as the inverse of % mutant pelleted for wild-type
headpiece and the forty cysteine mutants. Samples without error bars are
the average of two samples, those with bars indicate the average and
standard deviation of 3-5 samples. (B) The results shown in (A) are plotted
to show the % peptide pelleted as the number of standard deviations away
from the wild-type value. The black boxes on the horizontal axis indicated
mutants that were assayed and found to be within one standard deviation
of wild type.
53 See Figure 4.7.
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Fig 4.7 The actin binding sites of chicken villin headpiece identified by
cysteine scanning mutagenesis. Single point mutations to cysteine of the
amino acids shown in boxes, resulted in a significant reduction of the actin
binding activity of the domain.

important positions identified by the mutagenesis, as well as most of the
structurally important positions, are identical across all three species.
EDC crosslinking of the charged-to-cysteine mutants
Headpiece is crosslinked to actin through one or more of its acidic
residues, one or more basic residues, or through the terminal amino or
carboxyl groups. The presence of a high molecular weight band at the
approximate molecular weight that is expected for headpiece crosslinked to
two actin monomers, suggests multiple crosslinking sites to actin. The
production of this high molecular weight species did not appear to be
qualitatively effected by any of the substitutions to cysteine. The pelleting
assay shows that there are probably multiple charged amino acids (as great as
five) involved in headpiece binding to actin. It is possible that even though
the mutants have a significantly reduced affinity for actin, EDC can still trap
the interactions of the remaining charged site chains with actin. Mapping
the crosslinking site of headpiece may require multiple cysteine mutants or
quantitative and kinetic assays of the crosslink formation. As will be
discussed below, the cysteine scanning mutagenesis has probably identified
the actin binding sites on headpiece, and mapping this crosslink may not
provide any insight into this question.
The actin binding site(s) of headpiece
The pelleting assays of the headpiece-cys mutants have identified ten
mutants that significantly reduce actin binding, comprising Phe 16C, Lys38C,
Glu39C, Phe47C, Leu63C, Lys65C, Lys70C, Lys71C, Leu75C, and Phe76C. For
the discussion of the possible role of these residues in the actin binding
site(s) of headpiece, I consider each residue in turn; first the positions that
are hydrophobic in the wild-type and then the mutations of charged amino
acids. In order to serve as a reference for this discussion, the essential results
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of the cysteine scanning mutagenesis can be summarized as a venn diagram
shown in Fig 4.8.54
Phe47C. This cysteine mutant of Phe47 is the least likely of the actin
binding mutants to reflect the involvement of the native side chain in an
interaction with actin. This phenylalanine is a conserved position in
headpiece and is favored to partition to the hydrophobic core of the domain.
This prediction is supported by the Ellman's assay that shows the cysteine at
this position to be protected from reaction with ellman's reagent.
Furthermore, this is one of the two least stable cysteine mutants which
strongly argues for its role in the core of the domain. The reduced actin
binding activity may be due to structural changes in the domain to
compensate for this cavity creating mutation that perturb the geometry of
the actin binding site. The phenylalanine side chain may be in direct contact
with the peptide backbone or side chains of residues involved in the
interaction with actin. Alternatively, the higher amount of mutant in the
supernatant fraction may reflect a population of Phe47C that is unfolded and
reacted with DTT in the course of the assay. Since the other least stable
mutant His41C as well as Met53C, D44C, and R55C show almost wild type
binding, Phe47C may be involved in creating the core structure near the
actin binding site.
Phe16C . The reduced actin binding activity of Phe16C is near the
reliable limits of this assay, but distinctly and reproducibly shows reduced
actin binding activity. One possibility is that this phenylalanine plays a
structural role like that of Phe47. This mutant has wild-type stability but
destabilizing effects of this mutant may not be measured by circular
dichroism if they are not in a helical subdomain and do not effect the
stability of helical subdomains. The cysteine at this position is rapidly
accessible. Therefore, aside from the probability that Phe16 is buried, the
actin binding behavior, Tm and T1 / 2 of the cysteine mutant suggests a
surface hydrophobic residue. Though this residue is distant from the other

54 See Figure 4.8.
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Fig 4.8 A venn diagram that summarizes the essential results of the
cysteine scanning mutagenesis. The cysteine mutants are represented by
their positions in the wild-type headpiece sequence. Mutants are
illustrated in eight overlapping sets: The three classes of Ellman's reactivity;
Rapid, Intermediate,and Slow. Four classes of stability, Wild-type, Stabilized,
Mildly unstable, and Very unstable. The mutants with a Tm different from
wild-type are in their appropriate shaded sets (0), mutants with wild type
stability are underlined in the open circles corresponding to their Ellman's
class. Finally, the eighth set is the actin binding mutants, indicated in white
in the dark shaded areas ((D). The numbered sequence of chicken villin
headpiece is shown for reference.

actin binding mutants in the primary structure it may be part of the same
site in the tertiary structure.
Leu63C. Like Phe16C, this mutant has reduced actin binding activity
that is not as marked as the other mutants. This is a rapidly reactive, but
slightly destabilized mutant that was hypothesized in Chapter 3 to be
involved in hydrophobic interaction that stabilize the domain or the helical
subdomain at the carboxy terminus. This position is an arginine in the
mouse and human sequences and is flanked by conserved proline and
tryptophan. This position might make some interactions with actin that are
performed by the larger charged side chain in the other species, though this
seems unlikely.
Leu75C and Phe76C. Like all of the actin binding mutants, the effect
of these mutations may be on structure of the domain and may not directly
contact f-actin. However, unlike the other substituted hydrophobic
positions, these two positions, are extremely close to the actin binding
mutants Lys70C and Lys71C, and Phe76C has the weakest actin binding
activity of all of the mutants. Both mutants have wild-type stability, Leu75C
is rapidly reactive and Phe76C is partially protected from ellman's reagent.
Thus, if these two hydrophobic residues do not directly contact f-actin, they
must be intimately associated with the structure of the f-actin binding site.
Though studies of actin binding sites implicate charged amino acids,
the cysteine scanning mutagenesis has identified three cysteine mutants of
hydrophobic positions that have wild-type stability (F16C, L75C, and F76C)
and one with slightly reduced stability (Leu63C) that have significantly
reduced actin binding activity. While all of these may reflect secondary
structural effects upon the actin binding site, it is an exciting possibility that
one or more of them might be directly involved with actin binding. Surface
hydrophobic residues are predicted with the least success by theoretical
methods. Experimental methods such as chemical footprinting and
crosslinking rarely sample hydrophobic interactions, and the role of
hydrophobic interactions has not been studied by peptide binding
experiments.
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Lys38C and Glu39C. The cluster of lysines at the carboxy terminus of
headpiece had focused our attention away from other regions of the
sequence, when looking for putative actin binding sites. Both Lys38C and
Glu39C are likely to be surface residues because they are rapidly reactive and
are substitutions of charged side chains in a conserved hydrophilic stretch of
sequence. Lys38C has wild-type stability, and Glu39C has more stable than
wild-type, hinting that this position may have been conserved as glutamic
acid for functional reasons. The effect on actin binding of the substitution at
Glu39 is not as great as that at position Lys38, but it is easily discernible from
wild-type binding. These residues may interact with actin to bind one
monomer of a dimer, or may be spatially close to the carboxy terminal actin
binding residues, and form a single site that binds f-actin. [Two sites per
headpiece for an actin dimer will, like a single site for a monomer saturate
the actin filament at one mole headpiece per one mole actin].
Lys7OC and Lys71C. Lys70C is the most stabilized cysteine mutant of
headpiece and is rapidly reactive to ellman's reagent. This suggests that this
is a functional surface exposed position and mutation to cysteine allows a
stabilizing interaction in the domain. Lys71C is on the borderline of fast
reactive mutants and is very mildly destabilized relative to wild-type (Tm =
42 'C). This is consistent with a surface lysine whose side chain is partially
buried. Both mutants greatly reduce actin binding and are candidate amino
acids to be directly involved in the interaction with f-actin.
Lys65C. Lys65C is in the rapid class of cysteine mutants and is only
mildly destabilized relative to wild-type (Tm = 41 *C). This amino acid lies
between the potentially buried tryptophan and the hydrophilic sequence
Gln66-Gln67-Asn68. Like the other mutations of wild type lysines, K65C
may be directly involved in actin binding.
Amino acids that are the near neighbors of many of these mutants
have wild-type actin binding activity, e.g., R37C, N40C, N68, E72C, K73C.
This shows that mutations to cysteine can be tolerated at sites that are very
close to the actin binding residues, and that not all charged-to-cysteine
mutants in these regions will be actin binding mutants. N68C and K73C are
both more stable than the wild-type domain. These and other mutants, may
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make direct contacts with actin filament or with residues at the binding site,
but the mutation to cysteine preserves these interactions or leads to
compensatory interactions. These "near neighbors" of the actin binding
mutants that have wild-type affinity for actin, become good candidates to
use their sulfhydryl groups to delineate the actin binding site by chemical
footprinting.
Is this one of villin's bundling sites?
The cysteine mutants have identified two segments in headpiece's
linear sequence that may comprise the f-actin binding site(s) of chicken
villin headpiece. The experiments show that these residues are critical for
the binding of isolated headpiece to f-actin. But we must still ask; is this one
of villin's bundling sites? If headpiece is associated with villin's core
domain in the absence of calcium, then we must consider the appearance of
cryptic, or artifactual binding sites by the isolation of headpiece. Some of the
residues that I have identified to interact with actin may interact with core,
or may be sterically prevented from interaction with actin when in the
context of intact villin. A formal, but unlikely, possibility, is that the true factin bundling site is created by an interface of the core and headpiece
domains and is not present in the isolated domain. Most of these
considerations can be tested by the expression of these mutants as part of
intact villin.
Have I identified the actin binding site?
Have I identified the actin binding site? The thoroughness of the
scan suggests that I have mapped the actin binding site of headpiece. Most
interfaces between globular proteins occur at a single surface patch that is
almost always composed of discontinuous protein sequences (Fanning et al.,
1986), (Wells, 1991), (Barlow et al., 1986). The protein-protein interface is
made of side chains of all types and involves hydrophobic and hydrophilic
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side chains and all types of molecular interactions. Though protein binding
sites are packed as tightly as the protein interior, the structural core of a
protein generally involves more short and long-range stabilizing
interactions. A mutation to cysteine in most regions of a protein may be
compensated for by minor perturbations and adjustments to the overall
structure. However, a change to a cysteine side chain at the protein-protein
interface is likely to have a measurable effect on the specificity and affinity of
the interaction, and function is a more stringent criterion for structure than
global stability.
The single point pelleting assay reproducibly shows differences
among mutants that are likely to reflect only a two-fold reduction in binding
affinity. The two regions of the protein that have been identified by the scan
probably represent the single f-actin binding site that is formed by these two
discontinuous protein segments. It is important to reiterate that residues
that are structurally important and those that are functionally critical, are
not mutually exclusive. Mutation at a site distant from the binding
interface may perturb local structure without a net change on the global
stability. The clustering of the actin binding mutants at the hydrophilic
region of Lys38 and Glu39, and in the carboxy-terminus argue that these are
not merely structural aberrations. The large number of mutants that have
been analyzed argue against there being another region of headpiece that
makes a significant number of contacts with the f-actin filament.

MATERIALS AND METHODS
Pelleting Assay Screen
Mutant peptides were diluted and normalized to the concentration of
wild-type headpiece as measured by volume densitometry of the samples
before and after the assay. Equal weights of each mutant were dried and
suspended in a small volume with a 100-fold molar excess of DTT, allowed
to reduce, then diluted to 100 pl by the addition of f-actin and buffer to final
concentrations of: 45 gM cysteine-headpiece, 26 gM actin, 10 mM Tris, 100
mM NaCl, 1 mM MgCl2, 0.1 mM ATP, 5 mM DTT, pH 7.4. Samples were
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incubated at room temperature for 4-6 hours, and then centrifuged at 90,000
krpm ( 300,000 x g) for 1 hour at 4 *C in a Beckman TL-100 ultracentrifuge.
After centrifugation, supernates and pellets were separated and brought to
equal volumes in SDS-PAGE sample buffer. Samples were analyzed by
volume densitometry of stained and dried gels. A concentration series of
wild-type headpiece was run each gel, to create a standard curve for the
calculation of headpiece concentration in the experimental samples.
EDC headpiece-actin crosslinking
Chemical crosslinking was performed with 55 mM EDC in identical
conditions as those used for wild type headpiece, described in the Materials
and Methods section of Chapter 2.
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THE APPENDICES

Introduction
I have included three appendices to the thesis. These three
appendices include the results of three related projects that I pursued in the
course of developing the thesis project described in chapters 1-4. The
purpose of these appendices is three-fold. First, the questions addressed by
each project remain unanswered and of potential interest to our laboratory.
Second, the methods that were employed or that I developed to answer the
questions remain valid and of potential use to study these and similar
questions. Third, though the projects are incomplete, a limited set of
conclusions may be drawn from each one that provide a few small insights
into the structure and function of villin, or into the experimental
approaches to villin's study.
Appendix 1 summarizes the design and study of oligomeric
constructs of villin headpiece. These proteins were created to study
headpiece function and to understand the process of f-actin bundle
formation.
Appendix 2 reviews the study of villin's cellular localization and the
role of villin headpiece in determining villin's cellular location.
Microinjection of villin and villin's domains was employed to address this
question.
Appendix 3 is a synopsis of the study of villin-actin interactions by
chemical crosslinking. This appendix includes the results of the
intramolecular chemical crosslinking of villin's major domains.
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HEADPIECE OLIGOMERS I: -GALACTOSIDASE-HP FUSION PROTEIN

INTRODUCTION

Appendix 1 describes two protein constructs that were oligomeric for
headpiece; the P-galactosidase-headpiece fusion protein (P-gal-HP) and the
disulfide linked headpiece dimers (Nt-Cys-D7 and Ct-Cys-D7), and these
proteins will be described separately. The fusion of headpiece to $galactosidase (p-gal) was made for the study of headpiece's role in villin's
cellular localization. The goal was to see if headpiece was sufficient to target
a foreign protein to microvilli in a Microinjection experiment. There were
several criteria that were applied to find a protein for the fusion. First, the
fused protein should be an enzyme that could be used as a reporter for
localization and structure. Second, the fusion should be assayed by
commercially available assays and antibodies. Third, The fusion should be
easy to purify, based on the activity of the fused protein. Lastly, headpiece
should be fused to the carboxy terminus of the protein to obtain an
analogous structure to the fusion of headpiece to the carboxy terminus of
core.
All of these criteria are met by fusion of headpiece to the carboxy
terminus of E. Coli P-galactosidase using the pUR expression vectors
developed by B. Muller-Hill(Ruther and Muller-Hill, 1983). The goal was to
purify the fusion protein and to study its localization in cells by enzyme
histochemistry or by antibodies to headpiece and P-galactosidase. It was
realized, post facto, that p-galactosidase is only active as a tetramer, and the
fusion protein would be a protein tetrameric for headpiece.
p-galactosidase can be purified on affinity columns of substrate
analogues, such as p-amino-phenyl-b-D-thiogalactoside (APTG) . The
requirement of enzyme activity for binding to these columns provides a
selection for properly assembled enzyme. It was hoped that this would
favor the isolation of fusion protein that contained folded and active
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headpiece. Though active enzyme should be tetrameric for headpiece, the 0galactosidase monomers should be monomeric for headpiece and should be
f-actin-binding, but not f-actin-bundling, proteins.

RESULTS
Construction of the vectors
The P-gal-HP expression vector was constructed by ligating the 3' Ban
II fragment of the chicken villin cDNA into the polylinker of pUR288. This
fragment contains the natural stop codon and 3' untranslated region of
villin. This creates a fusion of the headpiece sequence from Thr746 of villin
(Thr4 of headpiece) to the carboxy terminus of P-galactosidase:
-4
-gal-HP:

-3

-2

-1

0

1

2

Asp Ser Arg Leu Thr Ser Lys Asn Glu Val Phe

P-galactosidase

villin headpiece

The final clone was selected on the basis of restriction mapping and

southern blot analysis of restriction digests with a labelled headpiece probe.
Expression and purification of the protein
E. coli 71-18 bearing the pDDHP1 expression plasmid and control cells
transformed with pUR288 were induced with IPTG. The fusion protein was
recognized by its higher molecular weight than P-galactosidase, and cross
reaction to a villin C-terminal antibody, R5411.3. R5411.3 is specific for a
synthetic peptide of the carboxy terminus of headpiece, and cross-reaction
with this antiserum shows that there is full length, in-frame, expression of
headpiece. Protein was purified on an APTG affinity column according to
the method of Ullmann (Ullmann, 1984).55

s-galactosidase-headpiece

55 Fig A1.1 The
fusion protein. (A). A schematic
diagram of the pDDHP1 expression construct that fused headpiece to the 5'
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Actin binding assays
Three assays were employed to test the actin binding and bundling
activities of P-gal-HP; the pelleting assay, 96-well plate assay, and electron
microscopy. The pelleting assay has been described in Chapter 2 of this
thesis. The presence of the j-galactosidase fusion, allows the depletion of
enzyme from the supernate to be measured by enzyme activity. The ability
of f-gal-HP to co-sediment with actin was compared with P-gal alone and
the samples in the presence or absence of actin. The b-galactosidase activity
was normalized to the activity in the samples prior to ultracentrifugation.
The enzyme activity of the fusion protein, but not the enzyme alone, was
almost entirely eliminated from the supernate upon ultracentrifugation
with actin. 5 6
The 96-well plate assay is similar in design standard ELISA assays. In
this assay, 96-well plastic culture plates are pre-coated with f-actin, blocked
with a non-specific protein, and then wells were incubated with the $galactosidase fusion proteins. Proteins that bind to the actin-coated wells

coding region of the lacZ gene. Below is a model of the NaCl regulated
assembly of an enzymatically active P-gal-HP tetramer. (B) As SDS-PAGE
gel of the affinity purified P-gal-HP and P-galactosidase proteins.
56 Fig A1.2 Actin binding assays of the

P-gal-HP protein. (A) The 96 well

plate assay, showing the activity bound to actin coated wells for uninduced
and induced micro-cultures of P-galactosidase and P-gal-HP Values are the
average of 12 uninduced cultures and 24 induced cultures. Inset; the
activity (OD 420 nm) of the micro-lysates. (B) Pelleting assays of $galactosidase and p-gal-HP in the absence and presence of f-actin. Values
are the enzyme activity of the supernate normalized to the activity of the
sample prior to centrifugation.
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can be detected by a colorimetric enzyme assay performed in the wells and
measured by an automated 96-well plate reader. This assay was designed in
order to screen large numbers of headpiece mutants in crude lysates of E.
Coli expressing the fusion protein. Small 'micro-cultures' were grown in
200 gl of media in a 96 well plate, cells were sedimented in the plate, frozen
at -80 'C, and lysed with lysozyme. Micro-lysates were clarified by
centrifugation and transferred to a plate that had been coated with f-actin
and blocked with bovine serum albumin (BSA). After incubation and
rinsing of the plate, activity was assayed in the plate and absorbance was read
on an automated plate reader.
The lysates of P-gal and P-gal-HP had the same levels of enzyme
activity and little detectable activity in the uninduced cultures. After
binding to the actin coated wells and washing the plate, enzyme activity was
only present in the fusion protein wells. This assay was a rapid and
reproducible assay for actin binding activity of the fusion protein in crude
lysates.
The final assay used to characterize this construct is direct
visualization of actin filaments and bundles by negative staining of protein
samples and transmission electron microscopy. Single actin filaments are
clearly visible in the electron microscope and can be easily discerned from
bundles and meshworks of actin filaments. P-galactosidase tetramers will
dissociate into enzymatically inactive monomers at sodium chloride
concentrations below 30 mM. Purified enzymes were diluted to lower the
salt concentration, and incubated with actin and examined by negative
staining with uranyl acetate and electron microscopy. The active enzyme
fusion formed dense bundles of actin filaments, and the inactive enzyme
fusion, and the b-galactosidase control, did not form actin bundles. Though
assayed in low salt, there were still large numbers of actin filaments in the
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sample. The enzyme activity and the actin bundling activity of
galactosidase-HP could be recovered by the addition of NaCl. 5 7

@-

DISCUSSION
Sufficiency of bundling site
The results of the f-gal-HP bundling experiments strongly suggest
that headpiece is sufficient to behave as an actin bundling site. The ability
of the tetrameric fusion protein to bundle actin suggests that two or more
headpiece domains are in a geometry in which they can bind to actin
filaments. However, polyvalent positively charged peptides can also bundle
to actin filaments, and the this does not prove that headpiece is a bundling
site of villin. At the time of the design of the constructs, expression of fulllength villin seemed a problematic and difficult goal. Since then, the
cysteine scanning mutagenesis has greatly increased our understanding of
headpiece structure and function and villin has been expressed and purified
from E. Coli. The study of headpiece's role in villin's actin bundling activity
can now be directly addressed by site-specific mutation of villin, and the
sufficiency of headpiece as a bundling site can be studied in a much more
controlled environment by the disulfide linked dimers described in Part II of
this appendix.
Disadvantages of the construct

57 Fig A1.3 Transmission electron microscopy of the actin bundling activity
of P-gal-HP. (A). P-gal-HP, made enzymatically inactive by dilution into
low salt mixed with actin at a molar ratio of 1:20. (B) The same
preparation of enzyme (re-activated by the addition of salt) and actin in 100
mM NaCl. 13,000 x magnification.
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The relative orientation of the P-galactosidase monomers within the
active tetramer is not known, and, therefore, it is not clear if the bundling by
b-gal-HP was due to the binding of 2, 3, or 4 headpiece sites. It is also
possible that the formation of bundles reflects the rigid geometry of the
enzyme and non-specific binding of unfolded or partially folded headpiece
domains. Thus, it is not clear if this result demonstrates a structural
specificity to the headpiece-actin interaction.
Though fusion to f-galactosidase had some utility, the enzyme is
liability for structural studies. A 450 kD enzyme is a rather large probe for
the activity of a 8.5 kD domain and the chemical conditions for maintaining
enzyme activity (e.g., 10 mM $-mercaptoethanol) are very different than
those for the assays of actin binding activity.

HEADPIECE OLIGOMERS II: RECOMBINANT HEADPIECE DIMERS

INTRODUCTION
Actin Bundles in the Cell
Though much has been learned about the structure of actin and its
binding proteins, there has been few descriptions of assembly processes, such
as the assembly of filament bundles and networks. The assembly of suprafilament structures is hypothesized to be a highly cooperative process. As
filaments are brought into close register by actin-binding proteins, the
effective concentration of actin becomes very high, promoting the binding
of more of the assembly proteins. One might imagine the assembly of an
actin bundle to resemble the closing of zipper, in which the first events may
be much slower than the final assembly events. There are many purified
actin bundling proteins whose assembly of actin can be studied by
techniques with very fast time resolution, such as light scattering or timeresolved x-ray scattering.
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However, a quantitative description of the cooperative process
requires that the affinity of the isolated bundling sites be known. Generally
actin bundling proteins contain multiple non-equivalent sites that cannot
be studied in isolation. This requirement can be met by creating an artificial
actin bundling protein by the reversible linkage of two headpiece
monomers. In this model, the affinity of each isolated site could be
characterized and compared to the affinity of the dimeric protein. Two
equivalent sites of known affinity would allow theoretical and quantitative
descriptions of the cooperativety of bundle formation.
To this end, two proteins were designed to study actin bundle
formation with dimeric headpiece proteins: one with the disulfide linkage
at the amino terminus and one with the disulfide linkage at the carboxy
terminus. It was hypothesized that the actin binding site might reside near
the carboxy terminus of headpiece and that the amino terminal construct
might be tolerated, since this is the part of the protein linked to villin core.
(The work described in this appendix was performed by Mr. Wayne
Kuang, a UROP working under my supervision to fulfill his Project Lab
requirement.)

RESULTS
The headpiece dimers were designed to form by the oxidation of a
cysteine, appended to either the amino (Nt-Cys-D7) and carboxy terminus
(Ct-Cys-D7). In order to insure that the cysteine would be sterically accessible
for disulfide formation, it was attached to the domain with linker that
included tyrosine for radio-labelling. The two linkers are shown below and
numbered relative to the headpiece amino acid numbers:
Amino-terminal linker:

Met Cys Gly Tyr Gly Val Phe
-4

-3

-2

-1

0

1

2

Carboxy-terminal linker: Leu Phe Gly Gly Tyr Gly Cys
75
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76

77

78

79

80

81

The constructs were created with polymerase chain reaction (PCR)
primers that encoded the linker sequence as well as unique restriction sites
that allowed the genes to be cloned into the pAED4 expression vector. The
correct expression constructs were verified by restriction analysis and specific
PCR amplification. Highly expressing clones were isolated and protein was
purified on a G-75 column in the presence of reducing agent and expression
levels and purity were similar to that of the single cysteine mutants of
headpiece. 5 8
The partially purified G-75 products of Nt-Cys-D7 and Ct-Cys-D7
proteins were seen to form dimers upon air oxidation and to cross react with
anti-headpiece antibodies. Direct amino acid sequencing confirmed the
correct expression of the amino terminal linker. After oxidation, the

58 Fig A1.4 The disulfide linked recombinant headpiece dimers. (A) A
schematic diagram showing the Ct-Cys-D7 and Nt-Cys-D7 proteins
oxidized to make headpiece dimers. Abbreviations are the amino acid
single letter code. (B). Non-reducing 15% gel of the purification of Ct-CysD7. Load; the G-75 purified pool after air oxidation, Mixture; early eluting
MonoQ peak, Purified dimer; the late eluting MonoQ fraction used for
functional studies. (C). Non-reducing 15% gel of the pelleting assay of
wild-type headpiece and oxidized Ct-Cys-D7. Each pair of lanes is the
supernate and pellet fraction. 1-2; actin alone, 3-10; actin and headpiece at
molar ratios of 1:2.5, 2:1, 10:1, 11-12 and 15-16; dimer alone, 13-14 and 17-18;
actin and dimer at molar ratios of 1:2.5 and 2:1. (D) Non-reducing 15% gel
of the pelleting assay of wild-type headpiece and thiomethylated Ct-Cys-D7.
Each pair of lanes is the supernate and pellet fraction. 1-2; actin alone, 3-14;
pelleting of thiomethylated Ct-Cys-D7, monomer alone and monomer
plus actin at three concentrations, 15-20; actin and wild-type headpiece at
molar ratios of 1:25 and 2:1.
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dimerized Ct-Cys-D7 was purified away from monomeric protein by elution
on an FPLC ion exchange column (Mono Q). The purified product could be
reduced to monomers, as shown by reducing SDS-PAGE and analytic
reverse phase HPLC.
The headpiece dimer linked at the carboxy terminus was tested for
actin binding as a dimer and as a reduced monomer. Wild-type
recombinant headpiece was used a positive control, and the samples were
analyzed on non-reducing gels to confirm that the dimer remained
oxidized. Qualitative analysis of the gel shows that the headpiece dimer is
virtually absent from the actin pellet in conditions were at least 50% of the
wild-type monomer co-sediments with actin.
The failure of the dimer to bind to actin may have been due to steric
effects of the two closely juxtaposed domains. To investigate this possibility,
the dimer was reduced and prevented from re-oxidation by the methylation
of the sulfhydryl group with methyl methane thiosulfonate. The
methylated monomer ran with monomeric wild-type headpiece on gels and
HPLC, but did not co-sediment with actin in a qualitative pelleting assay. In
addition, the purified dimer could not be seen to form actin bundles by
transmission electron microscopy.
DISCUSSION
The conclusion drawn from these experiments was that the addition
of a small peptide to the carboxy terminus of actin inhibits the actin binding
activity of the domain. The carboxy terminal construct was highly expressed
and could be easily purified with no apparent degradation or increased
proteolysis of the domain. In light of the cysteine scanning mutagenesis
results, we now know that the carboxy terminal lysines are involved in
actin binding and the carboxy terminal hydrophobic residues, Leu75 and
Phe76 are critical for the function of the f-actin binding site. The addition of
five amino acids after Phe76 appears to inhibit actin binding to levels of the
Phe76C and Lys70C mutants. Inhibition of actin binding may be due to the
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interaction of the linker amino acids with the actin binding site or be due to
the structural disruption of the binding site. The disruption of actin binding
may support the theory that Leu75 and Phe76 are buried, not exposed,
residues involved in the structure of the actin binding site.
Both the amino and carboxy terminal constructs were stably expressed
and could be converted to over 50% dimer by air oxidation of a partially
pure fraction. As discussed previously in the thesis, the amino terminus of
actin appears unimportant to the stability of the domain, the actin binding
function of the domain, and is usually linked the domain six of villin.
There is a high probability that the amino-terminally -linked dimer will
both bind to actin, and bundle actin filaments.

MATERIALS AND METHODS
Construction of P-gal-HP vector
The headpiece containing 350 bp BanII fragment of the villin cDNA
(from nucleotide 2264 to the vector site) was isolated by standard procedures.
This fragment was blunted and ligated into the blunted Xba I site of the
vector, pUR288 and was designated pDDHP1.
Purification of fusion protein
p-galactosidase-headpiece and P-galactosidase were purified by affinity
chromatography by the method of A. Ullman on a 10 ml. APTG-Sepharose
column (Sigma Chemical Co., St. Louis)(Ullmann, 1984).
Enzyme assay
P-galactosidase activity was assayed according to standard protocols by
the addition of ONPG in Z buffer.
96 well plate assay
200 gl cultures of pUR288 and pDDHP1 transformed cells were grown
overnight in a 96 well plate, and then diluted 20-fold in a new plate. After 3
hours growth, wells were made 1 mM with IPTG and grown for an
additional 6 hours. Cells were centrifuged, frozen, and suspended in 100 pl
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of 2 5% sucrose, 50 mM Tris, 1 mM EDTA, 2 mg/ml lysozyme, pH 8, and
incubated on ice for 30 minutes. 1 volume of 1% NP40, 1% sodium
deoxycholate, 2 mM EDTA, 0.2 M NaCl, 20 mM Trish, pH 7.5, incubated on
ice, and the cell debris was removed by centrifugation. The lysates were
incubated for 1 hour at 37 *C in a plate coated with 50 pg/ml actin and then
2% BSA. Plates were rinsed 3 times with phosphate buffered saline and
then wells were assayed for enzyme activity.
EM Assay
Proteins were mixed with actin after dilution and incubation to near 0
mM NaCl, then mixed with actin to keep NaCl concentrations to less than
30 mM and applied to carbon coated grids, stained with 1% uranyl acetate for
transmission electron microscopy.
PCR construction of Ct-Cys-D7 and Nt-Cys-D7
Both dimer constructs were designed so that mutagenic PCR primers would
amplify a product that could be cut with Nde I and Eco RI and cloned into
pAED4. Reactions were performed according to the manufacturer's
specifications with Replinase enzyme (Dupont). After cloning into pAED4
the correct constructs were verified using one of the mutagenic primers and
a flanking primer.
Expression and partial purification of dimers
Proteins were expressed in E. Coli BL21(DE3) and the cells were lysed
by sonication in 10 mM PIPES, 0.2M NaCl, 10 mM b-mercaptoethanol, pH
7.4. The lysate was clarified by centrifugation and the headpiece-linker
proteins were purified on a 35 ml. G-75 column in the same buffer. Protein
was then dialyzed against water and lyophilized.
Purification of the Ct-cys-D7 dimer
The lyophilized was protein was oxidized in 10 mM Tris, 1 mM
MgSO4, pH 8.5 overnight at room temperature. The monomer/dimer
mixture was loaded onto a MonoQ (HR 10/10) column (Pharmacia) and
eluted with a gradient from 0 - 150 mM NaCl in 10 mM Tris, pH 8.5.
Pelleting Assays
Pelleting assays were performed in 10 mM Tris, 50 mM NaCl, 1 mM
MgCl2, 0.1 mM ATP, pH 8.5. 48 pM f-actin was mixed at actin to dimer
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molar ratios of 1:2.5, 2:1, and 8:1 with parallel control samples of wild type
recombinant headpiece. Samples were incubated for two hours at room
temperature, centrifuged for thirty minutes at 90,000 rpm, and supernates
and pellets of each sample were electrophoresed on non-reducing 15% SDSPAGE gels.
Thiomethylation of Ct-cys-D7
The dimer protein was reduced by the addition of a 30 fold molar
excess of DTT for one hour, followed by the addition of methyl methane
thiosulfonate in 10 fold excess over DTT, and incubation at room
temperature for 2 hours. The thiomethylated product was purified by HPLC.
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APPENDIX 2: VILLIN LOCALIZATION

INTRODUCTION
Localization of proteins
The sorting and targeting of proteins to their proper cellular location
is a critical function of the cellular machinery. Virtually all eucaryotic cell
functions are spatially localized, compartmentalized, or polarized. In
addition, almost all protein traffic occurs in a directed way; to and from the
cell surface, in and out of cellular organelles, and even within organelles.
This requires systems that actively or passively segregate proteins by specific
localization signals, lack of signals, or specific affinities for other localized
proteins. Determinants of localization might also include physical
exclusion from certain cellular regions, temporally regulated gene
expression, and localized mRNA translation. There are several well
characterized systems in which specific signal peptides target localization,
and in which some of the elements of the recognition system have been
found (e.g., as nuclear localization, mitochondrial import, and endocytic
vesicles).
The Localization Hypothesis
As was discussed in chapter 2, an hypothesis of the function of
headpiece is that headpiece was appended upon the gelsolin-like core of
villin to target the severing activity to the f-actin bundle. To review, the
major supportive logical points of this argument are listed below:
1) The amino terminal six domains of villin are homologous to
gelsolin in structure and function.
2) The seventh domain of villin (headpiece) is not homologous to
gelsolin, nor to any other sequenced actin binding protein.
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3) The seventh domain (headpiece) is necessary for villin to bundle
actin filaments in vitro.
4) The amino terminal domains of villin (core) have all of the
calcium dependent actin severing activities of the intact molecule.
5) Villin is concentrated to the apical microvilli of absorptive
epithelial cells (small intestine, proximal kidney tubule, visceral yolk sac).
6) Gelsolin is diffusely distributed in the cytoplasm of all cell types.
7) Villin's bundling activity in the microvilli appears to be redundant
and fimbrin determines the structural characteristics of the microvillar actin
bundle.
Microinjectionas an assay
The localization of many actin binding proteins has been studied by
the microinjection of fluorescently labelled protein in living and fixed cells,
or by the immunofluorescence detection of microinjected protein in fixed
cells. The localization and turnover of actin has been extensively studied by
microinjection (e.g., (Kreis et al., 1979), (Kreis et al., 1982), (Glacy, 1983),
(McKenna et al., 1985). For example biotin labeled actin will show different
dynamic behavior in different regions of a cell, and will become
incorporated into stress fibers and lamellipodia within and hour of
microinjection (Okabe and Hirokawa, 1989). Microinjected myosin, though
fairly insoluble, diffuses in the cell and is incorporated into a pattern like
that of endogenous myosin within 10-15 minutes (Johnson et al., 1988). The
general finding has been that microinjected proteins injected near 0.1-5
mg/ml will become localized and incorporated into the endogenous
structures that contain the protein without disrupting cellular processes.
Since microinjected volumes that allow cell survival are 10-13 to 10-14 liters,
proteins at those concentrations will only be near 0.01% of total cellular
protein (Wang and Feramisco, 1982), (Kreis, 1986).
Microinjection of villin and gelsolin
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To briefly review, microinjected villin will associate with actin
containing structures in fibroblast-like cells such at PtK2 cells and 3T3 cells
(Bretscher et al., 1981), (Franck et al., 1990). Injected villin and core lead to a
re-organization of the actin cytoskeleton, including a transient loss of the
stress fibers in cultured cells. Though injected villin induces the growth of
surface microvilli, injected core does not have this property, and similar
results have been obtained in transient transfection experiments (Franck et
al., 1990),(Friederich et al., 1989), (Friederich et al., 1990).
There is a disagreement in the literature as to the effect of injected
gelsolin. Cooper, et al. report that microinjected gelsolin did not effect the
cytoskeleton of fibroblasts, but that a constitutively active severing domain
of gelsolin caused cytoskeletal disassembly and rearrangement (Cooper et
al., 1987). Sanger et al., found that gelsolin's microinjection did not cause
disassembly of myofibrils, but did cause stress fibers to break down in
cultured fibroblasts and epithelial cells (Sanger et al., 1987). In general, it
does appear that an increase in cellular concentration of an active severing
protein, will cause transient cytoskeletal reorganization.
Experimental design
I decided to experimentally test the headpiece localization hypothesis
by the microinjection of purified proteins into a cultured epithelial cell line.
Madin Darby canine kidney cells (MDCK) are the best in vitro model of a
polarized epithelial cell, and they have been used to make stable cell lines
with retroviral vectors. MDCK cells do not express villin. Microinjection
allows the prior characterization of the injected protein, and was considered
a predecessor to future experiments using transfection and retroviral
infection. The prediction was that villin would localize to the microvilli,
core would not localize to the microvilli, and headpiece, alone, would bind
to the microvilli. In analogy to the nuclear targeting of P-galactosidase with
signal peptides (e.g,. (Moreland et al., 1987), (Underwood and Fried, 1990),
(Hall et al., 1990), it was also hoped that headpiece would target a non-
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microvillar protein (b-galactosidase) to the microvilli (e.g,. (Moreland et al.,
1987).

RESULTS

3T3 Cell Microinjection
3T3 cells and other fibroblast lines are very hardy in cell culture, grow
rapidly, are easy to inject, and have well established methods for
transfection. These qualities are not true for the existing cell lines of
polarized epithelia, and fibroblasts were injected to see if domains of villin
would show specific localization.

Furthermore, the only previously

published study by Bretscher had used fibroblasts, and my very initial
injection experiments suggested a specific localization of villin, but not core,
at their cell periphery.
Microinjection of villin into 3T3 cells
Villin was injected into non-confluent 3T3 cells at a concentration of
2.5 mg/ml (27 gM), and cells were allowed to survive post-injection for
approximately 3 hours. Double label immunofluorescence microscopy
contrasting an anti-headpiece antibody and a fluorescein-conjugated
secondary antibody with rhodamine labelled phalloidin was used to
examine the injected cells. Long surface microvilli were seen in over half of
the injected cells, in agreement with the subsequently published results of
Franck et al. I did not observe loss of stress fibers, but I may not have
noticed this effect, and I injected villin at less than half the concentration
that was used in the published report. It is unclear from these experiments,
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and from the published injection and transfection experiments, if the
surface microvilli increase in number, or just in length. 5 9
Headpiece Microinjection of 3T3 cells.
Using the same conditions and antibodies, headpiece localization was
examined in 3T3 cells. Headpiece injected at at 1-2 mg/ml (100-200 gM) was
found to localize rapidly and specifically to the nucleus of the cells. It
should be noted that the amount of injected protein varies greatly from cell
to cell. The upper limit of injected protein is determined by the volume of
injection that a cell can survive. The lower limit is set by the detection of
the antibody, and in the course of microinjection there are many cells that
receive very little injected protein. On a field of cells, with a very sensitive
affinity purified antibody, all headpiece was found in the nucleus. 60 Not
only wasn't localization dependent on concentration, but the protein
localized to the nucleus in less than five minutes, indicating the
involvement of an active process. The same result was found in MDCK

59 Fig A2.1 Villin microinjection of NIH 3T3 cells. This figure shows two
cells, the larger of which was injected with villin stained for f-actin and
villin. Comparison of the actin and villin staining shows that the injected
cell has developed long surface microvilli and some villin has associated
with the ruffling edges and stress fibers on the basal surface.
60Fig A2.2 Headpiece microinjection into NIH 3T3 cells. (A) A semiconfluent layer of cells stained with rhodamine phalloiding to show the
stress fiber network and with an antibody to recombinant headpiece to
show the injected cell. In addition to nuclear localization, a minor
association of headpiece with the stress fibers can be observed. (B) 3T3 cells
injected with headpiece and fixed within 10 minutes of micro-injection,
observed by phase constrast microscopy and immunostaining for
headpiece. A third, non-injected cell can be seen at the top of the field.
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cells that had not yet reached confluency and polarized. Over exposure of
highly injected cells, could also detect some labelling of the actin stress fibers
with headpiece.
Injection of P-gal-HP
The localization of p-gal-HP into 3T3 cells was determined by
histochemical staining of injected 3T3 cells with 5-bromo-4-chloro-3-indolylp-galactopyranoside (X-gal). This experiment was not repeated with
antibodies to P-galactosidase or antibodies to headpiece. Enzymatically
active f-gal-HP was injected at 2 mg/ml into non-confluent 3T3 cells, fixed
several hours post-injection and stained with X-gal. The pattern of pgalactosidase staining was definitely not associated with the cytoskeleton
and was very strong in the cell nuclei and nuclear periphery. pgalactosidase, alone, is expressed diffusely in the cytoplasm and excluded
from the nucleus when transfected into fibroblasts or micro-injected into
cells. 6 1
Microinjection of MDCK Cells
Villin microinjected into MDCK cells shows an intracellular
localization similar to its location in the chicken small intestine. Cells were
not injected until "domes" could be seen in the monolayer, indicating the
complete polarization and formation of tight junctions in the monolayer.
Microinjected villin usually concentrates to the microvilli, but can also be
found in the cytoplasm, at the lateral membranes, and on the basal surface.
It is rare that villin fails to go to the microvilli, but there can be considerable
61 Fig A2.3. Two microscope fields of 3T3 cells injected with the Pgalactosidase-headpiece fusion protein and stained for P-galactosidase
activity with x-gal. In most of the cells the x-gal staining appears strongest
in the nucleus.
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variation in the relative degree of microvillar, cytoplasmic, and membrane
staining. 62 Though sometimes there is a considerable amount of villin in
the cytoplasm, it does not show any association with actin containing
structures other than the microvilli. It may be that the microville become
saturated with villin. Villin distribution appeared the same whether
detected with antibodies to 44T or to headpiece.
Villin core was injected into MDCK cells in the standard injection
conditions and stained with an antibody made to recombinant 44T. The
distribution of core in this experiment was not distinguishable from the
distribution of microinjected villin. This experiment was not repeated and
investigated with a thoroughness to give me confidence in this result.6 3
The greatest variability is found by injection of purified recombinant
headpiece. In some batches of injected cells the headpiece localizes distinctly

62 Fig A2.4 Confocal microscopy of MDCK cells. (A) A confluent monolayer
of MDCK cells, stained with phalloidin, and imaged at three focal planes
(separated by approximately 5 microns) to show the predominant f-actin
structures of the cell. The microvilli are easily seen on the apical surface
by their brilliant point-like staining. The circumferential belt and
junctional complexes are seen at intermediate (nuclear) focal plane, and
stress fibers and adhesive complexes are seen at the basal focal plane. (B)
Two polarized MDCK cells injected with villin and imaged by phase
microscopy and at three focal planes.
63 Fig A2.5 Core and headpiece micro-injection. (A) A composite panel of
images showing four cells injected with villin core and stained with an
anti-44T antibody. Each cell is shown in an image at the apical and
intermediate focal planes. (B) A single MDCK cell showing apical
concentration of microinjected headpiece. Six optical sections through the
cell are shown. The white bar in panel 2 is a 10 micron scale bar.

218

A.

Phase contrast

Apical

Intermediate

Basal

B.

Apical

Intermediate

Basal

Phase

A.

Apical

Intermediate

Apical

B.

4

5

6

Intermediate

to the microvilli. In others, it can be found in microvilli, the cytoplasm, or
in the nucleus. Though there is variability within a day's injected cells,
there is greater variability when comparing cells injected on different days,
though the preparation of protein and cell culture conditions were
seemingly identical. 64 Headpiece was seen in the nuclei of cells that could
be shown by double label staining with phalloidin to have dense microvilli
on their surface. Transmission electron microscopy of sections of parallel
cell cultures showed them to be polarized and differentiated.

DISCUSSION
It is difficult to discuss results which were not consistent and in
which I do not have great confidence. I do not draw any conclusions from
these experiments as to the identity of the determinants of villin's cellular
location. There were a large number of flaws and uncertainties to the
project design, experimental execution, and to the interpretation of the
results. These experiments were performed intermittently, and most of
these flaws did not become apparent for a long time, and become most
glaringly apparent in retrospect.
The villin localization in MDCK was consistent, and gave the
'expected' and desired result. In initial experiments, when I first began
microinjecting MDCK cells, staining for injected core gave a diffuse

64 Fig A2.6 Nuclear localization of headpiece in MDCK cells. (A)
Undifferentiated MDCK cells shown in phase contrast and immunostained for headpiece and imaged in the intermediate focal plane. (B) Two
cells injected with headpiece and counter stained with rhodamine
phalloidin. There was poor channel separation in these images, however
the nuclear localization of headpiece and the presence of apical microvilli
are clearly visible.
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distribution, however extremely few cells were injected and stained. On reexamination months later, some of those cells did appear to have some
microvillar staining, but against a strong diffuse background. When there is
non-specific staining in a micro-injection experiment, it is extremely
difficult to know if the antibodies are diluted properly to distinguish
concentration differences in different regions of the cell. Upon repetition,
after becoming much more experienced at injection, staining, and confocal
microscopy, I found core to show a distribution similar to that of intact
villin. My overall sense, however, is that core localization may prove to be
different from villin in a well controlled experiment.
It is the headpiece injection, that raised the most questions about this
assay and approach to the question, and also leads me to examine the bias
and expectation of the experiments. Headpiece may localize to the nucleus,
and did so, in the last sets of experiments, with high frequency. If headpiece
localizes to the nucleus, than can the villin or core localization be regarded
as telling us anything about cellular mechanisms? There is no evidence
that microvillar localization is mediated by actin or by actin binding sites on
the injected proteins. The fact that, some of the time, core localizes to the
microvilli may reflect an evolutionary divergence from gelsolin that gives
core the ability to bind to the actin bundle. Alternatively, this might be as
spurious and artifactual a result as headpiece nuclear localization.
Indeed, the flaw to this set of experiments may well have been
academic rather than technical. The localization hypothesis could only be fit
by a precise set of experimental results. The bias toward these expectations
led me to regard some experimental results as "wrong" and others as
"'correct." The technical difficulty of the experiments and the large number
of experimental variables (cell state, cell growth conditions, protein
preparation, injection procedure, fixation method, staining methods, etc) led
to the bias that the method was working if the result was "correct." There
were no positive and negative controls in the experiment, except to see that
the non-injected cells were not stained.
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There were numerous technical aspects that made the project
difficult. The native villin and villin domains are not very stable in
solution, and had to be prepared at the same time that cells were
differentiated, but not overgrown. Many of the antibodies were
appropriately affinity purified and titrated in the course of the experiments.
The confocal microscope was not suitable for double label experiments of
weak fluorescence before its recent upgrade. There was not easy access to a
microscope with a standard camera to record experimental results
completely for large numbers of cells, in order to obtain more quantitative
results. Uncontrollable variables is preparing injection pipettes and in
fixation and staining procedures, meant that fewer than half of the initiated
experiments were completed. In sum, these are difficult experiments that
were not compatible with the biochemistry and molecular biology that I was
simultaneously trying to perform.
In designing the villin headpiece project, I charted two parallel and
complementary experimental plans; biochemical study of expressed
headpiece and cell biological study of headpiece localization. The cell
biological function of headpiece seemed to give validity to the effort of the
biochemical approaches. In fact, the biochemical approaches now give us
reagents with which to perform cellular studies. Mutations of the actin
binding functions of villin, 44T or headpiece may allow the discrimination
between experimental artifacts and protein activity in an experimental
system such as micro-injection or cell transfection.
The desired microinjection results do not occur with a significant
frequency on which to base a conclusion about the localization of injected
domains. The injection of a chicken intestinal protein into dog kidney cells
that do not usually express the protein, is a significantly heterologous
system. In retrospect, it might be regarded as surprising, just how often the
expected results do occur! In fact, a dog kidney epithelial cell may be as close
a model system to the chicken enterocyte as a 3T3 cell. The variability in
intracellular localization seems slightly correlated to cell state, i.e. most of
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the variability occurs between batches of cells injected on different days,
though all known variables were apparently constant.
Nuclear targeting of headpiece contradicted the localization
hypothesis and raised questions about the recombinant headpiece. The
most likely explanation that I could find, was that the lysine rich region at
the terminus of headpiece (K K E K) was acting as a nuclear localization
signal. (reviewed in (Garcia-Bustos et al., 1991). A few nuclear localization
signals are listed below:
SV40large T antigen
Rat glucocorticoid Receptor
HIV-1 Tat protein
Human c-myb protein

P K K K R K V
K K K I K
G R K K R
L K K I K Q

This result raises questions about the injection of isolated domains, as well
as the use of heterologous cell systems to make conclusions about the in
vivo case. The ability of headpiece to be misdirected to the nucleus may also
raise questions about putative nuclear actin binding proteins as well as
transforming proteins that appear to be variably partitioned between the
cytoplasm and nucleus. Alternatively, the cell may exploit a similarity
between an actin binding motif and a nuclear localization motif to control
cellular events.

It is certain that headpiece was appended to the gelsolin-like domains
to confer some special specificity to villin. I still believe that this specificity
was the localization of villin to the microvilli in a primordial system.
However, villin and gelsolin have diverged significantly, and core or other
domains of villin may have an independent ability to localize to the
microvilli, or may act in synergy with headpiece. The nuclear localization
proves that headpiece is certainly not a simple signal peptide recognized by
specifically localized receptors. The ellucidation of this question will require
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a well controlled experimental system. The biochemical descriptions of
headpiece and villin may allow the design of the proper experiments,
particularly if villin or a close homologue is manipulated in a genetic
system such as mouse or fly.

MATERIALS AND METHODS
Cell culture
NIH 3T3 cells were grown in DME media, 10 % fetal calf serum, 100
u/ml. pencillin, 100 gg/ml streptomycin, and passaged every three days.
MDCK-10 cells (courtesy of Dr. Keith Mostov) were cultured in MEM, 10%
fetal calf serum, 100 u/ml. pencillin, 100 gg/ml streptomycin and passaged
every 5-7 days. Cells were grown on untreated flame-sterilized microscope
cover slips at 37 'C and 5% CO2 . A small circle was scored on the cover slips
with a diamond pen and cells were injected within this area to locate the
injected field. Prior to injection the media was exchanged to eliminate
debris from the injection field.
Protein purification
Villin, core, and headpiece was purified as described in the materials
and methods section of Chapter 2 and Appendix 3.
Microinjection
Proteins were concentrated in 10 mM sodium phosphate, 120 mM
KCl, pH 7.4, filtered through a 0.22 prm filter, and back-filled into micropippettes that were pulled on a vertical pipette puller. Micro-injection was
observed through a Zeiss axiovert inverted microscope and controlled with
a Narashige micro-manipulator and an Eppendorf microinjection pressure
controller. Cells were injected with constant pressure on the pipette. The
microscope stage was not heated, so cells were not held outside of the
incubate for greater than 30 minutes.
Protein injection
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Proteins were only injected at concentrations from 1 to 2.5 mg/ml.
and were checked for purity by SDS-PAGE prior to injection. Injected core
was tested for severing activity in the illustrated experiment.
Antibody preparation and purification
The three antibodies used in this study were 816.AP which was raised
against recombinant headpiece in rabbit, 441.AP which was raised against
recombinant 44T in rabbits and R200 (Matsudaira et al., 1985). The affinity
purified serum were first enriched by ammonium sulfate fractionation and
then were bound to recmbinant protein crosslinked to Reacti-gel (Pierce
Chem Co.) column according to the manufacturer's specs. Antibody
dilutions for immunofluorescence were empirically determined.
Fixation and microscopy
Injected cells were fixed at set times after microinjection. Media was
aspirated and cells were rinsed in, warm phosphate buffered saline (PBS),
fixed for 15 minutes in warm 4% paraformaldehyde in PBS, rinsed in PBS,
and permeabilized by incubation in 0.1% triton X-100 in PBS. Staining and
blocking steps were carried out for seveal hours at 37 *C or overnight at 4 'C.
Cells were blocked in 3% BSA and antibodies were also diluted in 3% BSA
in PBS. After staining with secondary antibodies, cells were washed
overnight in PBS to reduce non-specific binding.
Double label fluorescence microscopy was performed with a Zeiss
Axioscope microscope (courtesy Dr. Frank Solomon) or a Biorad confocal
scanning microscope. Phase contrast microscopy of 3T3 cells used a Zeiss
Axiophot (courtesy Dr. Terry Orr-Weaver).
P-galactosidase histochemistry

After paraformaldehyde fixation, cells were stained with 1 mg/ml Xgal, 5 mM K 4 Fe(CN) 6 3H 2 0, 5 mM K 3 Fe(CN) 6 , 2 mM MgCl2, 0.2% NP40 in
PBS, for 18 hours. at 37 *C.
Acknowledgements
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APPENDIX 3: CHEMICAL CROSSLINKING

INTRODUCTION

Chemical Crosslinking Studies
Chemical crosslinking studies of actin binding proteins have been
reviewed and discussed in Chapter 2 and 3 of the thesis, but a few of the
most important points will be reviewed here. Chemical crosslinking can be
useful for mapping regions of close contact between proteins, understanding
the quaternary structure of protein complexes, and for the discovery of
interacting proteins. The type of information from such a study is
frequently dependent upon the choice of crosslinking agent, and the
accuracy to which the site of crosslinking is mapped.
By definition, crosslinking agents are bi-functional, and can be homoor hetero-bifunctional chemicals. The reactive groups generally have
specificity for certain amino acid chains, but there are also agents that have
non-specific reactive groups, usually photo-activatable radicals. The length
of the linker between the reactive groups can vary greatly in length and
solubility, and obviously, the length of the crosslinker can determine the
accuracy of mapping the interactive regions. Longer crosslinking agents (1030

A), frequently

include sites that can be radiolabelled and some agents may

be cleaved after crosslinking to aid in mapping the modified sites.
EDC is frequently referred to as "the zero-length" crosslinker, since it
causes the condensation of interacting groups into an isopeptide bond, and
does not introduce any length to the covalent bond. A disadvantage of this
agent is its specificity for trapping a very specific kind of interaction, which
may only be a small component of a binding site. Secondly, EDC introduces
a peptide bond without introducing any groups or labels that might aid in
mapping the site of chemical crosslinking. It has only been in the case of
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small, actin-monomer binding proteins that the EDC crosslinking site has
been identified to the precise amino acid on the actin binding protein.
The goal of the chemical crosslinking project was to study the
interaction of villin and actin by chemical crosslinking, and to map
interacting regions on both proteins.

RESULTS - VILLIN-VILLIN CROSSLINKING

In performing a control experiment for villin-actin crosslinking, I
observed that crosslinking of villin, alone, in EGTA, resulted in the
formation of a high molecular weight species on SDS-PAGE gels. The high
molecular weight species had an apparent molecular weight of
approximately 120 kD. The formation of the species was titrated with
calcium and was greatly reduced near 100 gM calcium. 65 The species of
reduced mobility was formed independent of villin concentrations but was
dependent on crosslinker concentration. Furthermore, prolonged
electrophoresis caused the higher molecular weight band to be separated
farther from the villin monomer band. These results all suggest that the
high molecular weight band is not a fast running villin dimer (expected
molecular weight of 185 kD), but an intra-molecular crosslinked villin
monomer.
In order to map the internal crosslink, villin, villin core, and the
products of partial trypsin digestion, 44T and 51T, were EDC crosslinked in

6 5Fig

A3.1 The intramolecular crosslinking of villin. (A) An SDS-PAGE gel
showing the EDC crosslinking of purified villin, and the disappearance of
the crosslinked species with increasing calcium concentration. (B) EDC
crosslinking of villin's domains in the presence and absence of calcium.
All of the domains were crosslinked in the identical conditions as intact
villin.
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the presence and absence of calcium. Villin core showed the identical
production of a species of reduced mobility, suggesting that the crosslink was
formed between the major domains of villin core, but not within isolated
44T or 51T. The crosslinked sample could not be fractionated by a variety of
native chromatographic techniques, indicating that the two species did not
have different mass or charge. The crosslinked sample co-eluted precisely
with uncrosslinked villin monomer on a calibrated FPLC size exclusion
column. under conditions in which a native dimer (185 kD) would elute
four minutes earlier. 6 6
Since the presence of the intra-molecularly crosslinked species could
only be detected by SDS-PAGE, the crosslinked sample was partially
proteolized with trypsin. A trypsin titration series did not produce a smaller
fragment, but produced a species with yet further reduced mobility on SDSPAGE. Further digestion did not create a proteolysis fingerprint that was
detectably different than villin alone. The trypsin cleaved species was
analyzed by western blotting with antibodies specific for the amino and
carboxy termini of villin, and was found to contain both termini. This
indicated that the two major domains of villin were still held together at the
EDC crosslinking site, though they were probably cleaved at the trypsin site
that defines 44T and 51T. This species was sequenced by direct amino acid
sequencing, and two concurrent sequences were produced that were

6 6Fig

A3.2 (A) FPLC chromatograph of uncrosslinked villin and the
crosslinked sample. Villin elutes at 34.8 minutes, giving an apparent
molecular weight of 91,000 D, and the crosslinked sample elutes at 35
minutes, giving an apparent molecular weight of 87,000 D. Inset: SDSPAGE gel of the column load and the eluted peak of villin and the
crosslinked villin sample. (B) An SDS-PAGE gel showing trypsin digestion
of purified villin and EDC crosslinked villin. The top-most band on the
gel (*) reacted with both terminal specific antibodies and was sequenced
directly from these samples after transfer to a sequencing membrane.
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consistent with the simultaneous sequencing of the amino termini of both
44T and 51T.

RESULTS - ACTIN-VILLIN CROSSLINKING

Purified chicken villin and rabbit actin were crosslinked in the
presence of calcium or in EGTA with two crosslinking agents, EDC and 1,5difluoro-2,4-dinitrobenzene (F 2DNB). Both crosslinkers showed the
appearance of high molecular weight species on SDS-PAGE gels that were
produced in a calcium-dependent manner. The F2 DNB produced a single
product in the presence of calcium with an apparent molecular weight
consistent with a one:one complex of actin and villin. This band was absent
in EGTA and there was no intramolecular villin crosslink formed by
F2 DNB. 6 7
EDC crosslinking of villin and actin produces a much more complex
band pattern on SDS-PAGE gels. In EGTA. there is. predominantly. a band
at the molecular weight of a one:one complex that migrates above the
intramolecular crosslinked villin. At higher concentrations of calcium the
yield of the 138 K band increases and there is also the appearance of several
"doublet" bands that migrate with apparent molecular weights of 180 and

6 7Fig

A3.4 Crosslinking of villin and actin at 11 gM and 24 gM, respectively.
(A) SDS-PAGE of actin and villin crosslinked in calcium or EGTA with
F2 DNB. (B) Villin and actin crosslinked with EDC in conditions of
increasing free calcium concentration. (C) 1; A coomassie stained gel of
14 C-Actin EDC-crosslinked to villin. Lanes
1 &2: Actin and villin with out
EDC, Lanes 3-4; actin and villin crosslinked with EDC in calcium. 2; A
autoradiograph of the gel in previous gel showing the 14C labelled actin. 3;
An autoradiograph of a gel that was identical to that in the previous two
panels, but with unlabelled actin crosslinked to 12 51-villin.
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220 kD. Immunoblotting of these gels with antibodies to villin or actin, or
autoradiography of radiolabelled and crosslinked actin or villin, clearly
shows that all of these high molecular weight bands contain both actin and
villin.
The high molecular weight bands are formed at a constant relative
yield with time and with mole ratios of actin to villin of 11:1 to 2:1. The
lower molecular weight bands do not appear to be "chased into" the bands
with reduced mobility, with increased time of reaction or with increased
crosslinker concentration. The mobility of actin and villin relative to the
molecular weight markers does not change, but the bands of higher
apparent molecular weight appear retarded by the gel with longer
electrophoresis times. Crosslinking is a low yield reaction (<10%), and the
appearance of these slowly migrating species with equal kinetics as the 1:1
complex, suggests that they, too, are one to one complexes that have reduced
mobility on SDS-PAGE, due to the crosslinking site.
A single experiment was performed in which 125 1-labelled villin was
crosslinked to 14 C-labelled actin. By counting the separate isotopes or each
of the high molecular doublets, it was found that all of the bands had the
approximate stoichiometry of 1:1 to 1.3:1 Actin:villin. These results suggests
that EDC can crosslink a complex of actin and villin in calcium at several
possible sites which limit the unfolding and migration of the complexes to
varying degrees on SDS-PAGE gels.
Purified domains of villin were also crosslinked to actin. 68 51T was
crosslinked at low yields that exhibited some calcium dependency. Villin
core produced a pattern of high molecular weight bands that were very
similar to intact villin, but reduced in molecular weight. The result with
core suggests that, in the presence of intact villin, the principal crosslinking

68 Fig A3.5 Crosslinking of actin to villin domains with EDC. Every three
lanes has the mixture of the domain and actin, and the same mixture
crosslinked with EDC in the presence of calcium and the absence of
calcium. Crosslinking conditions were the same as those used for intact
villin.
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sites are not to headpiece. The surprising result was the appearance of an
extremely high yield complex (~25%) with an apparent molecular weight of
a 1:1 complex of 44T and actin. The formation of this crosslink was not
calcium dependent. Yield of the 44T-actin crosslink was slightly higher in
EGTA than in calcium The overall yield, and many of the high molecular
species could be eliminated by crosslinking in 200 mM NaCl or higher,
rather than 50 mM NaCl.

DISCUSSION
Villin-actin crosslinking
The changing pattern of villin-actin crosslinked products on SDSPAGE gels with calcium concentration, demonstrates calcium dependent
protein-protein interactions between the two proteins. The appearance of a
number of species with reduced mobility on gels suggests that there is a
major site of crosslinking, but also other equivalent sites. Migration in SDSPAGE gels is dependent on the volume (geometry) of the protein and its
charge. Crosslinking at some sites (or multiple sites) must prevent the
complete denaturation of the protein and solvation by SDS. Though these
species might be misinterpreted as higher order assemblies of actin
oligomers and villin, the kinetics of their appearance, anomalous
electrophoresis, and calculated stoichiometry, argue that these are 1:1
complexes of actin and villin. Altered mobility in gels of proteins
crosslinked to actin has been previously noted (Mockrin and Korn,
1981),(Ohara et al., 1982).
Crosslinking of isolated villin domains to actin
The crosslinking experiments of isolated domains of villin cast some
doubt upon the validity of studying isolated domains, or upon using EDC
crosslinking as a probe for villin-actin interactions. The crosslinking of 44T
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and actin in 50 mM salt was independent of performing the experiment in
calcium, or in calcium chelating conditions. It is thought that 44T does not
bind to actin in the absence of calcium, for its failure to co-sediment with
actin and lack of effect on fluorescence assays of actin depolymerization. In
addition, the yield of the 88 kD product was greatly reduced by 200 - 500 mM
NaCl, as were the higher molecular species. It is possible that EDC is
trapping a transient and non-specific interaction between 44T and actin.
The crosslinking of villin core to actin shows nearly same pattern of
crosslinked species as intact villin, but they all have slightly increased
mobility on SDS-PAGE gels. This result indicates that the major crosslinks
between villin and actin occur within the core domain. This contrasts with
the relatively high yield crosslinking of isolated headpiece and actin. The
two explanations for the 44T and headpiece crosslinking is that EDC captures
transient and non-specific protein-protein interactions, or that the isolation
of the domains exposes cryptic and artifactual sites that do not interact with
actin when part of intact villin.
The intra-domain crosslink
The intra-domain crosslinking is the only 'structural' evidence that
the two major domains of villin make calcium dependent contacts.
However, it is already known that these domains (1-6) have calcium
dependent actin binding activities. Since 44T has calcium dependent actin
severing activity, this domain interaction can not be essential for the basic
on/off regulation of severing. The appearance of an EDC crosslink may
demonstrate extremely subtle movements of very localized regions of the
two domains that may not be related to the transition from actin binding to
actin severing. Alternatively, EDC is acting as a probe of a functionally
important conformational change that is subtilely involved in modulating
villin's actin binding activities.
Conclusions
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1) Chemical crosslinking of villin and actin with F2 DNB and EDC
demonstrate calcium dependent interactions between the two proteins.
2) The crosslinked villin-actin products are of uncertain stoichiometry, but
may all be 1:1 complexes.
3) The specificity of the crosslinking reaction is not clear, and EDC may trap
transient or non-specific contacts between actin and villin, or actin and
isolated domains.
4) Isolated domains of villin may be crosslinked to actin at sites may not be
accessible for crosslinking in the intact protein.
5) EDC forms a calcium dependent intra-molecular crosslink between
villin's two major domains. This crosslink may be due to a functionally
relevant conformational change in villin core, or may be the trapping of an
unimportant contact between the two domains.

MATERIALS AND METHODS
Purification of villin
Villin was purified from chicken intestines by extracting washed
brush borders and purifying the extract on a DNase-actin column and DEAE
.

column, according to
Purification and crosslinking of villin domains
Limited proteolysis of villin was carried out with V8 protease and
trypsin. The proteolysis products were purified on a MonoQ FPLC column
in 10 mM PIPES, 0.1 mM EGTA, pH 7.0. 44T was collected as a flow through
fraction, and villin, core, and 51T were purified with a gradient of 0 - 250
mM NaCl, concentrated with Centricon 30 concentrators (Amicon Grace)
and crosslinked under the same conditions as villin.
Villin-villin crosslinking
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Purified villin was desalted from an ammonium sulfate pellet and
crosslinked at 1 mg/ml in 10 mM PIPES, 0.2 M NaCl, pH 7.0 with 25 mM
EDC for 30 minutes at room temperature. Crosslinking was quenched by the
addition of SDS-PAGE sample buffer and boiling.
Villin-actin crosslinking
Villin and actin were crosslinked at concentrations of 24 p.M actin and
11 gM villin in 10 mM PIPES, 0.1 M NaCl, 0.1 mM EGTA, pH 7.0 or 4 mM
CaCl2. Crosslinking was initiated with 1/10 volumes of F2 DNB in dimethyl
sulfoxide to 5 mM, or by the addition of EDC in buffer to a final
concentration of 25 mM. The reaction was quenched after 30 minutes at
room temperature by the addition of SDS-PAGE gel sample buffer.
FPLC of EDC crosslinked villin
The crosslinking was quenched by desalting on a G-10 column, and
the samples were eluted on a calibrated Superose 12 FPLC column in 10 mM
PIPES, 0.1 M NaCl, 0.1 mM EGTA, pH 7.0, running at 0.25 ml./minute.
Trypsin digests of EDC crosslinked villin
Villin and EDC crosslinked villin were digested under conditions
used to purify 44T and 51T, and digests were stopped by the addition of SDSPAGE sample buffer. Gels were transferred onto Immobilon transfer
membrane (Millipore) for sequencing (Matsudaira, 1987).
Radio-labelling Experiment
The double isotope experiment to calculate villin-actin stoichiometry
was performed according to the method used for gelsolin by Harris (Harris,
1985). Actin was labelled with 14 C-Iodoacetimide (Dupont-NEN) to a final
stoichiometry of 0.5 moles of iodoacetimide per mole of actin. Villin was
trace labelled with 12 5I-Bolton-Hunter reagent (Dupont-NEN) to a final
stoichiometry of 0.08 moles 125I per mole of villin. This level of label gave
counts well above background of approximately 500 14 C cpm/pg protein and
2800 125I cpm per gg protein. Bands from SDS-PAGE gels were dissolved in
hydrogen peroxide for 16 hours at 55 *C and counted in Biofluor
scintillation cocktail (Dupont) for 14 C, or counted directly in a gamma
counter for 1251. Stoichiometry was determined for the major crosslinked
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complex and for each pair of low mobility doublets. Internal labelled
standards were included on all gels.
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