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Charged residue changes in the carboxy-terminus of
a-tropomyosin alter mouse cardiac muscle contractility
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Striated muscle tropomyosin (TM) is an essential thin filament protein that is sterically and
allostericallyinvolved in calcium-mediated cardiac contraction. We have previously shown that
overexpressing the 3-TM isoform in mouse hearts leads to physiological changes in myocardial
relaxation and Ca’" handling of myofilaments. Two important charge differences in 3-TM
compared to a-TM are the exchange of serine and histidine at positions 229 and 276 with
glutamic acid and asparagine, respectively, imparting a more negative charge to 3-TM relative
to a-TM. Our hypothesis is that the net charge at specific sites on TM might be a major
determinant of its role in modulating cardiac muscle performance and in regulating Ca**
sensitivity of the myofilaments. To address this, we generated transgenic (TG) double mutation
mouse lines (a-TM DM) expressing mutated a.-TM at the two residues that differ between -
and 3-TM (Ser229Glu + His276Asn). Molecular analyses show 60—-88% of the native TM is
replaced with a-TM DM in the different TG lines. Work-performing heart analyses show
that a-TM DM mouse hearts exhibit decreased rates of pressure development and relaxation
(+dP/dtand-dP/dt). Skinned myofibre preparations from the TG hearts indicate a decreasein
calcium sensitivity of steady state force. Protein modelling studies show that these two charge
alterations in a-TM cause a change in the surface charges of the molecule. Our results provide
the first evidence that charge changes at the carboxy-terminal of a-TM alter the functional
characteristics of the heart at both the whole organ and myofilament levels.
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The sarcomere is a complex array of thin and thick
filaments that interact sterically and allosterically to
regulate cardiac muscle activation. Tropomyosin (TM), an
essential thin filament protein that interacts with actin and
troponin (Tn), regulates muscle contraction in a Ca*"-
dependent manner. Its movement along actin in response
to calcium binding to troponin C (TnC) unmasks myosin-
binding sites and allows for crossbridge formation.

In vertebrates at least 20 TM isoforms are generated by
alternative transcription of the four TM genes (Helfman
et al. 1986; Ruiz-Opazo & Nadal-Ginard, 1987; Clayton
et al. 1988; Gunning et al. 1990; Lees-Miller et al. 1990a,b)
and by alternative splicing (Lees-Miller & Helfman, 1991).
Of the four TM genes, only three are cardiac specific: «-
TM, B-TM and TPM 3 (Gunning ef al. 1990; Lees-Miller
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& Helfman, 1991; Pieples & Wieczorek, 2000). The «-
and B-isoforms have been studied most extensively, and
the amino acid sequences share 87% homology. However,
differences in the ratios of these isoforms have been noted
between fast and slow twitch muscles (Schachat et al. 1987),
suggesting functional differences.

Although several in vitro studies have defined
the biological nature of TM, recent transgenic (TG)
approaches have explicitly shown that altering the TM
isoform population or mutating TM protein in mouse
hearts affects cardiac muscle contractility (Muthuchamy
et al. 1995; Palmiter et al. 1996; Prabhakar et al. 2001).
Normally, the adult mouse heart contains 98% «-TM
to 2% B-TM (Muthuchamy et al. 1993), but mouse
hearts expressing 55% B-TM display diastolic dysfunction,

DOI: 10.1113/jphysiol.2003.058487



532 R. D. Gaffin and others

including increased time to half-relaxation and decreased
maximum rates of relaxation (Muthuchamy et al. 1995),
increased calcium sensitivity in skinned fibre preparations
(Palmiter et al. 1996), and both decreased maximal rates
of contraction and relaxation in isolated cardiomyocytes
(Wolska et al. 1999). In mouse hearts expressing a very
high amount of 8-TM (75-80%), death ensued about 10—
14 days after birth along with severe cardiac abnormalities
including thrombi formation in the atria lumen and the
subendocardium of the left ventricle. In addition, physio-
logical analyses using ventricular strips revealed severe
contractile and relaxation defects (Muthuchamy et al.
1998).

A potential mechanism for the difference in function
between these two isoforms is the two charge modifications
in B-TM, Ser229Glu and His276Asn, which give it a more
negative charge than a-TM. These charge changes could
affect its interactions with neighbouring thin filament
molecules (McLachlan & Stewart, 1976; Lorenz et al.
1995) and may account for weaker binding of fast skeletal
B-TM to troponin T (TnT; Thomas & Smillie, 1994). This
could effectively cause conformational shifts throughout
the troponin complex, thus altering the calcium sensitivity
of the myofilaments. Furthermore, charge changes are
also responsible for four of the six known TM mutations
that cause familial hypertrophic cardiomyopathy (FHC):
Lys70Thr (Michele et al. 1999), Asp175Asn (Thierfelder
et al. 1993, 1994), Glul80Gly (Thierfelder et al. 1994),
and Glu180Val (Regitz-Zagrosek et al. 2000). In addition,
charge reversals in TM disrupt its association with actin
and lead to dilated cardiomyopathy (DCM) in two cases
(Glu40Lys and Glu54Lys; Olson et al. 2001). Thus, charge
changes in TM have great effects on its interactions with
other thin filament proteins and are often malevolent.
Hence, we hypothesized that the net charge at specific
sites on TM might be a major determinant of its role in
modulating cardiac muscle performance and in regulating
the Ca’* sensitivity of the myofilaments.

To test our hypothesis, we generated TG mice over-
expressing mutant «-TM protein in which two of the
amino acids at positions 229 and 276 are altered to the
corresponding amino acids of B-TM protein, namely
Ser229Glu and His276GIn. Results demonstrate that
mutant TM protein replaced endogenous TM protein in
the sarcomeres and affected cardiac muscle dynamics of
contraction and relaxation in work-performing hearts. In
addition, skinned papillary bundles from these TG mouse
hearts exhibit decreased Ca*"-sensitive force production;
however, there is no change in the maximum Ca*"-
activated tension. Furthermore, protein kinase A (PKA)-
dependent phosphorylation of myofilaments, as occurs
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during B-adrenergic stimulation, decreases the Ca®*
sensitivity of TG fibres in a manner similar to that seen
in control fibres. Protein modelling data suggest that these
charge changes in the o-TM alter the surface charge of
the molecule and the interaction distance between the
monomers of the coiled-coil structure for residues near the
charge changes. Thus, our data provide the first evidence
that charge modifications at the carboxy-terminus of
o-TM modulate the dynamics of muscle contraction and
relaxation at the whole heart level and alter the calcium
sensitivity in skinned myofilament preparations.

Methods
Generation of the transgenic construct

Site-directed mutagenesis was used to generate mutations
at codons 229, TCT to GAG, and 276, CAC to AAC,
in «-TM c¢DNA extracted from mouse hearts. The
a-TM mutant cDNA was then ligated to clone 26 which
contains the cardiac-specific «-MHC promoter (Sub-
ramaniam et al. 1991) and the human growth hormone
(hgh) polyadenylation (poly A) signal sequence. Mutations
were verified by sequencing.

BamH 1 enzyme was used to release the transgene
fragment (7.2kb) from the pBluescript I vector. The trans-
gene was purified using electroelution and the resulting
DNA suspended in 5 mm Tris-HCI, 0.1 mm EDTA, pH 7.4.
The purified DNA was microinjected into male pronuclei
of fertilized mouse ova for founder mouse generation.
These were identified using PCR as described (Walter
et al. 1989). PCR primers corresponding to nucleotide
sequences within the second intron of the MHC promoter
and the a-TM c¢DNA were annealed to genomic DNA
from ear clips producing a 234 bp fragment in TG mouse
tissue. An additional set of PCR primers, corresponding
to nucleotide sequences within the Nat-K* ATPase gene
were used as positive controls to verify the presence of
intact genomic DNA in both NTG and TG mice. All PCR
products were resolved on 1.8% agarose gels. Stable trans-
genic lines were raised by breeding the founder TG mice
with non-transgenic (NTG) cohorts. The generation of
transgenic mouse lines and all the experiments using the
mouse hearts were approved by the Texas A & M University
Animal Care Committee.

S1 nuclease mapping

Total RNA was isolated from both NTG and TG mouse
hearts using RNA-Stat 60 (Tel-Test, Friendswood, TX,
USA). RNA-DNA hybridization, followed by S1 nuclease
analyses, was conducted under conditions previously
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described (Wieczorek et al. 1985). To distinguish «-TM
229 transcripts from endogenous o-TM mRNAs, a PCR
probe that incorporates the second and third exon of
a-MHC (15 bp) and 262 nucleotides of the ¢-TM coding
region was utilized. In S1 nuclease mapping analyses,
this probe protects 262 nucleotides of endogenous
a-TM, whereas a 277 bp fragment is protected for mutant
a-TM transcripts. A control GAPDH probe was used for
quantitative purposes.

DNA probes for the hybridization reaction were
created using PCR. Single-stranded DNA probes
used for hybridization were labelled at the 3’-end

with  y-P  adenosine triphosphate (Amersham)
via T4 kinase (Invitrogen). The sequences for
the S1 probes were as follows: 5-TM primer,

5'-GCCCACACCAGAAATGACAGACAG-3'; 3-T™M
primer, 5'-GAGAAGCTACGTCAGCTTCAGCAT-3';
glyceraldehyde-3-phosphate dehydrogenase probe was
also prepared via PCR. Hybridized RNA-DNA strands
were electrophoresed on 6% polyacrylamide gels (19:1)
containing 8.3 M urea. Gels were dried and auto-
radiographed on Kodak X-Omat AR film. Densitometry
analysis of the resulting bands using Multi-Analyst
software (Bio-Rad) and phosphorimaging analyses were
conducted to determine RNA content. Quantification
was performed using the volume integration method
with subtraction of the tRNA control lane as background.
Three separate RNA gels were used to quantify the relative
levels of transcripts.

Gel electrophoresis and Western blotting

SDS-polyacrylamide gel electrophoresis was performed
according to the method of Laemmli (Laemmli, 1970).
Modified procedures from Pagani & Solaro (1984) were
used to isolate myofibrils from the heart with all solutions
being supplemented with 1 g ul™! leupeptin and 1 mm
phenylmethylsulphonyl fluoride. Protein concentrations
for each sample were determined using the BCA protein
estimation kit (Pierce). Protein (7.5 ug) was separated on
a10% SDS gel containing 3.4 m urea (Schachat et al. 1985)
and transferred to a nitrocellulose membrane according
to the method of Towbin et al. (1979) for Western blot
analysis. Primary antibody incubations in 5% non-fat milk
were performed with a 1:40 000 dilution of CH-1 anti-
body (from a 1.5 mg ml™! stock; Developmental Studies
Hybridoma Bank, University of Iowa) that recognizes
both endogenous and mutant forms of tropomyosin.
Secondary antibody incubations were performed with
goat anti-mouse IgG conjugated to horseradish peroxidase
(1:80 000; Sigma). Chemiluminescence (SuperSignal
West Pico; Pierce) was used as the detection agent.
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Densitometry on the resulting bands were performed
using Multi-Analyst software.

To verify equal loading of each sample, membranes
were stripped using ImmunoPure IgG elution buffer
(Pierce) and then re-probed with antisarcomeric actin
primary antibody (1:5000 dilution; Sigma) followed by
goat anti-mouse IgM (1:10 000 from a 0.6 mg ml™!
stock; Sigma) as the secondary antibody. The resulting
TM/actin ratio was used as an indicator of equal loading.
Chemiluminescence (SuperSignal, WestPico) was again
used as the detection agent. Western blot analysis of myo-
fibrillar proteins followed by quantification was performed
three times for each sample and the resulting mean values
+ s.e.M. calculated.

Physiological measurements of left ventricular
function

The isolated working heart preparations have been
described (Gulick et al. 1997). Briefly, age-matched male
mice (4-6 months) were anesthetized with sodium pento-
barbital (30 mgkg™', 1.p.) and the hearts immediately
excised. A 20 gauge cannula was tied onto the aortic stump
to allow the regulation and recording of mean arterial
pressure (MAP) and aortic flow (Transonic Flow Probe
Model T206; Transonic Systems Inc., Ithaca, NY, USA).
A silastic fluid-filled catheter was inserted through the
apex of the left ventricle to record intraventricular pre-
ssure. Left ventricular pressure was measured as systolic,
diastolic and end-diastolic pressure using the DigiMed
systems analysers BPA-2000, HPA-200, HPA-210 and LPA-
200 (Micro-Medical, Inc., Louisville, KY, USA). The fluid-
filled catheter system responded well within experimental
requirements without distortion up to a frequency of
600 beats min~'. A 20 gauge cannula was tied into
the left pulmonary vein to accommodate regulation on
recording of venous return (cardiac output). The catheter
was completely water-jacketed for improved temperature
(37.4°C) regulation of the Krebs-Henseleit solution that
was returned to the left side of the heart for anterograde
perfusion. Custom-designed software calculated heart
rate, MAP, left ventricular pressure, peak systolic pressure,
time to peak pressure, half-time of relaxation, the first
derivatives of the change in left ventricular systolic pressure
with respect to time (+dP/dt), left atrial pressure, and
perfusate temperature. The arterial Po,was 650 mmHg
and the Pco,~30 mmHg. The data are expressed as
mean =+ s.E.M. Starling curves were generated by linear
regression using Statview version 5.01 (Abacus Concepts
Inc., Berkeley, CA, USA).
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Skinned fibre preparations

Adult mice (3—4 months old; 25-35 g) were anaesthetized
with sodium pentobarbital (150 mg (kg body weight)~?,
1.M.) and the hearts quickly removed and put into
high-relaxing solution of the following composition (mm):
KCI 53.3, EGTA 10, MOPS 20, free MgCl, 1, MgATP
5.4, creatine phosphate 12. The pH of the solution was
adjusted to 7.0 with KOH. Papillary muscles from the
left ventricle were dissected, and small fibre bundles
~150-250 pm in width and 2-3 mm in length were
prepared. The fibre bundles were mounted between
clips on a micromanipulator and a force transducer.
Fibres were skinned for 30 min in high-relaxing solution
containing 1% Triton X-100. After skinning, the fibres
were initially washed with high-relaxing solution and then
sequentially bathed in low-relaxing solution. Compared
to high-relaxing solution, low-relaxing solution contains
0.1 mm EGTA. A resting sarcomere length of 2.2 um was
then established from laser diffraction patterns (Hibberd
& Jewell, 1982). Isometric tension was recorded on a
digital phosphor oscilloscope suite (Tektronix TDS 3014
with Wavestar software, Tektronix) after development in
solutions of varying pCa values. All solutions contained the
protease inhibitors pepstatin A (2.5 ug ml™'), leupeptin
(1 #g ml™!) and phenylmethylsulphonylfluoride (PMSF;
50 um).

After initial Ca®*—force relationships were established,
cAMP-dependent phosphorylation of skinned fibres was
induced by incubation in low-relaxing solution containing
100 um cAMP + 100 ngml™! calyculin A for 30 min
(Palmiter et al. 1996). Force development was again
recorded using similar solutions with the addition of
100 M cAMP + 100 ng ml~! calyculin A. Results are pre-
sented as mean =+ s.e.M. The force—pCa relation was fitted
to the Hill equation with non-linear analysis to derive the
pCasg (calcium concentration at 50% of maximum force)
and Hill coefficient using Prism software (Graphpad).
Shifts in the pCasy value and the Hill coefficient were
analysed using Student’s unpaired ¢ test, significance set
at P < 0.05.

Protein modelling

Atomic coordinates for the full length of TM are available
from the RCSB Protein Data Bank at www.rcsb.org/pdb
(PDB ID code 1C1G; Whitby & Phillips, 2000). The pdb
coordinates were read in the Xtalview (McRee, 1999), and
point mutations were made at positions 229 and 276. The
GRASP program (Nicholls et al. 1991) was used to perform
electrostatic analyses and surface rendering of TM. To
calculate the distance between the C-a carbon atom and
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carbonyl atom of the two strands of TM, we minimized the
mutant structure in the Insight II suite, using Discovery
(Accelrys).

Results

The generation of mutant ¢-TM DM mice o-TM cDNA
was subjected to site-directed mutagenesis to generate TCT
to GAG and CAC to AAC transitions at codons 229 and
276, respectively. This resulted in Ser— Glu and His— Asn
amino acids changes at 229 and 276 positions of «-TM.
The a-TM double-mutated (o-TM DM) cDNA was then
inserted into clone 26 at Sal I and Hind III sites, which
contains the cardiac-specific «-MHC promoter. The 3’
end was ligated to human growth hormone (hgh), a poly-
adenylation/termination sequence (Fig. 1A), which helps
ensure that the mutant transcript is processed correctly.
The sequence was then isolated from its vector, purified
via electrophoresis, and injected into male pronuclei to
produce founder TG mice. Germ-line transmission of the
transgene was confirmed by PCR analysis of DNA from
mice ear clips. Southern blot analysis was conducted to
verify the presence of the 7.2 kb transgene within the
genomic DNA of transgenic mice (data not shown). None
of the founder mice or their progeny demonstrated any
gross phenotypic alterations or reduced viability.

Replacement of a-TM with «-TM DM protein in
hearts of TG mice

Previous studies from our laboratory have shown that mice
overexpressing S-TM or mutant &-TM in the heart have
a concomitant decrease in endogenous «-TM; however,
the amount of total cardiac TM remains equal to the
levels seen in NTG hearts (Muthuchamy et al. 1995, 1999).
We wished to ascertain whether this same phenomenon
occurred in the ¢-TM DM TG mice. Thus, we analysed
both endogenous and mutant RNA and protein levels
in @-TM DM hearts. S1 nuclease protection assays were
conducted to determine the relative levels of endogenous
versus mutant TM mRNA. GAPDH transcript levels were
used as a control in quantification. In this assay, 20 g of
RNA from both NTG and TG hearts was hybridized to two
radioactively labelled probes, TM and GAPDH control.
Hybridized products were then subjected to digestion by
S1 nuclease and analysed as described (Muthuchamy et al.
1993). As shown in Fig. 1B, the 320 nucleotides probe can
distinguish between endogenous TM mRNA (262 nt) and
a-TM DM mRNA (277 nt). The band corresponding to o-
TM DM can be seen in all TG heart RNA samples. Note the
concomitant decrease in endogenous TM RNA levels when
compared to levels in NTG mice. Thus, a compensatory
mechanism exists at the molecular level that regulates TM
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levels in «-TM DM mice, consistent with our previous
overexpression studies (Muthuchamy et al. 1995, 1999).
Quantitative phosphorimaging and densitometry analyses
demonstrate that 89.2% mutant «-TM DM message is
present in TG line DM-A. DM-5 and DM-13 TG lines
have 56.6% and 49.9% mutant transcripts, respectively
(Fig. 1C).

To examine the effects of «-TM DM transgene
expression on the myofilament protein profile, we analysed
myofibrillar protein fractions of both TG and NTG hearts.
SDS-PAGE gels containing 3.4 M urea (Schachat et al
1985) effectively separate endogenous TM from «-TM
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DM protein (Fig. 2A). Western blot analyses of these gels
(Fig. 2B) show that NTG samples contain only one TM
species while the TG samples show two bands, the slower
migrating «-TM DM and the endogenous TM protein.
The reason for the slower migration of the «-TM DM may
be due to charge changes resulting from the mutations
at residues 229 and 276. Ser229Glu creates an additional
negative charge in the structure and His276Asn removes a
positive charge from o-TM. The net effect is a gain of two
negative charges in «-TM DM when compared to native o~
TM. However, it should be noted that these endogenous
and mutant «-TM bands were unable to be resolved in

A TCT ™ GAG His ® Asn
Ser ® Glu cac® aac
aa 229 276
BamH | q 2 3 BamH |
w-MHC promoter (5.5 kb) a=TM (1.1 kb) hgh (poly A
signal; 0.7 kb)
B o = o o i B '_E c
= = s B z £ zE
a A B2 Z % £ =E
I c-TM DM TG RNA
- 4 . 310 20 [—1Endogenous TM RNA
281 £
Mutant 771 ST 1.5
WT ' - 28 T
w ESG 104
GAPDH . a 0.5
Peww = o
' NTG  DM-5 DM-13 DM-A

4—7p TM probe

4—p o-TM (constructs)

4 o-TM endogenous

Figure 1. a-TM DM construct and mRNA expression

A, schematic representation of the TG construct. The mutant TM (Ser229Glu + His276Asn) was linked to the
a-MHC promoter (Subramaniam et al. 1991) and used to generate multiple lines of TG mice. The human growth
hormone polyadenylation site (hgh poly A) was placed downstream of the TM cDNA. The filled boxes denote
the exons derived from a-MHC that encode the 5'-untranslated region. The construct was released using BamH |
enzyme. B, RNA expression in TG mice. Total cardiac RNA (20 ng) was hybridized to 3'-radioactively labelled DNA
probes specific for either TM (see the small diagram below the RNA gel) or GAPDH. TM probe is 320 bp in length
and yields fragments of 277 bp for -TM DM and 262 bp for endogenous TM RNA after S1 nuclease treatment.
The electrophoresed samples shown here contain both mutant and endogenous bands for «-TM DM samples and
an endogenous band only for NTG hearts. tRNA was used as a negative control. C, quantification of RNA. NTG
and «-TM DM RNA levels were quantified on a Phosphorlmager and via densitometry using Bio-Rad's Multi-Analyst
software. All three TG lines showed some degree of &-TM DM expression; however, the DM-A line expressed more

TG RNA compared with the other two lines.
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SDS-PAGE without urea (data not shown), whereas the
a- and B-TM bands can be resolved using SDS-PAGE
(Muthuchamy et al. 1995; Palmiter ef al. 1996; Wolska et al.
1999). The DM-A transgenic line expresses higher levels of
mutant protein (88.0%) compared with that of DM-5 or
DM-13 TG lines (73.0 and 59.0%, respectively; Fig. 2C).
These results corroborate well with the RNA data.

The a-TM DM hearts are hypodynamic

In order to determine the functional properties of -TM
DM hearts, isolated cardiac function in the absence of
neurohumoral input was assessed using work-performing
isolated heart preparations in age-matched, male NTG and

A
DM-5 DM-13 DM-A

NTG

. . a-TM DM
- e W Wy Acin
-~ s 2ndogenous a—TM
— - - Tropanin T

| S—

Figure 2. Protein expression in a-TM DM mice

R. D. Gaffin and others
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o-TM DM (DM-A) hearts. The results indicated that «-
TM DM hearts were hypodynamic and possibly failing
compared to their NTG littermates as evidenced by the
high rate of preparation failure (4 of 6 @-TM DM hearts
failed during testing as opposed to only 1 of 6 NTG hearts).
The «-TM DM TG mouse hearts exhibited a significantly
lower rate of ventricular tension development (+dP/d¢)
and significantly reduced kinetics of cardiac relaxation
(—dP/dt) compared to NTG hearts (Fig. 3 and Table 1).
Other contractile and relaxation parameters such as time
to peak pressure and 7 (index of relaxation; time from peak
pressure to the tangent line of the steepest rate of pressure
fall) are also significantly altered in the TG mouse hearts.

B
o3
0] < Y s
= = = =
= O [m] o

D SN S -TM mutant
- pr— B R ¥

S - -. Actin

C . - T DM TG protein
[ 1Endogenous TM protein
8
1004 ——
2
£% 075
a2 v
T
ZE 0.50
i
o 0.251
0.00

NTG DM-5  DM-13  DM-A

A, 8 ug of total cardiac myofibrillar proteins from NTG or TG mice were electrophoresed on SDS-PAGE gels
containing 3.4 M urea and stained with Coomassie blue. B, Western blot of total myofibrillar proteins electro-
phoresed on SDS-PAGE gels containing 3.4 M urea. Nitrocellulose filters were first probed with a striated muscle-
specific antibody, CH-1, then stripped and reprobed with a sarcomeric actin-specific antibody to verify equal loading
for each sample. Note that TG samples contain both «-TM DM and endogenous TM while the NTG sample contains
only endogenous TM. C, densitometric analysis of Western blots shown in B. In each sample, total «-TM DM plus
endogenous TM was divided by actin amounts and results normalized to NTG. Note that total TM levels were

similar for NTG and TG samples.
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These results demonstrate that the cardiac performance of
a-TM DM hearts is altered drastically by TG expression,
resulting in diminished rates of both contraction and
relaxation.

To further determine the mechanisms for this decreased
rate of contraction and relaxation in the TG mouse hearts,
we measured isometric force in myofilaments prepared
from NTG and «-TM DM TG mouse hearts (Fig. 4).
The force generated by «-TM DM TG myofilaments was
less sensitive to Ca*" when compared with NTG myo-
filaments (Fig. 4A). The pCas, for NTG preparations was
5.83 &+ 0.02 and 5.75 £ 0.02 (n = 8 from 4 different
hearts; P < 0.01) for -TM DM myofilament preparations.
In addition, myofilaments from «-TM DM TG mouse
hearts showed a slight, albeit non-significant, increase in
cooperativity when compared to NTG preparations. The
Hill coefficient was 3.40 &= 0.18 in NTG and 3.84 £ 0.34
(P > 0.05) in TG hearts. Figure 4B shows the relationship
between average active tension and pCa in NTG and TG
myofilament preparations. There is no significant change
in the maximum force in the TG group compared to
NTG controls. However, the force of fibre bundles pre-
pared from TG hearts is less sensitive to Ca’", as seen in
Fig. 4A. In order to assess the function of troponin I (TnI)
in «-TM DM TG mice, we also incubated skinned fibre
bundles with 100 um cAMP and 100 ng ml™! calyculin A,
a phosphatase inhibitor. This treatment mimics the effects
of PKA-mediated phosphorylation during 8, adrenergic
stimulation. NTG fibres display a characteristic decrease
in Ca®* sensitivity upon phosphorylation of Tnl by PKA
(Guo et al. 1994; Palmiter et al. 1996). The fibre bundles
from «-TM DM TG mouse hearts also display a rightward
shift in Ca*" sensitivity (Fig. 4C). The pCa value for NTG
myofilament preparations treated with cAMP was 5.75 +
0.01,and 5.64 & 0.02 (n = 8 from 4 different hearts) for o -
TM DM TG preparations. The Hill coefficient after cAMP
treatment was 3.10 = 0.24 in NTG and 3.92 + 0.31 in TG
hearts (P > 0.05). Thus, the decrease in Ca*" sensitivity in
response to Tnl phosphorylation is maintained in the TG
preparations when compared with NTG samples.

Figure 3. Physiological analyses of left
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a-TM DM hearts are not morphologically different
from NTG hearts

Histological analyses showed no evidence of anomalies
in chamber dimension, fibrosis, inflammation or hyper-
trophy in «-TM DM mice when compared to NTG mice.
Heartweight to body weight ratios indicateaslight increase
in -TM DM mice (4.22 & 0.067 for NTG, n = 26, versus
4.65 £ 0.085 for «-TM DM, n = 10; P < 0.005), but
there were no changes in the mortality rates for «-TM
DM mice and no obvious phenotypic changes could be
detected.

Surface charges are altered in the a-TM DM protein

To further investigate the effects of charge changes on «-
TM protein structure, we performed predicted surface
charge analyses on @-TM and «-TM DM proteins as
described in Methods. In the native TM molecule the
surface charge is predominately negative, which is depicted
in Fig. 5A as red colour on the molecule surface. Figure 5B
shows that the two mutations in «-TM cause alocal change
in electrostatic potential near residue 229. It is clearly seen
in Fig. 5B that the change from serine to glutamic acid at
position 229 brings an increase of negative charge potential
(more red colour) in this region of the molecule.

In addition, we measured the distance between the
Ca carbon atoms and carbonyl atoms (near the mutated
regions) of the two-monomer strands for both normal
and mutant TM molecules as described in Methods. In
the normal TM structure, the distance between the Ca
carbon atoms of the two strands at residues 229, 230 and
231is9.2,14.2and 10.1A; whereas, in the mutant molecule,
the distances are 9.32, 14.38 and 11.01A, respectively. The
distance between the carbonyl atoms at these residues
are the following: in the normal structure, 10.7, 12.6
and 7.89A; in the mutant molecule, 11.12, 13.05 and
8.2A, respectively. Near the 276 region, the estimated
values between the Co carbon atoms of the two strands
at residues 275, 276 and 277 in the normal TM are
12.87, 13.36 and 6.15A; in the mutant molecule, they

ventricular function 5 %007 < 50009
. . ) ]
Contractile parameters in NTG and «-TM DM ] R ok " 40004 Fhx
TG mouse hearts were compared. Baseline £ 50004 ;?
values were set at 5 ml min~" cardiac output E £ 3000+
and 50 mmHg mean aortic pressure. Other = £ 20004
conditions are described in Methods. Rates of E 2500+ §
contraction (4+dP/dt) and relaxation (—dP/dt) T % 10004
are significantly reduced in the TG mouse 0 0
hearts. #xxP < 0.001 NTG DM-A NTG DM-A
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Table 1. Measured haemodynamic parameters of non-
transgenic (NTG) and «-TM DM transgenic (TG) hearts

Percentage
NTG TM DM change
male hearts male hearts versus NTG
Working heart (N=5,50) (N=2,20)
Heart rate (beats min~') 405 + 1 404 + 1 Paced n.s.
+dP/dt (mmHg s~") 6014 + 167 4863 +170 —19**
—dP/dt (mmHg s~") 4469 + 170 3530 +£ 186  —21**
LVP (mmHg) 109 £+ 3 105+ 2 n.s.
Time to peak 46 + 1 42 +1 —9*
pressure (ms)
T 20+ 1 27 £7 +35*

Values are mean =+ s.e.m. *P < 0.05, **P < 0.001, transgenic versus
control, Student’s unpaired t test. LVP, left ventricular pressure;
N; number of mouse hearts.

are 13.17, 13.65 and 6.30A, respectively. The carbonyl
atoms distance at residues 275, 276 and 277 i1s 12.92,11.19
and 6.2A in the normal versus 13.33, 11.07 and 6.53A in
the mutant molecule. Thus, these two mutations cause
a significant change (0.3-0.9A) in the distance between
the monomer strands in localized regions of «-TM. These
changes, in turn, could affect the interactions of o-TM
with neighbouring thin filament molecules such as actin
and TnT.

Discussion

The data presented here show that charge changes in the
carboxyl end of o-TM alter the structure and function
of TM. In mice containing nearly 90% replacement (line
A) of endogenous «-TM with o-TM DM, hearts were
hypodynamic as evidenced by a decrease in +dP/dt and
—dP/dt when compared to NTG mice. In fact, only 33%
of the isolated TG mouse hearts were able to survive the
transition from the Langendorff perfusion to the working
heart preparation. Thus, in the absence of neurohumoral
stimuli, the TG hearts expressing higher levels of mutant
protein appear to be failing, although in vivo, there were
no obvious differences in mortality rates between the TG
mice and NTGs. The depression in the rate of contractility
can be attributed to a decrease in Ca’* sensitivity, which
is corroborated by our skinned fibre data. The attenuation
in the rate of relaxation could be explained by the slight
increase in cooperativity seen in the «-TM DM myo-
filaments, which may also affect the kinetics of relaxation,
or the constant ‘g’ as described by Campbell (Campbell,
1997). The increase in the cooperativity mechanism would
also be expected to slow the rate of force development
(Campbell, 1997; Moss, 1999). Future studies comparing
the kinetics of force development in skinned preparations
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from NTG and TM DM TG hearts will further elucidate
the mechanisms of reduced cardiac performance in these
TG mouse hearts.

TM protein is a highly charged molecule that is believed
to interact with actin by ionic interactions, most likely
via Mg”" salt bridges between negatively charged residues
on either molecule (McLachlan & Stewart, 1976). Murine
striated «-TM has 80 acidic residues (aspartic acid, 24;
glutamic acid, 56) and 55 basic amino acid residues
(histidine, 2; lysine, 39; arginine 14). Thus, the net charge
of the TM molecule is negative, and the two residues that
we altered, 229 and 276, would further increase the
negative charge of TM. Protein modelling data clearly
demonstrate that these charge alterations in o-TM alter
the surface charge potential of the molecule in localized
regions. Also, the distance between the two monomer
strands of the molecule are altered, implicating that these
changes in the mutant TM protein would affect the inter-
actions of mutant TM with its neighbouring molecules,
specifically troponin T and actin, thereby altering cardiac
muscle dynamics.

A consideration for the detrimental cardiac effects of a
charge change mutation at residue 229 is its location in a
region of TM (residues 143-235) that has been described
as unstable for two reasons (Paulucci et al. 2002). First,
this region contains a charged residue, Glu218, which
occupies one of the normally hydrophobic core positions,
a, of TM’s heptad repeat (a, b, ¢, d, e, f, g§) (McLachlan
& Stewart, 1975). Second, this region also contains two
interacting negatively charged residues that occupy the g
(Asp175) and (n+ 5) € (Glul80) position of TM’s heptad
repeat. Normally, the e position is occupied by a negatively
charged acidic residue while the g position is occupied by a
positively charged basic residue or a polar residue (Smillie,
1996). This interaction promotes favourable salt bridges
that add stability to TM’s coiled coil. In this case, both
residues are negatively charged creating a repulsion, which
adds instability to this region of TM. Altering residue 229
from Ser to Glu would create a similar repulsion since
residue 229 occupies an ¢’ position and Glu224 occupies
the corresponding g position. This repulsion could then
cause conformational strains in that region of the TM.
Taken together we predict that the Ser229Glu mutation
causes further instability in the 143-235 region of TM.

Another consideration for the effects of a charge change
at residue 229 is its proximity to the sixth alanine cluster
as proposed by Brown et al. (2001). The seven alanine
clusters in TM’s helical structure (Brown et al. 2001)
impart conformational bends and yield flexibility to TM’s
coiled-coil design, thus allowing more effective inter-
action with actin. Residue 229 lies close to the sixth
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alanine cluster and residue 276 lies adjacent to Ala277,
the seventh cluster. Charge changes in these two residues
would have repercussions on nearby amino acid side
chains, as indicated in our structural data, and thus could
alter the conformational bends in TM imparted by these
two alanine clusters.

In addition, residue 229 lies in a positive zone of a
B-band in TM’s 14-fold repeat of actin interaction sites
(McLachlan & Stewart, 1976). The S-band has been
implicated in the ‘on’ state of myofilament activation,
and the positive zones are primarily filled with hydro-
phobicresidues allowing for close contact between TM and
actin. Adding a negative charge in this region, along with
its adjacent neighbour Asp230, which is also negatively

Charge changes in «-TM alter cardiac contractility 539

charged, would diminish non-polar interactions thus
creating weaker binding in the ‘on’ state.

Residue 276 is also a critical residue as it lies in the over-
lap region for contiguous TM molecules and in the region
of TM-TnT interaction. Thus, a charge change in this
residue confers conformational changes that affect TM’s
interactions with the troponin complex and neighbouring
TM molecules. Altered TM-TnT interactions could
adversely affect movement of the troponin complex in the
modified three-state model of allosteric activation (Squire
& Morris, 1998), which could negatively impact force
generation. Furthermore, Hitchcock-DeGregori’s group
have shown that the carboxy-terminus end of TM is
responsible for actin affinity, which is the primary factor
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Figure 4. Ca?*-force relationships in skinned fibre papillary bundles from NTG and o-TM DM mouse

hearts

A, force was normalized to the corresponding maximum force at pCa 4.5. Data are presented as mean =+ S.E.Mm.
pCasp for NTG fibres (filled squares; continuous line) was 5.83 + 0.02 and cooperativity was 3.40 & 0.18; pCasg
for «-TM DM fibres (filled diamonds; dashed line) was 5.75 + 0.02 and cooperativity was 3.84 & 0.34. n = 8 from
4 different hearts for both NTG and TG. Other conditions are described in Methods. B, pCa versus active tension
(mN mm~2). Data are presented as mean + s.e.m. There was no significant change in active tension between
NTG (filled squares; continuous line) and a-TM DM (filled diamonds; dashed line) fibre preparations. C, normalized
pCa—force relation in skinned fibre preparations from «-TM DM mouse hearts before and after CAMP treatment.
Data are presented as mean = s.t.M. Note the rightward shift after cAMP movement. pCasg for a-TM DM fibres
after CAMP treatment (open diamonds; dashed line) was 5.64 & 0.02 and cooperativity was 3.92 £ 0.31. Other

experimental conditions are described in Methods.
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by which myosin S1 induces TM binding to actin in
the open state (Hammell & Hitchcock-DeGregori, 1996;
Moraczewska et al. 1999; Moraczewska & Hitchcock-
DeGregori, 2000). The effects of this on force production
are unknown, but our data suggest that a charge change in
that region of TM affects both contraction and relaxation
in isolated hearts and calcium sensitivity in detergent-
extracted fibres.

Finally, the Ser229Glu and His276Asn changes in the -
TM molecule altered the net charge similar to the §-TM
molecule. Initially we expected that these changes in the
o-TM might have altered the «-TM DM TG mouse heart
function similar to f-TM TG mouse hearts (Muthuchamy
et al. 1995; Palmiter et al. 1996). However, our data
show that the «-TM DM TG mice do not possess the
same cardiac performance profile as the §-TM TG mice.
Specifically, «-TM DM mouse hearts (which express 88%
of mutant protein) exhibit a decrease in both contractile
as well as relaxation parameters, and calcium sensitivity of
the myofilaments is decreased in these mice. Yet, in the 8-
TM TG studies, replacement of 55% of endogenous «-TM
by B-TM proteins in the TG heart resulted in a decreased
rate of relaxation in working-heart preparations and an

Ser229Glu
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increase in calcium sensitivity in skinned-fibre studies
(Muthuchamy et al. 1995; Palmiter et al. 1996). However, in
TG mouse hearts expressing higher levels of 8-TM (75% -
TM and 25% «-TM), there were significant depressions in
both contractile and relaxation parameters that eventually
led to lethality in these animals (Muthuchamy et al. 1998).
Thus, we conclude that the stoichiometric ratios of wild-
type (@-TM) to TG (B-TM) play a role in determining
the difference in cardiac performance resulting from «- or
B-TM expression. Since &-TM DM mimics the charge of
B-TM, it seems reasonable that the high expression (88%)
in «-TM DM TG mice would have a cardiac performance
profile similar to 8-TM TG hearts expressing higher levels
of B-TM protein. This is consistent with the data we pre-
sent here excluding the increase in mortality rate for high-
expression B-TM TG mice.

Other amino acid incongruities, besides the difference
in charged residues, may also play a role in determining
the variations in cardiac performance between 8-TM TG
mice and «-TM DM TG mice. For example, the C-terminal
region of TM, where TM-TnT interaction and TM-TM
overlap occur, contains 25 of the 39 amino acids that
differ between «-TM and B-TM. This region contains the

His276Asn

Figure 5. Electrostatic surface models of native and mutant TMs

A, native «-TM. B, «-TM DM. The molecular surface is coloured by electrostatic potential (red, —9.8kT/e; white,
neutral; blue, +3.4kT/e). The mutation site is marked. The C-terminal residues (220-284) of TM were included in
the analyses whereas the N-terminal residues (1-219) were omitted for simplicity.
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two sites of TnT-TM interaction including the variable
ninth exon. A recent study by Jagatheesan et al. (2003),
in which the terminal, ninth exon (9a) is replaced with
its B-TM counterpart, also showed depressed contractile
(+dP/dt) and lusitropic (—dP/d¢) parameters in whole
heart preparations and decreased calcium sensitivity in
skinned fibre preparations of TG mouse hearts. These
phenotypes are similar to the «-TM DM mouse hearts
but quite different from the B-TM TG mouse hearts.
Thus, the difference in function between «-TM and f-
TM could be the combination of several amino acid
differences between the two isoforms, not just the charge
changes.

In summary, charge changes in «-TM affect cardiac
function. It is well established that charged residues within
the TM sequence are important, such as those which
compose the 14-fold repeat of acidic and polar residues
implicated in binding actin in the ‘on’ and ‘off” states of
muscle contraction (Parry, 1975; Stewart & McLachlan,
1975; McLachlan & Stewart, 1976). Charge changes within
TM are also responsible for FHC (Thierfelder et al. 1993,
1994; Michele et al. 1999; Regitz-Zagrosek et al. 2000)
and DCM (Olson et al. 2001) in several cases. Our data
suggest that charge changes at residues 229 and 276 play
an important role in the structure and function of striated
a-TM. More research on the charged surface residues of
o-TM is needed to give further insights in understanding
cardiac muscle regulation.
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