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Tropomyosins are rod-like dimers which form head-to-tail polymers along the length of actin filaments and regulate the
access of actin binding proteins to the filaments.' The diversity of tropomyosin isoforms, over 40 in mammals, and their
role in an increasing number of biological processes presents a challenge both to experienced researchers and those new
to this field. The increased appreciation that the role of these isoforms expands beyond that of simply stabilizing actin
filaments has lead to a surge of reagents and techniques to study their function and mechanisms of action. This report is
designed to provide a basic guide to the genes and proteins and the availability of reagents which allow effective study
of this family of proteins. We highlight the value of combining multiple techniques to better evaluate the function of
different Tm isoforms and discuss the limitations of selected reagents. Brief background material is included to demystify
some of the unfortunate complexity regarding this multi-gene family of proteins including the unconventional
nomenclature of the isoforms and the evolutionary relationships of isoforms between species. Additionally, we present
step-by-step detailed experimental protocols used in our laboratory to assist new comers to the field and experts alike.

Introduction

The actin microfilament system plays a
critical role in a myriad of cellular func-
tions including cell motility, cell division
and cytokinesis, contractile force, cell
signaling, transcription and intracellular
transport. This wide range of biologi-
cal functions is made possible by various
actin binding proteins that associate with
actin monomers or the filaments and
modify any combination of the dynamics
and mechanical and structural properties
of cytoskeletal filaments. It is becoming
increasingly clear that the actin filament is
not a ‘generic’ passive player in this process
but rather that the filaments themselves
contain functional information which
predisposes them to specific functional
outcomes. One crucial component of fila-
ments that confers a specific functional
outcome is tropomyosin which forms a
continuous polymer running along the
major groove of most actin filaments.!
Tropomyosins (Tms) belong to a
highly conserved and diverse family of

actin associated proteins present in all
animals from yeast to humans, with the
possible exception of Dictyostelium, but
absent in plants.? It is notable that in
plants, however, there are more than the
two cytoskeletal actins found in mam-
mals and that the different actins provide
functional discrimination between actin
filaments.> Tm is characterized by its
a-helical coiled-coil structure and dimers
form an intermolecular head-to-tail com-
plex resulting in a continuous elongated
polymer that lies along the major groove
of actin filaments.* The large number of
documented Tm isoforms is derived from
the use of alternative promoters and inter-
nal exon splicing of multiple genes’ A
highly regulated repertoire of Tm isoforms
is found in different cell types and expres-
sion of Tms is spatially and temporally
regulated in a qualitative and quantitative
manner (reviewed in refs. 6 and 7). Tms
are recognized as actin filament stabilis-
ing proteins, regulating the dynamics and
structural properties of the filaments by
controlling the interaction of the filaments
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with actin binding proteins"® and hence
the term “gatekeeper” has been coined
to describe the role of Tm.” For example,
the high molecular weight (HMW) Tm
isoforms are more efficient in protecting
actin filaments from the severing activ-
ity of gelsolin than the lower molecular
weight (LMW) isoforms whereas the
HMW isoforms are better at annealing
gelsolin severed filaments than LMW
Tms.!*"" The actin depolymerizing fac-
tor (ADF) and filamin compete with Tm
for binding to actin filaments'*"” in a Tm
16 Tms have also
been shown to control the activity of myo-
1720 and specify the intracellular
sorting of myosin II in a Tm isoform spe-
1621 Tm and caldesmon can
also regulate myosin II activity in smooth
muscle cells.”? Finally, tropomodulins
have been shown to have distinct affinities
for different Tm isoforms.?% Together
with the findings that Tm isoforms sort to
different subcellular compartments, these

isoform specific manner.
sin motors

cific manner.

observations strongly suggest that this
multitude of isoforms is required for the
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Table 1. Ensemble identification numbers of the Tm genes from different species, chromosome location and adjacent genes

Gene
TPM1 (aTm)
TPM2 (BTm)
TPM3 (yTm)
TPM4 (3Tm)
TPM1 (aTm)
TPM2 (BTm)
TPM3 (yTm)
TPM4 (3Tm)
TPM1 (a«Tm)
TPM2 (BTm)
TPM3 (yTm)
TPM4 (3Tm)
TPM1 (aTm)
TPM2 (BTm)
TPM3 (yTm)
TPM4 (8Tm)
TPM1 (aTm)
TPM2 (BTm)
TPM3 (yTm)
TPM4 (8Tm)
TPM1 (aTm)
TPMa (aTm)
TPM2 (BTm)
TPM3 (yTm)

TPM4-1 (8Tm)
TPM4-2 (3Tm)

Species

Human
(Homo sapians)

Mouse
(mus musculus)

Rat
(Rattus norviegicus)

Chicken
(Gallus gallus)

Western Clawed frog
(Xenopus tropicalis)

Zebrafish
(Danio rerio)

proper spatial and temporal regulation of
cytoskeletal function.'

In this report we document the many
tools currently available to study the bio-
logical function of this family of proteins
including Tm isoform specific antibod-
ies, mammalian expression constructs
and mouse models. The surprisingly high
degree of amino acid conservation that
exists in organisms as divergent as fish
and humans indicates that such tools as
the Tm antibodies can be utilized in mul-
tiple model systems. We envisage that this
report will serve as a self-help guide to the
study of the role of Tm isoforms in the
cytoskeleton.

Results and Discussion
The generation and evolution of

Tm The of Tm

genes varies from one and two in the

isoforms. number
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Ensemble Accession No. Chromosome
ENSG00000140416 Ch 15
ENSG00000198467 Ch9
ENSG00000143549 Ch1
ENSG00000167460 Ch 19

ENSMUSG00000032366 Cho

ENSMUSG00000028464 Ch4

ENSMUSG00000027940 Ch3

ENSMUSG00000031799 Ch 8
ENSRNOG00000018184 Ch1
ENSRNOG00000016731 Ch5
ENSRNOG00000017441 Ch2
ENSRNOG00000015496 Ch 16
ENSGALG00000003521 Ch 10
ENSGALG00000002563 Chz
ENSGALG00000013537 Ch 25
= Ch 28
ENSXETG00000009718 =
ENSXETG00000009615 =
ENSXETG00000020732 =
ENSXETG00000008736 =
ENSDARG00000087402 Ch 25
ENSDARG00000033683 Ch7
ENSDARG00000068385 Ch 10
ENSDARG00000005162 Ch 19
ENSDARG00000019128 Ch2
ENSDART00000142717 Ch 22
fungi  Schizosaccharomyces  pombe and

Saccharomyces cerevisiae, respectively, four
in mammals and six in zebra fish (Danio
rerio).*>* Table 1 lists the genes identi-
fied in 6 commonly studied animal model
systems together with the chromosome
location and the genes found adjacent to
the Tm loci. Interestingly, the Tm loci are
found adjacent to a few common genes
including talin and Rab8a. For the most
part the focus of this report will be on
mammalian Tm genes and isoforms. A
schematic representation of the intron-
exon organization of the four mammalian
genes is shown in Figure 1. The overall
organization of exons and splicing pat-
terns in the mammalian genes is conserved
between mammals, avian, amphibians and
fish. The genes in simpler species follow
similar principles but differ substantially
in the details of alternative exons and their
evolutionary relationship to the specific
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Adjacent Loci
Talin2, Rab8b, CA12
Talin1, RUSC2, CREB3, GBA2
HAX1, SNORA58.2, Rab13, RUSC1
Rab8a
Talin2, Rab8b, CA12
Talin1, RUSC2, CREB3, GBA2
HAX1, SNORA58.2, Rab13, RUSC1
Rab8a
Talin2, Rab8b, CA12
Talin1, RUSC2, CREB3, GBA2
Rab13, RUSC1
Rab8a
Talin2, Rab8b, CA12
Talin1, RUSC2, CREB3, GBA2
SNORAS58, RUSC1
Rab8a

Talin2
Talin2 (homologue) fbxo22
Talin1
MSMP, tomm40l, arhgef1
Rab8a
ANKMY1

genes in vertebrates.”’ The human Tm
genes have been named TPMI1, TPM2,
TPM3 and TPM4, however, due to the
lack of a unified nomenclature for the gene
names or the isoforms, alternative names
documented in the literature are listed in
Table 2.

Figures 2-5 show, for each gene,
the amino acid sequences of each of the
exons compared between mammals,
birds, amphibians and fish. The con-
sensus sequence across species is shown
below each exon. The most striking fea-
ture of this comparison is the extraordi-
nary conservation of primary structure
across over 500 million years of evolution.
This emphasizes that these proteins are
under great selective pressure to maintain
a precise primary sequence. Selection is
unlikely to reflect the structural demands
of maintaining the coiled coil because
there are few absolute primary sequence

Volume 1 Issue 4



Figure 1. Schematic representation of the
organization of the mammalian Tm genes.
Colored boxes represent the protein coding
exons numbered 1 to 9 and lines the introns.
Unshaded boxes signify untranslated
sequences and black boxes are exons
common to all the genes which share a high
degree of homology. The various isoforms
generated via alternative exon splicing are
listed under each gene and only the major
products verified by northern or protein gel
blots are shown. The name of the different
Tm antibodies (denoted in purple) is below
the exon containing the epitope.

requirements necessary to generate a
coiled coil.?® Rather, the selection is more
likely to reflect isoform specific functional
demands' possibly underpinned by subtle
structural features as described recently
in reference 29 and/or positioning in the
major groove of the actin filament.>*!
Sequence diversity between the iso-
forms results from both sequence diver-
gence between alternative exons in the
same gene and between the same exons
in different genes (Fig. 6). Comparison of
the amino acid sequences of each of the
4 human genes, exon by exon, shows that
there is a high degree of sequence similar-
ity between the genes although this var-
ies between exons (Fig. 6A). Some exons,
like 1a, 2b, 3, 4, 5, 6b, 7, 8 and 9a show
a high degree of similarity between the
genes whereas exons 1b, 6a, 9c¢ and 9d
show substantial differences which would
be expected to contribute to isoform diver-
gence (Fig. 6A). The greatest source of
primary sequence divergence comes from
alternative promoter use and alternative
splicing. There are two types of N-termini
which result from the use of different pro-
moters (Fig. 1). Exon la plus either exon
2a or 2b gives rise to the N-terminus of
high molecular weight tropomyosins
(approximately 284 aa). The alternative
N-terminus derives from the use of exon
1b and gives rise to the shorter LMW iso-
forms (approximately 248 aa). In addition
to the obvious length difference between
the choices of N-terminus, there is also
considerable sequence divergence (Fig.
6B) between these alternative N-termini.
Thus the similarity between genes for
the same exons is much greater than it
is between alternative exons in the same
gene. This trend is also seen for exons 6a
vs. 6b and also for the C-terminal exons

www.landesbioscience.com

TPM1 1a 2a 2b b 3 4 56a6b7 89a 9b 9c  9d
(dTm)  Tham oz atb T CH1 o/9b alsc o/0d
Tm3-1 - - 8T S B T annl
Tmskal  C—mm - - -E-A -
Tmskal-1 - - -0
Tm6(Tmsme:) = R R T —
Tmsmo-1 ] - - Bl meeeemeananan ™ S—
Tm2 O - R . S—
Tm3 - - R B " E—
Tm5a RN R——— P S—
Tm5b - - -l —
TmBr1 .- = L ¥ 3 DO BE N SRR |
TmBr2 o - - -0 - -
TmBr3(Tmbra, Tmbra-1) R R R S— I 0 ' E—
(‘E;%I\:I‘f :1: 2 3 4 5T6a6b7 8 9a 9d
m1

Tmskp - - i E-E---R-2-Ee0
Tm1 - = b b | —
TPM3 _1a 2b  1b 3 456a6b7 89a 9b 9c  9d
(yTm) LC1 v%a /9 y/9d

CG3
aglm - = .- RO
TmSNM1 o -E-Em - --- 5 EURNERMERSRERNRES —
Tm5SNM2 o - - - Al - o |
TmSNMS - - - B e ——
TmSNM6 T - - - e  —
Tm5NM4 - - - -l 0
TmSNM7 - - - O S ——— —
Tm5NM8 - a ----B-Re---------- |
Tm5NM9 o - R |
Tm5NM10 e F ¥ TR O S |
Tm5NM11 Co - - -~ -
Tm5NM3 - - - B -
TPM4 1a 2b b 3 45 6b7 8 9d
(5Tm) 5/1b WD4/9d
TmdHMW e - Nl T —
Tm4 -~ e ——

BioArchitecture

137



Table 2. Alternative names for mammalian Tms

Gene alternative
names

Ll Tm isoforms
Name
Tm3-1
af-Tm
hTmska1-1
hTmsma
hTmsma-1
Tm2
Tm3
Tm5a
Tm5b
TmBr1
TmBr2
TmBr3

TPM1 ofm

B-Tm
Tm1
hTm1-1

TPM2 BTm

a-Tm

Tm5NM1

Tm5NM?2
Tm5NM6
Tm5NM7
Tm5NM4
Tm5NM8
Tm5NM9
Tm5NM10

Tm5NM11,5

Tm5NM3

yTm, hTm30nm,

A hTm_, Tm-5

8Tm, hTm30pl,
hTmpl, Tm-4

hTm4HMW

TPM4 Tma

9a, 9b, 9c and 9d. In both cases, it is
almost impossible to detect any homology
between the alternative exons in the same
gene (Fig. 6B). This divergence has pro-
vided an effective strategy for the genera-
tion of antibodies which recognize specific
subsets of isoforms (see below).

RT-PCR analysis has identified over 40
Tm isoforms that are coded by the mam-
malian genes.>?*% Evidence for the pres-
ence of transcripts detected at the level of
northern blot analysis or most preferable
at the protein level only really exists for
half of these isoforms and the majority are
listed in Table 2. Tm isoforms found in
association with the contractile apparatus
of skeletal, cardiac and smooth muscle
cells are referred to as muscle Tms whereas
those associated with the cytoskeleton of
all cells are referred to as the cytoskeletal
isoforms (often referred to, incorrectly, as
non-muscle isoforms in the literature).

TPMI1 and TPM2 are also referred to
as the «Tm and BTm gene respectively*
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Isoform alternative names

Tm_, , hTmskal

sk

TPM1k
Tmsma, Tm6

oTm

fast”

NCBI accession numbers for the human isoforms

DNA-NM_000366, Protein-NP_000357
DNA-NM_001018005, Protein-NP_001018005
DNA-AY640414, Protein-AAT68294
DNA-NM_001018007, Protein-NP_001018007
DNA-NM_001018020, Protein-NP_001018020
DNA-NM_001018004, Protein- NP_001018004
DNA-NM_001018006, Protein-NP_001018006

= DNA-CH471082 AADB02000000, Protein-EAW77629
= DNA-CH471082 AADB02000000, Protein-EAW77633
= DNA-CH471082 AADB02000000, Protein-EAW77630

hTmbra-1, hTmbra

Tmskp, hTmskp
Smooth muscle Tm1-Fibroblast

aTm, ., aTm, hTmska2

hTm5, Tm5, Tm30, fibroblast Tm30 nm

hTm5-1, TC22
hTmbry

hTm5-2

(Fig. 1). The TPM1 gene has been found
by RT-PCR to code for 20 isoforms in rat
adult tissues and cultured cells.?? Included
among the encoded isoforms is the aTm
expressed in striated muscle, the recently
discovered TPM1k in human hearts,* the
isoforms preferentially enriched in the cen-
tral nervous system, TmBrl, TmBr2 and
TmBr3 and Tm2, Tm3, Tm5a and Tm5b.
The TPM2 gene codes for the skeletal
muscle BTm isoform and, thus far, only
one cytoskeletal isoform, Tm1, has been
detected. Tm1 has been found to be sig-
nificantly downregulated in transformed
cells and restoring Tml expression has
been shown to reverse transformation in
ras-transformed cells.** The TPM3 gene
codes for the slow-twitch skeletal muscle
isoform (o Tm) and at least 9 LMW cyto-
skeletal isoforms referred to as Tm5NM1
to TmSNM11.>*%% Isoforms NM3 and
NM6 are identical at the protein level
but have unique 3'UTRs, the same is for
isoforms NM5 and NM11 (Fig. 1). The
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DNA-AB209041, Protein-BAD92278

DNA-NM_003289, Protein-NP_003280
DNA-NM_213674, DNA-NM_213674
DNA-CR590682, Protein-None

DNA-NM_152263, Protein-NP_689476
DNA-NM_153649, Protein-NP_705935
DNA-NM_001043351, Protein-NP_001036816
DNA-CH471121, Protein-EAW53237
DNA-NM_001043352, DNA-NM_001043352
DNA-NM_001043353, Protein-NP_001036818

DNA-AL590431, Protein-CAH71266

DNA-AK023385, Protein-BAB14554
DNA-NM_003290, Protein-NP_003281

TPM4 gene™ codes for the cytoskeletal
Tm4 isoform and a HMW Tm4 found in
many species but not rodents.*

Post translational modifications. To
date post translational modifications of
Tms are largely an unexplored area of
investigation. The most reported forms
of post translational modifications in the
literature are NH,-terminal acetylation
and phosphorylation although evidence of
S-nitrosylation and disulfide-crosslinked
Tm has been documented.

Acetylation has been shown to sig-
nificantly enhanced Tm affinity for
actin. Unacetylated mammalian skel-
etal Tm is unable to bind actin in the

44 and unacetylated

absence of troponin
a-smooth muscle Tm has much weaker
affinity for actin than the acetylated
form.” In addition, acetylation has been
shown to increase the end-to-end inter-
actions between Tm dimers”*% and in
Schizosaccharomyces pombe to significantly
enhance the ability of Tm to regulate
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TPM1 Exon Alignment
1a 2a 2b
| | |
™31l Immunogen DEENALDRARQAEADKE
0/2a Tamuscgen
Human TPM1 MDATKEKMOMLELDKENALDRAEQAEADKKAREDRSKQ LEEDIARKERLLRVSEDERDRVLEELHKAEDSLLAREEARRK LEDELVSLQKKLKGTEDELDKY SEALKDAQEKLELAEKKATD
Mouse TPML MDATREEMOMLELDKENALDRAEQR Lat RQ LEEDT L Q e
Rat TPM1 MDATKEFMOMLELDKENALDRAEQAEADKRAREERSKQ LEEDI
i . i ki ks - s : g :
Zebrafish TPM1 MDATRERMOMLKLDKENALDRAEQAEGDEKAREDRSKQ LEDELIQL Q! K
Zebrafish TPMa MDA T KRRMO LEDDLVALQRELEATEDELDEYSEALKDAQERLELAEKKATD
MDA DEK-AE--5KQ LR~ == EK-LR--ED-RD--L------E--LL-A-E-A-K LED-L--LQKKLE-TEDELDKYSE-L ~-KEATD
1b 3 4
1 l !
a/lh Immunogen
Human TEM1 KIRSLQI AE] ERKLRET VEEE QELEEAERARDESER
Mouse TPM1 i
Chicken TPM1 MA AVRREI AEEF. QERALREE AESEVASLNRRIQLVEEELDRAQERLATALOKLEEAEKAARDESER GMEVIENRAQEDEEFMEIQEIQLKEAKHIAEEADREYEE
TEML MAGITSLEAVKRKT o Qs ERFLRER ~ AEGDVASLNRRI ] GMRVIENRALKDEERMELQEIQLKEAKHIAEEADREYEE
Zebrafish TPM1 DAA- K ’ASLNRRIQLVEEELDRAQERLATALQKLEEAEFARDESER GMRVIENRALKDEERMEIQEIQLKEAKHIAEEADRKYEE
Zebrafish TPMa £ 1 Q2 ERLATALQELEEAERARDESER GMEKVIENRALEDEEFMELQEIQLEEARKHIAEEADREYEE
Consensns MA====LeAV==KI==LQQA==AB===asl(=nassfRe=R==  AE--VASLNRRIQLVEEELDRAQERL-TALOKLEEAEKAADESER  GMKVIE-RA-KDEERME-QEIQLKEAKHIAE-ADRKYEE
5 Ba 6b Z 8
| | | | |
Human TPM1 VARFLVIIESDLERAEERAELSEG # EARQAEF ¥SQKEDRYEEEIKVLSDKLEE
Mouse TEM1 IE 2 ELSE QR KCAELEEELETVIMNLESLEAQAER  YSQKEDKYEEEIKVLSDKLKE ;
Rat TPM1 VARELVIIEGDLERAEERAELSES QT KCAELEEELKTVINNLESLEAQAER ¥SQKEDKYEEEIKVLTDELKE AETRAEFAERSVTKLEKSIDDLE
Chicken TPM1 CLVIIE : SES  QVRQI 3 ¥SQREDKYEEEIKVLTDELEE
Xencpus TPM1 5 I SES IR ASEEK FAER
Zebrafish TPM1 VARKLVIVEGELERTEERAELNER QT SEE ECSELEEELKTVINNLESLEAQRER YSQREDKYEEEIRVLTDELEE AETRAEFAERSVAKLERTIDDLE
Zebrafish TPMa VARKLVIVEGELERTEERAELNEG KCSELEEELETVTNNMESLEAQAER YSARKEDKYEEEIKVLTDELEE
Consensus I-E--LER E ~=Re=Lm===R==DQT-K~L-A-E-- KC ELEEELKTVTNN KSLEAQAEK  YS-KED-YEEEIKVL-DELKE V-KLEK-IDDLE
9a 9b 9¢c 9d
| | | |
SR B
/e Immunogen AJLEQNRRLTHE: ED
w94 Tmmunogen
Human TPM1 DELYAQKLEYRAISEELDHALNDMTSM -EFLCFTSPRTPSSSWMSHLSELCICLFSS DQLYQQLEQNRRLTHELELALNED EKVAHAREENLSMHQMLOQTLLELNNM
Mouse TPFML DELYAQKLEYRAISEELDHALNDMTSI DEFLCFTPPETPSS DQLYHQLEQNRRLTNELKLALNED ERVAHAREENLSMHOMLDQTLLELNNM
Rat TPM1 DELYAQKLEYKATSEELDHALNDOMTSI 55 DQLYHQLEQNRRLTHELKLALNED X %
Xenopus TEPM1 DELYAQKLKYKATSEELDHALNDMTST EXVAHAKEENLNMHOMLDQTLLELNNM
Zebrafish TPM1 DELYSQRLKYRAISEELDHALNDMTST EKLSHAREENLDMNOMLEQTLLELMNM
Zebrafish TPMa DELYAQKLEYEAISEELDHALNDMTSI
Consensus DELY-QKLEYKAISEELDHALNDMTS~ KFLCF--PRTP555-MSHLSELCICL-S5 DQLY-QLEQN-RLINELKLALNED EE M-QML-QTL

Figure 2. Amino acid sequence comparison of the TPM1 gene from six animal species. Amino acid alignment of all exons contained within the TPM1
gene for selected members of chordata. Species included are human (Homo sapiens), mouse (Mus musculus) and rat (Rattus norviegicus) represent-

ing mammalians, chicken (Gallus gallus) representing birds, western clawed frog (Xenopus tropicalis) representing amphibians and zebrafish (Danio
rerio) representing fish. Shaded areas and consensus sequence indicate regions of sequence conservation while unshaded regions represent areas

of sequence divergence between the aligned species. Dashed lines within alignments imply that either the particular exon is not found within that
species or that the exon in question has not been identified due to minimal genomic sequence information and lack of evidence from cDNA library se-
quences. Zebrafish contains two copies of the TPM1 gene named TPM1 and TPMa which are the result of a whole genome duplication event. Antibody
immunogens and/or epitopes for antibodies TM311, a/2a, a/1b, a/9b, a/9c and «/9d are presented as white text highlighted in red and are aligned
with the region of the exon from which they were derived.

myosin activity.” At least in yeast, distinct
spatial segregation of acetylated and non-
acetylated Tm-containing actin filaments
has been observed suggesting the possibil-
ity that different forms of Tm can regulate
specific myosins.”

Phosphorylation of Tm has been
found in both skeletal and cardiac mus-
cle of many different species.®®>* The
phosphorylation of Tm has been shown
to enhance the ability of Tm to form
head-to-tail interactions and promote
activation of myosin Mg?* ATPase.>*

www.landesbioscience.com

Phosphorylation of cytoskeletal Tms has
also been documented and postulated to
be required for the remodelling of the actin
cytoskeleton.’”’

Finally, endothelial cells exposed to
shear flow were shown to have more than
12 proteins that had significantly increased
S-nitrosylation among them Tm at Cys
170 located in the hydrophobic motif.’
The authors suggest that such modifi-
cation may allow for the remodelling
together with maintaining the integrity of
the endothelial cells under flow conditions.

BioArchitecture

Evaluating the specificity of Tm anti-
bodies. Many of the Tm antibodies com-
mercially available are sold with minimal
information regarding the antigen used
to raise the antibody and hence the iso-
form specificity. This greatly limits their
use and in some cases leads to confusion
in the literature. We previously described
the characterization of 10 Tm antibod-
ies.®® Here, we report an additional 9 Tm
antibodies. Table 3 is a comprehensive
list of all the Tm antibodies that we have
extensively characterized together with
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TPM2 Exon Alignment
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Figure 3. Amino acid sequence comparison of the TPM2 gene from six animal species. Amino acid alignment of all exons contained within the TPM2
gene for selected members of chordata. Species included are human (Homo sapiens), mouse (Mus musculus) and rat (Rattus norviegicus) represent-

ing mammalians, chicken (Gallus gallus) representing birds, western clawed frog (Xenopus tropicalis) representing amphibians and zebrafish (Danio
rerio) representing fish. Shaded areas and consensus sequence indicate regions of sequence conservation while unshaded regions represent areas

of sequence divergence between the aligned species. Dashed lines within alignments imply that either the particular exon is not found within that
species or that the exon in question has not been identified due to minimal genomic sequence information and lack of evidence from cDNA library
sequences. Antibody epitopes/immunogens for antibodies TM311, Tm1 (Prasad), 8/9d, y/9d and «/9d are presented as white text highlighted in red.
The Tm1 (Prasad) immunogen is designed to the TPM2 6a exon, whereas the otherimmunogens are designed to exons in other Tm genes. Shaded and
unshaded areas within the immunogen sequence reflect sequence similarity and divergence with the corresponding sequence in the TPM2 gene.

the isoform specificity, published refer-
ences and commercial availability. The
majority of the antibodies were generated
using peptides corresponding to part or
all of a specific exon. There are excep-
tions where the initial antibodies were
made by using whole tissue tropomyo-
sin, for example chicken gizzard, and the
epitopes are yet to be identified. Figure 1
shows the name of the antibody below the
exon encoding the epitope and the peptide
used as immunogen for these antibodies is
shown in Figures 2—-5. Comparison of the
peptide sequence containing the epitope
cross species indicates the likelihood that
many of these antibodies will be reactive
across many model systems (Figs. 2-5).
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The initial evaluation on the specificity
of the antibodies was performed by protein
gel blot analysis on panels of recombinant
Tm proteins. The corresponding cDNAs
of rat (Tml, 2, 3, 4, 5a, 5b, Brl, Br2, Br3
and Tm5NM1) and human (Tml, 2, 3, 4,
NMI, NM2, NM4, NM5, NM6, NM7)
isoforms were cloned into the pPROEX
HT prokaryotic or pET expression system
and induction of protein was performed as
described in Materials and Methods.

A total of 13 antibodies have been gen-
erated that detect Tm isoforms from the
TPMI1 and 2 genes with three of these Tm
antibodies having been generated as both
polyclonals and monoclonals. The epitope
for the commercially available TM311
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antibody has been mapped to exon la of
the TPM1 gene and thus it detects the
striated muscle isoform plus Tms 2, 3, 6,
Brl and Tm1 plus the striated muscle iso-
form from the TPM2 gene (Figs. 1 and
7A). Isoforms containing exon 1b (Tm5a,
5b, Br2 and Br3) are detected with the
a/1b antibody (Fig. 7B). Antibodies with
epitopes directed to the C-terminal exon
of the aTm gene include the a/9b anti-
body specific for TmBr2 (Fig. 7C) and the
a/9¢ (clone #554) which preferentially
detects TmBrl and TmBr3 (Fig. 7D). It is
notable that a/9¢c does not see Tm5NM4
which contains exon 9c¢ from the TPM3
gene. The a/9d antibody raised against
a peptide directed to the entire exon 9d
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Figure 4. Amino acid sequence comparison of the TPM3 gene from six animal species. Amino acid alignment of all exons contained within the TPM3
gene for selected members of chordata. Species included are human (Homo sapiens), mouse (Mus musculus) and rat (Rattus norviegicus) represent-
ing mammalians, chicken (Gallus gallus) representing birds, western clawed frog (Xenopus tropicalis) representing amphibians and zebrafish (Danio
rerio) representing fish. Shaded areas and consensus sequence indicate regions of sequence conservation while unshaded regions represent areas
of sequence divergence between the aligned species. Dashed lines within alignments imply that either the particular exon is not found within that
species or that the exon in question has not been identified due to minimal genomic sequence information and lack of evidence from cDNA library
sequences. Antibody epitopes and immunogens for antibodies LC1, CG3, y/9a, y/9¢ and y/9d are presented as white text highlighted in red and are
aligned with the region of the exon from which they were derived.

from the TPMI gene has a high degree of
specificity for Tml, 2, 3, 5a and 5b and,
we predict, Tm6 (Fig. 1). Although exons
9d from the TPM1, 3 and 4 genes have a
high degree of similarity, the a/9d anti-
body exhibits no cross reactivity with
either Tm4 from the TPM4 gene nor
Tm5NM1 and Tm5NM2 from the TPM3
gene (Fig. 7E). The CGl and CGP6
antibodies were originally raised against
chicken gizzard Tm.” CG1 has strong
reactivity to both rat and human Tm1 and
also detects Tm4 (Fig. 7F). The epitope
for the CGR6 antibody has been mapped
to the C-terminal end of human Tm?2 and
Tm3 © and as expected it detects both
human and mouse Tm2 and Tm3 and
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also shows weak reactivity with Tm5a
(Fig. 7G).

Peptide sequences corresponding to the
alternatively spliced C-terminal exons of
the TPM3 gene (exons 9a, 9c and 9d) were
used to generate the y/9a, y/9¢ and y/9d
antibodies (Table 3). The characteriza-
tion of these antibodies raised in sheep has
been previously documented in reference
60. Here we report on the complementary
antibodies generated using the identical
peptide sequences but raised as mouse
monoclonals. These three antibodies show
the predicted isoform specificity (Fig.
8A-C). The y/9d antibody does exhibit
minor cross reactivity with Tml, 2, 3, 5a

and 5b (Fig. 8C). The LClI antibody is
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shown to have a high degree of specificity
for the human isoforms Tm5NM1, NM2,
NM4 and 7 with no cross reactivity to the
mouse Tm5NM1 (Fig. 8D). Although
the epitope for this antibody is yet to be
mapped our data and that reported by
Sung et al. strongly indicate that it resides
in the first few N-terminal end amino
acids of the human exon 1b from the
TPM3 gene. Amino acid sequence align-
ment demonstrates that the only amino
acid difference between the mouse/rat and
human sequences is the fourth amino acid,
isoleucine in human and serine in mouse
and rat (Fig. 4). We expect that this resi-
due must be in the LC1 epitope. The CG3
antibody with its epitope mapped to exon
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Figure 5. Amino acid sequence comparison of the TPM4 gene from six animal species. Amino acid alignment of all exons contained within the TPM4
gene for selected members of chordata. Species included are human (Homo sapiens), mouse (Mus musculus) and rat (Rattus norviegicus) representing
mammalians, chicken (Gallus gallus) representing birds, western clawed frog (Xenopus tropicalis) representing amphibians and zebrafish (Danio rerio)
representing fish. Shaded areas and consensus sequence indicate regions of sequence conservation while unshaded regions represent areas of se-
quence divergence between the aligned species. Dashed lines within alignments imply that either the particular exon is not found within that species
or that the exon in question has not been identified due to minimal genomic sequence information and lack of evidence from cDNA library sequenc-
es. Zebrafish contains two copies of the TPM4 gene, named TPM4-1 and TPM4-2 which are the result of a whole genome duplication event. Antibody
immunogens for antibodies 8/1b and WD4/9d are presented as white text highlighted in red and are aligned with the region of the exon from which

they were derived. The antibody immunogen for y/9a (TPM3 gene) is also shown.

1b amino acids 29-44 °* detects all the
cytoskeletal products from this gene both
human and mouse (Fig. 8E). It has also
been found to detect the striated muscle
isoform from this gene via cross reaction
with the TPM3 exons 1a or 2b.%

The antibodies known to specifically
detect the cytoskeletal Tm4 isoform from
the TPM4 gene are 8/1b, WD4/9d and
LC24. The 8/1b antibody was raised
against the last 19 amino acids of exon
1b from the TPM4 gene. This antibody
is shown to detect both rat and human
Tm4 and shows no cross reactivity to
other exon 1b containing isoforms from
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the other Tm genes (Tmb5a, 5b, Br2, Br3,
NMI1, NM2, NM4, NM7) (Fig. 9A). It
does however, show weak reactivity with
human Tml. The WD4/9d generated in
rabbit using a partial amino acid sequence
from exon 9d of the TPM4 gene has been
previously characterized.* It detects Tm4
but does cross react with Tml1 from the
BTm gene (on a longer exposure, data
not shown), and also Tm5NM1 and
Tm5NM2 from the yI'm gene (Fig. 9B).
The LC24 was generated against bacteri-
ally produced human Tm4 with only the
C-terminal end used.®> This antibody
detects both rat and human Tm4 but also
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cross reacts with Tm1l from the TPM2
gene (Fig. 9C).

The use of Tm antibodies to identify
the Tm isoform expression profiles in
cell lines and mouse tissues. The selec-
tive repertoire of Tm isoform expression,
including the number and type of iso-
forms expressed in different cell types is
strictly regulated by as yet not fully under-
stood mechanisms. Tm isoform expres-
sion profiles in different cell types have
previously been reviewed in reference 6.
Here we report the use of the Tm anti-
bodies described above to profile isoform
expression in three different cell types
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Figure 6. Exon alignment of the human Tm genes. A comparison highlighting the differences in amino acid composition between an alignment of
corresponding exons from human TPM1, TPM2, TPM3 and TPM4 genes and an alignment of the exons responsible for generating isoforms; exons
1a/2b and 1b (N-terminus), 6a and 6b, and exons 9a, 9b, 9c and 9d (C-terminus) within each of the 4 Tm genes. (A) An alignment of human Tm genes
TPM1, TPM2, TPM3 and TPM4 showing the conservation of amino acid sequence between the four genes. Shaded residues and consensus sequence
indicate regions of conservation within the genes whilst unshaded regions indicate areas of sequence divergence. (B) An alignment of exons respon-
sible for generating diversity showing amino acid sequence conservation for alternatively spliced exons from the N-terminus, middle and C-terminus
within each of the four genes. Shaded and unshaded areas are as indicated above.

from three different mammalian spe-
cies, human, mouse and rat and further
evaluate the specificity of these tools. On
a SDS PAGE gel the HMW Tm isoforms
have an apparent molecular weight of 34
to 40 kDa and the LMW isoforms of 28
to 33 kDa. Migration of Tms in SDS gels
is not predictable based on MW and in
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our experience, optimal resolution of Tm
isoforms is best achieved on SDS-PAGE
gels with a low concentration of bisacryl-
amide (12.5% acrylamide and 0.1% bis-
acrylamide).®® The antibodies known
to detect isoforms from the TPM1 and
TPM2 genes including TM311, «/9d,
1 and CGR6 all perform well on total
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protein lysates isolated from cell lines
(Fig. 10). The initial observation made on
the protein gel blots is the differences in
the profiles of isoforms and the quantita-
tive amounts expressed by the three cell
lines. Both the human and mouse cell lines
express Tm1 as detected with the TM311,
a/9d and CGI antibody (Fig. 10A, C
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Table 3. Summary of Tm antibodies, exon and isoform specificity

Antibody name Peptide sequence/lmmunogen Exon specificity | Tm isoform recognition | Reference Species Commercial
TPMI, 2 gene antibodies availability
T™M311 LDKENALDRAEQAEADKKAA aald-32 exon la | Tmé, 1,2, 3, Bri » mouse monoclonal Sigma Aldrich
o,y muscle Tm
wlb CAGSLORELDQERKLRET exonlb Tm3a, 5b, Br2, Br3 this paper sheep polyclonal
a/2a CLLRAESEDERDRVLEELHKAEDSLL exon 2a smmus Tm (Tm6) o sheep Millipore AB5437
a/2a CLLRAESEDERDRVLEELHKAEDSLL exon 2a smmus Tm (Tm6) this paper mouse monoclonal
w/9b CFSPPKTPSSSRMSHLSEL exon 9b TmBr2 this paper mouse monoclonal
WSa/9¢ HQLEQNRRLTNELKLALNED exon Y¢ TmBr-1, TmBr-3 LA rabbit Millipore AB5439
w/9¢ HQLEQNRRLTNELKLALNED exon Y¢ TmBr-1, TmBr-3 W mouse monoclonal
clone #554
a/%d EKVAHAKEENLSMHQMLDQTLLELNNM | entireexon 9d | Tmé, 1,2, 3, 5a, 5b ) sheep Millipore AB5441
w/9d EKVAHAKEENLSMHOMLDQTLLELNNM | entire exon 9d Tmé, 1,2, 3, 5a, 5b this paper mouse monoclonal
(1gG2bk)clonel5D12.2
CGl Chicken gizzard Tm Unknown Tml #1d0 mouse monoclonal
(l2G1)
CGp6 Chicken gizzard Tm COOH terminal | Tm2,3 B8 mouse monoclonal
end of hTm2, (1gM)
him3
Sarcomeric Tm Unknown. exon a9a Sarcomeric Tms: afast, p, | " mouse monoclonal Sigma Aldrich
(Sigma CH1) aslow (poor affinity (1gG)
for aslow)
Tm1(Prasad) SRARQLEEELRTMDQALKSL (187-206aa) | exon fiba Tml L rabbit polyclonal
Antibody name Peptide sequence/Immunogen Exon specificity | Tm isoform recognition | Reference Species Commercial
TPM3 gene antibodies availability
1/9a CDELYAQKLKYKAISDELDHALNDMTSI | exon 9a TmSNM6/3, 5/11, 8,9, o sheep polyclonal Millipore AB5443
aand f Tms
1/9a CDELYAQKLKYKAISDELDHALNDMTSI | exon 9a Tm3SNM6/3, 5/11, 8,9, this paper mouse monoclonal
aand f Tms
19 CERLYSQLERNRLLSNELKLTLHGL exon 9¢ TmSNM4, 7 o sheep polyclonal Millipore AB5445
19 CERLYSQLERNRLLSNELKLTLHGL exon 9¢ TmSNM4, 7 this paper mouse polyclonal
(1gG1k) clone 3F8.2
1/9d DKLKCTKEEH LCTQRMLDQTLLDLNEM | exon 9d Tm5NMI, 2 i sheep polyclonal Millipore AB5447
1/9d DKLKCTKEEH LCTQRMLDQTLLDLNEM | exon 9d Tm5NM1, 2 this paper mouse monoclonal
(12G2bk)elone2G10.2
LCI First 10 amino acids of exon 1b human Tm3NMI, 2 & mouse monoclonal
Human exon y1b (1gG1)
CG3 AERLQREVEGERRAREQ 2a29-44 exonlb | All nonmuscle products o mouse monoclonal
from the yTm gene . (IgM)
Antibody name
TPM4 gene antibodies
&/1b DRAQGLORELDGERERREK exon 1b Tm4 this paper mouse monoclonal
WD4/9d KEENVGLHQTLDQTLNEL exon 9d Tm4 w1 rabbit polyclonal Millipore AB5449
LC24 COOH terminal exon 9d Human, rat Tm4 ok mouse monoclonal
half of hTm4 {1gG1)

and D). The rat B35 cells show no evidence
of Tm1 or Tm3 expression whereas Tm2
and Tm3 are detected in both the human
and mouse cells and only Tm?2 in the rat
B35 cells (Fig. 10A and E). The a/1b
antibody detects very low levels of Tm5a
and Tm5b but there is also reactivity with
unknown bands (Fig. 10B). Antibodies
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directed to Tm isoforms enriched in brain
tissue (TmBrl, Br2 and Br3) and smooth
muscle (Tm6) were as predicted absent
from these cell lines (data not shown).

All the TPM3 antibodies tested on the
cell lines were found to detect the expected
cytoskeletal LMW isoforms coded by the
gene (Fig. 11). The abundance of isoforms
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detected
found to
time was used to generate the blot shown
in Figure 11A. Some additional unknown
bands were also detected. The y/9d anti-
body detects the predicted 30 kDa cor-
responding to TmSNMI/NM2 in all
the cell lines (Fig. 11B). As expected the

with the vy/9a antibody was
be low as a very long exposure
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Figure 7. Evaluation of the specificity of TPM1 and TPM2 genes directed antibodies with bacterially produced Tm proteins. Protein gel blot analysis of
0.5 pg recombinant Tms probed with (A) TM311, (B) a/1b, (C) a/9b, (D) a/9¢, (E) «/9d monoclonal, (F) CG1 and (G) CGR6 antibodies.
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B Tm1 Tm2 Tm3 Tm4 TmSa TmSb NM1 NM4 NM&  Br1 Br2 Br3
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e
* _
! . CG3
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of 0.5.g recombinant Tms probed with (A) y/9a, (B) y/9¢, (C) v/9d, (D) LC1 and (E) CG3 antibodies.

Figure 8. Evaluation of the specificity of TPM3 gene directed monoclonal antibodies with bacterially produced Tm proteins. Protein gel blot analysis
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Figure 9. Evaluation of the specificity of TPM4 gene directed antibodies with bacterially produced Tm proteins. Protein gel blot analysis of 0.5 pg
recombinant Tms probed with (A) 8/1b, (B) WD4/9d and (C) LC24 antibodies.

LC1 antibody, like CG3, detects a band
in all the human cell lines as its epitope
is in exon 1b, but CG3 also sees the same
band in mouse and rat unlike LC1 which
is human specific (Fig. 11C). The exon 9c¢
containing isoforms identified with the
v¥/9c antibody were found to be unde-
tected by protein gel blotting (data not
shown). Exon 9¢ containing isoforms are
primarily detected in central nervous sys-
tem cells.¢8

Analysis of expression of the cytoskel-

etal Tm4 isoform with the 8/1b, WD4/9d

www.landesbioscience.com

and LC24 antibodies is shown in Figure
12. The 8/1b is very specific to Tm4 (Fig.
9A). In contrast, the WD4/9d detects in
addition to Tm4 a HMW isoform pre-
dicted to be Tml (Fig. 12B) which is
relatively abundant in the human and
mouse cells, as seen with the TM311
and a/9d antibodies (Fig. 10A and C).
Surprisingly, the LC24 antibody detects
Tm4 in human and rat cells but not in
the mouse fibroblasts. Further confir-
mation of the failure of this antibody
to detect the mouse cytoskeletal Tm4
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isoform is demonstrated in other mouse
cells later in this report.

Total protein lysates were generated
from both mouse and rat tissues and
probed with the Tm antibodies described
above. Even though individual tissues are
comprised of many different cell types
the expression of the major Tm isoforms
expressed can be evaluated by protein gel
blot analysis. The sheep a/1b antibody
detects a prominent band of about 30 kDa
in brain, liver, lung, kidney and spleen
(Fig. 13A). Since the isoforms detected by
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Figure 10. Expression of Tm isoforms coded by the TPM1 and TPM2 genes in three cell lines. Equal
loading (20 p.g) of total cellular protein isolated from human primary fibroblasts, mouse primary
fibroblasts and rat neuroblastoma B35 cells, was electrophoresed on 12.5% SDS gel and individual
protein gel blots probed with the (A) TM311, (B) a/1b, (C) /9d, (D) CG1 and (E) CGB6 antibodies.
The Coomassie Blue stained gel (F) demonstrates equal protein loading.

this antibody all have similar or the same
apparent molecular weights, it is difficult
to distinguish whether they correspond to
Tmb5a, 5b or Br3. Comparison of the Tm
expression profile generated with the use
of the a/9d antibody shows that Tm5a/5b
are most abundant in kidney, liver, lung
and spleen whereas these isoforms are
undetected in the adult brain at the level
of sensitivity of protein gel blotting (Fig.
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13C). Hence, we can deduce that the
a/1b antibody is detecting TmBr3 in the
brain. TmBr3 is one of the major isoforms
expressed in mature neurons.®”!

The a/2a monoclonal antibody is
raised against a peptide that corresponds
to the unique exon 2a found only in the
TPMI1 gene. Exon 2a containing isoforms
are the Tmsma also known as Tm6 in

addition to hTmsma-1 and hTmskal-1
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identified in human tissues.> The Tmsma
(Tm6) and hTmsma-1 are enriched in
smooth muscle such as placenta, uterus®
and stomach (Fig. 13B). The expression
of the exon 2a containing isoform(s) is
highly enriched in mouse stomach (Fig.
13B). Note also the slower mobility of
the exon 2a containing isoform in skeletal
muscle; possibly Tmskal-1 (Figs. 1 and
13B).

The monoclonal antibody a/9d was
raised against a peptide corresponding to
the entire exon 9d of the TPM1 gene with
predicted recognition of isoforms Tm1, 2,
3, 5a, 5b and 6. On a panel of mouse tis-
sues, the expression of the HMW isoforms
Tm1/6 are most highly enriched in the kid-
ney, lung, spleen and stomach (Fig. 13C).
Significant levels of Tm2 are detected in
kidney, spleen and stomach and on a lon-
ger blot exposure (data not shown) Tm2 is
also detected in lung. Expression of Tm3
was limited to the stomach sample. The
LMW isoforms Tm5a/5b were enriched in
the kidney, lung and spleen and to a lesser
extent in the brain, liver and stomach,
seen only on a longer exposure (data not
shown).

The CGI antibody, shown in Figure
7F to detect Tml but also cross-reacts
with Tm4, detects a prominent HMW
band in skeletal muscle most likely to
correspond to BTm (Fig. 13D). In the
kidney, lung and spleen the prominent
HMW band most likely corresponds to
Tml as Tm1 detected with the «/9d anti-
body is highly expressed in these tissues
(Fig. 13D compared to C). The brain and
heart also show a faint HM'W band and
both tissues also express Tm1 but at rela-
tively lower levels (Fig. 13D compared to
C). A LMW band is also detected in the
kidney, lung and spleen (Fig. 13D). This
may correspond to Tm4, as later shown,
these tissues express relative high levels
of Tm4 detected with the two antibodies
(Fig. 15A and C).

There are four antibodies designed to
identify Tm isoforms from the TPM3
gene. The y/9a, y/9¢c, y/9d mouse mono-
clonal antibodies detect isoforms con-
taining C-terminal exons 9a, 9c and 9d
respectively. The CG3 antibody detects
all the exon 1b containing isoforms.
In the heart and skeletal muscle the y/9a
antibody detects a prominent band of 36
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kDa corresponding to the exon 9a con-
taining muscle isoforms from the TPM1,
2 and 3 genes with liver, lung and stomach
expressing relatively lower levels of HMW
isoform(s) (Fig. 14A). In the brain, lung,
spleen and stomach the LMW, 30 kDa,
cytoskeletal exon 9a containing isoforms,
may correspond to either Tm5NM5/11 or
NMBG6/3. Stomach shows a doublet at 30
kDa which may correspond to NM8 and/
or 9. Tm5NMS8 and 9 result from splicing
of exon 9a to 9c and result in an extension
of 5 additional amino acids derived from
exon 9c.¥ Attempts to generate an anti-
body to this sequence have thus far been
unsuccessful. The y/9c antibody detects a
30 kDa band in brain, either NM4 or 7
and cross reacts with an unknown HMW
band in muscle and stomach (Fig. 14B).
The v/9d antibody that preferentially
reacts with NM1 and NM2 detects a 30
kDa band in brain, kidney, liver, lung and
spleen (Fig. 14C) and on a longer exposure
NM1/NM2 can also be detected in the
heart, skeletal muscle and stomach (data
not shown). The CG3 antibody detects all
the LMW cytoskeletal exon 1b containing
isoforms from the TPM3 gene and a 30
kDa band is seen in all the mouse tissues
(Fig. 14D) except in the gastrocnemius
muscle used in this panel, even on a longer
exposure (data not shown). However, the
CG3 antibody does detect a 34 kDa band
in extraocular and soleus, corresponding
to the o Tm from the TPM3 gene.®

The TPM4 gene together with the
TPM2 gene are the least alternatively
spliced genes, each known to code for
only two isoforms. We have generated
two antibodies raised against peptides
within the N-terminal end, exon 1b and
the C-terminal end, exon 9d. On a panel
of mouse tissues, the LMW Tm4 iso-
form, identified with the 8/1b antibody,
is abundantly expressed in kidney, lung
and spleen (Fig. 15A), on a longer blot
exposure a band can been seen in muscle
and stomach (data not shown). There is
however the presence of a slightly higher
MW band seen at significant levels in
the liver. In order to confirm that this
unknown band corresponds to Tm,
we took advantage of the fact that Tm
is a heat stable protein. Following the
enrichment of Tm by heating the tis-
sues to 95°C for 10 min (see Materials
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Figure 11. Expression of Tm isoforms coded by the TPM3 gene in three cell lines. Equal loading
(20 pg) of total cellular protein isolated from human primary fibroblasts, mouse primary fibro-
blasts and rat neuroblastoma B35 cells, was electrophoresed on 12.5% SDS gels and individual
protein gel blots probed with the (A) y/9a, (B) y/9d, (C) LC1 and (D) CG3 antibodies.
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Figure 12. Expression of Tm isoforms coded by the TPM4 gene in three cell lines. Equal loading
(20 p.g) of total cellular protein isolated from human primary fibroblasts, mouse primary fibro-

blasts and rat neuroblastoma B35 cells, was electrophoresed on 12.5% SDS gels and individual

protein gel blots probed with the (A) 8/1b, (B) WD4/9d and (C) LC24 antibodies.
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Figure 13. Expression profile of Tm isoforms coded by the TPM1 and 2 genes in a panel of mouse tissues. Equal loading (20 p.g) of total cellular protein
isolated from different mouse and rat tissues was electrophoresed on 12.5% SDS gels and individual protein gel blots probed with the (A) a/1b,

and Methods) we found that the HMW
bands seen in kidney and liver were now
absent (Fig. 15B). We conclude that
8/1b is detecting non-Tm proteins in
mouse tissues. WD4/9d predominantly
detects the LMW Tm4 isoform in all
tissues examined even in brain and
muscle on a longer exposure (not shown)
(Fig. 15C). The LC24 was shown to
detect both the human and rat Tm1 and

Tm4 recombinant proteins (Fig. 9B)
however it failed to detect the Tm4
in mouse protein lysates (Fig. 12C).
Similarly, in the case of the mouse tis-
sues the LC24 does not detect the LMW
cytoskeletal Tm4 isoform (Fig. 15D).
However, a HMW band is seen which in
mouse we predict to be BTm whereas in
liver, lung and spleen it may correspond
to Tm1 (Fig. 15D). Surprisingly, in the
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rat tissues the LC24 antibody detects
primarily Tm4 and a HMW isoform in
muscle (Fig. 15E).

Some of the Tm antibodies described
above have been successfully used to
perform  immunoprecipitations. These
include LC1 and WSa/9c,'® anti-sheep
«/2a and CG1 72 and TM311.7

In summary, one of the major limi-
tations in evaluating the Tm isoform
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Figure 14. Expression profile of Tm isoforms coded by the TPM3 gene in a panel of mouse tissues. Equal loading (20 j.g) of total cellular protein iso-
lated from different mouse tissues was electrophoresed on 12.5% SDS gels and individual protein gel blots probed with the (A) y/9a, (B) y/9¢, (C) y/9d

composition in either cell lines or tissues
is the similarity in the apparent molecu-
lar weights when 1-D gel electrophoresis is
performed. 2-D electrophoresis may allow
for the identification of additional LMW
isoforms as some display distinct pl values
(Table 4). In some cases quantitative PCR
will be the best methodology to assess the
presence and quantity of different Tm iso-
forms, albeit at the mRNA level.

Tm isoforms mark distinct actin fila-
ment populations. Distinct intracellular
subcellular sorting of different Tm iso-
forms has to date been documented in
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various cell model systems both in vitro
and in vivo (reviewed in refs. 1 and 7).
This observed sorting of Tm isoforms
implies the existence of distinct popula-
tions of actin filaments, marked by Tm
isoforms, influencing the dynamics and
organization properties of the filaments.!
In order to further evaluate the perfor-
mance of the Tm antibodies described
above, immunofluorescence staining was
performed on two cell lines, normal and
tumor cells, mouse primary embryonic
fibroblasts and the neuroblastoma B35
cells, respectively. The choice of cells is
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based on the fact that these cells (1) dis-
play in the case of the mouse primary
fibroblasts, a well organized actin cyto-
skeleton,® (2) exhibit specific structures
such as ruffling membrane and filopodial,
(3) according to Figures 10—12 express
various Tm isoforms and (4) represent two
commonly used cell types. At the level of
resolution of an epifluorescence micro-
scope, a clear localization of Tm to actin
stress fibers was far more evident in the
normal mouse primary embryonic fibro-
blasts than in the neuroblastoma B35 cells
(compare Figs. 16-18 to 19-21). Subtle
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Figure 15. Expression profile of Tm isoforms coded by the TPM4 gene in a part of mouse and rat tissues. Equal loading (20 .g) of total cellular protein
isolated from different mouse (A-D) and rat (E) tissues was electrophoresed on 12.5% SDS gels and individual protein gel blots probed with the (A and
B) 8/1b, (C) WD4/9d and (D and E) LC24 antibodies. For part (B) the tissues were either unboiled or boiled in order to enrich for Tm.

differences among the Tm antibodies con-
sist primarily on whether the staining for
the Tms extends to the periphery of the
cell and the intensity of staining, reflect-
ing the levels of expression. Comparison
of the staining patterns of the TM311
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(Tm1, 2, 3, 6, Brl) with the a/1b (Tmb5a,
5b, Br2, Br3) antibodies demonstrates
the diminished staining of TM311 at the
periphery of the cell whereas the a/lb
extends and is enriched at the cell periph-
ery, seen in both the mouse fibroblasts
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(Fig. 16K compared to L, arrows) and
rat B35 cells (Fig. 19K compared to L,
arrows). This observed staining strongly
suggests that Tm5>a/5b are peripherally
enriched isoforms and this correlates with
the apical enrichment of these isoforms in
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epithelial cells.”* Similarly, the o/9d anti-
body which detects the HMW Tms, 1, 2,
3, 6 and the LMW Tmb5a, 5b is also seen
to extend to the cell periphery in mouse
fibroblasts (Fig. 16M, arrow) and B35
cells (Fig. 19M and arrow) although not
as dramatically as for the a/1b antibody.
The CG1 (Tm1) antibody detects promi-
nent stress fibers in the mouse fibroblasts
(Fig. 16D and N, arrow) and staining is
absent in the B35 cells (Fig. 19N). The
CGB6 (Tm2, 3) antibody is seen to detect
stress fibers with a striated appearance
most prominent in the B35 cells (Figs.
16E and 19E, see inset). Both the y/9d
(Tm5NM1, NM2) and CG3 (all TPM3
cytoskeletal products) antibodies detect
stress fibers and no enrichment of stain-
ing is seen at the cell periphery (Fig. 17E,
F and 20E and F, arrows). The WD4/9d
antibody identifies stress fibers best seen in
the mouse fibroblasts as compared to the
B35 cells (Fig. 18E compared to 21E) and
staining is reduced at the cell periphery,
most apparent in the mouse fibroblasts
(Fig. 18E, arrow). Finally, the LC24 anti-
body exhibits stress fiber staining in the
human immortal fibroblasts and B35 cells
(Figs. 18F and 21F) while no staining was
detected in the mouse fibroblast cells (data
not shown). There is a significant differ-
ence in the pattern of LC24 staining seen
between the human immortal cells and
the B35 cells, with a more even intensity of
staining seen in the immortal cells while
in the B35 cells the staining is significantly
diminished at the cell periphery (Fig. 18F
compare to 21F, arrows).

In conclusion, at the level of resolu-
tion of an epifluorescence microscope
the major differences among the various
Tm antibody staining patterns was their
enrichment at the cell periphery. In addi-
tion, subtle differences among the dif-
ferent cell types, normal and immortal
fibroblasts, were observed.

Subcellular localization of individu-
ally tagged Tm isoforms. One of the
major drawbacks of using the Tm anti-
bodies to evaluate the subcellular local-
ization of Tms is that the majority of
antibodies do detect several isoforms. In
order to investigate the intracellular local-
ization of individual Tm isoforms, specific
isoforms have been cloned into plasmids
containing YFP or GFP (yellow or green
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Table 4. Theoretical isoelectric focusing points

Apparent molecular weights

Tm isoform Theoretical pl
on SDS PAGE gels (kDa)

Tm6 40 4.70
Tm1 38 4.63
Tm2 36 4.69
Tm3 34 4.69
Tmb5a 30 4.74
Tm5b 30 4.75
TmBr1 34 4.69
TmBr2 30 4.84
TmBr3 30 4.74
Tm5NM1 30 4.72
Tm5NM2 30 4.73
Tm5NM5/1 30 4.71
Tm5NM6/3 30 4.69
Tm5NM4 30 4.79
Tm5NM7 30 4.81
Tm5NM8 30 4.71
Tm5NM9 30 4.69
Tm4 30 4.65

ExPASy Proteomics server (http://expasy.org/tools/pi_tool.html) was utilized to determine the

theoretical pl value.

fluorescence protein) or hemagglutinin
(HA) tags (Table 5). Surprisingly, the
addition of a 27 kDa YFP or GFP pro-
tein to the N-terminal end appears not to
interfere with the head-to-tail association
of the Tm dimers, as these tagged proteins
are quite capable of forming polymer like
structures that colocalize with actin fila-
ments.”” In addition, YFP.Tm5NMI has
been shown to have a direct role in cell
migration as its expression in Tm5SNMI1
null cells rescued the phenotype further
demonstrating the functionality of tagged
Tms.”* The concern encountered with
transfection studies is the fidelity of sort-
ing, as overexpression of these tagged iso-
forms may lead to the saturation of pools
and hence inappropriate subcellular local-
ization. However, recent studies in U20S
cells have shown remarkable fidelity of
sorting of these tagged Tms.*!
Overexpression and targeted gene
siRNA knockdown in vitro based meth-
ods to study Tm isoform specific func-
tion. In order to evaluate the biological
function of the different Tm isoforms,
overexpression (Table 6) and siRNA
knockdown (Table 7) methodology has
been employed. The overexpression stud-
ies have shed light on the importance of
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Tm isoforms in defining the organizational
properties and molecular composition of
actin filaments ultimately influencing the
overall morphology of cells.!'®*7780 In
addition, overexpression studies comple-
mented with targeted gene siRNA knock-
down experiments have demonstrated the
importance of specific Tm isoforms in reg-
ulating the structure and dynamic proper-
ties of focal adhesions.”*®" Finally, recent
siRNA knockdown experiments have
played an important role in establishing
the nonredundant roles of Tm isoforms in
stress fiber assembly.”!

The development of mouse models to
study tropomyosin. The primary objec-
tive for the generation of Tm gene modi-
fied mice has been to study the disease
process of various human myopathies.
Mutations in both the TPM2 and TPM3
genes are associated with diseases of skel-
etal muscle such as nemaline myopathy,
distal arthrogryposis and most recently
“cap” disease. TPMI gene mutations
have been linked to familial hypertrophic
cardiomyopathy and dilated cardiomy-
opathy (reviewed in refs. 82-84). The
current mouse models that recapitulated
these human myopathies are listed in
Table 8. It is noteworthy to mention that
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Figure 16. For figure legend, see page 155.
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Figure 16 (See opposite page). Inmunofluorescence staining of mouse primary embryonic fibroblasts with antibodies directed to Tm isoforms
coded by the TPM1 and TPM2 genes. (A-E) Tms in green, (F-J) yactin in red and (K-O) merge images. Nuclei were visualized with DAPI. Arrows in (K-O)
denote the cell periphery and in (N) stress fibers. Bar = 10 pm.

Figure 17. Immunofluorescence staining of mouse primary embryonic fibroblasts with antibodies directed to Tm isoforms coded by the TPM3 gene.
(A and B) Tms in green, (C and D) yactin in red and (E and F) merge images. Nuclei were visualized with DAPI. Arrows in (E and F) denote the cell periph-

ery.Bar =10 um.

although the Tm mutations linked to
human diseases are known to exhibit clin-
ical abnormalities mostly restricted to the
heart and skeletal muscle, these mutations
are present in exons shared by numerous
other Tm isoforms (see Tables 2 and 3).%
All known cardiomyopathies carry muta-
tions in Tm isoforms specific to the central
nervous system including TmBrl, TmBr2
and TmBr3. In the skeletal muscle myopa-
thies, mutations in the TPM3 gene occur
in exons 3, 5 and 8 which are common
to all the Tm isoforms (Tm5NMI-11)
encoded by this gene. Hence, it is pos-
sible that these patients may also display
uncharacterized pathologies in organs
other than skeletal muscle or the heart.
Unfortunately, in the case of the mouse
models, it is not possible to address the
impact that these Tm mutations may have
in other organs since the altered Tms are
expressed in a tissue-specific manner. The
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human skeletal muscle actin or the cardiac
specific a-myosin heavy chain promoters
were used to generate these transgenic
mice.

Various other genetically modified
mouse models have been generated pri-
marily to dissect the functional differ-
ences among the isoforms and are listed
in Table 9. The knockout mouse models
reveal that the Tm genes are essential for
life as deletion of the TPM1, 2 and 3 genes
are embryonic lethal and offer further evi-
dence for the non-redundant nature of the
mammalian Tm genes.**** To date, two
transgenic mouse models exist that have
overexpression of the cytoskeletal Tm iso-
forms, Tm3 and Tm5NM1, in majororgans
as the transgene is driven by the human
B-actin promoter.”® The Tm3 transgenic
mice demonstrate dystrophic features per-
haps due to increase sensitivity to contrac-
tile-induced stress.®®' In the case of the
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TmSNM1/NM2 knockout mice, lack
of these isoforms leads to T-tubule dys-
morphology and altered skeletal muscle
function.”? Both the Tm3 and Tm5NM1
transgenics together with the comple-
mentary Tm5NM1 knockout mice have
become valuable resources for the isolation
of primary embryonic cells such as neu-
ronal and fibroblast cells. Primary corti-
cal neurons isolated from these mice have
revealed the importance of Tm isoforms
in the development and maintenance of
neuronal morphogenesis, previously only
localization

inferred from subcellular

studies.'®:80:%3

Materials and Methods

Antibodies. Table 3 lists the Tm antibod-
ies used in this report. The most suitable
dilutions for protein gel blot analysis for
the affinity purified mouse monoclonal
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WD4/9d

Figure 18. Immunofluorescence staining of fibroblasts with antibodies directed to Tm isoforms coded by the TPM4 gene. (A and B) Tms in green,
(Cand D) yactin in red and (E and F) merge images. Nuclei were visualized with DAPI. (A, C and E) correspond to mouse fibroblasts and (B, D and F)
human immortalized fibroblast cells. Arrows in (E and F) denote the cell periphery. Bar = 10 pm.

antibodies were as follows: TM311 (Cat#
T2780, Sigma) at 1:500; a/2a at 1:1,000;
a/9b; CHI (Cat# T9283, Sigma) at 1:50;
v/9a at 1:500; y/9c at 1:500; y/9d at
1:500 and &/1b at 1:1,000. We used the
hybridoma supernatant for the follow-
ing mouse monoclonal antibodies, CGl
at 1:100, CGPB6 at 1:100; LCI1 at 1:250;
CG3 at 1:250, LC24 at 1:100 and o/9c¢
(clone#554, kind gift from Jim Lessard,
Cincinatti Children’s Hospital Medical
Center, Ohio, USA) at 1/500 dilutions.
The primary rabbit polyclonal WD4/9d
was used at 1:500 dilution. The «/9d,
v¥/9a, y/9¢ and y/9d mouse monoclo-
nal antibodies were generated by ini-
tial synthesis of a peptide conjugated to
diphtheria toxin (Millipore). The a/2a,
a/9b, y/9a and 8/1b mouse monoclonal
antibodies were generated by initial syn-
thesis of a peptide conjugated to keyhole
limpet hemocyanin (KLH) (ProMab
Biotechnologies, Inc., CA USA). The sec-
ondary antibodies for protein gel blotting
were anti-rabbit IgG horseradish peroxi-
dise-linked whole antibody (from donkey)
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(Cat# NA9341ML) and anti-mouse IgG
horseradish peroxidise-linked whole anti-
body (from sheep) (Cat# NA9311ML)
(GE Healthcare). For immunofluores-
cence staining essentially the same dilu-
tion as that used for protein gel blotting
was employed. The actin cytoskeleton was
visualized by double immunostaining with
the anti-sheep yactin antibody at 1:1,000
dilution.®® The secondary antibodies were
alexa Fluor® 555 goat anti-rabbit IgG (H +
L) (Cat# A-21428), alexa Fluor® 488 goat
anti-rabbit (Cat# A-11008), alexa Fluor®
555 goat anti-mouse IgG (H + L) (Cat#
A-21422) and alexa Fluor® 488 goat anti-
mouse IgG (H + L) (Cat# A11001) and
alexa Fluor® 555 donkey anti-sheep IgG
(H + L) (Cat# A21436) (Invitrogen).
Recombinant Tms expression con-
structs. The pPROEX HT prokary-
otic expression system (Gibco BRL,
Invitrogen; Melbourne, Australia) or the
pET bacterial plasmid systems were used
for the production of recombinant Tm
isoform proteins. The Tm cDNAs (Tm?2,
3, 5a, 5b and NM1 in pGEX plasmids)
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were originally supplied by D. Helfman
and hTml, hTm2, hTm3 and hTm4 in
the pET bacterial plasmid system were
supplied by J.J.C Lin. The remaining
Tm isoforms made in-house were PCR
amplified and cloned into the pPROEX
HT vector using restriction enzymes
engineered into the PCR primers. All Tm
constructs were verified by sequencing.
A protocol for induction of recombinant
protein was as previously described in ref-
erence 60.

Cell culture. Human immortalized
embryonic fibroblasts were a gift from
the Weinberg laboratory and cultured
as previously described in reference 96.
The primary mouse embryonic fibro-
blasts were isolated and cultured as previ-
ously described in reference 60. The rat
neuroblastoma B35 cells were cultured
as previously described in reference 16.
The cells were maintained in DMEM,
10% fetal calf serum at 37°C humidified
atmosphere with 5% CO,.

Enrichment of Tm protein by heat.
Mouse tissues were homogenized in
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Figure 19. Immunofluorescence staining of B35 cells with antibodies directed to Tm isoforms coded by the TPM1 and TPM2 genes. (A-E) Tms in green,
(F-J) yactin in red and (K-O) merge images. Nuclei were visualized with DAPI. Arrows in (K-M) denote the cell periphery. Bar = 10 pm.
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Figure 20. Immunofluorescence staining of B35 cells with antibodies directed to Tm isoforms coded by the TPM3 gene. (A and B) Tms in green, (C and
D) yactin in red and (E and F) merge images. Nuclei were visualized with DAPI. Arrows in (E and F) denote the cell periphery. Bar = 10 wm.

Figure 21. Immunofluorescence staining of B35 cells with antibodies directed to Tm isoforms coded by the TPM4 gene. (A and B) Tm in green, (C and
D) yactin in red and (E and F) merge images. Nuclei were visualized with DAPI. Arrows in (E and F) denote the cell periphery. Bar = 10 wm.

50 mM Tris-Cl, pH 8.0, a sample rep-
resenting the unheated one was taken
and the remainder heated to 95°C for
10 min. After cooling on ice the samples
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were centrifuged for 10 min at 13,000 g
and the supernatant transferred to a clean
eppendorf. The chloroform/methanol

extraction protocol previously described
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in reference 97, was used to concentrate
the samples. The protein pellets were
solubilized in RIPA buffer (50 mM
Tris, 150 mM NaCl, 5 mM EDTA,
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Table 5. Expression of fluorescently tagged Tm isoforms to study intracellular localization

Tm isoforms Cell type and intracellular localization

Both HA and GFP tagged Tms were found in stress fibers and extended
into the lamellipodia and filopodia of spreading cells. HA-Tm4 and
Tm5NM?1 are more enriched in the lamellipodia region than the other Tms.
Rat mammary adenocarcinoma MTLn3 and REF cells.

HA-Tm1, 2, 3, 4, 5NM1
GFP-Tmf, 2, 3, 4, 5NM1

GFP-muscle oTm, Tm1, All except for Tm4 incorporated into sarcomeres. Incorporation of Tm4
Tm2, Tm3, Tm4, Tm5a, into sarcomeres was dependent on the presence of the other Tms.
Tm5NM1 Neonatal rat cardiomyocytes.

Tm3 was found to be less abundant at the cell periphery compared to
Tm5b and Tm5NM1.
C2C12 mouse myoblasts.

YFP-Tm3, Tm5NM1
GFP-Tm5b

Each isoform associated with transverse arcs and ventral stress fibers.
Within dorsal fibers, Tm2 was found along the entire fiber, whereas Tm1,
Tm5NM1 and Tm5NM2 concentrated at the distal ends. Tm3 and Tm4
localized proximally to focal adhesions.

Live cell imaging of newly forming focal adhesion shows the presence of
Tm5NM2 followed by Tm2.

Human osteosarcoma U20S cells.

YFP-Tm1, 3, 4, 5NM1, 5NM2
GFP-Tm2

Table 6. Summary of genetically modified cell lines

Parental Line Tm isoform
B35 rat neuroepithelial Rat TmBr1, stable overexpression
B35 rat neuroepithelial Rat TmBr3, stable overexpression
B35 rat neuroepithelial Rat Tm3, stable overexpression

B35 rat neuroepithelial

RAW264.7 mouse macrophage Mouse Tm2, stable overexpression
RAW264.7 mouse macrophage Mouse Tm3, stable overexpression

RAW264.7 mouse macrophage Mouse Tm4, stable overexpression

Mouse Cells isolated from the 129-Tpm3tm!(neciA9diPgun

Primary Mouse Embryonic Fibroblasts
Lack Tm5NM1 and NM2

Human Tm5NMT, stable overexpression

Reference
104
105
75
21
Reference
81
16, 81
79,106
16, 76, 106, 107
78
78
77
76,90

1% Nonidet P-40, 0.1% SDS, 1% Na
Deoxycholate) followed by estimation of
the protein concentration.
Immunofluorescence staining. For
all the antibodies reported here, cells
were washed gently three times with
warm PBS, to avoid disrupting delicate
structures such as ruffling membranes
and/or filapodia, fixed with 4% parafor-
maldehyde in PBS for 15 min, washed
three times with PBS and permeabilized
with chilled methanol for 15 min. Non-
specific binding was reduced by incuba-
tion with 2% fetal bovine serum for 1 h.
Primary antibodies were diluted in PBS
and incubated at room temperature for

www.landesbioscience.com

1 h followed by three washes with 2%
fetal bovine serum. The secondary anti-
bodies, diluted at 1:1,000, were incubated
in the dark for 1 h, washed three times
with PBS and coverslip mounted using
FluorSave™ Reagent (Calbiochem). If
using this type of mounting media the
coverslip must be completely sealed with
nail polish. Nuclei were visualized with
DAPI staining. Coverslips were examined
using the AxioSkop 40 microsope (Carl
Zeiss).

Gel electrophoresis and immunob-
lotting. The preparation of total protein
lysates from the cell lines and differ-
ent mouse tissues and analysis by SDS
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PAGE gel electrophoresis is essentially as
described in reference 60. Protein con-
centration was estimated using a BCA
protein detection kit (Pierce; Rockford,
IL) and equal protein loading was exam-
ined by staining the protein gel blots with
0.1% (w/v) Coomassie blue R350, 20%
(v/v) methanol and 10% (v/v) acetic acid.
A total of 0.5 pg of recombinant proteins,
10 pg of cell line and 20 g of animal
tissues lysates were loaded. Following
the transfer of proteins to Immobilon-P
PVDF membrane (Millipore Corp.,
Bedford, MA) for 2 h at 80 V, non-spe-
cific binding on the blot was blocked
with 5% low-fat skim milk in TBS (100
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Table 7. Summary of published knock-down siRNA sequences

Gene/exon

TPM3 gene: exon 9d

Tm isoform

Tm5NM1, Tm5NM2

Tm2/3 Tpm1: exons 1a and 2b
Tm4 Tpm4:3' UTR
Tm1 TPM2
Tm2/3 TPM1
Tm5NM1/2 TPM3
Tm4 TPM4

Table 8. Tm mouse models that recapitulate human myopathies

Gene affected
) Human myopathy
(Tm isoform)
TPM3
(aTm,  carrying the
Met9Arg mutation)

Nemaline myopathy

Tpm1
(oTm muscle isoform Familial hypertrophic
carrying the Asp175Asn cardiomyopathy
mutation)
Tpmi

(oTm muscle isoform
carrying the Glu180Gly
mutation)

Familial hypertrophic
cardiomyopathy

Tpmi
(oeTm muscle isoform
carrying the Glu54Lys
mutation)

mM Tris-Cl, pH 7.5, 150 mM NaCl)
solution for 1 h. Primary and secondary
[anti-rabbit, anti-sheep and anti-mouse
Ig-conjugated horseradish peroxidise (GE
Healthcare)] antibodies were incubated
for 1 to 2 hr each, and 4 x 15 min washes
with TTBS (TBS with 0.05% Tween
20) were carried out following each
antibody incubation. The protein gel
Lighting Chemiluminescence Reagent
(PerkinElmer Life Sciences; Boston, MA)
was used to develop the blots and blots
were then exposed to Fuji X-ray Film

(Kodak; Rochester, NY).
Concluding Remarks

Our current understanding of the func-
tional significance of Tm in regulating the
organizational properties and dynamic
nature of the actin cytoskeleton has
stemmed from the use of multiple valuable
tools developed over the last few decades.
This paper provides a summary of the
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Dilated cardiomyopathy

Species Sequence Reference
Human siRNA: 5'-AAA GAG GAG CAC CTC TGT ACA tt-3' (sense) 76,106
Mouse siRNAT: 5-AAC UCA AGG GCA CUG AAG Att-3' (sense) 78
siRNA2: 5-GAU GCU GAA GCU CGA CAA Att-3' (sense)
Mouse siRNAT: 5'-CCC AGA GCA AAA AUU AAC Att-3' (sense) 77
siRNA 2: 5'-CCU ACU CUG UUC UUU ACG Utt-3' (sense)
Human 5'-AAG CAC ATC GCT GAG GAT TCA-3' 21
Human 5'-AAG CTG GAG CTG GCA GAG AAA-3' 21
Human 5'-AAA AGC TGG AAG AAG CTG AAA-3' 21
Human 5'-AAT TAA ACT TCT GTC TGA CAA-3' 21
Comments Reference
Human aTm__ carrying the Met9Arg mutation driven by the human skeletal
muscle promoter. 108
Mice exhibit late onset nemaline myopathy.
oTm,  carrying the Asp175Asn mutation driven by the cardiac specific
a-myosin heavy chain promoter. 109
The hearts exhibit a mild hypertrophic phenotype
oTm, _ carrying the Glu180Gly mutation driven by the cardiac specific
a-myosin heavy chain promoter. 110

The hearts develop 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.

aTm,  carrying the Glu54Lys mutation driven by the cardiac specific a-myosin

heavy chain promoter.
Recapitulates dilated cardiomyopathy and mice exhibit changes in

m

myofilament Ca** sensitivity.

information that is known for the four
tropomyosin genes found in higher ani-
mals and an extensive list of the molecular
tools and methods that have been com-
piled to aid in the study of these proteins.
This paper has been approached from the
point of view of a researcher/student who
is unfamiliar with this family of proteins.
We therefore, have included an overview
of the evolution and regions of amino
acid conservation between these genes
from selected chordate species as well as
information on alternative exon splicing,
isoform diversity, and the ability of Tm to
form distinct actin filament populations
within a cellular environment. An attempt
has also been made to clarify much of
the misleading nomenclature (Table 2)
and incorrect exon sequences that are
frequently encountered when attempt-
ing to retrieve Tm sequences from online
genomic and proteomic databases. The
extensive list of Tm antibodies (Table 3)
and fluorescently labeled Tm constructs
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(Table 5) that have been profiled for this
paper, as well as the functional charac-
terization of specific Tm isoforms using
transgenic and knockout mouse models
(Table 8 and 9), will provide valuable ref-
erence information and aid in experimen-
tal work for any newcomer to this field.
We highlight the fact that due to the
high degree of evolutionary conservation
between Tms in vertebrate species, the
tools presented in this paper are likely
to be useful to researchers working with
a wide range of animal models. A field
of research where the work presented in
this paper would be of particular value
is in MALDI-TOF (matrix assisted laser
desorption/ionization-time of flight) mass
spectrometry. Fragmented protein sam-
ples which are analysed by MALDI-TOF
mass spectrometry and then compared
to peptide databases will often return
numerous hits for Tms. Due to the high
degree of similarity between the four Tm
genes, determining specific Tm isoforms
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Table 9. Tm mouse models generated to study the functional differences among the isoforms

Gene affected
(Tm isoform)

Tpm1
(Tm3)

TPM3
(Tm5NM1)

Tpm3
(yTm muscle)

Tpm1
(oTm muscle)

Tpm2
(BTm muscle)

(Chimerica/BTm-1)

(Chimeric a/BTm-3)

(Chimeric a/BTm-2)

Tpm3
(Deletion of all
cytoskeletal products
from the Tpm3 gene)

Tpm3
(Deletion of TM5NM4
and Tm5NM?7)

Tpm3
(Deletion of TM5NM1
and Tm5NM2)

Tpm1
(Deletion of the
muscle oTm isoform
from the Tpom1 gene)

Tpm2

(Deletion of the
muscle BTm isoform
from the Tpom1 gene)

www.landesbioscience.com

Comment

Rat Tm3 driven by the human B-actin promoter.
The transgene causes alterations in Tm3-associated actin filaments, resulting in dystrophic features in
some skeletal muscles and susceptibility to exercise-induced damaged and reduced neurite outgrowth in
isolated cultured neurons.

Human Tm5NM1 driven by the human B-actin promoter.
The transgene results in alterations in Tm5NM1-associated actin filaments that enhance neurite out-
growth in isolated cultured neurons.

aTm,_  driven by the cardiac specific «-myosin heavy chain promoter.
No morphological abnormalities in the sarcomeres of the heart. However, physiological assessment of

the hearts reveals a hyper dynamic effect on systolic and diastolic performance.

aTm,  driven by the cardiac specific a-myosin heavy chain promoter.
The hearts from these mice exhibit no morphological or physiological changes.

BTm driven by the cardiac specific a-myosin heavy chain promoter.

No morphological or pathological alterations in cardiac morphology or sarcomeric structures are
observed. However, there is an increase in the activation of the thin filament by strongly bound cross-
bridges, an increase in the Ca?" sensitivity and a decrease in the rightward shift of the Ca?*-force relation
induced by cAMP-dependent phosphorylation.

Chimera 1: o,Tm:aa 1-257 and BTm: aa 258-284. Substitution of the carboxyl terminal end of aTm for that
of BTm. Transgene driven by cardiac specific a-myosin heavy chain promoter.
No morphological or pathological changes are observed in the hearts or myofibers. However, hearts
exhibit functional alterations in cardiac performance with a decrease in their rates of contraction and
relaxation.

Chimera 3: replaces aa 175-190 of o Tm with the corresponding sequence in BTm. Transgene driven by
cardiac specific a-myosin heavy chain promoter.
No morphological or pathological changes are observed in the hearts. However, there were decreases in
the maximum rates of contraction and relaxation.

Chimera 2: replaces aa 175-190 and 258-284 of o Tm with the corresponding sequence in BTm. Transgene
driven by cardiac specific a-myosin heavy chain promoter.
Hearts exhibit abnormalities in cardiac performance, especially with decreases in their rates of contrac-
tion and relaxation.

Targeted deletion of exon 1b from the Tpm3 gene eliminating all cytoskeletal products from this gene.
Embryonic lethal.

Targeted deletion of exon 9c from the Tpm3 gene eliminating TM5NM4 and Tm5NM?7.
Histological examination of the brains from these mice reveals no gross morphological defect.

Targeted deletion of exon 9d from the Tom3 gene eliminating TM5NM1 and Tm5NM2.
Skeletal muscle from these mice have altered excitation-contraction coupling.
Small impact on neurite outgrowth in isolated cultured neurons.

Primary embryonic fibroblasts have altered motility properties.

Mice die between embryonic day 9.5 and 13.5

Embryonic lethal.
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Reference

65, 80, 90, 9

16, 80, 92

112

110, 113

93,114, 115

116

17

118

87

119

1

76, 90, 92, 93

86

84, Rajan an
Wieczorek,

d

unpublished

data
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from MALDI-TOF data is difficult. We
strongly advise that an alignment of all the
peptides generated via this methodology
should be performed. The use of Figures
2-5, which show the amino acid sequence
alignment of the Tm genes from 6 animal
species, should provide the exon structure
and ought to narrow down the identifica-
tion of the Tm isoform(s) of interest.
There are however, a lot of questions
still to be answered regarding the func-
tion of this family of proteins and one
of the most intriguing is whether actin
filaments consist of homo-polymers of a
specific Tm isoform. Eventhough muscle
Tms can form homodimers, & and B Tms
prefentially form stable a/f heterodimers
in native muscle. The assembly preference
of the cytoskeletal Tms still remains to be
established in an in vivo setting (reviewed
in ref. 94). The recent development of
super high-resolution fluorescent micros-
copy techniques (e.g, PALM, STED
microscopy, etc.,),” may allow for a much
clear discrimination of individual actin
filaments populations defined by different
Tm isoforms. This technology could also
be used to define the molecular composi-
tion of actin filaments not only identify-
ing the Tm isoform but potentially other
actin binding/signalling proteins associat-
ing with a specific population of filaments.
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