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PREFACE

Arecent review of one of my grant applications commented on the ‘rediscovery
of tropomyosin’. I was tempted to write back in my rebuttal to the reviewer that I
didn’t realise it had been lost. Uncharacteristic maturity prevailed and I resisted the
temptation, but I was struck by the underlying observation that research on the struc-
ture and function of tropomyosin has been somewhat invisible, particularly in terms
of'the cytoskeleton isoforms. So, how can it be that one of the two major components
of the actin filament has been so thoroughly overlooked? I suspect that the answer
is disappointingly pedestrian. Whereas the biochemistry of the 1980s revealed the
potential of tropomyosin isoforms to diversify the function of actin filaments, the
subsequent disenchantment with isoform biology in general in the 1990s inhibited
growth of this field. With the development of more sophisticated experimental ap-
proaches we are now seeing a growing realisation of the importance of tropomyosin
in regulating actin filaments beyond its pivotal role in muscle contraction.

The opportunity to edit this book came at a time when we had written several
reviews on different aspects of tropomyosin function and I had just finished the
background reading for a comprehensive review of tropomyosin biology. I realised
that the field was simply beyond the capacity of any one person to do the field jus-
tice. Therefore it was a comparatively easy task to look at all the major aspects of
tropomyosin biology and identify the leaders in each area. Unfortunately, it was not
possible for all the major contributors to the field to write chapters; however, every
chapter is written by an expert in the area. It says something of those who work in
the field that everyone who was approached enthusiastically agreed to contribute a
chapter. Everyone recognised the importance of pulling the field together through
this book and ensuring that each chapter would review the current status of their
area and provide an insight into future research directions.

I am particularly grateful to Sarah Hitchcock-DeGregori, David Wieczorek,
Mario Gimona and David Helfman who worked through the concept of the book
with me. They were very generous with their time and suggestions, and this is much
appreciated.

I am struck by how much I have learned reading these chapters, and the same
view has been expressed to me by essentially all authors. All the authors have made
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vi Preface

the different areas very accessible and provide a current view of the field. It is my
expectation that this will serve as the core source on this topic into the foreseeable
future. It has captured the first 60 years of work in this field and shone a light into
the immediate future. I hope that it is as useful to you as it has been to all of the
authors.

Finally, I want to thank Ron Landes for the opportunity to edit this book and the
team at Landes Bioscience, particularly Cynthia Conomos, Celeste Carlton, Megan
Klein and Erin O’Brien, for their help and patience. It has been a great pleasure to
work on this with you.

Peter Gunning, PhD
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CHAPTER 1

Introduction and Historical Perspective

Peter Gunning*

Abstract

ropomyosin is a coiled coil dimer which forms a polymer along the major groove of the

majority of actin filaments. It is therefore one of the two primary components of the

actin filament. Our understanding of the biological function of tropomyosin has been
driven almost entirely by its role in striated muscle. This reflects both its original discovery as
part of the thin filament in skeletal muscle and its pivotal role in regulating muscle contraction.
In contrast, its role in the function of the cytoskeleton of all cells has been poorly understood
due, at least in part, to the technical challenge of deciphering the function of a large number of
isoforms. This book has brought together many of the leading researchers who have defined the
function of tropomyosin in both normal and pathological conditions. Each author brings their
own perspective in a series of stand alone reviews of the areas of tropomyosin research they have
played a major role in defining.

Introduction

The opportunity to edit a book on tropomyosin arose at a time when I had just completed my
reading in preparation for writing the recent review, “Tropomyosin-based regulation of the actin
cytoskeleton in time and space’ for Physiological Reviews. It was clear to me that the scope and
significance of tropomyosin research would greatly benefit from bringing together leaders in the
field to comprehensively cover all the different aspects of this research. Indeed, it is not possible
for a single author to cover in sufficient depth both the current state of knowledge and the future
directions of research in a field of this breadth. The overall layout of the book draws heavily on
that of recent reviews'® and on very helpful discussions with Sarah Hitchcock-DeGregori, David
Wieczorek, Mario Gimona and David Helfman. Because of space considerations not all major
contributors to the field could be included as authors but conversely, all research topics have been

authored by leaders in that field.

Discovery and Context of Tropomyosin Research

Tropomyosin was originally discovered as a structural component of the skeletal muscle con-
tractile apparatus.”® Because of its physical properties it was originally believed to be a precursor
of myosin and hence was named ‘tropomyosin’” The first thirty years of tropomyosin research
focussed on its role in striated muscle function. Tropomyosin is a coiled coil dimer which forms a
head to tail polymer along the length of the major grooves in the actin filament. The recognition
that tropomyosin regulates the interaction of the head of the myosin motor with the actin filament
has formed not only the basis for our understanding of the regulation of muscle contraction’"
but has also set the context for our understanding of the function of tropomyosin.® This has led to

*Peter Gunning—Oncology Research Unit, Department of Pharmacology, School of Medical
Sciences, University of New South Wales Sydney, NSW 2052, Australia.
Email: p.gunning@unsw.edu.au

Tropomyosin, edited by Peter Gunning. ©2008 Landes Bioscience
and Springer Science+Business Media.




2 Tropomyosin

a remarkable wealth of knowledge concerning the molecular function of tropomyosin in muscle
contraction but has hampered the growth of our understanding of tropomyosin function in the
context of the cytoskeleton. Even our naming of tropomyosin’s, muscle and nonmuscle, fails to
recognise the nature of the cytoskeleton itself.

In 2008, it is hard to understand the extent to which the discovery of ‘nonmuscle contractile
proteins’ in the 1970s was considered highly controversial. This, in large part, reflects the way
in which the concept of contraction driven by contractile proteins did not easily translate into
the functional context of nonmuscle cells at that time. Fibroblasts, for example, do not contain
structures resembling the repeating arrays of contractile proteins found in striated muscle. In
parallel, there was no appreciation of the functional diversity to which evolution has recruited
the actin filament system. This was over 20 years before the human genome project would reveal
that evolutionary diversity is driven primarily by the formation of protein variants rather than the
formation of entirely new types of proteins.'"""?

Initial studies of cytoskeletal tropomyosin focussed on its incorporation into the fibroblast stress
fibre."* The discovery of the plethora of tropomyosin isoforms raised the potential importance of
these isoforms in diversifying actin filament function.”>"” Protein chemistry studies of tropomyosin
isoforms from a number of laboratories supported this view of tropomyosins as isoform specific
regulators of actin filament function.’®*! In retrospect, it is interesting to note that whereas protein
chemistry provided a compelling case for isoform specific function, the difficulty in demonstrating
isoform specific function of structural proteins by gene transfection slowed the development of
the field throughout the 1990s.

In 2008, it is increasingly clear that the actin cytoskeleton is centrally involved in a variety of
functions in all eukaryotic cells. Many of these functions require diversity of function of the actin
filaments themselves. For example, the leading edge of a migrating cell requires multiple popula-
tions of actin filaments with different turnover kinetics and affinities for different actin binding
proteins.”” In contrast, the filaments within an actin stress fibre require greater stability than
those in the leading edge, a resistance to actin severing proteins and an ability to generate tension
through interaction with conventional myosin motors.? This diversity of actin filament function
is most easily reconciled with the existence of multiple types of actin filament populations which
are characterised by different isoform (actin and tropomyosin) composition and/or different
interactions with actin binding proteins."” Tropomyosin is becoming increasingly recognised as
a pivotal contributor to this diversity of filament function.!

With the advantage of hindsight, this book has been designed to present a systematic analysis
of tropomyosin structure and function. Each author has been asked to review a specific area of
research where they have made a major contribution. While each chapter is self contained, cross
referencing to other chapters identifies additional sources of more detailed information on par-
ticular issues.

Genes and Their Expression (Chapters 2-4)

The complexity of tropomyosin gene evolution and alternative splicing is a challenge for those
both in and outside the field. Chapter 2 was designed to present the evolution of the genes and the
generation of isoforms by alternative splicing in an easy to understand manner. It covers the major
phyla and presents a number of surprising observations, particularly concerning abrupt changes
in the use of the different genes between closely related species and the relationship between iso-
form number and functional complexity of the organism. The tropomyosin genes have served asa
paradigm for understanding mechanisms which regulate alternative splicing and Chapter 3 covers
the current view of this process in the two best studied models. The mutually exclusive splicing of
exons 2a and 2b in the o-Tm gene and exons 6a and 6b in the f-Tm gene provide insights not only
into the role of associated cis-sequences but also the role of different trans-acting factors. Finally,
Chapter 4 reviews the expression of tropomyosin isoforms both between different cell types and
during development of higher eukaryotes. Some general principles of isoform specific regulation
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are identified and the relationship between tropomyosin supply and actin polymer formation
explored in striated muscle and the cytoskeleton.

Protein Structure (Chapters S, 6)

Tropomyosin has historically served as the classic coiled coil protein and Chapter 5 covers recent
advances in our understanding of the structure of the tropomyosin dimer. Of particular interest is
the recent insight into the structure of the overlap between adjoining dimers in the filament. The
chapter also addresses the relationship between structure and the functional differences between
tropomyosin isoforms. Because tropomyosin is a dimer there is the potential to form a large num-
ber of different dimers. Chapter 6 reviews the principles which govern the preferential formation
of specific tropomyosin dimers. These two chapters reveal the remarkable subtlety between what
on the surface seems a very simple family of structurally similar molecules and the contrasting
diversity of their biological functions.

Role in Muscle Function (Chapters 7-9)

One of the more surprising features of tropomyosin is that the affinity of the dimer for the
actin filament is so low as to discount it as an actin binding protein. Rather, it more resembles a
polymer ‘floating” over the surface of the major grooves in the actin polymer. At the same time,
the tropomyosin polymer coordinates the response of the actin filament along its length to ensure
coordinated interactions of the thin actin filament with the thick myosin filament. This is a core
conceptual problem which underpins the function of skeletal and cardiac muscle. The challenge
of understanding the assembly of the tropomyosin polymer depends on its cooperative binding
to actin which is explained in Chapter 7. This cooperative binding goes to the heart of the tropo-
myosin actin interaction. Chapter 8 reviews the state of our current understanding of the role of
tropomyosin in the regulation of striated muscle contraction. While the current models provide
an elegant view of the role of tropomyosin in this process, the chapter also draws attention to
the weaknesses in our understanding of contraction. Unlike striated muscle, smooth muscle uses
a much less regular structure to achieve contraction and Chapter 9 demonstrates how smooth
muscle substitutes caldesmon for the troponin complex to control tropomyosin regulation of the
actin-myosin interaction. This provides an excellent example of how evolution has recruited dif-
ferent members of multigene families to specialise the process of contraction in different tissues
with different functional requirements.

Tropomyosin in Human Disease (Chapters 10-13)

The involvement of tropomyosin in a range of human diseases continues to grow and it is to
be expected that there is more to be found. Indeed this arose during the preparation of Chapter
12 and hence the scope had to be expanded. The carliest recognition of an association between
tropomyosin and human disease was the observation that changes in the profile of tropomyosin
isoforms show a characteristic change in cancer cells. Chapter 10 reviews the evidence for a direct
role of tropomyosin as a regulator of cancer and the emerging view that this involves changes in
the oncogenic signalling properties of these cells. Mutations in striated muscle tropomyosins have
now been identified as disease causing in a numbers of human conditions. Chapter 11 reviews the
role of afast-Tm mutations in hypertrophic and dilated cardiomyopathies and the use of animal
models to understand the mechanisms underlying these conditions. Mouse models are also used
to demonstrate the functional differences between muscle tropomyosins. Similarly, Chapter 12
reviews the role of mutations in aslow-Tm and -Tm underlying nemaline myopathy and the
recent discovery of additional myopathies caused by these genes. Analysis of an animal model has
revealed the impact of a disease causing mutation on dimer preference with resulting alteration in
thin filament composition. These reviews serve to emphasise the impact of the subtle differences
in muscle tropomyosins on actin filament function. Finally, Chapter 13 covers the role of the cy-
toskeletal TmS5 isoform as an autoantigen in ulcerative colitis. Surprisingly, evidence is mounting
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that some Tm5 is present on the surface of intestinal epithelial cells which mediates the impact of
these autoantibodies in the colon.

Tropomyosin Directed Regulation of the Cytoskeleton
(Chapters 14-16)

Genetic analysis of the role of tropomyosin in the cytoskeleton was first achieved in yeast and
Chapter 14 reviews how the power of yeast genetics has defined key principles of tropomyosin
function. This chapter demonstrates the importance of tropomyosin not only in terms of regulating
cell shape but also intracellular transport. In mammals functionally distinct populations of actin
filaments can often be identified by different isoforms of tropomyosin and Chapter 15 reviews
the extent to which this is found in different cell types. The relationship between localised cellular
signalling and the localised accumulation of specific tropomyosins is considered as a mechanism
for the spatial specialisation of actin filament function. The implications of this work for the spe-
cialised function of specific actin filament populations in human cells are considered in Chapter
16. A variety of experimental approaches have demonstrated that tropomyosin isoforms define
functionally distinct populations of actin filaments and that tropomyosin plays a pivotal role in
determining the functional properties of specific filaments.

Mechanisms of Tropomyosin Function (Chapters 17-21)

A substantial body of data now supports the view that tropomyosin isoforms can determine the
functional role of specific actin filaments. In some respects it is ironical that the protein chemistry
of the 1980s is more relevant now than when it was originally published. This is because the context
has changed and the isoform specific role of tropomyosins is now well established. Chapter 17
reviews the role of tropomyosin isoforms in regulating the activity of the actin binding proteins
gesolin and cofilin against different populations of actin filaments. This is discussed in terms of
their relationship to different conformational states of the actin filament. This theme is extended in
Chapter 18 where the relationship between the actin severing proteins ADF/Cofilin and specific
tropomyosins are considered not only in terms of competition but also as potential collaborators
in an isoform specific manner. Of particular interest is the impact of ADF/Cofilin and different
tropomyosins on the kinetic properties of specific populations of actin filaments. Similarly, Chapter
19 reviews the isoform specific effects of cytoskeletal caldesmon on tropomyosin containingactin
filaments to provide a calcium sensitive mechanism to differentially regulate different populations
of actin filaments in the cytoskeleton. As might be expected from its role in skeletal muscle dif-
ferent tropomyosins also have the capacity to discriminate between different myosin motors and
Chapter 20 explores the significance of this function of tropomyosins. This chapter looks at the
potential relationship between myosin and tropomyosin diversity in specifying the functional role
of specific actin filaments. Finally, Chapter 21 reviews the impact of the different tropomodulins
on the stability of actin filaments containing different tropomyosins. It is now clear that different
combinations of tropomyosins and tropomodulins can regulate the turnover of different actin
filaments. In conclusion, it appears that the different tropomyosins have the capacity to regulate
the impact of the different actin binding proteins on actin filament function which has resulted
in a remarkable diversification of the actin cytoskeleton.
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CHAPTER 2

Structure and Evolution

of Tropomyosin Genes
Bernadette Vrhovski, Nadine Thézé and Pierre Thiébaud*

Abstract

ropomyosins constitute a family of highly related actin-binding proteins found in the

animal kingdom from yeast to human. In vertebrates, they are encoded by a multigene

family where each member can produce several isoforms through alternative splicing
and for some of them with alternate promoters. Tropomyosin isoform diversity has considerably
increased during evolution from invertebrates to vertebrates and stems from the duplication of
ancestral genes. The advance of genomic sequence information on various animals has expanded
our knowledge on the structure of tropomyosin genes in different phyla and subphyla. We present
the organisation of tropomyosin genes in different major phyla and the phylogenetic comparison
of their structure highlights the evolution of this multigene family.

Introduction

Tropomyosins ('Tm) are ubiquitous, highly conserved proteins found in eukaryotic cells that
play an indispensable role in a diversity of processes that include among others, cytokinesis, cell
motility, cell transformation or more highly specialized function like myofibrillar contraction.!?
Tropomyosins have been found in all eukaryotic phyla except plants and show an increased complex-
ity in terms of protein isoforms from lower eukaryotes to vertebrates which exhibit a multiplicity
of isoforms. This isoform diversity is produced by a combination of multiple Tm encoding genes,
alternative splicing of primary transcripts and for some of them alternative promoter usage.’ The
rationale for such protein diversity is still unknown but it has been shown that the production of
Tm isoforms in some species is developmentally regulated and that Tm isoforms are functionally
distinct."?* It appears that the complexity of Tm isoform diversity is clearly related to the increased
complexity of animals during evolution stemming from unicellular eukaryotic cells like yeast to
highly organized multicellular organism such as vertebrates. The structure of several 77 genes has
been elucidated, in a first approach, by analysis of a combination of cDNA and genomic clones and
PCR on genomic DNA. Since the genome sequencing of numerous highly evolutionarily distant
organisms is under completion, the presence of T genes in these genomes and their structural
organization can be now evaluated. Moreover the availability of EST sequences for many species
completes the picture we have on 77 gene expression and we can infer about gene numbers in those
species. In this chapter, we review our knowledge about tropomyosin gene number and structure in
various organisms. Because tropomyosins are present in different eukaryotes as divergent as fungi
and human, we have decided not to report on every species where 772 genes have been character-
ized but rather focused on major species that are important in evolutionary analysis in order to
understand the origin and evolution of the 77 gene family.
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Bordeaux 2, 146, rue Léo Saignat, 33076 Bordeaux Cedex, France.
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Structure of Tropomyosin Genes

The structural organization of tropomyosin genes has been inferred from genomic clones
isolated from different species and from databank sequences. We describe what is known about
Tim genes number and structure in relevant species along the phylogenic tree of the animal king-
dom (Fig. 1). T genes have been found in eukaryotic unicellular organisms and also in several
invertebrates model organisms but the best knowledge we have about this multigene family is
deduced from vertebrates studies.

Eukaryotic Unicellular Organisms

Tropomyosin genes have been characterized in two fungi species, the budding yeast
Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe (see Chapter 14). These
constitute the carliest Tm isoforms identified in the evolution of the eukaryotic lineage. In S.
cerevisiae there are two T genes, TPM1 and TPM2, that encode 199 and 166 amino acid (aa)
proteins respectively with 64.5% sequence identity.>® The two proteins show distinct func-
tions and are not interchangeable. The two genes appear probably through a yeast-specific gene
duplication both encoding single isoforms. In S. pombe, Tm is the product of the cdc8 gene and

H. sapiens ——- TPM1- TPM2 TPM3 TPM4
R. norvegicus - a-TM g-TM y-TM TM-4

310
r | M. musculus - TPM1 TPM2 TPM3 TPM4

WGD
I'3G° G.gallus ——— ofTM  B-TM y-TM &-TM
450 I; X_laevis — - a-TM® BTM¥*y-TM TM-4%
: TPM 4-1
. F.rubripes —— Toui1 TPM2 TPM3 pou

C. intestinalis CTM1

S. purpuratus - suTM1 suTM2

D. melanogaster- Tmi Tmi
C.elegans — tmy-1
H. magnipapillata -Trop1

0 S.pombe - cdc8
1000
' S. cerevisiag-——TPM1 TMP2

Figure 1. Phylogenetic tree summarizing the relationships between different informative species
and the tropomyosin genes identified in those species. Divergence times in millions of years
ago are shown.® The whole duplications of genomes that have been proposed to occur in the
vertebrate lineage are indicated (WGD). The genome duplication that has occurred in fishes
and amphibians lineages is indicated by black triangles. The duplicated Xenopus laevis genes
inferred from cDNAs sequence analysis are indicated by an asterisk (*). The nomenclature
of the tropomyosin genes is as follows : H. sapiens, HGNC database; R. norvegicus;**4%2
M. musculatus, MGl database; G. gallus;>**° X. laevis;*2333 F. rubripes;*® C. intestinalis;*
S. purpuratus, SUGP at http://sugp.caltech.edu/; D. melanogaster, Flybase; C. elegans;'®
H. magnipapillata;® S. cerevisiae;* S. pombe.” Regarding nonfully sequenced species, one cannot
rule out the possibility that some other members of Tm genes family are still to be found.
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Figure 2A,B. Legend viewed on following page.

codes for a 161aa protein that shows only 42% identity with S. cerevisiae proteins.” This is not
surprising given the great sequence divergence of the two yeast species that are separated by about
1 gya.8 However, the yeast proteins display the typicai characteristics of tropomyosin including
the hydrophobic-hydrophilic pseudoheptapeptide repeats. In both species, 77 genes contain no
introns like the vast majority of yeast genes.
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Figure 2. Exon organisation of tropomysosin genes and the isoforms produced in invertebrates.
A) nematodes represented by C.elegans ; B) arthropods represented by D. melanogaster ; C)
echinoderms represented by S. purpuratus; D) urochordates represented by C. intestinalis.
Exons are represented by boxes. The 5’ untranslated leader exon in D. melanogaster genes is
represented by a thick vertical bar. The 3" untranslated regions are represented by a white box.
The gene name is shown in italics and the number of the exon above and size in aa below the
boxes. Exons subject to alternate usage are shaded the same. Isoforms known to be produced
from each gene are shown and the size in aa is shown on the right. The nomenclature for the
exons of the C. elegans gene is refered to previous report.””'* The nomenclature for the exons
of the D. melanogaster genes has been adapted from previous reports.””? in order to illustrate
the internal alternative exons and the distinct carboxy terminal exons. The carboxy terminal
exons 9a, 9b, 9c and 9d in the invertebrates genes are not related to those described in the
vertebrates genes (see text and legend Fig. 3). *Exon 1b in the 339 aa isoform contains 54 aa
instead of 48 aa because of the splicing of exon 2 to exon 1b that has occurred 18 nucleotides
upstream of the initiation codon of exon 1b.

Invertebrates

Cnidarians

The cnidarians belong to the diploblats phylum and are animals that display only two main
layers, the ectoderm and the endoderm, thus representing the most basic metazoan phylum. 7
cDNAs have been cloned from Hydra magnipapillata (class of hydrozoa) and from the marine
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medusa Podocoryne carne®'* In H. magnipapillata, a cONA clone encodinga 253 aa tropomyosin
has been identified. From genomic southern blot and PCR analysis, it has been found that the cor-
responding gene (7rgp1) is present in a single copy in the genome and lacks introns.” The protein
shows the characteristic feature of repeating pseudoheptapeptide pattern of nonpolar and polar
residues. Two cDNA clones, Tpm1 and Tpm2, have been isolated in the marine medusa P carne
and they encode Tm isoforms of 242 and 251 aa respectively.'” Both proteins share 19% identity
suggesting they are produced by a duplication event that occurred early in metazoan evolution
in the phylum Cnidaria. No alternative isoforms of the two cDNA clones have been identified.
While the Tpm1 gene is widely expressed, Tpm2 gene expression is restricted to striated muscle
of the medusa.

Nematodes

With the advance of genome sequencing, the traditional phylogeny based on morphology and
embryology has been replaced by a molecular based phylogeny and a metazoan phylogenetic tree
has been established. According to this phylogeny, nematodes and arthropods are placed in the
same group of ecdysozoans that belongs to the phylum of protostomes." Several cDNA clones
encoding tropomyosin proteins have been characterized in a number of species of nematodes.
Those proteins are highly related showing 85-90% identity between them and about 60% identity
with human tropomyosins.'>'* The complete gene structure and isoform diversity production have
been established for the organism model Caenorbabditis elegans.’>'¢ There is a single T gene
(named #my-1 or lev-11) in the genome of the C. elegans (Fig. 2A). The gene spans more than 14
kb, contains two alternate promoters and has 15 exons with three groups of alternatively spliced
exons. Four major different isoforms, named CeTmI-IV, that are produced by the gene have been
described.”*¢ CeTml and CeTmll, which are produced by the distal promoter, are 284 aa long
and differ by the 27 aa encoding exon at their carboxyl terminus. They show 64 to 68% identity
with the Drosophila muscle tropomyosin and about 50% with rabbit skeletal muscle isoforms.
When comparing the carboxyl-terminus of CéTMI and CeTMII (exon 9) with the skeletal and
cytoskeletal isoforms from Drosophila and mammals, it appears that CeTMI represents a skeletal
isoform while CeTMII represents a cytoskeletal isoform. CeTmlII and CeTmlIV are produced by
the internal promoter and are 256 aa long and represent cytoskeletal isoforms. A unique feature
of the C. elegansTim gene, compared to other 7 genes, is the alternative splicing of exon 4 and the
choice of three alternatives for exon 5. Seven additional transcripts generated by the #my-1 gene
are found in databanks (www.wormbase.org ) and they encode proteins of 151 to 193 amino acids
but their relevance is unknown. One cannot exclude that additional isoforms might be produced
by the #my-1 gene.

Arthropods

Among arthropods, the fruitfly Drosophila melanogaster is one of the major animal models
studied and tropomyosin gene structure and expression has been well documented. cDNA and
genomic clone analysis have showed that there are two T genes in D. melanogaster, namely Tl
(also known as gene 1) and Tl (also known as gene 2) that are closely linked on chromosome
3 and generate at least 8 proteins (Fig. 2B) that show about 47% identity with vertebrate Tm.!”*
Tl gene is about 26 kb long and is the more complex of the two 7 genes. It contains 17 exons
(including an untranslated leader exon) with two promoters, three internal alternative exons and
four distinct carboxy terminal exons. Unlike vertebrate Tz genes, the D. melanogasterTmll gene
does not contain alternatively spliced exons 2 and 6 but instead contains alternate exons 4, 5,7 and
9. Contrary to what is found in the vertebrates, exon 9a encodes the carboxy terminus of a cytosketal
isoform, while exons 9b, 9¢ and 9d encode the carboxy temini of striated mucle tropomyosins.
At least six distinct mRNAs are produced by the 77/ gene encoding polypeptides ranging from
252 to 518 aa.”? The distal promoter is considered as a muscle promoter and is active in muscle
cells of the embryo, larva and adult while the internal one is considered as an housckeeping-type
promoter. Six additional transcripts and polypeptides potentially generated by the 772/ are found
in databanks (e.g., Flybase) but their significance is unknown.
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The Tnll gene is 5 kb longand comprises five exons (including an untranslated leader exon), of
which the last is alternatively spliced to give rise to two 284 amino acid proteins showing distinct
carboxyl-terminal regions of 27 aa."” The two D. melanogaster Tm genes have in common the
presence of an untranslated leader exon that is not found in vertebrate genes.

Echinoderms

Echinoderms constitute a phylum of marine invertebrates that belong, like chordates and
urochordates to Deuterostomes. Among echinoderms, the sea urchin has been widely used as a
major organism model in developmental biology and the genome of the species Strongylocentrotus
purpuratus has been recently sequenced and annotated.”® Because sea urchin is a non chordate
deuterostome, it will give insights about the gene families it does and does not share with chordate
deuterostomes and animals of other superphyla. Two 7 genes, named s« 7M1 and suTM2, can
be identified in the recently sequenced genome of S. purpuratus? (Fig. 2C). The suTM1 gene is
composed of 10 exons and comprises two promoters. The distal promoter is used to produce a 284
aa Tm isoform while the internal one produces a 242 aa isoform, both isoforms showing 37-38%
identity with the vertebrate o and B striated isoforms. When compared with the vertebrate 77z gene,
it appears that the 39 aa containing exon 4 of the vertebrate gene is split into two exons of 15 and
24 aa in the su TM1 gene while exons 6 and 7 in vertebrate genes are fused in the sea urchin gene
to give a unique 46 aa exon. The su TM2 gene codes for a 245 aa protein and has the same pattern
of splicing and same size of exons as the su 7M1 gene except for exon 1b which is 3 aa longer in the
suTM2 gene. The protein encoded by the suTM2 gene has 33% identity with the low molecular
weight Tm produced by the su 7M1 gene and only 24% with o and f vertebrate tropomyosins.

Urochordates

Urochordates (also known as tunicates) belong to the phylum of deuterostomes and constitute
with vertebrates and cephalochordates one major subphylum of the chordates that includes animals
possessing a notochord. Phylogenetic studies indicate that urochordates represent a sister group
of vertebrates and therefore constitutes a good system for exploring the evolutionary origin of
the chordates lineage from which all vertebrates sprouted.?* Within the urochordates, the ascid-
ian Ciona intestinalis, whose tadpole exhibit the general architecture of vertebrates embryos, has
emerged as a model organism and its genome has been recently sequenced and assembled. A cDNA
clone encodinga 284 aa tropomyosin has been isolated from the body wall muscle of C. Intestinalis
and identified as the CTM1 gene (Fig. 2D). The C. intestinalis Tm has 72% identity with either
the a or f vertebrate skeletal muscle tropomyosin and 52% identity with the Drosophila muscle
Tm.” Genomic data indicates that the CTM1 gene is a single copy gene that is 4.4 kb long and
comprises 8 exons but shows no evidence of alternatively spliced exons.

Vertebrates

Tm genes have been cloned or identified in databases in the major sub-phyla of vertebrates,
namely fishes, amphibians, avians and mammalians. Four distinct genes are found in vertebrates
and they can produce, through alternative promoters, mutually alternatively spliced exons and
different carboxyl termini more that 40 isoforms.** There is not a unified nomenclature for the
vertebrate 7 genes and each of the genes has been named, when first described, after the protein
they encode. The a (also known as TPM1I) and B (also known as TPM2) genes are named after
striated muscle o and B-Tm isoforms respectively. The T7Mznm (also referred to asy-Tim or TPM3)
and the TM-4 (also known as 8-Tiz or TPM4) genes have been named after human fibroblast
TM30nm and the rat fibroblast TM-4 respectively. The T gene nomenclature in the human
genome project is 7PM1-4. As shown in Figure 3, we have kept the original name by which they
have been first identified and described by different groups. One structural feature of all the ver-
tebrate 7 genes is their highly conserved exon-intron structural organization with the number
and order of exons being, except in a few cases, strictly conserved. Furthermore, for each exon the
class of junction is the same. The different exons have been named 1a to 9d in order to facilitate
simple comparison between genes.
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Fishes

The Japanese pufferfish (Fugu rubripes) and the zebra fish (Danio rerio) and are two widely used
model species whose genome sequencing has been undertaken. In both species, 7z genes have
been identified through cDNA cloning, expressed sequence tags (ESTs) and genomic sequence
database. The most comprehensive picture we have today about 77 genes structure and number
in fish is that of Fugu rubripes. Six genes, namely TPM1 to TPM4, have been found in the genome
of F. rubripes (Fig. 3A) and four of them correspond to duplicated paralogs.”?% TPMI-1, with its
paralog TPMI1-2 and TPM4-1, with its paralog TPM4-2, correspond to the mammalian a-772 and
8-Tim respectively. TPM2 and TPM3 are single copy genes and correspond to the mammalian -7
and y-Tm respectively. TPMI-1 is structurally equivalent to the amphibian, avian or mammalian
a-Tm genes with two promoters and two mutually alternatively spliced exons (2a:2b, 6a:6b) but
contains three different carboxyl termini instead of four in the avian and mammalian genes. The
duplicated TPM1-2 differs from its paralog 7PM -1 by the absence of exons 2a and 6a. 7PM2
is equivalent to its counterpart vertebrate B-7M genes with the exception that it has no exon 6a.
TPM3, in contrast to avian and mammalian y-77 genes has a single promoter and no mutually
alternatively spliced exon 6a. TPM4-1 and TPM4-2 genes have an identical structure to the
amphibian and avian 8-77 genes with two promoters and two alternative carboxyl termini. One
striking feature of the fishes 7 genes is the absence of exon 9¢ which in avians and mammalians
encodes a brain specific exon.

Amphibians

Amphibians have long been considered as animal models in developmental biology and
Xenopus laevis has emerged more recently as a preferred one. However, due to its tetraploid status
itis the genome of the closely related diploid Xenopus tropicalis whose genome sequence has been
undertaken.” Three T genes have been identified in X. Jzevis through cDNA and genomic clone
analysis and the presence of a fourth gene has been deduced from the inspection of EST database
(Fig. 3B). The Xenopus laevis o-Tm gene is 35 kb long and possesses 14 exons, two alternate promot-
ers, two sets of alternatively spliced exons (2a:2b and 6a:6b) and three distinct carboxyl termini
9a:9b:9d.*"%2 The gene generates skeletal and smooth muscle isoforms together with cytoskeletal
isoforms. The main structural difference with its avian and mammalian counterparts is the absence
of the brain specific exon 9c. The amphibian -7 gene is structurally related to the mammalian
ortholog with one promoter, an internal alternatively spliced set of exons and two different carboxyl
termini 92:9d.%** Like the mammalian gene it produces striated and smooth muscle Tm isoforms.
The TM4 gene is structurally equivalent to its avian ortholog with two alternate promoters and
two distinct carboxyl termini. It can produce a 284 aa muscle isoform and a 248 aa cytoskeletal
isoform.”” EST sequence analysis indicates that the 7A/4 gene can also produce a mRNA from the
distal promoter and that includes the carboxyl terminus 9d. As previously mentioned, X. /zevis is
a tetraploid species where most if not all the genes characterized in that species exist in two copies
per haploid genome. A close inspection of EST databases indicates that there are two a7, two
B-Trm and two TM-4 expressed genes in X. /aevis and cDNA sequence comparison suggest that
the duplicated genes have the same structure. From EST sequences in databases it appears that
there is a fourth 7 gene, equivalent to TPM3 (y-Tm) also present (BC043980, Fig. 3B). The
cDNA corresponding to that gene encodes a 250 aa low molecular weight isoform but there is no
evidence for additional alternatively spliced isoforms produced by the gene.

Avians

Tin cDNAs and genomic sequences have been isolated and characterized from chicken (Gallus
gallus) and quail (Coturnix coturnix). The structure of the of 7M and B-TM genes from G. gallus
has been established from cDNAs and genomic clones and those of the 8-7M gene is deduced
from cDNAs sequences.’*#! The structure of the y-T gene is deduced from isoforms found in
EST databases (Fig. 3C). The avian af TM gene has the same structure as its mammalian ortholog.
It covers 20 kb and consists of 15 exons, including two sets of internally alternatively spliced exons
(2a:2b; 6a:6b) and it possesses two alternate promoters. It can produce at least nine isoforms
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Figure 3. Exon organisation of tropomysosin genes and the isoforms produced in vertebrates. A)
fishes represented by F.rubripes; B) amphibians represented by X. laevis; C) avians represented
by C. gallus. Exons are represented by boxes. The 3’untranslated regions are represented by a
white box. The gene name is shown in italics and the number of the exon above and size in
aa below the boxes. Exons subject to alternate usage are shaded the same. Isoforms known
to be produced from each gene are shown and the size in aa is shown on the right. Only one
known isoform is produced by TPM3 of F. rubripes and therefore is not shown below the
gene. In the case of the y-Tm gene for X. laevis and C. gallus the organisation of the exons
is inferred from sequences in the EST database as no gene information is available. As our
knowledge of this gene is incomplete there may be other exons present which have not yet
been found. Exons have been numbered according to previous reports*#* in order to facilitate
comparison between genes. Exons 9a 9b, 9c and 9d are equivalent when considering fishes,
amphibians, avians or mammalians genes.

and the carboxyl terminus of the different isoforms is encoded by three distinct alternative exons
92:9¢:9d.3*¥ Among them, exon 9c is specifically expressed in brain cells as has been found for
the mammalian gene. One striking feature of the chicken af TM gene, compared to its vertebrates
orthologs, is that exon 2a has been found in an mRNA (Embryonic heart in Fig. 3C) expressed
solely in embryonic heart.” A similar mRNA has been described in Fugu rubripes but none expres-
sion data are available.”The chicken B-7M gene spans 13 kb and possesses 13 exons generating
at least 9 isoforms.*** One major difference between the avian gene and the mammalian 3-7M
gene is the presence of two alternate promoters, the internal one being used to produce a 248 aa
cytoskeletal isoform.“There are also many more known isoforms from the avian -7 than have
been found in mammalians. The y-7M gene, according to EST sequences is composed of at least
12 exons with three alternative carboxyl termini but show no evidence of internal alternatively
spliced exons. At least four isoforms appear to be produced and two of them are incomplete (Fig.
3C). The avian 8-TM gene is structurally equivalent to the amphibian T7M-4 gene with 11 exons,
two alternate promoters and two distinct carboxyl termini. It produces a cardiac and a smooth
muscle isoform of 284 aa and a cytoskeletal 248 aa Tm.*!
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Mammalians

Most of our knowledge concerning the mammalian 77 gene structure comes from cDNAs
and genomic clones that have been isolated in rodents (rat and mouse) and human. The picture
has been then completed with the help of genomic and EST sequence databases that record the
genomic sequences and/or expression of 77 genes in several additional mammalian species. For
simplicity we have used the mouse 77z genes as representative of mammals although there are dif-
ferences between species as mentioned in the text (Fig. 4) (see also Chapter 16).

a-Tropomyosin Gene (TPM1)

The a-trapomyosin gene is the most complex mammalian #ropomyosin gene and its structure
has been first elucidated from rat genomic clones analysis.**The rat o-T7 gene spans about
28 kb and comprises 15 exons and includes two alternative promoters, two internally mutually
exclusive exons (2a:2b and 6a:6b) and four alternatively spliced 3’exons (9a-9d) that encode four
different carboxyl termini. The mouse and human -7 (TPM1I) genes are about 27 kb and 29
kb respectively and show a similar structure (Fig. 4). In addition to the production of at least four
cytoskeletal isoforms, the a-Ti gene can produce skeletal and smooth muscle specific isoforms
where exon 2a is unique to smooth muscle.** Three distinct brain isoforms are also produced
by the gene and two of them contain the unique carboxyl terminus encoded by the brain specific
exon 9¢.® For a comparison with the human gene, see Chapter 16.

B-Tropomyosin Gene (TPM2)

The mammalian B tropomyosin gene ranges from 8 kb in human (7PM2) to 9 kb in mouse
(TPM2) and 10kb in rat (B-7M). The gene spans 11 exons and contains a single promoter, a
unique mutually exclusive internal exon (6a:6b) and two distinct carboxyl termini (92:9d) (Fig.
4). It produces two 284 aa tropomyosin proteins corresponding to the skeletal f-Tm isoform and
the smooth muscle -Tm isoform which is identical to the cytoskeletal TM1 isoform.*# An
additional product has been detected in humans (Chapter 16).

y-Tropomyosin Gene (TPM3)

The structure of the y-tropomyosin gene has been first described in human. The human gene
(named TM30nm), spans about 42 kb and comprises 14 exons with two promoters, a single
mutually exclusive internal exon (6a:6b) and four carboxyl-termini encoded by distinct alterna-
tively spliced exons.”® The mouse gene (7PM3) and the rat gene (y-TM) cover 28 kb and 27 kb
respectively. The y-7M gene encodes a 284 aa residues tropomyosin present in slow twitch skeletal
muscle and several low molecular weight cytoskeletal tropomyosins. For instance, the rat gene
has been described to produce at least ten cytoskeletal isoforms that ranges from 177 to 248 aa
residues and that are expressed in a complex pattern.’' The mouse y-7M gene can produce at least
11 cytoskeletal isoforms (Fig. 4).

o-Tropomyosin Gene (TPM4)

The complete structure of the mammalian 8-77 gene has been first described for the rat gene
(also known as TM-4 gene). The gene spans 16 kb and comprises 8 exons but shows no alternatively
spliced exons. Instead, the presence of “vestigial” exons similar in sequence to exons 2b and 9a of
the rat B-7i genes have been found in the gene but mutations has rendered them non-functional >*
The mouse 8-7m gene (TPM4) is structurally equivalent to the rat gene and covers 18 kb (Fig.
4). Database analysis reveals different situations for the structural organization of 8-77 genes in
other mammalian species. For instance, the human gene spans about 35 kb and displays a distal
promoter. Moreover it possesses an exon 2b and can generate a 284 aa protein containing a carboxyl
end encoded by exon 9d and that is similar to the smooth muscle Tm isoform produced by the
quail 8-7 gene (also see Chapter 16). An intact exon 9a is also found in human but not yet been
found to be used in any transcripts.
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Figure 4. Legend viewed on following page.

Evolution of the Tropomyosin Genes

The number of tropomyosin isoforms found in different species of the animal kingdom is
directly related to the number of encoding genes and whether or not those genes are subject to
alternative splicing. In the early eukaryotic lineage such as in yeast, only one or two Tm isoform
are found and they are encoded by single genes that show no alternatively spliced isoforms (see
Chapter 14). This is the same for the diploblast phylum, illustrated by cnidarians, where the iden-

tified 7 genes possess no introns. In the tripoblast lineages that include the protostomes and
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Figure 4. Exon organisation of tropomyosin genes and the isoforms produced in mammals,
represented by mouse M. musculus.? Exons are represented by boxes. The 3’untranslated
regions are represented by a white box. The gene name is shown in italics and the number of
the exon above and size in aa below the boxes. Exons subject to alternate usage are shaded
the same. Isoforms known to be produced from each gene are shown and the size in aa is
shown on the right. The TPM4 gene organisation varies in different species (see Chapter
16). Exons 1a and 2b are not present in mouse but are shown here as they exist in human to
produce the isoform shown (Ensembl Peptide ID ENSP00000345230 in www.ensembl.org/
homo_sapiens/). Exons have been numbered according to previous report® in order to facili-
tate comparison between genes. Exons 9a 9b, 9c and 9d are equivalent when considering
mammalians, fishes, amphibians or avians genes.

deuterostomes phyla, tropomyosin isoform diversity has increased through the combination of
gene duplication and alternative splicing.

Gene Duplication

Duringits 2 billion years of evolution, the eukaryotic genome has undergone several processes
that has led to an increase in the phenotypic complexity of animals. One of these processes is the
whole genome duplication that occurred at different steps during evolution.® On the basis of
genome size, gene family analysis and the availability of sequenced genomes, it has been proposed
that two rounds (2R) of whole genome duplication (WGD) has occurred in the lineage leading
to vertebrates (Fig. 5)°* This hypothesis is exemplified by several gene families that were found
to have expanded from a single member in invertebrates to four members in vertebrates. For
instance, many single-copy genes in Drosophila have four vertebrate orthologs, consistent with
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Figure 5. Tropomyosin gene phylogeny. We hypothesize that an ancestral tropomyosin gene is
the common ancestor to all bilateria Tm genes and which gave rise to the present tmy-1 gene
in the nematode C. elegans, the Tm/ gene in the arthropod D. melanogaster, the suTM1 gene
in the echinoderm S. purpuratus and in the urochordate C. intestinalis CTM1 genes. Additional
Tm genes in arthropods (Tmll) and echinoderms (SuTM2) resulted from gene duplications. Two
whole genome duplications (WGD1 and WGD?2) from the ancestral gene produced the four
vertebrates Tm genes. Further genome duplications in fish gives rise to TPM1-2 and TPM4-2.
In amphibians, the duplication of the o-TM, B-TM and TM-4 is indicated by an asterisk ().

the notion of two rounds of genome duplication in vertebrates.’> The two Drosophila Tin genes,
Tl and Timll, have a different exon-intron organization and they probably arose through a gene
duplication event of cither an individual gene or a genomic segment followed by a massive loss of
introns resulting in the 5 kb 7721 gene that contains only three introns."” Because the Drosophila
Tml gene has an exon-intron structure identical to its vertebrate orthologs (see Fig. 6A), we can
postulate in agreement with the 2R hypothesis, that it represents the ancestor 77 gene from which
the four vertebrates orthologs are derived. Considering the sea urchin 7 genes, the su TM2 gene
probably represents a duplication event that occurred in the echinoderm lineage. Because the
unique 77 gene that is present in both the nematode C. elegans and the urochordate C. intestinalis
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Figure 6. Evolution of the tropomyosin genes structure. A) Comparison of positions of introns
in Tm genes of various organisms. The horizontal bar represents tropomyosin protein with the
amino terminus at the left and the carboxy terminus at the right. The positions of conserved
introns in all organisms are indicated by black triangles relative to the amino acid sequence of
the protein. Variable introns positions are indicated by an open triangle. Numbers above the
triangles indicate the position numbers of the amino acid residues at which introns interrupt
the sequence. Exons are numbered below the horizontal bar with respect to the vertebrate
striated a-Tm protein. Data on gene structures were taken from the following sources : ver-
tebrates, 4550 arthropods.?? nematodes.'® Data on urochordates and echinoderms are from
genomic sequencing data. B) Proposed evolution origin of the vertebrate Tm genes (upper)
and in the mouse and rat rodents (lower). A series of duplication of an ancestral exon, with
an average size of 21 amino acid, combined with intron deletions led to a minimal ances-
tral tropomyosin gene [adapted from ref. 44]. The distal (dp) and the internal (ip) promoters
are indicated together with the evolutionary conserved module of 30-bp identified in the
vertebrates a-Tm genes **(black circle). Duplication events of the ancestral gene give rise in
vertebrates to the lines with a-Tm and y-Tm genes on one side and the p-Tm and TM-4 genes
on the other. Selective loss of the exons 1a, 1b, 2a, 6a, 9a and 9c during the course of specia-
tion have generated the rodent specific Tm genes.
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genomes has a highly conserved structural organization with the vertebrate 7 orthologs, one
can hypothesize that the four vertebrates genes are derived from a unique ancestral zropomyosin
gene after two genome duplications.

A phylogenic tree analysis made with the 176 aa region corresponding to common exons
3:4:5:6b:7:8 of vertebrates tropomyosins indicates that the first genome duplication (WGD1)
resulted in one line leading to the a-77 and y-T genes and another line leading to the p-Zin
and 8-7 genes (Fig. 5). The second genome duplication (WGD2) has led to the four contem-
porary vertebrates genes®®* (Fig. 5). Phylogenetic analysis has postulated that the two periods
of gene duplication arose during urochordate-vertebrate transition, one before and one after the
Agnata-Gnathostoma split as suggested by the analysis of several lamprey and hagfish genes.>®
This is consistent with the presence of a unique 7 gene in Ciona intestinalis that occupies a
phylogenetic position prior to Agnata-Gnathostoma radiation. The additional 772 genes found
in the Fugu rubripes and Xenopus laevis genomes are related to the tetrapolyploidisation events
that occurred in the fish and amphibian lineages. Whole genomic sequence data analysis of the
two related pufferfish genomes (Fugu rubripes and Tetraodon nigroviridis) indicate that a genome
duplication occurred in the teleost fish lineage about 350 Mya, subsequent to its divergence from
mammals.””** Regarding Xenopus laevis T genes, cDNA clones analysis and available EST se-
quences strongly suggest that the a-7, B-Tin and TM-4 genes are duplicated.>**>% This has been
observed for many Xenopus laevis genes and is consistent with the recent tetraploidization event
that occurred ~40 million years ago in the amphibian lineage.”” Numerous gene families found
in vertebrates genomes do not follow the 2R rule suggesting that many genes were loosened from
constraint after the genome duplications and experienced an accelerated rate of sequence change
before returning to single copy.®’ This is not the case of 7 genes probably due to constraints
imposed on their essential function as actin binding proteins.

Evolution of Exon-Intron Structure, Alternative Splicing and Alternate

Promoters

The structure of the 7 genes is highly conserved between evolutionarily distant species like
invertebrates and vertebrates. This is strikingly apparent when comparing the exon-intron organiza-
tion of the arthropod Drosophila melanogaster Tl gene with its vertebrates orthologs (Fig. 6A).
In all known vertebrate 7 genes, the position of the introns relative to the coding sequence is
totally conserved with those of the Drosophila Tinll gene and respects, at the nucleotide level, the
same phase of interruption (Fig. 6A).2* This conservation is also observed within the distantly
related taxa of urochordates (Ciona intestinalis), echinoderms (Strongylocentrotus purpuratus) and
nematodes (Caenorhabditis elegans) although with differences. For instance in the Ciona intestinalis
CTMI gene, the intron at position 164/165 is absent therefore generating a 63 aa exon encoded
by the joining of exon 4 with exon 5. In the sea urchin Strongylocentrotus purpuratus gene su TM1,
itis the intron at position 213/214 that is absent while there is an additional intron that splits the
39 aa exon 4 of vertebrate genes into two exons of 16 and 23 aa. In the nematode Caenorbabditis
elegans tmy-1 gene, the first 80 aa sequence is encoded by three exons while in other species it is
encoded by only two exons. However, this conservation of intron position is still remarkably high
when considering such distant species. The exon-intron structure of human and mouse ortholog
genes is largely conserved but this is not the case for other taxonomic groups and it has been shown
that there was an extensive loss of introns in some of the eukaryotic lineages with a recent intron
gain in the vertebrates lineage."? As a comparison, the six highly conserved mammalian actin
genes have only three out of seven identical exon-intron boundaries and none of them is conserved
in Drosophila melanogaster or Caenorhabditis elegans genes.®®

The tropomyosin molecule possesses an a-helical coiled coil structure and consists of a repeat-
ing heptapeptide extending throughout the entire length.®* Muscle tropomyosins bind to seven
actin monomers with a binding site spaced approximately every 40 aa while low-molecular weight
proteins bind six actin monomers. On the basis of structural organization of the gene and the
non random location of exon-intron boundaries, it has been suggested that the 77 originated by
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repeated duplications of an ancestral 21 aa long sequence.#(Fig. 6B). Tandem exon duplication
has been postulated for the generation of many alternatively spliced exons and constitutes a major
way of functional diversification of proteins.® In the case of 7 genes, the duplication of the 21
aa ancestral exon with the loss of intron between duplicated exons would explain the generation
of exons with an average of 42 aa exons. Although there are some discrepancies between the size
of the ancestral exon and those observed in different 7 genes, ranging from either 21 to 27 or
38-45, this could be explained by a junctional exon sliding process. The duplication of an ances-
tral exon is the basis for the modular and repetitive structure of the Tm molecule that has been
highly conserved throughout evolution and present in the ancestral gene before the radiation of
protostomes and deuterostomes about 900 Mya.

Alternative splicing is a major process for isoform diversity production and has contributed
to the evolution of modern genomes.®” Most if not all the 77 genes from nematodes to mammals
are differentially spliced and the degree of divergence between pairs of alternatively spliced exons
within a gene is greater than that among isoform specific exons between evolutionary distant spe-
cies. This suggests that the alternatively spliced exons in Tm is an ancient trait and present before
radiation of nematodes. As shown in Figures 2, 3 and 4 the regions of alternatively spliced exons
differ between invertebrates and vertebrates. The region encoded by alternative exon 6b and 9ain
vertebrate genes are important for troponin T interaction in striated muscle cells, while alternative
exon laand 9aare important for head to tail polymerisation between Tm molecules. Alternative
regions of the 77z genes have therefore evolved in order to carry out specialized functions. Among
the alternatively spliced exons, some are specific to vertebrate lineages such as exon 2a which is
only found in the vertebrate smooth muscle isoform generated by the o-Tm gene. The exon 9c is
a “brain” specific exon found in Tm isoforms expressed in the brain and generated by the -7
and y-Tm genes. The exon 9¢ has not been found in amphibian or fish genomes suggesting it could
correspond to a recent duplication event. The “subfunctionalization” paradigm proposed for the
evolution of duplicates genes is applicable to the exon duplication proposed for the 7 genes.
The T genes have therefore evolved between invertebrates and vertebrates to produce alterna-
tive regions supporting cell-type or developmental stage specific specialized functions. Because
of their functional importance these alternative regions have been under evolutionary constraint
and preserved during evolution of the different lineages. When considering the overall organiza-
tion of T genes in different species it appears that a selective loss of exons for several 7 genes
has occurred during speciation events and this is particularly evident in the mammalian lineage.
A comparative analysis of the structural organization of mammalian 77 genes suggests that, in
the rodent lineage, the B-Tiz, y-Tm and TM-4 genes are derived from the ancestral gene through a
successive loss of alternative exons while the a-772 has conserved all the alternative exons and has a
similar structural organization to that of the ancestral gene (Fig. 6B). The rodent 7M-4 gene has
lost exons 1a, 2a/2b, 6a, 9a/9¢ while the B-7M gene has lost exons 2a, 1b and 9c. The y-TM gene
that is in the same lineage as the a-7M gene has only lost exon 2a. The lost of exons 1a, 2a and 2b
or exon 1b leads to the absence of distal and internal promoters respectively. This loss of exon is
lineage specific because whole sequence genomic data indicates that the human TPM4 gene has
conserved exon la (Fig. 4).

Because of their functional importance, coding sequences show a higher evolutionary conser-
vation than intronic or genomic sequences that flank exons. This is the case for both the internal
and distal promoter of the vertebrate 772 genes except for a highly conserved 30-bp region that is
unique to all known a-7M genes. This region has been shown to be essential for the muscle a-7M
gene expression through the binding of the transcription factor TEF-1.%

Concluding Remarks

Tropomyosin isoform diversity has increasingly evolved during metazoan evolution through a
combination of gene duplication and complex alternative splicing. Because of its essential function
as an actin binding protein, the repetitive structure that shapes the protein has been crafted into
a modular gene where each exon constitutes the repetitive unit. This ancestral gene was probably
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already present at the origin of the Bilateria phylum before the beginning of the Cambrian. The
evolutionarily conserved structure of T genes reflects an absolute structural requirement im-
posed on the protein and which has been under selective pressure. During evolution of the animal
kingdom the number of Tm isoforms produced in different species has reached its maximum in
mammals where the four 77 genes are expressed in a complex pattern during development and
in adult tissues (see Chapter 4). This complexity reflects the various specialized functions that has
been acquired by the proteins in response to the increased complexity of organisms and that is
exemplified by the appearance of a brain specific exon in higher vertebrates.
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CHAPTER 3

Tropomyosin Exons as Models
for Alternative Splicing

Clare Gooding and Christopher W.J. Smith*

Abstract
hree of the four mammalian tropomyosin (Tm) genes are alternatively spliced, most com-
monly by mutually exclusive selection from pairs of internal or 3’ end exons. Alternative
splicing events in the TPM1, 2 and 3 genes have been analysed experimentally in various
levels of detail. In particular, mutually exclusive exon pairs in the Tm (7PM2) and o’ Tm (7PM1)
genes are among the most intensively studied models for striated and smooth muscle specific al-
ternative splicing, respectively. Analysis of these model systems has provided important insights
into general mechanisms and strategies of splicing regulation.

Introduction
Alongwith the other major contractile proteins, tropomyosins were among the first mammalian
proteins for which cDNA and genomic sequences became available. They thereby provided early
examples of the phenomenon of tissue-specific alternative premRINA splicing. One gene no longer
gave rise to a single lone mRNA and protein. Instead, multiple nRNAs encoding distinct protein
isoforms, tailored to the requirements of different cell-types, could arise from individual genes.
Early speculations suggested that alternative splicing might be peculiarly prevalent in contractile
systems.! The current view, informed by global methods of transcriptome analysis, is that alterna-
tive splicing is the rule rather than the exception.”* The majority of human genes are alternatively
spliced and if anything alternative splicing is more common in the nervous system than in other
tissues.” Nevertheless, due to their early discovery, alternatively spliced exons in tropomyosin
genes have long been used as model systems in which to understand the regulation of alternative
splicing. While the molecular mechanisms of individual tropomyosin alternative splicing events
are still incompletely understood, work on these systems has provided important general insights
into splicing mechanisms and their regulation.
Mammalian tropomyosin genes (7PM-4in humans) undergo three main types of alternative
splicing (Fig. 1):
i. alternative 5" end exons used in conjunction with different promoters. These allow the
TPM] and 3 genes to generate HMW (~284 aa) and LMW (~245 aa) Tm isoforms.
ii. alternative 3" end exons with associated 3’ end processing and polyA addition sites
(TPM1I-3), which encode differing C-terminal ends and 3’ untranslated regions (3’
UTRys).
iii. mutually exclusive splicing of internal exons, encodingalternative peptide segments at the
N-terminal end (TPM]I) or in the centre of the protein (TPM]I, 2 and 3).

*Corresponding Author: Christopher W.J. Smith—Department of Biochemistry, University of
Cambridge, CB2 1GA, UK. Email: cwjs1@cam.ac.uk

Tropomyosin, edited by Peter Gunning. ©2008 Landes Bioscience
and Springer Science+Business Media.
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The tissue specificity of these different alternative splicing events varies. Many of them are
regulated with striated muscle specificity i.e., striated muscles undergo one splicing pattern, while
all other cells undergo the alternative pattern. In contrast, mutually exclusive exons 2a and 2b of
oTm (TPMI) are spliced with smooth muscle specificity.

Our aim in this chapter is to discuss what has been learned about how particular alternative
splicing events in vertebrate tropomyosin genes are regulated and the general insights that have
been provided about mechanisms of premRNA splicing and its regulation. We start with a brief
overview of the process of premRNA splicing.

Splicing Mechanism

The process of premRINA splicing is orchestrated by the spliceosome—a multi-subunit ribonu-
cleoprotein machine of similar size and complexity to the ribosome—which assembles on splice
site elements at the boundaries between exons and introns.®” The consensus splice site elements,
present in all introns are (Fig. 2A):

o the 5’ splice site (5'ss), a 9nt sequence that is complementary to Ul snRNA

o the 3’ splice site (3'ss), recognized by splicing factor U2AF35

o the polypyrimidine tract (PPT) just upstream of the 3'ss, recognized by splicing factor
U2AF65

o the branch point (BP) sequence usually just upstream of the PPT, recognized first by
splicing factor SF1 and then by U2 snRNA.

These sequences are initially recognized by the factors mentioned above in early prespliceosomal
complexes, after which the remaining spliccosome components bind to assemble the complete
spliccosome. Following some conformational rearrangements, the two chemical steps of splicing
occur (Fig. 2C). First, the 2'-OH of the branch point adenosine attacks the phosphate group at
the 5'ss. As a result, the phosphodiester bond between the 5’ exon and intron is broken and at the
same time a new 5'-2' bond is formed between the 5" end of the intron and the branch point. In
the second step, the 3’OH at the end of the 5’ exon attacks the 3’ splice site, leading to ligation of
the two exons and release of the intron in the so-called “lariat” configuration.

A conceptual problem with the preceding brief summary is that splice sites vary considerably and
some have sequences that are remote from the consensus. Only the GU and AG dinucleotides at the
ends of introns are nearly invariant and in many cases the authentic sites match the consensus sequence
less well than multiple “cryptic” sites in the introns. In short, the information content of the consensus
splice sites is insufficient to distinguish authentic splice sites from the multiple cryptic splice sites.® The
answer to this paradox is provided by the existence of a wide range of auxiliary regulatory elements
located in both exons and introns and known as splicing enhancers and silencers (reviewed in 3,4,8).
Enhancers provide binding ites for activator proteins, commonly members of the SR protein family,
while silencers bind repressor proteins, which are often members of the hnRNP family.* Commonly,
the splicing of individual exons is under the influence of multiple positive and negative influences.
The dynamic balance between these inputs determines the extent to which an exon is spliced.

Analysis of Alternative Splicing Mechanisms

Analysis of alternative splicing, like other levels of gene expression, involves identification and
characterization first of cis-regulatory elements in the RNA. These include the properties, relative
locations and strengths of consensus splice site elements as well as enhancers, silencers and secondary
structures. The second crucial component are the #rans-acting factors, which are usually proteins but
can be RNAs,” that affect the splicing pattern. Having assembled a “parts list” the remaining challenge
is to characterize how the regulatory mechanisms promote or inhibit particular splicing events.

The commonest alternative splicing events are so-called cassette exons, which are individual exons
that can be included or skipped from mRNA independently of other exons. The Tm genes more com-
monly exhibit mutually exclusive splicing of pairs of exons, which encode interchangeable peptide
segments and have provided some of the best studied examples of this type of splicing. Analysis of
mutually exclusive splicing usually aims to address the basis of the mutually exclusive behaviour and
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Figure 2. Consensus splice site sequences and steps of splicing A) The consensus elements for
splicing are shown. Exons are shown as boxes and the intron as a line. Invariant bases (GU at
the 5’ splice site, A at the branch point and AG at the 3’ splice site, are shown in bold). R =
purine, Y = pyrimidine. PPT = polypyrimidine tract. At least 50 nt are required between the 5
splice site and branch point and conventionally the branch point is 18-40 nt upstream of the
3’ splice site. B) As first illustrated by aTm exon 2b and gTm exon 6b, the branch point can be
located far upstream of the 3’ splice site.'>'*'>C |n these cases the polypyrimidine tract (PPT)
is located adjacent to the BP and the region between the BP and the 3’ splice site is devoid
of AG dinucleotides. Repressive regulatory elements lie between the PPT and 3’ splice site of
both oTm exon 2b and BTm exon 6b. C) The two chemical steps of splicing. In the first step
the 2 OH of the branch point adenosine attacks the 5’ splice site, leading to breakage of the
bond between the 5" exon and intron and creation of a new 2'-5" bond between the branch
point and the 5" end of the intron. Step 2 involves attack by the newly exposed 3'OH of the
upstream exon upon the 3’ splice site. As a result the two products are the spliced mRNA
and the excised intron in the typical “lariat” configuration.

of the selection of the individual exons in different cell types. If the gene is widely expressed in a va-
riety of cell types, it may be apparent that selection of one exon represents a “default” splicing choice,
while the the other exon represents a regulated choice that typically occurs in a restricted cell-type.
Such “default” and “regulated” patterns may also be revealed by expression of minigene constructs
in a variety of cell types in cell culture or in transgenic animals. In fact, default vs regulated splicing
may be an oversimplified conceptual framework; the precise splicing pattern often appears to be
the outcome of a dynamic interplay between multiple positive and negative influences.
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In the following sections we describe some of the detailed analyses that have been carried out on
Tm alternative splicing and conclude by emphasizing some common themes and general concepts
that have arisen from these studies.

p-Tropomyosin—Tpm2

B-Tm has two alternative splicing events—an internal pair of mutually exclusive exons (6a and
6b) and a mutually exclusive pair of 3’ end exons (92 and 9d) each with its own 3’ end processing
and polyadenylation site (Fig. 1). Both events are regulated with striated muscle specificity; exons
6b and 9a are selected in myotubes and muscle, while exons 6a and 9d are selected in myoblasts
and other cell types. The internal pair of mutually exclusive exons have been studied extensively by
Helfman’s group for the rat gene (in the published literature they are usually referred to as exons
6.and 7) and by Joélle Marie’s and Mark Fiszman’s groups for the chicken gene. This pair of exons
provides one of the best models for striated muscle specific splicing (see Fig. 3 for summary). While
many of the findings from the two species are in concordance, some features seem to be species
specific. This is underlined by the fact that minigenes transfected into myogenic cells from a dif-
ferent class of organism (e.g., mammalian minigene in avian cells) are not spliced appropriately,
primarily due to differences in the elements associated with exon 6a.!®!! With this caveat in mind,
important findings have nevertheless emerged from analysis of splicing of both rat and chicken
RNAs in the standard HeLa nuclear extract system for in vitro analysis of splicing.

One of the first striking findings in this system was that Tm exon 6b has an unconventional ar-
rangement of its 3' splice site elements. The branchpoint (BP), which is usually located within ~40
nt of the associated exon (Fig. 2A), in this case is much further upstream (Fig. 2B). In the rat gene,
three BPs at -144 to -153 were mapped,'>"* while the chicken BP was at -105." In both cases and in
o'Tm exon 2b with a BP at -175, an extended PPT was located adjacent to the BP rather than next
to the 3’ splice site. The downstream exon and 3’ splice site were not required until the second step
of splicing.'>'*"> Unlike T exon 2b (see below), the BTm exon 6b BP is sufficiently distant from
the upstream mutually exclusive exon 6a to the extent that its location does not enforce mutually
exclusive behaviour. Indeed, under some experimental circumstances exons 6a and 6b are able to splice
to cach other, showing that there is not an absolute physical impediment to their splicing together. !¢
The precise mechanism by which these exons are maintained as mutually exclusive remains elusive.
The most plausible suggestion is that the regulation of the two exons is usually sufficiently tightly
coordinated to prevent inappropriate splicing together (see below).

The basis of the nonmuscle splicing pattern has been the major focus of attention in this system.
The muscle-specific exon 6b is actively repressed in nonmuscle cells and is not spliced even when
exon 6a splice sites are inactivated.”” The basis of this repression has been extensively investigated. In
both the chicken and rat genes two key silencer elements were located within exon 6b itselfand in the
upstream intron.!>%!718 In the chicken gene these repressor elements were initially proposed to act
mainly via formation of repressive RNA secondary structure,'*** While a role for secondary structure
was also suggested for the rat gene,'? later evidence was more consistent with repression being mediated
by binding of repressor proteins. A repressive “intron regulatory element” between exon 6b and the
upstream polypyrimidine tract was identified by mutagenesis.'>'” and was later shown to be a binding
site for the hnRNP protein Polypyrimidine Tract Binding protein (PTB).?! This was an important
finding that went against prevailing opinion that PTB was a positively acting splicing factor,”* in-
dicating for the first time that it was in fact a repressor. PTB bound not only to the intronic silencer
element, but also with higher affinity to the BP associated polypyrimidine tract further upstream.
However, deletions at the latter location impaired splicing because the PPT is required for splicing,
even though it may harbour overlapping repressor binding sites.'*! Unequivocal in vivo support for
PTB’s role asaregulator of f Tm came very recently with RNAi experiments.*** Knockdown of both
PTB and its paralog nPTB (which itself is upregulated upon PTB knockdown) in HeLa cells led to
anearly complete switch to splicing of exon 6b and also exon 9a.”” Using the chicken gene, Sauliere
et al** showed that cooperative binding of PTB blocked splicing by competing with binding of the
splicing factor U2AF ;s at the PPT.* Another pyrimidine-rich element, referred to as S4 (S4, Fig. 3),
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BTM - Rat
non-muscle/
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Figure 3. Alternative splicing of fTm exons 6a and 6b. The cartoons depict fTm exons 5-6a-6b-7
(referred to as 5-6-7-8 elsewhere) drawn to scale, with some of the characterized regulators.
Black shapes represent repressor proteins that bind to silencer elements (also black). The
branch point and PPT of exon 6b are indicated by the small white circle and rectangle respec-
tively. Note that the PPT in this case is also a repressor binding site. White shapes represent
activator proteins that bind to enhancers (coloured grey). The region implicated in secondary
structure formation in chicken is indicated by the brackets. Both cartoons show the state in
which exon 6b is repressed. Proteins binding at the three enhancer sequences are denoted
A, B and C. A—proteins unknown; B—exon 6a activators binding at S4 element include SF2,
hnRNP K, exon 6a repressors include SC35, exon 6b repressors include PTB; C—activators
include SF2, SC35, repressors include hnRNPAT. The UCSC browser screen-shot above is
based upon the human TPM2 gene and includes Refseq and vertebrate conservation tracks
(below). A mirror-image of the original screen shot is shown so that the polarity is 5" to 3/,
left to right. Original text has therefore been removed. Note the conserved intronic regions
flanking exon 6b.

is located 37 nt downstream of chicken exon 6a and has striking bifunctional activity. It acts both
as a direct silencer of exon 6b and as an enhancer of exon 6a.”*° The S4 elements binds various
proteins including PTB,*! which could account for its repressive influence on exon 6b.

A second key element is a G-rich exon splicing silencer (ESS) at the 5" end of exon 6b, which
binds a second hnRNP protein, hnRNP H.** In vitro depletion and addback provided the first
demonstration that hanRNP H can act as a splicing repressor. A number of other proteins were
identified that bind to the region upstream of exon 6b, but none of these were demonstrated to
have a role in the regulation of exon 6b selection.®

RNA secondary structure has also been proposed as a major contributor to repression of chicken
BTm exon 6b."#!823 Seructure predictions and mapping demonstrated a structure extending from
~90 nt upstream to ~60 nt downstream of exon 6b. Various in vivo and in vitro experiments sup-
port the negative influence of at least parts of this structure.'®!** In particular, splicing of exon 6b
to 7 is inhibited by the structure.””** However, the maximal form of the proposed structure also
encompasses elements that in single stranded form have subsequently been shown to bind protein
regulators. The pyrimidine-rich section of the upstream intron has repressive activity independent
of the ability to form secondary structure,® consistent with a role in binding PTB.?* Although a
similar structure was proposed for the rat gene, subsequent experiments have not supported its
involvement. Transfection of HeLa cells with increasing quantities of minigene reporter led to some
splicing of exon 6b, which is consistent with repression by z7ans-acting factors but not secondary
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structure.” Moreover, the effects of mutations are also more consistent with repressive sequences
acting by binding PTB and hnRNP H.*"** Secondary structure has been shown in various systems
to influence alternative splicing, most commonly by hiding splice site elements, although it can
also play activating roles in some circumstances (reviewed in 35). The simplest explanation for the
inhibitory effects of the B Tm secondary structure would be sequestration of splice site or enhancer
sequences, which function in single-stranded form. However, in some circumstances U1 snRNP
is able to bind to the 5’ splice site of exon 6b, even though splicing remains repressed by repressive
secondary structure, so its mode of action may be more complex.**

In addition to the preceding repressive influences, a repetitive A/UGGG downstream element
acts as an enhancer of exon 6b splicingand binds to a 55 kDa protein.* Subsequent analysis showed
that various antagonistic activating (SF2, SC35) and repressive (hnRNPA1) proteins could bind
to this element and thereby influence exon 6b splicing.*”

Various factors activate exon 6a in nonmuscle cells. In the rat gene, exon 6a has inherently
suboptimal 3" and 5' splice sites, which can be readily strengthened by mutagenesis.® Exon splic-
ing enhancers in exons 6a and 7, which bind the splicing activator SF2/ASF, are important to
activate the 3’ splice site of exon 6a.** The activity of the exon 7 enhancers accounts for the early
observation that splicing of exon 6a or 6b to exon 5 only took place if the downstream splice to
exon 7 had first occurred.* Two pyrimidine-rich sequences in each of the introns flanking chicken
exon 6a also activate its inclusion and account for the species specificity of Tm splicing.’*" The
first is 25 nt downstream of exon 5." The second is the previously mentioned $4 element just
downstream of exon 6a, which independently represses exon 6b and activates exon 6a.2>***! The
clement promotes U1 snRNP binding to the 5 splice site of exon 6a, by binding either SF2/ASF*!
or hnRNP K.* Interestingly, a second “SR family” splicing regulator—SC35—antagonizes SF2 at
this enhancer element, effectively acting as a repressor of exon 6a.%! It is an interesting possibility
that by both activating 6a and repressing 6b, the $4 element may play a key role in preventing the
splicing together of the two mutually exclusive exons.*!

While the basis of the selection of exon 6a in nonmuscle cells is reasonably well understood,
the way in which exon 6b is selected in muscle cells has received less experimental attention, in part
connected with the difficulty of obtaining active muscle nuclear extracts for biochemical analysis.
Transfection of various chicken B Tm minigenes in quail myotubes showed that exon 6b becomes
de-repressed upon myogenic differentiation. Significantly, there is no concomitant repression of
exon 6a, which is spliccd efﬁciendy in myotubes upon transfection of constructs from which exon
6b has been deleted.” Rather, exon 6b wins in competition with exon 6a for splicing to flanking
constitutive exons. In principle, alterations in the activies of a number of the factors responsible for
the nonmuscle splicing pattern could be involved in the switch to the muscle pattern. Consistent
with the evidence for loss of repression,” reduction in the activity of the repressor PTB likely
contributes to the switch to muscle specific splicing. Knockdown of PTB in HeLa cells leads to
a partial switch from selection of exon 6a to exon 6b with both construct and endogenous fTm
RNA.%*¥ However, knockdown of PTB is compensated in part by upregulation of the related
repressor nPTB.* If both PTB and nPTB are knocked down, the switch in splicing to exon 6b
is almost complete. Indeed skeletal B-Tm was identified by quantitative proteomic analysis of HeLa
cells knocked down for both PTB and nPTB.” Levels of PTB expression are lower in striated
muscle than in many other tissues and although nPTB mRNA is present at similar levels in myo-
blasts and myotubes, increasing levels of the micro-RNA miR-133 lead to complete translational
repression of nPTB and possibly PTB.* Since PTB and nPTB are known to repress a number of
muscle specific exons, micro-RNA mediated repression of their expression provides an attractive
explanation for how exon selection could be switched. It is also possible that alterations in the
levels of the other repressor—hnRNP H—might also be involved in the switch to muscle
specific splicing. Another possibility is the involvement of CELF proteins, which are known
to antagonize PTB in the troponin-T* and a-actinin genes.® Preliminary evidence indicates
that CELF proteins promote exon 6b splicing while muscle-blind like (MBNL) proteins
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repress (J. Marie, unpublished observations). Antagonism between CELF and MBNL proteins
has been observed in other systems*(see o Tm below).

Interestingly, a complete switch in selection from fTm exon 9d to exon 9a was also observed
upon PTB + nPTB knockdown in HeLa cells.” Exon 9a has many of the familiar sequence char-
acteristics of a PTB-repressed exon, with predicted distant BPs at -122 and -100 and multiple
optimal PTB-binding motifs between the exon and the BPs. It therefore appears that repression
of exon 9a by PTB is important to maintain the nonmuscle splicing pattern for this pair of exons
too and can help to explain how splicing of the two pairs of mutually exclusive fTm exons is
closely coordinated.

a-Tropomyosin Exons 2a and 2b

The afast Tm gene (o'Tm or T7PM 1) undergoes several AS events leading to atleast 8-12 mRNA
and protein isoforms.”® The event that has undergone most intense investigation is the mutually
exclusive splicing of rat o Tm exons 2a and 2b (usually referred to in published literature as exons
2 and 3), which shows smooth-muscle rather than striated-muscle specificity (Fig. 4). Exon 2a is
used principally in smooth muscle, while exon 2b is used in many other cell types including striated
muscle.®** Based primarily upon overexpression of minigene constructs in cell lines, the view was
established that exon 2b selection represented a “default” choice that occurred everywhere except
smooth muscle, the latter representing a “regulated” splicing environment.” In fact, RT-qPCR
analysis of aTm splicing across a range of mouse tissues showed high proportions of exon 2a use
in tissues such as spleen and liver, which transcribe o Tm at low levels. However, analysis of trans-
genic mouse lines with different levels of expression of an a’Tm minigene suggested that smooth
muscle tissues and bladder in particular, were the only ones that could sustain skipping of exon 2b
(which effectively equates to inclusion of exon 2a) even at high expression levels.* This suggests
that the concept of a default (nonsmooth muscle) and a regulated smooth muscle splicing pattern
does have a mechanistic basis and that smooth muscle has higher levels of the relevant splicing
regulators than other cell types.

Mutually exclusive behaviour of o' Tm exons 2a and 2b has a simple explanation. The BP of exon
2b is so close to the 5' splice site of exon 2a that spliceosomes cannot assemble between these two
sites due to steric interference.”® This was not at first apparent because the intron between exons
2a and 2b is over 200 nt, which is well above the minimal ~70 nt size of a mammalian intron.
However, the exon 2b branch point was unusual in being very distant (175 nt upstream) from its
associated 3’ splice site. At around the same time distant BPs were also mapped upstream of fTm
exon 6b (see above), although in that case the BP was not sufficiently close to the upstream exon to
explain mutually exclusive behaviour. Indeed this seemingly neat explanation for mutually exclusive
splicing does not seem to apply in the majority of cases.” Rather, the unifying principle is that in
all analyzed cases, repressive regulatory elements lie between the exon and the upstream BP.

Default selection of exon 2b arises from competition between exons 2a and 2b for the flanking
splice sites. Exon 2b has stronger consensus splice sites. In particular the distant branch point of
exon 2b has an adjacent 50 nt polypyrimidine tract which is functionally much stronger than the
PPT of exon 2a* and binds U2AF65 with a 100-fold higher affinity.>? If exon 2b is deleted from
constructs, exon 2a can be spliced efficiently in nonSM cells.” Indeed exon 2a has stronger splicing
enhancers than exon 2b.*** The SR activator protein 9G8 is responsible for activation of exon 2a
via these ESEs and it can be antagonized by hnRNPs H and F>

Most ongoing attention on this system has focused upon the regulated switching of exon se-
lection, which primarily involves repression of exon 2b, as indicated by deletion of exon 2a from
minigene constructs. Exon 2b still shows increased levels of skipping in transfected smooth muscle
cells.* It remains possible that there is also a contribution by cell-specific activation of exon 2a.*%
However, the behaviour of reporter minigenes in transgenic mice argues that repression of exon 2b
is the dominant regulatory mechanism in vivo.*” Mapping of essential negative regulatory elements
indicates that binding sites for Polypyrimidine Tract Binding protein (PTB) as well as clusters of
UGC or CUG repeats are required on each side of the exon.**>* The PTB binding sites consist of
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UCUU or similar motifs within a pyrimidine tract®® and lie both within the PPT adjacent to the
exon 2b branch point, as well as in a second pyrimidine tract ~200 nt downstream of exon 2b. The
UGC/CUG clusters on each side of exon 2b lie slightly closer to the exon than the PPTs. None of
these negative regulatory elements mediate a strictly cell-specific effect. That is to say, if exon 2b
skipping in nonSM cells is activated, for example by mutation of the branch point, the elevated
level of exon skipping in nonSM cells remains dependent upon the defined negative regulatory
elements. This implies that the factors that bind to these elements are present in other cell types,
although they may be more abundant, or more active in smooth muscle. PTB is certainly not
restricted to smooth muscle, but is widely expressed and represses many exons that are spliced in
striated muscle and brain.?**° PTB repression of & Tm exon 2b has been demonstrated by a variety
of approaches including overexpression, RNAi knockdown, artifical tethering to RNA and in
vitro depletion and addback of recombinant protein.?”**>¢¢> However, o'Tm exon 2b is unique
among the PTB-repressed exons that have been investigated, in that the PTB-mediated repression
occurs in a cell restricted manner. In most cases, PTB represses an exon in a wide variety of cell
types, but in a specific cell type the repression is relieved, as for $Tm exon 6b (see above). Part of
the clue to the SM specific enhanced repression by PTB could lie in the nature of the factors that
bind to the UGC/CUG elements. Two families of proteins known to interact with sequences
like this are the CELF family®**and the muscleblind like (MBNL) family* (see also $Tm above).
Disturbances in the levels of both protein families mediate the molecular pathology of Myotonic
Dystrophy.®® Overexpressed CELF proteins appear to have either no effect on exon 2b, or actually
promote its inclusion, suggesting that they are not repressors of exon 2b.” The MBNL proteins
have opposite effects to CELF proteins in some model systems* and preliminary evidence suggests
that they repress o'Tm exon 2b and bind to the UGC/CUG clusters (CG & CW]JS unpublished
observations). Another factor implicated in repression of exon 2b is the PTB interacting protein
raver1.% Cotransfection of raver1 expression constructs strongly promotes skipping of exon 2band
this repression activity involves the ability to interact with PTB.“*® Indeed, raverl has between
2-4 peptide motifs that could interact with separate PTB molecules.” This suggests that one of
the functions of raver] might be to form a bridge between PTB molecules bound at the distantly
separated PPTs flanking exon 2b. Raver1 is also not smooth muscle specific, although in cultured
PAC1 smooth muscle cells it is in the nucleus. In contrast, in striated muscle cells it relocates to
the cytoplasm upon differentiation, where it interacts with cytoskeletal proteins such as vinculin
and actinin.®*® Splicing of exon 2b is also influenced by another RNA binding protein RBM4,”
which tends to promote exon 2b inclusion by antagonizing PTB.

While a number of important regulators of o' Tm exon 2b have been characterized, the qualitative
and quantitative differences in the factors between smooth muscle and other tissues responsible
for the switch in splicing remain to be elucidated.

Other Tm Splicing Events

A number of other Tm alternative splicing events have been studied. Most are striated-muscle
specific and share some common features with the well-studied examples above.

Alternative splicing of the central pair of mutually exclusive NM and SK exons in the human
aslowTm gene (7PM3), equivalent to exons 6a and 6b of BTm, also occurs with striated muscle
specificity.”!”* Analysis has mainly been carried out in nonmuscle (COS) cells and has indicated
that the skeletal muscle specific SK exon is repressed even when the NM exon is inactivated by
mutation. Repression is mediated via sequences in the SK exon itself.” The RNA binding protein
hnRNP G represses the SK exon and can be antagonized by the splicing activator Tra2p.”* Like
the fTm exons, in some circumstances the two mutually exclusive exons can be induced to splice
together. This is consistent with the fact that while the SK exon branch point is located 79 nt
upstream, it is not close enough to the NM exon to interfere with splicing (see oTm, above).

Alternative splicing of exon 9A9’ of the Xenopus TPM1 gene has been investigated in oocytes
and embryos.””* Exon 9A9' is skipped in nonmuscle cells, included as an internal exon in adult
striated muscle and as a 3’ end exon with its own polyA site in myotome. This exon also has a
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distant branch point 274 nt upstream and is repressed by PTB. The region between the exon and
the branch point has a number of high affinity PTB binding sites. Repression of PTB expression
by morpholino antisense oligos leads to inclusion of 9A9" in nonmuscle cells, while overexpres-
sion of PTB in muscle leads to skipping of 9A9'". In this case, PTB appears to directly inhibit both
splicing and polyadenylation at exon 9A9'.7

A final example is a non peptide-coding putative exon—denoted as “NE” (Nonsense Exon)
in Figure 4—in the o'Tm gene.”” This 107 nt exon lies 234 nt downstream of aTm exon 2b,
just beyond the negative clements that are necessary for exon 2b skipping. The exon is flanked
by splice sites but is never observed in cDNAs or ESTs and so would normally be designated a
“pseudo-exon”. However, this apparent pseudo-exon is conserved in mammals and is also readily
activated by simple point mutations. If spliced into o’ Tm mRNA it would introduce stop codons,
thereby leading to degradation of the mRNA by Nonsense Mediated Decay (NMD), which might
account for its lack of appearance in EST. Single point mutations that activated this exon would
effectively lead to a null 7PM1 allele. It seems unlikely that such a potentially deleterious sequence
would be maintained from rodents to humans unless it has a conserved function. The initial
oTm minigene expressed in transgenic mice contained this “nonsense exon” and it was seen to be
included with some tissue specificity, with highest inclusion levels in the heart.” One possibility
is that its inclusion serves as a posttranscriptional mechanism to limit o’Tm expression in muscle.
A surprisingly large number of mammalian alternative splicing events produce mRNAs that are
degraded by NMD, suggesting that alternative splicing may play a widespread but largely hidden

role in quantitative regulation of transcript levels.”*””

Concluding Remarks: Common Themes, General Insights

and Future Directions

The preceding discussion makes clear that despite the elapse of 20 years since Tm alternative
splicing events were first characterized, the underlying mechanisms by which these events are
regulated remain incompletely understood. Despite this, much progress has been made and a
number of themes of general importance have been uncovered by analysis of these model systems
of alternative splicing. The steric interference mechanism to enforce mutually exclusive splicing, as
characterized in o'Tim, clearly does not apply in all cases. However, with the availability of genome
and EST databases it is possible to find other examples where it almost certainly operates. For ex-
ample, the predicted branch point of SCN54 exon 7 is sufficiently close to the mutually exclusive
exon 6 to prevent the two exons from splicing together. The bifunctional enhancer/silencer $4 ele-
ment between $Tm exons 6a and 6b represents another possible way to enforce mutually exclusive
behaviour. A similar dual function element has been identified between a pair of mutually exclusive
exons in the FGFR2 premRNA,’® suggesting that this too could be a common strategy.

The unconventional distant BP arrangement common to so many Tm alternative exons is also
found elsewhere. Following the original characterization of distant BPs in Tm genes, a method
for globally identifying such exons was developed, based upon the extended upstream regions
devoid of AG dinucleotides.” This has allowed the identification of many such exons in a variety
of genes. The Tm examples suggest that the purpose of such an arrangement may be primarily to
accommodate the presence of repressive regulatory elements between the exon and BP. Likewise,
the splicing regulators PTB and hnRNP H, first characterized by their repressor roles in Tm splic-
ing, have subsequently been found to regulate many other splicing events (e.g., 27,28). In some
other cases PTB has been found to repress by binding to silencer elements between the exon and
adistant BP.

The outstanding questions that remain to be answered principally focus upon the alterations
in regulatory factors that are responsible for tissue-specific switching of splicing. In the case of
BTm, how is the repression present in nonmuscle cells relieved or antagonized ? RNAi experiments
in HeLa cells and neurons suggest that reduction in PTB levels may be sufficient.”?% However,
many other regulatory proteins have been implicated and alterations in their activities may also
be important. In the case of o’Tm exon 2b, the converse question is posed: how is PTB-mediated
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repression specifically upregulated in smooth muscle cells? The answer to this question no doubt
lies partly in the identification of the particular isoforms of MBNL, raver1 or other proteins that
actas corepressors with PTB in smooth muscle cells. Another related question is why in this system
alone PTB-mediated repression only occurs in a restricted cell type? This may be related to the
large distance separating the regulatory elements on each side of the exon.

The answers to these outstanding questions may be provided in part by the same cell transfec-
tion and in vitro biochemical approaches that have been used to date. However, a new range of
global methods for analysis of alternative splicing (e.g., alternative splicing sensitive microarrays)
has the promise to allow important progress to be made (reviewed in 3,4). A particularly useful
way forward will be the use of microarrays that can at the same time interrogate large numbers
of alternative splicing events, as well as the expression levels (and splicing patterns) of all known
splicing regulators (e.g., see ref. 80). In principle this should allow correlations to be drawn between
coregulated sets of splicing events and particular complements of splicing regulators. In general,
the newer global approaches, whether computational or wet-experimental, have the potential to
reveal details of the regulatory circuitry—the combinations of arrangements of ¢is regulatory mo-
tifs and complements of trans factors that mediate particular programmes of splicing regulation.
However, understanding the molecular mechanisms by which regulatory programmes operate will
still require the same kind of detailed molecular analysis of individual model systems as has been
carried out over the preceding 20 years.
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CHAPTER 4

Tropomyosin Gene Expression

in Vivo and in Vitro
Galina Schevzov* and Geraldine O’Neill

Abstract

he evolution from unicellular to multicellular organisms of increasing complexity is paral-

leled by increased numbers of tropomyosin (Tm) genes and increasing numbers of isoforms

encoded by each gene. The regulation of Tm isoform expression is intimately associated
with the morphological changes that take place during development and cell differentiation. The
tissue- and cell- specific Tm expression patterns are regulated at multiple levels, allowing precise
spatial and temporal regulation of Tm expression. In this chapter, we review the Tm isoform
expression pattern during differentiation of different tissue types and from this data infer some
general principles regarding Tm expression patterns during differentiation. Finally, we review the
mechanisms that account for the highly regulated repertoire of Tm isoform expression.

Introduction

Following the discovery in 1948 of Tm in rabbit skeletal muscle,! Tm has now been found in
awide range of organisms spanning yeast to humans. Tm belongs to a multigene family of related
actin binding proteins and isoform diversity is generated via the use of alternative promoters and
splicing of the primary RNA transcripts from multiple genes (see Chapter 3 for more details).
The number of genes appears to increase with the complexity of the organism and so to does
the number of isoforms encoded by these genes (Table 1)(see Chapter 2 for more details). In
all, the four mammalian Tm genes encode greater than 40 Tm variants classified into two major
groups according to their molecular weights, high molecular weight (HMW) and low molecu-
lar weight (LMW ). The HMW Tms are approximately 284 amino acids in length and have an
apparent molecular weight on SDS gels of between 33 and 40 kDa and the LMW isoforms are
approximately 247 amino acids in length with an apparent molecular weight of 28 to 34 kDa.
HMW Tms are further classified according to their tissue specificity. Thus HMW isoforms are
divided into striated muscle specific (o and fTm), smooth muscle (o'Tm, also referred to as Tm
6?) brain-specific (TmBr1 and TmBr3) and Tms associated with early development/proliferation
(Tm1, Tm2 and Tm3). Examples of LMW isoforms are the nonmuscle TnSNM1—11 encoded
by the yTm gene, Tm5a and Tm5b encoded by the o Tm gene and Tm4 from the §Tm gene.** The
presence of multiple genes and alternative exon splicing is the principle mechanism determining
the qualitative regulation of Tm isoform expression (see Chapter 3 for more detail). A variety of
other modes of regulation control the quantitative expression of Tm isoforms and are discussed
in later sections of this article.
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Table 1. Tm genes found in different organisms and isoforms

Organism Tm Gene Name Proposed Number of Tm Isoforms

Fungi (Schizosaccharomyces pombe® cdc8TM 1

Saccharomyces cerevisiae)®” TPM1 1
TPM2

Invertebrates

Nematode (Caenorhabditis elegans)'?>1% tmy-1/lev-11 4

Insect (Drosophila melanogaster)'*'2 Tml 2
Tmil 6

Tunicate (Ciona intestinalis)'?’ CTmi1 1

Vertebrates

Amphibian (Xenopus laevis)'2%132 a-Tm 5
B-Tm 2
Tm-4 3

Avian (Chicken, quail)'*1¥ o 8
B (Tm-1) 9
cardiac? 3
Tmom 1

Mammal (rat, mouse, rabbit, human)?%138-14  oTm 29
BTm 2
JTm 10
8Tm 1

“The chicken cardiac gene is homologous to rat Tm4, human TPM4. °In the human the «, g, y and &
genes are referred to as TPM1, TPM2, TPM3 and TPM4 respectively.

Temporal Alterations in Tm Isoform Expression during Development

Morphological alterations during cellular differentiation are closely associated with the remod-
eling of the actin cytoskeleton and this is accompanied by prominent changes in the expression of
specific Tm isoforms. It is clear that Tm gene products are required for embryonic development as
genetic deletion of the o Tm gene results in embryonic lethality between days 9.5 and 13.5% and even
more strikingly, it proved impossible to isolate any homozygous yTm knockout embryos, suggesting
that the products of this gene are absolutely required for early embryogenesis.® The detection of
individual Tm isoforms has been confounded by the high sequence homology between isoforms
makingit difficult to generate isoform-specific antibodies. However, the derivation and use of panels
of Tm isoform antibodies (Table 2) to screen tissue expression has facilitated the identification of
discrete Tm isoform expression patterns. Below, we review tissue and cell differentiation events in
which the Tm isoform expression profile has been characterized.

Early Embryogenesis

Duringearly development there are numerous shape and motility changes that occur and thus it
is not surprising to find that there are a wide variety of Tm isoforms expressed during embryogenesis.
Constitutively expressed isoforms in both developing mouse embryos and in vitro differentiated
embryonic stem cells include Tm4, Tm5, the striated muscle fTm and smooth muscle aTm.” In
contrast, striated o' Tm is not present until day 5 in the differentiated embryonic stem cells and day
7.5 of the developing embryo. Duringlater stages of development, myocardial cells spontancously
contract and the primitive cardiac tube forms accompanied by expression of both striated muscle
HMW Tms o and fTm. Similarly, the Tm profile changes in murine preimplantation conceptuses
as they develop from fertilized eggs to the 8 cell stage.®
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Table 2. List of Tm antibodies

Antibody Name Exon Specificity Tm Gene Tm Isoform Recognition
TM311144 Exon 1a o, B, yTm Tm6,1,2,3
a, B, y muscle Tm
a/2a* Exon 2a ofm Smooth muscle Tm
anti-rTM9c¢?® Exon 9c ofm TmBr1, TmBr3
a-9¢? Exon 9c ofm TmBr1, TmBr3
WSa/9c¢?® Exon 9c olfm TmBr1, TmBr3
a/9¢c (Mab)*! Exon 9c ofm TmBr3
a/9d™ Exon 9d aoTm Tmé6, 1, 2, 3, 5a, 5b
Pep3-43™¢ Exon 1b ofm Tmb5a, 5b, Br2, Br3
Anti-TM1'¥ Exon 6a BTmM Tmi
CG3'8 Exon 1b yTm All Tm5NM products
LC160 Exon 1b yTm (human) Human Tm5NM1, NM2
y/9a’ Exon 9a yTm Tm5NM3, 5, 6, 8,9, 11
a, B, y muscle Tm
TC22-4mAb'* Exon 9c yTm Tm5NM4, 7
y/9c3! Exon 9c yTm Tm5NM4, 7
¥/9d>° Exon 9d yTm Tm5NMT, 2
§-9d?° Exon 9d 8Tm Tm1, Tm4
WD4/9d'° Exon 9d 8Tm Tm4
Sarcomeric Tm (CHT1)"! Exon 9a o, B,y Tm a, B, y muscle Tm,

does not recognize
9a-containing
Tm5NMs

Striated Muscle Development

Within mammalian striated muscle the two predominant a.and 8 striated muscle Tms are pres-
ent in different molar ratios depending on the muscle type.”'* o'Tm predominates in fast-twitch
adult skeletal muscle, whereas slow-twitch skeletal muscle displays increased pTm and yTm (also
referred to as o'Tm slow)."*! The hearts of rodents and chickens primarily contain a single o
isoform.”"> Both mRNA and protein profiling have demonstrated that HMW nonmuscle Tm
isoforms are repressed during muscle differentiation and the muscle adopts muscle specific HMW
Tm expression.' However, in both in vitro and in vivo systems the expression of LMW nonmuscle
isoforms are retained (Tm4 and TmSNM1) albeit at significantly lower levels than that seen for
the muscle counterparts.'®”

Smooth Muscle Cell Differentiation

Unlike skeletal and cardiac muscle cells that differentiate irreversibly, smooth muscle cells (SMC)
retain a high degree of plasticity. SMC cultured in vitro can transition between a differentiated
or “contractile” phenotype to a less differentiated and highly proliferative “synthetic” phenotype,
accompanied by cell shape and cytoskeletal changes. In contractile SMC two HMW Tm isoforms
are expressed, the unique smooth muscle o'Tm (also referred to as Tm6) and Tm1.'*!* The addition
of serum to SMC in culture promotes the transition to the less differentiated synthetic state. Under
these conditions both isoforms are downregulated in SMC from a variety of animal species'®** and
expression of the early development/proliferation HMW isoforms Tm2 and Tm3 is elevated.
SMC in the synthetic state also display elevated expression of LMW Tm4.2"** Surprisingly, the
unique smooth muscle o'Tm isoform, Tmé, is not constitutively expressed in smooth muscle cells
and appears to be a later marker of smooth muscle maturation.”
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Brain Development

A highly ordered repertoire of Tm isoforms is expressed in the developing mammalian brain.
These include TmBr1, TmBr2, TmBr3, Tm5a and Tm5b from the o Tm gene; multiple products
from the yTm gene; and Tm4 from the Tm gene is present in all neuronal cells. TmBr3 is specific
to mature neurons, TmBr2 to glial cells (astrocytes and oligodendrocytes) and TmBr1 to astro-
cytes. Primary cultures of rat astrocytes initially show transcripts encoding Tm1, Tm2, Tm5a,
Tm4, TmBrl and TmBr2. As the cells differentiate and mature, the levels of Tm1, Tm4 and TmSa
decrease, Tm2 and TmBr1 remain unchanged and TmBr2 increases.” Examination during post-
natal development of the rat cerebellum demonstrates that the expression of Tm isoforms present
in neurons is closely regulated during development. Tm#4 transcript levels are high in the young
versus old rat cerebellum and correspondingly protein levels are increased carly in the develop-
ment of the rat cerebellum in areas where neurites are growing. Later in the adult, Tm4 localizes
at postsynaptic sites in the cerebellar cortex. In contrast TmBr3 expression occurs later” and that
of TmBr1 later still *?* TmBr3 was also found in presynaptic terminals in the adult rat brain.* In
mouse brain, HMW Tm (Tml, 2, 3) expression is restricted to the germinal ventricular zone, a
region rich in neuroblasts. As the neuroblasts mature and move through to the inner ventricular
zone, there is a decrease in expression of these early development/proliferation HMW Tms.” The
loss of these HMW Tims is concomitant with increased neurite outgrowth.

Comprehensive analysis of the rat brain identified a total of 10 mRNAs encoded by the yTm
gene.* Evaluation of these mRNA splice variants clearly showed that these transcripts were tem-
porally regulated during brain development. Exon 9d containing transcripts were significantly
decreased, exon 9a transcripts were increased and exon 9c¢ transcripts remained constant during
development.®® It was later confirmed that the pattern of protein expression parallels that seen
at the mRNA level.*' Thus, overall output from the yTm gene is constant but the choice of the
C-terminus is developmentally regulated.

Granulosa Cell Differentiation

Granulosa cells surround the mammalian ovary follicle and when isolated from immature rats
and induced to differentiate, undergo dramatic changes in their actin cytoskeleton and cell-cell
interactions. The changcs in the actin cytoskelcton correlate with a pronounced decrease in several
nonmuscle Tm isoform mRNAs, with the greatest reduction occurring in the early development/
proliferation HMW (Tm1, 2, 3) isoforms. This pattern of decreased Tm isoform expression is also
seen in the developing ovary.* Furthermore, a temporal change in the expression of Tm4 coincides
with differentiation of a rat ovarian granulosa cell line with follicle stimulating hormone and rat
ovarian follicular development.®

Lens Cell Differentiation

A primary chick lens cell culture system was used to study Tm expression during differentiation
and morphogenesis. During lens cell differentiation F-actin reorganizes from an epithelial-type
cytoskeleton with actin stress fibers in polygonal arrays that intersect with an adherens belt of
F-actin, to a cortical F-actin network. During early lens differentiation the predominant Tm iso-
forms are HMW (36~34 kDa). As cells proceed to a more differentiated state these HMW Tms
are lost and the predominantisoform isa LMW Tm (~28 kDa). Supporting these data, LMW Tms
predominate in lens fibre cells in vivo. The shift in Tm isoform content suggests that the LMW
tropomyosin may preferentially organize actin filaments in the cortical cytoskeleton.?

Maturation of Chicken Digestive Organs

Development of different chicken digestive organs including esophagus, gizzard and intestine
is also accompanied by changes in the relative amounts of Tm isoforms. Two-dimensional gel
electrophoresis demonstrated the existence of 4 HMW Tms (E1-E4), HMW muscle isoforms
a.and BTm and S LMW (ES-E9) as carly as 7 days. As organ maturation proceeds, expression of
both HMW (E1-E4) and LMW Tms gradually decreases and after hatching the predominant Tm
isoforms are the muscle specific HMW a and pTms. >
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Other Differentiated Cell Types

A common pattern of Tm expression has also emerged from the study of terminally differenti-
ated cell types. Mouse macrophages lack HMW Tm1, 2 and 3 but express LMW Tm4 and 5.3%%
Human erythrocytes and leukocytes express the LMW TmSNM1 isoform encoded by the yTm
gene and TmSb encoded by the o’Tm gene and most likely lack the early development/proliferation
HMW Tms.“#* Lastly, osteoclasts derived from murine bone marrow or from the macrophage
cell line RAW?264.7 also express low levels of HMW Tms (Tm1, 2, 3) but relatively high levels of
LMW Tms such as Tm4, TmSNM1 and Tm5a.**

Tm Isoform Expression in Cancer

As described above, Tm expression has been shown to be tissue specific and temporally regulated
in a qualitative and quantitative manner. This observed strict regulation strongly suggests that
de-regulation in Tm isoform expression might be predicted to cause altered cell function. Indeed,
cancer cells acquire a unique Tm expression profile characterized by the down regulation of the
HMW Tm isoforms (Tm1, 2, 3)** (see Chapter 10 for more details). The distinguishable features
of cancer cells are an altered actin cytoskeleton and anchorage independent growth. Re-expression
of HMW Tms in various transformed cell types in vitro can lead to the restoration of actin stress

fibers and anchorage dependant growth (see Table 1 of ref. 45).

A Common Pattern of Tm Expression during Cell Differentiation

The preceding sections describing the survey of Tm expression during differentiation and devel-
opment illustrate the tissue- and differentiation state- specific regulation of Tm isoform diversity.
Moreover, some general principles of Tm expression emerge from this data. First we note a general
trend for significant down-regulation of the early development/proliferation HMW Tms (Tm1, 2,
3) accompanying terminal differentiation of cell types that initially express these Tms (Table 3, Fig.
1). Importantly, studies of smooth muscle cells induced to de-differentiate show restoredexpression

Table 3. Alterations in Tm isoform expression following differentiation

Cell/Tissue Type Expression of HMW Tms Expression of LMW Tms
Embryogenesis’ +olm, Tm +Tm4, Tm5NM1
Granulosa cells?>3 | HMW Tms + LMW Tms
+ Tm4

Lens cells** | HMW Tms + LMW Tms
Chicken digestive organs®=7 | HMW E1-E4 | LMW E5-E9

t oTm, fTm
Neurogenesis?! | Tm1, Tm2, Tm3 + Tm4, Tm5NM1-10

t TmBr-1 TmBr3
Skeletal muscle?'01314-16 | Tm1, Tm2, Tm3 | Tm4, Tm5NM1

t oTm, gTm, yTm
Smooth muscle cell (synthetic } Tm1, Tm2, Tm3 +Tm4
to contractile 1t oTm, pTm, yTm
phenotype)11619.21.22
Erythrocyte*# —Tm1, Tm2, Tm3 + Tm5NM1, Tm5b
Leukocytes* —Tm1, Tm2, Tm3 + Tm5NM1, Tm5b
Macrophages** —Tm1, Tm2, Tm3 +Tm4, Tm5

The studies presented in this table summarises the Tm isoform expression both at the transcript
and protein level following the developmental differentiation of the mentioned cell or tissue types.
The symbols denote: (-) absence, (+) presence, ({) decrease in Tm expression, (1) increase in Tm
expression.
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- 1 ’ lens cells
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Figure 1. Alterations in the expression of the early development/proliferation HMW Tms (Tm1,
2 and 3) during morphogenesis. The observed morphological changes occuring during cellular
differentiation are characterized by the loss of expression of the HMW Tms (Tm1, 2, 3).

of HMW Tims, thus providing further evidence thatloss of HMW Tims is likely to be a critical event
in cellular differentiation. Terminally differentiated cells exit the cell-cycle and there is evidence
supporting a role for Tms in different aspects of cell-cycle regulation (reviewed by ref. 45). Thus it
is tempting to speculate that the reduced expression of HMW Tms 1,2 and 3 during differentiation
may be linked to exit from the cell-cycle.

A second general principle to emerge from the survey of Tm expression during differentiation
and development is that two LMW Tms are ubiquitously expressed: Tm4 encoded by the §Tm
gene and TmSNMI1 encoded by the yTm gene are detected in a wide range of tissues from brain
to stomach,” including skeletal muscle where these isoforms localize to a specific subcellular com-
partment within the sarcomere.!6174

Functional Significance of Regulated Isoform Expression

Finally, specific Tms are up-regulated in differentiated tissues and it is likely that this represents
specialized tissue functions of the Tm isoforms. In muscle, Tm is associated with the troponin
complex that regulates the calcium sensitive interaction of actin and myosin, ultimately leading to
contraction## (see also Chapters 8,9 and 10 for more details). However, the lack of a troponin
complex within both smooth and nonmuscle cells makes the role of Tm in these cell types less
immediately obvious (Chapter 10). Within these cell types the two calcium-sensitive mechanisms
controlling the interaction of actin and myosin are caldesmon and myosin light chain kinase, re-
spectively.>®>! The different mechanisms regulating contractility thus might require the expression
of distinct Tm isoforms.’*> Morcover, nonmuscle Tm isoforms are implicated in a wide range of
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biological functions including intracellular granule movements,* Golgi function,*>*® polarized cell

growth and secretion,”*® cytokinesis,””® cell morphogenesis®® and endocytosis® (see Chapters
15-21 for more details). For this reason, we have proposed that specific Tm isoforms can impart
distinct functional properties to the actin microfilaments leading to specialized biological roles.>*
To summarize, many differentiating cells down-regulate HMW Tms, maintain expression of Tm4
and TmSNMI and up-regulate expression of Tms that are likely to perform tissue-specific func-
tions. In future, it will be most instructive to determine the function of each of these isoforms in
the differentiation process.

Mechanisms Regulating Tm Expression

Tm isoform diversity is generated by 3 distinct mechanisms: (1) there are 4 mammalian genes
encoding Tms; (2) 3 of the 4 genes are under the control of 2 alternative promoters and; (3) the
transcripts from 3 of the 4 genes are subject to extensive alternative splicing (see Chapter 2 for
more detail). Although transcript and protein data is available describing the Tm isoform profile in
different tissues and cell types in a range of organisms as shown above, the molecular mechanisms
that ultimately regulate this expression are poorly understood. Potential regulatory mechanisms
that confer both tissue specific and cell specific Tm isoform regulation are discussed below.

Evidence for Transcriptional Regulation

During myogenesis the Drosophila 72/ and Tinll genes are under the control of at least 2
muscle enhancer regions, located within the first intron of these genes. These enhancer regions
contain multiple muscle type specific positive and negative cis-acting elements which together
determine the final extent of gene expression.®*®* These muscle enhancers contain a consensus
myocyte-specific enhancer factor 2 (MEF2) binding site (AT-rich sequence). However, even
though MEF2 is necessary for the regulation of the Drosophila 772/ gene in the somatic body-wall
muscles of embryos, larvae and adults, this factor does not appear to be required for the expression
of the T I gene in visceral muscle and heart.**® Thus MEF2 dependent gene transcription of Tm
is tissue specific. Analyses of the 5’ flanking region of the chicken fTm gene have identified several
cis-acting sequences, including E box, a CArG box and a C box responsible for transcriptional
regulation in quail myoblasts cultured in vitro.®® Similarly, using an in vitro C2C12 myoblast
culture system, a 99bp enhancer sequence was identified in the rat Tm gene that could confer
tissue and developmental specific expression.®” In another model system, the Xenopus o'Tm gene
carries a 284-bp promoter region that confers maximal activity in 3 muscle types (skeletal, cardiac
and smooth). Among several cis-clements found within this region, an intact MCAT sequence
was crucial for the correct temporal and spatial expression of the aTm gene. Since this site can
bind transcription enhancer factor-1 present in muscle cells both in vitro and in vivo, this data
strongly indicates that the specific muscle transcriptional regulation of the vertebrate o'Tm gene
depends on this factor.®®

Evidence for Translational Regulation

Quantitative comparison of the transcripts and protein levels of muscle Tm isoforms, o Tm,
BTm and yTm (aTm,,), from both fast and slow-twitch muscles has revealed that translational
mechanisms regulate production of muscle Tm protein. In both muscle types the translation
of the BTm message is less efficient when compared with o Tm and o'Tm,,, transcripts.'* Gene
knockout experiments have provided evidence that sarcomeric Tm is also regulated at the level
of translation. While homozygous ablation of the aTm gene in mouse heart leads to embryonic
lethality, the heterozygous animals display a 50% reduction in o Tm mRNA but the total levels of
the o Tm protein are unaffected. The heterozygous mice display no phenotypic changes relative to
the controls.>® Similarly, transgenic over-expression of skeletal muscle Tm in the heart is com-
pensated by a reduction in the levels of endogenous o'Tm. Thus a homeostasis of the total level of
muscle Tm is maintained.”® Similarly, transgenic over-expression of a'Tmy,, carryingan amino acid
substitution (Met9Arg) in skeletal muscle coincides with the down regulation of the correspond-
ing endogenous isoform.” Moreover, down-regulation of endogenous o'Tm protein also follows
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transgenic over-expression of o'Tm encoding mutations associated with familial hypertrophic
cardiomyopathy.”>” Based on these studies, it is postulated that translational compensation ensures
that the expression level of the total sarcomeric protein pool remains unaltered, hence maintaining
the strict protein stoichiometry of the sarcomere.”* In contrast, Drosophila melanogaster displays
haplo-insufficiency of muscle Tm.”

Unlike the compensatory mechanism described above that regulates the expression of sarco-
meric Tms, cytoskeletal Tms expression is not fixed. Extensive protein analysis of cytoskeletal Tm
expression in tissues from both transgenic mice overexpressing cytoskeletal Tms or knock-out
mice, demonstrate a lack of translational compensation among the cytoskeletal Tms.”® As depicted
in the model (Fig. 2), a feed-back regulatory mechanism controls the protein pool of sarcomeric
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Figure 2. A model to account for the differential incorporation of ectopically expressed sar-
comeric and cytoskeletal Tms into actin filaments. A) Within the actin filaments of striated
muscle a feed-back mechanism regulates sarcomeric Tm expression. Ectopically expressed
sarcomeric Tm is substituted for the endogenous sarcomeric Tm and thus a constant pool of
Tm and actin is maintained. B) In contrast, no feed-back regulatory mechanism controls the
expression of cytoskeletal Tm. Additional Tn5NM1 steers the equilibrium of G to F-actin in
the direction of increased filament formation.
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Tms. Such a mechanism ensures that a precise protein stoichiometry is maintained amongst the
structural proteins in the sarcomere. Hence, following an increase in the expression of sarcomeric
Tm, the expression of the endogenous sarcomeric Tm is downregulated and thus a constant pool
of Tm and actin is maintained. In the case of the cytoskeletal Tms, additional TnSNM1 drives the
equilibrium of G to F-actin in the direction of increased filament formation. Thus the population
of actin filaments containing cytoskeletal Tms is not fixed and can accommodate altered levels of
Tm protein thus promoting more flexible cytoskeletal dynamics. This divergent regulation of Tm
isoform expression in the muscle sarcomere versus the actin cytoskeleton in nonmuscle cells provides
a mechanism to regulate actin filament structures with distinct functional requirements.

The Composition or Structure of Actin Filaments Can Impact

on Tm Expression

Early studies have demonstrated that changes in actin isoform composition can influence the
expression of Tm isoforms. Transfection of a mutant form of Bactin correlated with an altered
actin cytoskeleton and a corresponding decrease in the synthesis of HMW Tms (Tm1, 2, 3).7778
Similarly, changes in actin isoform composition via increased yactin and the down regulation of
Bactin led to asignificant decrease in both the transcript and protein levels of Tm2.” Disruption of
actin filaments following exposure of primary cultured astrocytes to cytochalasin D also promoted
increased levels of Tm mRNA (Tm1 and Tm4), without altering either Tm2 or TmBr2.% In the
case of normal rat kidney cells (NRK) HMW Tm protein turn over occurred at a higher rate than
the LMW Tms when cells were exposed to cytochalasin B.%' Thus, the stable accumulation of Tm
isoforms can be influenced by the composition and/or the structural organization of the actin
filaments and failure of Tm to incorporate into actin filaments leads to Tm degradation.

Mitogenic and Nonmitogenic Agents Can Impact on Tm Expression

As a general rule, repression of specific Tm isoforms is associated with mitogen deprivation,
whereas exposure to mitogens restores expression. Serum deprivation of cultured rat astrocytes
led to a halving in the transcript levels of Tm1, Tm 2, Tm4, TmBr1 and TmBr2.*° Serum stimula-
tion of previously serum-deprived in vitro cultures of rat aortic smooth muscle cells caused the
levels of the early development/proliferation HMW Tms (Tm2, Tm3) to increase two fold while
levels of smooth muscle o' Tm (Tm6) remained unaltered.*? Importantly, the observed increase in
the HMW Tms correlated with the stimulation of cell proliferation. In chicken gizzard SMC the
specific transcriptional expression of the B Tm gene was found to be mediated via serum response
factor interaction with the CArG box sequence together with its coactivator Barx1b.®* Moreover,
addition of serum to quiescent cultures of fibroblasts induced the expression of the o Tm gene that
encodes HMW Tms 1,2 and 3 in this cell type.3* Nerve growth factor induced morphological dif-
ferentiation of PC12 cells and the induction of the neuron-specific HMW Tm transcripts, TmBr1
and TmBr3.% Finally, the induction of morphological changes of three-week-old rat astrocytes
from astroblasts to star-shaped process-bearing cells leads to repression of HMW Tms.5¢

Transforming growth factor-p (TGF-B) is a potent multifunctional regulator of cell growth
and differentiation has been previously shown to restore the actin cytoskeleton, inhibit anchor-
age-independent growth and regulate invasion of certain transformed cells. Transformation sup-
pression by TGF- in sensitive cells is thought to occur via the induction of HMW Tms, shown
in normal rat kidney, human lung carcinoma and metastatic breast cancer cells.** In contrast,
TGF-a is often upregulated in carcinomas and has been proposed to be a mediator of transforma-
tion through autocrine stimulation. Exposure to TGF-a suppresses the synthesis of the HMW
Tms (Tm1, 2, 3) without altering that of the LMW Tm4 and Tm5 isoforms in normal rat kidney
and fibroblast cell lines.®*

Nonmitogenic factors have also been shown to alter Tm expression. Increased intracellular
levels of cAMP correlate with decreased HMW Tims and no significant changes in the levels of
the LMW Tms. This has been observed in thyroid epithelial cells,” cultured rat vascular smooth
muscle cells”? and cultured rat astrocytes.***¢ In most cases the decrease in HMW Tm expression
was associated with morphological differentiation and the inability of the cells to proliferate.
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Interestingly, a-tocopherol (vitamin E) treatment of serum stimulated vascular smooth muscle
cells was also shown to induce the expression of HMW Tms.*

Signaling Pathways Known to Be Involve in T Regulation

The study of the possible mechanisms that trigger cellular transformation has shed some light
on the signaling pathways by which Tm expression might be regulated, although whether the
signaling pathways below operate in normal cells remains to be explored. Malignant transforma-
tion by oncogenes and tumor viruses results in characteristic alterations of the actin cytoskeleton
together with the down-regulation of the HMW Tms (Tml, 2, 3) (see Chapter 10 for more
detail). The LMW Tims remain either unchanged or in some studies have been shown to increase
in expression.”**® Mitogen-activated protein kinase (MAPK) pathways feature prominantly in
the transduction of externally-derived signals. Mutations in components of MAPK signaling such
as mutations in Ras and Raf oncogenes are known to lead to transformation and are commonly
associated with altered Tm expression. The activation of Ras is mediated by interaction with mul-
tiple down stream effectors. Raf is a Ras effector which phosphorylates and activates MEK1/2,
in turn activating the extracellular signal-regulated kinase (ERK) culminating in the activation
of the Jun N-terminal and p38 kinases. A role for MEK in Tm regulation has been inferred from
studies in c-jun-transformed FR3T3 cells where down regulation of HMW Tms is mediated
through an autocrine pathway disrupted by inhibition of MEK.”” Similarly, inhibition of MEK
leads to re-expression of Tms (Tm1, 2, 3) in Ras-transformed NRK (normal rat kidney) and RIE
(rat intestinal epithelial) cells.”®”” Moreover, inhibition of the Ras-ERK pathway restores TGF-8
induction of HMW Tms in metastatic breast cancer cells.*” Surprisingly, other studies conclude
that the down regulation of HMW Tms occurs via MEK-independent pathways such as in Ras
and Raf-transformed NIH 3T3 cells'*!*! and transformed MDA-MB-231 breast cancer cells.!®
These conflicting reports demonstrate that although MEK and its down stream effectors may play
arole in Tm regulation the contribution of MEK is likely to be complex.

Silencing of Tm Expression via DNA Methylation

A common mechanism known to silence gene expression is DNA methylation of gene pro-
moters. Due to the common repression of HMW Tms isoforms reported in different cancer
cells, cytosine methylation of both the o Tm (encodes Tm2 and 3) and fTm (encodes Tm1) gene
promoters has been explored. Azadeoxycytidine treatment to de-methylate promoters in Ras
transformed cell lines restored protein expression of Tml, 2 and 3.”” In breast cancer cell lines
elevated levels of Tm1 protein were seen following the combined treatment of azadeoxycytidine
and trichostatin A.'® This indicates that hypermethylation and chromatin remodeling are likely
mechanisms mediating the repression of the B Tm gene in the transformed breast cancer cell lines
that were studied. Importantly, the authors also report that such drug treatment had no impact on
the expression of LMW Tms encoded by the yTm and 8 Tm genes. This work has been extended to
show that induction of the o'Tm gene products by TGF-f requires prior treatment of the human
breast cancer cell lines with azadeoxycytidine to remove methyl groups from the DNA.'* In this
study minimal impact on transcripts of the fTm gene was observed, further demonstrating the
differential regulation of the Tm genes.

Posttranslational Modifications

Acetylation of the N-terminal methionine of mammalian Tm is required in order to associate
with actin by modulating the structure of the N-terminus that facilitates head-to-tail interactions
of Tm dimers.!®!% However, unacetylated forms of fTm'” and o.Tm smooth!® were found to
bind well to actin. Furthermore, an AlaSer dipeptide fused to the N-terminus of Tm is sufficient to
replace the function of the N-terminal acetyl group in head-to-tail polymerization and the ability
to inhibit myosin AT Pase.!%5!%

On the other hand phosphorylation of Tm has been demonstrated to regulate actin filament
function and ultimately remodelling of the actin cytoskeleton. Evidence for the presence of
phosphorylated forms of Tm has been found both in skeletal and cardiac muscle from a variety
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of different sources including frog, rabbit and chicken.'>"*""> The penultimate residue at the car-
boxyl terminal end, serine 283, on both o and fTm was found to be the phosphorylated residue.
Interestingly, the degree of phosphorylation coincides with the maturation of the muscle such
that a higher level is observed in embryonic developing muscle but not observed in regenerating
or denervated muscle.”>">!'¢ The phosphorylation of o'Tm in rabbit muscle enhances the ability
of Tm to polymerize head-to-tail and promotes activation of myosin Mg**-AT Pase by facilitating
actomyosin interaction.!””!"® Similarly, acetylcholine induces protein kinase C—mediated and
calcium-dependent phosphorylation of Tm in colonic smooth muscle cells. In the case of smooth
muscle Tm phosphorylation is believed to sustain contraction."” Sarcomeric Tm phosphorylation
is also observed in Drosophila indirect flight muscle. In this model phosphorylation is apparent
in mature flies but not in recently emerged flies that are incapable of flight."** A more recent
study shows that dephosphorylation of o Tm in murine heart leads to depressed contractility, this
is mediated via activation of p38-MAPK.**! Thus it is proposed that the functional consequence
of phosphorylation of sarcomeric Tm is to alter the structural and functional properties of the
muscle contractile apparatus.

Non-sarcomeric Tms have also been shown to be phosphorylated. Tm1 phosphorylation leads
to bundling of stress fibers, increase in cellular contractility and ultimately membrane blebbing.'
Tm?2 phosphorylation by phosphoinositide 3-kinase on residue Ser 61 regulates p-adrenergic
receptor endocytosis.®!

Conclusions

The tissue and cell specific expression of Tm isoforms strongly suggests that either cach in-
dividual or group of isoforms is required to perform a specific biological function. The distinct
morphological changes observed following cellular differentiation are intimately associated with
changes in the organisation of the actin cytoskeleton and specific changes in the complement of
Tm isoforms expressed. Analysis of the Tm isoform expression during the development of different
cell lineages has demonstrated characteristic loss of a group of HMW Tins associated with terminal
differentiation and this is accompanied by enhanced expression of other Tm isoforms associated
with tissue specific functions. The challenge that faces us now is to integrate the functional roles of
the Tm isoforms with the regulatory pathways that produce the required qualitative and quantita-
tive changes in Tm isoform expression during differentiation and development.
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CHAPTER S

Tropomyosin:
Function Follows Structure
Sarah E. Hitchcock-DeGregori*

Abstract

ropomyosin is known as the archetypal coiled coil, being the first to be sequenced and mod-

eled. Studies of the structure and dynamics of tropomyosin, accompanied by biochemical

and biophysical analyscs of tropomyosin, mutants and model peptides, have revealed the
complexity and subtleties required for tropomyosin function. Interruptions in the canonical coiled
coil allow for bends and regions of local instability that are required for tropomyosin to bind to
the helical actin filament. This chapter highlights insights gained from recent structural studies
as they relate to variations in tropomyosin’s coiled-coil structure that are essential for binding to
actin and the relationship of periodic repeats to actin molecules in the filament.

Introduction

The adage, “form follows function” as applied to architecture and product design, can be
turned around as we consider tropomyosin. The naming of tropomyosin and its proposed o-helical
coiled-coil structure came long before knowledge of its localization and function, beyond its muscle
source and presumed myofibrillar origin. There are three excellent reviews on the discovery of
tropomyosin and its coiled-coil structure.' The present review, not intended to be comprehensive,
will emphasize how recent structural studies of tropomyosin and its fragments give insight into
how subtle features built into the a-helical coiled coil allow tropomyosin to associate end-to-end
along the actin filament and cooperatively regulate its function. This chapter includes an overview
of tropomyosin’s coiled-coil structure, illustrations of the roles atypical residues play in allowing
axial flexibility and formation of the intermolecular “head-to-tail” complex and a discussion of
insights the structural studies give into tropomyosin’s fundamental functions, cooperative actin
binding and regulation. While there are many tropomyosin isoforms (see Chapters 2,4 and 16),
the discussion here will be restricted to vertebrate striated muscle a-tropomyosin, the form used
for most structural studies.

The Tropomyosin Coiled Coil

Tropomyosin was first isolated and described as an asymmetric protein by Bailey in 1946*
and recognized to belong to the a-helical £-72-¢-f class of proteins by Astbury in an early X-ray
study.’ Based on these and other studies, Crick proposed a model for the a-helical coiled coil in
which two o-helices with a seven-fold sequence periodicity associate to form a supercoil (Fig. 1).
The hydrophobic residues at the first and fourth positions in the repeat (2 and 4, where the seven
residuesarea, b, ¢, d, ¢, f; ¢) pack in a “knobs” into “holes” fashion to hold the two chains together.®
Elucidation of the first tropomyosin amino acid sequence,”® completed in 1975 and fully published
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Figure 1. Model of a two-chained, parallel coiled coil such as that in tropomyosin (modi-
fied from Mason and Arndt®*). A) Helical wheel representation viewing the helix axis from
(www.molbiotech.uni-freiburg.de/ka/images/coiled-coil%200overview.jpg) the N terminus to
the C terminus. B) Side view in which the helical backbones are represented by cylinders.
The positions in the heptad are labeled a to g and a”to g” on the two helices. The interacting
residues that stabilize the coiled coil are colored or shaded: a and d form the hydrophobic
interface; and e and g pack against the hydrophobic core and can form interhelical salt bridges
if oppositely charged; the g residue can form a salt bridge between the oppositely charged e’
residue in the next heptad of the other helix.

in 1978, confirmed Crick’s anticipated heptapeptide repeat of hydrophobic residues and showed
that the tropomyosin sequence is consistent with formation of an uninterrupted coiled coil along
its entire length.'®!" The pattern of charged residues in the ¢ and g positions favors interhelical salt
bridge formation when the chains are in register'"' (Fig. 1), an arrangement that was verified by
chemical methods. Thus, tropomyosin became the archetypal coiled coil, but as we will see, it is not
a paragon. The predicted “knobs” into “holes” packing of the coiled coil’s hydrophobic interface
and e-g saltbridges were initially proven in the GCN4 leucine zipper structure' and more recently
in the first high resolution structure of a tropomyosin fragment.'* The early studies are remarkable
in their foresight and impact as we now recognize the wide distribution of the coiled-coil fold and
its role in protein folding, oligomerization and assembly of proteins into higher order structures
(reviewed in ref. 3).

Sarcomeric and HMW (high molecular weight) nonmuscle tropomyosins are 284 amino
acids long and the two chains associate in parallel and in register to make a rod-shaped molecule
approximately 20 A in diameter and 400 A long, the length of seven actin subunits in the filament
(Fig. 4A). The parameters of tropomyosin’s supercoil helix (in the crystals) differ from those of the
actin filament helix; interaction requires plasticity. Tropomyosin is unusual in that there are no
discontinuities in the diagnostic “coiled-coil” heptapeptide repeat by “skips” or “stutters” found in
most other coiled coils of similar length (reviewed in ref. 3). However, detailed sequence analyses
show that tropomyosin is by no means canonical along its length. Recent structural and functional
studies have shown that tropomyosin’s noncanonical regions contribute to the “flexibility” of the
coiled coil and are critical for tropomyosin’s most fundamental function, binding along the grooves
of the helical actin filament.

The Tropomyosin Interface: Unstable Regions Interrupt Canonical
Coiled Coil

Different types of “flexibility” contribute to the dynamics of the tropomyosin molecule; back-
bone, side-chain and inter-chain staggers can all increase the degrees of freedom of space sampling
by the side-chains to optimize binding to the target, without having a major change in structure of
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the a-helical backbone. These points will be illustrated below with examples from high resolution
tropomyosin structures. In addition, the least stable regions may be locally unfolded (or “molten
globule”) at physiological temperatures. Together, these forms of local flexibility can have global
effects on the ability of a tropomyosin molecule to bind to its targets: another tropomyosin mol-
ecule, the actin filament, troponin and tropomodulin.

Despite the continuous coiled-coil conformation, it is well-established that stability is
non-uniform along the length of the molecule. There are structurally distinct domains in the
crystal structure that differ in stability and conformational flexibility, as well as variations in the
inter-chain distance and the length of the coiled-coil pitch.”>¢ Intrinsic flexibility and the pres-
ence of multiple unfolding domains of differing stability and susceptibility to proteolysis are also
documented in numerous biochemical and biophysical studies (see refs. 17-23). Regions of lower
stability are known to be relevant to actin binding and regulatory function.?**

The highest resolution in crystals of full-length tropomyosin is only 7 A because of their high
solvent content.!®**® These structures established the overall undulating coiled-coil structure
and illustrate the flexibility and bends in the crystal lattice along with the local variations in the
pitch and molecular radius that reflect variation in the interface residues. The intermolecular
junction is unresolved (to be discussed below). Atomic resolution NMR and crystal structures
of tropomyosin fragments now span all but eight internal residues of the HMW striated muscle
a-tropomyosin.'#?3 These structures give new insights into the complexity of the tropomyosin
coiled coil as well as the source and significance of the dynamics.

One remarkable outcome of the structural studies is the variable and dynamic nature of the
coiled-coil interface and its significance for binding along the helical actin filament. We can now
appreciate how local destabilization caused by a poorly-packed interface with small hydrophobic
or polar residues (such as Ser or Ala), or large, nonhydrophobic residues (such as Tyr or Glu) can
have global effects on the structure. An unusual feature of tropomyosin among coiled coils is the
high incidence of Alaat interface 4 positions,® as well as other “noncanonical” amino acids. A weak
periodicity in residues with small versus large uncharged side chains was first noted by McLachlan
and Stewart.* The “Ala clusters, featured by Brown et al,'# are illustrated in Figure 2A. Alternating
stabilizing and conserved destabilizing interface residues have been suggested to be important for
in register folding of the two chains, overall stability and interhelical distance.’” It is significant
that some disease-causing mutations in tropomyosin alter the stability of the coiled-coil interface
(see Chapters 11 and 12).

A major step forward in understanding the significance of conserved destabilizing “Ala clusters”
came with the atomic resolution structure of residues 1-80, the first to contain an Ala cluster™
(RCSB Protein Data Bank, accession code 11C2). Brown and colleagues noticed that the coiled-
coil radius was lower at the Ala cluster than in regions of canonical coiled coil, a feature that
has been observed at the sites of all five Ala clusters in the other tropomyosin structures (RCSB
Protein Data Bank, accession codes 2B9C; 2D9E).?* Figure 2B illustrates the backbones in the
region of the Ala cluster (Fig. 2B, left) that are axially staggered and closer together by ~2 A than
backbones of region with the interface leucines (Fig. 2B, right), compared in the central overlay.
The effect of the interface residues on core packing is featured in the models in Figure 2C. The
core of the Ala cluster region (Figs. 2B, left and 2C, left) is less well packed and the backbones
are closer together as reflected in the smaller interhelical distance, compared to the model with
a canonical coiled-coil interface of Leu and Val (Fig. 2C, center). The diameter and the packing
reflect the character of the core side-chains; an interface with the larger destabilizing residues Asn
and Gln is poorly packed (Fig. 2C, right), but the interhelical distance is similar to that of the
larger hydrophobic side-chains.?® In two of the five Ala cluster structures the axial stagger is fol-
lowed by a specific axial bend.'** Bends are not observed in all molecules or at all locations with
Ala-rich interfaces, suggesting that the bends reflect molecular flexibility that can be influenced
by crystal packing, rather than being fixed structures. The distribution of destabilizing Ala clusters
along the length of the molecule led Brown and colleagues to suggest that they are de facto “skips”
or “stutters,” and that the bends provide flexibility required for tropomyosin to wind around the
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Figure 2. The variable tropomyosin coiled-coil interface. The panels illustrate how the in-
terface residues of the coiled-coil influence packing and the interhelical distance. A) The
side-chains of the interface Ala clusters on a ribbon model of the 7 A structure? illustrate their
quasi-periodic distribution. The model is oriented to highlight the bends in the crystal structure
of the full-length tropomyosin molecule. B) Models of segments of the crystal structure of
the first 80 residues of tropomyosin show the influence of the interface residues on packing,
axial stagger and interhelical distance. The chains with an Ala cluster (left) are staggered, the
interhelical distance is closer by ~2 A and the interface is poorly packed compared to the
canonical coiled coil interface (right); superimposed in the middle. Modified from Brown et al.™
C) Models of a region of tropomyosin to show the effect of interface residues on core packing
and interhelical distance as viewed through the core axis. The side-chains of three interface
residues of each polypeptide are illustrated. Left: Ala, Ala, Ala; Middle: Leu, Val, Leu; Right:
Asn, Gln, Asn. The side-chains are dark grey and aqua with hydrogens in white, oxygens in
red and nitrogens in magenta. Modified from Singh and Hitchcock-DeGregori.*® D) Model
of the structure of the C-terminal third of tropomyosin, stabilized at the N terminus with a
leucine zipper. The side-chains of the destabilizing interface residues, Tyr214-Glu218-Tyr221
are illustrated. The location of this interface at the site of a bend in the coiled-coil axis is
illustrated at the left; the increased interhelical distance is illustrated at the right in a model
rotated by 90 degrees. Based on a figure in Nitanai et al.>*

helical actin filament and to carry out its dynamic role in thin filament regulation'* (see Chapters
by Tobacman, Lehman and Craig, Martson and El-Mezgueldi). The importance of an unstable
interface, versus Ala residues or an axial stagger per se, is supported by mutagenesis studies in
which destabilizing residues at the sites of Ala clusters were shown to be an essential requirement
for cooperative actin binding by tropomyosin.2**

The flexibility is illustrated in the 7 A structure of full-length tropomyosin that contains two
global bends (RCSB Protein Data Bank, accession code 1C1G)** (Fig. 2A). One of these is ata
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site with noncanonical, destabilizing residues (Y214, E218 and Y221 at 4, 4, d interface positions)
shown in a high resolution structure of a tropomyosin fragment* where there is a poorly-packed
interface and a high interhelical distance, higher than with a canonical Leu-Val interface (Fig. 2D).
Nitanai and colleagues point out that the second bend in the full-length molecule is at D137,
another poorly packed region with an Ala and an Asp at the interface and a peak interhelical
distance.” The region between the bends at D137 and Y214 is important for actin binding,”?*¢
for cooperative activation of the actin filament by myosin®* and is the region where the troponin
“core” that contains troponin C, troponin I and the C-terminal domain of troponin T binds,
(reviewed in refs. 1, 2). One may imagine how segmental mobility of this region, regulated by the
binding of Ca* to troponin C, or the binding of myosin heads to the actin filament, could be a
critical feature of thin filament activation.

The most dramatic effect of a noncanonical coiled-coil interface on the structure is at the
C terminus that forms the “overlap” complex with the N terminus responsible for end-to-end
association of tropomyosin along the length of the actin filament. In two crystal structures, the
C-terminal 22 residues splay apart and two molecules associate to form a nonnative antiparallel four
helix bundle (RCSB Protein Data Bank, accession code entries 1QKL, 2D9E).*** This flexibility
is allowed by atypical interface residues, Q263 (<) and Y267 (4) that are not packed in a “knobs”
into “holes” fashion and allow the C terminal chains to spread apart and form the intermolecular
complex (Fig. 3B). In solution, the C-terminal structure is entirely different (PDB Entry IMV4).#!
The C terminus is monomeric (two chains) and instead of splaying apart, after residue 269 the
chains form an unusual linear, parallel arrangement with atypical hydrophobic interactions (Fig.
3B,D). Asin the crystal structure, Q263 and Y267 are poorly packed and exhibit conformational
flexibility. The flexibility is required for function since mutation of Q263 to Leu, a canonical
interface residue, increases the stability and inhibits the ability of the C-terminal peptide to form
a ternary complex with the N terminus of tropomyosin and troponin T.*!

The Intermolecular Complex

Tropomyosin molecules associate end-to-end to form a continuous cable along both sides
of the actin filament (Fig. 4A). The molecular length of tropomyosin calculated in crystals and
paracrystals was shorter than expected for a full helical molecule of 284 residues, leading to the
suggestion of an overlap of approximately 9 residues.!”** The requirement of the extreme ends
for complex formation and normal actin affinity was originally established by carboxypeptidase
digestion of the C terminus*® and deletion mutagenesis of the N terminus.* Alchough the site of
the molecular ends was identified in crystals of full-length tropomyosin, the structure was unre-
solved,'®?”?8 |eaving open the question of how sequential tropomyosins and their proposed actin
binding sites (see below) relate to each other and to the actin monomers in the filament. Atomic
resolution structures and dynamics of the N terminus and C terminus have been obtained using
model peptides®**>#! and the structure of an overlap complex formed using model peptides has
been determined using NMR.**

As mentioned above, the helices in the C terminus are parallel in solution* or splayed apart
to form an antiparallel complex with another C-terminal molecule in the crystal structure,3*
exemplifying the flexible hinge next to the beginning of the overlap region. In contrast, the N
terminus is canonical coiled coil beginning with the N-acetylated N-terminal Met.** N-acetylation
is required for coiled coil formation and for overlap complex formation.** The recombinant
peptide used for the crystal structure of the first 80 amino acids is unacetylated and the first four
residues are not in a helical coiled-coil conformation.'

The solution NMR structure of the overlap complex formed using model peptides is an almost
symmetric, interleaved four-chained structure in which the C-terminal chains spread apart to form
acleftallowing insertion of 11 residues of the N-terminal coiled-coil** (RCSB Protein Data Bank,
accession code 2G9J) (Fig. 3A,C). In the complex the planes of the two ends are rotated 90 degrees
relative to each other (best visualized in Fig. 3C), a feature that has significant consequences for
actin binding (see below). Most of the side-chain interactions at the interface of the overlap region
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Figure 3. Solution NMR structure and dynamics of the tropomyosin overlap complex. A)
Overlay of two ribbon models of the N-terminal/C-terminal complex illustrating the maximal
variation between the calculated structures due to the flexibility of the interface of the com-
plex. B) Structural changes in residues 260-270 of the C terminus upon complex formation.
The backbone is depicted by a ribbon; the side-chains of interface residues L260, Q263,
Y267, 1270 and L274 are illustrated. Dark grey or brown: free C terminus; light grey or cyan,
C-terminus in the complex. C) Ten structures of the N-terminal/C-terminal overlap complex
of tropomyosin. C terminus, light grey or cyan; N terminus, dark grey or brown. The orienta-
tion illustrates the 90 degree rotation of the planes of the coiled coil relative to each other.
D) Structural changes in the C-terminal domain upon complex formation: unbound, brown
or dark grey; bound, cyan or light grey. Modified from Greenfield et al.*

involve intermolecular hydrophobic interactions of the canonical 2 and d interface positions, as well
as between hydrophobic groups in noncanonical coiled coil positions. The structure differs from
previously-proposed, asymmetric models of the tropomyosin junction.'®¥ The detailed structure
of the complex also differs from that of a typical four-helix bundle in that the last five residues
of the C terminus are not helical and have unusual packing interactions. The structure of the C
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Figure 4. Binding of tropomyosin to the actin filament. A) Surface view of the thin filament
showing actin and muscle tropomyosin. The image is based on a helical image reconstruc-
tion of electron micrographs of F-actin-tropomyosin-troponin, +Ca*.% Tropomyosin forms a
continuous strand along both sides of the helical actin filament such that one tropomyosin
molecule spans the length of seven actin subunits. The tropomyosin molecules are associated
N terminus-to-C terminus, as indicated on the figure. The thin filament is oriented so that
the N terminus of tropomyosin and “minus” or “pointed” end of the actin filament are at the
left. Modified from a model prepared by Dr. William Lehman, Boston University School of
Medicine, Boston, Massachusetts; modlfled from Hitchcock-DeGregori et al.®® B) Model of
two full- Iength molecules of the 7 A tropomyosin structure joined together with the overlap
complexillustrated in Figure 3. The arrow indicated the position of the overlap. The side-chains
“consensus” residues are in black and have the similar orientations in the two molecules.
Figure legend continued on next page.
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Figure 4, continued. C) Detail of three “consensus” sites in the sequential molecules (periods
7, 1 and 2) to show that they have the similar orientations relative to the axis of the coiled coil.
The C* molecule of the first consensus residue in the three sites is marked. D) Model of the
joined tropomyosins on a model of the regulated actin filament with EGTA. The side-chains of
consensus the residues are shown in black and have similar relationships to the actin monomers
in the filament. Residue K238 of actin in dark grey or red serves as a position marker on the
actin filament. The axial position of the tropomyosin molecule on the actin filament is arbitrary
and we make no inference as to the interaction between specific residues of tropomyosin and
actin. Modified from and more completely described in Greenfield et al.>

terminus in the complex is similar to that seen in the crystal structures. Figure 3D compares the
solution structure of the free C terminus to that in the complex.

A striking feature of the overlap complex structure is the conformational flexibility of the
interface in the overlap region as well as in the region preceding the junction. The two models
included in Figure 3A illustrate the maximal variation between ten calculated structures due to
the flexibility of the interface of the overlap complex. The plasticity of the previously-mentioned
residues Q263 and Y267 in the studies of the C terminus, as well as 1270 (d), allows the chains
to splay apart and bind the N terminus. Figure 3B shows the dynamic nature of the side-chains of
interface residues L260, Q263, Y267,1270 and L274 in the region preceding the overlap complex
upon complex formation (free, dark grey or brown; complex, light grey or cyan). Note for example
that the side-chains of Q263 move away from the interface whereas those of Y267 move closer to
the side-chains of 1270 as the chains splay apart to bind the chains of the N-terminal coiled coil.
The residues within the junctional interface are also dynamic and provide the plasticity that may
be important for tropomyosin to bind to actin. Just as flexibility in internal regions of the molecule
at sites of Ala clusters or other destabilizing residues is required to bind actin, the ability to bend
at the junction between molecules is presumably essential for tropomyosin to form a cable that

follows the long-pitch helix along the length of the filament.

Actin Binding Sites on Tropomyosin

Tropomyosin’s paramount function is to bind to the actin filament; its regulatory functions
follow. High molecular weight tropomyosins span the length of seven actin monomers in the fila-
ment (Fig. 4A). When seven-fold and fourteen-fold repeats that originate from gene duplication
were first identified in the amino acid sequence, they were proposed to relate to actin binding sites
along the length of one actin molecule.!'?* These repeats are in addition to the heptapeptide
repeat of hydrophobic residues and the weak periodicity of destabilizing interface residues in the
amino acid sequence required for coiled coil formation and molecular flexibility. A fourteen-fold
quasi-periodic repeat includes charged and nonpolar, non-interface residues poised to be involved
in actin binding, versus coiled-coil formation. McLachlan and Stewart* proposed the periodicity
to be seven pairs of alternating - and B-zones that correspond to the two positions of tropomyosin
on the actin filament in the then recently-introduced steric blocking model. They suggested that
tropomyosin would roll in response to Ca* binding to troponin C allowing the two sets of sites,
azimuthally located 90 degrees apart on the coiled coil, to occupy the blocked versus the open
state on the thin filament.

In alater analysis Phillips4‘8 took into account the azimuthal position of the side-chains in the
heptapeptide repeat of the helical coiled coil, whereas the earlier analyses were based on a linear
amino acid sequence. He identified a seven-fold repeat of seven charged and nonpolar residues in
b, cand fpositions, that we refer to as “consensus” residues, that roughly correspond to McLachlan
and Stewart’s o-zones and are more regular than the B-zones. Because of the underlying heptapeptide
repeat, the Phillips repeats are multiples of seven residues, either 35 or 42 residues long, with an
average 39.3 residue length, as in the linear sequence analysis (Fig. 4B,D).

It has been inferred, based on the logic of simple symmetry, that since one tropomyosin spans
the length of seven actin monomers in the actin filament there should be 3.5 turns of the supercoil,
such that there is one actin periodic repeat per half turn.*** It has long been appreciated that the
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pitch of the supercoil is variable along the length of the molecule and that the average pitch is ~140
A, or about three turns of the supercoil per molecular length. Using the program TWISTER?
that allows more accurate calculation of pitch, we found the 7 A structure?® has an average pitch
of 149 A for residues 2-274,% close to the 146 A average pitch calculated for the structure of the
mid-region of tropomyosin.” The standard deviation is large, reflecting the highly variable pitch.
The molecular length of the tropomyosin molecule in the 7 A structure, accounting for the 11
residues in the overlap complex, is 400 A, close to the distance needed to span seven actin mono-
mers at a radius of 40-42 A in the filament.>*5! With these considerations, the number of supercoil
repeats per tropomyosin molecule is less than three, about 2.7, or ~5.5 half-turns of the supercoil.
Sequential molecules joined together in the overlap complex are rotated 90 degrees with respect
to each other, an arrangement that “corrects” for the non-integral number of half turns.** Another
consequence is that the relationship of the repeats to actin is equivalent from one tropomyosin to
the next along the actin filament.

Given that the number of periodic repeats (seven) differs from the number of half-turns of the
supercoil (5.5), are the “consensus” residues in equivalent positions with respect to actin? Do the
“consensus residues” form an actin binding site? Does the tropomyosin roll or slide on the filament
to carry out its regulatory functions? None of these questions will be answered until there is a high
resolution structure of actin in complex with tropomyosin; at this time it is neither available nor
on the horizon. What we can say is that the solution NMR structure of the overlap complex was
easily modeled into the unresolved intermolecular junction present in the 7 A structure (Fig. 4B),
but not into a tropomyosin model in which the ends are parallel.” The residues in the proposed
actin binding sites in sequential molecules have equivalent azimuthal relationships on the coiled
coil and to the actin monomers in a filament model*? (Fig. 4B-D). These relationships would not
be true with an even number of half turns of the supercoil, or if the planes of the coiled coils in
the overlap complex were parallel. Because the repeats are 35 or 42 residues long, the axial spacing
is variable. The bends and regions of local instability in the tropomyosin molecule as well as the
variable pitch of the supercoil should allow the tropomyosin to accommodate local variations in
the axial and azimuthal spacing of the periodic sites upon binding along the length of the actin
filament. Indeed such accommodations are essential for the two molecules to associate, as illus-
trated by the inability to “dock” atomic models of the 7 A tropomyosin structure onto the model
of the actin filament over a distance of more than a few actin molecules. Flexibility of the actin
filament may also be involved.

While there has been alot of discussion of periodic actin binding sites, it should be emphasized
that the fidelity is low and they are not easily recognizable as are, for example, a divalent cation
bindingsites in troponin C and other EF-hands. Mutagenesis of tropomyosin has, however, given
support for the veracity of the Phillips periodic repeat of seven “consensus” residues. In period 5
(residues 165-188), the “consensus” residues coupled with an unstable coiled-coiled interface are
essential for cooperative actin binding.* While the regions of tropomyosin do have specific func-
tions and do not contribute equally to the overall affinity, discussed in,” they are quasi-equivalent
with respect to actin affinity, with an emphasis on quasi. The period 1 or period 2 consensus regions
can substitute for period 5 with respect to actin binding, as long as the interface is unstable.®

What Is the Structural Basis of Isoform Specificity?

The alternatively-expressed exons together with formation of heterodimers results in a large
number of different tropomyosins; the specific localizations and functions of specific isoforms
are discussed in other chapters (see Chapters 4, 6, 14, 16-22) and reviewed in Gunning et al.>#
The amino acid sequences are overall conserved and the coiled-coil structure is retained, yet the
subtle structural differences can have profound effects on functional specificity. From in vitro and
in vivo studies on the effects of single-site mutations and alternatively-expressed exons we know
that seemingly small changes can influence protein folding, actin affinity, regulatory function and
the cell’s cytoskeleton, structure and motility in ways we cannot yet understand at the structural
level. For example, the specific binding of troponin T to striated muscle tropomyosin®® depends
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on the exon 9a-encoded sequence,’®” but an understanding of the specificity will require an

atomic-resolution structure of the tropomyosin overlap complex with troponin T. In a more recent
illustration, the basis of isoform-specific binding of LMW tropomyosins to tropomodulin has been
primarily ascribed to a single residue that has little apparent effect on the tropomyosin structure,
but a bigaffect on tropomodulin affinity,”® discussed in the chapter by Kostyukova. Models based
on existing structures and knowledge from model peptide studies®”*” may give limited insight into
how isoform-specific sequences may influence structure and stability.

We do understand the effect of isoform-specific sequence on structure of the alternate
N-terminal sequences of LMW and HMW a-tropomyosins. As discussed above, the conserved
HMW-tropomyosin N-terminus forms a coiled coil in solution® and the structure is retained in
complex with the C terminus® (Fig. 4). The N terminus of LMW tropomyosins shares homology
with the HMW sequence, but contains a variable N-terminal extension, five residues in a-tropomy-
osin that are nonhelical and flexible in solution.® Recombinant tropomyosins that contain LMW
tropomyosin bind to actin with higher affinity than their HMW counterparts.®** An overlap
complex containing the LMW amino terminus and the nonmuscle/smooth muscle C terminus
is more stable and more dynamic than the striated muscle overlap complex discussed earlier. The
data indicate that the binding domain includes residues 1-17 of the N-terminus (compared to 11
residues in the striated muscle complex); the first five residues of the N terminus become helical
and interact with the C terminus.®® The longer and more flexible overlap complex may account for
the observed higher actin affinity of tropomyosins containing these terminal sequences.

Summary and Perspective

In a sense we have known the structure of tropomyosin since 1953; determination of the amino
acid sequence in the 1970s established it as the archetypal coiled coil. However, it has taken another
generation to understand that this simple protein fold is far from plain. The availability of high
resolution crystal and solution structures within the last decade has allowed major progress and
the realization that tropomyosin’s regions of noncanonical sequence have variable noncanonical
structures and that tropomyosin’s non-ideality is what allows it to function as a universal regulator
of the actin filament. The irregularities in the coiled-coil structure, coupled with structural and
folding studies of model coiled-coil peptides have led to a good understanding of how sequence
contributes to the basic coiled-coil structure. Solution of the overlap complex structure answers
the longunresolved question of the relationship between sequential tropomyosin molecules when
they self-associate on the actin filament. Studies of designed mutations, as well as disease-causing
mutations in humans, have given us an idea of the fundamental requirements for actin binding.
The major step now is to learn the structures and dynamics of tropomyosin bound to its targets:
actin, troponin and tropomodulin and possibly other proteins. Only then will we gain insight
into how the different regions of tropomyosin are involved in the complex process of cooperative
actin filament regulation.
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CHAPTER 6

Dimerization of Tropomyosins

Mario Gimona*

Abstract

ropomyosins consist of nearly 100% o-helix and assemble into parallel dimeric coiled-coils.

Nonmuscle as well as muscle tropomyosins can form homodimers, however, expression

of both muscle a and B tropomyosin subunits results in the preferential formation of
stable a/p heterodimers in native muscle. The assembly preference of the muscle tropomyosin
heterodimer can be understood in terms of its thermodynamically favorable energy distribution
that provides increased stability over the homodimer. The simultancous expression of multiple
tropomyosin isoforms in nonmuscle cells (at least up to seven individual chains), however, points
towards a more complex principle for determining dimer preference. The information for homo-
and heterodimerization is contained within the tropomyosin molecule itself and the parameters
for dimer selectivity are conferred in part by the alternatively spliced exons. However, it remains
to be established if low molecular weight tropomyosin isoforms in nonmuscle cells engage in
both homdimer and heterodimer formation in vivo. A thorough understanding of the selective
dimer formation of the more than 40 tropomyosin isoforms is required to explain how subtle
alterations in the sequence of one tropomyosin chain can result in the progression of diverse
disease phenotypes.

Introduction

Tropomyosins (Tms) constitute a large and highly conserved family of dimeric, coiled-coil
actin filament-binding proteins that are among the major components of the thin filaments of
striated and smooth muscle and of the microfilaments of nonmuscle cells."? In vertebrate cells
a combination of four genes, multiple promoters and alternative splicing mechanisms generate
around 40 individual Tm forms*> and the expression of different Tm isoforms is characteristic of
specific cell types. In recent years our understanding of the relationship of Tm isoform expres-
sion and specific cell function has improved considerably, owing largely to the development of
isoform-specific antibodies and through the use of GFP-tagged Tm isoforms.” Nevertheless, the
precise functions of Tm isoforms in different cell types and various cellular processes remain to
be determined in detail.

Tm functions exclusively as a dimer and monomers have not been observed to be stable in
solution. The two Tm chains assemble into parallel and mostly in-register coiled-coil dimers.'"!
Certain nonmuscle cell types express multiple different Tm chains simultaneously and in light of
their high similarity both by sequence and structure a large variety of homo and heterodimers can
be formed theoretically. From studies in muscle it is clear that homodimers and heterodimers carry
diverging functions'>" and that imbalances in the formation of either dimer can lead to disease
phenotypes such as nemaline myopathy'#" (see Chapter 12 by Hardeman). Key questions in the
understanding of Tm function thus revolve around the issues of what mechanisms are responsible
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for the regulation of the assembly of homo- and heterodimers and whether cell type-specific fac-
tors are involved in this process.'**

Rat embryo fibroblasts express up to seven nonmuscle Tm isoforms simultaneously,*" three
high molecular weight (HMW) Tms (B smooth muscle/Tm1, Tm2 and Tm3) and four low
molecular weight (LMW ) Tms (Tm4, Tm5NM1, Tm5a and Tm5b) of 284 and 248 amino acid
residues in length, respectively (see Chapter 2). Skeletal and smooth muscle o and  Tm subunits
assemble preferentially into the thermodynamically more stable a/p heterodimers.**' Cardiac
muscle expresses almost exclusively one a chain® and thus in the heart muscle /o homodimers
prevail. Tms from fibroblasts except Tm3 were shown to exist as homodimers* and thus additional
parameters that determine the formation and stabilization of functional Tm dimers should exist
in nonmuscle cells.

A series of studies in the mid 1990s identified that the specificity of dimer formation
(homo- versus heterodimer) is partially determined by the thermodynamic stability of all pos-
sible protein-protein interactions, involving both intramolecular and intermolecular interactions.
Investigation of the dimerization behavior of epitope tagged Tms in cultured cells led to the initial
demonstration that the information for homo- and heterodimers is indeed contained within the Tm
molecule itself and that the information for the selectivity is conferred in part by the alternatively
spliced exons.*>'¢17 In this chapter I will summarize the current knowledge on the parameters that
can influence dimer formation of Tms.

419

Homodimers and Heterodimers

Amino- and carboxyl-terminal regions, as well as internal regions contribute to the coiled-coil
interactions of the Tm subunits.''*** The dimeric Tm molecule unfolds and dissociates in response
to increasing temperature, indicating regions of varying stability or several states of partially un-
folded molecules. The two major helix-coil transitions likely reflect the unfolding of independent
domains.” However, the conformation of locally unfolded regions and the mechanism leading
to the local unfolding of Tm remain to be resolved in detail. Expression of amino-terminally
epitope-tagged muscle isoforms in nonmuscle cells leads to the formation of heterodimers between
HMW muscle and nonmuscle Tms.'® Muscle-specific factors cannot be involved in the process of
formation and stabilization of heterodimers since this process takes place in a cultured nonmuscle
cell. Nonmuscle-specific factors are also not sufficient for maintaining the homodimeric state of
the endogenous nonmuscle Tms in the presence of the muscle isoforms. Notably, transgenic mice
that express nonmuscle Tm3 specifically target this isoform to the Z-line-associated cytoskeleton
as 2 homodimer,* without detectable heterodimerization with the muscle Tms.

A relationship between alternatively spliced exons and functional domains in Tms can be seen
when the influence of exons 2a/b and 9a/d (see Chapter 2) of the smooth and striated a-Tms is
analyzed.” Although the presence of exon 9a s correlated with Ca**-insensitive binding to troponin
and that of exon 2a with changes in actin affinity, the individual exons were not recognizable as
individual structural domains.”

Coordination between the N- and C-terminal regions of the Tm dimer is required for normal
Tm function and this harmonization of several folded domains is critical for the formation of func-
tionally relevant Tm dimers. Exons 3, 4, 5,7 and 8 are common to all Tms, but are insufhcient to
warrant stable dimerization per se and heterodimers between LMW and HMW Tms are unstable.
Whether or not changes in the sequences of these conserved domains could lead to perturbation
of the dimeric interactions of Tm subunits is currently unknown.

The 284 residue long nonmuscle isoforms Tm1, Tm2 and Tm3 form exclusively homodimers,
while the shorter Tm4, TmSNM 1, TmSa and TmSb form both homo and heterodimers.!¢!71?
Exons laand 1b in the a gene are highly similar and exon Ib, which is used in the LMW subunits
of Tm4, Tm5NM1, Tm5a and Tm5b partially influences the dimerization properties of these
isoforms. However, in a cellular context TmSa and TmSb do not form stable heterodimers with
each other, but heterodimerize with TmSNM 1 and Tm4.!” Tm5a and TmS5b share identical N-and
C-terminal regions, as do Tm2 and Tm3 and differ only in the alternative use of exon 6a and 6b
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from the a gene, as do Tm2 and Tm3. This demonstrates that the combinatorial use of exons and
not the sole presence or absence of individual exons dictates the stability of either dimer form.
However, the basis underlying the exclusion of Tm5a/Tm5b heterodimers is far from being un-
derstood. At least for the HMW and LMW products of the a gene there is a clear contribution
from the alternatively spliced exons to dimer preference, since the first 45 amino acids are required
for assembly of the Tm4/Tm5NM1 heterodimer.'

The functional significance of expressing a multitude of Tm isoforms in nonmuscle cells
and maintaining them as homo- or heterodimers remains to be fully understood. The higher
actin-binding ability of strongly head-to-tail overlapping heterodimers of smooth muscle o and
B Tm subunits reflects the necessity to maintain stable association with the muscle thin filament
throughout the entire length of the actin filament. The o/ heterodimer exhibits a greater ability
to bind cooperatively to F-actin, due to its stronger head-to-tail overlaps compared with a/o ho-
modimers (see Chapter 7 by Tobacman for details). Tm heterodimers appear also to display a higher
degree of flexibility than their homodimeric counterparts? and higher end-to-end association of
Tm heterodimers in smooth muscle cells leads to the formation of elongated Tm polymers. By
contrast, the low head-to-tail association of Tm homodimers can be seen as a necessary determinant
for the more dynamic regulation of the actin cytoskeleton in nonmuscle cells. With the exception
of cardiac muscle that expresses only a single oo Tm isoform, muscle tissue usually contains o/p
heterodimers,” which are thermodynamically favorable over the less stable $/f dimer, and also
the a/o homodimers that show higher thermal stability.?®

High and low MW Tms are unable to form a stable coiled coil together. Tm4 can form
homodimers and heterodimers with TmSNM1, TmSa and TmSb, but not with the HMW
isoforms Tm1, Tm2 and Tm3 and any of the muscle Tms that readily form heterodimers with
the otherwise preferentially homodimeric HMW nonmuscle isoforms Tm1, Tm2 and Tm3.!1”
Although in general coiled coils between chains of non-identical length are possible the reason
for the inability for Tms to do so becomes evident from a detailed comparison of the amino acid
sequences (Fig. 1), the position of the alanine clusters and actin binding sites and the N-terminal
acetylation patterns (see below for details on these parameters). LMW Tms from the o, y and &
genes require an unusual alignment for proper comparison. The position of the polybasic ring at
positions 5-7 in the HMW isoforms determines the position in the helical wheel arrangement
(at positions ¢, fand g). If these residues are aligned according to a two dimensional linear heptad
repeat alignment,” then the first 6 residues of the (mammalian) LMW Tms are out of phase as
the wheel begins at the b position and the polybasic ring is at position 12-14. Such an alignment
is, however, required to position the alanine clusters and actin binding regions in a similar manner
to the HMW isoforms. With this alignment in place it becomes evident that the second alanine
cluster and adjacent actin binding region are absent from the LMW isoforms, while the first and
all C-terminal alanine clusters and actin binding regions overlap exactly with the HMW Tms, as
does the trigger sequence in the C-terminus. It is thus plausible that even in the case of an initial
attempt of coiled-coil assembly between an HMW and an LMW T, the N-terminal third of
the molecule will be out-of-register, irrespective of a C-to-N terminal zipper mechanism, or if a
best-fit model of individual subdomains drives the assembly.

It remains to be established if the heterodimers indeed exist in nonmuscle cells. In vivo, the
(cooperative?) folding of /B heterodimers from separate o and B chains is thermodynamically
favored over the formation of homodimers. It was thus concluded that the formation of the dimers
is guided exclusively by the Tm chains themselves, without contribution of additional biological
factors,* albeit N-terminal acetylation is a requirement for physiological actin bindinglevels and
may thus be indispensable for stabilization of the correct dimer assembly of each Tm isoform.

Coiled Coils and Trigger Sequences

Coiled-coils are highly versatile and ubiquitous assembly motifs that can be found in a wide
range of structural and regulatory proteins. A most prominent characteristic of coiled coils is the
heptad repeat, a 7-residue repeated sequence in which the first and fourth positions (termed aand d) are
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occupied by hydrophobic residues. The design rules for folding and assembly of coiled-coils are
well understood and de-novo design of such proteins reproduces with considerable fidelity and
preservation of function parallel and anti-parallel homo- and hetero-dimers, as well as trimers and
tetramers.*' In eukaryotic genomes almost 5% of all proteins contain coiled coil-forming sequences,
a finding that suggests that coiled coil proteins engage in a wide variety of cellular processes™3*
Coiled coils are autonomously folding units of amino acid sequence, typically consisting of two
identical or largely similar sequences with high o helical propensity. The two o helical chains wrap
around each other with a moderate super-helical twist.

The contour length of muscle Tms is about 400 Angstroms (or 40 nm). Together with the
available crystal structures, solution NMR studies detected a flexible nature of the coiled coil (Fig.
2) and demonstrated that the coil is not homogenous but displays several undulating regions.*®
Parameters that drive this structural fluctuation are likely to drive coiled-coil interactions and
stability and hence dimer specificity in Tms. Both internal and external parameters influence the
stability of coiled-coils.* Intramolecular parameters include interchain and intrachain electrostatic
effects, helical propensity and hydrophobicity outside the core positions (a and d) in the heptad
repeat.”’ Positions a and d in the heptad repeat sequences of coiled coils are commonly occupied
by nonpolar residues, whereas the e and g positions display presence of charged (acidic and basic)
amino acid residues. Modification or removal of the N or C termini of Tms (by enzymatic diges-
tion or mutagenesis) prevents head-to-tail interactions between Tm dimers and interactions with
the actin filaments.*® The most probable candidates that directly influence dimer specificity are
the alanine-rich destabilizing clusters® (see below).

One common feature of coiled coil proteins is the presence of a short, autonomous helical
folding unit, the “trigger sequence” that is indispensable for correct folding to occur at physiologi-
cal temperatures (Fig. 3). Crucial determinants of both monomer helix and coiled coil structures
are electrostatic interactions between the charged residues in the side chains.® In Tms the trigger
sequence is located in the C-terminal portion of the molecule. In HMW Tms this region spans
residues 226-238, which correspond to residues 190-202 in LMW isoforms and overlaps with
the seventh alanine cluster.'®

In LMW Tms the trigger sequence plays a significant role and is critical for the ability of Tm
4 to form homodimers—yet this region seems dispensable for the heterodimer formation with
Tm5SNM1." Trigger sequences may thus not be an absolute requirement for all coiled coils, but
they clearly increase the local stability of certain o helical sequences in coiled coil assemblies and
increased molecular stability by trigger sequences may regulate the postribosomal folding time.”
Such regions of increased stability may compensate for adjacent regions of lower stability and thus
favor the overall stability of the coiled coil.

N-Terminal Acetylation

Both skeletal and smooth muscle Tms, require N-terminal acetylation for strong (physiological)
actin binding affinity.** Although in the muscle o/ heterodimer the a chain contributes more
to the actin binding than the § chain,?” acetylation of the N-terminal methionine residue (N-Met)
must be present on both chains in the Tm dimer. The absence of N-Met-acetylation results in an
eight-fold reduction in actin affinity for p Tm and a 40-fold reduction for o Tm.”” The C-terminus
of the Tm dimer is splayed open (see Fig. 2) and can accommodate the tightly coiled N-terminus of
an adjacent Tm dimer, provided that the Met in position one is acetylated (in vivo), or contains a
compensating extension (see Chapter 5). Lack of acetylation in bacterially-expressed recombinant
Tims can be compensated by fusion of an N-terminal Ala-Ser dipeptide (AS) to the Tm sequence,
whereas muscle Tms with unmodified N-termini are unstable and mediate the destabilization of the
entire coiled coil dimer.* However, N-terminal acetylation is not a requirement for either homo or
heterodimer fomation. While the N-terminal Met of mammalian muscle Tms is acetylated in vivo
and partially regulates actin binding, it was suggested that cytoplasmic Tms from fibroblast do not
require such an N-terminal modification owing to the N-terminal extension in the sequences."”
For clarity, however, it must be pointed out that these extensions are only present in some LMW
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248
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Figure 2. Molecular ribbon diagram of a HMW Tm dimer (PDB structure accession number
1clg). The position on alanine-rich clusters (hatched areas) and the trigger sequence (solid
circle) are indicated on the molecular ruler on the left. The C-terminal region encompassing
residues 248-284 of exon 9a (PDB structure accession number 1 mv4) does not form a tight
coiled coil structure.

isoforms, while cytoplasmic Tm1, Tm2 and Tm3 have identical N-terminal sequences to the muscle
isoforms (Fig. 4) and conform to the consensus sequence for NatB-dependent acetylation.®

Although it is the N-terminal Met that is acetylated and in consequence stabilizes the coiled coil
all the way to the N-terminal end, substrate specificity of the yeast No-terminal acetyl transferase
includes the residue at position 2 and possibly also at position 3. In Schizosaccharomyzes pombe the
only Tm, Cdc8, is acetylated in vivo and requires N-terminal acetylation for full functionality. In
contrast to mammalian muscle Tms and to Saccharomyces cerevisiae TMP1 and TMP2, where an
amino terminal AS extension rescues the absence of the N-Met acetylation, this fusion is, however,
not sufficient to rescue actin binding in Cdc8.44

Studies in budding yeast have demonstrated that the mitochondrial distribution and morphol-
ogy gene (Mdm20), together with the Nat3p subunit of the NatB N-terminal acetyl transferase
complex cooperatively regulate Tm acetylation.””* The human homolog of the yeast NatB complex
is NATH, but the true nature and functionality of the mammalian Tm acetyl transferases is largely
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A Trigger sequence
226-238

awrms PR A | [ B <
190-202

Law Tms N B 1 1 B
B

a fast KVLSDKLEKEAETR  226-238
o slow KILTDKLKEAETR 225238
f striated KLLEEKLKEAETR 226-238
o smooth EKVLTDEKELKEAETR 226-238
Tm1/f smooth KVLSDKLEKEAETR 226-238
Tm2 KLLEEKLKEAETR  228-238
Tm3 KVLSDKLEKEAETR  228-238
Tmd KLLSDKLEEAETR  190-202
Tm5SNM1 KILTDKLEEAETR  190-202
TmBr3 KVLSDKLEEAETR  190-202

Consensus trigger sequence KV L [S/E/T][DEJKLKEATR
C
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Figure 3. A) Position of the trigger sequence in HMW and LMW Tms. Grey areas indicate
regions of alternatively spliced exons. B) Sequence comparison of the Tm isoforms shown in
Figure 1. Numbers on the right indicate the position in the Tm sequence. C) Trigger sequences
initiate and facilitate the formation of coiled coil Tm dimers. The autonomously folding trigger
sequences that are located on the unfolded nascent polypeptide chain (I) form short helical
regions in partially unfolded amino acid chains (II) and align the two chains (Ill) for in-register
coiled coil dimer formation (IV) redrawn from reference 3I.
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obscure. Importantly, in either system any potential deacetylases that could play essential roles in
regulating Tm dimer stability and turnover, remain to be identified.

Alanine Clusters and Protein Interaction Sites

In certain areas of the 400 Angstrom long Tm dimer the two chains of the coiled coil are axially
out of register by about one Angstrom.” An axial shift breaks the twofold symmetry such that
identical sequences along the Tm chain are in different environments in the dimer. Those places
where the axially-shifted and in-register regions join one another, the dimer exposes sharp bends.
Bending of a coiled coil by alternating clusters of alanine and leucine residues is considered a gen-
eral principle of coiled coil dimer design. The core segments of the coiled coil are predominantly
composed of alanine residues and contrast with the remaining canonical segments of Tms. The
asymmetric design in a dimer of identical (or highly similar) sequences allows Tm molecules to
adopt multiple bent conformations. The alanine clusters in the core of the dimer can promote
this semi-flexible behavior of the Tm molecule, which appears to be a crucial prerequisite for the
regulation of actomyosin interactions and muscle contraction.”? HMW Tms contain seven clus-
ters of d-position alanines, whereas LMW Tms contain only six (see Fig. 1). Remarkably, proper
alignment of the d position clusters in LMW Tms requires a shift of the sequences by one position
along the helical wheel and this shift implies that the N-terminal six residues in LMW Tms may
not participate in the formation of a correct coiled coil.

Replacement of alternatively spliced exons alters the stability of the entire Tm molecule.”
Exchange of exons 1aand 2a in smooth muscle Tm by exon 1b in Tm5aand 5b has no influence on
the overall helical content of the protein chain, but has profound consequences on the head-to-tail
interaction of the dimers and alters the calorimetric enthalpy of the thermal unfolding of the dimer,
leading to increased stability of the resulting, shorter LMW Tm. Yet there is no simple correlation
between specific exons or domains of Tm and the overall stability of the molecule. Rather, changes
in the Tm sequence impact on long-range cooperative effects in the structure.”’

Actin bindingand regulation of actomyosin contractility in muscle and nonmuscle cells requires
abalanced equilibrium between stability and flexibility. Enhanced dimer stability impacts negatively
onactin affinity and also poorly folded or unstable Tms have lower actin affinities. Replacement of
coiled coils with random coils locally destabilizes the coiled coil and reduces the affinity for actin.
Deletions of individual and multiple central segments leads to loss of the force producing state of
the actin filament, despite preserved acin binding. Thus the mid region of the Tm dimer is critical
for the myosin-induced shift of the actin filament from the closed to the open state.>

The seven fold periodic repeat in the sequence of Tms is poorly conserved® and individual
sequence repeats are not functionally equivalent: yet the detected periodicities overlap with the
predicted number of actin binding sites in the various Tm isoforms (Fig. 1). Deletion of the fifth
period devastates actin affinity, deletion of periods four and five, however, retain the ability to bind
to actin, even in a cooperative manner. Deletion of periods three, four and five, or four, five and
six also retain actin-binding activity. This suggests that the determinants of actin binding/affinity
result from the preservation of the Tm dimer flexibility, as a consequence of local parameters of
sequence, structure and stability of the dimeric fold.>® Some of these parameters may in addition
be influenced in vivo by a spatially and temporally regulated association with Tm-binding proteins.
Reports indicating that under physiological temperature conditions significant proportions of the
Tm dimer are not fully coiled coils***° and may only poorly or incompletely dimerize lend additional
support to such a scenario. The local unfolding sites that are seen at physiological temperature may
coincide with the location and movement of destabilizing alanine clusters in the dimer core. Such
unfolded regions may themselves provide binding or docking sites for Tm-binding proteins and
can thus allow variable molecular flexibility of the dimer (also in the actin filament-bound form).
In addition to the seven binding site-containing HMW Tms and the six site-containing LMW
Tm isoforms, the even shorter yeast Tms are predicted to span the length of five (S. cer. TPM1),
or four (8. cer. TPM2 and S. pombe Cdc8) actin monomers in the filament® (Chapter 14). In the
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sequences of these yeast Tms, however, there is no clear arrangement of alanine clusters and the
regulation of dimer formation in this system awaits detailed analysis.

The major differences in sequence between striated muscle and smooth/nonmuscle Tms are
largely confined to the C-terminus. The C-terminal seven residues of striated o Tm (270-279)
are helical but do not participate in coiled-coil formation.”® The interface residues of the last two
heptad repeats have a high propensity of forming three stranded coiled coils®> and NMR studies
using the C-terminus of striated muscle o Tm revealed that residues 278-284 are nonhelical and
flexible. This open conformation appears to bea requirement for successful cooperative head-to-tail
overlap between the N-and C-terminal 9-11 residues of adjacent Tm dimers, at least for Tms
containing exon 9a.>%

The C-Terminus in Tm, Formin and Tropomodulin Interactions

Binding of Tm to formins, a family of actin nucleators, modulates actin barbed end filament
capping. The flexible hinge near the C-terminus of the Tm dimer mediates interaction with the
helical regions of the FH2 domain in mDial and mDia2. Instead of the helical N-terminus of an
adjacent Tm dimer, the C-terminus appears to form a triple helical structure with formin. Tms and
formin cooperate in the formation of stabilized, unbranched filaments in vivo*® and this proposed
helical insertion mechanism might represent the necessary process to guarantee the coordinated
action of these two molecules along the actin filament. Strikingly, the relief of formin inhibition is
isoform specific for both Tm and formin variants. Maximal inhibition has been detected between
mDia2 and Tm2 and mDial and TmS5a, respectively.®

The “molecular ruler” that limits the length of erythrocyte membrane actin cytoskeleton
filaments to an almost uniform length of 37 nm (spanning 12-13 actin monomers) contains
LMW Tm and the filament end-capping molecule tropomodulin (Tmod; 54). This interaction
is mediated specifically by Tm5(NM1?) and its potential heterodimeric partner Tm5b. The poly-
basic ring (KKK or KRK; see Fig. 1) at positions 7-14 in LMW Tms and 5-7 in HMW Tms)
participates in the regulation of electrostatic forces with hydrophobic interactions and two KRK
rings, one provided by each Tm monomer chain, form a ring around the N-terminus of the coiled
coil dimer.>>>¢ Molecular dynamics simulation studies have further revealed that the Tmod helix
at residues 116-122 (containing the sequence LEE at residues 116-118) interacts with the KRK
ring region and forms a stable triple helical complex (56 and Chapter 21).

Conclusions and Perspectives

The potential to form dimers of variable chain composition broadens the spectrum of potential
cellular functions for Tms. Thus in a cell, the formation of dimers cannot be following random
association principles and the formation of correct, functional dimers must be tightly regulated in
addition by intracellular factors. Only correct dimers function properly in the context of a given cell
type (as demonstrated for nemaline myopathy, where a shift from the o/f to a predominantly a/a
homodimer occurs with considerable consequences for skeletal muscle regulation—see Chapter
12). A shift in the dimer species away from the preferred dimer likely perturbs the regulation of
actin filaments and actomyosin interactions during force generation in muscle contraction and
potentially impacts also on the distribution and regulation of nonmuscle cell contractility. A
comprehensive molecular dynamics simulation of all theoretically possible Tm dimers may help
to shed light on the complexity of Tm chain interactions.
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CHAPTER 7

Cooperative Binding
of Tropomyosin to Actin

Larry S. Tobacman*

Abstract

ropomyosin molecules attach to the thin filament conjointly rather than separately, in a

pattern indicating very high cooperativity. The equilibrium process drawing tropomyosins

together on the actin filament can be measured by application of a linear lattice model to
binding isotherm data and hypotheses on the mechanism of cooperativity can be tested. Each end of
tropomyosin overlaps and attaches to the end of a neighboring tropomyosin, facilitating the formation
of continuous tropomyosin strands, without gaps between neighboring molecules along the thin fila-
ment. Interestingly, the overlap complexes vary greatly in size and composition among tropomyosin
isoforms, despite consistently cooperative binding to actin. Also, the tendency of tropomyosin to
bind to actin cooperatively rather than randomly does not correlate with the strength of end-to-end
binding. By implication, tropomyosin’s actin-binding cooperativity likely involves effects on the actin
filament, as well as direct interactions between adjacent tropomyosins.

Introduction—Conjunction Junctions Have Anti-Gap Functions

The cooperativity of tropomyosin-actin binding derives primarily from a striking, qualitative
aspect of tropomyosin structure: it is a very elongated protein. Muscle tropomyosins, the prototypi-
cal forms, are coiled-coils no less than 40 nm in span, stretching along the surface of seven actin
monomers and even the shortest known tropomyosins extend four actins in length.!* One might
imagine that this feature, the contact of each molecule with multiple actins, would facilitate the
full and homogeneous assembly of thin filaments, i.e., cach actin monomer bound to tropomyosin.
Paradoxically, the opposite is the case; the fact that each elongated tropomyosin occupies mul-
tiple actins is a feature that can in principle limit the saturation of the entire actin filament with
tropomyosin. The issue is statistical.” If tropomyosin molecules bound to actin independently, no
matter how tightly, the molecules would attach to and distribute on any thin filament randomly
with respect to each other. Adjacent, neighboring tropomyosins might occasionally attach im-
mediately end-to-end. But, more commonly gaps would form between them, gaps too short for
another molecule to fit. For actin filaments to be saturated with tropomyosin, it is virtually essential
that tropomyosin bind to actin cooperatively rather than randomly. Cooperative binding also has
a secondary effect: it strengthens tropomyosin’s overall affinity for actin (quite weak when single
tropomyosin’s bind to actin in a solitary manner). Bug, it is cooperative binding, rather than tight
binding, that is essential for saturation of actin with tropomyosin.

If in principle there is a docking problem, a statistical obstacle to the continuous parking of
tropomyosin along the actin filament, in practice tropomyosin molecules bind to actin conjointly,
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cooperatively, greatly facilitating the effectiveness of tropomyosin attachment to the thin filament.
How is this accomplished? That is the subject of this review.

The Mechanism of Cooperative Tropomyosin-Actin Binding

The starting point for understanding the cooperative binding mechanism is end-to-end, tropo-
myosin-tropomyosin binding. Tropomyosins bind adjacently, without gaps, primarily because the
N-terminus of one tropomyosin can directly adhere to the C-terminus of the next molecule along
the actin filament. Three compellinglines of evidence support this. The first can be expressed as the
consequence of calculation. That is, there is a compelling quantitative argument that tropomyosin
could not bind cooperatively to actin, would instead bind with true negative cooperativity, were it
not for permissive end-to-end interactions. This inference is based on the fact that tropomyosins
are slightly longer than needed to span integer numbers of actin monomers. Muscle tropomyosins,
for example, are 284 amino acids long, whereas approximately 274 residues are sufficient for an
extended alpha helix molecule to span 7 actins. The ‘extra’ overlapping residues from the ends of
adjacent tropomyosins must accommodate each other, or an anti-cooperative effect would ensue.
The second argument that tropomyosins interact end-to-end is that the protein’s solution behavior
so indicates. Purified tropomyosin polymerizes under low ionic strength conditions, becoming
highly viscous,® presumably involving molecule-to-molecule, N-terminus to C-terminus contacts
thatare similar to what occurs when tropomyosin is bound to actin. Finally, protein structure data
establish the reality of tropomyosin-tropomyosin binding. Most compellingly in this regard, the
atomic structure of such an end-to-end complcx was elucidated by Greenfield, et al, using NMR.
Tropomyosin’s COOH-terminus splays, allowing insertion of 11 residues of the NH,-terminal
coiled-coil in the resulting cleft. Described in detail elsewhere in this volume (see Chapter 5), the
structure’s notable features include rotation of the NH2-terminus relative to the COOH-terminus
by ~90° and considerable structural flexibility. It seems only reasonable to conclude that end-to-end
binding of this type is an important component of tropomyosin’s actin-binding cooperativity.

In fact, end-to-end binding is such an intuitive and well supported explanation for cooperative
binding of tropomyosin to actin, that even specialists in tropomyosin may be surprised to learn
the strength of the evidence that other factors are equally important. This evidence suggests that,
although end-to-end binding is required for cooperative attachment of tropomyosin to actin, the
cause of the cooperativity is more complex and likely involves the actin lattice as well as end-to-end
binding. The evidence on the nature of tropomyosin-tropomyosin end-to-end binding and on
its role in cooperative attachment to actin, again is of three types: tropomyosin solution data,
tropomyosin sequence data and tropomyosin-actin binding data.

End-to-End Binding of Tropomyosin in Solution

Consider the relevant solution behavior of tropomyosin, which supports the phenomenon
of tropomyosin-tropomyosin interactions, but which also indicates these interactions are weak
relative to most other examples of protein-protein binding. Precise data are sparse, reflecting the
difficulty in measurement of this process. Nevertheless, important quantitative findings have been
published. How can one measure the affinity of two tropomyosins for each other? Mere detection
of end-to-end binding can be accomplished in a variety of ways, but reliable measurement is chal-
lenging. Biophysical detection of polymerization can be misleading as a measure of end-to-end
binding, because dimers, trimers and short polymers are poorly detected. The most satisfactory
experimental solution yet presented is Sousa and Farah’s spectroscopic technique,® based on the
fluorescence of an engineered tropomyosin mutant with Trp near the C-terminus, expressed in
Trp auxotrophs upon induction in the presence of 5-hydroxytryptophan (SHW). Experiments
combining polymerizeable and nonpolymerizeable tropomyosins, SHW labeled and unlabeled
cither way, established that the SHW fluorescence was sensitive to end-to-end binding. Protein
concentration-dependent effects on fluorescence reported the varying fraction of tropomyosin
C-termini that were bound to N-termini. From this, the end-to-end affinity was determined, with
the analysis requiring the reasonable approximation that this affinity is similar for binding between
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two isolated molecules and binding between a molecule and a chain of molecules (polymerized
tropomyosin of any length.). Notably, the measured aflinity of the tropomyosin N-terminus for
the tropomyosin C-terminus fell two orders of magnitude when the ionic strength increased
modestly, from I = 0.045 to I = 0.095. Extrapolating to physiological conditions (I =0.18 M), the
tropomyosin C-terminus to tropomyosin N-terminus affinity is approximately 3 x 10° M.

The above results indicate that, for the only form of tropomyosin where there are extensive
quantitative data, end-to-end aflinity is relatively weak under physiological conditions, when
assessed in the absence of actin. For tropomyosin molecules attached to actin however, tropomy-
osin-tropomyosin binding is not a bi-molecular process, but rather a uni-molecular process. ('Thin
filaments are the molecules, with tropomyosins attached to actin and either binding to each other
or not.) For this reason alone there is no simple correspondence of one type of equilibrium constant
for another. Furthermore, on the thin filament, tropomyosin ends might interact favorably or
unfavorably with actin (this is unknown), as well as favorably with each other when immediately
adjacent and can affect the underlying actin filament in ways that are hard to assess. The differ-
ences between end-to-end binding in solution and on the filament are more than a formalism;
each involves a different set of processes.

From these data and these considerations one infers that tropomyosins bind end to end, facili-
tating cooperative attachment to actin, but that the quantitative consequence, the contribution to
the tendency of tropomyosins to bind adjacently rather than randomly, is uncertain. Is this effect
sufficient to explain the measured cooperativity in binding? On the one hand, the interactions are
weak and one cannot dismiss this as isoform specific, because the isoform studied by Farah and
coworkers, striated muscle alpha tropomyosin, binds to actin cooperatively. On the other hand,
weak interactions might be all that is required. The conundrum is the difficulty in establishing
whether such interactions are sufficient to explain the observed cooperativity in tropomyosin
attachment to actin. Perhaps the primary functional role of end-to-end binding is to affect thin
filament behavior once tropomyosin is bound, rather than to cause cooperative binding. To ap-
proach these issues, other types of data are needed.

The Highly Variable End-to-End Overlap Regions

of Tropomyosin Isoforms

Tropomyosin binds relatively loosely to actin, with few if any close stereospecific contacts
between the two proteins.”!® Correspondingly, except for preservation of the coiled-coil forming
motif, tropomyosin is not known as a highly conserved protein. Furthermore, alternative splicing
generates a multiplicity of isoforms from each tropomyosin gene and the alternative exons encoding
residues near the N-terminus or at the C-terminus are a particular source of such variation." Thus,
the end-to-end overlap elements are among the least conserved regions of a relatively nonconserved
protein. Obviously, this heterogeneity has potential significance for cooperative attachment of
tropomyosin to actin.

To investigate this issue more thoroughly, in the service of this review, the N- and C-terminal
residues comprising the overlap complexes of multiple forms of tropomyosin were identified (Fig. 1).
For simplicity, only homo-dimers and homo-polymers were considered. This was accomplished in
athree step process. First, a diverse set of tropomyosin sequences were analyzed and aligned relative
to cach other. Secondly, gaps of particular lengths (lengths required to span integer numbers of
actin monomers) were inserted into some of the sequences as needed, i.e., into the sequences of
tropomyosins that span fewer than seven actins. Finally, the overlap residues for each tropomyosin
were identified by alignment with the C- and N-termini of 284 residue tropomyosins, particularly
striated muscle tropomyosin.

Seven mammalian, one amphibian, five insect and three yeast tropomyosin protein sequences
were selected for analysis, with the set chosen to include a wide variety of tropomyosin lengths (range
161-287) and termini, rather than to comprise a complete survey. Insect forms with very extended
or unusual termini were excluded. Clustal W was used as an aid, with the analysis biased to identify
the best corresponding continuous region of tropomyosin that comparably aligns along the actin
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filament axis, rather than assigning alignment primacy to evolutionary relationships. As expected
for this well studied protein, with well characterized genomic and exon structure described else-
where in this volume and which contains both heptad repeats and longer quasi-repeating motifs,"
an unambiguous alignment resulted for the selected set of tropomyosins. Residues 81 to 251 from
the various molecules (numbering as per 284-residue tropomyosins), aligned readily, excepting the
yeast isoforms. This 170 residue region is not sufficiently interesting or novel to merit illustration
here. However, because it comprises the bulk of the molecule, it must dictate corresponding axial
positions of tropomyosin on actin, i.c., structural alignment within the thin filament. From this
inference, the proximate C-termini of the isoforms were aligned relative to each other (Fig. 1) by
simple extension of the 170 residue consensus alignment region. Alignments of the tropomyosins’
N-termini relative to each other required an additional step: insertion of actin-spanning gaps of
proper size: 39 residues for tropomyosins spanning 6 actins and still larger gaps for still shorter
tropomyosins. (Note that 39 does not maximize sequence alignment per se, which would have
required a gap that could maintain the phase of the coiled-coil heptad repeat motif, i.c., a gap that
was an integer multiple of seven residues.)

For the more divergent S. cerevisiae and S. pombe isoforms, there is ambiguity in alignment to the
vertebrate tropomyosin sequences. Unlike the other sequences, yeast tropomyosins have either one
or two interruptions of the otherwise continuous heptad motif pattern, beginning about 70 residues
from the N-terminus.* The three yeast sequences were aligned to each other as a separate group us-
ing ClustalW and then the group’s 91 residues C-terminal to all of the heptad repeat interruptions
were aligned to the C-terminal portion of the other tropomyosins. To align the yeast tropomyosin
N-termini with the other molecules, gaps of either 78 or 116 residues were inserted, which properly
accounts for their overall spans of either 4 or 5 actins, depending on the isoform.

In Figure 1 (top), the N-and C-termini of smooth muscle tropomyosin are shown schematically
as 11 overlapping residues, corresponding to what is known to comprise” the overlap complex of
tropomyosins sharing this overall sequence length (284 residues). Below in the same figure, the
overlaps from 7 other tropomyosins are shown, exemplifying the different overlap ‘lengths’ (i.c.,
number of overlapping residues) identified by the alignment of all tropomyosins analyzed, but

Qverlap Overlap Total
Residues Region Tropemyosin Isoform Residues
1 a=smooth muscle 284
8 a-Tm-Br1 281
14 e-a (AF372217) 287
14 e-Tm-5a85h 248
17 a-TmBr-2 251
1" a-TmBr-3 245
18 D. melanogaster Tm1-A 252
4 S. cerevisiae 1 199

Figure 1. Alignments of tropomyosin end-to-end overlap regions of representative isoforms.
Alternative splicing of exons 1a/1b and of exons 9b/9¢/9d produces a-tropomyosin isoforms with
overlap regions that differ from each other as shown and that also differ from the representative
yeast and insect isoforms shown. Schematically shown overlap regions vary considerably in
composition and mass. Note that these overlaps’ unknown three dimensional stuctures may
not be fully helical and must include four polypetides, not two, since tropomyosin is dimeric.
See text and also Chapter 2 for details.
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here emphasizing isoforms derived from alternative splicing of a-tropomyosin gene transcripts
(See Chapter 2) . To accomplish this, all the N-termini in the figure are positioned (left to right)
in the figure according to their alignments relative to the N-terminus of 284 residue smooth
muscle tropomyosin. Similarly, the various C-termini are positioned relative to the smooth muscle
tropomyosin C-terminus, which overlaps the smooth muscle N-terminus as shown. Thus, the
figure presents both the approximate size of the overlaps, i.c., the number of residues involved and
a schematic axial representation of these overlaps on actin relative to the position of the smooth
muscle overlap complex on actin. In this last regard, the barbed end of the actin filament would
be toward the right of an imaginary, horizontal thin filament axis.

The results indicate that tropomyosin end-to-end overlap complexes vary greatly in size, from
approximately 4 to approximately 18 residues. In some cases, Gly and Pro residues suggest the
chains are not helical to their termini. Nevertheless, it is clear that the overlapping helical regions
differ considerably among isoforms. The functional consequences of this structural variation are
two-fold. First, a very long overlap has implications for myosin binding to actin. For myosin to
bind tightly to actin, tropomyosin must shift its azimuthal position on the thin filament.>> A
relatively long overlap complex will tend to enforce, much more than a 4-residue overlap, behav-
ior of actin-attached tropomyosin as a continuous polymerized structure, thereby influencing
cooperative attachment of myosin cross-bridges. Second, the considerable overlap variation from
isoform to isoform, often present within the same cell, will affect the extent to which segregation
vs copolymerization of tropomyosin isoforms onto actin filaments occurs. In some manner, the
overlap variation must affect isoform distributions of actin-bound molecules, with the details
within the realm of future, practicable experimentation.

On the other hand, the figure suggests that the differing overlap complexes share rather closely
one overall characteristic: their similar axial positions on actin. Slight deviations to the left or right
suggest, correspondingly, axial positions varying slightly toward the directions of the pointed and
barbed ends of the actin filament, respectively. The figure indicates that, in general, these devia-
tions are small relative to the spacing of successive actin monomers (~39 tropomyosin residues).
Interestingly, in a 3-D axial alignment of (284 residue) muscle tropomyosin on actin proposed in
2006, the overlap complex lies relatively far from the actin surface, because it overlies a region of
low filament radius, near the junction between adjacent actin monomers. Thus, a variety of different
overlap complexes, as implied by Figure 1, might be accommodated in this axial location.

Perhaps most interestingly from Figure 1, are the short overlaps of the yeast tropomyosins:
they barely comprise a single, 3.6 residue turn of an alpha helix, which would seem to provide a
modest mechanism for facilitation of cooperative tropomyosin binding to actin. Furthermore, the
yeast tropomyosin overlap complex must be small, regardless of any imprecision in the Figure 1
estimation of the axial position of this complex along the actin filament relative to that of other,
more closely inter-related tropomyosins. Coiled-coils of 161 or 199 residues, the lengths of the
yeast tropomyosin isoforms,” span 4 or 5 actins, respectively, with few tropomyosin residues to
spare for end-to-end overlaps between neighboring molecules. One might expect this to diminish
cooperative attachment to actin, but sufficient cooperativity must exist for function in the cell.
Experimentally, there are few measures of how cooperatively these yeast tropomyosins, in native
form, bind to actin. However, there are experimental data demonstrating cooperativity for a re-
combinant version of the 161 residue S. cerevisiae isoform. (This version contains 163 residues, as it
includes a dipeptide added to stabilize the helical end of the bacterially expressed, N-unacetylated
protein.) This yeast tropomyosin binds to actin with considerable cooperativity, indistinguishable
from the cooperativity observed with muscle tropomyosin.'” Since tropomyosin binds to actin
with cooperativity even when the overlap complex is small, since it binds cooperatively even when
end-to-end contacts are weak (vide supra), judicious scrutiny is needed for any simple contention
that the entirety of the cooperative mechanism is ascribable to tropomyosin-tropomyosin contacts.
Other factors may also be contributing to the cooperativity.
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The Linear Lattice Conception of Cooperative
Tropomyosin Binding to Actin

Tropomyosin-actin binding is one of a class of biological phenomena in which relatively long
ligands attach to their targets so as to span more than one equivalent binding site. McGhee and
Von Hippel developed® a formalism for quantitative analysis of such linear lattice processes,
processes which include not only the attachment of tropomyosin to actin, but also the action of
certain general DNA binding proteins. In their linear lattice approach, reasonable biochemical
assumptions can be combined with experimental data, i.e., binding curves, to measure two param-
eters: K,, the affinity of the ligand for an isolated site on the lattice, (e.g., tropomyosin binding to
an otherwise bare actin filament) and y, the cooperative fold-increase in affinity when binding is
enhanced by favorable interactions (particularly but not exclusively, end-to-end contacts) with
an immediately adjacent ligand that is already attached to the lattice. Equivalently, as shown in
Figure 2,y is an equilibrium constant describing the repositioning of a bound tropomyosin from
an isolated site on the thin filament to a site allowing contact with an adjacent tropomyosin
(end-to-end binding). The cooperative free energy between tropomyosins equals —RT In (y).
With proper assumptions, described below, an exact binding equation can be written, taking into
account all the statistical complications of gaps that potcntially arise along the lattice, including
gaps too short for a ligand to fit.

Unlike more standard binding processes, for linear lattice processes the extent of binding is not
an explicit function of the free ligand concentration; there is no such mathematical expression.
Instead, a closed form equation has been found in which binding is an implicit function of the free
ligand concentration.>'® This is sufficient for numerical solutions; for any free concentration (L)
of the ligand tropomyosin, of an isoform spanning an integral number (n) of actins, a numerical
search can be used to identify the fractional saturation of the thin filament with tropomyosin (6)
so that the following equality is satisfied:

- 40(1-8)"[2(y - D(1-0)"" (1)
T aR, (1= (a+ Da/u+ RY (23— D)(1—0)+8/m—R]7'(1-8)

where,

R=[(1=(a+ D8/mY + 4 30(1=0)/u]"’

When this expression is used to fit experimental data for a tropomyosin of known span (in the case
of muscle tropomyosin, for example, n =7), unique values of K, and y are readily found. Q ualita-
tively, tropomyosin’s apparent affinity is determined by the product yK,, (50% saturation occurs
when L=1/yK,) and the shape of a tropomyosin binding curve is determined by the cooperativity
parameter, y. Examples are shown in Figure 3. The S-shaped direct plot and highly convex scatchard
plot are equivalent graphical demonstrations of a cooperative process (filled squares in top and
bottom panels). The McGhee-Von Hippel approach permits one to go beyond the qualitative
determination of the presence of cooperativity, which is evident from either panel and instead
achieve a more useful quantitative insight: based on curvefitting of the experiment shown, cardiac
tropomyosin bound to actin 84-fold more tightly when attaching next to another tropomyosin
than when binding to a bare site on the filament. Also shown, are several binding curves that do not
match the data, but that would result if there were the same overall affinity, but a lower cooperativ-
ity. Because of the ‘parking problem’, binding would appear to be negatively cooperative if there
were in fact no cooperativity, as shown by the convex scatchard plot fory = 1. A 4-fold cooperative
effect produces a nearly linear scatchard plot, a pattern which ordinarily, for simpler phenomena
than tropomyosin-actin attachment, indicates noncooperative hyperbolic binding.
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Figure 2. Schematic representation of tropomyosin’s tendency to bind actin cooperatively.
In the illustrated transition involving a section of an actin filament, one of two tropomyosin
molecules is repositioned. When tropomyosins are directly adjacent, end-to-end contacts
occur between neighboring molecules Filled circles indicate actins that are in direct contact
with tropomyosin. Note y > 1, producing cooperativity and also strengthening overall bind-
ing affinity.

A few assumptions of this analysis are worth noting. There are no data at present to establish that
these assumptions are problematic for tropomyosin, but the assumptions are potentially important
because they underlie any quantitative application of Eq. 1 to tropomyosin-actin binding data.
First, actin is a two stranded lattice with respect to tropomyosin attachment, not a one stranded
lattice, so use of the linear lactice model assumes that effects of one strand on the other strand are
negligible with respect to tropomyosin-actin binding. Second, the linear lattice equation is derived
with the assumption that only ligands immediately adjacent to each other have any effect on each
other; a gap of one actin between tropomyosins for example, would result in binding identical
to that occurring along an infinitely long bare stretch. This is valid if end-to-end binding is the
only source of cooperativity. But, this assumption may be inexact if cooperativity is mediated to
a significant extent by alterations in the actin lattice. Third, this is an equilibrium model. Its ap-
plication assumes that tropomyosin’s on- and off- rate constants are fast enough that equilibrium
is approached under experimental conditions. This may be inexact, but is supported by the fact
that binding data are not affected measurably by time of incubation. Finally, the model assumes
that the finite length of actin filaments has no measurable effect. Complications due to the ends
of filaments, where cach tropomyosin has one rather than two adjacent, cooperative partners, or
perhaps even hangs off the end of the actin filament, are (reasonably) assumed to be small, given
the length of actin filaments.

Application of the Linear Lattice Formalism—
Insights and Mechanistic Implications from Measurements

of the Cooperativity of Tropomyosin-Actin Binding

The linear lattice analysis, using Eq. 1, makes it possible to perform quantitative structure-func-
tion studies of cooperative actin-tropomyosin binding. One can measure the equilibrium constant/
cooperativity factor y and one can measure K,, the component of overall binding affinity that
does not involve cooperative contributions, under conditions of stronger or weaker end-to-end
tropomyosin-tropomyosin binding. The results of such measurements can be summarized as fol-
lows: tropomyosin-actin binding generally depends upon end-to-end tropomyosin-tropomyosin
interactions, but the strength of these end-to-end interactions correlates poorly with the coop-
erativity of binding. Under changing experimental conditions, K, varies by orders of magnitude,
but y varies at most a few-fold, often in the opposite direction from expectation. This pattern
plays out in three very different examples. (1) Tropomyosin retains but minimal ability to bind
to actin if either the N- or C-terminus of tropomyosin is altered to abolish polymerizability.'”*
Somewhat remarkably it is K, that is decreased by these structural changes. The effect on the value
of y is hard to assess, except in the presence of troponin, in which case y is either unchanged or but
slightly decreased by these alterations of the tropomyosin N and/or C-termini that are profoundly
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Figure 3. Cooperative binding of tropomyosin to actin. Direct (top) and Scatchard (bottom)
plots of cardiac tropomyosin binding to actin. Best fit curves are with y = 84. The other curves,
not matching the data, show the pattern that would be found with lower levels of cooperativ-
ity and with an unchanged value for the product yK,, which is the apparent binding constant
when cooperativity is high.

polymerization-disrupting.?* (2) Similarly, troponin promotes the polymerization of (normal)
tropomyosin®?** and in what might seem to be a corresponding effect, troponin strengthens
tropomyosin-actin binding. However, linear lattice analysis suggests this effect is due to an increase
in K,."” Despite the tendency of troponin to polymerize tropomyosin, the cooperativity parameter
y does not increase when troponin is added. (3) Finally, the value of y does not decrease when
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the ionic strength is increased, despite the sharply anti-polymerizing effect of salt. Rather, K, is
decreased and y is unchanged or, opposite to expectation, moderately increased.'*!*2

The straightforward implication of such data would be that the cooperativity of tropomyo-
sin-actin binding is not simply attributable to end-to-end tropomyosin-tropomyosin interactions.
It would follow that alterations in actin are involved as a prominent component of the mechanism
of cooperativity. This is shown schematically in Figure 2, in which the phenomena underlying
the equilibrium constant y include not only end-to-end tropomyosin polymerization, but also a
decrease in the number of boundaries between actins contacting (filled circles) and not contacting
(open circles) tropomyosin. When tropomyosin is repositioned from an isolated site to site that
is directly adjacent to another tropomyosin, so that end-to-end binding occurs, this also changes
the number of boundaries: as shown schematically the number decreases from four to two (seen
in the Figure by inspection; the number of sites where open circles are adjacent to filled circles.)
Does this matter energetically; are such boundaries unfavorable, with a free energy cost and
therefore contribute to the measured cooperativity? At present there is no direct experimental
evidence whether this is the case. Rather, it seems the most reasonable inference from the data
described in this review.

If tropomyosin-influenced actin-actin interactions cause, in significant part, the cooperativity
of tropomyosin’s binding to actin, the immediate issue is to identify the nature of these interac-
tions. Structural and thermodynamic aspects of subunit-subunit interactions can be presumed to
underlie any mechanism. The present difficulty in obtaining such insight (y = 100 indicates that
the expected effects are quite small, especially since part of this cooperativity involves tropomyosin
end-to-end binding), might seem to weaken the plausibility of the overall idea, moving it toward
speculation. This weakness is genuine, but not without partial amelioration. By spanning several
actins, tropomyosin could hardly fail to order the actin filament, to make it less flexible. This is an
experimental observation and more than a contention. Thin filament persistence length is increased
two-fold by either smooth muscle or skeletal muscle tropomyosin, increases similar to the effect
of phalloidin.”® Thus, there is no need to propose that tropomyosin changes the conformation
of actin in a small, unknown way so as to promote cooperative tropomyosin binding to the thin
filament. Rather, the explanation may lie with a less speculative tropomyosin-induced decrease
in actin monomer mobility, i.c., a more restrained actin monomer within thin filaments where
tropomyosin is attached, corresponding to the decreased flexibility of F-actin in the presence of
tropomyosin.

Conclusions

Tropomyosin end-to-end overlap complexes, comprised by the N-terminus of one tropomyo-
sin and the C-terminus of another, facilitate the formation of continuous tropomyosin strands
along the actin filament. The overlap complexes vary considerably in size and composition among
tropomyosin isoforms, but are uniformly present for all tropomyosins. Correspondingly, a key
characteristic of tropomyosin-actin binding is that it is a cooperative process, demonstrable
from the shapes of binding isotherms. However, the degree of cooperativity during actin bind-
ing does not correlate with the strength of end-to-end binding in solution. The cooperativity of
tropomyosin-actin binding likely involves effects on the actin filament lattice, as well as direct
contacts between adjacent tropomyosins.

References

1. Phillips GN Jr, Lattman EE, Cummins P et al. Crystal structure and molecular interactions of tropo-
myosin. Nature 1979; 278:413-417.

2. Whitby FG, Phillips GNJ. Crystal structure of tropomyosin at 7 Angstroms resolution. Proteins 2000;
38:49-59.

3. Drees B, Brown C, Barrell BG et al. Tropomyosin is essential in yeast, yet the TPM1 and TPM2
products perform distinct functions. J Cell Biol 1995; 128:383-392.

4. Strand J, Nili M, Homsher E et al. Modulation of Myosin Function by Isoform-Specific Properties
of S. Cerevisiae and Muscle Tropomyosins. ] Biol Chem 2001; 276:34832-34839.



94

Tropomyosin

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. McGhee JD, von Hippel PH. Theoretical aspects of DNA-protein interactions: cooperative and non-

cooperative binding of large ligands to a one-dimensional lattice. ] Mol Biol 1974; 86:469-489.

. Tobacman LS. Structure-function studies of the amino-terminal region of bovine cardiac troponin

T. J Biol Chem 1988; 263:2668-2672.

. Greenfield NJ, Huang YJ, Swapna GV et al. Solution NMR structure of the junction between tro-

pomyosin molecules: implications for actin binding and regulation. ] Mol Biol 2006; 364:80-96.

. Sousa AD, Farah CS. Quantitative analysis of tropomyosin linear polymerization equilibrium as a

function of ionic strength. J Biol Chem 2002; 277:2081-2088.

. Lorenz M, Poole KJV, Popp D et al. An atomic model of the unregulated thin filament obtained by

x-ray fiber diffraction on oriented actin-tropomyosin gels. ] Mol Biol 1995; 246:108-119.

Lehman W, Hatch V, Korman VL et al. Tropomyosin and actin isoforms modulate the localization
of tropomyosin strands on actin filaments. ] Mol Biol 2000; 302:593-606.

Ruiz-Opazo N, Nadal-Ginard B. Alpha-tropomyosin gene organization. Alternative splicing of du-
plicated isotype-specific exons accounts for the production of smooth and striated muscle isoforms.
J Biol Chem 987; 262(10):4755-4765.

McLachlan AD, Stewart M. The 14-fold periodicity in a-tropomyosin and the interaction with actin.
J Mol Biol 1976; 103:271-298.

Vibert P, Craig R, Lehman W. Steric-model for activation of muscle thin filaments. ] Mol Biol 1997;
266:8-14.

Xu C, Craig R, Tobacman LS et al. Tropomyosin positions in regulated thin filaments revealed by
cryoelectron microscopy. Biophys J 1999; 77:985-992.

Rosol M, Lehman W, Craig R et al. Three-dimensional reconstruction of thin filaments containing
mutant tropomyosin. Biophys J 2000; 78(2):908-917.

Brown JH, Zhou Z, Reshetnikova L et al. Structure of the mid-region of tropomyosin: bending and
binding sites for actin. Proc Natl Acad Sci USA 2005; 102:18878-18883.

Hill LE, Mchegan JP, Butters CA et al. Analysis of troponin-tropomyosin binding to actin.
Troponin does not promote interactions between tropomyosin molecules. J Biol Chem 1992;
267:16106-16113.

Tsuchiya T, Szabo A. Cooperative binding of n-mers with steric hindrance to finite and infinite
one-dimensional lattices. Biopolymers 1982; 21:979-994.

Heeley DH, Golosinska K, Smillie LB. The effects of troponin T fragments T1 and T2 on the
binding of nonpolymerizable tropomyosin to F-actin in the presence and absence of troponin I and
troponin C. ] Biol Chem 1987; 262:9971-9978.

Cho Y-J, Liu J, Hitchcock-DeGregori SE. The amino terminus of tropomyosin is a major determinant
for function. ] Biol Chem 1990; 265:538-545.

Willadsen KA, Butters CA, Hill LE et al. Effects of the amino-terminal regions of tropomyosin and
troponin T on thin filament assembly. J Biol Chem 1992; 267(33):23746-23752.

Butters CA, Willadsen KA, Tobacman LS. Cooperative interactions between adjacent troponin-tropomyosin
complexes may be transmitted through the thin filament. J Biol Chem 1993; 268:15565-15570.
Tobacman LS, Lee R. Isolation and functional comparison of bovine cardiac troponin T isoforms.
J Biol Chem 1987; 262:4059-4064.

Cabral-Lilly D, Tobacman LS, Mchegan JP et al. Molecular polarity in tropomyosin-troponin T
cocrystals. Biophys J 1996; 73:1763-1770.

Isambert H, Venier P, Maggs AC et al. Flexibility of actin filaments derived from thermal fluctua-
tions. Effect of bound nucleotide, phalloidin and muscle regulatory proteins. J Biol Chem 1995;
270:11437-11444.



CHAPTER 8§

Tropomyosin and the Steric Mechanism
of Muscle Regulation

William Lehman* and Roger Craig

Abstract
( : ontraction in all muscles must be precisely regulated and requisite control systems must
be able to adjust to changes in physiological and myopathic stimuli. In this chapter, we
outline the structural evidence for a steric mechanism that governs muscle activity. The
mechanism involves calcium and myosin induced changes in the position of tropomyosin along
actin-based thin filaments. This process either blocks or uncovers myosin crossbridge binding sites
on actin and consequently regulates crossbridge cycling on thin filaments, the sliding of thin and
thick filaments and muscle shortening and force production.

Introduction

Tropomyosin, a major F-actin binding protein, is found in virtually all eukaryotic cells. By
binding alongside actin subunits of thin filaments, elongated tropomyosin molecules buttress
F-actin and protect filaments from depolymerization. In skeletal and cardiac muscle, tropomyosin
plays an additional specialized role: together with its thin filament partner, troponin, it functions
to activate and inhibit actin-myosin interaction in a process that controls muscle shortening and
force production. Elucidating the role(s) played by tropomyosin (and troponin) in this on-off
switching mechanism is therefore essential for understanding thin filament-linked regulation of
muscle contraction. It is known that point mutations in tropomyosin and troponin can lead to
inherited cardiomyopathies as well as contribute to the development of hypertension, respiratory
and other diseases (see Chapters 10-13). Thus solving the mechanism of thin filament regulation
is of especial biomedical significance.

Tropomyosin controls actin—myosin interaction by a steric mechanism that is modulated
by the binding of Ca** to troponin. Explaining the structural basis of steric-regulation requires
making brief prefatory remarks outlining characteristics of the protein players involved and the
role of Ca** in the process.

The Interaction of Actin and Myosin with ATP

Contraction in all muscles results from the relative sliding of thick and thin filaments and is
driven by myosin-crossbridge heads projecting from thick filaments, which in a cyclic and repeti-
tive process of attachment and detachment advance along the actin molecules of thin filaments.
Crossbridge dynamics are a function of the myosin ATPase, which in turn is dependent on the
activation of myosin by its binding to actin. The atomic structures of both the “globular” G-actin
monomer (Fig. 1A) and the myosin head (subfragment-1 (S1)) have been solved.' For reviews,
see references 6-8. Atomic models of the overall structure of actin filaments (F-actin) and the as-
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Figure 1, viewed on previous page. Images of thin filaments and components. A) Ribbon
representation of the atomic structure of the actin molecule. Note the domain structure, and
the bound Ca?* and nucleotide in the cleft between subdomains. (Adapted and reprinted with
permission from Kabsch W, Mannherz HG, Suck D et al. Atomic structure of actin:DNAase
1 complex. Nature 1990; 347:37-43. ©ONature Publishing Group.) B) A diagram showing the
arrangement of troponin, tropomyosin and actin monomers that form “regulatory units”
along thin filaments. Troponin subunits (TnC (red), TnT (yellow), and Tnl (green)) lie along
the tropomyosin coiled-coil (dark brown and orange), which in turn produces helical strands
that follow the actin long-pitch helices. Actin monomers (gray) are represented schemati-
cally as a double-helical chain of beads. TnC is now known to be oriented obliquely relative
to the filament axis'®*'" and the ends of TnT and Tnl are intertwined.?>?* (Reprinted with
permission from Gordon AM, Homsher E, Regnier M Regulation of contraction in striated
muscle. Physiol Rev 2000; 80:853-924. ©American Physiological Society.) C) A diagram of
the tropomyosin-troponin complex (no actin shown). Tnl, TnC and the C-terminal part of TnT
(T2) localize near Cys190 of tropomyosin. The N-terminal “tail” of TnT (TnT1) extends along
the C-terminal half of tropomyosin. (Thus when TnT and tropomyosin are bound to each
other, their amino acid sequences run antiparallel.) The polarity of the diagram is such that
in a sarcomere the Z-line would be to the right. (Adapted and reprinted with permission from
Flicker, PF, Phillips GN, Cohen C. Troponin and its interactions with tropomyosin: An electron
microscope study. ] Mol Biol 1982; 162:495-501. ©Elsevier.) (D, E) 3D reconstructions of thin
filaments showing the positions of tropomyosin in different regulatory states. D) Limulus thin
filament reconstructions (Top, surface views; Bottom, helical projections (i.e., projections
made to follow the helices of the filament)) showing tropomyosin strands (indicated by black
arrows) on the inner edge of the outer domain of actin (A,) at low Ca?* and on the outer edge
of the inner domain of actin (A) at high Ca?". The pointed end of the filament is facing up.
(Reprinted with permission from Lehman W, Craig R, Vibert P. Ca?*-induced tropomyosin
movement in Limulus thin filaments revealed by three dimensional reconstruction. Nature
1994; 368:65-67. ONature Publishing Group.) E) The three-state steric model showing three
locations occupied by tropomyosin on the surface of actin. A single actin monomer of the
thin filament is represented by the actin crystal structure, depicted as an a-carbon chain
(vellow, refer to Fig. 1A) in face-on view (actin subdomains 1 to 4 are indicated; clusters of
amino acids on subdomain 1 that are involved in the strong (stereospecific) binding of myosin
are highlighted in cyan). The red, magenta and green wire-cages represent the respective B-,
C- and M-state regulatory positions of tropomyosin revealed by EM reconstructions. Note
that in the absence of Ca?*, B-state tropomyosin, obstructs access to sites of strong myosin
binding on actin and that in the Ca?*-induced C-state one cluster of amino acids still remains
blocked. The myosin-binding site is only fully open in the myosin-induced M-state. Weak,
electrostatic myosin binding to charged amino acids at the N-terminus of actin and the back-
side of subdomain 1 (amino acids involved highlighted in white) are not obstructed by tropo-
myosin in any of these states. To obtain this diagram, 3D reconstructions of filaments in their
respective regulatory states were aligned and superimposed. The atomic model of F-actin''*
was fitted to the actin density in the reconstructions and substituted for corresponding EM
densities. The extra density represented by tropomyosin in each map was then determined
and highlighted. (Based on molecular fitting and adapted from figures in Vibert P, Craig R,
Lehman W. Steric-model for activation of muscle thin filaments. ] Mol Biol 1997; 266:8-14
and made with permission. ©OElsevier.)

sociation of S1 with F-actin also have been constructed by fitting the atomic coordinates of G-actin
to X-ray fiber diffraction data from F-actin and by fitting atomic coordinates to EM reconstruc-
tions of undecorated and “S1-decorated” F-actin filaments.”!! Based on this analysis, insightful
and elegant molecular models for the crossbridge cycle have been proposed which describe likely
intramolecular changes in S1 resulting from ATP hydrolysis and interaction with actin, which is
extensively reviewed in references 7, 8, 10, 12-15; also see http://www.mpimf-heidelberg.mpg.
de/~holmes/. Moreover, the various crystal structures and the atomic models of F-actin have
provided an architectural reference and mechanistic framework for understanding the impact of
regulatory proteins on actomyosin interaction.
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Ca?*—Regulation of the Actin-Myosin Interaction

General Considerations

Following plasma membrane excitation, muscle contraction is initiated by release of Ca** from
the sarcoplasmic reticulum. The increase in cytosolic free Ca** concentration to micromolar levels
leads to binding of Ca** to troponin. During relaxation, Ca** levels drop and Ca** dissociates from
troponin.'®!” While tropomyosin is found on thin filaments in all muscles, in vertebrates, troponin
is limited to striated muscle, whereas, in invertebrates, troponin is present in both smooth and
striated muscles.'”®" In vertebrate smooth muscle, where troponin is absent, evidence suggests
that thin filament-linked caldesmon and/or calponin may partly substitute for troponin and
participate along with tropomyosin (and myosin-phosphorylation) in a complex dual regulatory
system (see Chapter 9).

Troponin-Tropomyosin—Based Thin Filament-Linked Regulation

Troponin, the receptor for Ca*', exerts its influence on F-actin indirectly by acting on tropo-
myosin, which then controls myosin crossbridge cycling. Troponin is actually a complex of three
subunits, one of which, troponin-I (Tnl) inhibits actomyosin AT Pase; another, troponin-C (TnC),
binds Ca*'; and a third, troponin-T (TnT), links the entire complex to tropomyosin.*? In high
amounts, Tnl alone can inhibit actomyosin AT Pase, but at normal stoichiometry the Tnl-induced
inhibition requires the presence of tropomyosin and is then neutralized by TnC and Ca*. TnT
is more than just a link between troponin subunits and tropomyosin, since it interacts intimately
with Tnl, augments inhibition in the off-state and, in concert with tropomyosin, potentiates
actomyosin AT Pase in the on-state.?**

The Structure of Tropomyosin on Actin Filaments

Our present understanding of troponin-tropomyosin action has been achieved to a large degree
because of structural studies performed on thin filaments and on isolated troponin and tropo-
myosin. Tropomyosin is a 40 nm long “coiled-coil” a-helical protein, which lies on thin filaments
along the two long-pitch helical strands of actin monomers.”*’ Tropomyosin itself is a modular
molecule and possesses a series of 7 quasi-repeating motifs designed to bind to each of 7 successive
actin monomers along filaments.***> Whether all modules bind to actin with equal strength is not
known. Tropomyosin molecules associate together in an end-to-end fashion®* to form a continu-
ous helical cable (Fig. 1B), with each tropomyosin spanning 7 successive actin molecules (38 nm).
In turn, one troponin complex binds at a specific site on each tropomyosin molecule; ¥ troponin
complexes therefore assume the tropomyosin periodicity of 38 nm. Thus, 7 actins, 1 tropomyosin
and 1 troponin complex define a repeating “regulatory unit” of the thin filament. A single troponin
complex is shorter (26.5 nm) than tropomyosin and extends over about two-thirds of each tropo-
myosin molecule.>> TnT is a fairly long asymmetric molecule (19 nm long), whereas TnC and
Tnl are more globular and in the troponin complex bind at the C-terminal end of troponin-T.*
The TnT “tail” is thought to bind alongside tropomyosin, bridging the head-to-tail joint between
adjacent tropomyosin molecules and then extending over and interacting with the C-terminal half
of tropomyosin where TnC and Tnl localize (Figs. 1B, C). For reviews, see references 24, 39; also
see reference 40. The confluence of Tnl and TnC at the end of TnT forms the so-called core-domain
of troponin, for which crystal structures have been solved %

The binding of individual tropomyosin molecules to F-actin is very weak (K 0.1-1 mM)
However, the head-to-tail association of tropomyosin molecules (25 tropomyosin molecules/
micron F-actin) increases the binding because of the collective interactions of the tropomyosin
strand on actin. By bridging and presumably reinforcing the end-to-end connection between
neighboring tropomyosin molecules on F-actin, TnT and hence whole troponin, enhances tropo-
myosin binding and stabilizes the tropomyosin strand on thin filaments;** also see Chapters 5-7.
Perturbations in end-to-end connectivity can greatly diminish tropomyosin binding to actin;*

also see Chapters 5-7.

41,42
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The Steric-Blocking Model
Background

X-ray diffraction studies on intact muscle suggested that the binding of Ca** to troponin induces
changes in the relationship of tropomyosin and actin on thin filaments.*** These studies formed
the basis for the well-known steric-blocking model of muscle regulation, originally envisioned by
Hanson and Lowy,”' which holds that tropomyosin strands running along thin filaments block
myosin-binding sites on actin in relaxed muscle and expose them when muscle is activated, allow-
ing crossbridge interaction and contraction to proceed. Similar models, incorporating crystallo-
graphic data on actin and tropomyosin, are consistent with this view.’*>* However, while analysis
of X-ray patterns could provide models of filament structure, unambiguous interpretation was
not possible because phase information was lacking. In contrast, 3D imaging of thin filament
electron micrographs, using helical reconstruction methods developed by DeRosier and Klug,”
offered a means of directly testing the tropomyosin movement model. Over 20 years of attempts
to reveal tropomyosin by this approach resulted in an often-confusing literature. For reviews, see
references 56-59. Tropomyosin was eventually resolved in EM-reconstructions of S1-decorated
filaments® but not in undecorated filaments in the inhibited (low Ca?*) state (discussed in ref. 61).
Hence, the steric-blocking hypothesis could not be directly tested. Unequivocal observation of
tropomyosin in the inhibited state was first achieved in reconstructions of “native” thin filaments
isolated from the striated muscles of the horseshoe crab, Limulus polyphemus and tropomyosin
was seen to move over actin in a manner consistent with the steric model (Fig. 1D).® The Limulus
filament preparations were well suited for study since they retained a full complement of functional
tropomyosin and troponin components, even the at low concentrations necessary for EM imaging;
the analysis was also aided by new, well-documented programs for helical reconstruction,” refer-
ence models of F-actin that aided interpretation of the 3D maps”® and computer workstations
able to rapidly calculate and average density maps. Later studies showed similar Ca**-dependent
tropomyosin movement in thin filaments isolated from vertebrate skeletal and cardiac muscles, as
well as in filaments reconstituted from individual vertebrate components (i.e., F-actin, troponin
and tropomyosin).®*¢> The ability to resolve tropomyosin in characteristically distinct positions
on actin in both on- and off-states directly validated the hypothesis that tropomyosin does move
on thin filaments in a manner compatible with the steric model of regulation.®-¢2647 These results
quelled the debate about the veracity of the proposed tropomyosin movement (e.g., see discussion
in refs. 56,58,71). Consistent with the steric model, tropomyosin in the relaxed state was noted to
cover the myosin contact site on actin involved in strong stereospecific actomyosin interaction.®>%
Interestingly, a number of charged amino acid residues on the periphery of actin remained exposed,
even atlow-Ca?*. These residues may be involved in weak electrostatic interactions between myo-
sin heads and actin made prior to strong binding.”> Hence tropomyosin at low Ca®* appears to
block the transition from an initially weak to a strong crossbridge interaction, thereby inhibiting
actomyosin AT Pase, crossbridge cycling and force production.

The Three-State Version of the Steric-Blocking Model

EM—reconstructions showed that in the absence of Ca?*, tropomyosin is constrained in a
position on the outer domain of actin that covers the known myosin-dockingsite, resulting in the
relaxed “blocked” or B-state (State #1) (Fig. 1E). Full activation by reversal of steric blocking was
shown to involve two additional thin filament states (Fig. 1E), requiring successive tropomyosin
movements away from the blocked position. Ca** binding to troponin causes tropomyosin move-
ment towards the “inner domain” of actin, exposing most of the myosin-binding site (referred to as
“Ca**-induced’, “closed-” or C-state; State #2). However, even following this change, tropomyosin
still covers an essential part of the site. A further tropomyosin shift, promoted by the binding of
myosin heads themselves, was shown to expose the entire myosin-binding site, fully activating the
filament (referred to as the “myosin-induced”, “open-” or M-state; State #3).646264¢” The concept
that the binding of Ca®* to troponin is necessary but not sufficient to trigger muscle activation is



100 Tropomyosin

supported by biochemical data on tropomyosin’s influence on actin-myosin interactions and on
the hydrolysis of ATP.>7

Thus, in the three-state version of the steric model, Ca** binding induces a filament conforma-
tional change where tropomyosin unblocks actin. This favors myosin crossbridge binding, which in
turn causes further tropomyosin movement fully exposing the myosin binding site and leading to
full activity.*#¢>¢67>7> By facilitating tropomyosin movement, myosin appears to act as an effector,
cooperatively promoting its own binding during muscle activation, a conclusion also supported
by modeling of X-ray diffraction data on intact fibers.>*”® These studies also indicated that the
effect of myosin on tropomyosin position propagates over many actin monomers, suggesting that
the tropomyosin molecule moves cooperatively as a relatively stiff cable while adapting well to the
surface contours of actin (see Chapter 7). Kinetic data indicated further that the three regulatory
states are in rapid equilibrium with one another, where any one state may dominate depending on
the influence of troponin and myosin.”*”>

Thin Filaments Trapped in the “Closed” Ca**-Induced State

To be consistent with the 3-state model of thin filament regulation in which both Ca** and
myosin-induced movements of tropomyosin are required for activation, tropomyosin in the
intermediate Ca**-induced “closed” C-state should sterically inhibit the binding of myosin cross-
bridges, although to a lesser extent than in the “blocked” B-state (in the absence of Ca**). Hence
a troponin-tropomyosin complex that permits Ca**-induced movement but not myosin-induced
movement should inhibit myosin cycling.

Filaments with a tropomyosin deletion mutation, D234, which spans 4 instead of 7 actin mono-
mers (engineered so that actin binding pseudo-repeat modules 2, 3 and 4 are missing), appeared
to behave as if they were stabilized in the C-state.”® D234 retains regions of tropomyosin that bind
troponin and form end-to-end bonds, while binding to actin. Despite these apparently normal
interactions, D234 conferred inhibition on actomyosin AT Pase and filament sliding, which Ca**
and troponin did not reverse.”* EM and 3D reconstruction showed that the mutation did not affect
Ca?*-induced tropomyosin movement, which also occurred normally.” It was concluded that D234
tropomyosin was unable to shift from the C-state to the completely activated M-state position”’,
which supported the view that the Ca**-induced state is not a fully switched-on configuration
of the thin filament. Rather, the Ca**-state is switched-off by being relatively “closed” to myosin
binding. Similarly, work on two yeast tropomyosin molecules that inhibit actomyosin ATPase
showed that in one case tropomyosin is strongly biased to the C-state” and in the other that it is
virtually immobilized in the C-state position.” The results as a whole provide strong support for
the 3-state model of regulation in which activation is considered to be a stepwise process requiring
sequential Ca**- and myosin-induced transitions to release inhibition.

Refining the Three-State Model

To further characterize the three mean positions occupied by tropomyosin, atomic models of
actin, tropomyosin and the actin-crossbridge complex were aligned to respective densities in EM
reconstructions of Ca?*-free, Ca?*-treated and S1-decorated thin filaments by least squares fitting.”
The actin and actin-S1 models were taken from Holmes et al'! and the tropomyosin coiled-coil
was generated to follow the long-pitch actin helix as in Lorenz et al*! and to match recent crystal
structures.**®! This process (see Fig. 2A, B) placed tropomyosin over F-actin in virtually identical
positions to the ones originally proposed by Vibert et al® and Xu et al*! and discussed above.

This modeling revealed an additional aspect of steric regulation that had not been previously
appreciated. When myosin interacts with actin during the crossbridge cycle, a cleft at the tip of
the myosin head needs to be shut after strong binding to actin.”'® Results of Poole et al”® showed
that in relaxed muscle tropomyosin might act as a molecular gag and prevent the cleft from closing
propetly (Fig. 2C). Thus, tropomyosin in relaxed muscle may hinder myosin interactions on actin
by (1) obstructing the myosin target site on actin and (2) possibly interfering with an obligatory
conformation change during the crossbridge cycle.”
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TROPOMYOSIN MOVEMENT ON THIN FILAMENTS
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Figure 2. Tropomyosin movementon thin filaments. A) Fitting of atomic models of F-actin (actin
subunits: blue, cyan and white), tropomyosin (red, yellow and green) and those of ST-decorated
F-actin into 3D reconstructions of Ca*-free and Ca*- and S1-treated filaments.”” Note the
angular shift of tropomyosin between the different states. B) The tropomyosin movement is
especially evident when the 3 positions of tropomyosin are superimposed to form a composite
map.” C) The thin filament in the blocked-state clashing with S1 binding (ST painted here and
above as in Rayment et al®). Note the steric interference between tropomyosin (salmon) and
“50K domain” (red) of the ATP-free “rigor” bound cross-bridge. The actin binding site is split
by the tropomyosin, which is positioned between the “upper” and “lower” 50K domains.”
(Reprinted with permission from Poole K], Lorenz M, Evans G et al. A comparison of muscle
thin filament models obtained from electron microscopy reconstructions and low-angle X-ray
fibre diagrams from non-overlap muscle. J Struct Biol 2006; 155:273-284. OElsevier.)

Tropomyosin Flexibility

Schematic models of F-actin are often drawn as two chains of spherical beads wound round
each other (as in Fig. 1B). This depiction misrepresents the shape of actin monomers and hence
the double helix that they form. Actin molecules are not at all spherical but instead flat.
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The simple chain of beads model does not accurately describe tropomyosin movement on
actin. If tropomyosin lay on a double helical array of spherical molecules, then azimuthal regula-
tory movement would require changes in tropomyosin’s radial position and therefore its length
(contrary to observation). In addition, if the surface over which tropomyosin shifted were uneven,
then tropomyosin would need to be additionally flexible to move past obstructions. Indeed, the
literature is replete with references to tropomyosin flexibility as an inherent feature of regulatory
switching.***”#>%¢ However, during regulatory movement, tropomyosin does not in fact change
radius appreciably as it traverses the flat face of actin and does not encounter obvious steric bar-
riers.”’ Moreover, were actin-bound tropomyosin molecules or end-to-end linked tropomyosin
strands very flexible, then the structural effects of Ca**- or myosin-head binding on tropomyosin
position would be dampened out locally, not propagated as observed and cooperative activation
of filaments thereby compromised. It is well recognized that the cooperative regulatory unit
size of thin filaments is greater than the length of single tropomyosin molecules,”*”* with esti-
mates varying from between 10 to 12 successive actin subunits®” to the entire length of the thin
filament.”*® Such long-range effects would be expected to be associated with a rather rigid, not
flexible, tropomyosin cable.

Information on the mechanical properties of isolated tropomyosin molecules is limited.
Estimates of persistence length, treating tropomyosin as an isotropic rod, range from 50 to
150 nm.*>* These values, typical for coiled-coils,” suggest that a mechanical deflection at any
point along tropomyosin will be sensed over the entire molecule. Additional data reflecting
the mechanical behavior of tropomyosin bound to actin also is sparse. Tropomyosin does in-
crease the stiffness of F-actin?*** and tends to straighten wavy F-actin filaments (unpublished
observations). The surfaces of F-actin and tropomyosin appear to be well adapted to each other
judging from measurements quantifying the twist of the F-actin helix in EMs, which show that
the 167° angular displacement between adjacent actin monomers along filaments is unaltered
by the presence of tropomyosin or troponin-tropomyosin.” However, extrapolating from any
of these measurements to behavior at the molecular level is difficult. Thus, connecting informa-
tion on the material properties of tropomyosin and the structural mechanics of thin filaments
is premature.

Modeling the Molecular Shape of Tropomyosin

A 3D atomic model of the tropomyosin coiled-coiled coil proposed by the Holmes group® and
based on fiber diffraction patterns of oriented actin-tropomyosin gels (no troponin) has proven to
be very useful in considering the structural mechanics of thin filaments. The analysis suggests that
clongated tropomyosin localizes uniformly along F-actin at an approximately 40 A radius from the
filament axis. This places tropomyosin above the surface of actin at a distance that would appear
to preclude strong stereospecific interaction. (The closest distance between C®atoms of actin and
tropomyosin is approximately 10 to 11 A.) Further modeling showed that multiple electrostatic
interactions between charged side-chains of tropomyosin and actin are likely to dominate the
interactions on thin filaments.”

The helical contours of the Lorenz/Holmes model*' of the tropomyosin molecule match remark-
ably well to corresponding tropomyosin densities in EM reconstructions of Ca**-free, Ca**-treated
and S-1 decorated filaments.”” No bending or reconfiguration of the tropomyosin model is needed
to obtain a precise fitting to any of these three conformational states (Fig. 2A, B). Examination
of the molecular landscape between conformations confirmed that tropomyosin encounters no
obvious geometrical obstructions when moving between states and does not change radial position
appreciably.”® Given that one tropomyosin model fits equally well to all states, large-scale flexibility
in tropomyosin shape seems unnecessary for regulatory switching. In addition, high-resolution
crystal structures of segments of tropomyosin®*®! fit very well to the Holmes/Lorenz model as well
as to the tropomyosin densities in reconstructions (Holmes, personal communication).®#!% The
agreement between structural data obtained by widely different methods supports the view that
the contours of the tropomyosin coiled-coiled coil match well to the surface of F-actin regardless of



Tropomyosin and the Steric Mechanism of Muscle Regulation 103

regulatory state. In fact, the amino acid sequence of tropomyosin is fairly unique among coiled-coils.
Patches of alanine clusters along tropomyosin cause periodic and specific bends that occur along
the length of the coiled-coiled coil %4 These bends presumably are adaptations that allow tropo-
myosin to align precisely to the interface of F-actin. Significantly, mutations in the alanine clusters
reduce the binding of tropomyosin to F-actin, apparently by disrupting the pairing between the
actin and tropomyosin helices.**** The complementarity of tropomyosin and F-actin structures,
no doubt, provides the freedom for tropomyosin to move over a relatively flat actin interface and
at low energy cost.

Sliding vs Rolling of Tropomyosin on F-Actin

The F-actin helix, formed from successive actin subunits, presents a gently curving “convex”
surface over which the concave surface of the tropomyosin helical strand binds precisely (Fig. 2
A, B).>*" If, as postulated above, movement of tropomyosin between positional states does not
involve significant change in its configuration, then tropomyosin should be capable of sliding
from one state to the other. It is difficult to envision it rolling between states, as any significant
rolling would diminish complementarity and contact between F-actin and tropomyosin helices.”
Without high resolution structural maps detailing the interaction sites of tropomyosin on F-actin
and specifically defining the changes that tropomyosin undergoes during regulatory movements, it
is equally difficult to evaluate alternative hypotheses that invoke a rolling motion of tropomyosin
on F-actin 3768

Towards a Statistical-Mechanical Understanding of Steric-Regulation

Tropomyosin Position Is Governed by Weak Interactions
That Are Easily Perturbed

Evaluating the positions of different tropomyosin isoforms on troponin-free actin has proven
to be a valuable way of demonstrating the suppleness of azimuthal positioning of tropomyosin
on actin. For any given actin-tropomyosin pair, tropomyosin (no troponin) localizes, on average,
in ecither the B- or the C-state position on actin.®” This suggests that the binding positions are
determined by two sets of interactions defined by respective tropomyosin and actin surfaces (cf.
refs. 30, 31, 52). In all cases examined, differences in the equilibrium positions assumed by tro-
pomyosin on actin depended on minor amino acid variation among the isoforms tested. Hence,
the energy barrier between tropomyosin states must be small, suggesting that in the absence of
troponin or myosin, tropomyosin position on actin is not strongly fixed. These results imply that
the regulatory roles of troponin and myosin are to bias and/or stabilize tropomyosin in inhibi-
tory and activating states. Even in smooth muscle, where there is no troponin, myosin binding
alone may influence cooperative switching between tropomyosin states and the kinetics of muscle
regulation (see Chapter 9).

Categorizing and Sorting Filament Data to Different Regulatory Classes

Structural data demonstrating movement of tropomyosin from one positional state to another
provides a time-averaged snapshot of what likely is a dynamic equilibrium. Solution studies, in
comparison, suggest that tropomyosin oscillates rapidly between positions at all Ca?* levels and
that it is the position of this equilibrium that is controlled by Ca?* and S1 binding.”*"

Helical reconstruction, so valuable in revealing different tropomyosin positions on thin fila-
ments, yields the mean position of tropomyosin on the filament, but not the local dynamics of
tropomyosin in any one regulatory-state. The method treats actin monomers over a given length
of filament as equivalent and therefore averages densities derived from tropomyosin or any other
actin-binding protein, as if they were the same on each actin monomer. The method cannot iden-
tify local differences and thus, if tropomyosin were in a dynamic equilibrium between positions,
favoring but never being truly fixed in one place, then averaging would mask the variability.

Iterative helical real space reconstruction (IHRSR), an adaptation of standard single particle
analysis of EMs, is better suited to determining local differences in filament configuration.”!'®
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In the method, filament images are divided computationally into short segments (7 actins and 1
tropomyosin molecule long), which are then treated as “single particles”®® These can be matched to
filament models in which tropomyosin is in the high Ca** orlow Ca** position. Using this method
to sort segments from either Ca?*-free or Ca**-treated thin filaments showed that most segments
fitted as expected to low- and high-Ca?* filament models. However, about 20% of segments from
Ca®*-free filaments fitted best to the high-Ca** model, yielding a corresponding high-Ca** re-
construction. Conversely, approximately 20% of segments from Ca**-treated filaments fitted best
to the low-Ca?" model and produced a low-Ca*" reconstruction.® This structural evidence thus
indicates that the position of tropomyosin on actin is not fixed even in the presence of troponin.
These results provided direct structural evidence for the equilibration of tropomyosin position
in blocked and closed states (as suggested by the solution studies) and for the concept that Ca**
binding to troponin controls the position of this equilibrium. Local oscillation in tropomyosin
location centered on a mean position is an additional feature that would allow steric regulation
to occur at low energy cost.

The view that that tropomyosin can equilibrate as far as the myosin-induced position, even in
the absence of myosin, is also supported by these methods.®® In addition, strong myosin binding
would be expected to trap tropomyosin in the open position, a prediction borne out by results on
thin filaments that were cither partially or fully decorated with S1 (under “rigor” conditions in the
absence of ATP).%% Trapping tropomyosin in the open state, however transient, favors additional
myosin binding and cooperatively switches on thin filaments during Ca**-activation.

The Structural Influence of Troponin on Tropomyosin

Determining the Regulatory Positions of Troponin
in Low- and High-Ca®* States

Although thelocation and regulatory movements of tropomyosin are well defined, the structural
organization of troponin on thin filaments has not been determined definitively and molecular
models of troponin action remain tentative. The globular end of troponin molecules can be di-
rectly visualized in EM images of thin filaments as distinct bulb-like projections accompanying
well-defined tropomyosin strands. However, 3D reconstruction of troponin on thin filaments has
proven to be very difficult because troponin occurs on only every seventh actin and is therefore
averaged out using standard reconstruction methods. At present, structural models developed for
troponin on F-actin differ widely and are being actively evaluated.*10-102

The Mobile Domain of Tnl

A number of structural studies have defined a specific region of troponin that appears to interact
with F-actin in a Ca?*-sensitive manner. At low-Ca*, this part of troponin extends across actin
subdomain 1 on the extreme periphery of actin. Addition of Ca?*, releases this mobile troponin
domain from actin.®!°"1% These results add structural support for the long-held hypothesis that at
low-Ca®" troponin constrains tropomyosin on actin’s outer domain to inhibit myosin binding.>"**
Disconnecting the troponin-actin linkage at high Ca** apparently permits tropomyosin movement
to actin’s inner domain and consequently myosin interaction with actin and contraction.

These structural observations parallel studies on a series of mutations made in the C-terminal
“mobile domain” of Tnl by several investigators suggesting that inhibition of muscle contraction
at low-Ca’* concentration depends critically on the binding of this region of Tnl to actin.'*!®
By latching onto actin at low-Ca** concentrations, the mobile domain of Tnl may position the
neighboring Tnl “inhibitory peptide” appropriately on actin'*® and/or by being very basic affect
the filament surface charge balance to attract tropomyosin to the blocked state.” These data are
in agreement with studies showing that this region of Tnl dissociates from actin at high Ca** to
interact with the N-lobe of TnC and relieve inhibition. Additionally, they are in accord with pre-
dictions based on crystal structure studies of the core-domain of troponin® and also the modeling
and reconstruction of thin filaments.”!! Finally, EM reconstructions show that the C-terminal
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domains of Tnl bind to actin subdomain 1 as predicted and in a way that is consistent with this
proposed thin filament regulatory scheme.""" The correspondence between structural changes
in troponin and tropomyosin in response to Ca** and the regulation of actomyosin ATPase and
actin-crossbridge is compelling. While we favor a view that the positioning of tropomyosin
on actin by Tnl directly affects myosin binding by a steric mechanism, others have proposed that
troponin and tropomyosin act indirectly by causing an allosteric change in actin that propagates
along thin filaments to modulate myosin interaction (e.g., sce Chapter 9 and ref. 112).

Perspectives
Our current understanding of the structural changes accompanying steric regulation of muscle
contraction is based on diverse X-ray and EM evidence and is amply supported by biochemical data.
While our picture of steric regulation is very appealing in its simplicity, a corresponding atomic
resolution description of the thin filament, including all its components and detailing filament
dynamics completely, is not available. Hence, the complete picture requires refinement of current
dataand higher resolution structural information about thin filament participants in the regulatory
process. Fundamental questions regarding the mechanism of steric regulation remain unresolved,
some of which have been highlighted in this chapter. These unanswered questions include:
1. What are the atomic interactions of myosin that are blocked by tropomyosin?
2. What are the chemical interactions between tropomyosin and the surface of F-actin?
3. What are the kinetics of tropomyosin when oscillating on actin between regulatory states
and what is the influence of troponin, Ca** and myosin on these kinetic transitions?
4. How well matched are the contours of the tropomyosin coiled coil-coil and the F-actin
surface?
5. How flexible is tropomyosin and does the molecule act mechanically as a uniform isotropic
rod?
6. How are the structural mechanics of tropomyosin related to cooperative activation and
inhibition of muscle contraction?
7. Whatare the structure and properties of the end-to-end link between adjacent tropomyosin
molecules?
8. Does tropomyosin slide or roll between different regulatory positions?
9. What is the structure of the troponin core domain on actin?
10. How does Tnl trap tropomyosin in the blocked state?
11. What is the structural relationship between the TnT tail and tropomyosin and how does
this change during tropomyosin movement?
New experimental approaches are within our grasp to answer many of these open questions.
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CHAPTER 9

Role of Tropomyosin in the Regulation

of Contraction in Smooth Muscle
Steve Marston* and M. El-Mezgueldi

Abstract

mooth muscle contraction is due to the interaction of myosin filaments with thin filaments.

Thin filaments are composed of actin, tropomyosin, caldesmon and calmodulin in ratios

14:2:1:1. Tissue specific isoforms of o and f tropomyosin are expressed in smooth muscle.
Compared with skeletal muscle tropomyosin, the cooperative activation of actomyosin is enhanced
by smooth muscle tropomyosin: cooperative unit size is 10 and the equilibrium between on and off
states is shifted towards the on state. The smooth muscle-specific actin-binding protein caldesmon,
together with calmodulin regulates the activity of the thin filament in response to Ca**. Caldesmon
and calmodulin control the tropomyosin-mediated transition between on and off activity states.

Introduction

Thin filaments were first extracted from smooth muscle in 1976 and identified as containing
actin and tropomyosin,' however subsequent experimentation showed that native thin filaments
were Ca**-regulated due to the presence of additional proteins.”? It is now well established that
the Ca*-regulated smooth muscle thin filament is made up of actin, tropomyosin, caldesmon
and calmodulin in molar ratios 14:2:1:1.%¢ Smooth muscle thin filaments and the regulatory role
of caldesmon has been reviewed several times;”'? in this chapter we will discuss the current state
of knowledge of the mechanism of regulation of thin filaments in smooth muscle together with
recent evidence that has established a critical role for tropomyosin.

The Components of Smooth Muscle Thin Filaments

Actin

In smooth muscles, actin filaments are major components of both the actin cytoskeleton and
the contractile apparatus. These form separate cellular compartments which are linked through
the dense bodies, homologous with Z lines, which provide anchorage points for the contractile
actin filaments as well as for intermediate filaments of the cytoskeleton.>'* The contractile fila-
ments of smooth muscle are made up from smooth muscle oo (ACTA2 gene) and y (ACTAG2
gene) actin whilst the cytoskeletal actin isoforms are cytoplasmic p (ACTB gene) and y actin
(ACTGI gene). a-actin predominates in visceral and other phasic smooth muscles whilst y-actin
is the main isoform in tonic smooth muscles such as aorta. Actin is a highly conserved protein
and all isoforms form filaments that are made up of a right handed helix of actin monomers with
two strands that cross over every 36 nm; each crossover unit contains 13 actin monomers'>!® (see

*Corresponding Author: Steve Marston—Cardiac Medicine, National Heart and Lung Institute,
Imperial College London, Dovehouse St., London SW3 6LY, UK. Email: s.marston@imperial.ac.uk
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Fig. 1). Although smooth muscles do not form regular arrays of thick and thin filaments like the
sarcomeres of striated muscles, contractility is still due to the same sliding filament mechanism
powered by myosin crossbridges interacting with actin filaments."” Smooth muscle myosin has a
much slower rate of crossbridge cycling and a higher duty cycle compared with striated muscle and
the thick filaments form side-polar rather than bipolar structures.'*° Nevertheless, at the molecular
level the crossbridge cycle is essentially the same in smooth and striated muscles.

Tropomyosin

Smooth muscle thin filaments, from both tonic and phasic muscle, contain approximately equal
quantities of o-(TPM1) and B-(TPM2) smooth muscle tropomyosin;*! 90% of tropomyosin is in
the form of heterodimers in vivo.”2 The smooth muscle isoforms are produced from the same genes
as striated and nonmuscle tropomyosin with tissue-specific alternative splicing. The smooth muscle
a-tropomyosin is produced by splicing in exons 2a and 9d in place of exons 2b, 9a and 9b found
in striated muscle tropomyosin. In B-tropomyosin exons 6a and 9d are expressed in place of 6b
and 9a in skeletal muscle (see Vrhovski and Thiebaud, Chapter 2). The exons expressed in smooth

Figure 1. Structure of the smooth muscle thin filament. A) Helical reconstruction of electron
micrograph of smooth muscle thin filaments. Reproduced from'. The location of tropomyosin
and caldesmon densities (Red and green cages respectively) is shown superimposed on three
actin monomers of one of the long-pitch actin filament helices (the other actin helix is removed
for clarity). Tropomyosin is in the C position whilst caldesmon is clearly well separated from
tropomyosin with no evidence of interaction. B) Model of smooth muscle thin filament based
on 3D helical reconstruction of actin-tropomyosin containing caldesmon domain 4. The figure
shows the structure of 5 actin molecules from F-actin according to the model of Lorenz et al®®
with tropomyosin in the location found for the inhibited smooth muscle thin filament.” These
are drawn from atomic coordinates and rendered using RASMOL. The location of extra density
due to caldesmon domain 4 seen in difference maps of helical reconstructions of negatively
stained em images was fitted to the actin structure manually using Photoshop (purple ob-
jects).'?® Caldesmon domain 4 is located over the C-terminus of actin. C) Transverse section
through a helical reconstruction of negatively stained filaments made up of actin-caldesmon
domains 3 + 4 superimposed on actin to show the location of caldesmon mass. Because
adjacent actin monomers on either side of the filament axis are staggered by half a subunit,
sectioning through the center of subdomains 1 and 3 of one monomer will result in sectioning
through subdomains 2 and 4 of the other monomer. The open bold arrows indicate regions of
significant caldesmon density, most prominent on subdomain 1. The red arrow points to the
interstrand density, derived from caldesmon domain 3 forming a bridge from actin subdomain
1 to subdomain 3 of the neighboring actin monomer in the other strand.*
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muscle are thus the same as in nonmuscle tropomyosins, in fact smooth muscle f tropomyosin is
identical to the cytoskeletal tropomyosin 1. Thus it is evident that the striated muscle exons are the
exceptions and it has been proposed that they are adapted for interaction with troponin T.?*
Exon 9d confers strong end to end interactions on smooth muscle tropomyosin, as a consequence
cooperative activation of actin interaction with myosin is enhanced relative to skeletal muscle tro-
pomyosin. The cooperative unit size is 10 compared with 7 for skeletal muscle and the equilibrium
between on and off activity states of actin-tropomyosin is shifted towards the on state.>* This is
illustrated in Figure 2 which shows greater activation by myosin subfragment 1 compared with
skeletal muscle tropomyosin and an increase in filament sliding speed in the in vitro motility assay
due to smooth muscle tropomyosin. Tropomyosin is incorporated into smooth muscle thin fila-
ments with a stoichiometry of 1 per 7 actin monomers and is located in a continuous strand along
the actin helix. Like skeletal muscle tropomyosin, smooth muscle tropomyosin is able to take up a
variety of positions on actin corresponding to the M, C and B states of the thin filament defined
by Lehman (see Chapter 8). Actin-smooth muscle tropomyosin is found in the B conformation
and the addition of caldesmon or S-1 can move it to the M and C positions respectively.'*?”

Caldesmon

The third most abundant protein of smooth muscle thin filaments is caldesmon (Fig. 3).
Caldesmon is an elongated molecule, with 793 amino-acids and a molecular mass of 93 kDa in
human. The length of a single caldesmon molecule is 80 nm and it is made up of four structured
domains separated by unstructured linkers that are sensitive to proteolysis. The first three domains
approximate to a single alpha-helical structure which is stabilised by a repeating motif of acidic
and basic side chains that form salt-bridges along the alpha helix. The fourth domain forms a
more globular but also very flexible structure with few secondary structural elements. Domain 4
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Figure 2. Activation of actomyosin interaction by smooth tropomyosin. A) Dependence of
ATP hydrolysis rate on S-1 concentration at a fixed actin concentration; the effect of different
tropomyosin species. Cooperative activation of ATPase by S-1 (increased slope) is much greater
with smooth muscle tropomyosin than skeletal muscle tropomyosin. Conditions: 4 uM actin
(Tm:actin 0.4 w/w), 5 mM MgATP, 50 mM KCl, 35 mM Imidazole-HCI, pH 7.4, 4 mM MgCl,,
1 mM EDTA, 5 mM DTT, 1 mM CaCl,. B) The effect of smooth muscle tropomyosin on actin
filament velocity at 28°C measured by in vitro motility assay. Actin-tropomyosin complexes
were formed at a range of tropomyosin concentrations in 50 mM KCl, 25 mM Imidazole-HClI
pH 7.4, 4 mM MgCl,, T mM EDTA, 5 mM DTT and the velocity of filaments analysed. Data
points represent mean velocities with standard errors from 20 filaments.>
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Figure 3. Caldesmon structure. Top) The exon structure of the human caldesmon gene is based
on the genomic sequence.'®"'* The nonmuscle isoform message is produced by excluding
exons 3b and 4. Centre) The domain structure of human smooth muscle caldesmon in rela-
tion to the exon structure. Amino acid numbers, defining the beginning of each domain, refer
to the human caldesmon cDNA sequence. Actin binding segments in domain 4 are shown
in red, Ca?*-calmodulin binding segments are in green. Phosphorylation sites are in yellow.
Bottom) The sequence of the C-terminal regulatory domain 4b, showing the calmodulin
(green) and actin (pink) binding motifs and the phosphorylation sites. A color version of this
image is available online at www.Eurekah.com.

contains the main actin and Ca**-calmodulin binding sites and is responsible for the regulatory
property of caldesmon.

Caldesmon has been shown to bind to actin, tropomyosin, calmodulin and myosin in vitro."®
The most important binding interaction is with actin; this binding is strongly influenced by
tropomyosin, but this does not necessarily mean that there is a direct binding of tropomyosin to
caldesmon in thin filaments. Evidence has been produced for tropomyosin binding to sites in all
four domains of caldesmon; however the sites have differing affinities and characteristics (reviewed
in ref. 10). Thus the site in caldesmon domain 3 binds to skeletal muscle tropomyosin but not to
smooth muscle tropomyosin® and the site in domain 2 has only been detected with recombinant
fragments and is not detected in the same sequence obtained by proteolysis. Dependence of bind-
ing upon salt concentration also varies and a biosensor study has shown that the only site with
significant affinity in physiological salt concentrations is in domain 4; this site corresponds to a
sequence homology with troponin T.?**! X-ray diffraction of Bailey-type tropomyosin crystals
containing added caldesmon or caldesmon domain 4 show discrete areas of extra mass along the
tropomyosin molecules indicating the presence of a complex. ™

Despite the evidence for binary actin-tropomyosin binding in vitro there is no direct evidence
for caldesmon-tropomyosin contacts in the intact thin filament. In fact, helical reconstructions of
smooth muscle thin filaments indicate that caldesmon forms a continuous strand along the actin
filament, parallel to tropomyosin but separated by about 90°%° (Fig. 1 A). This is supported by helical
reconstructions of actin complexed with domain 4 of caldesmon, which is located at the bottom
of actin subdomain 1,'®3 as far away as possible from the tropomyosin strands (Fig. 1B). NMR
analysis of actin-caldesmon binding also places the main contact in subdomain 1 near the actin
C-terminus.* Interestingly, the location of domain 4 of caldesmon on actin appears to be around
the same place where the inhibitory C-terminus of troponin I has been proposed to bind.*
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Although the structural evidence indicates no contacts between tropomyosin and caldesmon,
there is a strong functional interaction. Caldesmon is an inhibitor of actomyosin ATPase and
motility and both actin binding and caldesmon inhibition are greatly enhanced in the presence of
tropomyosin.’>* The converse is also observed: caldesmon enhances the affinity of tropomyosin
for actin.?”” Thus tropomyosin and caldesmon behave as allosterically coupled ligands of actin.

Caldesmon interaction with actin is thus central to caldesmon’s function in regulating thin
filament activity. We have consistently observed biphasic binding curves consisting of a high affin-
ity (10’ M™"), low stoichiometry component with a stoichiometry of around 1 per 14 actins and
a low affinity component (10° M™!) which saturates at a total amount bound of 1 caldesmon per
actin.®* ]t is the tight binding component that is associated with the inhibition of actin-tropo-
myosin and this component of binding is completely dependent on tropomyosin. This biphasic
binding has also been found for troponin I+C binding to actin-tropomyosin. Zhou et al*! report
0.14 mols troponin I+C per mol actin bindingat 6 x 10° M~' and 0.86 troponin I+C/actin bind-
ingat 3 x 10° M". It is therefore probable that this biphasic pattern of binding is characteristic of
cooperative regulatory actin binding proteins. It should, however, be noted that at physiological
ratios of actin to caldesmon or troponin only the tight binding sites can be occupied so the low
affinity binding is not physiologically relevant.

It is well established that domain 4, the C-terminal 170 amino acids, contains all the actin
binding sites of caldesmon.* Extensive structure-function analysis using recombinant peptides
derived from various parts of domain 4 have shown that there are three actin-binding segments,
each about 9 amino acids long and that they act together since only peptides containing two or
more segments have caldesmon-like regulatory properties.** Figure 3B shows a model of how
the peptide chain of domain 4 might be folded when it is bound to actin-tropomyosin. We have
proposed that the three regions which contribute to inhibition are positioned to form a single actin
bindingzone.* The placement of the three actin binding sequences close together is supported by
nuclear magnetic resonance measurements which showed that amino acids from all three putative
inhibitory segments are within 1.5 nm of the unique cysteine 636 that is at the junction between
domains 3 and 4.% The actin binding sites essential for inhibition are located in the C-terminal
half of domain 4 (termed domain 4b) and are designated CMB and B’ in Figure 3C. Both sites
plus the linking peptide form a minimal actin-binding inhibitory domain.?3339447:48

Ca**-Binding Protein

Smooth muscle thin filaments contain a Ca*-binding protein that confers Ca* dependent
regulation on caldesmon inhibition. The Ca*- binding protein was identified as calmodulin and
it binds to caldesmon both in the presence and absence of activating Ca*".**** Ca**-calmodulin
binds to caldesmon through two short sequences in domain 4b, termed CMA and CMB in Figure
3C.5"3 It is noteworthy that the binding sequence CMB is shared by Ca**-calmodulin and actin,
therefore it is likely that reversal of caldesmon inhibition is achieved by displacing actin from site
CMB.

Kinetic Pathway of Myosin-Thin Filament Interaction

and Its Regulation

Smooth muscle contraction results from actin activation of myosin ATPase** (Fig. 4A). In the
absence of ATP, smooth muscle myosin head binds tightly to actin. ATP binding at the myosin
active site weakens the affinity of myosin for actin and dissociates the actomyosin complex. ATP
hydrolysis at the active site leads to the formation of a stable myosin. ADP.Pi complex. Actin bind-
ing to this complex triggers phosphate and ADP release. The basic ATPase mechanism is similar
to that of skeletal muscle myosin, but the product-release steps that determine the overall rate of
the AT Pase are more than 20 fold slower.'

In the presence of caldesmon and tropomyosin, the actomyosin AT Pase is strongly inhibited.
The inhibition is very limited in the absence of tropomyosin showing that caldesmon inhibition
is dependent on tropomyosin.”* Equilibrium and transient kinetics investigations have shown
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that the caldesmon-tropomyosin complex bound to actin does not affect ATP induced acto-S1
dissociation, S1.ADP.Pi binding to actin or ADP release.*” Caldesmon-tropomyosin, how-
ever, drastically inhibits the rate of phosphate release from actin.S1.ADP.Pi. In the presence of
caldesmon-tropomyosin, the transient of phosphate release also showed a substantial lag (Fig. 4).>¢
The presence of a lag is an indication that a prior slow step on the pathway is taking place and can
be simply interpreted by a cooperative equilibrium. In the cooperative-allosteric mechanism (Fig.
6) this step would be the transition between the on and off states. At the start of the reaction the
fraction of actin in the on state is very low due to caldesmon binding to the off state but as strong
binding complexes are formed they will switch the thin filament to the on state leading to an ac-
celeration of the reaction. In confirmation of this hypothesis, when actin-tropomyosin-caldesmon
filaments were incubated with S-1 (1 per 4 actin) to switch on all the thin filaments before starting
the reaction, the lag was no longer present.®

Regulatory Mechanism of Smooth Muscle Thin Filaments

The Ca*-sensitive regulation of smooth muscle thin filaments and the requirement of actin,
tropomyosin, caldesmon and a Ca**-binding protein in this regulation is well established>*'* but the
mechanism of Ca*- regulation has been a controversial topic. Like skeletal muscle thin filaments,
the thin filaments of smooth muscles are negatively regulated: the function of caldesmon binding
to actin-tropomyosin is to inhibit the activity of a constitutively active filament and the function
of Ca* binding to the CaBP is to reverse the inhibition. Caldesmon inhibition is cooperative with
up to 14 actins being inhibited by the binding of one caldesmon molecule to actin-tropomyosin;
moreover, Ca®* and calmodulin (CaM) interacting with caldesmon potentiate thin filaments to
up to 150% of the activity of actin tropomyosin rather than simply neutralising the inhibitory
effect of caldesmon®*° (Fig. 5A,B).

In aseries of papers we have given evidence that the only model of regulation that can account for
all the observed regulatory characteristics is a cooperative allosteric mechanism®'>#5>7 (Fig. 6). In
this model actin-tropomyosin exists in two activity states, on and off that are linked by a concerted
cooperative equilibrium. Caldesmon acts as an allosteric inhibitor by preferentially binding to
actin-tropomyosin in the off state whilst at activating Ca* concentration the Ca**-CaM-Caldesmon
complex acts as an activator of actin-tropomyosin activity by preferentially binding to the on
state.®*®! This mechanism is very similar to that established for troponin-tropomyosin as recently
described by Lehrer and Geeves:®* caldesmon is equivalent to troponin I or troponin in the absence
of Ca* and Ca*-CaM-Caldesmon is equivalent to troponin in the presence of activating Ca*.
Alternative models have been proposed that include a role for mutually exclusive competitive
binding of caldesmon or myosin heads to actin-tropomyosin in determining thin filament
interaction with myosin. The original model of Sobue® proposed a purely competitive “Aip-flop”
mechanism which was ruled out by measurements showing that caldesmon and S-1.ADP.Pi
could bind simultaneously to actin-tropomyosin.® However several studies appeared to show a
relationship between caldesmon inhibition and S1.ADP.Pi displacement.**¢

Recently we have reported direct and unambiguous evidence for the cooperative-allosteric
mechanism. We made measurements of the effects of caldesmon and Ca*-CaM-Caldesmon on
the actin-tropomyosin on-off transition using pyrene-conjugated tropomyosin. The excimer
fluorescence of pyrene-tropomyosin is sensitive to the activity state of actin-tropomyosin”
(Fig. 5 C.D).

The changes in actin-tropomyosin state as monitored by excimer fluorescence correspond to
the changes in thin filament activity as determined from measurements of activation of S-1 AT Pase
activity (Fig. 5). Fluorescence and AT Pase are reduced by low concentrations of caldesmon relative
to actin-tropomyosin similar to the physiological ratio found in native thin filaments (1:16)"* and
increased by similar concentrations of Ca**-calmodulin. Ca**-calmodulin increased AT Pase and
fluorescence to 18-30% above the levels for actin tropomyosin alone in accord with our earlier
measurements.®>#%
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Figure 5. Caldesmon inhibition and CaM activation of smooth muscle thin filaments. A, B)
Control of actin-tropomyosin ATPase activation of S-1 ATPase by caldesmon and Ca*-calmodulin.
Actin-tropomyosin activation of skeletal muscle myosin S-1 MgATPase activity was measured
at 37°C. Conditions: 2 uM skeletal muscle S1, 12 uM skeletal muscle actin, 4 uM smooth
muscle tropomyosin, in 120 mM KCl, 2.4 mM MgCl,, 5 mM PIPES.K,, pH 7.1, T mM NaN;, 1
mM DTT, reaction initiated with 5 mM MgATP. Results expressed as percent of uninhibited
ATPase activity. Mean uninhibited ATPase was 0.35 sec™. A) Inhibition of ATPase activity
by 0-10 uM caldesmon, full inhibition is obtained at less than 0.2 caldesmon per actin. B)
Ca*-calmodulin re-activation of ATPase activity in the presence of 0.8 uM caldesmon. ATPase
is enhanced to 118% of uninhibited activity. C, D) Caldesmon and calmodulin control the thin
filament on-off equilibrium. The on-off equilibrium was detected by changes in pyrene-tro-
pomyosin excimer fluorescence. Change is actin-tropomyosin state correlates with change in
actin-tropomyosin-activated ATPase. C) Caldesmon switches actin-tropomyosin to off state (low
excimer fluorescence). 12 uM actin, 2 uM pyrene-labelled tropomyosin, 0-8 uM caldesmon.
D) Ca**-calmodulin switches thin filaments to the on state (high excimer fluorescence). 12 uM
actin, 2 uM pyrene-labelled tropomyosin, 8 uM caldesmon, 0-60 uM calmodulin.

The direct evidence for caldesmon regulation by a troponin-like mechanism is supported by
measurements of how S1 and caldesmon binding to smooth muscle thin filaments depends on the
on-off equilibrium. Weak binding (S1.ADP.Pi) binding to actin-tropomyosin is not affected by
the binding of inhibitory concentrations of caldesmon, indicating that on and off states have equal
affinities for SI.ADP.Pi**7 whilst the binding of strong binding complexes (S1.ADP, S1.AMP.
PNP) isinhibited by caldesmon and becomes cooperative:*” this effect parallels troponin-inhibited
actin-tropomyosin’ and is due to strong binding complexes having a much higher affinity for the
on state than the off state leading to cooperative switching on of thin filaments®"* (Fig. 6).
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The basis of cooperative inhibition is that the inhibitory ligand has a higher affinity for the off
state than the on state. In vitro, Caldesmon binding to actin-tropomyosin in the on state is weakened
at least 20-fold and becomes cooperative, whilst caldesmon binding to actin-tropomyosin in the off
state is similar to binding to actin-tropomyosin alone, indicating that caldesmon preferentially binds
to the off state as expected.® The activating effect of Ca**.CaM.CaD produces the opposite effect
on affinity for actin-tropomyosin: Ca**.CaM.CaD binding to actin-tropomyosin in the on state is
similar to binding to actin-tropomyosin alone, but Ca**.CaM.CaD binding to actin-tropomyosin
in the off state is weakened about 20x and is now cooperative, indicating that the activated com-
plex binds preferentially to the on state as predicted by the cooperative-allosteric model. Finally,
as already described, the time course of the Pi release step (Fig. 4) of actin-tropomyosin AT Pase
inhibited by caldesmon can only be accounted for by the cooperative allosteric mechanism.

The role of tropomyosin in caldesmon inhibition remains controversial and seems to depend
critically on ionic conditions. Whilst every laboratory reports a consistently low caldesmon:actin
stoichiometry for inhibition in the presence of tropomyosin (see Fig. 5), inhibition in the absence
of tropomyosin seems to be rather variable. At one extreme no caldesmon inhibition in the absence
of tropomyosin was reported,® others reported full inhibition required 1 caldesmon per actin and
several papers show less than 1 caldesmon per actin is required.”***#¢€77>77 At the other extreme we
have found that at very low ionic strength fully cooperative caldesmon inhibition can be obtained
in the complete absence of tropomyosin.”

If thin filaments can be cooperatively regulated without tropomyosin in the absence of added
KClI, what is the function of tropomyosin in native thin filaments? Tropomyosin is not a typical
protein ligand. It is located at a radius of 3.8 nm from the actin filament axis and appears to make
only a few contacts with actin.” Individual tropomyosin molecules have a very low affinity for actin
(10* M) and binding affinity only becomes high when tropomyosin molecules are joined end
to end.®® Charge plays a large role in binding since the affinity of tropomyosin for actin is optimal

Ccadesnon 10 I
ATm | 0.6

ATmcaD| <0.0 ]
K Kt

ATm.CaD I
Ca.CaM

|ATPase. crossbridge cycling

Figure 6. Cooperative allosteric mechanism for Ca**-regulation of smooth muscle thin filaments.
Adapted from Lehrer and Geeves.?? The thin filament is a cooperative two-state (on-off) system.
Myosin ADP.Pi can bind equally to either state (K;) but the transition to the strong binding state
that is associated with crossbridge movement and force generation, K,, can only take place
from the on state. The population of the on state is controlled by caldesmon and calmodulin.
Caldesmon binds strongly to the off state and so shifts the equilibrium Ky from 0.6 to <0.01.
CaD.Ca*-CaM binds strongly to the on state and so shifts K; from 0.6 to 1.
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around physiological ionic strength and very low at both low and high ionic strengths.®"#* Holmes
et al® have proposed a model in which the negatively charged tropomyosin strand ‘floats’ over a
bed of positively charged residues on the surface of actin with its position being determined by
the pattern of surface charges on actin (itself defined by the allosteric ligands that bind to actin).
Thus the evidence from the study of the actin-tropomyosin-caldesmon interaction suggests that
the fundamental cooperative interactions takes place directly from actin to actin, predominantly
via charge—charge interactions and that the function of tropomyosin is to shield the actin surface
from the solvent so that these interactions could take place in physiological conditions. In this
hypothesis the different positions of tropomyosin associated with different activity states are a
consequence of allosteric transitions in actin rather than their cause.”®

Caldesmon Phosphorylation and the Molecular Mechanism

of Thin Filament Regulation

Phosphorylation of caldesmon may be an alternative mechanism that would relieve caldesmon
inhibition at low Ca?. Three sites have been identified in the regulatory domain 4b at threonine
730, serine 759 and serine 789 in the human sequence (Fig. 3).#* Interestingly, the phosphorylation
sites are in the middle of linking peptides, 10-14 amino-acids downstream from the tryptophan
at the core of the regulatory segments CMA, CMB and B’ respectively. In mammalian smooth
muscle serines 759 and 789 are substrates of MAP kinase and threonine 730 does not get phospho-
rylated. Phosphorylation at either or both of these sites leads to loss of inhibition and a reduction
in actin-tropomyosin binding affinity.® The structural effects of phosphorylation were studied
in detail in a minimally inhibitory peptide (LW30, underlined in Fig. 3) using NMR spectros-
copy.” The peptide linking the sites CMB and B’ forms a structured turn which is hypothesised
to position the two sites for docking onto actin in the switched off conformation. The effect of
phosphorylation (or mutation of the serine to aspartic acid) at serine 759, which is close to the
turn, is to destroy its structure and hence eliminate two-sited binding. %

The concept of obligatory two-site binding for caldesmon inhibition unites structural and
functional studies on caldesmon (Fig. 7).#*° We propose that the CMB-peptide-B’ segment of
domain 4 forms a structure which binds to actin—tropomyosin only in the off state, thus caldesmon
inhibits actin-tropomyosin activity. Inhibition may be relieved either by Ca**-calmodulin binding
to sites CMA and CMB, thus displacing site CMB from actin, or by phosphorylation of serines
759 and/or 789 that disrupts the structure necessary for two-site binding to actin-tropomyosin.
Caldesmon is not dissociated from actin by Ca**-calmodulin or phosphorylation because there
is an additional actin binding site, C, in the N-terminal half of domain 4 (Fig. 3B) and Ca**-free
calmodulin can remain bound to caldesmon through site CMA. To account for the activating effect
of Ca**-calmodulin, we presume that caldesmon. Ca**-CaM complex binds through site C to actin

CMA CMA

Inhibition Ca2+-activation phosphorylation

Figure 7. 2 site binding model for caldesmon regulation of actin-tropomyosin. Inhibition of
actin-tropomyosin is due to two-site docking of caldesmon sites CMB and B’ specifically
onto actin in the off state. Inhibition may be released by Ca*-CaM (green) binding to CMA
and CMB thus displacing caldesmon from CMB, which abolishes two-site binding, or by
phosphorylation that destabilises the linker peptide, also preventing two-site docking. Site
C tethers actin to caldesmon in activating conditions and site CMA tethers calmodulin to
caldesmon in relaxing conditions.
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preferentially in the on state. This model is supported by studies of a caldesmon peptide, named
H2 (683-767), containing sites C, CMA and CMB but lacking site B’ necessary for inhibition.
H2 is a tropomyosin-dependent activator of AT Pase and has been shown to switch the filament
to a state resembling the switched on state obtained with rigor crossbridges.””*

Conclusions

Tropomyosin plays an essential part in the regulation of smooth muscle thin filament activ-
ity by the troponin-like concerted cooperative mechanism but the physiological role of this
regulation is yet to be fully clarified. Compared with troponin, caldesmon has a lower affinity
for actin-tropomyosin in all activity states and the calculated cooperative unit size is reduced by
the binding of caldesmon, whereas it is increased by binding troponin;®* these properties mean
that caldesmon is not able to switch activity in the same way as troponin does. Smooth muscle
is a dual regulated muscle and the primary mechanism of Ca*-regulation is via the activation of
myosin by phosphorylation of the regulatory light chain by Ca**-CaM dependent myosin light
chain kinase. Ca**-dependent caldesmon inhibition seems to play a secondary role in modulating
Ca?*-sensitivity” by accelerating relaxation’®” and in maintaining basal relaxation.”®"”
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CHAPTER 10

Tropomyosin as a Regulator of Cancer

Cell Transformation
David M. Helfman,* Patrick Flynn, Protiti Khan and Ali Saeed

Abstract

ropomyosins (Tms) are among the most studied structural proteins of the actin cytoskel-

eton that are implicated in neoplastic-specific alterations in actin filament organization.

Decreased expression of specific nonmuscle Tm isoforms is commonly associated with
the transformed phenotype. These changes in Tm expression appear to contribute to the rear-
rangement of microfilament bundles and morphological alterations, increased cell motility and
oncogenic signaling properties of transformed cells. Below we review aspects of Tm biology as
it specifically relates to transformation and cancer including its expression in culture models of
transformed cells and human tumors, mechanisms that regulate Tm expression and the role of
Tm in oncogenic signaling.

Introduction

Over thirty years ago cell biologists made the seminal observation that transformed cells exhibit
loss of actin filament bundles, also called stress fibers.'* Since then subsequent studies have shown
that alterations in the actin-based cytoskeleton are an established characteristic of transformed cells.
Itis now known that oncogenic signaling pathways directly target the actin cytoskeleton including
the expression of actin-binding proteins, as well as pathways that regulate cytoskeleton dynamics.
Oncogene-mediated disruption of stress fibers and associated adhesive structures are responsible
for enhanced motility and invasiveness of tumor cells. In addition to changes in cell morphology
and motility, transformation is also associated with abnormal growth control of cells in culture
including the ability to grow in low serum, grow on soft agar and to escape apoptosis. The first clue
suggesting that the actin cytoskeleton directly participates in growth control came from early stud-
ies showing that changes in microfilament structure were correlated with anchorage-independent
growth and cellular tumorigenicity.® There is a well-developed body of knowledge that suggests
changes in the cytoskeleton are causally associated with activation of oncogenic signaling pathways
because ectopic expression of specific actin filament stabilizing proteins in transformed cells not
only restores microfilament bundles and focal adhesions, but revereses the ability of transformed
cells to grow in low serum, grow on soft agar, escape apoptosis and form tumors in mice. These
observations raise the intriguing hypothesis that the actin cytoskeleton plays a direct role in on-
cogenic signaling. However, the mechanism(s) by which oncogene-mediated changes in the actin
cytoskeleton contribute to aberrant signaling events and thereby provide a tumor cell with a selec-
tive growth advantage, remain to be discovered. Once we understand how the actin cytoskeleton
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functions in oncogenic signaling, it will be possible to develop new therapeutic strategies that
target signaling pathways dependent on the cytoskeleton.

As described above, transformed cells have characteristic changes in the expression of actin
filament associated proteins. Tropomyosins (Tms) are among the most studied structural pro-
teins of the actin cytoskeleton that are implicated in alterations of actin filament organization
in transformed cells. Decreased expression of nonmuscle tropomyosins is commonly associated
with the transformed phenotype. The changes in Tm expression appear to correlate well with the
rearrangement of microfilament bundles and morphological alterations observed in transformed
cells. The decrease in Tm synthesis has been reported to occur in cells transformed by a variety of
agents including chemical carcinogens, UV radiation, DNA and RNA tumor viruses and various
oncogenes. In addition, the changes in Tm expression following transformation occur in cells of all
species examined including chicken, rodents (mouse and rat) and human, indicating that alterations
of Tm expression is a common feature of the transformed phenotype and that Tm gene expression
may represent a target for oncogene action. Below we review aspects of Tm biology as it specifi-
cally relates to transformation and cancer including its expression in transformed cells and human
tumors, mechanisms that regulate Tm expression and the role of Tm in oncogenic signaling.

Tm Expression in Transformed Cells and Human Tumors

Tms are a family of actin-filament binding proteins that bind to actin filaments and stabilize
actin filaments. They are expressed from a multigene family comprised of four genes via alternative
promoters and alternative RNA splicing, giving rise to approximately 40 different isoforms (See
chapters 2 and 16). Nonmuscle cells express both HMW (high molecular weight. 284 amino acids)
and LMW low molecular weight (LMW, 248 amino acids) Tms, termed HMW Tm1, Tm2, Tm3
and Tm6 and LMW isoforms LMW Tm-4, TM-5(NM1), Tm-5a and Tm-5b (see Chapter 2).
In untransformed cells Tm-1, Tm-2 and Tm-3 are the major HMW Tms and Tm-4 is the major
LMW Tm. Although nonmuscle cells express multiple forms of both HMW and LMW Tins, the
expression of only HMW TM isoforms are decreased during oncogenic transformation. Since
the first observations by Hal Weintraub’s lab in the early 1980s, alterations in Tm expression have
been reported in a variety of transformed cell lines.”" Perturbations in Tm synthesis have been
reported to occur in cells transformed by a variety of agents including chemical carcinogens, UV
radiation, DNA and RNA tumor viruses and various oncogenes including Ras, raf, Src, fes, fms,
mos, myc, c-Jun, raf and erbB2 (reviewed in Stehn et al'®). In addition, the changes in Tm expres-
sion following transformation occur in cells of all species examined including chicken, rodents
(mouse and rat) and human, indicating that modulations in Tm expression is a common feature
of the transformed phenotype and that Tm gene expression may represent a target for oncogene
action. Decreased expression of HMW Tms is associated with the disruption of stress fibers in
transformed cells. As described below, HMW Tms protect actin filaments from severing proteins
better than LMW Tms, consistent with their absence leading to a loss of stress fibers following
transformation.

The importance of Tms in human cancer is highlighted by several studies indicating that changes
in Tm expression are found in a variety of human tumors. Studies of breast tumors demonstrate
that HMW Tms are decreased in malignant breast lesions when compared to benign or normal
tissue.””*” Down regulation of HMW Tm1, Tm2 and Tm3 were found in transitional cell carcinoma
of the urinary bladder.? Studies of tumors associated with the central nervous system revealed that
low-grade astrocytic tumors express HMW Tms, while highly malignant CNS tumors did not,
suggesting a correlation between HMW Tm expression and tumor grade.?! Studies of astrocyto-
mas show an increase in HMW Tms in neoplastic astrocytes, as compared to normal astrocytes.”
Interestingly, studies by Lin and colleagues identified a novel LMW Tm isoform preferentially
associated with colon cancer.” It is possible that differences are due to cell-type specific differences
in the patterns of Tm expression observed in malignancies associated with different tissues. These
studies using human tumor tissues demonstrate that alterations in the expression of Tms observed
in transformed cells are likely not simply the result of in vitro culture conditions. Clearly more
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studies will be required that characterize other tumor types to gain a better understanding of the
changes in Tm expression in human tumors. These results suggest that altered Tm expression is
an important aspect of tumor biology. As described below, studies using culture models suggest
that loss of Tm contributes to increased cell motility and metatstasis, alterations in cell signaling
and resistance to apoptotic signals. Further studies will be required to determine how changes
in Tm expression contribute to tumor growth and if Tm expression will be a useful diagnostic,
prognostic and therapeutic target.*¢

Regulation of Tm Expression in Transformed Cells

The mechanism by which Tm expression is regulated in transformed cells is still poorly under-
stood. Cellular transformation by oncogenic Ras and Src leads to down-regulation of HMW Tims.*’
This hasled researchers to determine which oncogenic signaling pathways regulate Tm expression.
Ras is known to activate multiple pathways including the MAP kinase pathway, phosphatidylino-
sitol 3-kinase (PI 3-K) and the RalGDS family of guanine nucleotide exchange factors for Ral
GTPases.** A major task is to discern which effector pathway contributes to which aspect of the
transformed phenotype.? Studies of oncogenic Ras have suggested a role for components of the
Ras-Raf-MEK-ERK pathway in down-regulating the expression of HMW Tims. In one series of stud-
ies, the ras-induced downregulation of Tm was found to be Raf-mediated, but MEK-independent
because treatment with the MEK1 inhibitor PD98059 or had little effect on Tm levels, suggesting
that a novel pathway exists downstream of Raf which may play an important role in the regulation
of Tm expression.?** In a study of c-Jun transformed cells, however, the downregulation of Tm
was reversed following treatment of cells with the MEK1 inhibitor PD98059.% Similarly, studies
of Ras-transformed RIE-1 cells demonstrated that treatment with the UO126 or PD98059 MEK
inhibitors did partially restore the expression of HMW Tms.** Likewise studies of T24 bladder
carcinoma cells, which contain activated H-Ras, show that treatment with UO126 resulted in
up-regulation of Tm1, Tm2 and Tm3.** Interestingly, TGF-beta induction of HMW Tm and
stress fibers are significantly inhibited by Ras-ERK signaling in the metastatic breast cancer cell
line MDA-MB-231, but inhibition of the Ras-ERK pathway using UO126 restores TGF-beta
induction of HMW Tms and stress fibers.” Thus, components of the Ras-Raf- MEK-ERK pathway
contribute to the downregulation of HMW Tm expression in various systems.

In addition to being targeted by oncogenic signaling pathways, down-regulation of Tm expres-
sion is also mediated by DNA methylation and microRNA.*#2% Studies in breast cancer cell lines
revealed that HMW Tm1 is down-regulated due to promoter methylation because combined
treatment with 5-aza-2'-deoxycytodine (AZA) and trichostatin A (TSA) resulted in detectable
expression of Tm1, but not that of other isoforms.* The upregulation of Tm-1 following treatment
with AZA plus TSA paralleled the emergence of Tm1 containing microfilaments and restored
anchorage-dependent cell growth.** The authors also demonstrated that ectopic expression of Tm1
also resulted in formation of stress fibers and anchorage-dependence, further showingan important
role for Tm1 expression in reversal of the transformed phenotype. These data demonstrate that
hypermethylation of DNA and chromatin remodeling is involved in the mechanism by which
Tm1 expression is downregulated in breast cancer. Subsequent studies showed that silencing of
the HMW Tm1 and Tm3 gene by DNA methylation is responsible for the inability of TGF-beta
to induce expression of these HMW Tims in breast cancer cells.” These authors also provide
direct evidence that DNA sequences within the Tm1 gene are methylated. Further support for
arole of DBA methylation come from studies in Ras-transformed RIE-1, HT1080 and DLD-1
cells, showing treatment of cells with azadeoxycytidine restored Tm expression.*® Another genetic
mechanism involving mictoRNAs has been reported to be involved in silencing Tm1 expression in
breast cancer.® HMW Tm1 was silenced by microRNA-21 (mir-21). Mir-21 has been suggested
to function as an oncogene because it is overexpressed in many types of tumors.***¢ Suppression
of mir-21 by antisense oligonucleotides inhibits tumor growth.>** Interestingly, overexpression
of TM1 in breast cancer cells expressing mir-21 suppressed anchorage independent growth fur-
ther suggesting that downregulation of HMW TMs by this microRNA is an essential part of the
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transformed phenotype, contributing to alterations in cell morphology, cytoarchitecture, motility
and abnormal signaling.

Finally, nonmuscle HMW Tms have been reported to be subject to phosphorylation.
Phosphorylation of HMW Tm by PI(3)K was found to play a role in regulating endocytosis.”” DAP
kinase 1 was found to phosphorylate Tm-1 downstream of the ERK pathway leading to stress fiber
formation.” Since both the PI(3)K and ERK signaling pathways are often times hyperactivated in
cancer, further studies will be required to determine if phosphorylation of Tms followingactivation
of these pathways mediate any of the properties associated with the transformed phenotype.

37-39

The Role of Tropomyosin Expression in Tumor Cell Motility,

Invasion and Metastasis

The down-regulation of HMW Tm expression in transformed cells appears to be causally
related to the disruption of stress fibers and focal adhesions. Support for this idea comes from
studies demonstrating that ectopic expression of HMW Tms in Ras and Src transformed fibroblasts
restores stress fibers and significantly reduces cell motility.** These studies also demonstrated that
forced-expression of Tm also suppressed the ability of cells to form tumors in nude mice. 44
Further evidence for a role of Tm in tumorigenicity comes from studies of Lewis lung carcinoma
and melanoma cells.'*% In addition, the importance of Tms in the control of tumor invasion and
metastasis is highlighted by several studies indicating that high-grade tumors of breast, prostate,
bladder and brain express significantly lower levels of Tms than that of normal tissues.'”'#2*'4"Not
all studies have demonstrated that ectopic expression of TM reverses the transformation-associated
changes in the actin cytoskeleton. Shields et al** were unable to demonstrate any affects of stable
expression of HMW Tms in transformed RIE-1 epithelial cells. Likewise exogenous expression of
Tm1 in neuroblastoma cells failed to alter cell morphology or organization of the actin cytoskel-
eton.” These latter two studies suggest that other factors are involved in these cell systems.

The loss of HMW Tms in transformed cells is thought to contribute to the improper assembly
of microfilaments and adhesive structures, thereby contributing to the invasive and metastatic
properties of cancer cells. Support for a role for Tms in microfilament dynamics come from bio-
chemical studies that demonstrate that HMW Tms protect actin filaments from severing proteins
gelsolin and cofilin better than LMW Tims, consistent with their absence leading to a loss of stable
actin filaments following transformation. Thus, Tms bound to filamentous actin prevent access of
ADF/cofilins or gelsolin to actin filaments thereby stabilizing actin filaments and reducing actin
dynamics (see Chapter 17 and 18).

In addition to the down-regulation of HMW Tms, down-regulation of RhoA/ROCK/
Lim-kinase/cofilin pathway also contributes to the disruption of stress fibers in transformed
cells.®3 The RhoA/ROCK/LIM-kinase/cofilin pathway regulates stress fiber formation by
regulating myosin II phosphorylation®** and the actin depolymerizing activity of ADF/cofilin.>®
The loss of Tms in transformed cells likely contributes to the loss of stress fibers by allowing cofilin
to sever actin filaments. Thus, Tms may compensate or substitute for the loss the ROCK/LIMK/
cofilin by blocking ADF/cofilins and gelsolin from binding to actin filaments. While much at-
tention has been focused on the role of Tms in modulating the activities of severing proteins, it is
also possible that Tms play a role by modulating the function and activity of myosin II. Myosin
I1 is essential for formation of stress fibers and focal adhesions. Inhibition of the Rho/ROCK
pathway in transformed cells also contributes to the loss of stress fibers by decreasing the levels of
phosphorylated myosin light chain. How different nonmuscle Tms will affect the actions of myosin
11 is not fully understood. Studies of smooth muscle and skeletal muscle Tms demonstrate they
differ in their ability to activate the MgATPase of myosin II (See Chapter 20). Smooth muscle
Tms can activate myosin II, whereas, skeletal muscle Tms are inhibitory. Importantly, in prelimi-
nary experiments we found that nonmuscle HMW Tms activate myosin IL It will be interesting
to determine if HMW Tm can antagonize the suppression of the Rho/ROCK pathway in Ras
transformed cells by protecting actin filaments from severing proteins and activating myosin II
through actin-activated AT Pase function. Therefore, suppression of HMW Tms might represent
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Figure 1. Restoration of microfilamentassembly and decreased ERK phosphorylation in NRK/Ras
cells expressing Tropomyosin 2. A) NRK/Ras, NRK/Ras/TM2-/ and NRK/ras/TM2-h cells grown
on glass coverslips were stained with Oregon green-conjugated phalloidin and anti-vinculin
mADb, followed by Cy3-conjugated anti-mouse antibody. Note the reappearance of actin
bundles and vinculin-containing focal adhesions in NRK/ras/TM2-h cells. B) Exponentially
growing cells were harvested and protein extracts analyzed by Western blotting for expression
of Tropomyosins (TM-1 and TM-2 isoforms) and phospho-ERK, Graph on the right shows the
average ERK phosphorylation from 3 independent experiments.y axis is in arbitrary units *, P
value of <0.001, as determined by Student’s t test. (From Helfman and Pawla.®?)

critical cellular targets that can act independently, or synergistically, with repression of the Rho/
ROCK pathway, to facilitate transformation mediated disruption of the actin cytoskcleton, lead-
ing to enhanced motility.

Tm and the Actin Cytoskeleton in the Regulation of Oncogenic
Signaling

Several studies have suggested that specific isoforms of HMW Tms may possess tumor suppres-
sor activity and HMW Tm isoforms can be classified as a class IT tumor suppressor.”” Consistent
with this hypothesis is the observation that forced-expression of HMW TMs into transformed
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cells exhibiting a loss of these isoforms not only reverts the transformation associated changes in
cytoarchitecture, but also several aspects of the transformed phenotype, including a reversal of the
ability to grow in low serum, grow on soft agar, escape apoptosis and form tumors in mice #4560
In addition antisense expression of Tm1 in untransformed cells resulted in properties associated
with transformation including anchorage independent cell growth.¢! Collectively these results raise
the intriguing hypothesis that the loss of Tms plays a direct role in oncogenic signaling. Once we
understand how the actin cytoskeleton functions in oncogenic signaling it will be possible to de-
velop new therapeutic strategies that target signaling pathways dependent on the cytoskeleton.
How loss of Tm is mechanistically linked to changes in oncogenic signaling is not well under-
stood. As discussed in the previous section, although it is established that these changes in the actin
cytoskeleton play a critical role in pathways linked to increased motility and metastasis of tumor
cells, it is not known how the cytoskeleton functions in growth control. One clue comes from
studies showing that ectopic expression of Tm2 in Ras transformed cells led to a decrease in ERK
activation.®* They previously reported that forced expression of HMW Tm2 in Ras transformed
fibroblasts restores microfilament organization and concomitantly restores the requirement for
growth factors of these cells.* The extent of ERK inhibition is correlated with the degree of Tm2
over-expression, which, in turn, is associated with a well-spread morphology and less membrane
ruffling (see Fig. 1). Interestingly, in the same studies the authors report that Ras signaling to ERK
is dependent on myosin II, under the control of myosin light chain kinase (MLCK).?* This has lead
us to hypothesize a previously uncharacterized role for Tm, the actin cytoskeleton and myosin II,
MLCK in ERK signaling in Ras-transformed cells. Because oncogenic Ras can profoundly affect
microfilament organization it is also possible that Ras might remodel the actin cytoskeleton into
structures required for efficient signaling to ERK. The mechanism remains to be determined,
but it is possible that stress fibers act to sequester molecules involved in oncogenic signaling and
oncogene-mediated disruption of stress fibers frees molecules to promote aberrant signaling. In
addition to their role in stress fiber formation, HMW Tms have been reported to function in in-
tracellular vesicle trafficking.”” Since some oncogenic signaling involve endocytic trafficking, it is
possible that Tms participate in regulating signaling events dependent on intracellular trafficking. In
the future it will be important to delineate how Tm participates in oncogenic signaling events. This
knowledge about TMs and regulation of signaling pathways will advance the cytoskeletal field and
related areas of study. In addition, it is possible that this information will be useful for identifying
potential molecular targets for the development of novel, more effective cancer therapies.

Conclusions

The studies discussed above demonstrate that Tms are targets of oncogenic signaling and also
can function as regulators of oncogenic signaling. Further studies will be required to determine the
mechanisms by which Tms participate in properties associated with the transformed phenotype.
As we obtain more information about the roles of Tm in cancer it is possible that in the future
Tms might serve as diagnostic and prognostic biomarkers. Finally, it has been suggested that Tms
might be potential chemotherapeutic targets (reviewed in Stehn et al'¢). Understanding the role
of this family of actin filament binding proteins has enormous implications for undertanding
human cancers.
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CHAPTER 11

The Role of Tropomyosin

in Heart Disease
David F. Wieczorek,* Ganapathy Jagatheesan and Sudarsan Rajan

The Role of Tropomyosin in Heart Disease

ardiovascular disease is the number one cause of mortality in the Western world, with
‘ heart failure representing one of the fastest growing subgroups over the past decade. Heart

failure, the progressive loss of cardiac contractile performance resulting in an inability to
pump an adequate supply of systemic blood, affects an estimated 5 million Americans with esti-
mated medical costs of $21-$50 billion per year.! A number of common disease stimuli can induce
heart failure, including hypertension, myocardial infarction, ischemia associated with coronary
artery disease, congenital malformation, familial hypertrophic and dilated cardiomyopathies
and diabetic cardiomyopathy. Systolic and diastolic dysfunction is common in patients suffering
from coronary artery disease and hypertension and is a main cause of heart failure. Hypertrophic
growth of cardiomyocytes also occurs in many forms of heart failure and may contribute to the
pathogenesis of the failure state.?

Tissue and Developmental Specific Expression of Tropomyosin

Isoforms in the Heart

To understand the role of tropomyosin (Tm) in the heart, it is first necessary to define Tm
isoform specific expression in this tissue. Studies by Cummins and Perry® and Izumo et al* found
that the myocardium of adult small mammals express the striated o-Tm isoform, while fetal heart
tissue expresses both o- and B-Tm isoforms. Previous studies on chicken primitive cardiomyo-
cytes show Tm antibodies react with stress fiber-like structures within these cells.” To more fully
examine Tm isoform expression during mammalian development, we analyzed the expression of
various Tm genes during murine embryogenesis and in developing embryonic stem cells, with a
particular empbhasis on the developing myocardium.® Results show that the Tm genes (c, B,y and
d) are expressed in differentiated embryoid bodies, with the striated muscle-specific f-Tm isoform
being constitutively expressed in the embryoid bodies and during murine embryogenesis in utero.
In contrast, the striated o-Tm isoform is not present until the day 5 embryoid body and the day 7.5
post coitus embryo. Further analyses show that both the striated muscle a- and B-Tm isoforms are
expressed during cardiogenesis (day 11-19 embryonic hearts), with the a-Tm transcripts becoming
the predominant Tm isoform in the adult heart®; the ratio of striated a- to f-Tm mRNAs changes
from 5:1 to 60:1 during the embryonic to adult transition.

To address whether the striated f-Tm isoform could substitute for a-Tm in the heart, we gener-
ated transgenic mice that express the striated muscle -Tm specifically in the myocardium.” There is
an 86% amino acid identity exhibited between a- and -Tm with 39 amino acid differences distributed
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throughout the entire molecule; 25 of the 39 changes are located in the carboxy terminus of Tm.
These differences may indicate an isoform specific response occurs to calcium activation through
the troponin (Th) complex. By conducting the f-Tm transgenic mouse experiments, we would
address whether there are functional differences between - and B-Tm in the sarcomere. Cardiac
specific expression was achieved through use of the a-myosin heavy chain promoter which drove
the B-Tm cDNA; we could readily distinguish the amount of B-Tm expression in these transgenic
mice since endogenous B-Tm protein expression is less than 2% in the adult mouse heart.

Multiple f-Tm transgenic lines were generated which showed a 150-fold increase in B-Tm
mRNA expression in the heart, along with a 34-fold increase in the associated protein.” As expected,
we found that expression of the transgene was restricted to the cardiac compartment. With the
increase in B-Tm mRNA and protein in the transgenic hearts, there was a concomitant decrease
in the levels of o-Tm transcripts and their associated protein. This ability of the a- and $-Tm genes
to “cross-talk” and modulate the mRNA and proteins levels of striated muscle Tm isoforms so that
there is no net increase in Tm production appears to be a regulatory mechanism utilized by striated
muscle to control Tm isoform production as this process also occurs with other Tm transgenic
models.®'? Interestingly, this regulatory mechanism does not appear to operate with cytoskeletal
Tm isoforms (Gunning, personal communication).

Morphological and physiological analyses were conducted on these f-Tm transgenic hearts.”
We found that when there was 55-60% B-Tm protein expressed in the myocardium, there were no
structural changes in the hearts or in the sarcomeres. Physiological analyses revealed that functional
parameters associated with myocardial contractility appear normal; however, there is a significant
delay in the time of relaxation and a decrease in the maximum rate of relaxation in these hearts. We
also found that the myofilaments containing f-Tm demonstrated an increase in the activation of the
thin filament by strongly bound cross-bridges, an increase in calcium sensitivity of steady state force
and a decrease in the rightward shift of the calcium-force relation induced by cAMP-dependent
phosphorylation."”> When isolated cardiomyocytes were studied, we found the p-Tm transgenic
cells exhibited significantly reduced maximal rates of contraction and relaxation with no change
in the extent of shortening.'* Additional results show that the Tm isoform population modulates
the dynamics of contraction and relaxation of single myocytes by a mechanism that does not alter
the rate-limiting step of crossbridge detachment.

To explore further the significance of altering the a- to p-Tm isoform ratio in murine
myocardium, we generated transgenic mice which express 8-Tm at high levels in the heart (80%
B-Tm and 20% o-Tm). Our results show that higher levels of 3-Tm expression are lethal with
death ensuing between 10-14 days postnatally. A detailed histological analysis demonstrates that
the hearts of these mice exhibit severe pathological abnormalities, including thrombus formation
in the lumen of atria and ventricles, atrial enlargement and fibrosis. Physiological analyses reveal
that there is severe systolic and diastolic dysfunction. Thus, there are essential differences in Tm
isoform function in physiologically regulating cardiac performance.

The fact that cardiac structure and function can be dramatically altered with different Tm
isoforms is interesting. When we examined Tm isoform expression in murine skeletal muscle, we
found that B-Tm mRNA is the predominant isoform in embryonic and neonatal skeletal muscles
and in adult slow twitch muscle (i.e., soleus)." In addition to 3-Tm expression, striated muscle y-Tm
is also expressed in significant levels in slow twitch musculature. The y-Tm isoform exhibits 2 93%
amino acid identity with a-Tm. At the protein level, all three striated Tm isoforms are expressed in
abundance in slow twitch muscle, with a-Tm being predominant in adult fast twitch musculature.
Interestingly, there is no endogenous y-Tm expression in murine hearts. When we generated trans-
genic mice that express the y-Tm isoform in the heart (40-60% y-Tm protein), physiological resules
show a hyperdynamic effect on systolic and diastolic function, coupled with a decreased sensitivity
to calcium in cardiac fiber bundles;'¢ there are no morphological or pathological alterations in
cardiac structure in these transgenic hearts. Thus, the cumulative results from differential expression
of Tmisoforms in the heart demonstrate that sarcomere performance is “context dependent”—that
is, cardiac specific isoforms for the contractile proteins of the sarcomere play an essential role in
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the regulation of physiological performance of the heart. These isoforms cannot be substituted
without affecting the function of the heart as exemplified by the transgenic models that express
B- or y-Tm. We hypothesize that cardiac TnT, cardiac Tnl, cardiac TnC and cardiac actin, proteins
which interact either directly or indirectly with Tim, possess specific domains that are required for
normal cardiac function. However, during pathological or physiological hypertrophy, the heart
maintains the capability to express embryonic contractile protein isoforms (i.e., f-Tm) to be able
to meet new performance requirements.

Involvement of Tm in Familial Hypertrophic Cardiomyopathy

The significance of sarcomeric contractile proteins in human cardiac disease was first dem-
onstrated by Drs. J. and C. Seidman’s laboratories who found that missense mutations in myosin
heavy chain correlate with familial hypertrophic cardiomyopathy (FHC)."” FHC is inherited as
a Mendelian autosomal dominant trait and is caused by mutations in any one of ten genes, each
encoding protein components of the cardiac sarcomere. Mutations in cardiac a- and f-myosin heavy
chain, myosin binding protein C, cardiac TnT, regulatory and essential myosin light chains, titin,
o-Tm, a-actin and cardiac TnI are associated with hypertrophic cardiomyopathy. This genetic diver-
sity is compounded by intragenic heterogeneity with about 200 mutations now identified; most of
these are missense mutations with a single amino acid residue substitution.’*? The incidence of this
disease is 1 out of 500 people; fortunately, many of these individuals exhibit very mild symptoms
only with a late onset in life. The FHC phenotype in humans is characterized by left and/or right
ventricular hypertrophy in the absence of an increased external load, left ventricular or asymmetrical
septal hypertrophy, myocyte disarray, fibrosis, increased calcium sensitivity of myofilaments and
cardiac arrhythmias that may lead to premature sudden death and/or heart failure.

The association of FHC with the o-Tm gene was initially reported by the Seidman labora-
tory.2**! In the United States population, the Tm associated FHC cases are relatively few, accounting
for less than 5% of all FHC patients.”? These patients exhibit relatively benign symptoms, with
mild hypertrophy that is often not manifest until the later years in life. In Japan, the number of
Tm-associated FHC cases is still relatively few in number, however, the pathological symptoms of
these individuals is much more severe than in the United States population.”** Interestingly, in
Finland, Tm associated cases are the most prevalent of all of the contractile proteins involved in
causing FHC with an incidence of 11%?; this is most likely due to a “founders” effect of the Tm
mutations, especially the Asp175Asn amino acid substitution, in the population. The pathology
of the disease is quite severe in the Finnish population with a majority of patients exhibiting a
dramatic phenotype. The variability of the incidence and the phenotype associated with the Tm
cases in different populations most likely reflects the ability of the environment and “modifier
genes” in altering the onset and pathological symptoms of FHC.

Eleven mutations have been defined in a-Tm that lead to FHC. Six of the mutations occur in
the troponin-T binding region (Ile172Thr; Asp175Asn; Glul80Gly; Glu180Val; Leul85Arg;
Glu192Lys); three mutations lie near the amino end of the Tm molecule (Glu62Gln; Ala63Val;
Lys70Thr); one mutation lies in the middle (Val95Ala) and one at the carboxyl end of the mol-
ecule (Met281Thr)!#%2628 (Seidman—http://genetics.med.harvard.edu/~scidman/cg3/) (Fig.
1). Five of these mutations are the result of a point mutation that leads to a change in the charge
of the original amino acid. Since Tm is a 100% alpha-helical coiled-coil protein that dimerizes
with itself, the charge of each specific amino acid residue can play a critical role in both its own
structure and how it interacts with its associated proteins of actin and troponin. For alpha-helical
coiled-coil proteins, there is a highly conserved heptad motif or repeating seven amino acid unit
(a-b-c-d-e-f-g); structural and molecular modeling studies suggest that the fifth and seventh
position (e and g) amino acid side-chains that are typically of opposite charge can contribute to
the stability of the coiled-coil through formation of salt bridges.”” With mutations in Tm amino
acid residues that alter their charge or size, the normal interactions with troponin and actin can
be disrupted leading to altered sarcomeric structure and physiological performance. Supporting
evidence for altered Tm-actin interactions was found by Kremneva et al*® with results showing
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Figure 1. Mutations in a-tropomyosin that are linked to cardiovascular disease. Diagramed in
the figure is o-TM and the regions where TnT binds Tm. The numbers above the Tm molecule
represent the amino acid residues where mutations have been found that cause either DCM
(dilated cardiomyopathy) or FHC (familial hypertrophic cardiomyopathy).

that actin-induced stabilization of the FHC Tm Glul80Gly is significantly less than for wild type
o-Tm. Also, at least five of the FHC Tm mutations confer an increased calcium sensitivity of the
myofilaments and decreased systolic and diastolic cardiac function which may be causative for the
development of the FHC phenotype.?31-34

Studies by Bottinelli et al”® demonstrate that in human patients carrying the Aspl175Asn
mutation, aberrant Tm is expressed and that its expression most likely contributes to alterations
in sarcomeric performance, rather than a null allele or decrease in total amount of Tm that is
produced. Further studies by this group also show that myofibers from these patients exhibit an
increased sensitivity to calcium when compared with control fibers.

In an attempt to understand the process whereby specific point mutations in contractile proteins
can lead to hypertrophic cardiomyopathy, investigators have developed animal models of FHC.
Most of these studies have employed the usage of transgenic or knock-in mice. Our laboratory
was the first to develop in vivo transgenic model systems to examine the effects of FHC Tm muta-
tions. Initially, we investigated the substitution of asparagine for aspartic acid at amino acid 175
(Aspl75Asn) and substitution of glycine for glutamic acid at amino acid 180 (Glu180Gly).**
A consistent feature with transgenic expression of Tm is that as an exogenous Tm construct is
expressed, there is a reciprocal decrease in the endogenous Tm protein expression so that the
total amount of Tm protein remains unchanged in the heart.”'¢ A similar scenario exists with the
transgenic mice expressing the FHC Tm Asp175Asn and FHC Tm Glu180Gly mutant proteins
where expression of the FHC mutant proteins in the various transgenic mouse hearts are associated
with a concomitant decrease in expression of the endogenous wild type a-Tm protein. Histological
analyses show the FHC Tm Asp175Asn hearts exhibit a mild hypertrophic response, affecting only
~5% of the myocardium; in contrast, the FHC Tm Glu180Gly hearts develop a severe concentric
hypertrophy with significant ventricular fibrosis and atrial enlargement that progressively increases
from 2.5 months and results in death between 4.5 and 6 months (Fig. 2). In vivo physiological
analyses show severe impairment of both contractility and relaxation in hearts of both FHC mouse
models. Both the rates of contraction and relaxation are significantly depressed in these mice. In
addition, myofilaments that contain the mutant FHC protein demonstrate an increased activation
of the thin filament through enhanced calcium sensitivity of steady-state force®”*; this increase in
myofiber calcium sensitivity is a common feature of many of the FHC associated Tm mutations.
We also found a correlation between an increase in myofiber calcium sensitivity with a decrease
in relaxation rate and a blunted response to B-adrenergic stimulation.”” Isolated cardiomyocytes
from transgenic FHC Tm Glul80Gly mice exhibit an increase in calcium sensitivity of force
production.®® Thus, it is apparent that the FHC associated Tm proteins alter cardiac performance
in the individual myocytes that collectively cause the aberrant function of the entire heart leading
to hypertrophic cardiomyopathy.

In vitro analyses have provided invaluable information on the functional properties of the
mutant FHC proteins. Using wild type and mutant Tm proteins expressed in E. cols, studies show
that binding to actin is much weaker with the Glul80Gly protein than either the wild type or
Aspl175Asn proteins;®®* these results are supported by the structural analyses on Tm-actin bind-
ing conducted by Kremneva et al.** In vitro motility assays show that filaments containing the
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FHC Normal DCM

Figure 2. FHC a-Tm180, normal and DCM a-Tm54 mouse hearts. A) Whole hearts at 5
months of age. B) Histopathology of longitudinal sections of these hearts with hematoxylin
and eosin staining. Note the increased size of the FHC and DCM hearts. The FHC hearts
show increased size of the atria, thickened walls of the ventricle and thrombi/mineralization
within the atria. The DCM hearts show increased size of the ventricular cavities, coupled
with thin ventricular walls.

Glul80Gly and Asp175Asn Tm missense mutations exhibit an increased sensitivity to calcium,
but similar filament velocities and similar numbers of motile filaments with respect to wild type
TM.*% The FHC mutant Tms result in an alteration in the interaction of Tm with skeletal tro-
ponin, leading to an increase in filament velocity in the presence of calcium that is much higher
than found with wild type Tm;* when cardiac troponin is used, however, there is no difference in
the velocity increase.” These results indicate that the cardiac and skeletal muscle troponin isoforms
have differential effects in their interactions with Tm.

Investigations on the o-Tm FHC missense mutation Val95Ala has led to similar findings regard-
ing the physiological effects of this mutation on sarcomeric performance. This mutation results
in a mild hypertrophic phenotype, but with a poor prognosis.?® Both myosin cycling and calcium
binding are affected by this mutation, with myofilaments demonstrating an increased sensitivity
to calcium and a decreased MgAT Pase rate.”® There is also a slight decrease in sliding speed in the
presence of calcium when assayed with the in vitro motility assay.



The Role of Tropomyosin in Heart Diesase 137

It is worth considering why the FHC mutations which are autosomal dominant mutations
cause such a dramatic pathological phenotype in the heart with significantly altered cardiac per-
formance, whereas there are no noticeable alterations in skeletal muscle morphology or function.
These Tm mutations occur in o-Tm which is expressed almost exclusively in the heart, but is also
a predominant isoform in skeletal muscle. We believe that the reason for this compensation in
skeletal muscle is due to three reasons: (1) the fact that Tm can form homo- and heterodimers;
(2) the extent of diversity in Tm expression in skeletal muscle; and (3) expression of skeletal versus
cardiac isoform thin filament contractile proteins. With respect to dimer formation, in the heart
virtually all Tm isa homodimer since a-Tm is expressed at 98% of all Tm. As such, an FHC mutation
in one allele would be expected to affect 50% of all Tm that is expressed, leading to a significant
production of mutant homo- and heterodimers. The situation is much different in skeletal muscle
where 0-, B- and y-Tm are all expressed abundantly at the protein level.’> An FHC mutation in
a-Tm could still form homodimers; however, there is an increased probability for heterodimer
formation with either - or y-TM. In fact, in most skeletal muscle, there is an increased tendency
for Tm heterodimer formation.*! Since our transgenic models of f- and y-Tm demonstrate that
sarcomere function is altered with their expression, the functional effects of the FHC (and DCM)
Tm mutations may be blunted in this more heterogenous system. In a similar manner, the diversity
of Tm expression would increase the number of sarcomeric units that are comprised of Tm homo-
and heterodimers (i.e., a/a-Tm; B/p-Tm; y/y-Tm; o/p-Tm a/y-Tm, B/y-Tm). The ratio of these
different Tm dimers would differ depending upon the specific muscle and its contractile speed.
Thus, the effects of a specific Tm FHC mutation on muscle performance may be minimized. With
respect to cardiac versus skeletal isoform contractile protein expression, the thin filament proteins
in skeletal muscle are also much more divergent than expressed in the heart, with both fast and
slow skeletal isoforms being common for many proteins (i.c., TnT, Tnl, myosin heavy chain). This
isoform diversity may also serve to negate the physiological effects of a FHC or DCM mutation.
Thus, this lack of a myopathy in skeletal muscle for the FHC and DCM mutations appears to
be one of dimer formation, increased diversity of Tm expression and the “context” of where the
mutant Tm is expressed, namely skeletal muscle versus the heart.

Involvement of Tm in Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM), a disease often associated with congestive heart failure, is
characterized by depressed systolic function, cardiomegaly and ventricular dilation. DCM is a
relatively common disease with an incidence of 36.5 out of 100,000 people.* The causes of DCM
may be idiopathic, viral/immune, alcoholic/toxic, associated with other cardiovascular disease, or
familial. Mutations associated with DCM have been associated with proteins of the sarcomere,
cytoskeleton and the sarcolemma. With respect to muscle proteins, mutations that lead to DCM
have been identified in f-myosin heavy chain, myosin binding protein C, actin, Tm, troponin T,
I and C, titin, T-cap, desmin, vinculin and muscle LIM protein.**

To date, there are 3 known DCM mutations associated with Tm: Glu40Lys, Glu54Lys and
Glul80Val®# (Fig. 1). These amino acid changes are positioned in the inner regions of the Tm
coiled-coil dimer where the electrostatic charge interactions between specific amino acids may
alter the Tm dimerization and/or binding to actin. The 2-A crystal structure of Tm indicates that
Glu54 is linked to Lys49 and Glu40 is linked to Arg35* which are hypothesized to contribute to
the stability of the coiled-coil through formation of salt bridges.” Disruption of a salt bridge by
a DCM mutation could alter the Tm stability or Tm-actin interactions, thus compromising thin
filament integrity or function. As such, a defect in force transmission has been attributed to be a
cause of DCM.?

To investigate the functional consequences of the a-Tm mutations associated with DCM, we
generated transgenic mice that express the DCM Tm Glu54Lys mutation.'” This was the first
mouse model in which a mutation in a sarcomeric thin filament protein, specifically Tm, leads
to DCM. As with the transgenic FHC mice that were generated, the increase in transgenic Tm
protein expression led to a reciprocal decrease in endogenous wild type a-Tm levels, with total
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myofilament Tm protein levels remaining unaltered. Histological and morphological analyses
revealed development of DCM (Fig. 2) with progression to heart failure and frequently death
by 6 months. There is often myocyte hypertrophy, coupled with diffuse hyalinization of the
myocyte cytoplasm. The cytoplasmic alterations also include loss of striations and a homogenous,
ground-glass appearance. Dilation is seen in both ventricles and there is an increased heart weight/
body weight ratio. The increase in body weight may be attributable to peripheral edema which is
often associated with heart failure.

To assess whether functional alterations in cardiac performance occur in DCM mice, we
conducted physiological analyses including echocardiography, a work-performing heart model
and calcium-force measurements. Doppler echocardiographic analyses of these DCM mice
demonstrated increased left ventricular diastolic and systolic chamber diameter, in addition to
a significant reduction in the left ventricular fractional shortening. The cardiac output was also
significantly reduced, but the heart rate was not affected. The work-performing heart model was
used to obtain an ex vivo assessment of cardiac performance.’? Results show there is significant
impairment of systolic and diastolic function, coupled with a concomitant increase in time to
peak pressure and half-time to relaxation. End-diastolic and diastolic pressures were significantly
increased, whereas the systolic pressure was significantly decreased, demonstrating their systolic
and diastolic dysfunction.

To examine the correlation between physiological results from the whole heart to the sarcom-
ere, we conducted experiments using skinned fiber bundles. These experiments were conducted
to compare the relation between calcium and tension developed by myofilaments obtained from
the left ventricles of control versus DCM a-Tm Gly54Lys hearts. Results show there is a significant
reduction in the maximum tension that is developed by the mutant myofilaments and a decrease
in the calcium sensitivity of the mutant myofilaments. These studies correlate with our finding of
depressed cardiac function as determined by echocardiography and the isolated working hearts.

Tm mutations associated with DCM have also been studied with in vitro biochemical analy-
ses. Using reconstituted thin filaments with biochemically exchanged Tm encoding the DCM
mutations, it has been shown that these filaments decrease their calcium sensitivity.*® Also, with
the DCM o-Tm Glu40Lys mutation, there is a decrease in the maximum velocity of actin-Tm
activated S-1 ATPase. Similar results were found with in vitro motility assays.® These results are
in agreement with the in vivo results using myofilments from DCM transgenic mice. Additional
structural studies show that the DCM mutations decrease Tm flexibility and decrease Tm-actin
binding.!>%

Two points that are worth considering center around the encoding of the FHC and DCM
mutations within Tm isoforms and the distribution of these mutations throughout the entire Tm
molecule. Close inspection of the specific amino acid involvement of the FHC and DCM muta-
tions shows that all of the known mutations (with the exception of the Met281Thr) would be
incorporated into both striated muscle and cytoskeletal Tm isoforms. To date, virtually all of the
mutations associated with FHC are associated with cardiac sarcomeric proteins. In fact, Tm is the
only sarcomeric protein that could possibly incorporate these mutations in cytoskeletal proteins,
which would occur through the alternative splicing process. The potential involvement of cyto-
skeletal proteins in the development of FHC has not been addressed by the research community
to date. In a similar manner, the DCM mutations would also be expected to be incorporated into
cytoskeletal isoforms to potentially cause this cardiac phenotype. Since other cytoskeletal proteins,
such as desmin and vinculin, have been associated with the DCM phenotype, involvement of
cytoskeletal Tm is quite possible. Thus, DCM mutations in Tm would affect both sarcomeric and
cytoskeletal isoforms and potentially could cause this pathological phenotype through different
structural and/or signaling pathways.

The fact that the FHC and DCM causing mutations occur over the entire Tm molecule suggests
that these disease phenotypes can result from a variety of sarcomeric structural and/or physiologi-
cal defects. For the FHC Tm mutations, there is a cluster of mutations in the amino acid 172-192
region which may disrupt Tm-TnT binding and calcium signaling. Mutations in the amino end
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of the protein for both DCM and FHC (residues 40-95) may alter Tm-actin interactions which
may disrupt propagation of contractile force along the length of the sarcomere. The lone mutation
at the carboxyl end of Tm (amino acid 281) may alter Tm-TnT interactions and Tm-Tm overlap,
thereby affecting the interaction of these proteins, their function and the cooperativity of force
transmission within sarcomeres. We should not consider it surprising that multiple mutations in
Tm result in either FHC or DCM considering that there are multiple proteins in the sarcomere
that cause these disease phenotypes when they undergo specific mutations. Thus, it appears that the
heart remodels itself to respond to alterations in functional performance by either of two primary
processes: hypertrophy or dilation.

Repairing TM Associated Cardiomyopathies

The ultimate goal of research involving transgenic animals is to design animal model systems
that mimic the human pathogenic process. When successful, these model systems can be utilized
to design therapeutic trials/experiments with the hope of rescuing the animal from the disease and
provide future information for human trials. With respect to Tm associated cardiomyopathies,
recent studies have led investigators to explore various methods and drugs to repair hearts that
encode Tm-associated FHC mutations. In our work, we determined that myofilaments from
FHC a-Tm Glul80Gly transgenic mouse hearts exhibit an increased sensitivity to calcium. This
increased sensitivity to calcium of the myofilaments is a common feature of many FHC associated
cardiomyopathies.

Recent studies demonstrate that modifying calcium cycling and direct changes in the myofila-
ments can alter the pathophysiology of FHC and DCM. In our FHC o-Tm Glu180Gly transgenic
mouse model, we tested the hypothesis that an attenuation of the increased myofilament’s calcium
sensitivity would improve the pathology associated with this FHC mutation. We cross-bred the
FHC mice with a mouse expressing a chimeric o-/B-Tm protein that induces a desensitization of
the sarcomere to calcium.'*¥” The resulting double transgenic mice were rescued, showinga normal
heart size and morphology, significantly improved cardiac function and normal myofilament cal-
cium sensitivity. Also, preliminary studies demonstrate that hypertrophy and cardiac dysfunction
are prevented in the FHC a-Tm Glu180Gly mice crossed with phospholamban knock-out mice.#
In addition, cardiac hypertrophy and hemodynamic performance are improved by gene transfer
of SERCA2a into FHC a-Tm Glul80Gly neonates. With another model of the FHC a-Tm
Glul80Gly mice, another research group has shown that cardiac relaxation abnormalities can be
corrected when the FHC mice are genetically crossed to transgenic mice expressing parvalbumin,
a calcium buffer.

With DCM, there is often a decreased sensitivity to calcium exhibited by myofilaments. This
was found in both animal models and in vitro motility assays where a mutation in Tm is associated
with DCM.'?% Pimobendan, a phosphodiesterase IT inhibitor and calcium sensitizer, increases the
response of skinned fiber bundles to calcium by enhancing binding of calcium to troponin C.>' This
drughasbeen successfully used in a TnT mouse model of DCM where its usage prolonged survival,
reduced end diastolic and systolic dimensions and significantly increased the ejection fraction.”
This agent has not yet been used to rescue DCM mice that encode Tm mutations; but, it would
be interesting to determine whether the pathological phenotype could be improved through a
drug agent that is known to affect calcium binding to troponin C, that would then modify the
functional effects of the Tm mutation on the thin filament. In conclusion, the rescue of mice with
FHC and DCM through direct modification of sarcomeric proteins and/or therapeutics that
alter their sarcomeric performance provides hope for the development of rational and successful
therapies for the treatment of human cardiomyopathies and heart failure.

Conclusions

As cited above, Tm plays a major role in cardiovascular disease. Understanding how Tm mu-
tations contribute to aberrant sarcomeric performance and resulting pathologies is essential for
understanding the normal function of Tm, both as an integral component of the thin filament, but
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also as a potential component of a signaling complex to the cell when its function is abnormal and
triggers a cascade of events culminating in myocyte hypertrophy or dilation. Potential molecular
targets of gene therapy to correct Tm-associated cardiomyopathies will need to be identified.
As we demonstrated in a microarray analysis of two FHC mouse models,” numerous genes are
transcriptionally altered with an early onset of the heart disease phenotype. An area of future
investigation will be to focus on identifying and modifying the expression of those genes, which
are the signaling agents for the development of cardiac hypertrophy and heart failure.
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CHAPTER 12

Tropomyosins in Skeletal Muscle

Diseases
Anthony J. Kee and Edna C. Hardeman*

Abstract

number of congenital muscle diseases and disorders are caused by mutations in genes that en-

code the proteins present in or associated with the thin filaments of the muscle sarcomere.!

These genes include a-skeletal actin (4CTA1), B-tropomyosin (7PM?2), a-tropomyosin
slow (7PM3), nebulin (NEB), troponin I fast (TNNI2), troponin T slow (TNNT), troponin T
fast (TNNT3) and cofilin (CFL2). Mutations in two of the four tropomyosin (Tm) genes, 7PM2
and TPM3, result in at least three different skeletal muscle diseases and one disorder as distinguished
by the presence of specific clinical features and/or structural abnormalities—nemaline myopathy
(TPM2 and TPM3),**distal arthrogryposis (7PM2),* cap disease (7PM2)° and congenital fiber
type disproportion (7PM3).6 These diseases have overlapping clinical features and pathologies and
there are cases of family members who have the same mutation, but different diseases (Table 1).
The relatively recent discovery of nonmuscle or cytoskeletal Tms in skeletal muscle” adds to this
complexity since it is now possible that a disease-causing mutation could be in a striated isoform
and a cytoskeletal isoform both present in muscle.

Tropomyosins in Skeletal Muscle

In order to try to understand the pathophysiology of the Tm-based congenital disorders,
it is necessary to review the expression of Tms in skeletal muscle. Transcripts for four striated
muscle-specific Tms have been reported in mammalian skeletal muscles and proteins correspond-
ing to three of these Tm species have been detected.® Two of the Tm transcript species, a-Tmg,,
(encoded by the a.7m gene; TPM1) and o-Tmy,, (encoded by the y7i gene; TPM3) are expressed
in specific types of muscle fibers, fast and slow twitch, respectively. The other two Tm transcript
species, B-Tm (encoded by the 77 gene; 7PM2) and Tm4 (encoded by the 877 gene; TPM4)
are expressed in both fast and slow twitch fibers. a-Tmg,, 0-Tmy,,, and p-Tm proteins have been
detected in skeletal muscles, but not Tm4 which may be due to its relative low abundance (less
than 5% a-Tmg,, or a-Tmy,,). Therefore, within each muscle fiber at least two striated Tms are
expressed, either a-Tmy,, and B-Tm or a-Tmy,, and B-Tm so that heterodimers of these combina-
tions as well as homodimers of o-Tmg,, or a-Tmy,, constitute the thin filaments. $-Tm appears to
be preferentially expressed in oxidative fibers™'® and therefore would be more abundant in type 1
(slow, oxidative) and type 2A (fast, oxidative) than type 2B (fast, glycolytic) fibers. While o-Tmg,
is the predominant isoform expressed in the human heart, a-Tm,,, is also present raising the pos-
sibility that myopathy-causing mutations in it could also affect cardiac function.

Recently, we discovered that filaments comprised of the cytoskeletal Tm isoforms TmSNM1
(encoded by the yTi gene) and Tm4 are present in skeletal muscle fibers.” These filaments are
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located adjacent to the Z-line and run perpendicular to the striated Tm-decorated thin fila-
ments. In addition, Tm4-defined filaments orientated parallel with the muscle fiber are present in
myofibers undergoing repair/remodeling." These cytoskeletal Tm isoforms were detected with
isoform-specific antibodies which raises the possibility that more isoforms in myofibers will be
identified once the means to distinguish them is available. The striated and cytoskeletal Tms in
myofibers sort to different filaments and perturbation of the cytoskeletal Tm filaments can cause
dystrophic features in muscles.” Taken together it is possible that mutations in exons shared by
muscle and cytoskeletal isoforms will disrupt different functions within the myofiber which may
contribute different clinical features.

Nemaline Myopathy (NM)

The first mutation identified in a Tm gene that causes a congenital myopathy/disorder was in
a missense mutation Met9Arg in the 7PM3 gene that causes nemaline myopathy (NM).> NM
is the best characterized of the congenital myopathies and is readily diagnosed, having a distinct
pathognomonic feature—the nemaline rod. NM is a hereditary discase of skeletal muscle, present-
ing at birth or in early childhood as hypotonia and muscle weakness. It is the most common of
the congenital myopathies, with an incidence estimated to be 1 in 50,000 live births. A defining
feature of this condition is the presence of electron dense rod-shaped structures in the cytoplasm
and/or nuclei of myofibers termed nemaline rods. Rods appear to be extensions of the Z-line, the
structure in the contractile unit or sarcomere of striated muscle cells that anchors the actin thin
filaments. NM was first described by Conen et al'? and Shy et al® in 1963 and its name reflects
the thread-like appearance of the rod structures (zema being Classical Greek for thread). So far
six genes with NM-causing mutations in humans have been identified: a-skeletal actin (4CTAI),
B-tropomyosin (7PM2 or B-Tin), a-tropomyosing,, (7PM3 or y-Tm), nebulin (NEB), troponin
T slow (TINNT1) and very recently cofilin-2 (CFL2).

Even though mutations in 7PM3 have been identified in a relatively small number of patients
with NM (1-2% of all NM), the first disease-causing mutation 7PM3(Met9Arg) has been stud-
ied extensively both biochemically and physiologically. The only mouse model for a congenital
myopathy is modeled on this mutation and it has proven to be a particularly valuable tool in
understanding the pathophysiology of the disease. Data on this mouse will be discussed in some
detail. For information on other forms of the disease the reader is referred to more comprehensive
reviews.!+1

Clinical Presentation of NM

There is a wide range of clinical presentations of this disease spanning from neonatal-lethal to late
onset slowly progressive forms. Physical features common in NM are hypotonia and muscle weak-
ness, alean body, bulbar weakness reflected in a high, arched palate, proximal muscles more affected
than distal muscles and joint deformities or contractures. To aid in defining phenotype-genotype
relationships NM has been classified by the ENMC International Consortium on Nemaline
Myopathy into six clinical subtypes based on age of onset and severity of weakness: (1) severe
congenital, (2) typical, (3) intermediate, (4) mild form of childhood- or juvenile onset, (5) adult
onset and (6) other.">7!¥ Severe NM presents at birth with profound muscle weakness particularly
of the respiratory muscles which results in respiratory insufficiency. These patients usually require
ventilatory support and death often occurs in the first months of life. The most common form of
NM, the typical form, presents as peripheral and respiratory muscle weakness and hypotonia at birth
orin early infancy. In these patients, the weakness is static or slowly progressive and the patients can
usually lead an active life. In the mild form, patients have similar clinical and pathological features
to the typical cases, but with childhood onset of symptoms. The adult-onset condition is a clinically
heterogeneous group of patients with onset in the third to sixth decade of life. There is usually no
family history or early symptoms in these cases. The pattern of inheritance varies depending on
the nature of the mutation and includes autosomal recessive, autosomal dominant and sporadic
de novo mutations.” There is a poor relationship between the gene affected or the position of the
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mutation in the protein and the severity of the disease.'”?! The most common feature is likely to
be failure of the actin thin filament in skeletal muscle.

Muscle Pathologies in NM

The defining feature of NM is the presence of nemaline rods within muscle fibers. In most
cases they are present in the cytoplasm, but in rare cases can be found in the myofiber nuclei.>?
The proportion of fibers containing rods can vary widely and does not correlate with the degree
of muscle weakness.'>?¢?” Changes in fiber type proportion and size is a common feature of the
disease. In many cases, there is a predominance of slow oxidative (type 1) fibers and often the
rod-containing fibers are atrophic.”® Rods can be present in all fiber types, but often they are
preferentially in either type 1 or type 2 fibers.

When examined by electron microscopy, the rods have a characteristic defining structure. The
rods are electron dense and have a similar lattice structure to the Z-lines.”” They are thought to
largely contain Z-line proteins, mainly a-actinin, but other Z-line associated proteins have been
detected including a-actin,*®*' myotilin,** desmin and vinculin.*® This has led to the hypothesis
that rods form through an unchecked expansion of the Z-line.”” The mechanism of rod formation
is unknown, but the fact that all of the genes in which NM-causing mutations have been identified
encode proteins of or associated with the thin filament system suggests it is a consequence of altered
thin filament function. However, rod-like structures are not restricted to NM. Rod-like bodies have
been observed during myofiber regeneration,* in tenotomized muscle,” in muscles from patients
with HIV myopathy”” and mitochondrial myopathy,* in normal extra-ocular muscle, in muscle
under constant contractile stress®® and during prolonged (7 months) immobilization.*” Thus, rod
formation rather than beinga specific consequence of mutations in thin filament genes is probably
acommon response to certain types of mechanical and pathological stresses. This is emphasized in
arecent study on the 7PM3(Met9Arg) mouse model where immobilization of a hindlimb muscle
in a shortened position resulted in an increase in the number of rods per myofiber.®

Recent gene profiling studies on nemaline patients and the 7PAM3(Met9Arg) transgenic mouse
model have shown that chronic repair is a previously unrecognized feature of NM. Sanoudou and
colleagues examined the expression patterns of >21,000 genes (Affymetric oligonucleotide arrays)
in muscles from a heterogeneous group (i.c., various mutations) of patients with NM.* They found
increased expression of genes associated with proliferating myoblasts and satellite cells (NCAM1
and CDK#4). This was confirmed immunohistochemically using a satellite cell-specific marker,
Pax7, where there was a 10-fold increase in satellite cell abundance in the nemaline patient samples
compared to normal healthy muscle. This is consistent with data from the mouse model where
markers of satellite cell number, activated satellite cells and immature fibers (M-cadherin, MyoD,
desmin, Pax7 and Myf6) were elevated as determined by Western-blot and immunohistochemical
analyses. This study showed direct evidence of focal muscle repair in a number of muscles from
the nemaline mouse as identified by segmental regeneration with centrally-located myofiber nuclei.
In keeping with ongoing repair, there was an increase in the number of fibers with centralized nu-
clei compared to wild-type mice. The number of central nucleated fibers was rather low (7-12%)
compared to diseases characterized by overt regeneration (e.g., muscular dystrophies), which may
explain why this feature had not been reported previously for NM. In addition, muscles from
nemaline patients and from the mouse model have elevated levels of the tropomyosin isoform
Tm4 which is indicative of muscle repair." Taken together, these studies demonstrate that there
is a process of ongoing repair in nemaline muscle. This repair is distinct from the classical form
of muscle regeneration that occurs in the muscular dystrophies where there is myonecrosis and
extensive numbers of regenerating myofibers with centralized nuclei. The focal repair in NM may
be specific to diseases of the sarcomeric thin filament and are distinct from sarcolemmal repair in
muscular dystrophy.

Genetics of NM

The protein composition of rods and their thin filament association suggest that candidate genes
for NM are likely to be involved in the thin filament network. Indeed, all of the disease-associated
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mutations to date occur in genes that encode proteins that form part of or are closely associated
with the sarcomeric thin filaments. Mutations in a particular gene cannot predict the form of
inheritance or the severity of the disease and the wide range of clinical presentation has made
phenotype-genotype correlations difficult (Table 1). It has been estimated that mutations in the
NEB (nebulin) gene are responsible for 50% of NM cases, with A/CTA! the next most commonly
mutated gene (25% of cases) and the other identified genes accounting for 5-10% of cases.”*! It is
expected that mutations in other thin filament associated genes will be identified with time.

TPM3 (o-Tropomyosin Slow) and NM

The first NM-causing mutation described was a missense mutation (Met9Arg) in the T7PM3
gene in a single Australian family resulting in a late onset form of NM.? Since there have been only
four other case reports of NM caused by 7°M3 mutations ( Table 1).%* One homozygous nonsense
mutation (Gln31Stop) was identified in a sporadic severe infantile case® and two 7PM3 mutations
(Stop285Ser and a mutation leading to an inappropriate splice between exons 9a and 9d) were
found in a compound heterozygous patient with intermediate NM.* Recently Penisson-Besnier
et al“ identified an autosomal dominant mutation (Argl67His) in a four generation family with
amild classical form of the disease. This mutation had been reported previously in a sporadic case
presenting with atypical NM.* The clinical phenotype of TPM3-based NM patients is quite vari-
able, although of the reported cases the autosomal recessive mutations appear to be more severe
than the dominant mutations. The homozygous patient (Gln31Stop mutation) had extremely
delayed motor development and died at 21 months of age* while the compound heterozygous
patient was hypotonic at birth, was able to walk at 17 months, but became wheelchair bound at 6
years of age.* In contrast, the patients with the dominant mutations showed childhood onset and
slow disease progression.** It is important to note that the Argl 68His mutation is present in all
cytoskeletal isoforms and the Stop285Ser mutation is present in six cytoskeletal Tm isoforms.” A
number of these cytoskeletal Tms are expressed in all nonmuscle cells as well as skeletal muscle. This
raises the question of whether any of the observed features in these patients are due to dysfunction
of these cytoskeletal Tms in nonmuscle as well as muscle tissues.

The TPM3(Met9Arg) Mouse Model of NM

We generated a transgenic mouse model of NM by expressing the dominant negative
TPM3(Met9Arg) mutant in skeletal muscle.* This mutation results in a mild childhood-onset
form of the disease (Table 1).? This mouse model has all features of the human disease including
lean body mass, the presence of nemaline rods in skeletal muscle, an increase in slow/oxidative fibers
and fast fiber hypertrophy. The hypertrophy of glycolytic fast fibers was apparent at 2 months of
age, but this hypertrophy declined as the mice aged coincident with muscle weakness beyond 5-6
months of age. This mimics the late-onset of the disease of patients with this mutation and suggests
that the hypertrophy of fast fibers is a compensatory mechanism to reduce muscle dysfunction.”’
There was also an increase in the number of slow/oxidative fibers at 1 month of age and this was
maintained through adulthood, indicating disruption of the early postnatal maturation of the
different fiber types. As has been observed in muscles of a human nemaline patient,? the number
of rod-containing fibers in different muscles varied significantly in the mouse and was not depen-
dent on the level of mutant protein expression. In some muscles (e.g., soleus and gastrocnemius)
there was little evidence of disruption to the thin filaments suggesting that the presence of the
Met9Arg mutation per se does not alter the normal formation of the sarcomeric thin filament.
The mutant protein appeared to incorporate correctly into the sarcomere of the myofibers in the
mouse*®* which agrees with data obtained when ectopic TPM3(Met9Arg) protein was expressed
in cultured cardiomyocytes.!

Mechanisms of Muscle Weakness in NM—Information from TPM3(Met9Arg)

There is much debate about the precise involvement of nemaline rods and other nemaline
pathologies in the development of muscle weakness. For example, in a number of studies the
number of rod-containing fibers has been shown to correlate poorly with age of presentation and
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severity of disease.?*>>>* The results in the nemaline mice concur with this as in early life (<5-6
months of age) these mice are not grossly weak and yet there are many rod-affected fibers in the
diaphragm and many forearm and hindlimb muscles.*® However, in humans the more severe forms
of NM tend to be associated with more extensive sarcomeric disruption® and the greater number
of rods in the diaphragm is associated with ventilatory insufficiency.***’ It seems reasonable that
a threshold level of rods per fiber or rod density has to be exceeded before sarcomere disruption
becomes extensive enough to result in clinical signs of muscle weakness. Below this threshold,
compensatory mechanisms such as fast fiber hypertrophy and slow fiber predominance may be
able to effectively combat the functional defects of the mutated protein.

Metzger and coworkers expressed the TPM3(Met9Arg) protein in primary cardiomyocytes to
investigate the mechanisms for muscle weakness in NM.>">* Expression of the TPM3(Met9Arg)
protein leads to a decrease in sensitivity of the thin filament to Ca®* and more rapid muscle re-
laxation following a muscle stimulus. These alterations predict a reduction in muscle strength.
However, extrapolation from studies in which a mutant Tm is expressed in the inappropriate cell
type to disease features is problematic. The same Tm mutation expressed in both heart and skeletal
muscle may only elicit a phenotype in one of these tissues. In addition, expression of a mutant
protein in skeletal muscles does not elicit the same pathologies or degree of muscle weakness in
all muscles. These observations tell us that the effect of the mutant protein on muscle function is
context dependent (see Chapter 11).

De Haan and colleagues measured the contractile properties of muscle from the 7PM3(Met9Arg)
mouse model to try and understand the mechanism for muscle weakness.”® Analysis of muscle
contractile properties in these mice failed to detect muscle weakness when measured at optimum
muscle length. However, isometric force was found to be decreased at lengths below optimum which
may indicate compromised thin filament function. The relatively mild alterations to contractile
function observed in this study speaks to the relatively benign nature of the Met9Arg mutation
and the fact that measurements were made on a muscle (gastrocnemius) that has few rods (< 5%
of fibers) and from mice of an age when they are not overtly weak.*

A study in the TPM3(Met9Arg) mouse suggests that the mutant Tm elicits an alteration to
tropomyosin dimer formation which could result in muscle weakness.”® In normal muscle, the
of Tm heterodimers are the predominant dimer species. A preferential decrease in expression of
B-Tm occurs in muscles of the 7PM3(Met9Arg) mouse and in patients with this mutation. This
was evident even in the early stages of postnatal development in the mouse model (1-2 weeks after
birth). A decrease in B-Tm was also observed in the compound heterozygous patient with interme-
diate NM (discussed above),”® indicating that this may be a common feature of TPM3-associated
NM and a useful diagnostic marker for this form of the disease. In vitro studies using recombinant
proteins or sarcomeric extracts from the mouse model showed that the presence of the mutated
a-Tmy,, protein promotes the formation of ao dimers rather than the normal af dimer pair.®
As the Bp Tm dimer species has poor actin binding properties, it is proposed that the Met9Arg
mutation promotes the preferential incorporation of the aa dimer into the thin filament (see
Chapter 6). The change in composition of the actin filament rather than the presence of the mu-
tated protein per se may be the primary cause of the contractile dysfunction and muscle weakness
in this form of NM.

Potential Treatments for NM

Since so many different mutations in different genes result in NM, therapies for NM have
focused on treatments that are not mutation specific, but rather that can alleviate general patholo-
gies and clinical conditions such as muscle weakness.

Exercise

There is some debate about the use of exercise as a treatment modality for muscle weakness in
the myopathies. This has largely stemmed from the fact that the dystrophies are characterized by
increased susceptibility to exercise-induced damage. However, there is good anecdotal evidence that
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patients with NM who are able to exercise can increase their muscle strength and endurance capa-
bilities. We examined in detail the exercise capabilities of the 7PM3(Met9Arg) mice.’® Nemaline
mice were put through an intensive 4 week treadmill training program. The mice successfully
completed the 4 week treadmill exercise program with no evidence of increased pathology.

Patients with NM experience prolonged muscle weakness following periods of immobility.
Having shown that the 7PM3(Met9Arg) mutation can engage in exercise without adverse effects,
we examined endurance exercise as a means of improving recovery following muscle inactivity in
the transgenic mouse model.*’ Physical inactivity, mimicked using a hind-limb immobilization
protocol, resulted in fiber atrophy and severe muscle weakness. Foﬂowing immobilization, the NM
remained weak for prolonged periods with just cage rest, but with 4 weeks of exercise training were
able to completely regain whole body strength. These exercise studies on the mice clearly suggest
that exercise may be a useful treatment option for muscle weakness in nemaline patients who are
able to perform some form of exercise.

29,53

Enbhancing Hypertrophy

Hypertrophy-promoting therapies, such as overexpression of insulin-like growth factor-I
(IGF-I) and application of myostatin antagonists (antibodies), have been shown to be beneficial in
mouse models of muscular dystrophy presumably by increasing muscle strength.>”>® Compensatory
hypertrophy is a common feature of NM and may contribute to the mild phenotype of the
TPM3(Met9Arg) mouse and patients with this mutation. Thus, the use of these hypertrophy
promoting therapies may be particularly effective in treating muscle weakness in NM. The
TPM3(Met9Arg) mouse and other models with greater disease severity will be extremely useful
in evaluating the effectiveness of these molecules to alleviate muscle dysfunction in NM.

Dietary L-Tyrosine

In one reported case, an 11-year-old boy with NM was treated with L-tyrosine and this led to
an improvement in muscle strength, appetite and weight gain.>” Of particular note was that there
was a substantial decline in pharyngeal secretions and drooling within 48 hours of commencement
of treatment. This prompted a study involving a small number of patients that suggests that oral
administration of L-tyrosine may lead to clinical improvement in patients with NM.® L-Tyrosine is
anon-essential amino acid that is the precursor for the synthcsis of the catecholamines dopaminc,
norepinephrine and epinephrine. These compounds are important neurotransmitters involved in
the regulation of motor co-ordination, behaviour, learning, memory, sleep—wake cycle regula-
tion and endocrine functions. In healthy subjects, L-tyrosine administration appears to improve
cognition and performance and perhaps the stamina and strength in weight lifters and in sprint
athletes. A reduction in patient drooling may reflect increased central dopaminergic activity.

TPM2 (B-Tropomyosin), NM and Cap Myopathy

Skeletal muscle diseases associated with mutations in 7PM2 are rare with only 4 cases reported
to date (Table 1).>>¢! Donner et al? reported two cases that were diagnosed at presentation with
NM; however, rods were not confirmed in the second case. The first case was a patient with a
heterozygous mutation (Gln147Pro) who had a mild, atypical form of NM with diagnostic
rods, but died at age 51 from respiratory causes. The second case was of a mother and son with a
heterozygous mutation (Glul17Lys). The son was originally diagnosed with NM because he had
typical physical features, type 1 fiber predominance, type 1 fiber hypotrophy and broad Z-lines
thought to be rods. However, upon closer inspection rods were not confirmed. Therefore, in the
absence of a diagnostic pathology, the disease features appear to be more reminiscent of congenital
fiber type disproportion (CFTD) (see below). Both the GIn147Pro and Glul17Lys mutations are
in exons shared with the cytoskeletal Tm encoded by 7PM2, Tm1. However, it is not clear that
Tml is expressed in skeletal muscle fibers and therefore it is unlikely that the clinical features in
the patients are due to dysfunction of the cytoskeletal Tm filaments.

Tajsharghi et al® reported a mother (66 years old) and daughter (35 years old) with a missense
mutation (Glu41Lys) in 7PM2 who both had proximal and distal muscle weakness and the typical
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facial features of NM, hypotonia and type 1 fiber predominance. However, only the mother had
nemaline rods as confirmed by Gomori-Trichrome and EM analysis. Interestingly, the mother had
an earlier biopsy at 32 years of age with no evidence of nemaline or other lesions. However, only
limited histology was carried out and only one muscle was examined. Since nemaline rod abundance
can vary significantly between muscles of an individual patient,” an observation confirmed in the
TPM3(Met9Arg) mouse model,® it is possible that the rods were present in other muscles of the
mother at the earlier age and are present in other muscles of the daughter. Interestingly, both mother
and daughter had cap-like structures in their muscle (see ‘cap myopathies’ below). Therefore, this
family provides an example of a single mutation in a 7PM gene that elicits distinctive pathologies
characteristic of different myopathies. Cap myopathy with mild nemaline rod involvement was
also reported in a patient with a deletion of a single glutamate residue (p.Glu39del) in 7PM2, the
first reported identification of mutation that causes cap myopathy.’

Cap myopathy is a congenital myopathy where the diagnostic feature is a “cap” structure at the
periphery of myofibers. Caps manifest as disorganized myofibrils comprised primarily of thin fila-
ments with enlarged Z-lines and accumulations of mitochondria and glycogen, and that lack thick
filaments and the associated ATPase activity. In caps, thin filament and thin filament-associated
material consists of desmin, actin, SERCA?2, tropomyosin, troponin, nebulin and myotilin. Each
of these features can be found in NM myofibers with the distinction that they are not organized in
distinctive ‘caps’ Therefore, cap myopathy has many similarities to NM suggesting similar underly-
ing mechanisms for the pathophysiology of the two conditions. Indeed, cap myopathy may be a
variant or early form of NM since as mentioned previously, members of the same family carrying
the same mutation can have either cap myopathy or NM or both (Table 1).6*%* As in NM, patients
with cap myopathy can have hypotonia and relatively nonprogressive muscle weakness, predomi-
nant involvement of the proximal muscles, bulbar weakness, hypotrophy (incomplete growth) or
atrophy of type 1 and hypertrophy of type 2 fibers, and predominance of type 1 fibers.

Taken together, these cases suggest that the physical and clinical features of patients with muta-
tions in 7PM2 will be similar to those with NM and that the pathologies may be characteristic
of NM, cap myopathy and/or CFTD. In addition, pathologies may vary among family members
and NM inclusions may be relatively rare.

TPM?2 and Distal Arthrogryposis Type 1 (DA1)

Distal athrogryposis type 1 (DA1) is an autosomal dominant congenital disorder character-
ized by distal contractures such as camptodactyly (permanent flexion of fingers) and clubfoor.
Sung et al* identified a missense mutation Arg91Gly in TPM2 that causes DA1 and they state
that there was no evidence of neurological abnormalities and no nemaline rods were found in
biopsy sections. Therefore, the clinical features elicited by this mutation are very distinct from
those that cause NM and cap disease. They propose that the mutation may cause an irregularity
in the coiled coil disrupting actin-Tm interaction. Mutations in TNNI2 that encodes troponin I
fastand TNNT73 that encodes troponin T fast have been identified that cause a more severe form
of distal arthrogryposis DA2B. Troponins I, T and C form the troponin complex that is the sen-
sor of intracellular calcium in muscle fibers and therefore a key regulator of muscle contraction.
Troponin T interacts with Tm of the thin filament to transfer the calcium binding signal from TnC
through to the actin filament, affecting the engagement of the myosin head with actin. Therefore,
itis tempting to speculate that mutations in 7PM2 that result in DA1 affect Tms interaction with
the troponin complex.

The mutations identified to date in TPM2 are expected to alter the cytoskeletal tropomyosin
Tm1. Tm1 is present in very low amounts in the skeletal muscle bed and may not be present in muscle
fibers. The lack of an overt effect of these mutations in Tm1 in other cell types may reflect isoform
compensation by other cytoskeletal Tm isoforms present. Sarcomeric Tm isoforms preferentially
form heterodimers; whereas, cytoskeletal Tms exclusively form homodimers and this property may
‘save’ nonmuscle cells from the poisoning effect of mutations in one isoform (Chapter 6).
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TPM3 and Congenital Fiber Type Disproportion (CFTD)

Congenital fiber type disproportion is characterized by the absence of any pathological features
with the exception of a predominance of uniformly small type 1 fibers. As such, this defining disease
feature is common to other myopathies with thin filament gene involvement and is diagnosed
based on the exclusion of other distinct pathologics. Mutations have been identified in three
genes to date that give rise to this disorder: ACTA1,% SEPN1,% TPM3.° Missense mutations in
TPM3 currently are the most common cause of CFTD and the clinical features fit in the spectrum
described for NM (Table 1). Presentation is early, typically within the first year with marked head
and neck muscle weakness. Muscle function improves through to adolescence and stabilizes or
declines slowly and respiratory problems can occur. Contractures are common predominantly
in the neck and in association with kyphoscoliosis. Individuals are slender with proximal muscle
weakness especially in the legs. Z-line distortion is common however, rods are not. The mutation
TPM3(Argl68His) causes both NM and CFTD and this can occur within a family suggesting
that the Z-line distortions typical of CFTD may be precursors of rods.

All but one of the mutations in 7PM3 that cause CFTD occur in positions for ¢ of the a
helix and alter polar basic residues. It is predicted that these mutations will alter interaction with
sarcomeric actin.® One mutation (Leul00Met) occurs in the 4 position of the a helix which is
a conservative change. It is postulated that this may affect Tm dimer formation since we have
shown that this occurs with another conservative mutation in the 2 position, His40Tyr, which
causes NM.>

All of the mutations in 7PM3 that cause CFTD mutations are present in all of the cytoskeletal
isoforms encoded by the gene again raising the possibility that some features of this disease may
be due to mutations in the cytoskeletal isoforms rather than or in addition to the mutant skeletal
muscle isoform.

Cardiac Involvement in 7PM-Based Myopathies

In all forms of NM, cardiac involvement is rare; however, in those cases where nemaline rods
have been detected in the heart, the resultis dilated cardiomyopathy.*® The mutations in patients
that present with NM with cardiac involvement have not been identified. It is assumed that the
rarity of cardiac involvement in the majority of nemaline patients is due to the fact that most of
the genes that have been identified as causing NM do not encode major isoforms expressed in the
heart (a-skeletal actin, B-Tm, a-Tmy,,, nebulin, troponin T slow).%¢” However, a CFTD patient
with the T7PM3(Argl 68His) mutation has a mild left ventricular hypertrophy® which suggests
that the mutations in even minor isoforms can affect heart function, but that this clinical feature
may not be sufficiently overt to detect.

Mutations in both T7PM1 and TPM2 are known to cause cardiomyopathy (see Chapter 11).
However, while the TPM1 gene is expressed in both skeletal muscle and cardiac muscle, patients
with cardiomyopathy-causing mutations in 7PM1 do not appear to have skeletal myopathy. In
contrast, patients with cardiomyopathy with 7PM2 mutations often develop central core disease.
Itis unclear why cardiomyopathy mutations in 7PM1 do not produce overt skeletal muscle abnor-
malities. However, a compellingargument is made in Chapter 11 that more sarcomeric Tm species
are expressed in skeletal muscle than in heart and the presence of both hetero- and homodimers
in skeletal muscle in comparison with the reliance on Tm homodimers in the heart, may help to
mask the deleterious effect of a mutation in skeletal muscle. In addition, the point is made that the
context of the mutation, i.e., heart or skeletal muscle, may significantly impact on clinical features
due to the differences in functional demand and associated proteins, e.g., TPM3 (Met9Arg) results
in NM with no apparent impact in the heart.

Conclusions and Perspectives

The discoveries that mutations in Tms encoded by 7PM2 and 7PM3 cause at least four diseases
of skeletal muscle are relatively recent findings. At present it isn’t understood how different muta-
tions in these genes can give rise to such a range of different pathologies, why specific muscles are
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affected and why pathologies are not present in all muscles where the mutant protein is expressed.
In addition, it is currently unclear how mutations in thin filament genes lead to the formation of
rods and other pathophysiological features. Although it is apparent that mutations in sarcomeric
Tms impact on the structure and function of the actin thin filament, it is unclear whether these
mutations alter specific aspects of muscle contraction or are the result of alterations to the structural
integrity of the actin filaments. To date, the only mechanistic dysfunction that has been identified
is the alteration to preference for heterodimer formation by the 7PM3(Met9Arg) mutation that
could result in thin filament weakness in NM. Although, there remain many questions to answer,
there are emerging trends that in time will provide insight into potential mechanisms of Tm
dysfunction as well as lead to important insights into actin thin filament structure and function.
Three of the diseases, NM, cap disease and CFTD share a number of clinical features including
hypotonia, non or slowly progressive muscle weakness, slender build, predominant involvement
of the proximal muscles, bulbar muscle weakness, type 1 fiber hypotrophy and predominance and
hypertrophy of type 2 fibers. However, since these features are shared with myopathies caused by
mutations in a number of thin filament-associated genes, it is possible that the subtle differences
in disease pathologies amongst the TPM diseases, i.c., ‘caps, Z-line distortion vs rods, type 1 fiber
hypotrophy in the absence of filament disruptions, etc., may ultimately provide insight into the
function of different Tms and different regions of Tm proteins. An important concept that has come
to light is that muscle context affects the impact of a mutant Tm—skeletal vs cardiac muscle, distal
vs proximal muscles. Clearly, the function of a muscle and the differences in Tm-associated proteins
in different muscles will impact on the read-out of the mutant protein. Finally, the discovery that
myopathy-causing mutations may also reside in cytoskeletal Tms present in muscle adds another
level of complexity to the assignment of disease features to underlying mechanisms.
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CHAPTER 13

Tropomyosins in Human Diseases:
Ulcerative Colitis
Kiron M. Das*and Manisha Bajpai

Abstract
‘ I lcerative colitis (UC) is a form of chronic inflammatory bowel disease (IBD) that almost
always affects the rectal mucosa and variable length of the colon in continuity and at
times mucosa of the entire colon. It is not caused by any specific pathogen. Genetics,
environmental factors and altered immune responses to dietary macromolecules, colonic bacteria
and cellular proteins have been implicated in the pathogenesis of UC. Autoimmune response
against cytoskeletal, microfilament protein tropomyosin (Tm) seems to play an important role in
the pathogenesis of UC. The predominant colonic epithelial Tm isoform, hTmS5, can induce both
humoral (B-cells) and cellular (T-cells) response in patients with UC. Such responses are not seen
in normal subjects and disease control subjects, such as patients with Crohn’s disease (CD, another
type of IBD) and patients with lupus. A novel observation that KTmS5 is expressed on colon epi-
thelial cell surface but not on small intestinal epithelial cells provides evidence for presentation to
immune effector cells. This surface expression of hTmS5 seems to be facilitated by a colon epithelial
cell membrane associated protein, CEP, that acts as a chaperone for the trans-migration of hIm5
to the surface and both hTm5 and CEP are then released outside the cell. Both CEP and hTm5
expression are increased with pro-inflammatory cytokine, such as y-interferon. hTmS5 expression
in UC mucosa is also significantly increased compared to normal. Finally, autoantibodies against
hTmS5 observed both in circulation and in the colon mucosa of patients with UC are pathogenic
causing colon epithelial cell destruction by antibody and complement mediated cytolysis.

Introduction

IBD is a general term for a group of chronic inflammatory disorders of unknown etiology
involving the gastrointestinal tract. UC is a form of IBD primarily associated with chronic inflam-
mation of the large intestine (colon mucosa) starting from the rectum proximally up to the variable
length of the colon. The other form of IBD is known as CD that involves the entire thickness of
the bowel and can affect both small and large intestines. Symptoms of ulcerative colitis include
rectal bleeding, mucus discharge and diarrhea. Depending on the state of the disease, endoscopy
reveals reddening of the mucosa, increased friability, mucosal bleeding, ulcerations, pseudopolyps,
granularity and loss of vascular architecture. UC is usually associated with recurrent attacks or flares
with complete remission of symptoms in the interim. Drugs-Corticosteroids, aminosalicylates,
immunomodulators and anti-TNFa preparations interacting at various levels along the immune
and inflammatory cascades are available for the treatment of UC. They effectively induce remission
and some of them are largely used to prevent disease recurrence.
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In patients with IBD, the immune system seems to be abnormally activated in genetically
susceptible host by an unknown antigen (dietary, bacterial and colon epithelial) in the GI tract.
Although UC and CD share several common anatomical locations such as colon and clinical
features, the mucosal immune response in UC differs from that occurring in CD. A T-cell driven
immune response indeed predominates in CD and most of the pathophysiological changes
in CD inflamed tissue can be related to the effects of T helper cell type 1 (Th1) cytokines.
Diﬂércntly in UC, characteristics ofpathological changes, including the cpithelial damagc, the
occurrence of multiple (auto)antibodies and evidences from several immunopathological studies
suggest that in UC an enhanced humoral immunity predominates. In UC also there is an increased
number and state of activation of lamina propria mononuclear cells (LPMC) in the involved gut
that gives rise to an increased mucosal release of soluble mediators. Although the cytokine profile
in UC is less defined that for CD, the role of IL-5 in UC is of interest as this cytokine contributes
to the development of a humoral-mediated immune response.® The continued abnormal activation
of the immune system results in chronic inflammation. UC is, however, a systemic disease that can
affect other parts of the body outside the intestine, involving joints, skin, eyes and the bile ducts
in up to 20% of the patients.

Epidemiology

The disease is frequently seen among young adults in their twenties or thirties. It is more
common in Caucasians than in Blacks or Orientals with an increased incidence (three to six folds)
in Jewish ethnicity. Both sexes are equally affected. In Western Europe and in the USA, UC has
an incidence of approximately 6 to 8 cases per 100,000 populations and an estimated prevalence
of approximately 70 to 150 per 100,000 populations.

Factors Involved in the Pathogenesis of UC

Extrinsic Factors

Diet

No specific dietary factor has been shown to be involved in the pathogenesis of UC. Lactose
intolerance, causing diarrhea, is a common problem in almost half of the world’s adult population
with some ethnic variation. It does not dircctly affect UC except that it can increase diarrhea.

Bacterial Infection

The bacteria that normal live in the colon also have an important role in the development of the
disease, since animals at risk for developing colitis do not develop it when raised in a bacteria-free
environment. Patients who are susceptible for UC may develop the chronic disease following an
attack of bacterial colitis.

Environmental Factors
Cigarette smoking prevents flare-ups of colitis, particularly among the past smokers. The
mechanism of this protection is unclear.

Stress
While stress can aggravate the symptoms, it does not cause the disease.

Intrinsic Factors

Genetic Susceptibility

Various factors are suspected of triggering UC in people who have a genetic susceptibility.
However, no single factor has been consistently proven to be the primary trigger. In contrast to
the identification of a definite susceptibility gene NOD/CARD1S5 in Crohn’s disease no specific
gene has yet been linked to UC. There is compelling evidence that ulcerative colitis tends to run
in families, suggesting that genetics does have a role in this disease. About 10 to 25 percent of
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affected people have a first-degree relative (either sibling or parent) with inflammatory bowel
disease (either ulcerative colitis or CD). Linkage studies have associated colitis with the HLA
classlI alleles on chromosome 6P.%” Other gene families with potential yet differing population
association are Interleukin 1 family of genes on chromosome 2q13¢” and the multidrug resistance
gene (MDRI) on chromosome 7.6

Autoimmune Etiology of Ulcerative Colitis

Autoimmunity has been emphasized in the pathogenesis of UC. Broberger and Perlmann
(1959), from Sweden, were the first to report that ulcerative colitis might be an autoimmune disease.
Using a phenol-water extract of fetal colon as antigen, they demonstrated high-titer haemagglu-
tinating antibodies to an unknown colon antigen in children with ulcerative colitis." Using the
indirect immunofluorescent technique, they showed that those antibodies reacted with colonic
epithelial cells. Autoantibodies against colonic epithelial components have been subsequently
confirmed by many other investigators.!

Patients with UC appear to have a disturbance in oral tolerance. Peripheral blood lymphocytes
(PBL), as well as lamina propria lymphocytes (LPL)-T-cells from patients with UC, are cytotoxic
in vitro specifically for human colonic, including autologous, epithelial cells."” In an animal model
of chronic colitis with trinitrobenzene sulfonic acid (TNBS), oral tolerance was demonstrated by
feeding total colon extract as well as colon epithelial cell extract to the animals.” Such tolerance
lacked with small intestinal extract, suggesting organ specificity of the autoimmune process.

Thata colon epithelial antigen is crucial in organ-specific inflammation in UC, is strongly sup-
ported by a model of UC in mice, transgenic for the human CD3e gene (Tge26), which displays
carly arrest in T-cell development.™* It appears that T-cells selected in an aberrant thymic micro
environment contain a population of cells that can induce severe colitis, but that this can be pre-
vented by T-cells that have undergone normal thymic development. Inoue et al'® reported that
B-cell lines, established from LPL and PBL of UC patients that produce anti-colon epithelial cell
antibody, expressed a restricted Vi3 family usage, strongly suggesting that a particular antigenic
stimulus from colon epithelial cell contributed to the pathogenesis of UC.?

Tropomyosin (Tm) as an Autoantigen in UC

Humoral Response to Tm, Particularly to hImS, in UC

We reported a disease specific IgG antibody bound to colon mucosa (colitis colon bound IgG
antibody or CCA-IgG) in UC and not in CD.*¢ Using the CCA-IgG, by Western blot assay we
identified a 40 kDa protein termed “p40” that is present in colon mucosal extract and specifically
binds with CCA-IgG."” IgG antibodies in UC, capable of binding to colon epithelial cell targets
and causing antibody dependent cell mediated cytolysis (ADCC) and a significant increase in
IgG1 producing cells in the mucosa was found in UC when compared to CD, where all IgG
subclasses (particularly IgG2) predominated.’®" Furthermore, in UC and not in CD, this IgG1
deposition on colonic epithelium was associated with C;b and terminal complement complex
deposition against the “p407.2°

P40 was subsequently purified to homogeneity and sequence analysis demonstrated 93-100%
identity with Tm.*' Tms are cytoskeletal microfilament-associated proteins present in all eukary-
otic cells, with organ specific isoform(s) (molecular weight ranging from Mr 30 to 40K) and with
distinct functions (see chapters 4,15 and 16).22 hImS cooresponds to the mammalian isoform
TmSnm1 (see chapters 2 and 16). The majority of UC sera, as well as IgG (mostly IgG1) synthesized
in vitro by lamina propria lymphocytes (LPL)-B-cells from UC, but not from CD, recognized
hTms, particularly isoform 5 (hKIm5),” the isoform most abundant in colon epithelial cells.*
Plasma cells isolated from the involved intestinal mucosa of both UC and CD patients produce
high immunoglobulins G (IgG) levels. However, up to 42% of mucosal B-cells in UC were found
to be committed to produce IgG antibody against hTm5.” Such an anti-hTm5 immune response
was absent in CD, suggesting discase specificity of hImS5 as an autoantigen in UC. While in CD
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mucosa the IgG1/IgG2 subclass ratio is similar to controls, in UC-diseased gut there is a marked
increase of [gG1 subclass antibodies, capable of complement activation.?

IgG antibodies against Tm isoform 5 (Tm5) and to alesser extent iTm1 have been shown to be
spontancously released by LPMC infiltrating UC tissues.”** The major hTm isoforms present in
colonic and jejunal epithelial cells are hTmS and hTm4, whereas intestinal smooth muscles contain
hTm1, hIm2 and hIm3 isoforms.?* IgG, particularly IgG1, synthesized in vivo by LPMCs from
UC recognized hTm5 and hTm1, more significantly (p <0.04 and p <0.001) when compared with
CD and controls, IgG produced by LPMCs from CD did not show such anti-hTm reactivity. In
UC non IBD colon epithelium, deposits of activated complement and IgG1 antibodies have been
detected by immunofluorescence analysis to be colocalized with the expression of “p40” antigen
that was subsequently found to be hTm5.2?! These observations suggest that in UC colon, the in
situ immune-recognition of a putative autoantigen “p40”, by specific IgG1 antibodies, is followed
by complement activation causing cell destruction. This mechanism of cytolysis of colon epithelial
cells may represent one of the important pathogenic processes capable of amplifying and perpetuat-
ing the acute and chronic inflammatory process in UC.

Cellular Immune Response to hTmS in UC

Subsequently, we further demonstrated that hIm5 can induce T-cell response with release
of y-IFN in UC.* Such response was not seen in CD, indicating disease specificity. This study
demonstrated, for the first time, that a defined colon epithelial cell antigen, hTm5, is capable of
inducing a significant T-cell response in UC but not in CD.?

Other Studies Supporting the Role of Tm in UC

In an independent study from Japan, the anti-Tm antibody was detected frequently in UC but
not in CD.?® Furthermore, antibody dependent cell mediated cytolystic (ADCC) activity of UC
sera was associated with the antibody against a synthetic Tm peptide.”®

Mizoguchi el al”” demonstrated IgG antibodies against Tm in the animal model of TCRa
mice that develop spontancous colitis. They further reported a positive correlation of anti-Tm
antibody titer to severity of colitis.** That Tm has potent antigenic potential is supported by a
structural analysis of 109 autoantigens involved in various autoimmune diseases that showed a
majority of antigenic peptides have significantly charged coiled-coiled helices. Interestingly, a-Tm
has the highest potential as an autoantigen.* Autoimmunity to alpha-tropomyosin was also found
in Behcet’s syndrome and Tm was found to be pathogenic as Tm induced lesions in the uveal tract
and skin with features of Behcet’s disease.? It has been shown that Tm extracted from human
cardiac muscle has immunogenic epitopes that cross react with group A streptococcal M protein
that causes autoimmune myocarditis.”

/-

Family Study

Usingalarge number of IBD patients and their first degree blood relatives, Biancone, et al reported
that in UC, anti-hImS5 IgG was higher in sera from UC probands were more frequently seropositive
for KTmS5 IgG, while sera from UC relatives were more frequently seropositive against both hTm1 and
KTmS, suggesting genetic susceptibility to immune recognition of HIm isoforms in UC>*

Surface Expression of hTmS5 in Colon Epithelial Cells

We further demonstrated a novel observation that hIm5 physically binds with a colon epithelial
membrane associated glycoprotein (Mr > 200K), termed CEP that reacts with the monoclonal
antibody 7E12H12.3>% CEP acts as a chaperone and appears to form CEP+hIm5 complex and
both are expressed on cell surface and spontaneously released from the cells in the environment.*
CEDP is expressed specifically in colon epithelial cells and not with any other parts of the gastro-
intestinal tract, including small intestine.> This may explain why hTmS5 is not expressed on the
surface of small intestinal enterocytes.” The novel observation, that hTmS5 is expressed on colon
epithelial cell surface and not on small intestinal enterocytes, provides the possibility that the
putative autoantigen may be accessible to the hyper-responsive mucosal immune effector cells,
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both humoral and cellular response. This may also be important to explain why UC is restricted
to colon. In a colon cancer cell line model, we observed that both hIm5 and CEP expression on
the surface is increased when cultured with interferon-y.*** Expression of hIm5 in the colonic
mucosa is significantly increased in patients with UC.#4!

Extraintestinal Manifestations of UC

Up t0 20% of patients with UC demonstrate extraintestinal inflammation including the biliary
epithelium (primary sclerosing cholangitis), skin (Pyoderma gangrenosum), eyes (uveitis) and joints
(arthritis). As mentioned above, CEP is specific to colon epithelial cells, however, the corresponding
epitope reactive to the 7E12H12 mAb has been detected in biliary epithelium, keratinocytes, the
nonpigmented ciliary epithelium of the eyes and chondrocytes.** More recently, iTmS has also
been localized at these extraintestinal sites where CEP is also expressed (Fig. 1). Such a selective
reactivity matches well with established extracolonic complications in UC involving the eyes, skin,
joints and biliary epithelium.*

The pathogenesis of UC and of the most common extraintestinal manifestations such as
primary sclerosing cholangitis is also immunologically mediated and appears to be mainly due to
an autoimmune-related process.®** Antibodies against biliary epithelial cells (BEC) have been
reported in patients with PSC.*>% The anti-hTm autoantibody was found in 100% of patients with
primary sclerosing cholangitis.”® Furthermore, the specific IgG antibodies to BEC were capable of
initiating ERK1/2 signaling and up-regulation of TLR and production of cytokines and chemo-
kines leading to recruitment of inflammatory cells.”” These results suggest that in PSC the BECs
are not only targets of the immune attack, but may also act as inflammatory mediators.

Aberrant homing of mucosal T-cells has also been suggested to be responsible for extraintes-
tinal manifestations of IBD.* Various inflammatory cytokines also have an important role in the
recruitment of inflammatory cells and tissue damage. The autoimmune basis of extraintestinal
manifestations is also supported by several clinical observations including a higher prevalence of
autoimmune discase among patients with UC with extraintestinal inflammations compared to
control populations,® improvement of disease activity following immunomodulator and anti-TNF
therapies. Pyoderma gangrenosum was remarkably improved with anti-TNF treatment.”’

A reasonable hypothesis is that a central process to the occurrence of extraintestinal manifesta-
tions is the development of self-reactive B-cells, which are triggered to produce IgG autoantibodies
directed against self antigen(s) such as hIm5+CEP related epitopes in UC that is present in the
target colon epithelial cells and biliary epithelial cells.?*****3”# The specific antibodies are capable
of inducing inflammatory response.”>° This process is facilitated by CD4* T-cells, which may
cause enhanced antigen presentation, aberrant homing in various organs,* thereby facilitating
an immune response, particularly in genetically susceptible individuals. In addition, autoreactive
T-cells (CD4* or CD8*) may be primed by microbial antigens that are crossreactive to autoanti-
gens restricted to specific extracolonic organs, the concentrations of which are normally too low
to permit recognition by naive T-cells.!

Differential Expression of “P40 (Tm)” in the Colon Mucosa
and Influence of Cytokines on hITmS Expression

Using two- and three-color immunofluorescence assay, Halstensen et al reported colocaliza-
tion of IgG1 autoantibody with p40, along with activated complement products, in UC and not
in CD.* They further reported that the distribution of “p40” in the colon was intriguing, with
increasing expression caudally from cecum to left colon and the rectum showing intense staining
of all colonocytes. Such an expression correlates with the clinical distribution of UC. These results
may explain the location of the disease, severity of disease and why the rectum is the last site to
heal following treatment. Expression of hIm5 has been recently shown to be upregulated in the
colon epithelium of patients with UC.#!
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Figure 1. hTm5 expression in normal colon (A), ileum (B), gallbladder (C), ciliary body in the
eye (E) and skin (G).37 hTm5 expression in the colonic mucosa is intense and cytoplasmic,
with even stronger reactivity (dense bandlike) evident along the brush border area (arrow)
and basal areas. The reactivity in the ileum is faint cytoplasmic and no reactivity is evident
along the brush border (arrow). Strong reactivity with CG3 monoclonal antibody (anti-hTm5) is
evident in the biliary epithelium from a gallbladder mucosa, nonpigmented ciliary epithelium
(outer layer) in the eye and keratinocytes in the skin. CGp6 (anti-hTm2/3) reacted with neither
the epithelium of the colon and ileum (not shown) nor gallbladder (D), eye (F) and skin (H).
Pigmented layer (inner layer) of ciliary process is seen in both (E) and (F).
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Figure 2. On the basis of current information, this is a model for colon epithelial cell destruc-
tion in UC through an autoimmune response to human tropomyosin isoform 5 (hTm5).>° The
hTm5 is closely associated with colonic epithelial cell protein (CEP) and is presented to T- cells
through MHC Class Il. The T-cells, stimulated by hTm5, produce cytokines, such as IFNy
which up-regulates expression of hTm5 and MHC Class Il on the epithelial cells. T-cells may
produce B-cell stimulatory factors that promote the production of hTm5-specific antibodies.
These antibodies may induce disease by triggering antibody-dependent cellular cytotoxicity
(ADCC) and complement mediated lysis.

Expression of hTmS in Pouchitis

Patients with UC who do not respond to medical therapy may need to undergo surgery. The
common operation that is performed is total colectomy and ileo-anal pull through operation to
create an artificial rectum (pouch) prepared from the distal ileum. Twenty to 40% of these patients
develop pouchitis with similar symptoms as in UC. In these patients with pouchitis, the ileal
epithelium in the pouch expresses hImS5 although in normal ileal epithelium and in the absence
of pouchitis, iTm5 can hardly be detected except in occasional goblet cells. There was a significant
correlation between pouchitis disease activity index and hImS5 score.

Cytoskeletal Proteins Involved in the Immune Responses

to Bacteria-Host Interactions

The involvement of cytoskeletal proteins (including Tms, vinculin, actin, villin) in the mucosal
immune response in UC gut is also supported by recent evidences showing a rearrangement of
the cytoskeletal protein expression in human enterocytes induced by apoptosis and bacteria-host
interactions. Cytoskeletal proteins include a number of proteins (a-actinin, talin, vinculin, villin
myosin II, ezrin, calpactin, gelsolin, laminin, tropomyosin) which modulate cells structure, shape
and motility.>* Evidences indicate that bacterial-host interactions and apoptosis may induce the
expression of cryptic cytoskeletal proteins on the cells surface.”* The Enteropathogenetic Escherichia
Coli (EPEC) may indeed bind to enterocytes by injecting a Translocated Intimin Receptor (TIR)
in the host cells membrane, linking to the intimin receptor of the bacterium itself. This mecha-
nism is followed by a rearrangement of the cytoskeletal proteins present in the cytoplasm of the
enterocytes (a-actinin, talin, ezrin, villin, F-actin, myosin II, tropomyosin), thus forming pedestals
linking the bacterium to colonic epithelial cells.** Vinculin, a cytoskeletal protein which modulates
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the extracellular matrix interactions may be expressed “ex novo” on the surface of apoptotic cells,
thus leading to tolerance or autoimmunity.>® These observations suggest that several mechanisms
may induce the expression of cryptic cytoskeletal proteins on the cells surface, with possible de-
velopment of specific local immune response, both humoral and cellular, towards these antigens.

Autoantibodies against hTm5 Are Pathogenic

That anti-hTm5 auto-antibodies are pathogenic in UC has recently been reported for the first
time to cause antibody mediated and complement mediated cytolysis.” Auto-antibody against a
specific hTm peptide that causes ADCC was reported in UC sera.”® The antibody titer in the sera
against the hTm correlated with ADCC. With more recent data using recombinant hTmS5, we
demonstrated that colon epithelial cell lysis mediated by autoantibody present in UC could be
blocked by hTm5.%° This further confirms a direct role of hTm in this pathogenic process. Figure
2 shows the model for colon epithelial cell destruction in UC through an autoimmune response

to hIm5.>°

Conclusion

Many studies, during the last 4 decades since the original landmark paper by Broberger and
Perlmann,' confirmed autoimmunity as a major pathogenetic mechanism in UC. More recent
studies provide evidence that hTm5, the dominant hTmS5 isoform in colon epithelium, is an
important cellular autoantigen that mount humoral and cellular immune responses in UC.
Furthermore, surface expression of hIm5 on colon epithelial cells allows the binding of anti-hTm5
autoantibodies present in UC. These autoantibodies are pathogenic to colon epithelium and can
cause cell destruction by ADCC and complement mediated lysis, as summarized in Figure 2.5
Future studies of mapping the specific peptide(s) of hIm5 involved in the immune responses in
UC and extraintestinal manifestations of UC, may provide both diagnostic and therapeutic pos-
sibilities in UC.
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CHAPTER 14

Tropomyosin Function in Yeast
David Pruyne*

Abstract

ropomyosins were discovered as regulators of actomyosin contractility in muscle cells,

making yeasts and other fungi seem unlikely to harbor such proteins. Fungal cells are en-

cased in a rigid cell wall and do not engage in the same sorts of contractile shape changes
of animal cells. However, discovery of actin and myosin in yeast raised the possibility for a role for
tropomyosin in regulating their interaction."” Through a biochemical search, fungal tropomyosins
were identified with strong similarities to their animal counterparts in terms of protein structure and
physical properties. Two particular fungi, the budding yeast Saccharomyces cerevisiae and the fission
yeast Schizosaccharomyces pombe, have provided powerful genetic systems for studying tropomyosins
in nonmetazoans. In these yeasts, tropomyosins associate with subsets of actin filamentous struc-
tures. Mutational studies of tropomyosin genes and biochemical assays of purified proteins point
to roles for these proteins as factors that stabilize actin filaments, promote actin-based structures
of particular architecture and help maintain distinct biochemical identities among different fila-
ment populations. Tropomyosin-enriched filaments are the cytoskeletal structures that promote
the major cell shape changes of these organisms: polarized growth and cell division.

Conserved Biochemical and Sequence Features of Fungal
Tropomyosins

Unlike many other protein families, identification of tropomyosins in fungi is not possible
through simple BLAST homology searches using animal protein templates.’ Tropomyosins are
almost exclusively o-helical proteins and such homology searches yield coiled-coil proteins of many
sorts.? Instead, the first nonmetazoan tropomyosin was discovered through biochemical purifica-
tion by subjecting budding yeast extracts to a protocol for isolating nonmuscle tropomyosin.®> A
recovered yeast protein resembled other tropomyosins in being heat-stable and associating with
actin filaments in a Mg?*-dependent, high salt-sensitive manner. The protein was also highly elon-
gated, exhibited an anomalously high apparent molecular weight in SDS gels and had an acidic
isoelectric point (pI = 4.5).

Further studies have found other key biochemical features conserved in yeast tropomyosins.
Yeast tropomyosins are fully a-helical, form dimers, associate with actin filaments cooperatively
and stabilize filaments.® Budding and fission yeast tropomyosins are NH,-terminally acetylated,
a modification that enhances the head-to-tail interaction between tropomyosin dimers and
increases their affinity for actin filaments.®” Budding yeast mutants lacking the acetyltransferase
have reduced association of tropomyosin with actin in vivo, causing phenotypes similar to loss of
tropomyosin function (described below).!*!? Acetylated budding and fission yeast tropomyosins
regulate the interaction between actin and myosin subfragment 1 (S1) in a manner similar to
animal tropomyosins (see Chapters 8, 9). That is, linear chains of tropomyosin dimers occupy the
closed state on actin filaments, obscuring the myosin bindingsite, but these chains will shift to the
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open position with increasing concentrations of S1, resulting in cooperative myosin binding.>*
One surprising feature of the fission yeast tropomyosin is that the acetylated protein interacts in
a head-to-tail manner so strongly that tropomyosin filaments form even in the absence of actin, a
property so far undescribed for any other tropomyosin.’

The first fungal tropomyosin gene, tropomyosin 1 (TPMI), was identified through screeningan
expression library of budding yeast genes using antiserum raised against the putative yeast tropo-
myosin.” With availability of this fungal tropomyosin sequence, a fission yeast gene responsible for
cell division cycle defects, cdc8, was recognized to encode a tropomyosin, as was a second budding
yeast gene, 7PM2.51¢ (By convention, budding yeast gene names are capitalized and italicized
while fission yeast genes are written in lowercase italicized letters.) Using these fungal sequences
as starting templates rather than animal sequences, BLAST searches of complete fungal genomes
at the NCBI (http://www.ncbi.nih.gov/), the Saccharomyces Genome Database (http://www.
yeastgenome.org/) and the Fungal Genome Initiative (www.broad.mit.edu/annotation/fungi/
fgi/) now show tropomyosins are widespread among fungi, with homologs detected in four of six
major phyla (Fig. 1A, B)."”!® Tropomyosins have not yet been found in eukaryotes more distant
from animals and fungi, but this likely reflects the weak sequence identity among homologs. For
example, despite the absence of a candidate slime mold tropomyosin based on sequence similar-
ity, high salt, heat-stable extracts of Physarum polycephalum contain a F-actin-binding protein
recognized by antiserum raised against the yeast 7PM1 product (Tpm1p).> Protein purifications
based on the unique biochemical properties of tropomyosins may therefore be the best method
to identify homologs in other eukaryotes.

In addition to weak sequence identity, fungal tropomyosins are consistently shorter that animal
homologs, but they share the characteristic feature of quasirepeats along their length (Fig. 1C).5>1¢
Among animal tropomyosins, these repeats are low-affinity actin-binding sites (see Chapters 2,
5 and 7)."%° The short fungal tropomyosins result from fewer repeats, with the budding yeast
Tpm2p and fission yeast Cdc8p comprising four repeats and Tpm1p comprising five, compared
to animal tropomyosins with six or seven repeats.>'>¢?! As such, the fungal proteins span fewer
actin subunits alonga filament, with Tpm1p binding at an approximate stoichiometry of five actin
subunits per tropomyosin dimer and Tpm2p binding four subunits per dimer, as compared to a
ratio of six or seven for animal proteins.®

The presence of multiple tropomyosin genes among fungi appears specific to Saccharomyces
cerevisiae and closely related species (Fig. 1B). Genomic analyses show that an ancestor to this group
experienced an entire genome duplication, possibly through the accidental fusion of two diploid
yeast cells.?? All yeast species with evidence of this ancestral duplication bear two tropomyosin
genes, while more distant budding yeasts, other members of the Ascomycota and representatives
of Basidiomycota, Chytridiomycota and Zygomycota exhibit no genomic duplication and encode
asingle isoform. Variation of tropomyosin size also appears limited to Saccharomyces-related yeasts,
suggesting the variation arose in one gene either before or just after genome duplication (Fig. 2A). In
this one tropomyosin gene, a tandem duplication of thirty-eight residues lengthened the protein and
generated an extraactin-binding repeat (Fig. 1C, 2B). Thus, Saccharomyces-related yeasts encode a
five-repeat and a four-repeat tropomyosin, while other fungi harbor a single four-repeat isoform.

The consequence of having two tropomyosin genes is unclear, since other budding yeasts
such as Candida albicans survive with one. In S. cerevisiae, Tpm1p and Tpm2p share similar
subcellular localizations and when expression levels are matched, either alone performs essential
tropomyosin-dependent functions.*”® However, the two have some distinct properties, with
Tpm2p expressed at lower levels but having a higher affinity for actin filaments than Tpm1p and
Tpm2p specifically inhibiting yeast myosin II in gliding assays.”*!%** Whether the two isoforms
have unique functions and how these isoform differences might be utilized by S. cerevisiae and
related species remains to be seen. Also unknown is whether alternative splicing might generate
multiple isoforms from the single tropomyosin gene of other fungal species.
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Figure 1. Tropomyosins of the fungi. A) Among the major branches of the eukaryotic family
tree, tropomyosins have been identified among animals and fungi (TM+). Biochemical evi-
dence suggests the slime molds of Amoebazoa may harbor tropomyosin-like proteins (TM?),
but homologs among other eukaryotes have not yet been described (TM-). B) Tropomyosins
are widespread among fungi. A tree expanding on the opisthokont group in (A) shows a
simplified phylogeny of the fungi, including major phyla and subphyla and common sample
genera.'® For groups with tropomyosins present, the number of species (sp.) whose genome
was analyzed by BLAST and the number of tropomyosin isoforms (TM) detected in each
genome are indicated. The subphyla containing the Schizosaccharomyces fission yeasts and
Saccharomyces budding yeasts are indicated (*). C) Animal and fungal tropomyosins exhibit
quasirepeats. Models of the primary sequence of high and low molecular weight (HMW and
LMW) vertebrate tropomyosins, budding yeast Tpm1p and Tpm2p and fission yeast Cdc8p
show overall length in amino acids and approximate boundaries between predicted actin
binding repeats (a, b, ¢, etc.). The region of duplication within Tpom1p and its corresponding
region within Tpm2p are shown (double arrows).

Establishment of Filament Identity

Actin filaments in many fungi, including the yeasts, are organized into a few stereotypical
types of structures: ~150 nm-wide membrane-associated cortical patches, ~5 um long bundles
called actin cables and a circumferential bundle of filaments that forms a contractile cytokinetic
ring (Fig. 3A).2?® Of these, tropomyosins associate only with actin cables and the contractile ring
(Fig. 3B).”!>16232 The mode of actin filament assembly for these structures may play a key role
in this segregation.
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Figure 2, viewed on previous page. Fungal tropomyosin sequences. A) Tropomyosins from diverse
fungal species show strong sequence similarity. Aligned tropomyosin protein sequences from
member species of Basidiomycota (B), Zygomycota (Z), Chytridiomycota (C) and the subphyla
Saccharomycotina (S), Pezizomycotina (P) and Taphrinomycotina (T) of Ascomycota (A) are
shown with identical residues shaded. B) The duplicated regions of Saccharomyces-related
TPMT1 homologs (labeled TPM1a and TPM1b) show strong sequence identity to each other
and to a corresponding region of TPM2 homologs from the same fungi, as well as to the
single tropomyosin of six other Saccharomycetaceae fungi. Alignments were generated using
MegAlign 5.52 (DNASTAR Inc.) and sequences were obtained from the NCBI (http:/www.
ncbi.nih.gov/), the Saccharomyces Genome Database (http://www.yeastgenome.org/) and the
Fungal Genome Initiative (www.broad.mit.edu/annotation/fungi/fgi/).

Two classes of actin nucleating factors direct filament assembly in yeasts, the actin-related pro-
teins 2 and 3 (Arp2/3)-complex and the formin family proteins. The Arp2/3-complex is recruited
to patches at the cell cortex to stimulate localized filament assembly and in its absence actin-staining
patches are lost.***¢ The formins direct the assembly of filaments composing the actin cables and
contractile ring. In the budding yeast, two partially redundant formins (Bnilp, Bnrlp) share these
functions, while three fission yeast formins are specialized to assemble the filaments of the actin
cables (For3p), the contractile ring (Cdc12p), or structures specific to mating (Fuslp).'*¥4

The Arp2/3-complex and the formins nucleate actin filaments by distinct mechanisms
and this may be the basis for segregating tropomyosin to particular filament populations. The
Arp2/3-complex docks onto the side of a pre-existing filament and shifts its actin-related protein
subunits to mimic a filament end, nucleating new filaments that sprout from the sides of old (Fig.
4A).* Purified budding yeast cortical patches observed by electron microscopy show tight fila-
ment networks, with branches sprouting every 25 to 35 nm along filaments.** Such branching is
incompatible with tropomyosin association, disrupting the cooperative head-to-tail interactions
made between tropomyosin dimers along a filament (Fig. 4B).% In contrast, formins stimulate
filament assembly free of preformed filaments.#”* A 500-amino acid region called the formin
homology-2 (FH2) domain dimerizes into a flexible ring that wraps around and stabilizes nuclei
of actin dimers (Fig. 4C).#*! The FH2 domains remain associated with filament barbed ends while
these ends elongate, leaving lateral surfaces clear for tropomyosin association (Fig. 4D).#5*% In
turn, tropomyosin may reinforce the segregation of nucleating factors. Some vertebrate tropomyo-
sins physically interact with the FH2 domains of several vertebrate formins and stimulate actin
assembly at the formin-bound barbed end, but inhibit lateral docking of the Arp2/3-complex.’*>
These interactions have not all been demonstrated for yeast homologs, but they suggest that mu-
tual exclusion between tropomyosin/formin- and Arp2/3-dependent systems may maintain the
distinction between different actin-containing structures.

Filament Stabilization and Morphogenesis of Actin-Containing

Structures

Studies of yeast bearing conditional tropomyosin mutations show that one essential function
of these proteins is to stabilize actin filaments. The clearest demonstration is in the budding yeast.
Its two tropomyosins are semi-redundant, but cells that lack both are inviable.»'>*® Yeast cells
lacking one isoform and bearing a temperature-sensitive mutation of the other are viable at room
temperature with a normal actin cytoskeleton. But at elevated temperatures, the actin cables and
the contractile ring disassemble within one minute while tropomyosin-free structures (the cortical
patches) are unaffected.*¥” When shifted back to cooler temperatures, tropomyosin reassembles
with actin to form cables within one minute. Similarly, a temperature-sensitive tropomyosin muta-
tion in fission yeast destabilizes actin cables and the contractile ring within minutes at an elevated
temperature, yet cortical patches are retained.?>>¢!

Tropomyosins can stabilize filaments by enhancing interactions between actin subunits and
inhibiting disassembly from the pointed ends, but their importance in yeast is to protect against
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S. cerevisiae S. pombe

Actin

Tropomyosin

Figure 3. Organization of the actin cytoskeleton in budding and fission yeasts. Top) Actin staining
of budding (S. cerevisiae) and fission yeast (S. pombe) shows three types of actin-containing
structures. Cortical patches containing actin filaments (small arrowheads) cluster beneath
the regions of cell growth, the bud in S. cerevisiae and the tips of elongating S. pombe cells.
Elongated cables of actin filaments (arrows) extend along the length of both types of yeast
cells. During mitosis, a cytokinetic actomyosin ring (large arrowhead, shown in S. pombe only)
assembles at the site of cell division, the bud neck for S. cerevisiae and the cell equator for
S. pombe. During cytokinesis, the ring constricts and actin cables are reorganized from the
division site to radiate into the two nascent daughter cells. Bottom) Tropomyosin associates
with only the actin cables (arrows) and the contractile ring (arrowhead). Bar for S. cerevisiae,
5 um. For S. pombe, 10 um. S. pombe F-actin fluorescence courtesy of S. Martin, University
of Luasanne and F. Chang, Columbia University. S. pombe tropomyosin immunofluorescence
courtesy of D. East and D. Mulvilhill, University of Kent.
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Figure 4. Mechanisms of actin nucleation by the Arp2/3-complex and formin family pro-
teins. A) Arp2/3-dependent nucleation results in branched filaments. The Arp2/3-complex
binds to the sides of pre-existing actin filaments. The Arp2p and Arp3p subunits (dark ovals)
act as templates for nucleation of a new filament that elongates at its free barbed end. B)
Branching in Arp2/3-assembled networks blocks binding of tropomyosin at branch sites (1),
disrupting the cooperativity among tropomyosin dimers and reducing overall affinity (2). C).
Formin-dependent nucleation results in unbranched filaments. Formin FH2 domains dimer-
ize to form a flexible ring. The FH2 dimer nucleates actin filaments and then processively
caps the barbed end, undergoing conformational shifts to permit continued insertion of actin
subunits. D) Formin-assembled filaments have free lateral surfaces, permitting cooperative
binding by tropomyosin and tight bundling by actin crosslinking proteins. Barbed ends (+),
pointed ends (-).
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disassembly by actin depolymerization factor (ADF)/cofilin.”¢*®* ADF/cofilin family proteins,
together with a cofactor called Aip1lp, bind and twist actin filaments to the point of severing and
enhance pointed-end disassembly.** Tropomyosins and ADF/cofilin bind actin competitively
(see Chapter 18) and with the loss of tropomyosin function, cable and ring filaments are exposed as
substrates for rapid disassembly.” In cells with reduced ADF/cofilin or Aip1p activity, well-bundled
cables and contractile rings persist at reduced levels of tropomyosin.®** In the wild-type condition,
ADF/cofilin and Aiplp promote the normal turnover of cable and ring filaments, though their
transient association with cables is seen only when filament disassembly is slowed.®¢7°

The extended, bundled forms of actin cables and the contractile ring depend in part on antago-
nism of tropomyosin for the Arp2/3-complex and ADF/cofilin. Absence of Arp2/3-dependent
filament branching facilitates tight bundling that is possibly mediated by actin cross-linking fim-
brin and a-actinin homologs, while filament stabilization contributes to the length of constituent
filaments, estimated to range into the hundreds of nanometers for actin cables, or even above 1
um for the fission yeast ring filaments, but only approximately 40 nm for patch filaments.®7*7
Consistent with this, when formin-dependent filament assembly outpaces tropomyosin levels in
budding yeast, cither by partial reduction of tropomyosin levels or by formin overexpression, only
truncated cables are formed.'**

What properties might be expected for elongated tropomyosin-rich structures, as opposed to the
compact branched networks of cortical patches? Based solely on their geometry, branched networks
have been predicted to be useful in generating compressive force, while long bundles would have
tensile strength suitable to resist the pull of motors.” Consistent with this, filament assembly in
cortical patches pushes associated endocytic vesicles away from the plasma membrane, while the

functions of actin cables and contractile rings as myosin substrates are discussed below.>*3*”

Actin Cables and Polarized Cell Growth

Budding and fission yeast exhibit distinct patterns of polarized growth (Fig. 5). In budding
yeast, cortical expansion begins at a single point called the nascent bud site. A rigid collar limits
the growing region of the cortex, which results in an expanding bud joined by a narrow neck to
the mother cell. Growth terminates when the bud reaches a size similar to the mother cell, trig-
gering passage through mitosis and cell division. In fission yeast, polarized growth occurs by cell
clongation, beginning first at one end of an oblong cell, then occurring at both ends after a growth
transition called new end take-off (NETQ). Again, polarized growth terminates during mitosis,
which is followed by cell division.

For yeasts, the driving force for cell growth is turgor pressure.*® Yeast cytoplasm is hyperos-
motic relative to the environment, such that cells draw in water and push against their rigid cell
wall. Growth occurs by remodeling the cell wall to permit expansion. Localized secretion of
wall-modifying enzymes controls the direction of growth. Secretory vesicles carry these enzymes
from Golgi elements distributed throughout the cell to discrete sites at the cell cortex (Fig. 5).582
Defects in polarized vesicle transport depolarize growth, leaving cells to swell into spherical shapes
with no subsequent cell replication.

Polarity is established by molecular cues at the cell cortex, delivered by microtubules in fission
yeast or inherited from previous growth cycles in budding yeast, which in turn recruit formins.®
The formins direct the assembly of actin filaments that acquire tropomyosin and bundle into actin
cables (Fig. 5, 6A). These cables continually elongate into the cell body while remaining attached
to the formin-rich cortex with their growing barbed ends oriented toward their anchor site, pos-
sibly through association with the formin FH2 domains.?¢!7"%* Once established, actin cables are
sufficient to maintain polarity in both yeast species; other cytoskeletal elements such as cortical
patches and microtubules are not required. %5

Class V myosins guide secretory vesicles along these cables (Fig. 6A). Myosin Vs are optimized
for cargo transport, comprising twelve light chains associated with two heavy chains that each
have a NH,-terminal actin-binding motor and a COOH-terminal globular tail.¥” For both yeasts,
one of their two myosin V heavy chain isoforms mediates vesicle transport for polarized growth:
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Figure 5. Tropomyosin-rich actin structures guide cell shape changes in yeast. Budding (S.
cerevisiae) and fission (5. pombe) yeast follow stereotypical patterns of polarized growth and
cell division (arrows). Actin cables (black lines) radiate from formin-rich regions of the cell
cortex (grey) and align along the growth axis. Polarized growth results from the guidance of
secretory vesicles (small circles) along actin cables. With bud emergence and NETO, second-
ary formin-rich sites of cable assembly develop at the bud neck (S. cerevisiae) and the second
pole (S. pombe). Cell division depends on both actin cables and a contractile ring (black ring)
assembled by formins at the cell cortex (grey). Actin cables guide vesicles to the division site
while the contractile ring marks the leading edge of the ingression furrow.

Myo2p in budding yeast and Myo52p in fission yeast."*° Myosin V motor activity propels the
protein alongactin cables and vesicles are dragged along bound to the globular tail, moving 3 um/
sec in the case of budding yeast.”*¢!!3 Orientation of the barbed ends of cable filaments toward
growth sites directs transport there. Consequently, loss of actin cables from either tropomyosin
or formin mutations disperses myosin V and secretory vesicles within minutes, while defects in
the myosin V motor prevent the myosin and vesicles from moving along cables and defects in
the myosin V tail prevent the polarized myosin from recruiting vesicles to growth sites (Fig. 6B).
For budding yeast, cable-dependent transport is essential and loss of actin cables or myosin V
function completely depolarizes growth.'>*3888891 T fission yeast, the loss of cables or myosin
V only partially depolarizes growth, resulting in cells with swollen ends.?*#¢% The basis for the
remaining growth polarity is not clear, but might be vesicle transport along microtubules, or some
vesicle-capturing mechanism at the cortex.

Organelle segregation across the narrow bud neck of S. cerevisiae also requires active transport.
Its two myosin V isoforms share transport of vacuolar membranes (yeast lysosomes), peroxisomes,
late Golgi elements, ER membranes and specific mRNAs along actin cables into the bud.”**” Even
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Figure 6. A simplified model for actin cable assembly and function. A) Establishment of polarity
occurs by (1) recruitment of formins to growth sites, (2) actin filament nucleation by formins,
stabilization by tropomyosin, bundling by crosslinking proteins and (3) association of myosin Vs
with secretory vesicles and actin cables. (4) Migration of myosin Vs along cables (grey arrows)
results in vesicle accumulation near filament barbed ends anchored at the cortex by formins.
B) Budding yeast mutants with defects in growth polarity (grey arrows) helped reveal the order
of this pathway. Yeast with temperature-sensitive (Ts) tropomyosin or formin mutations lose
actin cables at elevated temperatures and have depolarized myosin V and secretory vesicles.
Ts mutations in the myosin V motor domain result in normal actin cables but delocalized
myosin V and secretory vesicles. Ts mutations in the myosin V cargo-binding domain result
in normal actin cables and myosin V localization, but delocalized secretory vesicles.

microtubules interact with this system, with microtubule tips drawn along actin cables to orient
the microtubule cytoskeleton early in the cell cycle.'®®'% The sole known exceptions are mito-
chondria, which migrate along cables by a nonmyosin actin polymerization-driven mechanism
and the microtubule-dependent entry of the nucleus into the bud during anaphase.!®1%1% The
myosin Vs of fission yeast also move nonvesicular cargoes, maintaining vacuoles in a distributed
state throughout the cell and guiding astral microtubules along actin cables to align the mitotic
spindle.'®!%” How these myosins discriminate between so many cargoes is an area of active research.
Distinct myosin V-receptors have been identified for many and structural analysis of the budding
yeast Myo2p tail shows receptors can interact with the tail in distinct ways.”!0%1%118 Selection of
cargo may thus reflect a combination of regulation of the different receptors and of their distinct
binding sites on the myosin tail.

It is unclear whether stabilization of actin cables is the sole contribution of tropomyosin to
myosin V-dependent transport. For example, the two budding yeast class V myosins exhibit non-
processive motor activity against purified actin filaments, but whether tropomyosin might alter
this activity is unknown.'” In cofilin/Aip1 mutant yeast with tropomyosin-poor cables, polarized
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secretion and organelle segregation continue, but whether myosin V-dependent transport is as
efficient or rapid as in wild-type strains is also unexplored.®®

The Contractile Ring and Cell Division

After completion of growth, cells divide (Fig. 5). While internal pressure is used to expand the
cell during growth, cell division must oppose this pressure to draw cell boundaries inward. Both
yeasts use a combination of mechanisms for this: polarized secretion to insert new membrane for
furrow ingression, assembly of a septum between nascent cells and closure of a contractile ring to
spatially guide these.!?"'*!

As with establishment of polarized growth sites, cortical cues define where cell division be-
gins and the two yeasts differ in how these cues are placed. In budding yeast, the division site is
established as polarized growth begins. Prior to bud emergence, septin filaments are laid down at
the nascent bud site so that when the bud emerges, the septins remain as a collar around the neck,
defining the future site of cell division.'?'** In fission yeast, the plane of division is defined prior
to mitosis by diffusion of an anillin homolog from the nucleus to the plasma membrane (Fig. 7A).
Since the nucleus generally resides near the cell center, a diffuse ring around the equator becomes
marked.*"!® Despite differences in the molecular identity of the initial cues, the final complement
of cytokinetic machinery is similar between the two organisms, including cytokinesis-specific
components such as septins, anillins, class II myosins, IQGAP and pombe-cdc15-homology
(PCH)-proteins, as well as proteins more generally involved in polarized growth, including actin,
formins, tropomyosin, myosin Vs and various actin crosslinkers.'2*?!

Localized membrane insertion during cell division is identical to that during polarized growth.
During mitosis, formins redistribute from growing cell tips to the sites of cell division and assemble
tropomyosin-stabilized cables, which are utilized by myosin Vs to deliver vesicles (Fig. 5). Vesicle
delivery coincides with the end of mitosis, providing additional membrane just prior to constriction
of the contractile ring and supplying the enzymes that synthesize the septum laid down between
the separating cells.®"**?212¢127 The loss of cables in tropomyosin or formin mutants or loss of
motor activity or cargo-binding in myosin V mutants abolishes proper polarized delivery to the
division site, just as for growth sites.'2*3540619192 T budding yeast, the narrow bud neck facilitates
cell division, such that some S. cerevisiae strains do not require a contractile ring and membrane
insertion and septum assembly are sufficient.'®'? However, this mode of cell division results in
multiple misaligned septa, indicating that the contractile ring guides normal septum assembly.'****!
For fission yeast, the cylindrical cell presents a much wider cross sectional area that requires spatial
guidance by the contractile ring.

The activity of the contractile ring s to cinch inward while contacting the plasma membrane. Its
filaments are also nucleated by formins and stabilized and bundled by tropomyosin and crosslink-
ing proteins (Fig. 7B). Rather than utilizing cargo-bearing myosin Vs, the ring filaments function
with class IT myosins, whose hcavy chains assemble into bipolar filaments to promote filament
sliding.?>13*13 Myosin IT and a F-actin-binding IQGAP homolog are recruited to the division site
in an actin-independent manner and cooperate to guide the actin/tropomyosin filaments into a
tight loop around the division site (Fig. 7C).?*131331357 14 \ithout these factors, actin cables still
associate with the division site, but a properly organized ring never assembles.

Just as with actin cables, loss of tropomyosin function destabilizes the actin ring filaments and
results in either aberrant (budding yeast) or failed (fission yeast) cytokinesis.?”*>*¢! It is less clear
whether tropomyosin also plays a role in regulating interactions between the ring filaments and
myosin IT or IQGAP. In fission yeast bearing mutations in both tropomyosin (a filament destabiliz-
ing mutation) and cofilin (a filament stabilizing mutation), a bundled ring of actin filaments still
forms at the appropriate point of the cell cycle and myosin IT still associates with the filaments, but
the filaments form an aberrant, wavy loop around the cell equator, indicating some sort of defect.®
As yet, the ability of these loops to undergo constriction has not been examined.

Once assembled, the ring remains poised to constrict until activation of a signaling cascade,
termed the mitotic exit network (MEN) in budding yeast or septation initiation network (SIN)
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Figure 7. A simplified model for contractile ring assembly and function in fission yeast. Events
are shown at the level of the cell (top) and at the molecular level at the cell cortex (bottom). A)
An anillin homolog Mid1p defines a broad zone at the cell equator as the future division site.
Myosin 1l, formin, IQGAP and a PCH-family protein are recruited to this zone. B) The formin
nucleates actin filaments that are stabilized by tropomyosin and bundled by actin crosslinking
proteins, but form an unordered network at the cell equator. C) The actin-binding activity of
myosin Il and IQGAP orient the actin filaments into a ring around the equator. D) Septins and
anillins are released from the immediate vicinity of the actin ring and the ring begins to contract
and the plasma membrane ingresses. Contraction is coupled to assembly of the septum by
septum-synthesizing transmembrane enzymes associated with the ingression furrow.

in fission yeast.'**!*! The mechanism for activating contraction is unclear. Myosin Il is required for
contractile ring assembly, particularly in fission yeast, making further actomyosin activation seem
unlikely as the mechanism to initiate ring closure. One suggested alternative is that the cortex is
regulated.” Anillin and septin polymers at the division site cortex might physically block ingres-
sion of the plasma membrane. At the time of MEN/SIN signaling, these proteins disperse from
the membrane immediately overlying the contractile ring, freeing the plasma membrane to ingress
with the contractile ring and exposing surfaces for vesicle fusion (Fig. 7D).
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Contraction of the ring is spatially coordinated with assembly of the septum through the
embedding of septum-synthesizing enzymes in the plasma membrane of the ingression furrow
(Fig. 7D).!#"!%2 The assembling septum stabilizes the ingression furrow and in its absence, the
contractile ring will destabilize.'”3° The molecular link between the contracting ring and the
ingression furrow is unknown, but PCH-proteins are attractive candidates, bearing a mem-
brane-binding NH,-terminal F-BAR domain and a formin-binding COOH-terminal SH3 domain
and PCH-protein mutations in yeast can also cause ring destabilization.'** With contraction,
actin filaments and other ring components gradually disassemble.***%!% In this, tropomyosin is
antagonistic, with overexpression in fission yeast resulting in large aberrant whorls of actin filament
bundles.®® The final abscission occurs by unknown mechanisms, but in budding yeast, actin is not
essential for this step.>'* The separation of two nascent yeast cells requires further modification
of the newly assembled septum, a process dependent on the collection of enzymes previously
delivered by the actin cable/myosin V system.'?!

Conclusions

Tropomyosins are now recognized as widespread among fungi and are likely present in other
eukaryotes, though poor sequence conservation makes their identification difficult. Biochemically,
fungal tropomyosins share a range of structural features and F-actin binding properties with their
animal homologs. Among yeasts, tropomyosins associate exclusively with filaments nucleated
by formin family proteins, possibly as a consequence of incompatibility between tropomyosin
binding and filament branching by the alternative Arp2/3-dependent nucleation. In vivo, yeast
tropomyosins shield actin filaments against destabilization by ADF/cofilin, contributing to the
formation of elongated actin cables and contractile ring filaments.

Studies of the budding yeast S. cerevisiae and the fission yeast S. pombe have been extremely
useful in establishing the functions of tropomyosin-rich structures. The actin cables are filament
bundles that sprout from formin-rich regions of the cell cortex and radiate through the cell. They
serve as tracks guiding class V myosins and their secretory vesicle cargo toward growth sites, direct-
ing polarized growth of the yeasts. The contractile ring is a closed loop of filaments assembled and
organized through cooperation of formins, class II myosins, IQGAP homologs and PCH-family
proteins. Constriction of this ring guides ingression of the plasma membrane and the assembly of
a septum between dividing cells.

It is unclear whether tropomyosins play roles in these structures beyond stabilization. One
important question is whether they regulate access of other proteins. For example, class IT and
class V myosins cooperate with tropomyosin-rich filaments while class I do not.”! Is this a conse-
quence of tropomyosin? And do tropomyosins alter the activity of myosins Il or V? In vitro, yeast
tropomyosins influence the closed/open state of the myosin II binding site on actin filaments, but
whether this property is regulated in vivo is unclear.”!* In animals, the tropomyosin-binding protein
troponin allows for an additional highly-regulated level of actin/myosin inhibition by tropomyosin
(see Chapter 8). Might there be yeast proteins that function in a similar manner? For that matter,
how is the activity of yeast tropomyosin regulated at all? Tropomyosin protein levels have not been
seen to fluctuate, yet actin cables and contractile rings gradually disassemble.”?3¢8671481% [g there a
dynamic regulation of the affinity of tropomyosin for actin, or might the antagonistic ADF/cofilin
activity be upregulated, or does disassembly simply occur through stochastic competition between
stabilizing and destabilizing forces?

Probing the details of actin cable and contractile ring function remains a robust area of research.
Mechanisms of formin function and regulation remain unknown for both structures. For myosin
V-dependent trafficking along cables, how the myosin recycles after transport along actin cables is
also unknown. Does the motor become inactive and passively ride on actin cables as they elongate
back into the cell body?* Or as for animal myosin Vs, does the freed myosin globular tail bind
the motor and inhibit actin-binding, allowing diffusion back into the cell?'5*'53 Basic questions
remain regarding the contractile ring as well, such as how the ring associates with the cortex or
how the various ring components interact. The powerful genetics of the yeasts and the increasing
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sophistication of microscopic imaging are helping to answer these questions with a high level of
detail on the causative molecular events.
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CHAPTER 15

Isoform Sorting of Tropomyosins

Claire Martin and Peter Gunning*

Abstract

ytoskeletal tropomyosin (Tm) isoforms show extensive intracellular sorting, resulting in

spatially distinct actin-filament populations. Sorting of Tm isoforms has been observed in a

number of cell types, including fibroblasts, epithelial cells, osteoclasts, neurons and muscle
cells. Different Tm isoforms have differential impact on the activity of a number of actin-binding
proteins and can therefore differentially regulate actin filament function. Functionally distinct
sub-populations of actin filaments can therefore be defined on the basis of the Tm isoforms
associated with the filaments. The mechanisms that underlie Tm sorting are not yet well under-
stood, but it is clear that Tm sorting is a very fluid and dynamic process, with changes in sorting
occurring throughout development and cell differentiation. For this reason, it is unlikely that Tm
localization is determined by an intrinsic sorting signal that directs particular isoforms to a single
geographical location. Rather, a molecular sink model where isoforms accumulate in actin-based
structures where they have the highest affinity, is most consistent with current data. This model
would predict Tm sorting to be influenced by changes to actin filament dynamics and organization
and collaboration with other actin-binding proteins.

Introduction

Mammalian tropomyosins (Tms) are encoded by four genes a, §, y and 8. These genes undergo
extensive alternative splicing to give rise to a large number of isoforms. These isoforms can be
divided into two broad classes consisting of high molecular weight (HMW) and low molecular
weight (LMW) isoforms through the use of alternative promoters (for more details, see Chapter
2). Tm isoforms have distinct expression patterns in various tissues and throughout development
(see Chapter 4) and also show distinct patterns of subcellular localisation. Differential sorting of
Tm isoforms was first observed in the 1980’ and since then numerous examples of intracellular
sorting of nonmuscle Tms have been described in a number of cell types. It is now clear that dif-
ferent Tm isoforms are able to specifically sort to distinct actin structures and subcompartments
of cells. With the development of new anti-Tm antibodies and tagged constructs, more and more
intracellular compartments defined by Tms are being identified and the functional consequences
of this sorting is becoming better understood. The mechanisms that undetlie this sorting process,
however, are not well understood. In this review we will outline the sorting patterns of Tm isoforms
in different cell types, examine how this sorting relates to specific cell functions and review the
potential mechanisms that may account for Tm sorting.
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Sorting of Tm Isoforms in Specific Cell Types
Fibroblasts

The first direct evidence of differential Tm sorting in cells was obtained using double-label
immunofluorescence in fibroblasts.! In chicken embryo fibroblast cells, both HMW isoforms of
the a gene and LMW isoforms of the y gene localize to stress fibres, whereas only LMW isoforms
also sort to ruffling membrane regions. A similar pattern is seen in human EJ (bladder carcinoma)
cells, with HMW isoforms again excluded from the ruffling membrane regions.! Cultured mouse
embryonic fibroblasts also appear to exclude HMW isoforms from the cell periphery (Fig. 1).2

Tm isoforms can also sort to distinct actin structures in NIH 3T3 cells. Synchronised replated
cells show differential sorting of isoforms 1h after replating, with yTm isoforms sorting to a peri-
nuclear region and oTm isoforms sorting to peripheral stress fibres.” This difference in sorting
becomes less distinct as cells progress through the G1 phase of the cell cycle, with both sets of
isoforms localizing to stress fibres by Sh after replating. There are still some differences, however,
with enrichment of the aTm isoforms at the cell periphery compared to yTm. Further studies
in NIH 3T3 cells have indicated distinct sorting patterns for the yTm isoforms TmSNM1 and
TmSNM2. While Tm5SNM1 localizes to stress fibres, the WS5/9d antibody which preferentially
recognises TmSNM2 indicates TmSMN?2 sorts to perinuclear actin structures associated with
the Golgi complex.*

In contrast to earlier studies, microinjection of labelled recombinant oTm isoforms into rat
fibroblasts showed no differences in sorting between HMW isoforms and LMW isoforms.> All
isoforms were incorporated into microfilaments and extended to the edges of the cells. Co-injection
of HMW and LMW isoforms (e.g., Tm2 and TmS5a) showed no difference in localization. Tm5Sb
did show fainter staining in microfilaments than the other isoforms, indicating this isoform is
less able to incorporate into microfilaments, most likely a result of its lower affinity for actin. The
lack of sorting identified in this study may be a result of bacterially-produced proteins which lack
posttranslational modifications such as acetylation, or due to an over-abundance of the exogenous
protein which is therefore not mimicking the endogenous sorting pattern.®

Figure 1. Tm isoforms are differentially sorted in fibroblasts. Mouse embryonic fibroblasts
show differential sorting between LMW and HMW isoforms as shown by the antibodies af9d
which recognises isoforms 6, 1, 2, 3, 5a and 5b (A) and Tm311 which recognises isoforms 6,
1, 2 and 3 (B) HMW but not LMW (i.e., Tm5a/5b) isoforms appear to be excluded from the
cell periphery. Scale bar, 20 um.
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Epithelial Cells

Distinct Tm sorting patterns have also been observed in epithelial cells. In T84 epithelial
monolayers, the LMW isoforms Tm5a and Tm5b show enrichment at the apical membrane, while
yTm isoforms and the HMW oTm isoforms are distributed throughout the cytoplasm.® This po-
larization of LMW Tm isoforms becomes more distinct with increasing differentiation. Apical/
basal sorting also occurs in vivo, with human colon epithelial cells showing enrichment of HMW
Tms at the basolateral surface and enrichment of TnSNM1/2 at the apical surface.?

Differences in Tm localization have been observed in adhesion belts and stress fibres in
LLC-PKI1 epithelial cells. The LMW TmS5a/5b localize to both stress fibres and adhesion belts,
while the HMW aTms localize to stress fibres only.” Products of the y gene also localize to adhe-
sion belts. When exogenous isoforms are transfected into the cells, HMW isoforms are again
restricted to the stress fibres, while TmSa/Sb localize to both stress fibres and adhesion belts. Like
the HMW aTm isoforms, Tm4 is excluded from adhesion belts, however this isoform binds only
weakly to stress fibres.”

Studies of Cryptosporidium parvum invasion in epithelial cells have shown specific rearrange-
ment and localization of Tm isoforms in response to invasion. In HCT-8 cells infected with C.
parvum, yIm isoforms accumulate at the infection sites, but Tm4 does not.® This localization of
yTm is associated with an accumulation of actin filaments at the infection sites. In CHO cells,
yTm again specifically localizes to infection sites, as does Tm4 in some cases. A similar pattern of
yTm accumulation is also seen in C. parvum infected mice in vivo. A CHO cell line stably over-
expressing hTmSNMI is more readily infected by the parasite than a line expressing a hIm5/3
mutant. This data, taken together, suggests that the functional Tmn5SNM1 isoform may enhance
bacterial invasion.®?

Osteoclasts

Another type of adhesion structure is seen in bone-resorbing osteoclasts. These cells show dis-
tinct sorting of Tm isoforms to the podosome attachment structure. Tm4 and the LMW isoforms
Tm5a/5b are enriched in the podosomes, whereas TnSNM1 and the HMW isoforms Tm2/3 are
rclatively excluded from these structures.” Within the podosomc structure there is more spcciﬁc
sorting, with Tm4 being enriched at the upper surface and less so at the ventral plasma membrane,
while Tm5a/5b encircle the podosomes at the base of the cell and are enriched in the upper and
outer edges of the actin ring. While both Tm5SNM1 and Tm?2/3 are present in the cell interior,
there is little colocalization between these isoforms.” Thus, at least four isoform specific structures
are present in osteoclasts.

Neurons

Distinct and tightly regulated sorting patterns have been observed in neurons and Tm sorting
in these cells has therefore been extensively studied. Intracellular localization of Tm in neurons was
first studied by Burgoyne and Norman'® who found an antibody to chicken gizzard Tm showed
enriched staining in cell bodies and dendrites compared to axons. Further studies in chromaffin
cells showed that a spcciﬁc Tm is associated with chromaffin granule membranes.!!

Neurons show temporally-regulated patterns of Tm localization (Fig. 2). In early cortical neu-
rons Tm4 is localized to cell bodies and also strongly enriched in growth cones.” TmBr1/3 is not
observed significantly in cell bodies or growth cones at this time, however appears after several days
in culture' and is localized to the axon and presynaptic bouton in the adult neuron.” TmSNM1/2
localize to the axon but not cell bodies and dendrites in early neurons in vivo, but are lost from
the axon and appear in the cell body between embryonic days 15-17 in the rat.”® This is the same
time at which TmBr1/3 appear in axons, indicating that isoform “switching” has occurred. In
the adult brain Tm5SNM1/2 appear to have a somatodendritic localization.” Tm5a/Sb are also
temporally regulated in neurons, being present in growth cones of early neurons in culture, but
not in older cultures.'*

In 14.5 day embryonic cortical neurons an antibody that preferentially detects TmSNM2
shows staining in the cell body and neurites, but not the growth cone. CG3, which recognises all
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TmSNMA TmSNM2 Tm4 Tmba TmBr3

Figure 2. Tmisoform sorting in neurons is developmentally regulated. In the embryonic neuron,
Tm5NM1/2, Tm4 and Tm5a show different sorting patterns. These sorting patterns are altered
in mature neurons, with Tm5NM1/2 and Tm4 relocating to a somatodendritic compartment
and TmBr3 replacing them in the adult axon. Figure adapted from reference 47.

isoforms from the y gene, does stain growth cones, indicating that other yTm isoforms are pres-
ent.' The y/9d antibody shows TmSNM1 is localized to growth cones in embryonic neurons."
Finally, in transgenic mice expressing the human Tm5NM1, this Tm shows specific localization
to the growth cones and not the cell body or neurites.”” TmSNM2 is therefore likely to be the
19d-containing isoform in the axons of developing neurons. The localization of yTm isoforms with
different C- termini has been examined in the adult brain using antibodies specific for exons 9a,
9cand 9d. In adult neurons y/9d appears to stain cell bodies and dendrites but not axons, whereas
v/9a and y/9c stain cell bodies, dendrites and axons.'

Muscle

Muscle fibres contain three muscle-specific 9a-containing Tm isoforms which form part of
the thin filament. These isoforms appear to be restricted to the thin filament, where they act as
a regulatory switch to regulate contraction (see Chapter 8).”” Despite the abundance of these
muscle-specific Tms, muscle fibres also contain a number of cytoskeletal Tm isoforms. These cy-
toskeletal isoforms are not localized to the thin filament, but rather have specific sorting patterns
within the myofibril. The yTm isoform TmSNM1 is specifically sorted to a y-actin based filament
network adjacent to the Z-line and also to a subsarcolemmal actin-filament system at the periphery
of the myofibril."® The Tm4 isoform is also present in a y-actin filament system associated with the
Z-line and unlike TmSNM1, T4 is also present in longitudinal filaments that run perpendicular
to the Z-line.”” These longitudinal structures are associated with repair and remodelling of the
myofibril. Expression of ectopic Tm3 in transgenic mouse muscle leads to accumulation of this
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isoform in Z-line-adjacent filaments, but also results in a muscular-dystrophy-like phenotype,
indicating the normal cytoskeletal network may be disrupted when Tms are expressed in inap-
propriate locations.'®

Functional Consequences of Tm Sorting

The sorting of particular Tm isoforms to specific compartments in cells is consistent with
specific functional roles for these isoforms. A number of studies have identified links between a
particular Tm sorting pattern and functional consequences of this sorting.

Golgi

The localization of TmSNM2 to a perinuclear compartment in NIH 3T3 cells indicates
an association of this isoform with the Golgi complex.* This association has been investigated
further by immunogold labelling of Tm5SNM2 using both CG3 and WS5/9d antibodies. These
studies confirm an interaction of yTm isoforms with short Golgi-associated microfilaments and
the surface of coated vesicles derived from the Golgi.* Earlier studies have also shown that one or
more yIm isoforms are associated with selected Golgi-derived vesicles, but Tms from the a and
B genes are not.”

The Golgi apparatus is closely associated with an actin-based microfilament system, as well a
microtubule system*' and intermediate filaments.”” Actin microfilaments play an important role
in maintaining the shape of the Golgi structure as well as correct functioning of vesicle budding
and fission.” The localization of specific Tms to these filaments is likely to help modulate actin
function in this region, allowing finer regulation of these microfilaments.

Lamellapodia

Lamellapodia are motile structures located at the leading edges of cells. They are characterized
by a dynamic actin network comprised of short branched actin filaments which are rapidly turned
over. DesMarais et al* reported that Tm, while present in lamellapodia, is relatively absent from
the leading edge of the cell where the F-actin concentration is high, indicating a tropomyosin-free
compartment in the most dynamic region of the lamellapodium. Hillberg et al*> demonstrated
endogenous HMW Tms extend out to the very edge of the lamella in MTLn3 cells, although
staining is weaker within 0.1-0.2 um of the leading edge. Likewise, HMW Tims also extend into
the lamella of migrating human fibroblasts, with disorganized Tm structures in the 1-4 wm region
transitioning to actin-filament associated Tm further in. These results were confirmed via expres-
sion of exogenous Tms. Both HA-tagged and GFP-tagged Tims extend to the edges of the lamel-
lapodia. GFP-tagged Tms show a weaker signal very close to the leading edge, indicating a lower
concentration of tagged Tm in this region. HA-tagged Tm4 and Tm5, both LMW, appear to be
present at the leading edges of the lamella at higher concentrations than the HMW Tm1 and Tm2,
confirming observations in fibroblasts that HMW isoforms are less abundant at the periphery of
cells.? Localization of these tagged Tms appears to be punctate close to the leading edge, becoming
more organized further into the lamella until they are integrated into actin stress fibres.?”

Many other actin-bindingand remodelling proteins are enriched in this leading edge, especially
Arp2/3 and ADF/cofilin. These proteins are involved in the rapid turnover of actin filaments in
this region, which leads to the highly dynamic properties of the leading edge. As Tm isoforms have
been shown to inhibit the activity of these proteins, the relatively lower concentration of Tm at
the leading edge may allow this rapid remodelling to occur.”

CFTR

The cystic fibrosis transmembrane conductance regulator (CFTR) transports chloride ions
across the apical surface of epithelial cells. In T84 epithelial cells the LMW Tm5a/5b have a specific
apical localization, in contrast to HMW isoforms which are more basally localized.® Tm5a/5b spe-
cifically localize to regions of the membrane where the CFTR receptor is inserted, indicating these
isoforms may have a functional role in regulating membrane levels of this protein. Knockdown of
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these isoforms using antisense oligonucleotides leads to an increase in CFTR surface expression,
confirming a role for Tm5a/5b in regulating the CFTR levels in the plasma membrane.®

Neurons

Neurons are highly differentiated cells, which show distinct changes in Tm sorting throughout
development. These changes in localization indicate that certain Tm isoforms may have specific
roles at various stages of development. The TmSNM1/2 isoforms for example are highly enriched
in the developing axon, but not the mature axon, indicating a possible functional role in axonal
development and outgrowth.” Sorting of TmSNM1/2 occurs very early in differentiation and
sorting of Tm5SNM1/2 mRNA to the axonal pole may occur prior to differentiation, in cells that
do not yet have processes. TnSNM1/2 is therefore an early marker for the development of neural
polarity.?®

Both Tm5NM1/2 and Tm#4 are highly enriched in the early growth cone, indicating a role for
these isoforms in neurite outgrowth during development.'>" Tm4 is also enriched in postsynaptic
terminals of neurons in the rat cerebellum, specifically in the post synaptic densities.'* This indicates
a potential role for Tm4 in synaptic function. In contrast, TmBr3 is present at presynaptic sites,
indicating this isoform is likely to have a different role in synaptic function to Tm4."

Mechanisms of Tm Sorting

The sorting of Tm isoforms appears to be tightly regulated, both spatially and temporally. While
specific locations of Tm isoforms have been described for many cell types and changes in sorting
throughout maturation, differentiation and the cell cycle have also been described, the mecha-
nisms which control this sorting are yet to be fully understood. There are a number of potential
mechanisms which may be involved and the complexity of Tm sorting indicates that there is likely
to be more than one mechanism contributing to the sorting of these molecules.

mRNA Sorting

One way in which proteins can be sorted to intracellular compartments is by sorting mRNA,
resulting in localized synthesis which ensures the protein is only expressed where it is required. A
number of cytoskeletal proteins show localized mRNA, including actin.”” In developing neurons
in situ, TmSNM1/2 mRNA is localized within cell bodies and enriched at the axonal pole and
in the proximal region of the developing axon.?® This correlates with an axonal localization for
TmSNM isoforms in early neurons." In mature neurons the TnSNM1/2 mRNA appears to be
distributed more evenly throughout the cell body,* again correlating with known protein localiza-
tion."” TmBr2 mRNA is distributed evenly throughout the cell body but excluded from the axonal
pole.*In cultured neurons, TmSNM1/2 but not TmBr2 mRNA again appears to have a polarized
distribution , with TmSNM1/2 mRNA present in axons and cell bodies in differentiated cells.*
TmBr3 mRNA shows a cell body distribution in mature neurons with enrichment near the axon,
correlating with the known axonal distribution of the protein.'"?

Localization of mRNA does not perfectly correspond to protein localization, however. The
protein localization is broader in neurons than the mRNA localization. Tm4 mRNA shows the
same localization as TnSNM1/2 mRNA, being enriched in the axonal pole of the cell body and
the proximal axon,” but the Tm4 protein is widely distributed in neurons, present in cell bodies,
dendrites and axons. So while these two proteins again show similar mRNA localization, their
protein localization is different, indicating additional mechanisms must be involved. It may be
that mRNA localization can be used to regulate sites of protein synthesis and assembly and other
mechanisms are then used to direct the protein to its final location.

Exogenous TmSNMI1 lacking the 3° UTR shows identical sorting to the endogenous protein,
localizing to the growth cone in neurons (Fig. 3), while another exogenous isoform not normally
expressed in neurons, Tm3, localizes much more broadly to the cell bodies, neurites and growth
cones.” In fibroblasts, exogenous TnSNM1 with and without the 3' UTR show identical sorting
to that seen for the endogenous protein.? These studies therefore indicate that the coding sequence
alone is enough to direct sorting of Tm isoforms and the 3' UTR is not essential.
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Figure 3. Exogenous Tm in transgenic mice sorts to the same compartment as endogenous
Tm. Both endogenous TM5NM1 as observed by the y9d antibody (A) and exogenous Tm5NMT1
as observed by the LC1 antibody (B) show enrichment in growth cones of mouse cortical
neurons in 5 day cultures.” Scale bar, 10 um.

Actin Structures

Tm sorting may be influenced by the actin isoform present in filaments, as it appears as though
there are preferred associations between particular actin and Tm isoforms. Overexpression of
y-actin in myoblasts results in reduced sorting of Tm2 but not TmS5 into stress fibres, suggesting
competition of isoforms for inclusion into structures may play a role in sorting.

The role of actin structures in sorting of Tm isoforms has been studied using pharmacological
agents that can disrupt the actin microfilament system. Treatment of neurons with cytochalasin
B results in loss of specific sorting by the yTm isoforms. Washout of the drugleads to relocation of
isoforms to their original locations.'* These studies therefore indicate that an intact microfilament
system is required for sorting of Tm isoforms. Intact actin structures also appear to be required
for the polarized distribution of Tm5a/5b in epithelial cells. Treatment of these cells with the
actin-disrupting drug cytochalasin D eliminates the polarized distribution of these isoforms.®
Treatment with nocodazole, a microtubule-disrupting drug, does not eliminate polarized stain-
ing of Tm5a/5b, indicating that intact microtubules are not required for the polarization of Tms
in epithelial cells.®

Microtubules form a separate cytoskeletal system from the actin microfilaments and are a major
structural component of the axon. Treatment of neurons with nocodozole leads to redistribution
of isoforms and a loss of Tm5a/5b and Tm5SNM1/2 colocalization in axons,' indicating the mi-
crotubule system is involved in the maintenance of Tm sorting in neurons.

Isoforms from the yTm and oTm genes both sort to stress fibres in fibroblasts. Treatment with
the drug cytochalasin D leads to loss of actin stress fibres, however stress fibres containing yTm
isoforms are more resistant to cytochalasin D than those containing o Tm and pTm isoforms.? It
therefore appears that these two groups of isoforms may not bind to the same individual actin fila-
ment, but are instead associated with distinct filaments bundled together in the same stress fibre.
The concept of homopolymers of Tm isoforms is also supported by the observation of isoform
sorting per se. The very fact that Tm isoforms are segregated indicates individual populations of
actin filaments contain primarily one isoform.
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Isoform Specific Actin Affinities

There is evidence that alternative exon choice is capable of directing alternative sorting. Choice
of an alternative N-terminus in the o gene (1a and 2b for HMW isoforms or 1b for LMW isoforms)
can send these isoforms to different compartments in fibroblasts* and epithelial cells.® The choice
of an alternative C-terminus in the y gene can influence sorting in the brain. Isoforms with the 9d
terminus are excluded from axons in adult neurons," while 9a and 9¢ containingisoforms are pres-
entin axons, as well as cell bodies and dendrites.!® An alternative splice choice has also been shown
to direct alternative sorting in fibroblasts, with the 6a-containing TmSNM1 sorting to stress fibres
and the 6b-containing TmSNM2 sorting to a perinuclear compartment.* Similarly, TnSNM2 is
targeted to the axon shaft in neurons whereas TnSNM1 is localised to the growth cone.”

Exon 6 has been shown to be important for actin affinity in o Tm. The 6a9d-containing isoform
binds actin more strongly than the 6b9d-containing isoform and deletion of exon 6 results in
loss of actin affinity, indicating that this region of the molecule is required for binding to actin.!
This loss of actin affinity is more pronounced in isoforms containing the 9d C-terminus than in
isoforms containing the 9a C-terminus, indicating that other exons can have a modulating effect
and actin affinity does not depend on a single region of the protein. Note that in contrast, the
choice of exon 6a or 6b in fTm does not appear to alter actin affinity, although the choice of exon
9a or 9d can.* This indicates that the effect on actin affinity of choosing one exon over another is
not necessarily conserved between genes. It appears as though sorting of Tms in general is more
conserved within genes, than between isoforms of similar exon structure from different genes. For
example, a y9c-containing isoform shows more similar sorting to y9a-containing isoforms than
to a 9c isoform from the a gene.* In addition, whereas Tm5b and TmSNMI share the same exon
structure, containing the exons 1b, 6a and 9d, they show very different sorting patterns in epithelial
cells.® All Tms exist as dimers when bound to actin and the formation of homo- or hetero-dimers
can also alter actin affinity. The information for dimerization is contained within the Tm molecule
and can be influenced by alternatively spliced exons (see Chapter 6).3*

Unlike other proteins that may have a geographical targeting signal included within the
alternatively-spliced region, Tm isoforms do not appear to contain an intrinsic targeting sequence
that directs them to a particular compartment. Although alternative exon choice can influence
sorting, as described above, this sorting is cell-type specific and also changes with development
and differentiation, indicating that the process of Tm sorting is flexible and dynamic. This argues
against a specific targeting signal in the manner of nuclear targeting or membrane localization
signals. Rather, it appears as though multiple regions of the protein and perhaps the molecule asa
whole is responsible for sorting. The differences in sorting for isoforms containing different exons
may be explained by these exons influencing changes in flexibility and actin affinity, interactions
with other proteins and modulation by signalling pathways.

Signalling

Organisation of the actin cytoskeleton is regulated by a number of signalling pathways. These
are likely to contribute to Tm sorting by altering the composition of actin filaments in particular
regions of the cell, therefore leading to changes in Tm accumulation at these sites. Members of the
Rho pathway are involved in reorganisation of the cytoskeleton, with different members involved in
promoting formation of different types of structures. Rho is involved in assembly of stress fibres,”
Rac in formation of lamellipodia and membrane ruffles and Cdc42 in formation of filopodia.*
Rac and Cdc42 alter actin polymerisation at the cell periphery through activation of the Arp2/3
complex through WAVE and WASP proteins respectively and Rho stimulates actin polymerisa-
tion to promote stress fibres through formins and can also promote myosin II actin-filament
cross-linking activity through increased phosphorylation of myosin light chain.’” Rho kinase
(ROCK) is the downstream target of Rho and ROCK can also activate the downstream effector
LIM kinase (LIMK). LIMK can directly regulate actin polymerisation via phosphorylation and
inactivation of the actin-severing proteins ADF/cofilin and has also been implicated as a regulator
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of microtubule assembly/disassembly. As well as activation by phosphorylation via ROCK, LIMK
can also be activated by p21-activated kinase.?®

Although there is no evidence of a direct link between the Rho and LIM pathways and Tm,
there is some evidence that Tm can be phosphorylated. Phosphorylation is a very common post-
translational modification that can not only alter protein activity, but can also alter the localiza-
tion of many proteins. Tropomyosin-1 can be phosphorylated in endothelial cells in response to
oxidative stress. This phosphorylation is associated with reorganisation of the actin cytoskeleton
and recruitment of Tm1 into stress fibres, indicating that phosphorylation of Tm may be able to
alter its localization.?” It has been proposed that phosphorylation of Tm1 may be a major factor in
actin bundling, assembly of focal contacts and generation of cellular tension.*** Phosphorylation
of Tm1 occurs downstream of ERK (extracellular signal-regulated kinase), although the kinase
that is responsible for this phosphorylation has not yet been identified.

Lessons from Other Cytoskeletal Proteins

Many other cytoskeletal proteins show differential isoform sorting and these may provide
models by which the mechanisms of Tm sorting may be understood. Sorting of cytoskeletal actin
isoforms has been observed in neurons,” muscle and other cell types,” although the mechanisms
by which this sorting occurs have not been extensively studied. More is understood about the sorting
mechanisms of myosin isoforms which, like Tms, comprise a large multigene family. These studies
indicate that multiple mechanisms can contribute to the sorting of myosin isoforms.

Myosin ITA and IIB show spatial sorting within migrating endothelial cells, with myosin IIA en-
riched at the leading edge and IIB enriched at the trailing edge.* Injection of fluorescent analogues
of these isoforms indicate that sorting is intrinsic to the proteins themselves and timelapse studies
indicate that the different isoforms have different rates of incorporation into structures, which
may explain their differential localizations. Myosin IIA is incorporated into new structures more
quickly than myosin IIB and is also lost more rapidly when structures are disassembled, consistent
with the presence of this isoform at the leading, but not the trailing edges of cells.*

Phosphorylation of myosins can alter their localization. Myosin II requires de-phosphorylation
of the heavy chain in order to localize to the cleavage furrow of Dictyostelium during cytokinesis.
This may reflect a need for the myosin to form higher order structures in the form of thick filaments
before it can be properly localized to the cleavage furrow.* Studies in Drosophila S2 cells indicate
the initial stage of myosin localization to the cleavage furrow requires Rhol signalling and Rho
kinase phosphorylation of the light chain of myosin II. This is thought to increase thick filament
formation.® The same study indicates that filamentous actin is not required for the initial localiza-
tion of myosin II to the cleavage furrow, but is involved in stabilising it once it gets there.

Myosin light chain isoforms show ability to compete for inclusion into structures in muscle cells,
with a hierarchical order of binding specificity that mimics the developmental expression of these
isoforms. This allows each new isoform expressed to have a higher binding affinity and therefore
efficiently replace the previous proteins, while maintaining the stability of the structures. When
multiple isoforms are expressed at once, some isoforms are preferentially sorted to the myofibrils,
while those with lower affinities are distributed throughout the cytoplasm.*

Implications of Tm Sorting

Tm sorting is widespread in a number of cell types, including neurons, epithelial cells and
fibroblasts. Although the mechanisms underlying the sorting of Tm isoforms is yet to be fully
understood, it is clear that this is a very dynamic and tightly-regulated process. As more examples
of Tm sorting are identified it is becoming increasingly clear that specific isoforms are associated
with functionally distinct populations of actin filaments.”” Differential sorting of isoforms is a
way to regulate the amount of different Tm isoforms available at specific intracellular sites and
therefore control the incorporation of Tms into specific microfilament populations. Because dif-
ferent Tm isoforms have diverse properties and functions with respect to actin and actin-binding
proteins (see Chapters 17-21) this sorting can confer specific functional properties to the actin
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microfilaments and therefore the regulation of Tm sorting can directly contribute to the regula-
tion of actin-filament function.®®

In the yeast Saccharomyces cerevisiae, loss of both Tm genes, TPM1 and TPM2, is lethal and
TPM2 cannot compensate for the loss of TPM1 indicating that these two genes have distinct
functions.® Knockout of the entire o Tm or yTm genes in mice is embryonically lethal,***? indicat-
ing products of each of these genes are required for cell survival. Knockout of individual isoforms
within one gene has much more subtle effects however,* indicating that different isoforms from
the same gene may be able to compensate for each other. Despite some functional redundancy
within genes, it is clear that different Tm isoforms can confer different properties on the actin
filament. Tm isoforms show differential abilities to bind actin®** and isoform-specific regulation
of the activity of actin-binding proteins myosin,*** ADF/cofilin,® gelsolin®* and formin.>® These
varying properties allow different Tm isoforms to differentially regulate actin filament function.

The large number of Tm isoforms may allow finer regulation of Tm function and activity, as
each isoform may be regulated independently. Even isoforms with very similar properties may be
regulated differently in time and space, whereas sorting of isoforms with different properties and
functions may be a mechanism by which these specific functions can be restricted to the region of
the cell where they are required and prevented from being expressed where they are not required.
Sorting of Tm isoforms may also help direct the sorting of other cytoskeletal proteins. For example,
overexpression of TmSNM1 is able to recruit myosin II into stress fibres and displace ADE®

Models of Sorting

The central question regarding the mechanism of sorting of Tm isoforms concerns the relative
roles of active transport vs. passive diffusion of the molecules. Because Tm isoforms do not appear
to contain an intrinsic geographical targeting signal that directs them to a particular region in all
cells it is considered unlikely that an active transport system can account for the observed sorting
of Tms.?>¢ Instead it appears that multiple regions of the protein and perhaps the protein as a
whole are responsible for directing sorting.>®

The simplest explanation for the accumulation of isoforms in specific structures is the ‘molecular
sink’ model in which isoforms accumulate in structures where they have the highest affinity and are
most stable.””* This hypothesis is supported by drug studies, which indicate that fragmentation of
actin structures can abolish Tm sorting®'* and also correlates with the observations that Tm sort-
ing is flexible throughout development and alters as new structures are formed. Tm isoforms can
compete for inclusion into specific actin structures, as demonstrated by the exclusion of HMW
Tms from stress fibres in cells overexpressing TmSNM1.%

Tm sorting can be influenced by other actin binding proteins and changes in actin organisation
and dynamics. Changes in actin structure and associated proteins will influence the affinity of a
particular Tm isoform in any actin-based structure and therefore alter the accumulation of specific
Tms at that site. In turn, accumulation of a specific Tm isoform at a particular site in the cell will
influence the properties of actin filaments by regulating the association with local actin binding
proteins. Thus, collaboration between available Tms and the activity of local actin binding proteins
will lead to the local assembly of functionally distinct actin filaments.

An example of this collaborative model is shown in Figure 4. Consider a situation where LIM
kinase (LIMK) is active and ADF/cofilin is phosphorylated and inactivated and therefore will
not compete with Tms for binding to actin. If myosin light chain kinase (MLCK) is also active,
myosin will be phosphorylated and activated, promoting formation of stress fibres which prefer-
entially accumulate the TmSNM1 isoform. In contrast, if LIMK and MLCK are inactivated, then
the equilibrium shifts towards active ADF which competes with some Tms (e.g., TmSNM1) for
actin filament binding, but collaborates with TmBr3 promoting the formation of shorter filaments
that incorporate TmBr3 (Fig. 4).¢ In this way, the local active actin binding proteins and a specific
Tm(s) act to promote the formation of a functionally specific actin filament at a particular site in
the cell. As long as the local signalling and the availability of the specific Tm remain unchanged,
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Figure 4. A collaborative model of Tm sorting. Local active actin binding proteins and specific
Tms act to promote the formation of functionally specific actin filaments at a particular site
in the cell. Local concentrations of all the components will drive competitive/collaborative
interactions which will result in assembly of the most thermodynamically stable filaments.
A) If LIM kinase and MLCK are active then ADF/cofilin will be inactivated and therefore will
not compete with Tms for binding to actin and activated myosin Il will promote formation
of stress fibres which preferentially accumulate the Tm5NMT1 isoform. B) In contrast, if LIMK
and MLCK are inactivated then myosin Il disengages and the equilibrium shifts towards active
ADF which competes with some Tms for actin filament binding, but collaborates with TmBr3,
promoting the formation of shorter filaments that favour binding of TmBr3.5°

the type of actin filament should remain the same. The use of a single type of Tm along the length

of the actin filament will also promote fidelity of function along the length of that filament.
Conversely, overexpression of TnSNM1 will outcompete ADF/cofilin leading to elevated ADF

and its subsequent phosphorylation whereas TmBr3 will promote binding of ADF/cofilin to actin
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filaments. Thus, local concentrations of all the components will drive competitive/collaborative
interactions which will result in assembly of the most thermodynamically stable filaments. The
spatial segregation of Tm isoforms may therefore be seen as the differential outcomes of these
reactions at different sites in the cell.

It appears that cytoskeletal pools of Tm-containing filaments are not fixed in size.”
Opverexpression of exogenous cytoskeletal Tm leads to no decrease in expression of endogenous
Tm, indicating the absence of a feedback mechanism to control cytoskeletal Tm expression. This is
in contrast to sarcomeric Tms, where overexpression leads to a decrease in endogenous Tm in order
to maintain the strict stoichiometry of actin and actin-binding proteins within the sarcomere.>®
Opverexpressed cytoskeletal Tms accumulate in the same intracellular locations as endogenous Tm,
indicating that these cytoskeletal pools are not saturated with Tm. Increased levels of TmSNM1
lead to an increase in filamentous actin, indicating a shift in equilibrium towards increased F-actin
and filament formation.” This suggests that the supply of individual cytoskeletal Tms is limiting for
the assembly of actin filaments containing that isoform. This is most consistent with a ‘molecular
sink’ model where Tms define both the pool size and the functional characteristics of specific
actin filament populations.

Future Directions

Despite the progress that has been made in understanding how differential sorting of Tm
isoforms occurs, there are a number of questions that remain unanswered. It remains to be seen
if there is any kind of signal at the destination that is specific for any particular isoform, or if it is
indeed simply a matter of actin affinities. It has also not yet been conclusively disproven that there
is active transport involved, or what might direct this active transport if it occurred. The role of Tm
in structure formation is also yet to be understood. It has been shown that some structures can be
perturbed by removal of specific isoforms® and knockout studies have indicated that while some
compensation by other isoforms can occur within genes, products from both the mammalian a
and y genes are absolutely required for life. It is not clear if an isoform is removed from a structure
whether another will step in to take its place, or whether there are some types of actin-filaments
that absolutely depend on specific Tm isoforms for their formation and maintenance. Study of
knockout mice will be required to unambiguously answer this question.

In conclusion, Tm isoforms show extensive intracellular sorting which results in spatially dis-
tinct actin filament populations. Tm isoforms have different properties with respect to actin and
actin-binding proteins and can therefore differentially regulate and confer functional differences on
these actin filament populations. Although the mechanisms that control the intracellular sorting of
Tm isoforms are not well understood, it appears as though many factors may contribute, including
actin-filament dynamics, actin-affinity of Tm isoforms and other actin-binding proteins, all of which
may favour the accumulation of particular isoforms at cellular sites. In the future, manipulation
of the activity of specific actin binding proteins should reveal their role in the restriction of Tms
to specific intracellular sites.
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CHAPTER 16

Human Tropomyosin Isoforms in the

Regulation of Cytoskeleton Functions

Jim Jung-Ching Lin*, Robbin D. Eppinga, Kerri S. Warren
and Keith R. McCrae

Abstract

ver the past two decades, extensive molecular studies have identified multiple tropomyosin
O isoforms existing in all mammalian cells and tissues. In humans, tropomyosins are en-

coded by TPM1 (a-Tim, 15q22.1), TPM2 (B-Tim, 9p13.2-p13.1), TPM3 (y-Tim, 1q21.2)
and TPM4 (8-Tm, 19p13.1) genes. Through the use of different promoters, alternatively spliced
exons and different sites of poly(A) addition signals, at least 22 different tropomyosin cDNAs
with full-length open reading frame have been cloned. Compelling evidence suggests that these
isoforms play important determinants for actin cytoskeleton functions, such as intracellular vesicle
movement, cell migration, cytokinesis, cell proliferation and apoptosis. In vitro biochemical stud-
ies and in vivo localization studies suggest that different tropomyosin isoforms have differences in
their actin-binding properties and their effects on other actin-binding protein functions and thus,
in their speciﬁcation of actin microfilaments. In this chaptcr, we will review what has been learned
from experimental studies on human tropomyosin isoforms about the mechanisms for differential
localization and functions of tropomyosin. First, we summarize current information concerning
human tropomyosin isoforms and relate this to the functions of structural homologues in rodents.
We will discuss general strategies for differential localization of tropomyosin isoforms, particularly
focusing on differential protein turnover and differential isoform effects on other actin binding
protein functions. We will then review tropomyosin functions in regulating cell motility and in
modulating the anti-angiogenic activity of cleaved high molecular weight kininogen (HKa) and
discuss future directions in this area.

Introduction

Tropomyosin (Tm) is a coiled-coil dimer protein that lies end-to-end in the actin groove
and plays important roles in regulating muscle contraction. In addition, tropomyosin provides
structural stability of actin filaments and modulates cytoskeleton function.'* In mammals, there
are four tropomyosin genes that potentially produce, through alternative splicing, a large number
of protein isoforms."*** Molecular cloning, RT-PCR and Northern blot analyses have identified
at least 24 full-length tropomyosin isoforms in rodents. The existence of these isoforms in mouse
cells/tissues has been further verified by protein and Western blot analyses.***"* Accumulated
lines of evidence support the hypothesis that different tropomyosin isoforms within the cells
bind to different populations of actin filaments to create specific structural domains for the
actin cytoskeleton that perform their discrete functions. Specific examples of such isoforms that
determine or create distinct populations of actin filaments in neuron, epithelial cells and skeletal
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muscle, have been extensively reviewed in three excellent articles.>*> In addition, a recent article
has comprehensively reviewed the historical aspects of tropomyosin structure and function, the
molecular basis of tropomyosin diversity, tropomyosin isoform-based regulation of actin dynamics
and tropomyosin in human disease.? In this chapter, we focus our discussion on the existence, the
differential localization and the differential functions of human tropomyosin isoforms. Where
possible, the results from studies with rodent tropomyosin isoforms will be related to the discus-
sion of human tropomyosin isoforms.

Human Tropomyosin Gene Organization and Isoforms

To understand how human tropomyosin isoforms can specify functional diversity of actin
filaments, we first need to categorize how many tropomyosin genes and isoforms exist in humans.
Recent advances in the human genome project, functional genomics, gene cloning and expression
profilinglead to a summary that in humans, 4 tropomyosin genes, 7PM1 (previously named a-772),
TPM?2 (B-Tim), TPM3 (y-Tim, h Tim30nm or h Tmnm) and TPM4 (8- Tin, h Tm30pl or hTimpl) are
localized to chromosomes, 15q22.1 (Hs.133892), 9p13.2-p13.1 (Hs.300772), 1q21.2 (Hs. 644306)
and 19p13.1 (Hs. 631618, http://www.ncbi.nlm.nih.gov/UniGene/clust.cgi), respectively. As
shown in Figure 1, human tropomyosin genes generate, through the use of alternatively spliced
exons, different promoters and different poly(A) additional signals, at least 22 different mMRNAs
with full-length open reading frames, which have been cloned from various human tissues and cells.
The exon and intron organization of these genes are very similar to that of rodent tropomyosin
genes,’ except that in the rodent 8-772 gene, there are no equivalent exons 1a and 2 found so far.
Based on the current cDNA data, only 7PM1 gene utilized alternative exon 2a or 2b. The T7PM?2
and TPM4 genes did not use alternative exons for exon 1 and 6, respectively. For a convenient
comparison in the literature, the names of related isoforms in rodents (Tm) are given in parentheses
after each of the human tropomyosin (HTm) (Fig. 1). These tropomyosin isoforms are traditionally
classified into two major groups, high molecular weight (HMW) isoforms containing 284-285
amino acids (aa) except hTm1-1 and low molecular weight (LMW ) isoforms containing 245-248
aa and they are expressed differentially in various tissues and cell types.

Muscle Tropomyosin Isoforms

The principal tropomyosin isoforms found in human striated muscles are a-fast tropomyosin
(af-Tm)/hTmskal from the TPM1 gene, B-tropomyosin (B-Tm)/HImskp from the TPM2 gene
and o-slow tropomyosin (os-Tm)/hTmska?2 from the 7PM3 gene. In adult human hearts, B to
o tropomyosin ratio is about 1:4.8, whereas adult mouse hearts contain almost exclusively the a
isoform." The slow-twitch muscle isoform, hImska2, was cloned from human skeletal muscle®
but has not been detected in human heart.'*!¢ Adult mouse hearts also express very little a-slow
muscle (as-Tm) isoform."” In addition to hTmska1, the human heart expresses hTmska1-1 isoform
utilizing exon 2a of the TPM1 gene.

In smooth muscle-enriched tissues such as placenta and uterus, hTmsma and hTmsmo-1 from
the TPM1 gene, hIm1 from the 7PM2 gene and hTmS5 from the 7PM3 gene have been cloned.
In addition, both h Tmsma and hTm I messages are detected in human stomach, another smooth
muscle-enriched tissue, by Northern blot analysis.¢ Therefore, human muscle tropomyosin iso-
forms include hTmsko1, hITmskp, hTmska2 and hTmska1-1 in striated muscle, hTmsma, hTm1
and hTmsma-1 in smooth muscle.

Nonmauscle/Cytoskeletal Tropomyosin Isoforms

Protein and cloning studies from human nonmuscle cell lines such as MRC-5, HuT-11,
HuT-14 and WI-38 have previously identified at least eight tropomyosin isoforms. These are
hTm2, hTm3, hTmsma, hTm5a and hTmSb from the 7PM1 gene, hTm1 from the 7PM2 gene,
hTmS from the 7PM3 gene and hTm4 from the TPM4 gene.'*'%? Further cloning from placenta
and placenta choriocarcinoma libraries identifies hIm2, hTm3, hTm3-1, hTmsma-1 and hTm5b
from the TPM1 gene, hIm1 from the TPM2 gene, mutant hTmS5 from the 7PM3 gene and hTm4
from the TPM4 gene. Therefore, two more isoforms, hTmsma-1 and hTm3-1, are included in the
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Figure 1. Schematic diagram of human tropomyosin gene organization and isoform diversity.
In humans, there are 4 tropomyosin genes, TPM1 (a-Tm), TPM2 (B-Tm), TPM3 (y-Tm) and TPM4
(8-Tm), located in different chromosomes. The exon (indicated by the colored box) and intron
(indicated by the solid line) organization of these genes is very similar. After splicing out the
intron (indicated by the dashed line), each gene is capable of generating multiple mRNAs that
encode different proteins. The isoforms that are listed under each gene have been detected
in human tissues and/or cell lines and their cDNAs with full-length open reading frame have
been cloned. Isoform variation occurs at both N- and C-termini, as well as an internal exon
6. However, alternative usages of the exon 1 for the TPM2 gene and the exon 6 for the TPM4
gene have not been detected. The corresponding isoforms found in rodents and named by
Gunning’s group® are included in parentheses. The isoforms hTm4 and hTm5 are synonymous

with hTmpl and hTmnm, respectively.?'*?
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nonmuscle tropomyosin list. As previously reported for rat brain,'” human brain also expresses
its own specific isoforms, hTmbra and hTmbra-1 from the 7PM1 gene and hImbry from the
TPM3 gene. However, differing from rat brain, human brain expresses muscle isoform hTmskp
from the TPM2 gene. Full-length cDNA clones encoding hTmbra, hTmskp and hTMbry have
been obtained from a human fetal brain library, whereas hTmbro, hTmbro-1 and hTmskp were
cloned from adult human brain and hippocampus libraries (Table 1). Both hTmbra and KTmbra-1
have the same protein sequence with 245 residues, whereas hImbry contains 247 residues. Other
brain-specific tropomyosin isoforms (TmBrl and TmBr2) derived from the rodent a-7 gene
have not been found in human brain. Interestingly, both human fetal and adult brains express the
HMW muscle tropomyosin (hTmskf). The localization and function of KTmskf and brain-specific
isoforms (hTmbra, hImbro-1 and hTmbry) in the brain remain to be determined. Early studies
on cardiomyocytes and skeletal muscles unambiguously showed the presence of nonmuscle tro-
pomyosin isoforms in adult muscles,>*'*?*?” which performed important roles in regulating actin
dynamics and functions. Therefore, the division between muscle and nonmuscle tropomyosin
isoforms based on tissue types may not be suitable and we will refer these nonmuscle forms as
cytoskeletal isoforms.

Similar to erythrocytes,?®? Jurkat T-cells express hIm5b and hTm5. It has been shown that
both hTm5 and hTm5b bind more strongly to tropomodulin, a tropomyosin-binding and actin
filament capping protein, than other tropomyosin isoforms.?** In erythrocytes, the hTm5-tropo-
modulin or hTm5b-tropomodulin complexes together with spectrin, adducin, capZ, protein 4.1
and 4.9 provide a membrane skeletal network for membrane stability under mechanical stress.!
Tropomyosin-tropomdulin complexes appear to stabilize and limit actin into a short filament

Table 1. Summary of human tropomyosin isoforms, GenBank accession numbers for
full-length cDNA clones and expressed tissues/cells

Tropomyosin Isoforms and

Predicted aa Residues Accession Number Expressed Tissues/Cells

hTmskal (af-Tm), 284aa M19713, AY640415, Skeletal muscle, cardiac muscle
NM_001018005

hTmskp (8-Tm), 284aa X06825, CR614416, Skeletal muscle, cardiac muscle, fetal
CR615839, brain, adult brain
NM_003289

hTmska2 (as-Tm), 285aa X04201, BC008407, Skeletal muscle
BC008425,
NM_152263

hTmskal1-1, 284aa AY640414 Cardiac muscle

hTmsma (Tm6), 284aa AL050179, Adult uterus, cell lines: MRC-5, WI-38
NM_001018007

hTmsma-1, 284aa CR594134, CR622076,  Placenta
NM_001018020

hTm1 (Tm1), 284aa CR626020, AK223258,  Placenta, stomach mucosa, cell lines:
BCO011776, M75165, MRC-5, WI-38, and T84, pancreatic
M74817, NM_213674 adenocarcinoma, colon, colon carcinoma

hTm1-1, 322aa CR590682 Hela

hTm2 (Tm2), 284aa CR598963, CR626242,  Fetal liver, placenta, cell lines: MRC-5,
NM_001018004 HuT-14 and T84

continued on next page
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Table 1. Continued

Tropomyosin Isoforms and
Predicted aa Residues

Accession Number

Expressed Tissues/Cells

hTm3 (Tm3), 284aa

hTm3-1, 284aa

hTm4 (Tm4), 248aa

hTm4HMW, 284aa

hTm4HMW-1, 284aa

hTm5 (Tm5NMT1), 248aa

hTm5-1/TC22 (Tm5NM7),
247aa
hTm5-2 (Tm5NMT11), 247aa

hTm5a (Tmb5a), 248aa

hTm5b (Tm5b), 248aa

hTmbra, 245aa

hTmbra-1 (TmBr3), 245aa
hTmbry ("TmM5NM4), 247aa

CR623950, CR610885,
NM_001018006

BC007433,
NM_000366

X05276, M12127,
CR599958, BC002827,
BC037576, BC067225,
NM_003290

AK023385

CR599958

X04588, CR618509,
AK026559, CR617822,
BC072428, CR597930,
BC015403, BCO00771,
BCO017195, NM_153649

AY004867,
NM_001043352

AF474157

L02922* (clone
pSNL30-5)

CR501288, CR604708,
CR590047, X12369,
CR604315, CR602634

CR603337, CR623323
BC050473,
NM_001018008

AB209041

CR589996,
NM_001043353

Placenta, neuroblastoma, cell lines:
MRC-5, HuT-14, WI-38 and T84

placenta choriocarcinoma

Cell lines: MRC-5, HuT-14, WI-38, Hela
and T84, placenta choriocarcinoma,
eye retinoblastoma, testis embryonal
carcinoma

Ovary tumor tissue

Hela

Cell lines: MRC-5, HuT-14, WI-38,

T84, and KATO Ill, Jurkat T-cell, uterus
leiomyosarcoma, leukocytes, fetal liver,
bone osteosarcoma, kidney renal cell
adenocarcinoma, placenta choriocar-
cinoma

Colon carcinoma T84

Leukocytes from skeletal muscle

Cell lines: WI-38

Placenta, cell lines: WI-38, Jurkat T-cell,
fetal and adult liver, neuroblastoma

Fetal and adult brain, hippocampus

Brain

Fetal brain

The tropomyosin isoform listed in the parenthesis represents the known rodent homolog of

human isoform.

*L02922 represents exon 1b sequence derived from clone pSNL30-5, which contains a 1.5 kb
cDNA insert encoding aa #3-248 of hTmb5a.16

(protofilament) with a length of only one tropomyosin molecule. Selective removal of these tro-
pomyosins from erythrocyte membrane impairs the membrane mechanical stability, as assayed
by the resistance to shear in the ecktacytometer. The addition of these erythrocyte tropomyosins
back to tropomyosin-depleted membranes reverses the loss of stability. This stabilizing effect
appears to be highly isoform-specific, because the HMW tropomyosin isoforms cannot restore
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the mechanical stability.** These results clearly demonstrate the differential functions among
tropomyosin isoforms.

Liver expresses hIm2, hIm5b and hImS5. Tropomyosin isoforms, hIm3, hIm5b and hIm5
mutant were found in a neuroblastoma library. From the 7PM2 gene, hIm1 has been found in
pancreatic adenocarcinoma and colon epithelia. In addition, hTm5 has been cloned from bone
osteosarcoma and kidney renal cell adenocarcinoma. From the 7PM4 gene, hIm4 has been found
in eye retinoblastoma and embryonic carcinoma testis. Colon cancer cell line T84 expresses a new
isoform related to hIm5, hImS5-1 (also named TC22), in addition to hIm1, hTm4 and hIm5.3
Characterization of TC22 reveals that it is preferentially associated with colonic neoplasia and
carcinoma. This TC22 may provide a useful biomarker for surveillance of colon cancer. Leukocytes
from skeletal muscle appear to express another isoform related to hImS, hIm5-2 (TmSNM11
rodent homologue), from the 7PM3 gene.

HeLa cells express an unusual large tropomyosin (322 amino acid residues) iTm1-1 from the
TPM?2 gene and hTm4HMW-1 from the TPM4 gene. Tumor tissue of ovary expresses another
HMW isoform of hTm4, KTm4HMW:. Thus, at least 22 different tropomyosin isoforms are found
in various human muscle and nonmuscle tissues and cells. Table 1 summarizes these isoforms with
GenBank accession numbers for their full-length cDNA clones, which were obtained from the
listed tissue/cell libraries.

Strategies and Evidence for Differential Localization of Tropomyosins
within the Cells

Actin filaments are believed to provide protrusive and contractile properties to the cell dur-
ing movement and cytokinesis, to contribute to vesicle movement and to change and maintain
cell shape,"** but the mechanisms controlling their dynamics are not completely understood.
A number of regulatory mechanisms, employing many actin binding proteins, have evolved to
control the dynamics of actin filaments.*** These regulatory activities (and an example of their
corresponding actin-binding proteins) include: G-actin monomer sequestering (thymosin p4),
ADP-actin to ATP-actin nucleotide exchange (profilin), actin nucleation (formins), branchingactin
polymerization (Arp2/3), linear actin polymerization (formins), actin filament capping (capping
protein), actin filament severing (cofilin), actin filament stabilization (tropomyosin), actin filament
cross-linking and/or bundling (fascin) and actin filament contraction (myosin II).

Tropornyosin, when bound to actin filaments, influences the actin-activated myosin activity,
increases actin filament stability and modulates the activities of other actin binding proteins.>¢*
Early studies have shown that muscle tropomyosin isoforms after phosphorylation increase their
head-to-tail polymerization and promote actin activated myosin activity.’ A few cytoskeletal
tropomyosin isoforms, such as Tm1 in the oxidative stressed cells or Tm2 duringagonist-dependent
receptor internalization, can undergo phosphorylation and possibly change their ability to modulate
actin dynamics.*** However, most of the cytoskeletal tropomyosin isoforms purified from chick,
rat and human nonmuscle cells do not have detectable posttranslational modifications such as
phosphorylation or methylation.?* In order for actin filaments to effectively perform the above
listed functions, nonmuscle cells express multiple isoforms of tropomyosin and differentially local-
ize them in a temporospatially regulated manner where they collaborate with other actin binding
proteins to influence actin dynamics.

Different Tropomyosin Isoforms Occupy Slightly Different Positions

along Actin Filaments

In striated muscle, actomyosin contraction is switched on by calcium binding to troponin
complex, resulting in the movement of tropomyosin, presumably from a position which sterically
and allosterically hinders actin-myosin interaction.** Different tropomyosin isoforms (af-Tm,
B-Tm and os-Tm) may occupy different positions on the thin filaments,** thus regulating different
types of contractile forces.!”* Several lines of evidence supporting this claim include tropomyosin
isoform switching from 80% of-Tm and 20% B-Tm in fetal heart to almost exclusively of-Tm in
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adult mouse heart,”* the re-expression of -Tm in adult heart during pressure overload-induced

hypertrophy,* various myopathies caused by muscle tropomyosin missense mutations®**¢ and
altered systolic function in the transgenic mouse heart overexpressing f-Tm***” or as-Tm.*

Smooth muscle and nonmuscle cells do not express troponin complex and the mechanism of
tropomyosin-mediated stimulation of myosin is not clear. In these cells, phosphorylated myosin
might move tropomyosin into a position that favors myosin activation®®*” and this movement
might be regulated by caldesmon,* a multiple interacting protein that binds Ca?*-calmodulin,
tropomyosin, myosin and actin.®’ Caldesmon inhibits actin-activated myosin ATPase in vitro,
but full inhibition requires the presence of tropomyosin.®*** Caldesmon-tropomyosin regulation
affects phosphate release of myosin®® and may block myosin-actin interaction. Fluorescence reso-
nance energy transfer studies using tagged tropomyosin in reconstituted thin filaments show that
caldesmon interacts with and alters the position of tropomyosin and thereby potentially limits the
ability of myosin heads to move tropomyosin to a position favoring AT Pase activation.® Different
tropomyosin isoforms in the presence of caldesmon may occupy different position along actin
filaments and subsequently affect the actin dynamics. The evidences consistent with this claim
include that fibroblast caldesmon enhances the binding of LMW tropomyosin isoforms to actin
filaments greater than HMW isoforms;*® and that overexpression of caldesmon fragment con-
taining actin-, tropomyosin- and Ca?*/calmodulin-binding sites in cells prevents LMW isoforms
from turnover, thus stabilizing actin bundles.”’

In Vitro Biochemical Properties Differ among Tropomyosin Isoforms

Biochemical studies show that cytoskeletal7°”! and smooth muscle tropomyosins,””* when
bound to actin, enhance the myosin AT Pase activity in a calcium independent manner. The degree of
effect varies between isoforms. For instance, under the same conditions, the HMW hIm3 increases
the myosin ATPase activity 1.5 fold over actin alone, whereas the LMW hTmS5 increases myosin
activity 4.7 fold.*” Enhanced actin-myosin stimulation by cytoskeletal tropomyosin contrasts with
the effect of skeletal muscle tropomyosin, which has been reported to inhibit the myosin AT Pase
activity.*”*” Studies with chicken homologues of af-Tm and Tm3 and with Xenapus homolog
of Tm5b also reveal that different tropomyosin isoforms when bound to actin filaments differ in
their ability to regulate myosin IT and brush border myosin I AT Pase activity, as well as the activity
assayed by in vitro motility.”

Tropomyosin can influence actin dynamics independent of myosin II by binding and stabi-
lizing actin filaments. Different tropomyosin isoforms exhibit different actin binding kinetics.
Evidence to support this has been reviewed several times.*”* For example, the LMW KIm5 binds
more stronger than HMW hTm3 to actin filaments, however, the binding of hTm3 exhibits higher
cooperativity than iTmS5.” When the affinity for actin filaments was compared between recombi-
nant rat tropomyosin isoforms with the same C-terminal sequence, LMW Tm5b > HMW Tm2
>HMW Tm3 > LMW Tm5a” and when all isoforms with the same internal exon sequence were
compared, LMW Tm5a > HMW Tm2 > HMW af-Tm > HMW TmBr1 = LMW TmBr3.” There
appears to be no correlation between the size of isoforms and actin binding affinity; rather the
spliced exons at the internal and at both N- and C-termini of tropomyosin are the determinants
of actin affinity. It has been shown that native muscle tropomyosins exist in heterodimers, which
have different properties from homodimers.”*" Although most of the cytoskeletal tropomyosin
isoforms purified from fibroblasts have been shown to exist in homodimers,*# it is possible that
the ability of tropomyosin isoforms to form heterodimer inside the cell may also affect their actin
binding affinity.”*®

Tropomyosin promotes the stress fiber formation by repressing the branching activities of
Arp2/3%% and encouraging the actin bundling abilities of formins.*® Tropomyosin can stabilize
these bundles by protecting actin filaments from the depolymerizing or severing actions of cofi-
lin, %% DNase L% gelsolin®*? and villin.”*** Tropomyosin can also limit actin depolymerization
by working with tropomodulin to cap the pointed ends of actin filaments® and by repressing
depolymerization from the pointed end of actin filaments independent of* or in spite of

71-73
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capping proteins. Tropomyosin also antagonizes the bundling ability of villin** and fascin.””*®

Thus, tropomyosin is a universal regulator for actin filament dynamics. The question is whether
different tropomyosin isoforms regulate these activities differentially. There are very few report in
which human tropomyosin has been used to address this question. However, it has been shown that
rat recombinant Tm5a is the strongest inhibitor of Arp2/3 branching activity, followed by Tm2
and then af-Tm isoform.®* This differential effect is consistent with the differential localization
of tropomyosin isoforms. The LMW Tm5a can be found in lamella and near lamellipodia,**-1%
regions of highly dynamic actin. The HMW Tm2 is mainly localized to the stress fibers, whereas
the os-Tm is found in the relatively stable thin filaments of muscle cells. Emerging conclusion from
these studies and others is that collaborative activities among Arp2/3, profilin, capping protein and
cofilin at the leading edges of migrating cells regulate actin assembly and disassembly, which can
drive lamellipodial motility."** Although tropomyosin plays no direct role in lamellipodial assembly,
LMW tropomyosin isoform localized to this region can limit the size of lamellipodium.'**

Tropomyosins Have Isoform-Specific Turnover Rates in Human Cell Lines

One consistent hallmark of transformation is the suppressed expression of one or more of
the HMW tropomyosin isoforms.**!® This isoform-specific down-regulation correlates to a
deranged actin cytoskeleton, few actin stress fibers and a more rounded morphology, suggesting
arole of HMW tropomyosin isoforms for protecting and organizing actin filaments. Restoration
of Tm1 expression reorganizes stress fibers and suppresses the malignant growth of ras- and
sre-transformed cells.'*!” TGF-B treatment of epithelial cells and several transformed cells but
not high-grade, metastatic carcinoma MDA-MB-231 cells induces the expression of HMW
tropomyosin isoforms from 7PM1 and TPM2 genes and subsequently restores actin stress fibers
and inhibits cell migration.!® The mechanism for the failure of TGF-f to induce stress fiber and
inhibit cell motility in MDA-MB-321 cells is that the methylation of 7PM1 proximal promoter
in these tumor cells silences the expression of 7PMI but not 7PM2 and then alters TGF-f tumor
suppressor function.'®

Besides the suppression of isoform-specific synthesis, protein turnover may also contribute to the
disappearance of HMW isoforms from actin stress fibers. We have performed metabolic pulse-chase
labeling studies using human fibroblast KD, chemically transformed HuT-11 and bladder carci-
noma EJ cells to determine the turnover rates of individual tropomyosin isoforms and to address
whether turnover rates change in transformed cells. The tropomyosin profiles for the 3 human cell
lines are shown in Figure 2, a 2D gel analysis of extracts from cells that were pulse-labeled with
[*S]-methionine. KD (A) and HuI-11 (B) both express detectable amounts of the tropomyosin
isoforms, hTm1, hTm2, hTm3, hIm4 and hTm5, as previously demonstrated.'® The criteria used
to identify the 2D gel spots as tropomyosin species included immunoprecipitation, microfilament
association and heat stability.!!” EJ (C) extracts do not express enough hTm1 and hTm4 to analyze.
The intensity of the autoradiograph spots of individual tropomyosin isoform at each chase point
were compared (Fig. 2 graphs). It is clear that the HMW tropomyosins have, as a group, much faster
turnover than the LMW isoforms. In all lines, the hTm1, hIm2 and hTm3, have short half-lives
between 1.5 and 8.25 hours, whereas the hIm4 and hTmS5 have half-lives greater than 20 hours.
Interestingly, the stability of individual tropomyosin isoforms expressed in transformed cell lines is
not different from the relative stability of the corresponding isoforms in normal KD cells. Similar
results have also obtained from rat NRK cells; the HMW isoforms, Tm1, Tm2 and Tm3, turn over
more rapidly than the LMW, Tm4 and Tm5."" Although the turnover rates of tropomyosins do
not change significantly in human transformed cells tested so far, the HMW tropomyosin from
TGF-a treated NRK cells are even more rapidly degraded in a proteosome-dependent manner,'"!
suggesting that the level of HMW tropomyosin isoforms and their cytoskeletal association can be
rapidly inhibited and precede the appearance of phenotypic transformation.

Tropomyosin Isoforms Localize Differentially Within the Cell
In nonmuscle cells, tropomyosin isoforms differentially localizes to stress fibers, lamella and
the contractile ring.**"""* When tropomyosin isoforms are overexpressed, they localize to the
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Figure 2. Two-dimensional gel analyses of human tropomyosin isoforms and their turnover rates
in cultured cell lines. Cells from a human lip fibroblast line (KD), a chemically transformed
derivative of KD (HuT-11) and a human bladder carcinoma line (EJ) were pulse-labeled with
[**S]-methionine. Total protein extracts were resolved by 2D gel electrophoresis and portions
of the autoradiograms are shown in A-C. The multiple isoforms of tropomyosin are indicated
with arrowheads, labeled 1 for hTm1, 2 for hTm2, 3 for hTm3, a for hTm3-1, 4 for hTm4 and
5 for hTm5. The hTm isoform identity was assigned based on relative 2D gel positions as
compared with previously reported 2D profiles in Lin et al."® Pulse-chase experiments were
performed to examine hTm isoform turnover. Labeled cell extracts were collected throughout
the chase, separated by 2D gel electrophoresis and exposed to film. Autoradiograph images
were acquired and analyzed by Image-1/AT image processing system (Universal Imaging Corp,
West Chester, PA). The relative intensity values for the tropomyosin isoform autoradiograph
spots at each time point were plotted against the chase time. The high molecular weight iso-
forms (hTm1, hTm2 and hTm3) had, as a group, much faster turnover than the low molecular
weight isoforms (hTm4 and hTmb5). Interestingly, these isoforms with more rapid turnover
rate are normally reduced in many phenotypically transformed cells, suggesting a plausible
mechanism for tropomyosin regulation of cytoskeletal reorganization.
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same locations as their endogenous counterparts.'"'**!"* LMW tropomyosins and few HMW
tropomyosins have been observed in the lamella and in ruffling regions of normal and transformed
cells of human, chick and rodent.*#839210L114 The evidences for the differential localizations of
tropomyosin isoforms within neurons, epithelial cells, fibroblasts, osteoclasts and skeletal muscle
have been comprehensively reviewed.? The compelling evidence has also suggested that the sort-
ing mechanisms for tropomyosin localization involve the differences in the intrinsic properties of
tropomyosins, in the actin isoforms and in the ability of tropomyosin isoforms to collaboratively
interact with other actin-binding proteins.’ As a result, the differential localization of tropomyo-
sin isoforms may determine and specify functionally distinct actin compartments. Conversely,
the precise type of actin filament and its function may determine the tropomyosin isoform
present.>>#9115117 For examples, human erythrocytes express hIm5 and hTm5Sb but not HMW
tropomyosin isoforms, which assemble into membrane skeletal network for membrane stability.****
Surface expression of hIm5 but not hTm1 or hTm4 has been detected in colonic epithelial cells
but not in ileal epithelial cells,"® suggesting that this subset of hTmS5 can act as an autoantigen in
the pathogenesis of ulcerative colitis.

Tropomyosin Isoforms Regulate Actin Cytoskeleton Functions

A general way that cells regulate actin filament function is by changing the compliment of
tropomyosin isoforms through the control of gene expression. Changes from nonmuscle to
muscle and embryonic to adult tropomyosin isoforms are associated with embryogenesis and dif-
ferentiation 2##2711%120 A reverse scenario, down regulation of HMW tropomyosin isoforms, is
observed during transformation.*®!% The control of tropomyosin isoform expression in response
to signals likely includes transcriptional control such as use of different promoters and poly(A)
additional signals and posttranscriptional control such as use of alternatively spliced exons. The
recent discovery that TPM1 is one of target genes for a naturally occurring small noncoding RNA,
microRNA-21 (mir-21)"*! has added another level of posttranscriptional control of tropomyosin
isoform expression. The 7z2ir-21 binding site is located within the 3’-untranslated region of hZi-
skod, hTmskol-1 and hTm3-1 messages. The isoform hTm3-1, which differs from hTm3 only at
the C-terminus, may represent a protein labeled “a” in Fig. 2A and in our previously published
2D gel analysis, that is significantly down-regulated in many human tumor cell lines, including
breast adenocarcinoma MCEF-7.1"

Roles of Tropomyosin Isoforms in Vesicle Transport

A role for tropomyosin isoforms in vesicle movement was first indicated by microinjection of
an antibody that recognizes an epitope on tropomyosins 1, 3a and 3b (chicken homologues of
hTm2, hTm5 and hTm4, respectively) from motile chicken embryo fibroblasts.?** Injection of
the antibody slowed the saltatory movement of vesicles/granules, suggesting that when cells are
moving, the tropomyosins that lie on microfilaments change conformation to display the epitope
and to allow efficient vesicle/granule transport.'** Further evidence for differential function of
tropomyosin isoforms in intracellular transport was obtained from microinjection of hIm3 and
hTmS5 into NRK cells."? Injection of hIm3, but not hTm5, induced the retrograde transport of
organelles to the cell center. Both myosin I and cytoplasmic dynein were found to redistribute
together with the translocated organelles.!® Furthermore, Golgi-derived vesicles prepared from
rat liver contained actin and TmSNM2 isoform, but not other tropomyosin isoforms.!"> The
isoform-specific association identified by the isoform-specific antibody and by transient expres-
sion of YFP-tagged tropomyosin isoforms into NIH3T3 cells may specify this population of actin
filaments for transporting Golgi vesicles.!>'* Unfortunately, the human homologue of TmSNM2
has not been identified yet. The CG3 antibody recognizes hImS5, a homologue of TmSNM1 and
also stains the perinuclear (Golgi) region of human culture cells, in addition to ruffles and stress
fibers.®® Perhaps a subset of the hTmS5 associates with Golgi-derived vesicles in human cells.
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Roles of Tropomyosin Isoforms in Cell Migration

Tropomyosins have also been implicated in cell migration. LMW hTmS5 localizes to the lamella,
whereasboth LMW (hTm5) and HMW (hTm2 and hTm3) isoforms localize to stress fibers.* Based
on thislocalization and the ability of tropomyosin to antagonize Arp2/3 and cofilin, tropomyosin
may confine Arp2/3 and cofilin activity to the leading edge and thereby define the lamellipodia.*®
Consistent with this, microinjection of rabbit skeletal muscle tropomyosin into PtK cells resulted
in the loss of lamellipodia and also caused a 3.5-fold increase in myosin-dependent retrograde
actin flow.!? These data parallel the observation that hTm3 injection causes retrograde organelle
movement and increased actin-arc structures in lamellipodia-like structures.!™® Interestingly, the
tropomyosin-mediated loss of lamellipodia did not slow cell migration. Rather cells migrated
more rapidly but lost directional control.' Therefore, it seems that tropomyosins play a decisive
role at the base of the lamellipodia to drive cell migration, perhaps by stabilizing rearward flow of
actin bundles in the lamella. Alternatively, tropomyosin might activate lamellar myosin which is
known to be important for generating retrograde flow forces.!*>12¢127 Additional support for this
latter hypothesis comes from in vitro motility assays in which tropomyosin can enhance myosin
function 128

Several studies have also suggested the importance of tropomyosin in tumorigenesis and
metastasis.'* Although it is clear that tropomyosin can stabilize stress fibers, the mechanisms
for tropomyosin expression in response to tumorigenesis is complex and remain unclear. TGF-
stimulates up-regulation of tropomyosins and stress fibers in human cervical carcinoma SiHa and
lungepithelial A549 cells.'®® This up-regulation is clearly mediated by S#ad and p38Mapk signaling
pathways. However, in metastatic breast cancer MDA-MB-231 cells, TGF-B fails to induce the
up-regulation of tropomyosin and stress fibers.'"® Instead, TGF-p greatly stimulates the migra-
tion of MDA-MB-231 cells in a wound-healing assay.'” Interestingly, MDA-MB-231 cells have
been shown to express constitutively active Ras-ERK signaling,**'*' which can be responsible for
down-regulation of tropomyosin and disruption of actin stress fibers."**'** To support this pos-
sibility, pharmacological inhibitors have been used to block the Raf-ERK pathway in this cell line.
The treated cells showed a significantly increase in TGF-B-induction of Tm1 expression and stress
fiber formation, leading to inhibit cell migration.'® Therefore, a thorough dissection of signaling
pathways that control tropomyosin isoform expression will certainly advance our understanding
of the mechanisms underlying cancer cell metastasis.

Recently, tropomyosins have been shown to function at the host-parasite interface.
Cryptosporidiosis is an opportunistic disease that can be fatal to immunocompromised patients,
such as AIDS patients and immunosupressed, organ-transplant patients.'* The infection is transmit-
ted by Cryprosporidium oocysts in a fecal-to-oral route to the epithelial cells of the gastrointestinal
tract. During C. parvum infection, the anterior end of the oocyst comes into the proximity of the
host cell apical membrane, triggering the host cell membrane to extend and enclose the parasite
to form a parasitophorous vacuole.'*%¢ The developing parasite becomes intracellular but still
remains extracytoplasmic. In addition to host cell membrane extension, at the host-parasite interface
within the host cell cytoplasm, an electron-dense band containing actin but devoid of membrane
is quickly formed, implying host actin cytoskeleton remodeling. During C. parvum infection, the
hTmS5 isoform, but not hIm1 and hTm4, colocalizes to the infection sites with a novel parasite
antigen, CP2."%" Cells overexpressing hTm5 but not mutant chimeric isoform hIm5/3 or hTm3
exhibit a significant enhancement in the infection rate of the parasites.'”” This together with the
findings that actin and actin associated proteins such as villin, a-actinin, ezrin, Arp2/3 complex,
VASP, N-WASP are present at these infection sites, suggests that a localized induction of actin
associated and membrane protrusive machinery, including specific tropomyosin isoform, facilitates
parasite invasion. Similarly, upon entry into cultured nonmuscle cells, Salmonella and Shigella
species are surrounded by a transient, tropomyosin-rich cytoskeleton compartment that is thought
to be important for generating the forces required for internalization '3
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Roles of Tropomyosin Isoforms in Cytokinesis

Tropomyosin is thought to regulate furrow progression and the maintenance of cell shape during
cytokinesis in mammals. In addition to that many of tropomyosin isoforms are observed within
the cleavage furrow of cells in tissue and in cell culture (Fig. 3),5"'>!* evidence for a functional role
has come from over-expression studies using normal and mutant forms of tropomyosin. CHO cell

control CHO

hT m3

Figure 3. Overexpression of hTm3 or hTm4 isoforms generates different phenotypes during
cytokinesis. Confocal stacks of non-expressing CHO cells or cells that express hTm3 or hTm4
that were double-labeled with FITC phalloidin (green) for actin filaments and with either LC24
antibody for hTm4 or CG6 antibody for hTm3 (red). LC24 also recognizes endogenous CHO
Tm4 that like hTm5 and hTm3,'° is located along the cell equator and is somewhat enriched
in the cell periphery. Overexpressed hTm4 displays a similar pattern with more enrichment
in the periphery. These cells, like those that express hTm5/3'*" or hTm5 but unlike those that
express hTm3,'“° produce bulges (arrows) that disrupt cell symmetry during cytokinesis.
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lines that over-express the chimeric proteins hTm5/3 or hTm5/2 lead to polyploidy and produce
large membrane protrusions during cytokinesis.!"*'* Since hTm5/3 binds tightly to actin and
increases readily the myosin AT Pase activity,” it is possible that this fusion protein produces too
much force on cell cortex to form large membrane protrusions. Similarly, overexpression of Tm1
in a v-Ki-ras-transformed, serum-starved, NIH3T3 cell leads to a greater percent of cells in G2-M
phase and a 10-fold increase in binucleated cells compared to controls, suggesting that cytokinesis
had been delayed.'* Overexpression of a chimeric fusion of HMW tropomyosins, Tm1-Tm2, also
increases polyploidy in the v-Ki-ras-transformed NIH-3T3 cells compared to control cells and
cells that express the reciprocal chimeric protein Tm2-Tm1."

Opverexpressed hTm5/3 localizes preferentially to the peripheral cortex of dividing cells, in addi-
tion to the contractile ring.'** This localization of hTm5/3 did not significantly alter the endogenous
actin or myosin distribution. However, cells expressing hTm5/3 were faster to complete the first
phase of cytokinesis (anaphase to 50% cytokinesis).'* As reported previously,'*! hIm5/3-expressing
cells showed a number of membrane alterations that, in some ways resembled blebs. However, these
membrane protrusions were larger and less dynamic than blebs and represented the bulging of the
entire submembranous actin cortex, rather than a dissociation of the membrane from the actin
cortex.* Together, these data suggest that the tropomyosin chimera could alter cleavage furrow
dynamics by changing the actomyosin properties in the peripheral cortex. To our surprise, cells that
overexpress hTm5 also exhibited the large bulges to a lesser extent and were faster to progress from
anaphase to 50% cytokinesis, even though hTmS5 localized preferentially to the furrow region.'®
Similar phenotypes, faster to progress from anaphase start to 50% cytokinesis and large bulges
formed, were observed for dividing cells expressing hTm4 (Fig. 3 and Table 2). Interestingly, cells
expressing the HMW hTm3 were neither faster through cytokinesis nor did they produce bulges
(Fig. 3 and Table 2)."*" We conclude that LMW tropomyosins but not HMW tropomyosins are
important regulators of cell symmetry and furrow progression in CHO cells and that these LMW
tropomyosins perform their roles by regulating actin and myosin in both the cleavage furrow and
the cortical actin network.

Table 2. The incidence of abnormal morphology (bulges) in non-expressing cells and
cells expressing hTm3, hTm4, hTm5 or hTm5/3 during cytokinesis

Force-Expressed Number of Number of Bulged

Proteins Stable Cell Line Cells Analyzed Cells (% of Total) p Value
none Di61 19 0 (0%) NS
hTm3 C73 21 0 (0%) -

hTm4 C14 15 10 (66.7%) <0.0001
hTm4 C11 13 9 (69.2%) <0.0001
hTm5 C14 26 6 (23.1%) 0.0265
hTm5/3 C70 28 18 (64.3%) <0.0001

As shown previously™?, cells expressing hTm5 (C14) and hTm5/3 (C70, a chimeric tropomyosin mu-
tant) but not hTm3 (C73) produce large protracted membrane bulges during cytokinesis, suggesting a
compromised regulation of the cortical actin cytoskeleton. Similarly, two cell lines stably expressing
hTm4 (C14 and C11) exhibit bulge morphology during cytokinesis (Fig. 3), whereas the non-expressing,
but G418-resistant line (Di61) did not produce any membrane bulges. Thus, bulge formation dur-
ing cytokinesis seems to be a feature associated with over-expression of LMW tropomyosins, hTm4
and hTmb, suggesting that cortical dynamics of actin filaments are regulated differently by different
tropomyosin isoforms. Data are from cells imaged live from metaphase to 50% cytokines. Statistics
were performed with SigmaStat 3.1 using Fisher’s exact test. NS, not significant (p > 0.05).
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A Potential Role for Tropomyosin in Angiogenesis

Angiogenesis may be regulated through the actions of naturally-acting inhibitors.'*> Many of
these are proteolyzed or otherwise conformationally-altered polypeptides whose parental proteins
are extracellular matrix proteins'* or members of coagulation pathways.'¥” One such inhibitor,
cleaved HMW kininogen (HKa), is derived from single chain HMW kininogen (HK), a member
of the intrinsic coagulation pathway, following cleavage by kallikrein. HKa induces apoptosis of
proliferating endothelial cells and inhibits angiogenesis in vivo. 4%

HK binds to several sites on endothelial cells, including the receptor for the globular head
of Clq (gC1qR),"*"! cytokeratin 1,'? urokinase receptor' and proteoglycans.’** However,
functional studies using proliferating endothelial cells did not support a role for any of these re-
ceptors in mediating the antiangiogenic activity of HKa.¥*!> These observations suggested that
another binding site might mediate the antiangiogenic activity of HKa. Based on a report that
demonstrated cross-reactivity between an antibody reactive with an endostatin-binding cyclic
peptide and hTm3,"¢ as well as molecular modeling (threading) studies performed in collaboration
with Dr Yuan Ping-Pang (Mayo Clinic) that suggested structural homology between HKa and
endostatin, it was hypothesized that tropomyosin might mediate the antiangiogenic activity of
HKa. Subsequent studies demonstrated a central role for tropomyosin in mediating HKa-induced
apoptosis of proliferating endothelial cells.”* First, the anti-tropomyosin monoclonal antibody
(mAb) TM-311 blocked the HKa-mediated endothelial apoptosis and the anti-angiogenesis
activity of HKa in the chick chorioallantoic membrane assay.'> Moreover, the binding of HKa to
proliferating endothelial cells or purified chicken gizzard tropomyosin was potently inhibited by
mAb TM-311. These findings confirmed the role of tropomyosin in mediating the anti-angiogenic
activity of HKa and implied that tropomyosin must be expressed on the endothelial cell surface.”
However, cell surface localization of tropomyosin is in marked contradistinction to conventional
thought and thus, these observations prompted additional studies to characterize the expression
of tropomyosin by human endothelial cells.

First, staining of unpermeabilized confluent cells with mAb TM-311 revealed a faint, diffuse
background stain, while staining of subconfluent proliferating cells revealed a pattern strongly sug-
gestive of cell surface tropomyosin expression.'” Second, immunoprecipitation of surface-labeled
extracts of proliferating endothelial cells with mAb TM-311 revealed alabeled protein of ~36 kDa,
consistent with the size of tropomyosin.'s> Third, chemical cross-linking of biotinylated HKa with
proliferating endothelial cells led to its incorporation into a 150 kDa HKa-tropomyosin complex,
recognized by both mAb TM-311 and anti-HKa antibodies."> Hence, these results support that
cell surface tropomyosin functions as a binding site for HKa on proliferating endothelial cells.

Though intriguing, these results raise many questions. First, it is unclear which of tropomyosin
isoforms are expressed by endothelial cells. Our studies suggest that at the least, human umbilical
vein endothelial cells(HUVEC) express hTm2, KIm3, hIm4 and hTm$5, as well as KTm5-1 (TC22)
(unpublished data). Deletion of a specific isoform would be the most straightforward approach
to this dilemma, however the complex splice patterns of tropomyosin make selective deletion of
an isoform difficult.>>* Moreover, whether endothelial cells from different vascular beds (i.e.,
microvascular, renal, etc) express the same repertoire of tropomyosins as HUVEC is uncertain.'®
Indeed, several monoclonal anti-tropomyosin antibodies of varying specificity inhibit HKa-induced
endothelial cell apoptosis and may also directly affect endothelial proliferation. Some of these
directly block proliferation, much like HKa, while others, such as CGB6, against hTm2 and hTm3,
appear to stimulate endothelial cell proliferation (unpublished data).

Externalization of tropomyosin by endothelial cells may be representative of a cellular stress
response, which has been associated with externalization of several proteins in endothelial and
other cell types. In some cases, the externalized proteins have served as receptors for plasma proteins
and mediated cellular events occurring as a consequence of ligand binding. For example, actin may
be externalized to the endothelial cell surface,’”'>® where it may function as a receptor for the
proangiogenic molecule angiogenin' and for plasminogen.’>® The gC1qR, a kininogen binding
and complement activating protein, is another protein once thought to be exclusively intracellular
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that is externalized by endothelial cells.">>'** Other proteins once considered purely intracellular

that have been localized to the cell surface include annexin A2 and several heat shock proteins
involved in signaling and modulation of the immune response.'*?

Another question that remains unanswered is the mechanism by which ligand binding to cell
surface tropomyosin affects cell proliferation responses. As a cytoskeletal protein, tropomyosin
is not thought to contribute to activation of transmembrane signaling pathways. Moreover, our
studies suggest that cell surface tropomyosin is reversibly bound to the endothelial cell surface,
implying that it might be associated with another protein(s) capable of mediating transmembrane
signal transduction. Thus, future studies designed to define the binding sites for tropomyosin on
the cell surface may provide new insight into potential biologic roles of cell surface tropomyosin
on endothelial cells.

Finally, all the work addressing cell surface expression of tropomyosin by endothelial cells has
been performed in vitro and expression of tropomyosin on the surface of endothelial cells in vivo
has yet to be conclusively demonstrated. However, precedent does exist for externalization of
tropomyosin in vivo. Specifically, the observation that patients with ulcerative colitis develop an
autoimmune response to hTm5 involving complement fixing IgG1 antibodies,'**!** coupled with
immunohistochemical staining patterns demonstrating a cell surface expression pattern of hIm5
in colonic epithelium,'® strongly suggest externalization of tropomyosin in vivo. Moreover, cell
culture experiments have demonstrated a specific pathway of hIm5 externalization by primary
colon epithelial and LS180 colon cancer cells, in which tropomyosin is externalized as a complex
with membrane-associated colon epithelial protein.'®

Future Directions

It is clear that different tropomyosin isoforms play distinct roles in regulating cell motility
including vesicle transport, cell migration and cytokinesis. The in vitro characterizations such
as actin binding properties and effects of tropomyosin isoform on other actin-binding protein
functions have begun to provide an understanding of how tropomyosin isoforms differentially
regulate actin dynamics for controlling cell motility. However, the in vitro studies with purified
native or recombinant cytoskeletal tropomyosins have, thus far been performed almost exclusively
with muscle a-actin. It is now known that actin isoforms also play important roles in tropomyosin
isoform sorting and function; thus, these in vitro experiments should be performed on nonmuscle
actin isoforms. Wild type and mutant nonmuscle actin have been successfully purified from yeast
in a large enough quantity for biochemical characterizations.!® These investigators are currently
using the baculovirus expression system to express and purify human y-nonmuscle actin. Thus, it
will be feasible to use nonmuscle B- and y-actin in future in vitro studies on tropomyosin isoform
effects on actin dynamics.

The in vivo studies with many transformed cells and TGF-B-treated cells have revealed a critical
role for tropomyosins in regulating the actin cytoskeleton during cell motility.'”'% The TGE-f
signaling pathway is a major cellular growth inhibitory and proapoptotic pathway in many cell
types and is also required for metastasis of many different types of tumor cells.'” A mechanistic
understanding of tropomyosin involvement in these superficially opposite effects of TGF-f on pro-
liferation, apoptosis and cell motility remain unclear. The dissection of the TGF-f signal pathway
and the study of its cross-talk with other signaling pathways such as Ras, integrin, etc. will advance
our understanding of cancer cell biology, metastasis and actin cytoskeleton remodeling. Molecular
studies using transgenic mouse models overexpressing and knockout animals with deletions of
specific tropomyosin isoforms will be a fruitful approach to study isoform-specific function in
vivo. The investigation of tropomyosin isoform alterations in human diseases such as cancer and
angiogenesis, myopathy, inflammatory ulcerative colitis, Behcet’s disease with posterior uveitis,'®®
essential hypertension'® and polycystic kidney disease!”® will greatly facilitate the development
of complementary animal models displaying similar pathophysiology.
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Tropomyosins Regulate
the Impact of Actin Binding

Proteins on Actin Filaments
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Abstract

he state of actin depends intimately on its interaction partners in eukaryotic cells.

Classically, the cooperative force-generating acto-myosin couple is turned off and on

by the calcium-dependent binding and release of tropomyosin molecules. The situation
with nonmuscle cells appears to be much more complicated, with tropomyosin isoforms regulat-
ing the kinds of tension-producing and stress-bearing structures formed of actin filaments. The
polymerization of even the shortest gelsolin-capped filaments is efficiently promoted by the bind-
ing of tropomyosin, for example, a process that might occur all the way out to the leading edges
of advancing cells. Recently, multimers of tropomyosin have been discovered that appear to be
assembly intermediates, formed from identical tropomyosin molecules, which act as ready pools
of tropomyosin during the catalytic formation of lamellipodia and filopodia. Remarkably, these
multimers apparently reform during the disassembly of cellular actin-containing structures. The
existence of these recyclable, tropomyosin isoform-specific structures suggests how cells prevent
nonproductive association of non-identical, but closely similar, tropomyosin isoforms.

The Actin Microfilament System

As expressed earlier in this book, tropomyosins (Tm) are perhaps the most important elements
in the regulation of the microfilament (MF)-system, driving such diverse cellular processes as cell
motility and migration, phagocytosis, vesicle movement and cytokinesis. A highly dynamic, con-
centrated and well organized weave of actin microfilaments, juxtaposed to the inside of the plasma
membrane, shapes cells and governs their integrity (Fig. 1)."* Transmembrane proteins, directly
linked to the sub-membranous actin force generating system control the MF-system via the basic
processes of polymerization, cross-linking and depolymerization, as seen in response to growth
factors, cytokines and other manifestations of the exterior world experienced by cells (reviewed
by>?). Likely, tropomyosins influence all these steps of the cell motility (CM) cycle.

Cell surface protrusions like lamellipodia and filopodia are structured out of actin microfila-
ments, the assembly of which takes place at the advancing edge.*® Polymerization of actin most
likely provides the force for growth of these protrusions* and myosin-dependent processes trans-
locate molecules and particles along formed MF-arrangements. For instance, adhesion proteins

*Corresponding Author: Uno Lindberg—Karolinska Institutet, Department of Microbiology,

Tumor Biology and Cell Biology, Nobels vdg 16, SE 171 77 Stockholm, Sweden.
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Figure 1. Annealing of gelsolin-capped actin filaments analyzed by electron microscopy. Panel
(A) shows gelsolin and actin mixed in a 1:3 molar ratio and Panel (B) a mixture as in (A) after
the addition of 10 uM a-tropomyosin.

(like integrins) are transported by a myosin X-dependent process to the tip of filopodia,” where
they become involved in the establishment of adhesion sites, specialized, multiprotein structures
connecting actin filament arrangements to extracellular structures.'®'" Microfilament ensembles
combine with myosin to translocate cells." In tissues, cell:cell adhesions variously engage different
kinds of transmembrane proteins® linked to actin microfilament arrangements inside partner cells.
All these processes appear to be controlled by Tm isoforms specialized for the tasks at hand.!*"

There is evidence that the capacity of tropomyosins to supervene in the control of the MF-system
depends both on direct blocking of the binding site and on the induction of conformational changes
along the filament, thus competing with or counteracting the binding effects of other actin-filament
binding proteins. This is exemplified by the effects of tropomyosin on a number of actin-binding
proteins; ADF/cofilin family of proteins (here referred to as cofilin), gelsolin, the Arp2/3 complex,
as well as myosin, all of which are influenced in their binding to actin filaments.

Cofilin and Arp2/3

Cofilin is an actin filament-depolymerizing factor, with the additional capacity to sever
actin filaments. A number of different factors influence the activity of cofilin; changes in pH,
phosphorylation, binding to polyphosphoinositides'®*® (see also Chapter 18). Cofilin has been
proposed to be of decisive importance in the earliest phase of growth factor-induced cell motil-
ity. There is experimental evidence that stimulation of motile cells induces the release of plasma
membrane-bound cofilin and that the released cofilin is active and severs newly formed actin fila-
ments and furthermore that the resulting increase in the number of actin filament growth points
is further augmented by branch formation during Arp2/3, WASP (WAVE)-dependent polymer-
ization of actin.'”* However in vitro, both cofilin severing and branch formation by the Arp2/3
WASP (WAVE) system are inhibited by tropomyosin®'** although this is isoform dependent
because some Tms collaborate with cofilin binding (Chapter 18). It is notable that tropomyosin,
is needed in budding yeast (Sacharomyces cereviciae) for the formation of the actin cable that
connects the mother cell with the bud® and that tropomyosin in vitro regulates elongation by
formin at the fast-growing end of the actin filament.?* Thus, the fact that Tm isoforms have access
to the space closest to the advancing edges of lamellipodia implies that the distinct roles of cofilin
as well as Arp2/3 in polymerization of actin in vivo have to be further clarified. Detailed studies
of the Arp2/3-dependent branch formation in vitro has revealed that there is a slow debranching
linked to hydrolysis of ATP on one of the actin-related proteins (arp2) of the Arp2/3 complex.”®

The effect of tropomyosin on this process remains to be studied.

Gelsolin

Gelsolin is an abundant protein present all over the cell, including lamellipodia.?**” It severs
actin filaments in the presence of Ca* ions, after which gelsolin remains as a cap bound to the
(+)-end (fast growing end or barbed end) of one of the fragments produced.”® In this position it
inhibits monomer addition. Villin has similar activities and both villin and gelsolin can nucleate
actin polymerization in the presence of Ca* ions, with a resulting polymerization, which proceedes
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by addition of actin monomers onto the (-)-end of the actin oligomers/filaments.” The structure
of gelsolin in different states has been solved and models of how gelsolin might sever actin fila-
ments have been presented.’3

Two Distinct Actin Filament Conformations

Several lines of evidence indicate that actin filaments can exist in at least two distinct conforma-
tional states depending on the type of ligand bound to the polymer. Firstly, the binding of gelsolin to
the (+)-end of an actin filament affects the polymer conformation, stabilizing the filament in a state,
which binds cofilin with increased affinity.** Biochemical data suggest that this effect of gelsolin
on the cofilin-binding to actin propagates 10-20 monomers from the gelsolin-capped (+)-end of
the filament.** Evidence obtained by electron microscopy and time-resolved phosphorescence and
absorption anisotropy suggest that the effect of gelsolin may extend over longer distances, involving
changes in the helicity and torsional flexibility of the actin filament.””

Secondly, cofilin and some tropomyosin isoforms exhibit mutually exclusive binding to actin
filaments. This appears not to be due to steric hindrance, since the two proteins do not have over-
lapping binding sites on actin filaments.¢?2**% Phalloidin can bind tropomyosin-decorated actin
filaments,* whereas it cannot bind to cofilin-decorated filaments,** suggesting that cofilin and
some tropomyosins stabilize different conformers of the actin filament. It may be, however, that
some Tms like TmBr3 actually cooperate with cofilin binding (Chapter 18). As mentioned above,
the relative affinity of cofilin for actin filaments is increased by gelsolin,?® whereas phalloidin is
displaced by binding of gelsolin.*! Thus, some tropomyosins and phalloidin appear to stabilize one
state of the actin filament and gelsolin and cofilin another. Binding of cofilin to filamentous actin
changes the helical twist and the torsional flexibility of the actin filament,” but whether this state
is related to the gelsolin-induced state is unclear. The observations described below further support
the existence of multiple conformations of the actin filament accessible via cooperative transitions
along the length of the filaments induced (or stabilized) by binding of different actin-binding
proteins (see Chapters 7 and 15).

It was discovered along time ago that tropomyosin can anneal actin fragments and also gelsolin
capped oligomers, into long filaments. In the latter case this illustrates that tropomyosin must have
astrong effect on the conformation of the oligomers, so much so that the capping effect of gelsolin
is eliminated.* Tropomyosin-decorated actin filaments are protected from severing by gelsolin, a
protection strengthened by the binding of caldesmon to the tropomyosin-decorated filaments.#%
These results demonstrate that tropomyosin stabilizes a state incompatible with gelsolin-binding to
the (+)-end. It is still far from clear how the deployment of these actin-binding proteins is dictated
by signal transduction during the motile activity of cells and it is possible that signal transduction
pathways converging on cofilin,®*® also influence the activity of tropomyosin.

Observations that skeletal a-tropomyosin efficiently anneals even the smallest gelsolin:actin
complexes (G1:A3)* is interesting from many points of view (Figs. 1, 2). This effect on the (+)-end
of the actin filament, if shared with nonmuscle tropomyosins, suggests a role for tropomyosin at
the very onset of actin polymerization in stimulated cells, even before significant elongation of
filaments has taken place. This also suggests the possibility that gelsolin:actin complexes appearing
in the cytoplasm of cells are converted into long filaments by tropomyosin, a process which could
contribute to the formation of cortical weaves of actin microfilaments. Clearly, tropomyosin is
essential in protecting filaments from severing by either gelsolin or cofilin in connection to growth
of the filaments. Furthermore, nonmuscle tropomyosin likely influences force generation in the
ME-system, in analogy with the role of tropomyosin in Ca*-regulation of muscle contraction (see
Chapters 8,9). Finally, there is reason to believe that tropomyosin plays essential roles in directing
the formation of actin filaments in locations requiring functionally specific filament populations.
For example, LMW but not HMW Tms are located in the motile areas of cells.”’
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Figure 2. Effect of adding a-tropomyosin to gelsolin-capped actin filaments formed in the
presence of gelsolin (and profilin). During incubation of profilin:actin under polymerizing
conditions actin filament form and the concentration of free profilin increases till a steady
state situation is reached. In the presence of gelsolin the (+)-end of formed filaments will be
capped by the gelsolin, which in the presence of released profilin results in a lower plateau.
Subsequent addition of tropomyosin results in rapid dissociation of the gelsolin and polym-
erization to a higher level coinciding with that reached in the absence of gelsolin.

Tropomyosin in Lamellipodia

Applyingantibodies to HMW tropomyosin isoforms Tm1, 2 and 3; (abIM311, Sigma) and to
low molecular weight Tm isoforms 4 and 5 in indirect immunofluorescence, has revealed a diffuse
tropomyosin-specific staining all over the cell (crucially also close to advancing edges of lamellipodia
harboringactin polymerization machineries), intense periodic staining over stress fibers and finally
agranulated tropomyosin-specific staining, which reaches the outer parts of lamellipodia.”” Imaging
of live cells expressing GFP-tagged tropomyosin demonstrates the presence of tropomyosin at the
very edge of advancinglamellipodia involved in forming filamentous structures, moving away from
the edge towards the center of the cell, where they join larger conglomerates of GFP-tropomyosin
containing structures in the convergence zone between lamellipodia and the rest of the leading
lamellum.¥” Analyzing cells with indirect immunofluorescence shows a variation in the number
density of dot-like Tm-positive structures, depending on the procedure used for fixation of the
cells, suggesting the loss of soluble Tm-containing structures (Grenklo et al, unpublished).
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Cytosolic Tm

Lin and coworkers long ago reported results indicating small amounts of soluble tropomyo-
sin.*® We have found that gentle extraction of cultured cells or tissues, with detergent (NP40 or
Triton X100) leaves the cytomatrix (microfilaments, microtubules and cytokeratins) and nuclei
seemingly undisturbed on the solid substratum, on which the cells are grown. Staining of cells
for tropomyosin, before and after such extraction, clearly demonstrates removal of Tm positive
material with the cytosol (Fig. 3). Figure 4 illustrates the fractionation of the cytosol from rat
fibroblasts by gel filtration on Superose 6. Analysis of the fractions by polyacrylamide gelelectro-
phoresis followed by Western blotting shows the presence of tropomyosin isoforms as structures
apparently larger than Tm dimers. Notably, more than 90% of the soluble tropomyosins (HMW
Tm 1, 2 and 3 and LMW Tm 4) appear in such protein structures. Thus, the Tm positive mate-
rial, which disappeared by extracting the cells, as seen by immunofluorescence (compare Fig. 3A
and B), is recovered mostly as discrete Tm isoform-specific structures on gel filtration. The size of
these tropomyosin structures was estimated to 180,000 and 250,000 for the LMW and HMW
Tms, respectively, suggesting that they consist of multimers of Tm dimers. The relative amount of
soluble tropomyosin in cells compared with the amount present in the cytomatrix varies between
10-30% of the total Tm, depending on cell type and state of activity. Co-staining of cells with
antibodies to different Tm isoforms and fractionation of tagged tropomyosin isoforms confirm
that the tropomyosin multimers are isoform specific and that their apparent molecular weights is
mostly determined by the tropomyosins in question. Analysis of the fractions also revealed variable
amounts of B-actin co-eluting with LMW Tm isoforms. Non-muscle y-actin on the other hand has
not been detected in the tropomyosin containing fractions of cells studied so far.

Significance of Cytosolic Tm Multimers

Rapid changes in the levels of Tm1 and Tm4 isoform multimers subsequent to stimulation
of starved cells with growth factors indicates that the Tm multimers are assembly intermediates
in the control of the MF-system turnover (Grenklo et al unpublished). The levels of both forms
decreased during the first minute of stimulation and then increased again during the subsequent
2 minutes, reflecting major reorganizations in the MF-system. There was no detectable change in
the size distribution of Tm1 for various times of stimulation. However, in the case of Tm4, there
was a broadening of the Tm peak with longer stimulation times, with significant amounts of Tm
appearing in complexes of size intermediate between the multimers and Tm dimers. During the
same time period, there was no significant change in either Tm2 or Tm3.

Figure 3. Effect of extraction of fibroblasts with detergents in a buffer stabilizing microfilaments
and microtubules and intermediate filaments. Panel (A) and (B) show cells stained for HMW
TM1, 2 and 3; panel A before and panel B after extraction with a detergent-containing buffer.
Note that extraction had caused a significant decrease in Tm positive staining.
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Figure 4. Fractionation of gel exclusion chromatography of a cytosolic extract of rat embryo
fibroblasts. The extract made under conditions stabilizing actin microfilaments,® was frac-
tionated on Superose 6 under the same conditions. TM isoforms were detected using PAGE
followed by Western blotting. Ninety percent of the cytosolic TM appears as multimers in
the chromatogram; apparent molecular weights of 180,000 and 250,000 for the LMW and
HMW Tm, respectively. The analysis for g-actin shown was performed with the g-actin specific
monoclonal antibody AC14 (Sigma).

High Resolution Crystal Structures of Actin Filaments

Considering the multitude of roles the actin MF-system plays in eukaryotic cells, the deter-
mination of the high resolution structure of the actin filament would seem to be one of the most
important tasks in structural biology. A model of the actin filament was proposed in 1990 in
conjunction with the solving of the crystal structure of the DNase I:actin (monomer) complex,”
amodel which, despite a number of shortcomings, has become accepted as a good working model
of the actin filament.*® Crystals of the profilin:actin (monomer) complex contain an actin struc-
ture referred to as the actin ribbon, which in many respects resembles an actin filament as seen by
electron microscopy (notably, the actin filament seen by EM is a twisted ribbon,*"**) but which
also differs from that and from the filament model, in several important respects.>® The actin
ribbon seen in the profilin:actin crystals is proposed to be an untwisted and slightly elongated
form of the classical helical filament. Since the ribbon contains ATP, it is a metastable state of the
actin filament and it is proposed that a ribbon — helix transition, accompanied by the hydrolysis
of ATP, generates forces in the 100 pN range. In the context of muscle contraction, this model
requires that tropomyosin responds to successive waves of ribbon to helix transitions along actin
by integrating and transmitting the resulting forces to the Z-disc.>* This model operates at high
thermodynamic efficiencies and resolves a number of paradoxes that arise when in vitro motility
data are interpreted in terms of the standard myosin cross-bridge theory.”

Concluding Remarks

The presence of tropomyosins close to the advancing edge of lamellipodia and in filopodia,
where actin polymerization takes place and in the pools of Tm in response to stimulation of cells
with growth factors, strongly suggests that the role of Tm has to be taken into account in modeling
mechanisms of actin filament formation in cells. This conclusion is strengthened by observations on
the effects of over-expressing various Tm isoforms on specific processes linked to the MF-system.
It is still not clear what Tm is doing, apart from stabilizing newly formed actin filaments, but
in view of their effects on the actin filament (+)-end and on formin activity in vitro, it seems
plausible that Tms must be involved in the early phases of filament formation. The discovery of
Tm isoform-specific multimers in the cytosol uncovers a new level of control in the MF-system,
namely the requirement for a stable, diffusible, storage form. It is important to find the factors
controlling the release of Tm in functional form (likely Tm dimers) from these particles at sites of
actin filament elongation and the mechanisms involved in reforming Tm particles during global
reorganization of the MF-system. Whether the release switch involves H,O, or some other
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oxidative agent remains to be seen. Recent reports describing the involvement of phosphoryla-
tion by kinase specific for the activation of tropomyosin®® and with undisputable effects on the
recruitment of certain Tms in processes requiring actin filament formation must also be taken into
account. The demonstration that the cytoplasm is populated by distinct isoform-specific multim-
ers of tropomyosin emphasizes the concept of “Tm-sorting), namely, how are these subtly-different
assembly units cycled and redeployed as cells shift form in response to stimulation?

Acknowledgements

Gratefully acknowledge the generosity of Ingemar Ernberg for space and inspiring discussions.
This work was supported by grants from the Swedish Cancer Society, Swedish research council
and from the Nancy Lurie Marks Family Foundation.

References
1. Hoglund AS, Karlsson R, Arro E et al. Visualization of the peripheral weave of microfilaments in
glia cells. ] Muscle Res Cell Motil 1980; 1:127-46.
2. Small JV, Rinnerthaler G, Hinssen H. Organization of actin meshworks in cultured cells: the leading
edge. Cold Spring Harb Symp Quant Biol 1982; 46(Pt 2):599-611.
3. Lindberg U, Karlsson R, Lassing I et al. The microfilament system and malignancy. Semin Cancer
Biol 2007; 18:2-11
4. Pollard TD, Borisy GG. Cellular motility driven by assembly and disassembly of actin filaments. Cell
2003; 112:453-65.
5. Small JV, Stradal T, Vignal E et al. The lamellipodium: where motility begins. Trends Cell Biol 2002;
12:112-20.
6. Danuser G, Oldenbourg, R. Probing f-actin flow by tracking shape fluctuations of radial bundles in
lamellipodia of motile cells. Biophys J 2000; 79:191-201.
7. Theriot JA, Mitchison TJ. Comparison of actin and cell surface dynamics in motile fibroblasts. J Cell
Biol 1992; 119:367-77.
8. Watanabe N, Mitchison T]J. Single-molecule speckle analysis of actin filament turnover in lamellipodia.
Science 2002; 295:1083-6.
9. Zhang H, Berg JS, Li Z et al. Myosin-X provides a motor-based link between integrins and the
cytoskeleton. Nat Cell Biol 2004; 6:523-31.
10. Geiger B, Bershadsky A. Exploring the neighborhood: adhesion-coupled cell mechanosensors. Cell
2002; 110:139-42.
11. Geiger B, Bershadsky A, Pankov R et al. Transmembrane crosstalk between the extracellular ma-
trix—cytoskeleton crosstalk. Nat Rev Mol Cell Biol 2001; 2:793-805.
12. Schwartz MA, Horwitz AR. Integrating adhesion, protrusion and contraction during cell migration.
Cell 2006; 125:1223-5.
13. Nelson WJ, Drees F, Yamada S. Interaction of cadherin with the actin cytoskeleton. Novartis Found
Symp 2005; 269:159-68; discussion 168-77:223-30.
14. Gunning P, O’Neill G, Hardeman E. Tropomyosin-based regulation of the actin cytoskeleton in time
and space. Physiol Rev 2008; 88:1-35.
15. Gunning PW, Schevzov G, Kee A]J et al. Tropomyosin isoforms: divining rods for actin cytoskeleton
function. Trends Cell Biol 2005; 15:333-41.
16. Bamburg JR. Proteins of the ADF/cofilin family: essential regulators of actin dynamics. Annu Rev
Cell Dev Biol 1999; 15:185-230.
17. Bamburg JR, Wiggan OP. ADF/cofilin and actin dynamics in disease. Trends Cell Biol 2002;
12:598-605.
18. McGough A. F-actin-binding proteins. Curr Opin Struct Biol 1998; 8:166-76.
19. DesMarais V, Macaluso F, Condeelis J et al. Synergistic interaction between the Arp2/3 complex and
cofilin drives stimulated lamellipod extension. J Cell Sci 2004; 117:3499-510.
20. van Rheenen J, Song X, van Roosmalen W et al. EGF-induced PIP2 hydrolysis releases and activates
cofilin locally in carcinoma cells. J Cell Biol 2007; 179:1247-59.
21. Blanchoin L, Pollard TD, Hitchcock-DeGregori SE. Inhibition of the Arp2/3 complex-nucleated
actin polymerization and branch formation by tropomyosin. Curr Biol 2001; 11:1300-4.
22. Ono S, Ono K. Tropomyosin inhibits ADF/cofilin-dependent actin filament dynamics. J Cell Biol
2002; 156:1065-76.
23. Evangelista M, Zigmond S, Boone C. Formins: signaling effectors for assembly and polarization of
actin filaments. J Cell Sci 2003; 116:2603-11.



230

Tropomyosin

24.
25.
26.
27.

28.

29.
30.
31
32.

33.

34.

35.
36.
37.
38.
39.
40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

Wawro B, Greenfield NJ, Wear MA et al. Tropomyosin regulates clongation by formin at the
fast-growing end of the actin filament. Biochemistry 2007; 46:8146-55.

Le Clainche C, Pantaloni D, Carlier ME. ATP hydrolysis on actin-related protein 2/3 complex causes
debranching of dendritic actin arrays. Proc Natl Acad Sci USA 2003; 100:6337-42.

Cooper JA, Bryan J, Schwab B 3rd et al. Microinjection of gelsolin into living cells. J Cell Biol 1987;
104:491-501.

Cooper JA, Loftus DJ, Frieden C et al. Localization and mobility of gelsolin in cells. J Cell Biol
1988; 106:1229-40.

Janmey PA, Chaponnier C, Lind SE ct al. Interactions of gelsolin and gelsolin-actin complexes with
actin. Effects of calcium on actin nucleation, filament severing and end blocking. Biochemistry1985;
24:3714-23.

Glenney JR Jr, Kaulfus P, Weber K. F actin assembly modulated by villin: Ca++-dependent nucleation
and capping of the barbed end. Cell 1981; 24:471-80.

Burtnick LD, Koepf EK, Grimes J et al. The crystal structure of plasma gelsolin: implications for
actin severing, capping and nucleation. Cell 1997; 90:661-70.

Burtnick LD, Robinson RC, Choe S. Structure and function of gelsolin. Results Probl Cell Differ
2001; 32:201-11.

McGough AM, Staiger CJ, Min JK et al. The gelsolin family of actin regulatory proteins: modular
structures, versatile functions. FEBS Lett 2003; 552:75-81.

Ressad F, Didry D, Xia GX et al. Kinetic analysis of the interaction of actin-depolymerizing factor
(ADF)/cofilin with G- and F-actins. Comparison of plant and human ADFs and effect of phosphory-
lation. J Biol Chem 1998; 273:20894-902.

Ressad F, Didry D, Egile C et al. Control of actin filament length and turnover by actin depolymer-
izing factor (ADF/cofilin) in the presence of capping proteins and ARP2/3 complex. ] Biol Chem
1999; 274:20970-6.

Orlova A, Egelman EH. Structural dynamics of F-actin: I. Changes in the C terminus. J Mol Biol
1995; 245:582-97.

Orlova A, Prochniewicz E, Egelman EH. Structural dynamics of F-actin: II. Cooperativity in structural
transitions. ] Mol Biol 1995; 245:598-607.

Prochniewicz E, Zhang Q, Janmey PA et al. Cooperativity in F-actin: binding of gelsolin at the barbed
end affects structure and dynamics of the whole filament. ] Mol Biol 1996; 260:756-66.

Bernstein BW, Painter WB, Chen H et al. Intracellular pH modulation of ADF/cofilin proteins. Cell
Motil Cytoskeleton 2000; 47:319-36.

Nishida E, Mackawa S, Sakai H. Cofilin, a protein in porcine brain that binds to actin filaments and
inhibits their interactions with myosin and tropomyosin. Biochemistry 1984; 23:5307-13.

De La Cruz E, Pollard TD. Transient kinetic analysis of rhodamine phalloidin binding to actin fila-
ments. Biochemistry 1994; 33:14387-92.

Allen PG, Janmey PA. Gelsolin displaces phalloidin from actin filaments. A new fluorescence method
shows that both Ca* and Mg?* affect the rate at which gelsolin severs F-actin. ] Biol Chem 1994;
269:32916-23.

McGough A, Pope B, Chiu W et al. Cofilin changes the twist of F-actin: implications for actin fila-
ment dynamics and cellular function. J Cell Biol 1997; 138:771-81.

Ishikawa R, Yamashiro S, Matsumura F. Annealing of gelsolin-severed actin fragments by tropomyo-
sin in the presence of Ca?. Potentiation of the annealing process by caldesmon. J Biol Chem 1989;
264:16764-70.

Nyakern-Meazza M, Narayan K, Schutt CE et al. Tropomyosin and gelsolin cooperate in controlling
the microfilament system. J Biol Chem 2002; 277:28774-9.

Amano T, Tanabe K, Eto T et al. LIM-kinase 2 induces formation of stress fibres, focal adhesions
and membrane blebs, dependent on its activation by Rho-associated kinase-catalysed phosphorylation
at threonine-505. Biochem J 2001; 354:149-59.

Dan C, Kelly A, Bernard O et al. Cytoskeletal changes regulated by the PAK4 serine/threonine kinase
are mediated by LIM kinase 1 and cofilin. J Biol Chem 2001; 276:32115-21.

Hillberg L, Zhao Rathje LS, Nyakern-Meazza M et al. Tropomyosins are present in lamellipodia of
motile cells. Eur J Cell Biol 2006; 85:399-409.

Lin JJ, Matsumura F, Yamashiro-Matsumura S. Tropomyosin-enriched and alpha-actinin-enriched
microfilaments isolated from chicken embryo fibroblasts by monoclonal antibodies. J Cell Biol 1984;
98:116-27.

Holmes KC, Popp D, Gebhard W et al. Atomic model of the actin filament. Nature 1990;
347:44-9.



Tropomyosins Regulate the Impact of Actin Binding Proteins on Actin Filaments 231

50.

S1.
52.
S3.
54.
S5.

56.

57.

Poole KJ, Lorenz M, Evans G et al. A comparison of muscle thin filament models obtained from
clectron microscopy reconstructions and low-angle X-ray fibre diagrams from non-overlap muscle. J
Struct Biol 2006; 155:273-84.

Lepault J, Erk I, Nicolas G et al. Time-resolved cryo-electron microscopy of vitrified muscular com-
ponents. ] Microsc 1991; 161:47-57.

Narita A, Maeda Y. Molecular determination by electron microscopy of the actin filament end struc-
ture. ] Mol Biol 2007; 365:480-501.

Schutt CE, Rozycki MD, Myslik JC et al. A discourse on modeling F-actin. J Struct Biol 1995;
115:186-98.

Schutt CE, Lindberg U. Actin as the generator of tension during muscle contraction. Proc Natl Acad
Sci USA 1992; 89:319-23.

Schutt CE, Lindberg U. Muscle contraction as a Markov process. I: Energetics of the process. Acta
Physiol Scand 1998; 163:307-23.

Houle F, Poirier A, Dumaresq J et al. DAP kinase mediates the phosphorylation of tropomyosin-1
downstream of the ERK pathway, which regulates the formation of stress fibers in response to oxida-
tive stress. ] Cell Sci 2007;120: 3666-77.

Blikstad I, Carlsson L. On the dynamics of the microfilament system in HeLa cells. J Cell Biol 1982;
93:122-8.



CHAPTER 18

Tropomyosin and ADF/Cofilin

as Collaborators and Competitors
Thomas B. Kuhn and James R. Bamburg*

Abstract

ynamics of actin filaments is pivotal to many fundamental cellular processes such as
D cytokinesis, motility, morphology, vesicle and organelle transport, gene transcription

and senescence. In vivo kinetics of actin filament dynamics is far from the equilibrium
in vitro and these profound differences are attributed to large number of regulatory proteins. In
particular, proteins of the ADF/cofilin family greatly increase actin filament dynamics by sever-
ing filaments and enhancing depolymerization of ADP-actin monomers from their pointed ends.
Cofilin binds cooperatively to a minor conformer of F-actin in which the subunits are slightly
under rotated along the filament helical axis. At high stoichiometry of cofilin to actin subunits,
cofilin actually stabilizes actin filaments. Many isoforms of tropomyosin appear to compete with
ADF/cofilin proteins for binding to actin filaments. Tropomyosin isoforms studied to date prefer
binding to the “untwisted” conformer of F-actin and through their protection and stabilization
of F-actin, recruit myosin II and assemble different actin superstructures from the cofilin-actin
filaments. However, some tropomyosin isoforms may synergize with ADF/cofilin to enhance
filament dynamics, suggesting that the different isoforms of tropomyosins, many of which show
developmental or tissue specific expression profiles, play major roles in the assembly and turnover
of actin superstructures. Different actin superstructures can overlap both spatially and temporally
within a cell, but can be differentiated from each other based upon their kinetic and kinematic
properties. Furthermore, local regulation of ADF/cofilin activity through signal transduction
pathways could be one mechanism to alter the dynamic balance in F-actin-binding of certain
tropomyosin isoforms in subcellular domains.

Introduction

In the contractile units of muscle cells, actin filaments are stable and highly organized in
sarcomeres for optimal interactions with the bipolar myosin II motor protein to achieve optimal
sliding of the actin during muscle contraction. However, in the muscle cell cortex and in nonmuscle
cells, actin undergoes rapid assembly and disassembly and often carries out motile functions in
the absence of motor protein binding. To understand this dynamic behavior of actin and the role
of other actin binding proteins in regulating it, it is necessary to first provide a short overview of
actin dynamics.

Actin is ubiquitously expressed in all eukaryotic cells and is one of the most abundant cel-
lular proteins with an estimated concentration of 50-200 uM (2-8 mg/ml). Of the six isoforms
expressed in mammals, four are expressed in a muscle specific fashion whereas the cytoplasmic
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B-actin and y-actin isoforms are found in all nonmuscle cell types. The 375 amino acid highly
conserved monomeric actin (MW 42.5 kD) folds into a compact globular structure composed
of four lobes, two of which are separated by a characteristic cleft, the site of adenine nucleotide
binding, with a flexible hinge region in the cleft floor."? Under physiological salt concentrations in
vitro, monomeric globular actins (G-actin) slowly organize end-to-end and side-to-side through
noncovalent forces to create trimeric nuclei to which actin subunits rapidly assemble into a twisted
polar two-stranded helical filament (F-actin) with an axial rise of 2.75 nm and a rotation of -167°
per actin subunit.>* Hydrolysis of ATP to ADP-Pi occurs within 1-2 s after assembly, followed
by the much slower (t,, = 600 s) loss of Pi, which elicits a structural change that has profound
effects on the kinetic and thermodynamic characteristics of actin.” Each end of the polar filament
maintains a different equilibrium monomer concentration (critical concentration). The polar
nature of the F-actin is readily observed by decoration with proteolytic fragments of myosin II,
which form a characteristic arrowhead structure giving rise to the nomenclature in which the fast
growing end is referred to as the barbed end and the slow growing end as the pointed end.’ At
steady state, ATP-bound G-actin monomers rapidly polymerize onto the barbed end of filaments,
undergo rapid ATP hydrolysis and slow Pi loss and subunits depolymerize off the pointed end of
filaments as ADP-bound G-actin monomers, a process known as treadmilling (Fig. 1). In vitro
the actin filament growth rate is 0.03 um/sec with a treadmilling rate 0o£ 0.3/sec and a free G-actin
concentration of 0.1 uM.’ Significantly, filament growth rates in vivo range from 2 to 20 um/sec
with a treadmilling rate 0o£20-200/sec and a G-actin concentration of 2 to 20 uM. This consider-
able discrepancy in the filament dynamics in vitro compared to in cells underscores the critical
function of regulatory proteins implicated in nucleating filament growth, capping filament ends,
severing filaments, or sequestering G-actin monomers.®

Actin filament dynamics plays a pivotal role in many fundamental cellular processes including
cytokinesis, motility, contractility, cell morphology, organelle transport, organelle localization and
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Figure 1. Steady-state behavior of actin under physiological ionic conditions. ATP-actin subunits
(red/black) add onto the barbed end of F-actin, undergo hydrolysis of the ATP within 1-2 s
(orange/gray) and eventually the inorganic phosphate dissociates leaving ADP-actin (green/light
gray) as the major form at the pointed end. ADP-actin dissociates from the pointed end and
nucleotide exchange occurs on the free actin subunits. In vivo, ADF/cofilin proteins enhance
turnover by severing filaments and increasing the depolymerization rate, whereas profilin
supports nucleotide exchange and polymerization of ATP-actin monomers. The treadmill-
ing, which occurs at actin monomer concentrations between the critical concentrations for
the two ends, depends on the maintenance of ATP, since the bound nucleotide on actin will
equilibrate with the adenine nucleotide pool. At actin monomer subunit concentrations above
0.8 uM, actin will assemble onto both ends and below 0.1 uM, actin will dissociate from both
ends. A color version of this figure is available at www.Eurekah.com.
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function and compartmentalization of the cytosol.”'* For instance a cell of 20 um in diameter
has the capacity to compartmentalize metabolic and signal transduction pathways utilizing the
plasma membrane surface area of roughly 700 um® In contrast, its actin filament network pro-
vides over 45,000 um? of scaffolding area. It is not surprising therefore that glycolytic enzymes,
nonreceptor tyrosine kinases, lipid kinase, phospholipases, elongation factors of protein synthesis,
ion channels and transporters and even nuclear events are all intimately linked to the dynamics
of actin filaments.

Recently, it has been recognized that all eukaryotic cells exhibit many distinct actin filament
superstructures based on the ability of other proteins to organize filaments into bundles or gels
(reviewed in ref. 13). Bundles have adjacent filaments with either parallel or antiparallel orientation,
dependingon the nature of the cross-linking protein. Gels can form from filaments that are branched
or cross-linked by other proteins or protein complexes. While each of these superstructures may
have its separate spatial and temporal regulation, recent findings show that different superstructures
can overlap each other in space and time and their dynamic regulation, although independent,
must be highly coordinated.”® The turnover of actin filaments within these actin superstructures
may be quite different with some, such as those in the leading edge of migrating cells, having a
high turnover of recycling subunits and others, such as anchoring cables or stress fibers, forming
longer lived structures. One key to understanding the in vivo dynamics of actin filaments is an
understanding of the role of members of the ADF(actin depolymerizing factor)/cofilin family
and its enhancers, Srv2/Cap and profilin, which collaborate in the rapid turnover of F-actin and
tropomyosins (Tms), most isoforms of which stabilize actin filaments.*!* In this chapter we will
claborate on findings illuminating the interplay between ADF/cofilin and Tms in cytokinesis, cell
motility, membrane trafficking and cell survival/senescence.

Mechanisms of ADF/Cofilin Mediated Actin Turnover

In vitro Studies of ADF/Cofilin on Actin Dynamics: Actin filament dynamics is the cumulative
expression of several reactions each with its own kinetics and affinity of reaction partners: polym-
erization of ATP-G-actin or profilin-ATP-actin onto filament barbed ends, depolymerization of
ADP-G-actin monomers off filament pointed ends, ATP hydrolysis in actin subunits in filaments,
dissociation of Pi from the filament and nucleotide exchange of G-actin monomers. ADF/cofilin
proteins can affect most of these processes.

An ADF/cofilin (AC) has been identified in higher plants, yeasts and fungi, protists and every
phylain the animal kingdom in which they have been sought suggesting they are ubiquitous in all
eukaryotes that express actin.® AC proteins from different organisms vary in MW (15 to 21 kDa)
and exhibit up to 70% amino acid identity within one organism but less than 40% when compared
across organisms. For example, mouse ADF and mouse cofilin are 70% identical but yeast cofilin
is only 41% identical to mouse cofilin. Single cell organisms express a single member of this family
whereas metazoans usually express two or three members, suggesting these isoforms have evolved
to fulfill specific functions or for tissue specific regulation of their expression.”

All members share the ADF-homology (ADF-H) domain as a structural motif. The minimal
ADF-H, found in the 118 amino acid Toxoplasma gondii ADF, is a hydrophobic core of 4 3-sheets
enclosed by 4 a-helices. Interestingly, this structural motif is utilized in other families of actin
binding proteins with different activities. The ADF-H is repeated twice in twinfilins, which serve
mainly as actin monomer sequestering proteins with some severing activity, three times in the
severing proteins fragmin and severin and in the barbed end capping protein and six times in the
gelsolin family proteins, which have calcium-dependent actin filament severing and barbed end
capping activities.'¢

There are three isoforms of AC proteins expressed in mammals: ADF, cofilin-1 and cofilin-2."”
Cofilin-1 is expressed in the oocyte and is ubiquitously expressed during development, disappearing
from skeletal muscle shortly after myoblast fusion when it is replaced with the muscle isoform, cofi-
lin-2. Cofilin-2, however, is not muscle specific in that an alternatively spliced version of the mRNA
with the identical coding sequence for cofilin-2 is expressed at lower levels in many different tissues
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and in tissue culture cell lines.'® All three isoforms from higher vertebrates contain two sequence inser-
tions (loops in the ADF-H structure) both serving as nuclear translocation sequences, one of which
is critical for nuclear translocation.'”* Binding to actin monomer and to one subunit in a filament
is attributed to a set of charged residues along a major o-helix and a second set of charged residues is
critical for interacting with a second subunit along the long axis of the actin filament (F-actin bind-
ing).*** AC proteins bind cooperatively to actin filaments resulting in localized regions of an actin
filament saturated with AC proteins.”*** This cooperative interaction occurs on actin filaments in a
minor “twisted” state and stabilizes the filaments in the twisted form in which each subunit has about
a5° rotation (162°vs 167°) and the helical crossover shifts from about 35 nm to 25 nm along the fila-
ment without affecting the overall 2.75 nm rise/subunit (Fig. 2).> Moreover, this change in filament
structure masks the bindingsite for phalloidin, fluorescent derivatives of which are commonly used to
stain for F-actin. Although cofilin saturation of actin filaments confers a stability upon the filament,
low amounts of partial decoration seems to confer an instability, which leads to severing, one of the
primary activities of AC proteins.? This severing is greatly enhanced on filaments that are attached
to other structures suggesting a mechanism of allosteric and cooperative destabilization.?” Binding
of AC proteins along an actin filament enhances the loss of Pi and thus aids in the rapid conversion
of an ADP-Pi region of a filament to an ADP-actin region.”® AC proteins also enhance the rate of
depolymerization at pointed ends of filaments, over 20 times at an actin/AC ratio of 1:8, although
this rate does not exceed that of naked F-actin alone when diluted below critical concentration of
the pointed end.** The severing and depolymerizing activities of AC proteins can be uncoupled
by point mutations in AC.? Taken together these activities greatly increase the concentration of
free actin filament ends, which explains their positive contribution to actin filament dynamics. AC
proteins exhibit a higher affinity for Mg-ADP-G-actin compared to Mg-ATP-G-actin, although

-162°

Figure 2. The relative rotations of actin subunits within a filament favor either tropomyosin
or cofilin binding. The actin filament can be described as a single left handed helix in which
every subunit is included. Subunits in F-actin alone tends to occupy two favored rotation
states, the major state (A) with rotations of about —165-167°/per subunit and a minor state (B)
with rotations between —158 and 162°/subunit.?>?** Only a few tropomyosin isoforms (mostly
muscle specific ones) bound to F-actin (skeletal muscle alpha isoform) have been examined
structurally and these prefer to bind to the major rotation state (A), whereas cofilin prefers to
bind to actin in the minor rotation state (B). Each form of actin has the same rise per subunit of
2.75 nm. The actin filament also can be described as two slowly twisting helices of alternating
subunits (red and blue numbers in figure). Each half turn of the twist gives rise to the “crossover”,
which for F-actin alone is about 13-14 subunits and for cofilin-saturated F-actin is about 10
subunits. For this reason, cofilin is often said to bind to a “twisted” form of F-actin.
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this difference is much greater for cofilin than for ADE* Significantly, cofilin at near equal molar
ratios to Mg-ATP-G-actin induces nucleation of assembly whereas ADF does not.?****! Spontaneous
nucleotide exchange is very slow on the AC-actin complex.”** However, Srv2/Cap can bind directly
to the cofilin-actin complex and enhance nucleotide exchange by stabilizing the nucleotide-free actin
and displacing cofilin.**** Profilin, binding to ADP-actin, also greatly enhances nucleotide exchange
thereby creating a profilin-ATP-G-actin pool ready for a new polymerization cycle.*¢ Together AC
proteins and profilin speed up actin filament turnover in vitro more than 100 fold.

The activity of AC proteins is regulated by many factors.® Phosphorylation of Ser3 inactivates
AC proteins and can be mimicked by the S3E mutation, which is minimally active.”” In contrast,
the S3A mutation is not phosphorylatable and thus serves as a potentially active nonphospho-
regulated AC mutant. In vivo, AC phosphorylation is catalyzed by LIM kinases 1 and 2, which are
regulated by RhoGT Pases, or by TES kinases, which are regulated by binding to actopaxin at focal
adhesions.*** The slingshot phosphatases and chronophin are implicated in the dephosphoryla-
tion of AC proteins.*** Phosphoinositol 4-phosphate (PIP) and 4,5 phosphate (PIP,) inhibit
AC activity by binding to the actin binding site and both phosphoinositides are important for the
regulation of cell morphology and motility.** Finally, cofilin activity is modulated by the actin
interacting protein 1 (Aip1), which enhances cofilin binding to F-actin and promotes filament
severing and turnover.*%

In Vivo Studies on AC Activity

In three different cell lines, siRNA silencing of either ADF, cofilin-1 or cofilin-2 resulted in
more actin filaments, larger cell size, reduced cell motility and decreased cytokinesis.>® Cellular
deficiencies by knock down of cofilin could be rescued by ADF overexpression and vice versa.
Nevertheless, results from many studies suggest that ADF and the cofilins likely have distinct
roles not only within an organism but also within a single cell. The expression of ADF but not
cofilin is regulated by the actin monomer pool.>! The cellular distribution of cofilin remained with
the F-actin pool whereas ADF distributed more with the actin monomer pool in cultured Swiss
3T3 mouse fibroblasts in which pH was jump-shifted.”> ADF is the predominant AC protein in
epithelial cells, which efficiently supports actin filament turnover with a strong pH dependence.!”
Cofilin 2, the prominent isoform expressed in muscle, had a weak effect on actin filament turn-
over and also a lesser pH dependence. Finally, a comparative study in which siRNA was used to
downregulate the expression of ADF (destrin) or cofilin in a colorectal cancer cell line expressing
17% ADF and 83% cofilin showed silencing of cither ADF or cofilin increased the number of
multinucleated cells, altered polarized lamellipodium protrusions, caused a redistribution of paxil-
lin and enhanced adhesion.>* However, silencing expression of ADF but not cofilin decreased cell
migration on collagen I and invasion through matrigel that was stimulated by bombesin. Moreover,
silencing of ADF but not cofilin caused phosphorylation of p130“** suggesting that ADF but
not cofilin is a significant regulator of various processes important for the invasive phenotype of
human colorectal cancer cells.”

In Vitro Effects of Tm on AC-Induced Actin Dynamics

Actin filaments saturated with skeletal muscle tropomyosin (Tm) are relatively resistant to the
depolymerizing effects of chick ADE.>* Surprisingly, actin filaments saturated with a mixture of Tm
isoforms isolated from brain are even more resistant to ADF-induced depolymerization.” When
both brain Tm and ADF were added simultancously to F-actin there was virtually no protection,
demonstrating the need for Tm to have bound to the F-actin to block the ADF effects. Addition
of excess cofilin to actin-Tm complexes caused the dissociation of Tm, the first studies to directly
demonstrate the competitive nature of the binding between cofilin and Tm although the binding
sites between cofilin and Tm are not overlapping.”” However, the preference of cofilin for binding
the “twisted” form of the actin filament and the preference of Tm for the nontwisted form, coupled
with the ability of both cofilin and Tm to bind F-actin cooperatively, explains their competitive
interactions with F-actin. Actin filaments containing Tm interact very well with myosin II but
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displacing the Tm with cofilin disrupts myosin II binding.*® Tm also inhibits spontancous actin
filament depolymerization and Arp2/3 complex supported nucleation.’®** The above studies were
the first to suggest that cofilin and Tm could specify unique populations of actin filaments that
had different interactions with motor proteins and/or branching/nucleators and thus could have
different cellular functions. It is interesting to note that many of these studies were completed
prior to the recognition of the complexity of the Tm isoforms and even before the relationship
between ADF and cofilin was established.

The multiple genes for Tm and the ability of many transcripts to undergo alternative splicing
generate over 40 isoforms, mostly nonmuscle type.'* These generally fall into two categories, the
low molecular weight (248 amino acids) and the high molecular weight (284 amino acids). Tm
isoforms exert distinct functions on actin filament dynamics in different cell types and splice forms
are not only developmentally regulated but even in a single cell they are differentially compart-
mentalized.¢* Several of these Tm isoforms increase the stiffness of actin filaments and stabilize
the “untwisted” form, which could diminish the ability of AC to bind by greatly reducing the
population of subunits in the more “twisted” conformation. However, it seems likely that even
Tm-saturated filaments can undergo some natural “twisiting” to explain why high cofilin concen-
trations can drive off the bound Tm.> The afhinity of different Tm isoforms for actin filaments
is variable (see Chapters 6 and 15 this volume) and the complexity is increased by the fact that
multiple Tm isoforms may be able to bind cooperatively to single actin filaments (see chapters 7
and 15).%* Furthermore, it is not clear if all Tm isoforms occupy the same binding sites along an
actin filament or if some isoforms may have higher affinities for minor “twisted” forms of F-actin
as is suggested by in vivo studies discussed below.

The role of Tm in modulating the ability of Aip1 to enhance cofilin-induced actin dynamics has
only been examined in one in vitro system. Analysis of the effects of muscle Tm on actin disassem-
bly by the combined activity of Caenorbabditis elegans Aipl (UNC-78) and cofilin (UNC-60B),

demonstrated that Tm protected the actin from disassembly.*

In Vivo Evidence for Competition and Synergy between AC Proteins

and Tms

The dynamics, structural organization and subcellular localization of actin filaments is the
result of an intricate interplay among many actin binding proteins, their isoforms and expression
patterns. Clearly, the dramatic effects of either AC proteins or Tm isoforms on actin filament
turnover poses the question what the parameters are that determine whether activities from these
two families act in synergy or in competition.

Genetic evidence from model systems including yeast, Drosophila melanogaster and C. elegans,
all of which have a fewer genes for AC and Tms and less alternatively spliced variants than mam-
malian systems, supports a competition between AC and Tm for actin turnover and stabilization.
Actin filament structures in yeast fall in two classes, specifically those localized in the cortical
patches and those cable-like structures spanning the entire cell volume (see Chapter 14 for a
discussion of yeast actin and Tm). While actin turnover is high in cortical patches, longitudinal
cables are rather stable. Not surprisingly, cofilin is high in cortical patches whereas the two yeast
Tm isoforms (Tpm1p and Tpm2p) are abundant in cables.®% A genetic approach in yeast dem-
onstrated that the severing activity and the depolymerizing activities of cofilin could be separated
by specific mutations. Expressing the severing-defective yeast cofilin disrupted actin filament
turnover and organization as well as cell viability.”" In contrast, expressing the depolymerization
defective cofilin mutation had no phenotype.”” Both Tpm1p and Tpm2p bind to actin filaments
in a saturable manner with Tpm2p having slightly higher affinity. Deletion of Tpm1p disrupted
actin cables as the major phenotype while deletion of Tpm2p had no apparent effect.®® However
loss of both Tm isoforms is lethal. In yeast expressing a polymerization defective actin, the V226G
and L267G double mutation, the critical actin concentration for filament formation is about 200
fold higher than for WT actin.” Interestingly, expressing cither Tpm1p or Tpm2p were able to
rescue actin filament formation by lowering the critical concentration 20 fold. Studies in yeast also
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show that Aipl works in cooperation with cofilin to enhance actin filament dynamics, even on
the Tpm1p-containing actin cables.”® Competition between Tpm1p for stabilizing cable filaments
and Aip1/cofilin for their turnover was demonstrated by the ability of an Aip1 deletion mutant to
rescue the growth and loss-of cable defect of a temperature-sensitive Tpm1p mutant.®®

Modification of the N terminus of Tm greatly alters its function.®® Expressing Tm containing
an N terminal HA epitope no longer stabilizes actin filaments and delays cytokinesis because
of its diminished F-actin-binding capability. Notably, expression of HA-tagged Tm caused a
decline in cofilin phosphorylation, whereas overexpression of normal Tm increased the inactive,
phospho-form of cofilin consistent with its effects on actin filament stabilization.

Several studies in C. elegans shed more light on the antagonism between Tm and AC proteins.
The unc60 gene encodes two AC isoforms, UNCG60A and B, both products of alternative splic-
ing.®” UNCG60B is expressed in body wall muscle cells and mutations within UNC60B cause major
disruption of actin filaments. Although UNCG60B binds to actin filaments, neither severing nor
depoymerization activity is observed in vivo. On the other hand, UNC60B does exhibit typical
AC activities in vitro suggesting that in vivo other factors function to stabilize actin filaments.” The
four C. elegans Tm isoforms (CeTm) are derived from a single gene through alternative splicing;
mutations of this gene result in sever phenotype changes.” Purified CeTm and UNC60B both
bound actin filaments in a mutually exclusive manner in accordance with previous findings. Also,
CeTm negated actin filament depolymerization in the presence of UNC60B. CeTm is a major
component of isolated CE actin filaments and, in a reconstitution experiment, revealed a dose
dependent exclusion of UNC60B. During muscle development, CéTm and UNC60B displayed
differential localization patterns with CeTm present in myofibrils and UNC60B diftusely in the
cytoplasm. Silencing C¢Tm by siRNA caused substantial disorganization of actin filaments and
a motility defective phenotype. In sharp contrast, silencing C¢Tm had minimal effects in a strain
of C. elegans expressing a loss of fuction mutant AC, which maintains interaction with G-actin
but is unable to bind or to sever F-actin. The simplest interpretation for this finding is that in a
cell with reduced cofilin activity, actin filament turnover is inherently reduced and could adsorb
aloss of Tm without a significant impact on actin filament dynamics. This elegant study provided
both in vitro and in vivo evidence for the competition between AC and Tm in actin filament dy-
namics. Furthermore, Aipl in the presence of AC contributes to actin filament depolymerization
in vivo in C elegans. The CE Aipl (UNC78) enhances dynamics of cofilin (UNCG60B)-bound
actin filaments and CeTm was antagonistic to Aip1 and cofilin in body wall muscle actin filament
disassembly.*472

Thus far, a large body of evidence from model systems described above supports the notion
that Tm isoforms antagonize AC proteins in vivo and in vitro. However, similar investigations in
higher vertebrates suggest some of the more than 40 Tm isoforms are antagonistic to AC whereas
others may work cooperatively with AC to enhance actin filament dynamics. The picture of how
Tms affect actin dynamics through the recruitment and regulation of other actin binding proteins
is complex. First, different Tm isoforms have different affinities for actin filaments and bind at
different sites along actin filaments.®* Manipulation in the cellular expression of TmSNMI and
TmBr3 resulted in isoform-specific changes in cell morphology and migration as well as in actin
filament organization.® Whereas overexpression of TmBr3 caused a loss of stress fibers and increased
the formation of lamellipodia, overexpression of TmSNM1 has the opposite effect. These Tms
clearly interact with actin filaments, which exhibit most likely a distinct molecular composition
due to their spatially distinct cellular localization. In developing neurons, initially the Tm isoform
TmSNM1/2 is localized in axons but is later replaced by TmBr3, an adult neuron-specific Tm.*°
Such subtle differences in the composition of Tm was demonstrated even in neuronal growth cones
and correlated with specific actin filament structures.”>”

Expression of Tm isoforms also correlates with major changes in the activities of other actin
binding proteins. Stable cell lines overexpressing different levels of the TmnSNMI isoform, showed
a direct correlation between the level of TmSNMI expressed and myosin IT activity (measured
as phosphorylated myosin light chain) and an inverse correlation with cofilin activity." Cells
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Figure 3. Alteration in tropomyosin isoform expression alters cell morphology and migratory
behavior. Clonally selected line of B35 cells expressing high levels of Tn5NM1 were transfected
with plasmids for expression of GFP (green cell) and TmBr3.°" Cells were fixed and stained
for F-actin with rhodamine phalloidin (red). Cells expressing high levels of Tm5NMT1 are very
spread-out and nonmotile with taught membranes and many stress fibers. When TmBr3 is
expressed, the stress fibers disappear and ruffling membrane and lamellipodia appear. These
cells are much more motile. Cofilin is associated with actin filaments in the TmBr3-expressing
cells (notshown) but most cofilin is phosphorylated and diffuse in the Tm5NM1-expressing cells
(adapated from ref. 61). A color version of this figure is available at www.eurekah.com.

expressing the highest TnSNM1 were very broadly spread and had taut membranes indicative
of contraction of sub-membrane associated actin filaments. Stable cell lines overexpressing dif-
ferent levels of the TmBr3 isoform showed no changes in either phospho-myosin light chain or
phospho-cofilin and remained small and motile with many regions of ruffling membrane indicative
of highly dynamic actin. Furthermore, when cells expressing the highest levels of TnSNM1 were
transiently transfected with a plasmid expressing TmBr3, the cells became smaller and stress fibers
disappeared being replaced by ruffling membrane (Fig. 3).°' Thus the Tm isoforms can specify the
functional properties of actin and the proteins with which they can interact.

Tms are also critical in cytokinesis and were identified in the contractile ring.”” In fission yeast,
the Tm cdc8 is required for the stabilization of the contractile ring and Tm4 and Tm5 were found
in the contractile ring of CHO cells (for more details, see Chapters 14 and 16).7%”” In dividing
astrocytes, Tm1 and/or Tmé6 are associated with contractile rings.” Altering expression levels of
Tms has functional consequences for cytokinesis. Overexpression of Tm1 resulted in a dramatic
increase of multinucleated cells, an indication for impaired cytokinesis although cleaveage fur-
rows exhibited a normal morphology (Thoms and Gunning, personal communication). AC
proteins are also necessary for cytokinesis and are constituents of the contractile ring, suggesting
the competition between Tms and ACs is significant in regulating the underlying actin filament
dynamics. Indeed, overexpression of Tml virtually eliminated the accumulation of cofilin in
contractile rings. Impairment of cytokinesis as a result of Tm1 overexpression was compensated
by overexpression of cofilin thus establishing a functional competition supporting physiological
actin filament dynamics (Thoms and Gunning, personal communication). Together, it is feasible
that Tms impart a broad range of stabilization to actin filaments as a consequence of different
affinities, distinct binding sites in actin filaments, differential expression pattern in cell types and
ultimately variation in the composition within different compartments of a single cell. Progress
in understanding of the functions of Tms is hampered by the large number of Tm splice variants
and their spatial and temporal expression patterns in the developing and adult organism, which
infers unique functions in different subcellular compartments. All these parameters illuminate
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how complex the influence of Tms could be regarding the recruitment and regulation of other
actin binding proteins.

Regulation of AC and Role of AC Activity in Tm Selection
and Actin Binding

Tms significantly contribute to actin filament dynamics with outcomes ranging from stabi-
lization to increased turnover depending on the repertoire of Tms, the cellular localization and
the molecular composition of actin filaments, which includes AC proteins. The question arises
whether the influence of Tms on actin filament dynamics derives from their interaction (1) solely
with actin filaments, (2) with other actin binding proteins such as ACs, or (3) a combination of
both. Actin filaments decorated with different Tms exhibited varying sensitivities to cytochalasin
D treatment.”” Actin filaments decorated with low molecular weight Tms were much more resistant
compared to actin filaments bound with high molecular weight Tms. In nonmuscle cells, Tm is
bound either on the inner or the outer domain of actin, which depends on the specific actin and/
or Tm isoform.® The differences in binding sites results from minor amino acid sequence differ-
ences among Tms, which could influence the effect on other actin binding proteins (see chapters
7 and 17). As mentioned above, overexpression of TmSNM1 increases myosin interaction with
actin filaments.® Furthermore, myosin variants were mislocalized in dendrites, neuronal growth
cones greatly increased in surface area and myosin heavy chain IIB was localized to actin filaments
in filopodia, a rather unusual distribution. These experimental results suggest that Tm isoforms
can preferentially accumulate myosin at sites of high affinity Tm-actin filament interactions.
Opverexpression of the TnSNM1 isoform increased the amount of phosphorylated, inactive AC,
which could arise from Tm5NMI1 displacing AC from actin filaments and increasing its acces-
sibility to LIMK. Transient TmBr3 overexpression in these TmSNM1-expressing cells restored
normal cofilin activity and cell morphology, suggesting that Tm isoform affects the activity of AC
proteins and thus their interaction with actin filaments. In lieu of the differential affinities of Tms
and the variations in their binding sites on actin filaments, it is feasible that individual Tms could
generate synergy of interactions with distinct repertoires of actin binding proteins.

Tm Isoforms Are Functionally Distinct

The plethora of Tm isoforms encoded by 4 genes are mostly expressed in nonmuscle cells and all
exhibit three fundamental functions albeit to varying degrees: (1) interaction with actin filaments,
(2) altering myosin activity and (3) influencing AC activity."* Their expression patterns change
during development and their composition is distinct in subcellular compartments (see chapters
4and 15). To further our understanding of the particular function, altering the expression of Tm
isoforms represents one approach. The tissue-specific expression and subcellular distribution of Tms,
which is highly conserved across species, implies a very specific function of individual Tms.* Global
elimination of the yTm gene was lethal; products of the yTm gene are implicated in Golgi vesicle
transport, neuronal polarity and axon outgrowth.®*¢27 The S. cerevisae TM isoforms Tpm1p and
Tpm2p are required for growth and secretion, respectively and the S. pornbe Tm cdc8 is necessary
for cytokinesis. An extensive study using antibodies directed against various Tm isoforms revealed
a complex tissue and subcellular distribution.* For instance, TmBr1 and 3 were localized to the
cell periphery and ruffling membranes whereas Tm1, 2, 3 and 6, were associated with stress fibers.®?
Manipulation of TmSNM1 and TmBr3 in B35 neuro-epithelial cells clearly showed that each
Tm isoform caused opposing effects on actin filament dynamics.®*”* Although our knowledge is
incomplete, Tms from different genes are clearly not redundant in their function but have specific
functions that cannot be substituted for by just any Tm gene products.

Competition and Synergy between AC and Tm in Selected Cellular

Processes
Tms provide a broad range of influence on actin filament dynamics by altering the molecular
composition of actin filaments and their interactions with other actin binding proteins. Distinct
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Tm isoforms bind to actin filaments with varying affinities and binding sites and exhibit specific
tissue and subcellular localization (see Chapters 4 and 15). As has been documented above, the
interplay between Tms and ACs can be competitive or cooperative in the regulation of actin
filament dynamics. Here we will discuss how these aspects are reflected in a few essential cellular
processes.

Cytokinesis

During mitosis, the plane of division of the future daughter cells is established during anaphase
and a constriction of the plasma membrane reveals a distinct morphological structure, the cleavage
furrow. The furrow is formed from contraction of an actomyosin ring in the cell cortex and the
regulated mechanism of its progressive contraction underlies the phenomenon of cytokinesis.*!
Many studies provide evidence that de novo actin filament formation is required.®*

In the fission yeast S. pombe, actin filaments are organized as cortical patches at the growing
ends and as thick bundles along the long axis of the cells.?*® During cytokinesis, cortical actin
patches dissolve and new actin filament structures are established to form a contractile ring.* These
actin filament rearrangements require the activity of several regulatory proteins such as profilin,
formin, IQGAP, Arp2/3 and ADF/cofilin (Adf1) and tropomyosins.®*¥*! Downregulation of
ADF/cofilin activity inhibits cytokinesis but does not prevent its initiation,”**** even though
ADF/cofilin is present in the cleavage furrow early during cytokinesis.*” In fission yeast, the AC
member Adf1 was shown to play akey role in the progression of cytokinesis.”” Suppression of Adf1
abolished actin filament reorganization in cells entering mitosis whereas overexpression resulted in
the depolymerization of cortical patches as well as the contractile ring. One proposed function of
Adf1 supports the timely depolymerization of actin filaments in patches in but it also assists in the
transport of actin monomers to their new location in support of the formation of the contractile
ring. Phosphoregulation of cofilin has not been demonstrated in yeast and this is supported by the
finding that the active cofilin S4A mutation, which cannot be phosphorylated, evoked no defects
in patch dissolution and contractile ring formation in yeast. Thus the interaction of yeast Adf1
with actin filaments underlies a different regulation. Interestingly, Adf1 is associated with actin
filaments in the contractile ring but not in cytosolic cables suggesting an active exclusion of Adf1
from stable actin filaments, although in vitro ADFI can bind actin filaments. Tm (cdc8 in S. pomzbe)
is a prime candidate for excluding Adf1 from the cables and indeed cdc8 does interfere with Adf1
binding to actin filaments in vitro.”* In the absence of cdc8, Adf1 completely disassembled actin
filaments of the contractile ring demonstrating that a balance between Adf1 and cdc8 activities is
necessary to maintain a functional contractile ring. Analysis of Adfl mutants that disrupt either
severing (S120A) or depolymerizing (Y82F) activity revealed that CofilinY82F could restore a
proper contractile ring in AdfI-depleted cells whereas cofilin S120A was ineffective. This study
suggests that the severingactivity of cofilin is essential and demonstrates an antagonist role between
AC proteins and Tm in modulating actin filament dynamics during cytokinesis.

Cell Motility

Cell migration is essential for proper development of multicellular organisms as well as for the
maintenance of tissue integrity. However, as is evident in metastasis and the formation of secondary
tumors, aberrant cell migration can be harmful. Polarized migration of cells is highly directed and
is morphologically associated with a leading edge lamellipodium at the front of a broad lamella.
Cell migration depends on highly regulated and coordinated dynamics of actin filament structures
within the leading edge of cells. Our rather simplistic view of the leading edge of advancing cells
with an underlying rapid actin filament turnover has seen a rigorous revision over the past few
years due to the discovery of new actin binding proteins and a more detailed understanding of
their function. Two spatially distinct subdomains within the leading edge of migrating cells have
been identified each characterized by a unique regulation of actin filament dynamics and distinct
molecular composition.”® These two distinct subcompartments of actin filaments are defined by
four measurable criteria: (1) unique molecular composition, (2) spatial difference in rates of actin
filament turnover (kinetics), (3) rate of actin filament translocation (kinematics) and (4) mechanism
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of actin filament translocation (kinematics).” In the 2 to 4 um wide, Arp2/3 complex containing
lamellipodial region under the plasma membrane, intense treadmilling and rapid retrograde flow
occur due to assembly of actin at the membrane and severing and depolymerization of actin fila-
ments at the rear of this zone (kinetics). At the interface between the lamellipodium and lamella
reside the major sites of adhesive contacts to the extracellular environment. The lamella, a region
behind the lamellipodium but within 3 to 15 um of the leading edge, contains Tm and myosin
II. Although spatially random spots of actin filament turnover occur in the lamella, a slower
myosin-dependent retrograde flow accumulates these filaments in a zone, often referred to as an
actin arc, further back in the cytoplasm.

Maintenance of a polarized migrating phenotype requires active ADF/ cofilin; over expression of
LIMKI1 causes the loss of polarity but polarity can be rescued by expression of a nonphospho-reg-
ulatable form of cofilin.” Tm plays a critical role in maintaining the spatial separation of two actin
filament pools, with a clear difference between normal and malignant cells (see Chapter 10).%
Acute addition of TGF-p to epithelial cells induces membrane ruffling tied to enhanced motility
but over a prolonged period results in the formation of stress fibers and reduced cell motility. The
long-term effects required protein synthesis and expression of several actin binding proteins, among
them Tm. Stress fiber formation was absent without Tm expression, evidence that supports Tm
stabilizing contractile actin filaments. Interestingly, stress fiber formation in response to TGF-f was
not observed in metastatic cells and was linked to hyperactivity of the ras-ERK signaling pathway.
No change in the degree of cofilin phosphorylation was determined. Presumably, the loss of TGF-f
responsiveness could contribute to the metastatic phenotype of tumor cells.

In epithelial cells, endogenous Tm is localized to the lamella with little to none in the lamel-
lipodium. Yet after injection of skeletal Tm (skITm) into these cells, skIm extended out to the
leading edge.”* Concomitant with a depletion of Arp2/3 and ADF, there is a loss of the lamel-
lipodium indicated by changes in both the kinetics and kinematics of actin filament dynamics.
Over abundance of skIm also increased myosin II interaction with actin filaments. Importantly,
cell motility was not eliminated but protrusion time and retraction times of membrane ruffles was
altered. These results demonstrate that lamellipodial activity is not necessary for cell migration;
however, directional migration in response to extracellular cues probably does require a lamel-
lipodium in order to modulate localized actin assembly and turnover in response to extracellular
signals. One concern of this study is the utilization of a skeletal muscle Tm isoform in an epithelial
cell environment, especially given the non redundancy and cell type-specific functions of many
Tm isoforms. Furthermore, a clear border between lamella and lamellipodium is not a necessity
and these domains could substantially overlap.””

A more recent study demonstrated that changes in Tm levels have a direct influence on cofilin
and its activity. Downregulation of Tm resulted in a substantial enlargement of the lamellipodium
at the expense of the lamella, whereas elimination of cofilin in a Drosophila cell line had the op-
posite effect, an expansion of the lamella at the expense of the lamellipodium and an increase
in Tm decoration of actin filaments.”® In contrast, enhancement of lamellipodial cofilin activity
accelerates F-actin turnover and retrograde flow, resulting in widening of the lamellipodium.”
This is accompanied by increased spatial overlap of the lamellipodium and lamella networks
and reduced cell edge protrusion efficiency. Thus, the leading edge of the cell has multiple actin
superstructures; the lamellipodium consisting of a submembraneous domain rich in Arp2/3
complex branched filaments and an ADF/cofilin enriched domain and the lamella, enriched in
linear actin filament bundles containing Tm and myosin, some of which can overlap the lamel-
lipodial structures (Fig. 4).

Golgi Membrane Sorting and Vesicle Dynamics

The Golgi apparatus is the cellular hub for sorting proteins through numerous vesicle traffick-
ing pathways to and from the plasma membrane, lysosomes, endosomes and endoplasmic reticu-
lum (ER). Many regions of the plasma membrane on most cells are quite dynamic undergoing
endocytosis and exocytosis, increasing membrane area during development, especially in highly
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Figure 4. Schematic model of overlapping actin superstructures at the leading edge. The
Arp2/3 complex branched actin filaments of the lamellipodial “dendritic array” (red/dark
gray) are responsible for much of the membrane protrusive activity driven by actin assembly.
Filaments of this superstructure grow for short periods and then are capped by barbed end
capping protein (black) as they undergo retrograde flow due to array treadmilling. Cofilin
binds to the distal (ADP-actin) subunits and disassembles the filaments for subunit recycling.
The tropomyosin-containing filaments of the lamella (green/light gray) can overlap this region.
Formins help nucleate linear bundles of actin, which bind tropomyosin and recruit myosin Il
for contractile events. These filaments also undergo retrograde flow due to myosin-dependent
contraction. The two different networks can be distinguished by their kinetic and kinematic
properties measured using fluorescence speckle microscopy.”®

asymmetric cells such as neurons. Thus the maturation, modification and delivery of membrane
proteins via the Golgi apparatus are essential. Treatment of cells with actin filament disrupting
toxins such as latrunculins or cytochalasins resulted in severe alterations to the Golgi morphology
and disrupted some aspects of vesicle trafficking, suggesting a vital role for actin at the Golgi.””
In addition, B and y-actin have been found in association with Golgi membranes, as well as other
actin binding proteins including myosin II, tropomyosin isoform TmSNMI1, profilin, gelsolin
and AC.'%1% [n yeast and mammals, post Golgi vesicle trafficking requires myosin II and V,
profilin and tropomyosin.®>'* Evidently, actin filament dynamics is necessary for the positioning
of the Golgi apparatus, at least some form of vesicle budding and retrograde vesicle traffic from
Golgi to ER. Of particular interest is the fact that in neurons trafficking of vesicles from the trans
Golgi to axons but not to the somatodendritic domain requires cofilin-driven actin dynamics.'**
Thus, whatever the mechanism for actin involvement in Golgi in vesicle sorting, it applies only
to a selected population of vesicles and is not a general mechanism required for all Golgi-derived
vesicles. Presumably this will be dictated by either specific cytoplasmic proteins or lipids, which
can recruit specific families of proteins to modulate actin-vesicle interactions.

The role of Tms in Golgi function, specifically the Tm isoforms Tm5NM1 and 2, have been
studied.” Both isoforms are generated from the yTm gene through alternative splicing and differ
only in the differential splicing of exon 6. Most interestingly, TmSNMI is exclusively localized to
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stress fibers whereas TmSNM2 is concentrated at the Golgi and is associated with a subpopulation
of vesicles containing short actin filaments. ARF-1 is essential for targeting TmSNM2 to the Golgi.
Presumably, short stable actin filaments are a prerequisite for the tethering vesicles during short
range transport and/or budding. Thus, Tm5SNM2 could support this network of short actin fila-
ments by protectingagainst severingand/or depolymerizing activity of AC proteins. Manipulation
of cofilin or LIMK 1 substantially affects the dynamics of the Golgi apparatus.'®* LIMK I through
its LIM domain is localized to the Golgi and one of its primary functions is the regulation of actin
dynamics through phosphorylation of cofilin (i.e., inactivation). Overexpression of active LIMK1
dampens Golgi tubule dynamics but these can be restored by expressing a nonphosphorylatable
form of active cofilin (S3A). That cofilin is working via enhancing actin dynamics was demon-
strated by titrating in the actin filament stabilizing drugjasplakinolide, which in a dose-dependent
fashion dampened the enhanced Golgi tubule dynamics induced by cofilin S3A.'* In support
of this model, a kinase dead version of LIMK1 works in a dominant interfering fashion to alter
Golgi morphology similarly to the cofilin S3A. The trans-Golgi tubule network undergoes a loss
of compaction, elongated cisternae, enhanced tubule formation and over long time periods, the
fragmentation of the Golgi. Thus, proper protein membrane protein sorting/delivery through
the Golgi may depend extensively on a tight regulation of the organization and dynamics of short
actin filament through an interplay between AC proteins and Tm isoforms. This is an area ripe
for further investigation.

Cell Survival/Senescence

Because actin filaments are linked to so many vital cellular processes, it is not surprising that cell
viability is linked to actin filament dynamics. However, recent findings attribute a vital function of
actin filament dynamics to cellular senescence and apoptosis, both stringently regulated processes.
Yeast serves as an excellent model because only one single actin isoform is expressed. Cytoplasmic
actin cables in yeast have been long known to support distribution of new mitochondria to bud-
ding daughter cells. However, new findings reveal that the filament status of actin is directly im-
pacting cell survival.'> Reduction of actin filament turnover and accumulation of actin filaments
increased the formation of reactive oxygen species (ROS) and induced apoptosis and senescence
whereas increasing actin filament turnover shows a concomitant decrease in ROS production and
increased viability.'” Interestingly, many known extrinsic stresses induce actin filament formation
and clumpingin cells precedingapoptosis. Moreover, actin accumulations such as cofilin-actin rods
are associated with many neurodegenerative disorders.'”” Actin filaments physically interact with
VDAC channels of mitochondria, one component of the permeability transition pore, thus modu-
lating ROS leakage.'**!*® Furthermore, cofilin-actin binding to mitochondrial outer membrane is
an early step in apoptosis and is both necessary and sufficient to cause leakage of cytochrome ¢, the
activator of the Apaf-1 complex that initiates mitochondrial-dependent apoptosis.'® It thus seems
likely that competition and cooperation between cofilin and different Tm isoforms in modulating
actin filament stability and turnover also will impact cell survival and aging.

Nuclear Functions of Actin

Actin accumulation in the nucleus occurs in response to several different stressors includ-
ing heat shock, exposure to high concentrations of DMSO and treatment with cytochalasin
B, a fungal metabolite that blocks actin filament barbed-end dynamics. Only recently, specific
roles for actin in nuclear events have been emerging. Actin in the nucleus is critical for telomere
movement and clustering during prophase in meiosis, which could affect senescence of cells.!**!!!
Actin interacts directly with all three RNA polymerases in eukaryotic cells and is required in early
transcription.’* Actin is part of SWI/SNF chromatin remodeling complexes and is necessary to
recruit histone modifying enzymes for transcriptional activation.'”® Actin together with myosin
1B interacts with premessenger RNA binding proteins implicated in mRNA transport during
transcription.’” The conformation and polymerization state of actin in all these nuclear processes
remains a mystery but is elemental to illuminate its roles.! ™ Perhaps, the response of cells to sequester
actin in the nucleus upon exposure to extrinsic stressors could arise from its vital role in maintaining
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transcription. Actin contains a nuclear export sequence but not a nuclear localization sequence
(NLS). However ADF/cofilins in all higher eukaryotes have an NLS and can chaperone actin into
the nucleus.®*” Since AC proteins are generally cytoplasmic, the NLS must be cryptic and only
available to interact with other components of the nuclear import complexes when appropriately
exposed. The mechanism by which this occurs is not yet clear, but extrinsic signals that alter the
ratio and/or turnover of AC phosphorylation might be able to influence gene expression. Events
that lead to the decoration of cytoplasmic actin filaments with AC could modulate expression
of some genes in one direction whereas Tm-dependent displacement of AC could have opposing
effects. Yet another connection between actin filament dynamics and gene expression has been
reported. MAL proteins (myocardin family of transcription activators) are capable of transporting
actin monomers into nuclei thereby relaying information regarding changes of the monomeric
actin pool to gene expression.'’>!¢ Studies on serum response factor (SRF) demonstrated that
specific MAL proteins are implicated in nuclear shuttling of actin thus directly relaying the degree
of actin polymerization to transcription.

Conclusions and Perspectives

Two major cytoplasmic isoforms of actin, three isoforms of ADF/cofilin and >40 isoforms of
tropomyosin allow for a large variety of different actin filament systems to co-exist within a cell.
These allow the formation of regional actin superstructures that may be stable or undergo rapid
interconversion. These superstructures may create unique cytoskeletal compartments, or provide
overlapping superstructures with different dynamics. Competing activities of Tms and ACs allow
for the dynamic interconversion of stable superstructures to those exhibiting rapid turnover. In each
cell compartment, the molecular composition of actin filaments is influenced by the presence of a
repertoire of Tm and AC isoforms resulting in an enormously complex regulatory system. These
interactions generate synergy, cooperativity and reciprocity typical for complex systems of multiple
protein interactions. For instance, a naive actin filament presents a surface allowing interactions with
all AC and perhaps Tm members. However, decoration of an actin filament with cofilin stabilizes
a “twisted” form thus not only changing the surface of the actin filament for protein interactions
but also establishing an additional interaction surface through the bound cofilin (cooperativity).
This new interaction surface could either greatly increase or decrease binding affinity of one or
several Tm isoforms as well as other actin binding proteins (synergy). Interaction with this new
surface could further induce conformational changes in the bound Tm isoform and support or
dismiss interaction with Tm targets (reciprocity). The conclusions drawn by many scudies might
suffer from their combinatorial use of proteins from different sources, some of which are expressed
in a different host cell environment. In particular, Tm and AC isoforms exhibit non redundant
distribution patterns and activities with respect to cell types and species. For instance, an analysis
of a skeletal Tm isoform with actin dynamics in a nonmuscle cell could raise the principal ques-
tion whether the observed effects reflect actual changes in actin dynamics of the test cell or the
actual function of the Tm isoform of the host cell. However, the general picture of cooperation
and antagonism between some Tms and ACs is likely to be upheld.
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CHAPTER 19

Caldesmon and the Regulation
of Cytoskeletal Functions

C.-L. Albert Wang*

Abstract

aldesmon (CaD) is an extraordinary actin-binding protein, because in addition to actin,

it also binds myosin, calmodulin and tropomyosin. As a component of the smooth muscle

and nonmuscle contractile apparatus CaD inhibits the actomyosin ATPase activity and
its inhibitory action is modulated by both Ca?* and phosphorylation. The multiplicity of bind-
ing partners and diverse biochemical properties suggest CaD is a potent and versatile regulatory
protein both in contractility and cell motility. However, after decades of investigation in numerous
laboratories, hard evidence is still lacking to unequivocally identify its in vivo functions, although
indirect evidence is mounting to support an important role in connection with the actin cytoskel-
eton. This chapter reviews the highlights of the past findings and summarizes the current views
on this protein, with emphasis of its interaction with tropomyosin.

Introduction

Many important cellular processes involve changes of the actin cytoskeleton, which maintains
and controls the cell shape in concert with activities of the contractile apparatus as a result of cell
signaling. It is well established that polymerization and depolymerization of actin filaments plays
a central role in controlling a wide spectrum of cellular phenomena including cell division and
migration, in addition to exo- and endocytosis, apoptosis and inflammation, as well as vesicle
trafficking and gene expression."? A large number of actin cytoskeleton proteins, including focal
adhesion complex-associated adaptor proteins and actin-binding proteins (ABPs) are responsible
for the organization and remodeling of the actin cytoskeleton. Malfunction of these processes leads
to pathological consequences, but how actin-mediated motility is regulated is only beginning to be
understood. With recent advances in the field, particularly in the elucidation of protein structures
and their binding partners, the potential roles of the actin cytoskeleton in many diseases is becom-
ing apparent. Two proteins, caldesmon (CaD) and tropomyosin (Tm), stand out as unique types
of ABPs, because they are also integral components of the contractile apparatus. Both of them
are the so-called “side-binders” of actin filaments, which stabilize the filamentous structure; their
presence reinforces the stability of F-actin and therefore is intimately involved in the regulation of
actin cytoskeleton assembly and organization. In this chapter we aim to describe the biochemical
properties of CaD in the context of its relationship with Tm and discuss its biological functions.
There is a vast amount of data in the literature on CaD. In an attempt to attain an overview and
to derive new insights, some of the carlier observations, especially those controversial ones, will
be discussed in comparison with more recent findings. However, it is not the intention of this
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article to make an exhaustive survey of the entire field. Interested readers are referred to many other
excellent reviews that can be found elsewhere.>”

Genes and Isoforms

Vertebrate CaD has a single gene that is alternatively spliced® to generate the smooth muscle
h-CaD and the nonmuscle isoform (I-CaD),”!* the latter being present in almost all types of cells."!
In the human CaD gene (7q33-q34) there is further isoform diversity in I-CaD. In addition to
the first exon (exonl ) shared by h-CaD (793 residues) and I-CaD (termed WI38 |-CaD; 538
residues), another exon (exon 1) further upstream can be used as an alternative initiation site;
the resulting isoform (HeLa I-CaD) contains a different N-terminal segment that is 6 residues
longer than the WI38-counterpart.'> Moreover, depending on whether exon 4 (coding for 26
amino acid residues) is incorporated or not, both HeLa- and W138-1-CaD further exist in type-I
and type-II, respectively, giving rise to a total of 4 isoforms of human I-CaD."* Exon 1, however, is
never transcribed in h-CaD. During embryogenesis h-CaD appears at a later stage than do other
smooth muscle markers such as smooth muscle actin,'* but more parallel to smooth muscle a-Tm
(Tm6).5 It is generally assumed that h-CaD is a component of the contractile apparatus and
|- CaD is a cytoskeleton protein.*!¢1” The difference between the two isoforms is a highly charged
repeating sequence, encoded by exon 3b and exon 4, that is only present in h-CaD (Fig. 1). This
region forms a 35-nm long single helix (see below) known as the “spacer”, which separates the
more compact N-terminal myosin-binding domain from the C-terminal actin-binding domain
of CaD."® It is curious why only h-CaD, but not I-CaD, needs such a spacer region. Presumably,
the distance between the two end-domains in h-CaD is evolutionally optimized to fi# the specific
spatial arrangement of myosin molecules in the smooth muscle thick filament. Such a require-
ment may not be present in nonmuscle cells. Recently, the expression of smooth muscle CaD
was successfully abrogated in mice without blocking the expression of nonmuscle CaD." Such a
strategy was achieved by disrupting the CaD gene (on mouse chromosome 6) at exon 3 beyond
the splicing site. The homozygous mice thus obtained indeed lack h-CaD, but still express I-CaD.
The expression level varies with the tissue type: In tonic vascular smooth muscles the level of

SH SH

153 636 159 789

A e Repeating Region
Myosin-binding  cau. pinding
Actin-binding?

Figure 1. CaD has two isoforms resulting from alternative splicing. The domain structures of
mammalian h-CaD (upper bar) and I-CaD (lower bar) indicate the common functional regions
for myosin-binding (light green), CaM-binding (red) and actin-binding (blue and turquoise).
All functional domains are shared between both isoforms, except that the central ‘spacer’
(yellow) is missing in |-CaD. Also shown are the two phosphorylation sites common for ERK
and cdc2 kinase. A color version of this figure is available at www.Eurekah.com.
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-CaD is low in both the homozygote and the wild-type, whereas in the visceral smooth muscles
of homozygous animals I-CaD is much more over-expressed. This appears to be true both at the
protein level (by Western blot analysis; Fig. 2) and at the message level."” The fact that nonmuscle
CaD is apparently able, at least in certain tissues, to “substitute” for h-CaD blurs the boundary
between the contractile and cytoskeletal nature of the two isoforms; it also raises questions about
the function of CaD in nonmuscle cells.

Smooth muscle cells gradually lose the contractile phenotype upon culturing and become
dedifferentiated, fibroblast-like cells; at the same time, h-CaD is replaced by I-CaD.?**' Although
a number of smooth muscle specific proteins undergo such a differentiation-dependent isoform
switchover, including actin,” myosin heavy chain,” calponin,* vinculin® and Tm,* the expres-
sion of CaD and Tm are probably most closely related to each other. In fact, the same splicing
machinery appears to work on both CaD and T, as the two a-Tm isoforms (a-Tm-SM or Tm6
and a-Tm-F1/2 or Tm2; for Tm nomenclature, see Gunning et al”’) are expressed in a tightly
coordinated fashion with the two isoforms of CaD both in vivo and in vitro.2** Interestingly,
when cells were forced to express Tm1 but not Tm2, there was also an up-regulation of CaD
expression.”” It has been shown that a serum response factor (SRF) is necessary but not sufficient
to transactivate the CaD promoter.’® Whether the same or additional factors are recruited for the
Tm promoter is not known.

Bladder Aorta
M hCaD CaD (+/4) () (1) (++)

h-CaD

-CaD

p-actin

Figure 2. The compensatory isoform switchover depends on the tissue type. Western analysis by
Odyssey imaging of tissue extracts from bladder and aorta of wild-type (**) and CaD-deficient
(77) mice. Note that the up-regulation of nonmuscle CaD is more robust in bladder than in
aorta. There appeared to be more severe proteolysis in bladder than in aorta. p-actin (green)
was used as a reference. A color version of this figure is available at www.Eurekah.com.
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Many actin-binding proteins, including CaD*' and Tm,*** are down-regulated in transformed
cells and in certain, although not all, types of cancerous cells. In a sense, these ABPs may act as
tumor suppressors. On the other hand, CaD has also been found to be a marker for other types
of cancers.*** HeLa-CaD, for example, was found in a number of tumor cells.**** While the an-
tibodies specific for the exon 1 of HeLa-CaD could serve as useful tools for diagnostic purpose,
it is rather surprising that the replacement of the leading peptide in the N-terminus would make
such a functional difference.

Cellular Content of h-CaD

There has been a controversy over whether the h-CaD content varies among different types of
smooth muscles. % Using immuno-precipitated whole muscle extracts, quantified by Coomassie
Blue staining in combination with Western blot analysis, Haeberle et al*” found that phasic smooth
muscles (rat uterus and guinea pig taenia coli, where CaD : actin = 1 : 22-28) have more CaD
(8- and 5-fold using actin and myosin as references, respectively) than do tonic vascular smooth
muscles (bovine aortaand porcine carotid artery). Lehman et al*? on the other hand, reported that
the two types of smooth muscles (sheep and rabbit aorta, versus rabbit stomach and uterus and
chicken gizzard) have about the same level of CaD (~1 mol CaD per 34 mol actin or 5 mol Tm) in
cither isolated native thin filaments, or heat-treated or unfractionated tissue extracts. It was thought
that immuno-quantification of CaD from different species could be difficult owing to differential
reactivity toward the antibodies;* in the meantime, fractionation could also have left some pro-
teins unaccounted for.* Still, the discrepancy is puzzling, because both groups seem to have had
adequate controls and exercised stringent precautions. A simple, although unlikely, explanation is
that different tissues were used. Other potential causes for the apparent disagreement include the
estimated amount of reference proteins (such as actin) and differential degradation of CaD.

It was reported that the h-CaD content was more than twice higher in phasic opossum esopha-
geal body than in the tonic sphincter.*® Mice also have a lower h-CaD level in tonic vascular smooth
muscles (aorta) than in visceral smooth muscles (bladder; Fig. 2). By Western blot analysis the
ratios of h-CaD to -actin staining in bladder and aorta were found to be 2.1 + 0.4 and 0.33 £ 0.02,
respectively. This would be more in agreement with Haeberle et al.*” In addition, the nonmuscle
isoform was also present in the smooth muscle tissues that were devoid of endothelial cells. In
mouse aorta the amount of I-CaD was ~25% of that of h-CaD, but much less (<10% of h-CaD)
in the urinary bladder. Previously, Gluhkova et al* had reported that 78.2% of the total immu-
noreactive CaD (both isoforms) in the media of human aorta was attributable to h-CaD, leaving
21.8% (or 27.8% of h-CaD) as I-CaD, in good agreement with these data. Interestingly, Lehman
et al*? also noted that they found a “degradation fragment” of 75 kDa in an unfractionated aorta
samplc, which may very well be [-CaD. Whether such a peptide had contributed to their overall
estimation of CaD content is an intriguing question.

Since h-CaD is known to play an inhibitory role during muscle contraction, the higher expres-
sion level of h-CaD in visceral smooth muscles may be necessary to suppress contractility after
reaching peak force, giving rise to the characteristics of transient contraction (hence phasic).
When the expression of h-CaD was abolished in mice, I-CaD became up-regulated only in phasic
muscles.” This may suggest that CaD (of either isoform) is “indispensable” in phasic smooth muscles
and that I-CaD can at least partially substitute h-CaD for its function. On the other hand, tonic
smooth muscles, which contain less h-CaD in the wild-type, did not show isoform switchover in
the h-CaD-deficient animals, probably because the basal level of I-CaD was sufficient to carry out
h-CaD’s function. Although it is conceivable that the actin cytoskeleton exists in all cell types,
the exact role of I-CaD in terminally differentiated smooth muscle cells remains an interesting
subject of further studies.

Tissue Distribution and in Situ Localization
Immunostaining of isolated thin filaments from chicken gizzard indicated that h-CaD binds
actin filaments with a periodicity of 38 nm,? similar to that of Tm. However, since the total CaD
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content is much less than that of actin (actin:Tm:CaD = 28:4:1), a “nonsaturating” model was
proposed with staggered binding of CaD to the smooth muscle thin filaments. Interestingly, in
such an arrangement the N-terminal end of all CaD molecules would naturally appear on the
same side of an actin filament (Fig. 3).%* This type of binding mode may facilitate interactions
with the neighboring myosin filament (see below), which is presumably assembled in a side-polar
fashion.® Furthermore, in order for h-CaD to function asa regulatory protein, the CaD-containing
thin filaments must be “appropriately” located on the actin lattice to interact with the much fewer
thick filaments.” Indeed, in situ immunostaining of gizzard sections demonstrated that h-CaD is
associated with a subset of actin filaments and there are regions containing both actin and Tm but
void of CaD.* A closer examination of these images revealed that CaD is distributed in clusters.*
Such clustering was seen both in the sections and in isolated native thin filaments, thus ruling out
antibody inaccessibility and rebinding of dissociated CaD. The discontinuous distribution was
also apparent both along the thin filaments and along the thick filaments. The simplest explana-
tion is that the two kinds of filaments are not parallel to each other, but rather intersect at a small
angle (Fig. 4)."” Since CaD is only needed in the regions that actin filaments overlap with myosin
filaments, CaD would naturally appear in clusters along the actin filaments and, at the same time,
along the myosin filaments as observed. This model accounts for the limited CaD needed to “satu-
rate” actin and myosin present in much higher amounts and carry out its regulatory function. The
obliquely arranged filaments also allow for a greater extent of shortening, which is characteristic
for smooth muscles. The fact that smooth muscle myosin forms side-polar filaments** that are
torsionally flexible® further supports this model, as the nonparallel filaments could maximize
their interactions and facilitate contraction. So far this model remains speculative, but should be
testable by mathematical modeling based on the geometrical parameters and more precise force
measurements.

Nonmuscle CaD also binds to actin filaments along with Tm. It was reported that both proteins
exhibit the same periodicity (~36 nm) on the microfilaments isolated from cultured rat embry-
onic fibroblasts.>' Similar patterns of periodic distribution of CaD was also observed in human
astroglia.’” It was noted that such “cross striation” was not seen in gizzard filaments because of the
sparse distribution. The similarity of the periodicities for CaD and Tm is striking. This suggests the
two proteins not only interact with each other, but are also functionally related. I-CaD and Tm
(in most cases, the high molecular weight Tm, HMW-Tm, which includes Tm1, 2, 3 and 6)* are
normally present in the stress fibers of nonmuscle cells, but characteristically excluded from stable
focal adhesions. On the other hand, both proteins as well as myosin I are found in nascent focal

N'en? N-end N-end N-end
C-end :
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-
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Figure 3. CaD binds actin longitudinally with the N-terminus appearing on one side of the
actin filament. A model illustrates the position of h-CaD on the two-stranded actin filament.
CaD molecules on one strand are shown in solid lines and those on the opposite strand in
broken lines. Note that the ends of all CaD molecules appear on the same side of an actin
filament. Such an arrangement is only possible with h-CaD. Taken from Mabuchi et al.2%
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Dense Bod

Figure 4. A model with obliquely arranged contractile units allows clustered distribution of
h-CaD along both actin and myosin filaments. Actin filaments (thin lines attached to the dense
body) and myosin filaments (thick lines with a helical twist to represent the side-polar fila-
ments) intersect each other at an angle. Both the intersecting angles and the twist of myosin
filaments are exaggerated in this drawing. The myosin heads on opposite sides of the myosin
filament interact with two bundles of actin filaments in reverse orientation, allowing muscle
shortening. As suggested by this model, because of the nonparallel alignment, a given myosin
filament is bound to interact with multiple actin filaments in the same bundle. Assuming that
h-CaD (red dots) is only present at the junctions of these filaments, it naturally has a clustered
distribution along either the actin or the myosin filament. Taken from Wang.® A color version
of this figure is available at www.Eurekah.com.

contacts and more dynamic structures such as podosomes®® and neuronal growth cones.>* It was
thought that these contractile proteins are involved in the regulation of actomyosin activities (see
below) and their presence therefore indicates the loci of cellular contraction. In fibroblasts I-CaD
distinguishes itself from myosin II and HMW-Tms by the fact that it is primarily associated with
short actin filaments in the core of the podosomes,* as well as ruffling membranes.”® Curiously, low
molecular weight Tms (LMW-Tims),® along with other cytoskeleton proteins including myosin
L7 are also found at cell leading edges and growth cones. More recently, it was reported that in
osteoclasts LMW-Tms are present in the podosomes with Tm#4 in the actin core and Tm5a/5b in
the ring that encircles the podosome core.”® These findings suggest that by targeting a separate pool
of actin filaments I-CaD and LMW-Tm are involved in another type of contractile activity.

When the N-terminal fragment of CaD was expressed in CHO cells, the expressed protein
appeared in the nucleus.”” Whether the positively charged amino acid stretches in this region
serve as a nuclear localization signal is an intriguing question that remains to be answered. More
recently, HeLa-CaD was also found to be present in the nucleus of tumor cells.® This finding
raises interesting questions, e.g., whether [-CaD is involved in the contractile activities or some
other functions in the nucleus.

Direct Interaction between CaD and Tm

Colocalization of CaD and Tm implies these two proteins interact with each other. The direct
interaction between CaD and Tm was shown by binding studies® and by the salt-dependent en-
hancement in the viscosity of gizzard Tm in the presence of stoichiometric amounts of h-CaD.¢*
Such binding was reversed by calmodulin (CaM) in the presence of Ca**.*% This direct interaction
may conceivably contribute to the observed increase in the inhibitory effect of CaD, although a
more indirect route through actin cannot be ruled out.®> Subsequently, it was determined that the
Tm-bindingsites were localized in the C-terminal region.®” This region of the last ~300 amino acid
residues not only contains the actin- and the CaM-binding sites, but also harbors TnT-analogous
sequences that interact with Tm.”" Apparently there are several peptide segments in this region
that bind actin, Tm and CaM independently (see, for example, 72). The athinity between CaD and
Tm at physiological ionic strength was estimated to be 2.5 x 10° M and was enhanced by actin.”
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Based on further binding studies a model was proposed in which CaD binds Tm in an antiparallel
manner at sites near Cys-190 (residue 201-227).7 This region probably is fairly sticky, because it
also interacts with calponin.”

CaD and Tm enhance each other’s affinity for actin. They also act synergistically on other actin
binding proteins. For example, CaD and Tm together, but not separately, inhibit the actin-binding
and actin-bundling activity of fascin, a protein involved in the formation of microspikes in cul-
tured cells.”® Clearly, the interaction between CaD and Tm plays a role in this effect, although
the detailed mechanism requires further elucidation. In light of that I-CaD exhibits differential
colocalizations with specific nonmuscle Tm isoforms (see above), it would also be interesting to
compare the interactions between I-CaD and different Tm isoforms.

Molecular Shape and Domain Structure

Both h-CaD and Tm are elongated molecules. Hydrodynamic studies indicated that h-CaD
is 74 nm in length,” about twice as long as Tm. While Tm forms an a-helical coiled-coil, h-CaD
contains a long, single helix in the middle of the molecule.” It is interesting that this middle seg-
ment, which is encoded by exons 3b and 4 and is therefore missing in I-CaD, contains 11 repeats of
a 15-amino acid residue motif of oppositely charged residues (Glu and Lys/Arg) and alanine. This
unique sequence has long been thought to form a coiled-coil structure based on widely accepted
algorithms (such as COILS” and Paircoil,**) but the lack of cooperativity in the thermal unfold-
ing that is characteristic to Tm® clearly defies such a prediction. Instead, the periodically spaced
charged residues form (i, i + 4) ion pairs and thus stabilize the single helical structure.? Under
the electron microscope, h-CaD appears to be a rather rigid dumbbell, with the two end-domains
separated by a fixed distance of 60 = 3 nm.® The two domains at the N- and the C-termini are
configurationally more compact, but lack well-defined secondary structures. They appear easily
collapsible under rotary shadowing.® Indeed, structural studies showed the C-terminal region of
CaD contains multiple f-turns, which allows for plenty of flexibility and facilitates docking on
actin filaments.*

Functionally, the C-terminal region of CaD harbors actin-, CaM- and Tm-binding sites,***%
whereas the N-terminal domain contains the major myosin-binding sites”** and also interacts
with CaM and actin.”*** The actin- and myosin-binding capacity enables CaD to play a role in
bringing the thin filaments close to the thick filaments (see below). Actin binding on both ends
of CaD renders the molecule to lie down on the actin filament longitudinally. The fact that one of
these two actin-bindingsites is near the myosin-bindingsite is also consistent with the observation
that myosin S-1 is able to change the orientation of bound CaD in the ternary complex without
displacement.”® However, the N-terminal actin-binding site apparently has a lower affinity for
actin than the C-terminal ones and is heat labile.”® After heat treatment, CaD no longer adheres
to the actin filament, but only binds to the filament by its C-terminal end, leaving the N-terminal
end sticking out.”” This type of binding mode, termed as the mosaic multiple-binding model,”**
may also occur when CaD is added to actin in the absence of Tm under near saturating concentra-
tions. That CaD contains multiple actin-binding sites (both in the full-length molecule and in the
C-terminal fragment, see below) is consistent with its strong tendency to bundle actin filaments
in vitro.'”*! Tm seems to promote the dissociation of such bundles,'” which could indicate that
in the presence of Tm lengthwise binding is preferred.

CaD and Tm as Actin-Binding Proteins

The elongated shapes of CaD and Tm facilitate their binding to actin filaments as “side-binders”.
Upon binding, they stabilize the filamentous structure, increase the rigidity of the filament'®
and synergistically protect against gelsolin-mediated severing.'*!® Tm is also known to enhance
the affinity of CaD for actin by lowering the dissociation rate'” and thereby to augment CaD’s
inhibitory action on the actomyosin AT Pase activity.

Binding of CaD on actin filaments was visualized by 3D reconstruction studies. Helical re-
construction of negatively stained filaments decorated with a C-terminal CaD fragment (H32K)

106
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demonstrated density attributable to H32K on subdomain 1 of actin, consistent with earlier
reconstructions of full length CaD'” and with biochemical data.** In the reconstructed image
H32K is localized on the inner aspect of subdomain 1, but instead of binding along the same
genetic strand, it traverses the upper surface of the subdomain towards actin’s C-terminus and
forms a bridge to the neighboring actin monomer of the adjacent long-pitch helical strand, by
connecting to its subdomain 3 (Fig. 5), thus “stapling” the two strands of actin filaments.! This
“staple-like” binding mode suggests a mechanism by which CaD could stabilize actin filaments
and resist F-actin severing or depolymerization in both smooth muscle and nonmuscle cells. In
the image of ERK-phosphorylated H32K, which is less effective in inhibiting the ATPase (see
below), the density over subdomain 1 is much less and the inter-strand connectivity is lost. The
two-pronged attachment of CaD on actin was supported by intramolecular FRET coupled with
mass spectrometric analysis.'®” It was shown that within the C-terminal region of CaD there exist
multiple actin-binding segments that form two clusters, each constituting one actin-attaching
site; when H32K is phosphorylated by ERK, only one of the two actin-binding clusters dissoci-
ates from F-actin.

The above model was further tested by crosslinking experiments using chicken mutants, H32Kqc
(with Q766 replaced by Cys, thus containing 2 Cys) and H32Kqc/ca (a double mutant with the
endogenous Cys595 also replaced by Ala; containing only one Cys at position 766). When both
Cys residues were labeled with a photo-crosslinker, benzophenone maleimide, H32Kqc was

Effect of Phosphorylation on H32K Caldesmon Binding on F-actin

e

F-Actin F-Actin-H32K F-Actin-phosH32K

a b c

F-Actin-phosH32K

Figure 5. 3-D reconstruction shows an unusual binding mode of CaD on the actin filament.
Surface views (a-c) of thin filament reconstructions showing the position of the C-terminal CaD
fragment, H32K and phospho-H32K on F-actin and transverse sections (d-f) through maps of
3D reconstructions. The extra density (open bold arrows in b and c) contributed by H32K is
associated with subdomains 1 and 2 of actin. In b the density that spans like a staple from
the back of subdomain 1 to subdomain 3 of the neighboring actin monomer of the genetic
helix (red ellipse). This inter-strand connectivity is present in b (red arrow), but is absent in a
and c (green arrows). Open bold arrows in e indicate regions of significant H32K density and
the red arrow points to the inter-strand density. Taken from Foster et al.'® A color version of
this figure is available at www.Eurekah.com.
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capable of crosslinking actin subunits to form high molecular weight adducts, indicating that it
spans at least 2 actin subunits when bound to F-actin. ERK-phosphorylated H32Kqc, however,
no longer crosslinks actin to polymers.'” Similar results were obtained by disulfide crosslinking
between H32Kqc and actin (Fig. 6). The single-Cys mutant H32Kqc/ca only crosslinks to one
actin monomer; such crosslinking is also diminished after phosphorylation by Erk. Furthermore,
acrylamide quenching experiments showed that the solvent accessibility of probes attached to
Cys766, but not to Cys595, was increased by ERK treatment.'® These results are consistent with
a phosphorylation-dependent conformational change that moves the C-terminal segment of
CaD, but not the other binding site, away from F-actin, conferring the observed removal of its
inhibitory effect.

The presence of multiple actin-binding sites in the C-terminal region is again consistent with
the observation that even the CaD fragment bundles actin filaments.!'° The bundles formed by the
fragment, however, are tight and straight, unlike the loose bundles derived from the full-length CaD
(Fig. 7), indicating the relatively close proximity between the actin-binding sites in the fragment.
Interestingly, it was noted that the bundling activity of the C-terminal half of CaD was dimin-
ished by the addition of the N-terminal fragment.!! Although this may have been a charge effect
exerted by the acidic N-fragment, as seen with polyanionic peptides,' it could also be due to the
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Figure 6. CaD is able to crosslink neighboring actin subunits. Disulfide crosslinking occurs
between a C-terminal CaD fragment that contains two cysteine residues (at positions 595
and 766; H32Kqc), or its variant that contains only one cysteine residue (at position 766;
H32Kqc/ca) and actin, as shown by the SDS-PAGE with Coomassie staining in the absence
of reducing agent. Note that ERK-induced phosphorylation resulted in less H32Kqc/caeactin
crosslinking and almost no H32Kqceactin, species.
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N-terminal actin-binding site. That the C-terminal fragment of CaD binds two neighboring actin
subunits also explains CaD’s ability to act as a nucleator that promotes actin polymerization under
the conditions actin normally exists as monomers."*!'* On the other hand, we (Huangand Wang,
unpublished observations) and others (Matsumura, personal communication) have found that CaD
imposes some inhibition on actin polymerization when monitored by the pyrene fluorescence of
labeled actin, although only a minimal effect was reported earlier."”> This apparent paradox and
how a “side-binder” inhibits the polymerization process remains to be reconciled.

Biochemical Properties and Regulatory Functions
Smooth muscle CaD inhibits the actomyosin ATPase activity'!® and Tm enhances such an
inhibitory effect. A similar inhibitory effect of nonmuscle CaD has also been observed in resting

Figure 7. Actin filaments form bundles in the presence of CaD. CaD is known to bundle
actin filaments owing to its multiple actin-binding sites. However, full-length h-CaD forms
loose bundles (top panel), whereas the C-terminal fragment forms tight and straight bundles
(bottom panel). Both samples were processed for rotary shadowing and viewed by electron
microscopy. Scale bar: 1 um. (Mabuchi and Wang, unpublished results).
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platelets.'” The molecular mechanism of the CaD-Tm inhibition has been a subject of great in-
terest (see also Chapter 9). It has been shown that in the presence of Tm, the actomyosin AT Pase
activity was inhibited to a maximum (>80%) at a 1:10-13 molar ratio of CaD to actin monomer
compared to only 50% inhibition for CaD alone.'”"'"¥ This is not only because the enzymatic ac-
tivity of actomyosin is enhanced by Tm owing to its activating effect at the myosin concentration
used,'”"?! but more importantly, because there is a synergistic effect of Tm on CaD’s action. CaD
exerts its inhibitory effect by decreasing the V,,,'** and/or increasing the Kyrp,,..'> The latter is
most likely due to a direct competition between CaD and weak myosin binding to actin (in the
presence of ATP)!' as their binding sites on the actin surface overlap.”” It has been shown that
competition between CaD and myosin alone can give rise to an apparent cooperative activation of
the thin filament even in the absence of Tm,'® although Tm enhances such a cooperativity.!* This
Competition Model, however, has been disputed, because there was a disagreement whether the
concentration of CaD needed for the inhibition of myosin binding matches that for the inhibition
of the AT Pase activity.'”” Indeed it takes “unphysiologically” high ([CaD] : [actin] > 1: 7) amounts
of CaD to show a sigmoid-shaped binding isotherm, although there seems no such requirement
to slow the myosin binding rate in the kinetic experiments.?® On the other hand, it was argued
that the reduced binding rate could be balanced out by a change in the dissociation rate, yiclding
a moderate (9%) overall maximum rate reduction that fails to account for the observed level of
inhibition (75%) of the AT Pase unless a higher concentration of CaD was used.'? The discrepancy
is difficult to reconcile, not only because of the subtle differences in the experimental conditions
(such as ionic strength and temperature), but also due to the intrinsically complicated nature of
the system that involves multiple, mutually interacting, protein species. However, it might be
worthwhile to point out that the cellular contents of CaD and actin only give an averaged ratio
between the two. Knowing that CaD has a clustered distribution in the smooth muscle,* one
cannot rule out the possibility of a higher local concentration of CaD. Moreover, it is well known
that there is a minimal level (10-15%) of myosin phosphorylation before tension is detected in
smooth muscles."” Whether the blockage of myosin binding by CaD causes this threshold, which
resembles the simulated coorperativity,'* awaits further investigation.

An alternative interpretation of CaD’s inhibition is primarily based on the observed change
in the cartalytic activity, which can be best explained by a switch of the thin filament state. Like
troponin (Th) in the striated muscle system, CaD at relatively low concentrations may alter the
position of Tm on the actin filament depending on other regulatory factors such as Ca**/CaM or
phosphorylation and thereby modulate the actomyosin interaction in a cooperative fashion.* So it
can be Tm, instead of CaD, that blocks the binding of myosin. This Cooperative-Allosteric Model
is supported by both structural'”” and biochemical data.'””'?* Two important pieces of evidence are
that at low ratios (1:14) to actin, CaD was able to compete with not only weak, but also strong,
myosin binding to actin' and that CaD was able to decrease the population of moving filaments
without much changing the velocity in the in vitro motility assay.'** These observations are indeed
difficult to explain by the pure Competition Model. While in many cases CaD behaves similarly
to Th, there are differences. Kinetic experiments (using skeletal S1)'% showed that CaD affects the
cross-bridge cycling by mainly slowing down the rate of phosphate release, rather than that of the
ADP release as in the case of Tn-Tm."*® These results also suggested that CaD moves Tm between
two states (open and closed), rather than three states (including a blocked state) as in the skeletal
muscle system.”** On the other hand, CaD itself may constitute a blocked state in smooth muscle
as implied by the Competition Model and structural studies (see below).

Since CaD abolishes the effect of Tm to enhance the actomyosin AT Pase activity (at high myosin
concentrations) without dissociating bound Tm from F-actin,"” it was thought that CaD could
change the state of bound Tm along the actin filament, a conclusion reached indirectly by several
other investigators."!*#13 This structural effect was later visualized in the 3D reconstruction from
electron microscopic images of the smooth muscle thin filament. It was found that CaD “keeps” Tm
at a position that is close to the inner domain of the actin subunit where it is away from the major
myosin binding sites."* Upon addition of Ca**/CaM, CaD (the C-terminal part) is dissociated
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from the filaments and at the same time, Tm becomes dislodged and rolls to the outer domain
of actin surface that usually is considered as the “closed” position.'” While these studies confirm
that CaD indeed alters the position of Tm on actin, such a movement is in sharp contrast to what
has been observed for Tn-Tm in the striated muscle system,'*® suggesting that CaD regulates the
actomyosin AT Pase activity in a fashion different from that of Tn. The finding that Tm is situated
in a position opposite to that predicted by the actomyosin AT Pase activity in both activated and
resting states is also surprising. This apparent paradox was reconciled as follows: In the resting state
smooth muscle Tim lies in a position partially overlapping the strong myosin binding site, while
CaD sterically blocks the weak myosin binding and results in inhibition.'” When activated by
Ca?*/CaM, CaD is locally dissociated, allowing Tm to move to a closed position. In that position
active myosin heads can move Tm to the open position, thereby activating neighboring actin sub-
units."”” Smooth muscle Tm has a strong end-to-end interaction; 1490 it would be easier for myosin
to turn on more actin subunits than in the striated muscle, conferring a higher cooperativity. Thus
it scems both the Competitive Model and Allosteric Model are partly correct. By either mechanism,
CaD negatively regulates the actomyosin interaction and acts as a molecular brake.'*!

CaD also Binds to Myosin

Unlike Tm, CaD also interacts with myosin.'**!% The primary myosin-bindingsites are localized
in the N-terminal region of CaD,” although a secondary site in the C-terminal region has also
been reported.'* The interaction site on myosin has been identified as being in the S-2 region.'
Smooth muscle myosin is known to undergo a conformational change upon phosphorylation. 44
In the unphosphorylated state the myosin heads tend to fold back to the rod and assumes a compact
configuration (the so-called 10S form). Upon phosphorylation the molecule prefers an extended
configuration (the 6S form). The folded form of unphosphorylated myosin is enzymatically inactive
and unable to form filaments. Electron microscopic imaging showed that the myosin heads in this
inactive configuration “droop” down, whereas they are pointing more upward in the extended, active
6S configuration.’” The heads-down configuration of the relaxed myosin was also demonstrated
ina recent 3D image reconstruction of invertebrate thick filament,'* where the unphosphorylated
myosin heads appear to interact with the S2 region of the rod. Such potential interactions may
be disrupted by the N-terminal region of CaD, shifting the equilibrium toward the “heads-up”
configuration, thereby “activating” the myosin head without phosphorylation (Fig. 8). Indeed,
it was observed that CaD promotes filament assembly of unphosphorylated myosin under the
conditions that myosin otherwise stays soluble.* We have found that the actin-activated AT Pase
activity of unphosphorylated smooth muscle heavy meromyosin is increased by the N-terminal
CaD fragment (by 46%), but not by the C-fragment (Huang and Wang, unpublished results).
However, this effect may not manifest itself as true activation, because the C-terminal region of
CaD would inhibit the ATPase activity under a condition when myosin is unphosphorylated.

Binding of myosin via the N-terminal end of CaD and binding of actin via the C-terminal end
enables cross-linking of actin filaments to myosin filaments.”® This may be structurally important
for the maintenance of the intracellular filamentous organization, considering that smooth muscle
cells do not contain sarcomeric compartments. At a low CaD concentration the tethering effect
actually recruits myosin molecules and promotes in vitro motility.”>' The interaction between CaD
and myosin is rather weak (Ka~10° M™),” so that it does not impede the sliding movement of the
filaments during contraction; on the other hand, the binding energy may be sufficient to dictate
the localization of CaD and give rise to a discontinuous distribution."” It is also conceivable that
the latch phenomenon known for tonic type of smooth muscles could result from the simulta-
neous binding of CaD to both actin and myosin.'> That the unphosphorylated myosin exerts a
mechanical load to shortening filaments suggests that tethering of thick and thin filaments by CaD
might help in maintaining some basal force such as the vascular tone under resting conditions.'®
On the other hand, antisense knockdown of h-CaD in arterial smooth muscles showed that after
the CaD content was decreased (by 78%) upon antisense oligodeoxynucleotide treatment, there
was an apparent 62% decrease in contractility.”> This was interpreted as an increased basal tone
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Figure 8. A model depicting how CaD could change the configuration of myosin. Smooth
muscle myosin heavy chains (orange) undergo a conformational change upon phosphorylation
(red dots) at the light chains (yellow) from an elongated (6S) to a compact (10S) configuration.
In this model binding of the N-terminal domain of CaD (blue) to the S-2 region of myosin is
thought to interfere with the head-rod interaction and shift the myosin conformation to the
6S form even in the absence of phosphorylation. A color version of this figure is available at
www.Eurekah.com.

due to the loss of h-CaD. If true, this observation would imply that smooth muscle regulation
includes a thin-filament-based disinhibition component by h-CaD. The in vivo function of CaD
may thus be both inhibitory for the active tension and maintaining the passive tension. In non-
muscle cells -CaD most likely plays a similar role to regulate the cellular tension.' For example,
CaD has been suggested to be involved in cell blebbing.!*® This interesting aspect also deserves
more investigation.

Phosphorylation as a Regulatory Mechanism

Nearly all cytoskeleton proteins are substrates of one or more kinases. Phosphorylation by
intracellular kinases downstream of Ras and Rac may in fact be one common feature shared by
many ABPs. Through phosphorylation the actin-binding properties of these ABPs are altered, thus
allowing actin cytoskeleton remodeling. For CaD, the inhibitory effect is diminished upon phos-
phorylation."” In intact smooth muscle the level of CaD phosphorylation indeed increases upon
stimulation'*® and the responsible kinase has been identified to be MAPK.!*'* Phosphorylation
of CaD was also detected in cultured smooth muscle cells upon serum stimulation.'! Such phos-
phorylation was markedly reduced by the MEK inhibitor PD98059, but not by the p38 MAPK
inhibitor $B203580,'' thus strongly pointing to ERK-induced phosphorylation during cell
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proliferation. With the use of mass spectrometry it was shown that phosphorylation at Ser759
and Ser789 of mammalian smooth muscle CaD (or Ser497 and Ser527 in nonmuscle CaD; Fig.
1) indeed dissociates one of the actin-binding sites of CaD and weakens its inhibitory effect on
the actomyosin ATPase activity.'” The regulatory role of CaD phosphorylation by MAPK in
smooth muscle cells still remains controversial, because inhibition of MAPK failed to produce
detectable differences in contractility of smooth muscle tissues;'®* however, there is little doubt
that phosphorylation of CaD is involved in nonmuscle cell division and locomotion. As shown by
Yambolievand Gerthoffer,'® inhibition of ERK phosphorylation slowed down the PDGF-induced
migration of cultured smooth muscle cells by 50%.

For nonmuscle CaD a number of pioneering discoveries on phosphorylation were made by
Matsumura’s group. Of particular interest are the findings that CaD transiently dissociates from
actin filaments during mitosis'* and that p34** is responsible for regulating this process.'® In
contrast to ERK, which phosphorylates CaD primarily at only 2 sites near one of the actin-binding
sites, there are a total of 7 residues in the C-terminal region of CaD that can be phosphorylated
by cdc2 kinase.'*®'” These residues encompass both actin-binding sites, such that when all are
phosphorylated CaD dissociates from actin completely.*® Inmunofluorescence images indicate
that, in contrast to other actin-binding proteins such as myosin, a-actinin and Tm, CaD is not
concentrated at the cleavage furrow until the later stages of cytokinesis.'®” Based on this finding,
it was postulated that CaD inhibits activation of the contractile ring at carly stages of assembly,
presumably by blocking either the actomyosin interaction, or the severing activities of gelsolin,
both being required for cytokinesis. Upon phosphorylation by cdc2 kinase, CaD dissociates from
actin filaments, thus removing the inhibitory effects and allowingactivation of the contractile ring.
Prevention of CaD phosphorylation at all potential cdc2 sites by mutagenesis indeed slows down
progression through the cell cycle.**!”° More direct evidence for CaD phosphorylation in individual
cells at various cell cycle stages was obtained by immuno-staining studies. Anti-phosphopeptide
antibodies revealed a dynamic change of CaD phosphorylation throughout the cell cycle progres-
sion, in a manner that is reciprocal to the change of actin stress fibers.'”" These results suggest that
phosphorylation of CaD has a broad functional significance. It is more likely to be involved in
the change of cell shape during cell division as well as in postmitotic spreading. Interestingly, the
same residues of the major phosphorylation sites during mitosis'”* are also phosphorylated when
cultured smooth muscle cells are stimulated to migrate.!”*'7 Since both ERK and cdc2 kinase are
simultaneously activated under a wide range of conditions,'”*"”” CaD phosphorylation may thus
provide a common mechanism to link cell proliferation and cell migration, both requiring cell
shape changes.

When the cde2-sites or the ERK-sites were blocked by mutagenesis, cell division and detachment
were slowed down, but not stopped,””"'”® indicating that there must be alternative pathways that
cells can adopt to circumvent the impediment. Indeed, CaD is also known to be phosphorylated
by the p21-activated protein kinase (PAK)."”” The major PAK-phosphorylated sites (Ser672 and
Ser702, in the chicken smooth muscle sequence)® are also in the C-terminal region, but different
from the ERK sites. It was reported®' that constitutively active PAK causes Ca**-independent con-
tractility in smooth muscle fibers accompanied by an increase in the level of CaD phosphorylation
at the same position as Ser672 in the chicken sequence. When these residues were mutated to Ala,
CaD appeared to accumulate at cell leading edges, suggesting a potential role for phosphorylation in
cell motility. Since PAK is a downstream effector in the Rac1/Cdc42 signaling pathways'®* under a
variety of agonist stimulations, it is not at all surprising that PAK-induced phosphorylation affects
migratory behaviors. Whether CaD is indeed subject to PAK regulation and the structural and
functional consequences of this are of great interest. These issues have been addressed in parallel
with the investigation of ERK-phosphorylation. An interesting cellular feature is the formation
of podosomes, which exist in many cell types including smooth muscle cells.’¥>'% In A7r5 cells
podosomes are formed upon stimulation with phorbol dibutyrate (PDBu), which activates PKC.
Interestingly, I-CaD is present in such podosomes' and is phosphorylated at ERK sites.'® By
over-expressing a phosphorylation-deficient CaD-GFP mutant it was found that, although both
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the size and the lifetime of the podosomes are modulated by ERK-mediated CaD phosphorylation,
the modes of ERK and CaD in their modulation of the formation and dynamics of podosomes
are different.'® This suggests involvement of other players in addition to ERK. It turned out that
the formation of podosomes was more tightly correlated with PAK-mediated phosphorylation
of CaD." It was suggested that PAK phosphorylation renders CaD more effective in displacing
Arp2/3"5 and thereby increases its ability to inhibit podosome formation. Such an effect should
be readily testable by biochemical experiments. Another notable finding in these studies is that
ERK-phosphorylated CaD (although not so clear about PAK-phosphorylated CaD) is localized at
the ring of podosomes'® where Tm5a/5b was found in the osteoclasts.”® Whether such colocaliza-
tion suggests interactions or common targets is worthy of further investigation.

Nonmuscle CaD and Its Roles during Cell Proliferation and Migration

Opver-expression of CaD in nonmuscle cells has led to a number of conflicting phenotypes
including stabilized or disrupted stress fibers, increases or decreases of focal adhesions and podo-
some structures, hampered or unaffected cell division process and enhanced or compromised cell
motility.!5>15617L185188-192 Thege interesting yet confusing results may have stemmed from (i) the
difference of cell types used, (ii) different stages of cells and (iii) different levels of over-expression.
Nevertheless, several observations are particularly noteworthy. Antisense oligonucleotide targeted
to CaD dramatically inhibited hormone-induced stress fiber formation.'”* Transfection of adeno-
virus |-CaD suppressed the growth and survival in vascular smooth muscle cells and inhibited
neointimal formation after angioplasty.'”* Most recently it has been shown that ectopic expression
of I-CaD suppresses the invasive activity of cancer cells.'”

Based on the biochemical properties of CaD, it may be assumed that its primary function is
to stabilize the actin filaments. Depending on the phosphorylation states and differential affini-
ties toward HMW and LMW Tm isoforms, CaD may target different pools of actin filaments.
Opver-expression of CaD would be expected to reinforce the actin cytoskeleton. However, excess
CaD may displace crosslinked actomyosin bundles and thereby disrupt stress fibers. Similarly,
properly regulated CaD should enhance the actin meshwork and promote cell movement, but
too much unphosphorylated CaD, as scen in the case of over-expression of the nonphosphorylat-
able mutant,'”" cell adhesion could be stifled and both cell migration and cell proliferation could
be slowed down. This is consistent with the finding that during cell division I-CaD undergoes
phosphorylation, which weakens actin-binding. Since Rho activation induces cell adhesion, it
had been suggested that focal adhesion involves actomyosin-based contractility.””* What was not
addressed is how much CaD in the cell was phosphorylated. It was observed that phosphorylated,
but not unphosphorylated, CaD colocalizes with vinculin.'”" It is thus possible that phospho-CaD
recruits essential partners to the newly formed focal adhesions and this process may be blocked
by unphosphorylated CaD when expressed in large quantities. By suppressing the expression of
CaD in cells and monitoring the adhesion and migration properties, one may be able to assess
its overall functions. Interestingly, hampered cytokinesis was also observed upon over-expression
of a HMW-and-LMW chimeric nonmuscle Tm that exhibited a much higher affinity toward
actin than the wild-type Tm,"” indicating that disassembly of microfilament organization is an
essential step during cell division. Evidently, both CaD and Tm are part of stabilizing factors for
the actin cytoskeleton.

In addition to cell division and migration, a number of other functions for I-CaD have been
previously suggested. It was reported'”” thata monoclonal antibody against the C-terminal region of
CaD inhibited granular movement in fibroblast cells, similar to the effect of anti-Tm antibodies,'”*
once again indicating that both CaD and Tm are involved in the organization of the cytoskeleton
and trafficking. Furthermore, CaD is associated with Grb2, Shc and Sos; in this complex CaD
was found to be tyrosine-phosphorylated.'””?* More recently, it has also been suggested that the
interaction between phospho-CaD and Tm is further influenced by Hsp27.2"" The significance
of all these findings awaits further investigation.
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Future Directions

Cytoskeleton remodeling involves numerous actin-binding proteins. The fact that all of them
including CaD contain multiple target-specific domains suggests that cytoskeleton proteins work
together as partners. CaD most likely works with other protein components in addition to Tm
for synergistic maintenance and regulation of actin filament function. Many of these binding
partners and structural/functional consequences of such interactions remain to be identified.
Phosphorylation is also likely to have an effect on the interactions. One example is cortactin,
which is an ABP mainly found in the cell cortex.** Cortactin is known to bind Arp2/3** and
also interacts with CaD.*** Not only was binding of CaD to cortactin demonstrated in vitro, but
the two proteins were also shown to colocalize in cells at the cortex, where CaD was found to
be phosphorylated.”” The functional significance of this interaction needs further elucidation.
Another prominent candidate is Arp2/3, which competes with CaD for actin binding.!> Since
cortactin promotes Arp2/3-mediated actin polymerization, it would be of interest to see how
the interactions among CaD, cortactin and Arp2/3 play out in this process and what ERK- or
PAK-phosphorylation would do to them. Myosin may also serve as a partner. Nonmuscle myosin
I1, like smooth muscle myosin, is activated through light chain phosphorylation.?® It is possible
that the N-terminal region of CaD binds the S2 region and stabilizes the elongated configuration
of unphosphorylated myosin II in nonmuscle cells as well. Whether and how this interaction af-
fects the behaviors of nonmuscle cells is not known and should also be tested.

Allin all, the role of CaD in the rcgulation ofactin cytoskclcton is still a fertile field. With recent
advancement in cell biology, it is timely to perform more detailed biochemical and biophysical
studies on cytoskeleton proteins. In light of the fact that both CaD and Tm are involved in cell
growth and cell motility, new information should enhance our understanding of cell proliferation
and metastasis and lead to development of novel therapeutic agents for the treatment of cancers.
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CHAPTER 20

Tropomyosins as Discriminators

of Myosin Function
E. Michael Ostap*

Abstract

ertebrate nonmuscle cells express multiple tropomyosin isoforms that are sorted to

subcellular compartments that have distinct morphological and dynamic properties. The

creation of these compartments has a role in controlling cell morphology, cell migration
and polarization of cellular components. There is increasing evidence that nonmuscle myosins are
regulated by tropomyosin in these compartments via the regulation of actin attachment, AT Pase
kinetics, or by stabilization of cytoskeletal tracks for myosin-based transport. In this chapter, I
review the literature describing the regulation of various myosins by tropomyosins and consider
the mechanisms for this regulation.

Introduction

Tropomyosins in muscle and nonmuscle cells are key regulators of myosin and actin interactions
and dynamics.! The most studied tropomyosins are those that are expressed in striated muscle cells
where they interact with actin and the troponin-complex to regulate active muscle contraction in
a calcium-dependent manner [2 and Chapter 8]. However, tropomyosins are expressed in most
tissues and cell types where they have defining effects on cell morphology, intracellular motility
and cell migration.

Alternative splicing of the four tropomyosin genes in humans results in the expression of more
than 40 isoforms."*> Multiple isoforms are commonly expressed simultaneously in a single cell
type and expression is developmentally regulated. Tropomyosin isoforms have discrete subcel-
lular localizations, which results in the creation of distinct microfilament compartments.*® For
example, isoforms are differentially sorted in neurons resulting in distinct tropomyosin-actin
filament populations in the axons and growth cones, each with different morphological and
dynamic properties.®” Cells also contain actin compartments that are notable for the absence of
tropomyosin. These tropomyosin-free actins filaments are generally in regions of rapid actin as-
sembly and disassembly.®

The presence of different microfilament compartments somehow plays a role in controlling
cell morphology, motility and polarization of cellular components,' but how the compartments
regulate these events in nonmuscle cells is not clear. What is known is that tropomyosin binding
modulates actin dynamics by affecting the kinetics of actin polymerization and depolymerization
and by regulating the association between actin and actin severing, capping, cross-linking and
nucleating proteins.”

*E. Michael Ostap—Department of Physiology, University of Pennsylvania School of Medicine,
B400 Richards Building, Philadelphia, PA 19104-6085, USA. Email: ostap@mail.med.upenn.edu
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Tropomyosin clearly regulates actomyosin interactions in striated muscle contraction, so it is
an intriguing possibility that tropomyosin-defined microfilament compartments in nonmuscle
cells also control nonmuscle myosins via the regulation of actin binding, AT Pase kinetics, or by
stabilization of cytoskeletal tracks for myosin-based transport.

Myosin Superfamily

The myosin superfamily consists of 40 genes in humans that sort into 12 phylogenetically
distinct families,'® with additional families present in lower organisms and plants."! Myosins are
widely expressed and are found in nearly all tissue and cell types where they participate in diverse
functions that include muscle contraction, organelle motility, cell adhesion and signal transduction.
The subcellular distributions of different myosin isoforms are tightly controlled'*** by mechanisms
that are not fully understood.

The tail domains are the most obvious structural feature that distinguishes the myosin gene
families. These domains have evolved to mediate the specialized roles of the different myosins
where they function in myosin-complex assembly or cargo attachment.” The motor domains
of myosins bind to actin and ATP and generate force. The sequences of the motor domains are
significantly more conserved across the myosin families than the tail domains, but differences do
exist that result in kinetic and motile adaptations.’

All characterized myosins share the same ATPase mechanism that follows the same hydrolysis
pathway with similar biochemical intermediates. However, different myosin isoforms (even within
the same myosin family) have AT Pase mechanisms with very different kinetic rate constants, which
results in myosins with different motile properties tuned to specific cellular roles.” For example,
the kinetic rate constants that define the AT Pase mechanism of myosin-II isoforms in fast-twitch
striated muscles are fast and allow rapid contractions, while cytoplasmic myosin-II molecules have
slow rate constants that allow slow and sustained contractions.'®”

A consequence of myosins having diverse kinetic properties is that they have different predomi-
nant steady-state intermediates that have different kinetic lifetimes. For example, some myosins
are “low-duty-ratio” motors that have predominant steady-state intermediates that are detached
from actin, while others are “high-duty-ratio” motors that dwell in states that are strongly bound
to actin for long periods of time." These differences result in myosins with distinct steady-state
mechanical properties which give them the ability to interact with and activate tropomyosin-actin
filaments differently (see below).

Tropomyosin Regulation of Myosins

Members of the myosin superfamily are regulated by several different mechanisms that include
one, or a combination of the following: modification of myosin structure and AT Pase activity by
phosphorylation or calcium binding; control of myosin localization or myosin assembly by pro-
tein-protein or protein-lipid interactions; blocking of the actomyosin attachment by actin-binding
regulatory proteins; and spatial regulation of actin assembly. It is becoming apparent that both
muscle and nonmuscle tropomyosins play roles in the latter two mechanisms.

The best characterized mode of myosin regulation is in striated muscles where myosin binding
to actin is regulated by tropomyosin, the troponin complex and calcium (see Chapter 8). In the
absence of calcium, actin-bound tropomyosin is in a position to block the myosin. ADP.P; state
from entering its strong-binding state and undergoing a force-generating powerstroke. Calcium
binding to the troponin complex stabilizes tropomyosin on the actin filament in a position that
allows myosin to enter the strong-binding state. A three-state model for the regulation of myosin
binding by tropomyosin has been proposed.’** This model was developed for defining the regula-
tion of striated muscle myosin, but it is likely to be applicable to all tropomyosin containing actin
filaments, regardless of the tropomyosin isoform, the presence of troponin, or the myosin isoform.
Therefore, it is important to consider this model when investigating the roles of tropomyosin
isoforms in nonmuscle myosin regulation.
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In the three-state model, tropomyosin acts as a flexible cooperative unit in equilibrium among
three states represented by three different positions on the actin filament (Fig. 1). The energy barrier
between each of these positions is low. The three states are: the blocked state in which no myosin
binding occurs, the closed state in which only weak binding occurs and the open state which al-
lows strong binding. Myosin is catalytically activated by actin only when bound to the open state.
The relative populations of the tropomyosin states in the absence of myosin are represented by
the equilibrium constants Kj (between the blocked and closed states) and K- (between the closed
and open states). The binding of myosin to actin is represented by K, (between detached and
weakly bound states) and K (between the weakly-bound and strongly-bound states). Assuming
the affinity of myosin for actin is high in the weakly-bound states and the blocked state is not
significantly populated, the ratio of open to closed cooperative units depends on the fraction of
actin sites occupied by strongly-bound myosin as defined by K7 (1 + K.)” where 72 is the number
of sites occupied by myosin within the cooperative unit (Fig. 1).!*' Since K7 is a property of the
tropomyosin-actin filament and K is a property of the myosin and is dependent on the nucle-
otide state of the myosin, the activation of the tropomyosin-actin filament (i.e., population of the
tropomyosin-actin open state) depends directly on the kinetic properties of both the tropomyosin
and myosin isoforms that define these equilibrium constants. This dependence has important im-
plications for understanding the regulation of all myosins, since a single myosin may be regulated
differently due to tropomyosin isoform-specific differences in K7 and Kp. Additionally, because
different myosin have very different kinetic properties, myosin isoforms will have varying abilities
to activate the tropomyosin-actin filament due to differences in the myosins kinetic rate constants,
which ultimately define K, and K. For example, a high duty-ratio myosin (e.g., myosin-V') binds
to actin tightly and dwells in the strong-binding states (large K|, and K),” so one would predict
that it has a higher probability of binding to the open-state of a tropomyosin-actin filament than a

blocked TOCOCTO
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closed eeeeees =
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Figure 1. McKillop and Geeves model for activation of tropomyosin-actin filaments.'
Tropomyosin acts as a flexible cooperative unit that is in equilibrium among three states
(blocked, closed, open) with relative populations defined by the equilibrium constants Ky and
K:. Ky and Kr are defined by the intrinsic properties of the tropomyosin-actin filament and are
dependent on the tropomyosin isoform. Myosin can not bind to the blocked state. Myosin
binds weakly in the closed state and can only transition to the strongly-bound state when
the tropomyosin-actin filament is in the open state. The equilibrium constants K, (between
the detached and weakly-bound myosin) and K, (between the weakly- and strongly-bound
myosin) are myosin isoform dependent.
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low-duty-ratio myosin (e.g., myosin-I), which binds to actin weakly and dwells in the weak-binding
states (small K, and K;).2}

When considering the regulation of myosin by tropomyosin, it is also important to consider
the possibilities that some myosin isoforms might interact directly with tropomyosin and different
myosins might have slightly different actin binding sites. These differences may alter the myosin
affinity and probability of binding to the open state. It is also possible that tropomyosin changes
the structure of actin, so the “open state” is not equivalent to the tropomyosin-free state.* Finally,
itis possible that any or all of these considerations may affect the AT Pase kinetics of myosin once
it is bound to actin (see below).

Tropomyosin Regulation of Specific Myosins
Myosin-1

Myosin-Is are the widely expressed, low-molecular-weight members of the myosin superfamily
that play roles in regulating the structure and dynamics of cell membranes. Eight myosin-I isoforms
are expressed in humans where they play crucial roles in a diverse array of essential cellular pro-
cesses, including endocytosis, vesicle delivery, microvilli structure and dynamics, mechanosignal
transduction and transcription.”?® All characterized vertebrate myosin-I isoforms bind weakly to
actin filaments and are low-duty-ratio motors in the absence of external load, i.e., the predominant
steady-state intermediates are weakly-bound to actin.?**3

Both the myosin-I motor and tail domains are necessary for the correct localization of isoforms
to membranes, specialized membrane projections (e.g., microvilli, pseudopods and endocytic
structures) and the actin-rich cell cortex.’*? The tail domains bind to cellular membranes and to
other proteins that may direct myosin-I localization and the motor domains target the myosins to
regions of high actin concentration. A key characteristic of myosin-Is is their exclusion from actin
filament populations that contain tropomyosin, suggesting that tropomyosins may play a role in
regulating myosin-I localization.'3*>%

It was suggested that nonmuscle tropomyosins regulate the activity and localization of myola
(also known as brush border myosin-I) by Collins and Matsudaira® based on the exclusion of
myosin-I from the terminal web of the apical brush border. Fanning et al** showed that vertebrate
isoforms of tropomyosin recombinantly expressed in bacteria inhibit the actin-activated AT Pase
activity of myola by greater than 75% and completely inhibit actin gliding in an in vitro motility
assay. Moreover, this inhibition was seen with tropomyosin isoforms that activate the ATPase
activity of myosin-II isoforms (see below).

In vivo experiments have provided indirect evidence for the regulation of myosin-I based motil-
ity by nonmuscle tropomyosin. Microinjection of a tropomyosin isoform (Tm3) into normal rat
kidney (NRK) epithelial cells was found to induce retrograde translocation of organelles into the
perinuclear region.” Because myosin-I and dynein were found to redistribute with the translocated
organelles, it was suggested that myosin-I normally inhibits dynein-mediated retrograde motion of
these organelles and that the microinjected tropomyosin blocks the ability of myosin-I to interact
with actin. Interestingly, microinjection of alow molecular weight tropomyosin isoform (TmS5) had
no effect on organelle distribution, suggesting isoform-specific regulation of motor activity.”®

Tang and Ostap® provided further in vivo evidence for tropomyosin regulation of myosin-I.
GFP constructs of the widely expressed myosin-I isoform, myolb, colocalize with dynamic actin
filaments, most notably in membrane ruffles and not with actin bundles or stress fibers that contain
tropomyosin (Fig. 2). However, a chimeric protein consisting of the tail domain of myolb and
the motor domain of nonmuscle myosin-IIb (which is catalytically activated by actin filaments
that contain tropomyosin) concentrates on actin filaments in ruffles as well as on stress fibers and
actin cables that contain tropomyosin. This suggests that the exclusion of myo1b from most actin
structures is not due to the binding of the myosin-I tail domain to membranes or other receptors.
Rather, the exclusion of myolb from certain actin filament populations is due to regulation of
the actomyosin interaction by tropomyosin. This finding is supported by in vitro sliding filament
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assays that show myolb is inhibited by the nonmuscle Tm2 tropomyosin isoform. This finding
is significant because it suggests that myosin-I interacts preferentially with the dynamic and
tropomyosin-free actin filament population. Therefore, tropomyosin and spatially regulated actin
polymerization play key roles in regulating the activity and localization of myo1b.

The molecular mechanism of tropomyosin regulation of myosin-I has not been definitively
determined. One possibility is that the actin-binding site of myosin-I is such that myosin can not
bind to actin in the presence of tropomyosin, even when the tropomyosin is in the “open” state (Fig.
1). Kollmar et al* found that a surface loop on myosin-I (loop-4) is longer than in other myosin
classes and they proposed that the loop would sterically clash with tropomyosin when myosin-I
bound to actin. Lieto-Trivedi et al*’ replaced loop-4 in myo1b with the shorter loop of Dictyostelinm
myosin-II and found that this chimera was able to translocate actin filaments in an in vitro motility
assay. However, this mutant did not localize to tropomyosin-containing filaments in vivo.

Another key factor in determining myosin-I localization may be the actomyosin-I ATPase
and actin-binding kinetics. Myosin-I isoforms are low-duty-ratio motors?*¥ that do not assemble
into filaments or other higher-order structures. Therefore, in terms of the model for activation of
tropomyosin-actin filaments (Fig. 1), the equilibrium constants K, and K are low (Fig. 1). Thus,
the probability of myosin-I populating the strongly bound states in the presence of tropomyosin
is low, which would result in no actin-activation of the ATPase activity. If the kinetics of the
actomyosin-I interaction are a contributing factor to the regulation by tropomyosin, one would
predict that increasing the effective duty ratio of myosin-I would allow the myosin to bind and
activate the tropomyosin-actin filament. Tang and Ostap tested the possible contribution of the
effective myosin-I duty ratio to actin binding by creating a myolb protein construct that forms
a tetramer, which is expected to have a higher effective duty ratio and larger values of K, and K,
than the monomer. When the tetrameric construct is expressed in NRK cells, it localizes to stress
fibers and actin cables that contain tropomyosin (Fig. 3). Therefore, even in the presence of a native
loop-4, myosin-I is able to concentrate to tropomyosin-containing actin compartments.

To fully understand the role of tropomyosin regulation of myosin-I, further characterization
of the kinetic relationship of myosin-I with various tropomyosin isoforms is required. For ex-
ample, it is important to determine (a) if all myosin-I isoforms are regulated by tropomyosin, (b)
how different tropomyosin isoforms regulate myosin motility and localization and (c) how actin
filament activation is affected by myosin-I concentration. Finally, it is important to determine if
tropomyosin and myosin-I can simultaneously bind to actin filaments, since it is possible that the
exclusion of tropomyosin from some myosin-I-rich structures (e.g., microvilli) is due directly to
competition between tropomyosin and myosin-I for actin binding.

Mpyosin-I1

Myosin-II isoforms are the widely expressed two-headed myosins that assemble into bipolar
filaments and are best known as the motors that drive the contraction of muscle cells. Myosin-II
isoforms also have contractile roles in nearly all nonmuscle cells, where they function in cytokinesis,
cell migration, endocytosis and maintenance of cell structure and tension. The troponin complex
of proteins is not expressed in nonmuscle cells and myosin-II in these cells is generally regulated
by phosphorylation of myosin light chain.*® Myosin-II filaments in nonmuscle cells frequently
colocalize with tropomyosin-bound actin filaments, so it is likely that tropomyosin has a direct
role in modulating nonmuscle myosin-II activity or assembly.

The biochemical and mechanical effects of tropomyosins on myosin-II depend on both the
myosin and tropomyosin isoform and the effects range from inhibition to activation of activity. For
example, it was shown more than 25 years ago that the actin-activated ATPase activity of smooth
muscle myosin-II increases in the presence of smooth muscle tropomyosin® and it was subsequently
demonstrated that smooth muscle tropomyosin increases the rate of actin gliding in the in vitro
motility assay.** Fanning et al** demonstrated that bacterially expressed Xenopus Tm4 (similar to
human Tm5b) increases the rate of actin gliding in the presence of skeletal muscle myosin-II, while
the chicken isoform Tm4 (similar to human Tm3) does not affect motility, but inhibits the AT Pase
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activity. Additionally, it has been shown that the mouse nonmuscle myosin-II isoforms show an
increase in in vitro motility rates in the presence of smooth muscle tropomyosin.'¢44!

Tropomyosins, Tpm1p and Tpm2p, from budding yeast were found to moderately increase
the actin gliding velocity in the presence of skeletal muscle myosin-II and the velocity depends
on the myosin concentration.”” However, when the two yeast tropomyosins were tested with
yeast myosin-II in the in vitro motility assay, it was found that the Tpm1p isoform does not affect
the gliding velocity, while the Tpm2p isoform inhibits the velocity by 40% at the same myosin
concentration.”

How tropomyosin isoforms inhibit or enhance the rates of myosin-II dependent actin gliding
has not yet been determined directly. Since motility rates of myosin-II are limited by the rate of
ADP release,* this step is likely accelerated in the presence of tropomyosin. It is also possible that
tropomyosin limits the association of weak-binding crossbridges, which are known to put dragon
the gliding filaments, resulting in a reduced velocity.®

The differential effects of the myosin and tropomyosin isoforms on motility are likely related
to the kinetic properties of both isoforms as described above (Fig. 1). For example, cardiac tropo-
myosins spend more time in the “blocked state” than yeast tropomyosins,” which is consistent
with the finding that higher concentrations of myosin are required to propel filaments with
cardiac-tropomyosin at the same rates as filaments with yeast tropomyosin.*

The cellular consequences of the modulation of actomyosin-II activity by tropomyosin in ver-
tebrate cells are largely unexplored, but it is clear that the differential expression of tropomyosin
isoforms results in altered myosin-II localization. For example, Bryce et al* demonstrated that over
expression of TmSyy resulted in the recruitment of myosin-II to stress fibers, while over expres-
sion of TmBr3 induced the formation of lamellipodia without increasing myosin-II filament levels.
Additionally, over expression of Tm5xy resulted in the recruitment of myosin-II to the cell margins
and to the enlargement of growth cones.” Finally, it was found that microinjection of a-skeletal
muscle tropomyosin into epithelial cells resulted in the loss of the cell’s dynamic lamellipodium,
an increase in the rate of cell migration and the alteration of the dynamics of focal adhesions.”

A revealing investigation of the roles of the two budding yeast tropomyosins, Tpm1p and
Tpm2p, in actin cable dynamics supports a model in which the two isoforms modulate the in
vivo myosin-II activity directly.®® It was found that cells that express only Tpm2p have decreased
rates of retrograde flow of actin filament cables, while cells that express only Tpm1p have normal
rctrogradc—ﬂow rates, which is consistent with the effect of the tropomyosin on the rates of actin
gliding in the in vitro motility assay. Thus, yeast may control actin dynamics by regulating tropo-
myosin isoform binding to actin cables during polarized growth.

Mpyosin-V

Myosin-V is the unconventional myosin that processively transports vesicles and other cel-
lular cargos on actin filaments.* Unlike myosins-I and -II, most characterized myosin-V isoforms
are high duty ratio motors.>* Detailed investigations of the effects of tropomyosin isoforms on
myosin-V biochemistry and motility have not been published. However, it has been reported
that tropomyosin does not affect the motility rates of myosin-V coated beads,* suggesting that
tropomyosin does not play a role in modulating the mechanochemistry of myosin-V. The inability
of tropomyosin to inhibit myosin-V is not unexpected, given the high probability of myosin-V
activating tropomyosin-actin filaments due to the large K, but systematic biochemical experiments
are required to determine if this is the case for all tropomyosin isoforms.

Despite the lack of an obvious effect on motility, tropomyosin does play a role in the regulation
of myosin-V function. In budding yeast, tropomyosin stabilizes the actin cables that extend from
the mother cell to the developing bud during growth. Myosin-V is crucial for the polarized delivery
of cargo to the bud via transport along this cable.”’ When tropomyosin is lost, the actin cables
disappear, resulting in the loss of the myosin-V cytoskeletal track and inhibition of cargo delivery.
It will be of interest to determine if such a function is conserved in higher eukaryotes.
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Future Directions

The role of tropomyosin in establishing microfilament compartments for the regulation of
cytoskeletal dynamics, cell polarization and organelle dynamics is well established. However,
there is much to be learned about how the scores of tropomyosin isoforms regulate, recruit and
exclude the multiple members of the myosin superfamily. We have just scratched the surface in
understanding how nonmuscle tropomyosins regulate the activities of this diverse motor family.
Given the fact that we still do not know much about the cellular roles of many members of the
myosin superfamily, there is much work to be done.
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CHAPTER 21

Tropomodulin/Tropomyosin
Interactions Regulate Actin Pointed

End Dynamics

Alla S. Kostyukova*

Abstract

ynamics of the slow-growing (pointed) end of the actin filament is regulated by tropo-
D modulins, a family of capping proteins that require tropomyosin for optimal function.

Tropomodulin is an elongated molecule with a molecular mass of about 40 kDa, contain-
ing the Tm-independent actin-binding site at the C-terminus. The highly disordered N-terminal
half of tropomodulin contains two Tm-binding sites and a Tm-dependent actin-binding site. There
are many Tm isoforms whose distribution varies in different tissues and cell compartments and
changes during development of these tissues. Tropomyosin/tropomodulin interactions are isoform
specific. Differences in Tm affinity for the two binding sites in Tmod may regulate its correct
positioning at the pointed end as well as effectiveness of capping actin filament. The regulation
of tropomodulin binding may have significant consequences for local cytoskeletal formation and
filament dynamics in cells.

Introduction

Tropomodulin (Tmod) was found first in erythrocyte membranes as a tropomyosin (Tm)
binding protein with a molecular mass of about 40 kDa." Later, Tmod was shown to bind specifi-
cally to the pointed end of the actin filament, inhibiting polymerization and depolymerization of
actin monomers.>? The affinity of Tmod for the pointed end of actin is low in the absence of Tm
(Kd ~ 0.3-0.4 uM), whereas it increases substantially in the presence of Tm (Kd ~ 50 pM).* In in
vitro experiments, actin capping is tight; however, in living myocytes capping is transient.’ Actin
capping is a dynamic process; in vivo, actin and Tmod molecules bound to the pointed end can
exchange with free molecules. The mechanism by which Tmod capping may be downregulated
in muscle is not known.

There are many Tm isoforms whose distribution varies in different tissues and cell compartments
and changes during development of these tissues.® Tmod interactions with these Tm isoforms may
regulate Tmod function as a capping protein for the pointed end.

At present, four Tmod isoforms are known.”” Tmod1, previously E(erythrocyte)-Tmod, is found
mainly in erythrocytes, heart and slow skeletal muscles, however, it may be detected in many other
tissues. Tmod4, Sk(skeletal)-Tmod, prevails in fast skeletal muscles and replaces Tmod1 during
development. Tmod2, N(neuron)-Tmod, was found in brains. Tmod3, U(ubiquitous)-Tmod, has
been found in a variety of tissues. These isoforms are 60% identical and 70% similar in amino acid
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sequence. In addition, there are several homologues of Tmod, including the product of the Sanpodo
gene in Drosophila, which is responsible for asymmetric cell division'® and leiomodins, larger pro-
teins with molecular masses of about 64 kDa.”!! There are three known leiomodin isoforms: Lmod1
is found mainly in smooth muscles, Lmod2 is found in heart and skeletal muscle and Lmod3 has
unknown distribution. Although, Lmod function is not well studied, it is known that Lmods bind
Tm.'"""2 There is evidence that Lmod2 may act as an actin filament nucleating factor.”®

Little is known about Tmod2 and Tmod3. However, it is known that Tmod3 is able to sequester
actin monomers, unlike Tmod1 and Tmod4.!# Also, at low concentrations, Tmod3 increases actin
polymerization by nucleating actin filaments; while at high concentration, it decreases actin fila-
ment polymerization, not only by capping the pointed end, but also by binding actin monomers.”
Overexpression of Tmod3 leads to decreased endothelial cell motility.’* Tmod2 causes decrease
in steady state F-actin, therefore it is presumed that it also has a sequestering ability similar to
Tmod3." Altered Tmod2 expression was found in pathological conditions and human diseases,
such as epilepsy or cerebral ischemia.””"?

In muscles, Tmod was immunolocalized not only at the pointed (free) ends of thin filaments,”
but also in the Z-disc region.”’ This may reflect the presence of the Z-line associated filament net-
work.” Tmod1 overexpression in mice myocardium causes myofibril degeneration, which leads to
dilated cardiomyopathy.” In contrast, decreased Tmod concentration resulted in the formation of
abnormally long actin filaments.* Overexpression of GFP-Tmod1 in cardiac myocytes resulted in
shorter thin filaments® and in a Tmod1 knockout mouse, heart defects, including aborted develop-
ment of the myocardium and inability to pump, led to embryonic lethality.”® Finally, cardiomyocyte
differentiation was studied in Tmod1 null embryonic stem cells and it was shown that Tmod1
function is critical for late stages of myofibrillogenesis.?

Tmod1 is the most studied of all Tmod isoforms. Its structure, function and interactions with
other proteins have been studied in detail. The studies that follow were mostly done on Tmod1.

Tropomodulin Structure: Tmod1 Is an Intrinsically Disordered

Protein

Numerous unsuccessful attempts to crystallize Tmod1* necessitated studying ts structure using
structural methods other than crystallography. Circular dichroism (CD), limited proteolysis, fluo-
rescence, differential scanning calorimetry (DSC) and small-angle X-ray scattering were intensively
used to understand the peculiarities of Tmod1 structure. Based on these data, N- and C-halves of
the Tmod molecule were found to differ substantially in their structure.””? The C-terminal half
of the molecule is a stable compact cooperatively melting domain; whereas the N-terminal half is
clongated and has a flexible structure. CD studies of Tmod N-terminal fragments, residues 1-92,
1-130and 1-159, revealed no cooperatively melting structure and is mostly represented by random
coil with small a-helical content.”***! Absence of definite tertiary structure in the N-terminal
half of the Tmod molecule explains the failure in crystallization of full-length protein. Tmod is a
striking example of an intrinsically disordered protein, an important feature of these proteins is
that they become ordered during or prior to their biological function.*

The C-terminal domain was crystallized* and its atomic model was built and refined at a resolu-
tion of 1.45 A.* The atomic structure of the C-terminal domain represents a right-handed super
helix composed of alternate a-helices and -strands, the helices’ axes are slightly bent to the p-side
(Fig. 1). This structure is typical for leucine rich repeat (LRR) proteins.* There are four amino acid
repeats that contain a sequence that is characteristic for LRR proteins, axaLxxNxxaxxaxa, where
L and N are conserved Leu and Asn, “a” is represented with Leu, Val, Ala, Ile, Phe or Met and “x”
may be any residue (Fig. 2). Unlike other known LRR proteins, conserved asparagine residues are
located at the beginning of af-loops but not in fa-loops. These residues form hydrogen bonds
both with adjacent loops and with the main chain in the same repeat, forming the so called aspar-
agine ladder.’® The C-terminal a-helix (a:6) is longer than other helices and its axis is bent further
towards B-side than is common for other a-helices.



Tropomodulin/ Tropomyosin Interactions Regulate Actin Pointed End Dynamics 285

<+— 6th helix

Leucine Rich Repeats

Figure 1. Ribbon presentation of crystal structure of Tmod1 C-terminal domain, a.a. 160-344,
(PDB code 1100).

The solution structure of Tmod1 N-terminal residue fragment was solved using NMR?” (Fig.
3). It confirmed the absence of definite tertiary structure predicted by other structural data.
Residues 24-35 are helical but the rest of the peptide has no regular secondary structure. There are
two regions with increased flexibility, residues 55-62 and 76-92.”” These regions are important for
proper positioning of Tmod at the pointed end.*® The highly disordered Tmod N-terminal domain
contains 3 of 4 known binding sites including two Tm-binding sites.?830-313743

Localization of Binding Sites in the Tmod Molecule
In spite of the fact that the Tmod N-terminal domain has no cooperatively melting structure,
adding the Tmod1 N-terminal fragment (res 1-91) to high molecular weight (HMW) muscle Tm
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Figure 2. The amino acid sequence of Tmod1 aligned to the secondary structure obtained
from NMR data (residues 1-92), secondary structure prediction (residues 93-159) and crystal
atomic structure (residues 160-344). H-a-helix, E-p-strand. Residues in red were mutated in
helical regions. Fragments containing Tm-binding sites are shown in boxes.



286 Tropomyosin

Figure 3. Alignment of the ten best NMR backbone structures of Tmod1 N-terminal fragment,
a.a. 1-92, in solution.

drastically changed the melting curves as indicated by CD and DSC.?® The heat denaturation of
Tim is a multi-step process* and after forming the Tmod-Tm complex, major changes occurred in
the high-temperature transition, which corresponds to Tm N-terminus. As a result of binding,
the temperature of the transition and the excess heat of denaturation increased as well as a-helical
content. Similar data were obtained when bigger N-terminal fragments (a.a. 1-130) of Tmod1 and
Tmod4 were mixed with Tm peptides.” Complex formation between Tmod and Tm fragments
resulted in increased o-helical content and stability. N-terminal acetylation that stabilizes the coiled
coil of the N-terminus of HMW Tm was found to be essential for its interaction with Tmod.*

An earlier study suggested that the site of interaction of Tmod1 is dependent on the type of
target Tm; the region of amino acids 6-94 of Tmod1 interacts with skeletal muscle Tm, whereas
the region 90-184 interacts with low molecular weight (LMW) nonmuscle erythrocyte Tm (a
heterodimer of ccandy LMW Tim).“* This contradicts the fact that Tmod1 residues 95-359 exhibited
a160-fold increase in cappingactivity in the presence of skeletal muscle Tm and infers the presence
of a second binding site for this Tm in the region.’ Moreover, the Tmod1 N-terminal fragment,
res. 1-92, was able to bind not only HMW skeletal a-Tm but also LMW nonmuscle a-Tm5a.®
In recent studies Vera et al*> mapped a binding site for TmS (a LMW erythrocyte Tm encoded
by the y-Tm gene) to residues 105-127 and Kong et al®® found that residues L134 and L135 are
crucial for Tm5 binding. However, in both studies, neither binding of y-Tm to the first Tm-binding
site, nor binding of HMW muscle T to the second Tm-binding site was found, confirming the
suggestion of Babcock et al.** The questions how many Tm-binding sites does a Tmod molecule
have and what is the specificity were still unanswered.

In addition to helix 24-35 which was determined by NMR, there are several predicted helical
regions in the N-terminal half of Tmod1 (Fig. 2). While the a-helix formed with res. 24-35 hasa
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Table 1. Alignment of TmZip sequences

Peptide (Source) Tropomyosin GCN4

a-TmlaZip (stTm) MDAIKKKMQOMLKLD NYHLENEVARLKKLVGER
a-Tm1bZip (Tm5a) AGSSSLEAVRRKIRSLQEQ NYHLENEVARLKKLVGER
y-Tm1bZip (Tm5NMT1) AGSTTIEAVKRKIQVLQQQ NYHLENEVARLKKLVGER
3-Tm1bZip (Tm4) AGLNSLEAVKRKIQALQQQ NYHLENEVARLKKLVGER
Heptad repeat a d a d a d a d a

Sequences of Tm chimeric proteins containing the N-termini of different Tm isoforms. Residues
20 to 37 of the peptides correspond to the last 18 C-terminal residues (264-281) of the yeast tran-
scription factor GCN4. The residues that are coiled coil are labeled with the residue position of
the heptad repeats.

high probability to form a coiled coil, the two other putative helices, res. 65-75 and res. 126-135,
represent amphipatic helices. Correct folding of these helices is crucial for the formation of the
binding sites. The L27E mutation destroys a-helix hydrophobic formation in the helical region,
res. 24-35, located in the first Tm-binding site.” This mutation causes a loss of Tm-binding ability
in this site. Mutation L71D inhibits formation of the hydrophobic surface in the amphipathic
helix, res. 65-75, which is responsible for Tm-dependent capping activity.?® The third mutation,
131D, postulated to destroy the hydrophobic surface in a putative helix, res. 126-135, caused a
loss of Tm-binding in the second bindingsite.*! Collectively, these three mutations cause a 30-fold
decrease of capping ability.

Figure 4 shows the positions of Tm-binding and actin-cappingsites that were determined using
the pyrene-actin polymerization assay, native gel-electrophoresis and circular dichroism 337384145
Two binding sites were localized for both LMW and HMW Tm isoforms on Tmod1 within res.
1-38 and 109-144 and a Tm-independent actin-capping site within res. 48-92. The Tm-independent
actin-capping site is located at the C-terminus of the Tmodl molecule. Tmod1 without 15
C-terminal residues has drastically lower ability to cap actin filaments in the absence of Tm.

Tm/Tmod Interactions Are Isoform Specific

Specificity of Tm binding to Tmod1 was first shown by Sussman et al with Tm isoforms from
erythrocyte, brain, platelet and skeletal muscle tissue.* Tmod1 forms complexes with all of these
isoforms, but binds preferentially to erythrocyte Tm. At that time, it was known that Tmod binds
to the end of Tm,* therefore it was assumed that binding ability reflected the heterogeneity in the
N- or C-terminal sequences characteristic of the different Tm isoforms. For the first time, it was
suggested that isoform-specific interactions of Tmod with Tm may represent a novel mechanism
for selective regulation of Tm/actin interactions.

Later it was shown that Tmod binds to the N-terminus of Tm.* Without the first 19 residues,
LMW nonmuscle y-Tm, Tm5, could not bind to Tmod.#’ The binding site was mapped to resi-
dues 7-14. The first 14 residues of HMW Tms are homologous to residues 6-19 of LMW Tm
(Table 1) and contain a Tmod-binding site®. To measure the affinities of Tm isoforms to Tmod]1,
model peptides were used. These peptides contained the 19 N-terminal residues of LMW or the
14 N-terminal residues of HMW Tms. In addition to the Tm N-terminal region these peptides
contain the 18 C-terminal residues of the GCN4 leucine zipper domain (Table 1), which help to
stabilize the coiled-coil structure.>® The validity of peptide models is well established. The structures
of two of these peptides, a-Tm1aZip and o-Tm1bZip, are known>*' and they retain the major
properties of full-length Tm’s N-terminus: they bind Tmod,***”#'> bind C-terminal Tm fragments
and form a ternary complex with troponin.’!
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Figure 4. Schematic model of the Tm-binding and actin-capping sites.

Affinities to the individual Tm-bindingsites were studied in detail using Tmod1 fragments, res.
1-38 and 109-144 and four Tm peptides representing different isoforms: HMW muscle a-stTm,
a-TM1aZip and LMW-nonmuscle Tms: a-Tm5a, o-Tm1bZip, y-TmSNMI, y-Tm1bZip and
8-Tm4, 8- Tm1bZip. Dissociation constants calculated from the CD unfolding curves are presented
in Table 2.'23"5* N-terminal sequence of HMW muscle f-Tm encoded by exon 1a is identical to
the a-Tm sequence and there is only one conservative replacement of Asp2 to Glu in HMW y-Tm.
No HMW Tm coded by 8-gene was found to be expressed. Therefore, dissociation constants
determined for a-Tm1aZip/Tmod complexes should be the same or very similar in case of other
HMW Tms. The N-terminal sequences of LMW Tms are similar and different from HMW Tm
(Table 1). In spite of the similarity, the difference in binding abilities was striking ( Table 2). While
o-Tm1bZip and a-Tm1aZip both bind well to both sites in Tmod1 (though a-Tm1bZip binds with
higher affinity) the peptides y-Tm1bZip and 8-Tm1bZip bind only to the second binding site. On
the contrary the N-terminal fragments of Lmod1, res. 3-40 and Lmod2, res. 5-42, which is highly
homologous to Tmod1’s first Tm-binding site, bind to y-Tm1bZip and 8-Tm1bZip much tighter
(Table 2). The binding can be easily detected either by native gel-electrophoresis or CD.*!

Even though the y-Tm1bZip peptide only binds the second Tmod1 binding site, full-length
y-Tm,y-TmSNM1, inhibits pointed end elongation in a pyrene-actin fluorescence assay with Tmod1
N-terminal fragment, res. 1-92, containing only first Tm-binding site and the Tm independent
actin capping site, although with less effectiveness than with full-length Tmod.”* To do this, there
should be interaction of y-TmSNM1 with the first binding site. It was shown using cross-linking
that there is an interaction of first Tm-binding site with y-Tm1bZip. Increasing concentration of
fragments in CD experiments also showed weak interaction with y- and 8-Tm1bZip.

The residues responsible for isoform specificity of Tm’s binding were determined.** Changing
Ser4 of a-Tm1bZip to Thr as in y-Tm1bZip decreased 4-fold the binding ability and changing
Argl4 to Gln resulted in the loss of binding. These residues are not involved in coiled-coil forma-
tion, which is important for Tm-Tmod interaction.”

The analysis resolves a long-standing debate in the literature concerning the location of Tm
bindingsites on Tmod. All Tm isoforms bind to both Tm-binding sites on Tmod1; but LMW
y-Tm and 8-Tm bind to the first site with much lower affinity than a-Tms. Subtle sequence

Table 2. Binding of tropomodulin and leiomodin fragments containing Tm-binding
sites to Tm peptides. The Kd values (uM) were estimated from the
thermodynamics of unfolding of the complexes compared with the Tmod/
Lmod fragments and TmZips alone. NC—K, cannot be calculated in these
conditions

Tm Peptide Tmod1, a.a.1-38  Tmod1, a.a. 109-144 Lmod2, a.a. 5-42 Lmod1, a.a. 3-40

a-TmlaZip 1.1:04 1.3+0.3 0.8+0.2 1.98
a-Tm1bZip  0.22 = 0.10 0.003 = 0.001 0.011 = 0.008 0.016 = 0.009
y-Tm1bZip NC 0.04 = 0.03 0.6 0.1 0.61 = 0.07

3-Tm1bZip NC 0.09 = 0.02 0.24 £ 0.07 0.43 £0.08
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differences among Tm isoforms can have major effects on the affinity for the first Tmod1
binding site and thereby modulate the dynamics of the actin filament’s pointed end.

A Model for Tmod/Tm/Actin Complex at the Pointed End

There are several possible models: One Tmod could bind two different Tm molecules at the same
time; both sites could bind the same Tm molecule; the sites could be mutually exclusive so that Tm
binding to one site makes binding to the other site impossible. In the first case, one Tmod molecule
would bind two Tm molecules while in the other two cases a Tmod molecule would bind only one
Tm molecule. The question now is: how many Tm molecules does one Tmod molecule bind?

Using titration of Tmod1 with a-Tm1bZip, it was shown that one Tmod1 molecule binds
two T peptides in a cooperative manner.*' The model was proposed for actin capping where one
tropomodulin molecule binds two Tm molecules at the pointed end (Fig. SA). This completely
changed the previous concept of pointed end organization, whereby one molecule of tropomodulin
binds to one molecule of Tm>® and resolves a long-standing controversy in the field.

The NMR studies using a-Tm1bZip and Tmod1 fragments show that the Tm structures are
different in the two complexes, therefore different in the two sites.”> While the structures of
Tmod1-Tm complexes remain to be solved, possible models of binding were offered. These models
are based on circular dichroism spectra of the complexes, the effects of complex formation on the
'H-"N HSQC spectra of a-Tm1bZip and mutagenesis studies.>*7#452

For the first Tm-binding site residues 24-38 of Tmod 1 are oriented parallel to residues 2-16 of
a-Tm1bZip while residues 1-22 of Tmod1 interact in an antiparallel sense with residues 2-17 on
the opposite side of the Tm coiled coil (Fig. 5B). Possible hydrophobic interactions are consistent

35

124, SRS (Lad

100
35

Figure 5. A cartoon representation of the pointed end. The N-terminal half of Tmod1 binds
to both Tms and interacts with actin (A). Schematic of possible binding modes of a-Tm1bZip
to two binding sites on Tmod1, residues 1-38 (B) and residues 109-144 (C).
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with such a model. For the second Tm-binding site it was suggested that Tmod1 res. 109-144
and aTm1bZip form an antiparallel three-helix coiled coil that is interrupted at P114, near the
C-terminal end of the GCN4 region (Fig. SC). These figures illustrate hypothetical models; the
arrangement of the helices and the significance of specific residues will be learned only by solving
the structures of the complexes.

Conclusions

The position of a single tropomodulin molecule at the pointed end of the actin filament that
forms fundamentally different complexes with the tropomyosin molecules on the two sides of
the filament helix increases the asymmetry of the end. Differences in tropomyosin affinity for
the two binding sites in tropomodulin may regulate its correct positioning at the pointed end.
Isoform-specific differences in affinity for the two sites contribute to the efficiency in capping the
pointed end of the actin filament. Since small sequence variations in the N-terminus of tropo-
myosin can have major affects on Tmod1 binding and the ability to cap the pointed end, the end
becomes a significant regulatory site. Tropomyosins are recognized to be a major regulator of the
actin filaments in cells, having the ability to protect filaments against severing and branching,>*>¢
to recruit specific myosins,”® alter cell shape and now to regulate the pointed end. Regulation of
tropomodulin binding as well as the effectiveness of capping by specific tropomyosins may have
significant consequences for local cytoskeletal formation and filament dynamics in cells.
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CHAPTER 22

Emerging Issues for Tropomyosin
Structure, Regulation, Function

and Pathology

Peter Gunning*

Abstract
here is a growing awareness of the role of tropomyosin in the regulation of the actin
filament. Work in the field is increasingly directed at understanding the mechanisms of
function at both a molecular and atomic level and developing therapeutic strategies to treat
tropomyosin-based pathology. This chapter highlights unresolved issues that cross the boundaries
between individual chapters and are likcly to be fertile areas of research in the future.

Introduction

Tropomyosin is remarkable for its deceptive simplicity. On the one hand, what could be simpler
than a polymer of a coiled coil dimer running along the length of an actin filament? The perfect
portrait of a filament stabiliser and steric inhibitor of the actin filament interaction with myosin.
On the other hand, it is able to regulate many of the functional outputs of actin filaments in an
isoform dependent manner. It is therefore surprising that diagrams of actin function, if they contain
tropomyosin at all, consider it as one of many independent and different options rather than as a
core component of the actin filament itself."” There are many reasons that may be raised to explain
this situation but none are probably as relevant as the starting point; deceptive simplicity.

The aim of this chapter is not to cover that which the authors of this book have achieved with
such elegance. Rather, I wish to raise five issues which cross the boundaries of the chapters and
represent some of the challenges for the future.

What Is the Composition of the Actin Filament
and How Is It Assembled?

This question epitomises the deceptive simplicity of both tropomyosin and actin. Put alterna-
tively, are actin filaments heterogeneous polymers of actin and tropomyosin isoforms? Studies in
skeletal muscle have indicated that skeletal actin is located in the thin filaments of the sarcomere,
y-actin is at the costamere and adjacent to the Z-line and B-actin is at the neuromuscular junc-
tion.> Thus, despite the similarity of the different actin isoforms, it is possible for different polymer
populations to be composed largely of one isoform or the other. Similarly, over expression ofy-actin
in C2C12 myoblasts can drive the HMW Tm2 but not the LMW Tm5NM1 out of stress fibres.®
Finally, the observation of isoform sorting of tropomyosin means that homo-polymers of those
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tropomyosin’s must, to a certain extent, exist in different cell types (Chapter 15). The question
can therefore be rephrased; to what extent are actin filaments composed of homo-polymers of a
specific actin and tropomyosin isoform? This remains a very difficult question to answer but the
fact that at least some primarily homogeneous polymers must be formed raises the questions of
why and how?

Why form a homo-polymer of a specific tropomyosin alongan actin filament? At its simplest
a tropomyosin homo-polymer may be a mechanism of providing fidelity of function along the
entire length of an actin filament. A single actin filament can traverse a substantial distance in a
cell and differences in function along the length of a filament may result in cellular dysfunction.
This is likely to be particularly true where contractile force is being generated or where a vesicle is
being tracked along a filament by a myosin motor. The use of a single tropomyosin may promote
homogeneous functional interactions along the length of the filament. In this light, the creation
of chimeric tropomyosin by Jim Lin and coworkers is potentially most instructive (Chapter 16).”
Whereas forced expression of Tm3 and TmSNM1 were not found to be toxic, the expression of
the Tm5/3 chimera was quite disruptive, particularly for cytokinesis.” It may be that the chimera
disrupts homo-polymer formation and/or integrity of filament function.

How do you form a tropomyosin homo-polymer? Firstly, there are two types of homo-polymer,
polymers of a homo-dimer and polymers of a hetero-dimer. In the case of skeletal- and smooth-mus-
cle, it is the hetero-dimer which forms the homo-polymer whereas it is largely the homo-dimer
in cardiac muscle and the cytoskeleton (Chapter 6). This is most easily explained by mass action
where the vast excess of muscle tropomyosin over cytoskeletal tropomyosin and the intrinsic
preference for muscle tropomyosin to form hetero-dimers inevitably drives homo-polymer forma-
tion with muscle actin filaments. But what happens in human cardiac muscle where there is likely
coexistence of both o/ hetero-dimers and /o homo-dimers? Are the polymers homogeneous or
heterogencous and what is the functional significance ? The genetic manipulation of tropomyosin
isoform composition in the mouse heart and the impact of mutations on tropomyosin dimerisa-
tion in nemaline myopathy indicate that this will be of functional significance (Chapters 11, 12).
Secondly, how do the cytoskeletal tropomyosins associate with y-actin containing filaments in
skeletal muscle?*® It seems likely that local activity of actin binding proteins must contribute to
the assembly of specific filaments at these different locations (Chapters S, 7, 14-21).

The challenge of formation of a homo-polymer is much more difficult to understand in the
cytoskeleton. The recent data from Hitchcock-DeGregori and coworkers has provided an insight
into the basis of the overlap between the N- and C-termini of adjoining tropomyosins which in
turn is the basis for polymer formation (Chapter 5). Is there sufficient specificity in this overlap
to favour the formation of homo-polymers or are other features of the molecule required or are
local interactions with actin binding proteins contributing to the final assembly of the filament?
Many of the cytoskeletal tropomyosins have very similar N- and C- termini (Chapter 2) and some
of the LMW tropomyosins have the capacity to form hetero-dimers, at least in forced expression
situations (Chapter 6). It therefore seems unlikely that just the overlap will be sufficient to entirely
account for homo-polymer formation and this is in accord with the observed low affinity of the
overlap (Chapter 7).

Finally, phosphorylation of tropomyosin has been implicated in polymer assembly and stabil-
ity”!" Recent studies suggest that phosphorylation of Tm1 is associated with its assembly into
stress fibres and the phosphorylation is transient indicating a catalytic role for this modification.”
This has the potential to link signalling cascades directly to isoform specific tropomyosin incor-
poration into actin filaments. Whether this will apply to other cytoskeletal isoforms remains to
be determined.

Aswe move toward an understanding of the tropomyosin polymer at an atomic level the chal-
lenge will become integrating the series of low affinity interactions with the aggregate stability
of these functionally specialised filaments. Long range cooperative interactions (Chapters 5, 7)
involving actin, tropomyosin and actin binding protiens (Chapter 9, 17-21) are likely to provide
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an understanding that should approach our view of the archtypal model; the striated muscle thin

filament (Chapter 8).

What Exactly Is Tropomyosin Doing to the Actin Filament?

On the one hand, the molecular characterisation of the mechanism of muscle contraction is
one of the great achievments of biological research (Chapter 8.) On the other hand, it is also re-
markable what we are yet to fully understand (Chapter 8). The nature of the interaction between
tropomyosin and actin and the mechanism of coordinate structural regulation of the filament
remain poorly understood (Chapters 7-9). The interaction between tropomyosin and actin more
resembles one polymer ‘floating” above the surface of the other than it does close protein-protein
interactions. On the one hand, there are many actin-tropomyosin interactions at any one point
in time along one filament and they involve a number of different residues in both molecules. At
a molecular level it is easy to appreciate steric hindrance of the myosin interaction but it is quite
another to understand what specific atomic interactions are responsible for this process (Chapters
8,9). By virtue of the dynamic nature of this interaction and the multiple residues involved, a
solution at an atomic level seems distant at this time. It does, however, suggest the possibility that
different isoforms with different atomic interactions may have quite different impact on actin
filament function (Chapters 5-7).

The move from muscle function to the cytoskeleton is daunting because there are so many more
isoforms and functional outputs to consider (Chapters 2,4, 10, 15 and 16). The genetic analysis of
yeast tropomyosin has provided unambiguous insight into fundamental aspects of its role in the
cytoskeleton (Chapter 14). It is essential for actin filament stability, cytokinesis and vesicle trans-
port. Similarly, genetic analysis of more complex organisms has demonstrated that tropomyosin
is required for a wide range of cellular functions (Chapters 16-21)." These different functions
are often associated with the use of different tropomyosin isoforms (Chapters 4, 15 and 16) (see
next section). The challenge is therefore to understand how subtle changes in isoform structure
can translate into quite different outcomes in filament function. The work of Bill Lehman and
coworkers has suggested one way in which this may be achieved. They have shown that different
isoforms of tropomyosin may occupy different positions in the groove of the actin filament.”
However, it is not known at this time how these different positions could translate into specific
and different functions.

In conclusion, despite substantial progress in understanding the molecular regulation of muscle
contraction, we are at a very preliminary stage in understanding how cytoskeletal tropomyosin
mediates its wide range of regulatory outcomes for actin filaments.

Why Are There so Many Isoforms of Tropomyosin?

The original expectation when the existence of tropomyosin isoforms was first discovered was
that they would contribute functional diversity to the actin filament. Protein chemistry studies
in the 1980s provided extensive support for the proposition that tropomyosin isoforms differ in
their impact on actin filament stability and interactions with actin binding proteins (Chapters
17-21). Unfortunately it proved quite difficult to demonstrate functional differences between
isoforms using molecular genetic manipulation of isoform expression whereas total ablation of
tropomyosin provided compelling demonstrations of its essential role in organisms from yeast to
mouse (Chapters 11, 14). Hence we were confronted with ‘mechanisms of functional discrimina-
tion’ in search of ‘functional validation’; quite an unusual situation.

There is now compelling evidence that tropomyosin isoforms are functionally distinct and
that in vivo studies have confirmed in vitro findings (Chapters 11, 16). This correlates very well
with the observation that tropomyosin isoforms are spatially segregated to functionally distinct
actin filament populations in many different cell types (Chapter 15). Attention is now focussed
on understanding how specific filaments are tailor-made for specific localised function in terms
of their biochemical properties. Hence it is likely that the generation of isoforms has provided
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diversification of actin filament function in time and space (12). The relationship between isoform
number and organism complexity is certainly compatible with this proposition (Chapters 2, 4).

While the answer to the question posed above is therefore relatively straight forward, the
mechanisms underlying the answer pose major challenges for the future. How are the isoforms
sorted to different intracellular populations of actin filaments? Is sorting active or is it simply a
manifestation of a preferred tropomyosin isoform being most compatible with the local concentra-
tions and activities of actin binding proteins (Chapter 15)? But to really understand this, we need
to answer the two questions posed above, how do the homo-polymers form and how do they bring
different functional properties to the actin filament (Chapter 5)?

How Do Signalling Cascades Coordinate the Regulation
of Tropomyosin Transcription and Splicing with Local Assembly

of Different Filament Populations?

The transcription and splicing of the tropomyosin genes is tightly regulated and the impact
of this regulation has far reaching consequences for actin filament function (Chapters 2-4 and
see above). The signalling cascades responsible for this must provide tissue and cell type specific
regulation. In some cases, tissue specific exons must be either masked or revealed (Chapter 3).
Considerable insight into the principles of splicing regulation has come from tropomyosin genes
but there is little knowledge of what specific signalling pathways are ultimately responsible for the
tissue specific choreography of tropomyosin splicing (Chapter 3). However, there is also extensive
regulation of transcription in both developmental and pathological conditions (Chapters 4, 10).
Indeed, it seems likely that there may be some common pathway(s) which regulates HMW Tm
expression during differentiation (Chapter 4). There is little knowledge of which signalling pathways
are responsible for any of this regulation with the singular exception of Tm1 expression in cancer
cells. In the case of Tm1 expression, there is some disagreement regarding the details of the specific
pathway which may ultimately reflect differences in cell behaviour in culture (Chapter 10)."2

David Helfman raises the interesting possibility that tropomyosins themselves may regulate
oncogenic signalling cascades (Chapter 10). This is certainly not unreasonable in the context of
cell transformation but does potentially highlight the practical difficulty of dissecting the role of a
specific pathway independent of its impact on a molecule which may in turn regulate that pathway.
Because tropomyosins are spatially segregated they could serve as templates for the binding of
signalling complexes and changes in the existence of specific filaments could change the availability
of these molecules to engage in signalling events.

The local assembly of specific actin filaments is likely to reflect the local activity of actin bind-
ing proteins which in turn is likely to reflect the local activity of signalling pathways (Chapter
15). For example, the local levels and activity of gelsolin (Chapter 17), ADF/Cofilin (Chapter
18), caldesmon (Chapter 19), myosin motors (Chapter 20) and tropomodulin (Chapter 21) are
likely to determine the local preference for a specific tropomyosin.'? It is not unreasonable to
expect that this in turn will be coordinated with the expression of specific tropomyosins which
would demand some coordination between local signalling and the regulation of transcription
and splicing of tropomyosin. Integration of these pathways has major functional implications for
cell specific structural domains and knowledge of these mechanisms has far reaching implications
for cell and developmental biology.

What Are the Prospects for Treating Tropomyosin-Based Diseases?

The observation that HMW tropomyosins are commonly down regulated in avian and mam-
malian cancer cells has suggested a direct involvement in transformation (Chapter 10). This is
reinforced by the demonstration that restoration of HMW tropomyosin expression, particularly
of Tm1, can eliminate some transformed characteristics of cancer cells (14-16). This suggests the
possibility that reversion of tropomyosin expression in a tumour may have therapeutic value.
The difficulty with this approach is achieving efficient delivery and expression of Tm1 to all the
tumour cells. This is not easily achieved and attention has turned to the mechanisms of Tml
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suppression. There is good evidence to support promoter methylation as one mechanism of Tm1
suppression (Chapter 10) and hence reversion of methylation is a possible anti-cancer strategy.
One difficulty lies with using a global approach to reverting DNA methylation. In addition, there
are concerns that reverting cancer cells, which carry many defects, is less desirable that achieving
their permanent elimination.

Tropomyosin does, however, offer a potential strategy for cancer therapy. There is consider-
able interest in disabling the actin cytoskeleton of the cancer cell because of its involvement in
cell growth and metastasis. The difficulty with anti-actin drugs is their cardiac and respiratory
toxicity due to compromising contractile function. However, drugs which target the cytoskeletal
tropomyosins would provide a means of disabling the cytoskeleton without compromising the
function of the contractile apparatus. Furthermore, the cancer cell relies on only a small subset of
cytoskeletal tropomyosins which provides a more specific target than the entire cytoskeleton.!”
Similarly, the treatment of ulcerative colitis may benefit from reduced expression of the auto-antigen
TmSNM1 (Chapter 13).

Therapeutic strategies for contractile apparatus dysfunction based on tropomyosin mutations
are very challenging. Manipulating expression of isoforms to drive substitution of a mutated
product with a normal isoform may be feasible but will present its own difficulties in terms of
isoform function. For example, a mutation in 3-Tm causing nemaline myopathy could be treated
by either down regulating f-Tm expression and/or up-regulating a-Tm expression. This would
lead to homo-polymers of a-Tm which are functionally distinct from the normal a-/f-hetero
dimers found in skeletal muscle and may bring with it a different type of muscle dysfunction.
Similarly, increasing p-Tm expression in the heart of patients with a cardiomyopathy-causing
a-Tm mutation may give some alleviation of symptoms but the change from a-/a-homo-dimers
to a-/B-hetero-dimers will also lead to a different type of cardiac dysfunction (Chapter 11). It is
much more likely that the availability of animal models for these diseases of the contractile ap-
paratus will be used to test different therapeutic strategies (Chapters 11, 12). Similar approaches
have shown promise in defining treatment options for muscular dystrophy.
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