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ABSTRACT
Heart failure is one of the leading causes of death in the United States, and it is the result of a
wide variety of different factors. This study examines one of these factors (hypertrophic
cardiomyopathy) in the context of a genetic mutation in the TNNT2 gene which encodes one of the
thin filament regulatory proteins: cardiac troponin-T (cTnT). To determine what structural changes
occur in the presence of the K280N cTnT mutation, thin filament proteins were grown, purified,
fluorescently labeled, and reconstituted for use in Förster Resonance Energy Transfer (FRET)
distance measurements. Results showed an increased distance between probes on cTnC (S89C)
and cTnT (S275C) in the EGTA state (+ myosin S1) which implied that tropomyosin (Tm) was
being shifted out of the blocked state by cTnT during relaxation. These structural findings were
consistent with previous energetic studies showing increased rates of relaxation with this mutation.
INTRODUCTION
eart failure (HF), also known as
congestive heart failure (CHF), is one of
the most common causes of death in the United
States. This cardiovascular disorder affects
more than five million Americans at any given
time, and upwards of 500,000 people die each
year with no known cure.1-2 In addition, the
mortality rates tend to increase in older
individuals—particularly in people older than
65 years of age.3 The disease is very broad in
the sense that any type of failure of the heart to
function properly can be characterized as heart
failure. The heart is an extremely important
part of the body since the responsibility of
meeting the metabolic demands of the rest of
the body falls to the heart. If the heart cannot
keep up with metabolic needs, various organ
systems can fail which leads to other
complications and ultimately death.
CHF can be caused by a variety of
different reasons such as coronary artery
disease, heart attack (myocardial infarction),
hypertension, chronic inflammation of the
heart (myocarditis), arrhythmias, and damage
to the heart muscle (cardiomyopathies—
literally “disease of the heart muscle”) which
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can be due to infections, toxins, or genetic
disorders.2 This study in particular focuses on
the genetic mutation K280N in the TNNT2
gene which encodes the cardiac troponin-T thin
filament regulatory protein which will be
described in detail below. This mutation causes
hypertrophic cardiomyopathy (HCM) wherein
the heart muscle characteristically enlarges due
to a compensatory remodeling process.4 HCM
can be problematic due to hypertrophied walls
of the chambers of the heart. Due to the
increased thickness of the muscle walls and
interventricular septum, the ventricles of the
heart will decrease in size which leads to
decreased cardiac output. Ultimately, the heart
cannot keep up with the metabolic needs of the
rest of the body (and the heart itself via
coronary circulation) since cardiac output is
vastly hindered by the hypertrophied heart.
HCM alone is known to be the most common
cause of sudden cardiac death in young people
in the field.5 It is evident that heart disease and
other related issues are widespread; therefore
research in this field is important in order to
understand the underlying causes of the
problems seen with the heart. These studies
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Figure 1. The three-state model of
the thin filament regulatory protein
tropomyosin. Tm is in the blocked
state at rest (red). With Ca2+
binding to TnC, Tm is shifted into
the closed state (yellow). Myosin
binding to actin causes the final
push into the open state (green).
Figure courtesy of Jil Tardiff, M.D., Ph.D.

contraction of the sarcomere.8 The entire
process of contraction is known as cross-bridge
cycling, and as sarcomeres contract in unison,
the whole muscle cell contracts.
However, as one can imagine, the entire
process is heavily regulated by various other
proteins of which the troponin complex and
tropomyosin will be discussed. The troponin
complex (Tn) is made up of three subunits:
troponin-C (TnC), troponin-I (TnI), and
troponin-T (TnT). TnC acts as the calcium
(Ca2+) sensor in the cell: Ca2+ is important for
regulation in contraction, so TnC is important
for binding calcium in order to detect calcium
changes within the cell. TnI inhibits the
ATPase activity of myosin heads at rest, and
TnT is responsible for tethering the troponin
complex to tropomyosin.8 Tropomyosin (Tm)
is a helical protein that is responsible for
blocking myosin-binding sites on actin at rest.
In a normal situation, Ca2+ release into cardiac
muscle cells allows TnC to bind calcium. This
causes a conformational change in the troponin
complex which shifts tropomyosin allowing
myosin to bind to actin to initiate contraction.
Structurally, there is one Tn complex and one
Tm per every seven actin monomers which
leads to a 1:1:7 stoichiometry.8 One would
imagine that given how Tm acts, it would only
exist in two states: open and closed. However,
as shown in Fig. 1, tropomyosin actually exists
in three states as determined by kinetic and
equilibrium studies.7
Thin filament regulation of contraction via
the sarcomere is extremely important, yet it is
also very sensitive to changes. Structural

hope to add to the growing pool of knowledge
of heart failure in order to find solutions to
some of these devastating diseases. Before
explaining the specifics of the K280N mutation
that is examined in this study, some
background information about the structure of
the heart muscle will be described below.
The heart muscle is composed of branched
specialized contractile cells known as
cardiomyocytes which are intricately designed
to conduct electrical signals for contraction in
unison. Inside the cardiomyocytes are regular
and organized layouts of thick and thin
filament proteins. This repeating unit is known
as the sarcomere, and it is considered to be the
fundamental unit of contraction in muscle
cells.6 The accepted model of how muscle
contracts is known as the sliding filament
model in which thick and thin filaments within
the sarcomere slide past each other during
contraction in order for shortening of muscle
fibers.7-8 The sarcomere itself contains many
proteins which are important for contraction,
but the main components that will be discussed
in this study are myosin (the thick filament) and
actin, the troponin complex, and tropomyosin
(the thin filaments).
Actin and myosin themselves are
responsible for sarcomere contraction. Actin is
a double helical structure composed of globular
subunits, and myosin is a larger homodimer
protein composed of a globular head and a tail.
The arrangement of actin and myosin allow for
the myosin heads to bind to actin at myosinbinding sites in the presence of ATP
(adenosine-triphosphate) to initiate the
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changes resulting from damage to the heart
muscle or from genetic mutations can be
deadly to individuals because of disruption of
necessary contractile regulation. Many genetic
mutations that cause structural changes in thin
filament regulatory proteins have been
identified in humans which lead to both
hypertrophic and dilated cardiomyopathies
(HCM and DCM, respectively).9-10
A mutation in the TNNT2 gene encoding
cardiac troponin-T (cTnT K280N) has been
shown to exhibit HCM in patients presenting
with this disorder. Energetic studies have been
conducted on this particular mutation to
determine what effects substituting a lysine
residue for an asparagine residue at the 280th
position in cTnT has on the rates of contraction.
These studies have shown that in patients with
this mutation, rates of relaxation and the rate at
which cross-bridges leave the force-generating
state are increased. They concluded that there
must be a higher energetic cost in initiating and
maintaining contraction in individuals with the
K280N mutation.4
In contrast, this study examines the cTnT
K280N mutation via FRET which analyzes
structural changes within the thin filament
rather than energetics. The goal is to determine
what structural changes occur when this
mutation is present so that future studies can
determine how to best compensate for the
altered structure. Our predictions, based on the
energetic studies, is that the K280N mutation is
causing cTnT to interact more tightly with Tm
in the relaxed state which would keep Tm
overly sensitive to stimulation. This in turn
would cause muscle contraction to be easily
activated since Tm is not fully in the blocked
state at rest. This prediction is consistent with
the proposed increased rates of relaxation and
energetic inefficiency, and the heart would
hypertrophy in order to compensate for the
decreased efficiency of contraction.
As mentioned above, this experiment used
FRET to collect structural information about
the thin filament proteins. FRET, or Förster

Resonance Energy Transfer, examines energy
transfer between a donor molecule (D) in an
excited state and an acceptor molecule (A).
Typically donor and acceptor molecules range
from 1-10 nm in distance between each other.
Because no photons are emitted or absorbed
during the process, FRET is considered to be
non-radiative. The distance between the donor
and acceptor tags (D-A distance) is important
for the efficiency of FRET, and this D-A
distance for each unique pair of fluorescent tags
are associated with the Förster critical radius
Ro. When the efficiency of energy transfer
during FRET is 50%, Ro is equal to the D-A
distance. This is a useful piece of information
because once Ro is known, the energy transfer
between the donor and acceptor can be
correlated to the actual D-A distance.
The efficiency of FRET can be determined
by either measuring a decrease of fluorescence
intensity of the donor in the presence of the
acceptor or by measuring the fluorescence
lifetime of the donor. In order to obtain
quantitative distance measurements, Ro must
be calculated:
1

𝜅 2 Φ𝐷 𝐽𝐷𝐴 6
𝑅0 = 0.2108 (
)
𝑛4
where 𝜅 2 is the orientation factor, Φ𝐷 is the
quantum yield of the donor in the absence of
the acceptor, 𝑛 is the index of refraction, and
𝐽𝐷𝐴 is the spectral overlap integral. Note that 𝑅0
is inversely proportional to the sixth power of
the D-A distance which makes energy transfer
very sensitive to small distance changes. If the
absorption spectrum of the acceptor and the
fluorescence emission spectrum of the donor
are known, 𝐽𝐷𝐴 can be calculated:
∞

𝐽𝐷𝐴 = 𝐶 ∫ 𝐼𝐷 (𝜆)𝐸𝐴 (𝜆)𝜆4 𝑑𝜆
0

where 𝐼𝐷 is the emission spectrum of the donor,
𝐸𝐴 is the absorption spectrum of the acceptor
and 𝐶 is the normalization factor:
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𝐶=

ε(λmax )

METHODS
Site-Directed Mutagenesis
Complimentary oligonucleotides that
contained mutations for cTnC (S89C), cTnT
(S275C) and cTnT (S275C/K280N) were
created using the Agilent Technologies primer
design tool. pET-3d vectors containing cTnC
and cTnT genes were mutated to incorporate
the appropriate mutations above using the
QuikChange II XL Site-Directed Mutagenesis
kit. The mutated plasmids were extracted from
the XL-10 Gold competent cells via a Qiagen
mini-prep kit. To ensure the mutation was
properly incorporated, the plasmids were sent
for sequencing at the Eton Bioscience
Sequencing Facility and at the University of
Arizona Genomics Core Facility.

∞
𝐸𝐴 (𝜆𝑚𝑎𝑥 ) ∫0 𝐼𝐷 (𝜆)𝑑𝜆

where ε(λmax ) is the extinction coefficient of
the acceptor at the absorption maximum. As the
name orientation factor implies, 𝜅 2 depends on
the dipole moment orientations of the donor
and acceptor and can vary from 0 to 4—from
having perpendicular dipole moments to
collinear moments, respectively.
The energy transfer efficiency can be
determined either by fluorescence intensity or
by lifetime measurements for the donor itself
and with the donor/acceptor pair. The energy
transfer efficiency 𝐸 is calculated as follows:
𝐸 =1−

𝐼𝐷𝐴
τDA
=1−
𝐼𝐷
𝜏𝐷

Overexpression and Purification of the Tn
complex: cTnC (S89C), cTnT (S275C), cTnT
(S275C/K280N), and cTnI (wt)
cTnC (S89C) and cTnI (wt) plasmids were
transformed into BL21 cells; cTnT (S275C)
and cTnT (S275C/K280N) were transformed
into Rosetta cells. The cells were plated onto
LB agar plates with ampicillin (conc. 100
mg/mL)
and
grown
overnight
for
approximately 16 hours to ensure ample cell
growth. Only cells containing the plasmids of
interest grew on the plates due to the insertion
of an ampicillin-resistant gene into the pET-3d
vector. One colony from each plate was
inoculated into 5 mL of LB + ampicillin as a
starter culture and grown for ~7 hours at 37°𝐶
with shaking at 250 rpm. 1 mL from each
starter culture was then inoculated into two
Erlenmeyer flasks containing 1000 mL of
autoclaved ZYP media (20 g tryptone, 10 g
yeast, 10 g glycerol, 4 g lactose, 1 g glucose, up
to 1900 mL of ddH2O; add 100 mL of 20X P
buffer containing 1M Na2HPO4, 1M KH2PO4,
0.5M (NH4)2SO4; and 1 mL of 1M MgSO4 to
each flask). The flasks containing the cells
were then incubated at 37°𝐶 with shaking at
250 rpm overnight for 16-17 hours.

where 𝐼𝐷 , 𝐼𝐷𝐴 are the fluorescence intensities of
the donor in the absence and presence of the
acceptor, respectively, and where 𝜏𝐷 , 𝜏𝐷𝐴 are
the fluorescence lifetimes of the donor in the
absence and presence of the acceptor,
respectively. Finally, if 𝑅0 and 𝐸 are known,
the D-A distance 𝑟 can be calculated:
1
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1
𝑟 = ( − 1) 𝑅0
𝐸

It is this D-A distance that is of importance in
this experiment. By comparing a thin filament
reconstitution that contains the cTnT K280N
mutation against a wild-type thin filament
reconstitution, we will be able to determine
what distance changes occur in the presence of
the mutation in order to infer structural and
biophysical information about the nature of the
mutation.
FRET theory, techniques, and protocols as
outlined and described above and in the
appropriate section of the methods below have
been adapted from the Photon Technology
International FelixGX software user’s manual.
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The ZYP media containing cell growth in
each flask was centrifuged at 3000 rpm for 30
minutes to pellet the cells. Supernatant was
discarded and the cells were resuspended in 40
mL of different Sepharose buffers (cTnI (wt),
cTnT (S275C), and cTnT (S275C/K280N)
were resuspended in Sp-Sepharose buffer,
cTnC (S89C) was resuspended in Q-Sepharose
buffer). Sp-Sepharose: 6M urea, 50mM Tris
Base, 2mM EDTA, 1mM DTT, pH 7.0, filtered
using a 0.22µm Millipore filter; Q-Sepharose:
6M urea, 20mM Tris Base, 1mM EDTA,
0.3mM DTT, pH 7.8, filtered using a 0.22µm
Millipore filter. Each resuspension solution
was transferred into a plastic 100 mL beaker
and placed in an ice bucket for sonication. Cells
were sonicated at setting 8 in 30 second bursts
with two minute pauses for a total of 6 bursts in
order to lyse the cells. The sonicated solutions
were then transferred to appropriate centrifuge
tubes and spun down at 12,500 rpm in a
Beckman-Coulter centrifuge (JA-17) for 45
min to pellet cell debris and other remains.
After spinning, each solution was rapidly
decanted into a separate 250 mL beaker to
avoid any resuspension (the supernatants
contained proteins of interest). To ensure the
proteins were all present in the supernatants
and not the pellets, a 10 µL sample of each
pellet and supernatant were run on a 15%
polyacrylamide SDS-PAGE gel. Throughout
the experiment, samples to be run on gels were
stained with β-mercaptoethanol (BME) dye. In
addition, each protein gel was run at 200 V for
45 min to ensure good separation. cTnI appears
at the 24 kDa band, cTnT appears at the 37 kDa
band, and cTnC appears at the 18 kDa band.
From this point on, all steps take place at 4°𝐶
unless specifically stated.
After confirming the presence of each
protein, cTnI (wt), cTnT (S275C), and cTnT
(S275C/K280N) were loaded into separate
cation exchange Sp-Sepharose columns at 1.6
mL/min. cTnC (S89C) was loaded into an
anion exchange Q-Sepharose column at 1.6
mL/min. The columns were washed with the

appropriate salt/ethanol cleaning solutions and
equilibrated with 1200 mL of the appropriate
Sepharose buffer prior to any new proteins
entering the columns. Each column was then
equilibrated with 1200 mL of the appropriate
Sepharose buffer overnight at 2.0 mL/min. To
elute the proteins from each column, gradients
of 600mM solutions of KCl (in Sp-Sepharose)
and NaCl (in Q-Sepharose) were run through
the Sp-Sepharose and Q-Sepharose columns,
respectively, at 1.3 mL/min into fraction
collectors filled with 8 mL collection tubes.
After elution, 10 µL samples of every other
tube from each protein were run onto a 15%
polyacrylamide SDS-PAGE Criterion gel to
determine which tubes the proteins eluted into.
Fractions containing the proteins cTnT
(S275C) and cTnT (S275C/K280N) were
pooled into separate snakeskin dialysis bags
and dialyzed in 2 L of Q-Sepharose overnight.
Fractions containing cTnC (S89C) were pooled
into a snakeskin dialysis bag and dialyzed in
Phenyl-Sepharose A overnight (50mM Tris
HCl, 1mM CaCl2, 1mM MgCl2, 50mM NaCl,
1mM DTT, pH 7.5, filtered using a 0.22µm
Millipore filter for use in the Phenyl-Sepharose
column later). Fractions containing cTnI (wt)
were pooled into a snakeskin dialysis bag and
dialyzed in 2 L of TnC affinity buffer overnight
(50mM Tris pH 7.5, 2mM CaCl2, 1M NaCl,
1mM DTT).
After dialysis, cTnT (S275C/K280N) and
cTnT (S275C) were each loaded into separate
Q-Sepharose columns at 1.6 mL/min, and the
columns were then equilibrated with 1200 mL
of Q-Sepharose at 2.0 mL/min overnight. The
proteins were eluted by running a gradient of
600mM NaCl in Q-Sepharose through each
column. After elution, 10 µL samples of every
other tube from each protein were run onto
15% polyacrylamide SDS-PAGE Criterion
gels to determine which tubes the proteins
eluted into. These two proteins were then
aliquotted into 1.5 mL micro-centrifuge tubes
and stored at -80°𝐶 for use later during
reconstitution of the thin filament.
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After dialysis, cTnC (S89C) was warmed
to room temperature and then brought to a final
concentration of 0.5M (NH4)2SO4. This protein
solution of cTnC (S89C) with ammonium
sulfate was then loaded into a hydrophobic
resin Phenyl-Sepharose column at 1.6 mL/min
(pre-equilibrated with 1200 mL of PhenylSepharose A buffer as before) and then washed
with 1200 mL Phenyl-Sepharose A buffer
overnight. The protein was eluted by running
Phenyl Sepharose C elution buffer (50mM Tris
HCl, 1mM EDTA, 1mM DTT, 0.5M
(NH4)2SO4, pH 7.5, filtered using a 0.22µm
Millipore filter) through the column at 1.3
mL/min. After elution, 10 µL samples of every
other tube from the fraction collector were run
onto a 15% polyacrylamide SDS-PAGE
Criterion gel to determine which tubes the
protein eluted into. cTnC (S89C) was then
aliquotted into 1.5 mL micro-centrifuge tubes
and stored at -80°𝐶 for use later during
reconstitution of the thin filament.
After dialysis, cTnI (wt) was loaded into a
pre-equilibrated TnC affinity column (400 mL
of TnC affinity buffer at 2.0 mL/min). The
protein was then washed with 200 mL of the
buffer at 1.6 mL/min, and then the elution was
set up using a gradient between the TnC
affinity buffer and TnI elution buffer (6M urea,
50 mM Tris pH 7.5, 1M NaCl, 1mM DTT,
3mM EDTA). After elution, 10 µL samples of
every other tube from the fraction collector
were run onto a 15% polyacrylamide SDSPAGE Criterion gel to determine which tubes
the protein eluted into. cTnI (wt) was then
aliquotted into 1.5 mL micro-centrifuge tubes
and stored at -80°𝐶 for use later during
reconstitution of the thin filament. The TnC
affinity column described above was prepared
in the lab as follows (resin not purchased as
with the other columns): 250 mg of cTnC (wt)
was dissolved into 50 mL of coupling buffer
(0.1M NaHCO3, 0.5M NaCl, pH 8.3-8.5).
Cyanogen-bromide activated resin in cold
1mM HCl was washed and swelled for 30 min.
200 mL per gram of dry gel is added in several

aliquots for a total of 12 g of dry gel in 2.4 L.
The supernatant was then removed via gentle
suction in a Büchner funnel, and the resin was
rinsed with 500 mL of ddH2O. Next it was
washed with coupling buffer (5 mL/g of dry
gel) and immediately transferred to TnC
coupling buffer solution. To mix the protein
and gel, the solution was gently rocked at room
temperature for two hours. Unreacted groups
were washed with 100 mL of the coupling
buffer. Unreacted groups were then blocked
with 60 mL of 0.2M glycine (pH 8.0) for two
hours at room temp. The resin was washed
extensively with coupling buffer and acetate
buffer containing 0.5M NaCl (pH 4.0).
Overexpression and Purification of Tm (wt)
Tm (wt) plasmid was transformed into
BL21 cells and plated onto LB agar plates with
ampicillin (conc. 100 mg/mL) and grown
overnight for approximately 16 hours to ensure
ample cell growth. One colony was inoculated
into 5 mL of LB + ampicillin as a starter culture
and grown for ~7 hours at 37°𝐶 with shaking at
250 rpm. 1 mL of starter culture was then
inoculated into two flasks of autoclaved ZYP
media (1000 mL). The flasks containing the
cells were then incubated at 37°𝐶 with shaking
at 250 rpm overnight for 16-17 hours.
The ZYP media containing cell growth in
each flask was centrifuged at 3000 rpm for 30
minutes to pellet the cells. The supernatant was
discarded, and pellets were resuspended in
40mL of 0.1 mg/mL lysozyme solution in a
plastic beaker. The resuspended solution was
chilled on ice for an hour and then immediately
frozen at -80°𝐶 for 10 min. The solution was
then brought to room temperature and to a 1M
NaCl concentration. The solution was then
sonicated in a similar fashion as described
above until it was suitably less viscous. The
sonicated solution was then centrifuged at
15,000 rpm for an hour to pellet cell debris
(pellet discarded), and the supernatant was then
boiled for 5 min in a 100°𝐶 water bath. It was
allowed to cool for 45 min in order for it to
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come to room temperature. Then the solution
was centrifuged at 15,000 rpm for 20 min, and
the supernatant was again saved.
(NH4)2SO4 was slowly added (209 g per
liter of solution) to the supernatant and was
subsequently centrifuged at 15,000 rpm for 20
min (pellet discarded). This step was repeated
with the exception of using 238 g of (NH4)2SO4
per liter of supernatant, and this time the pellet
was not discarded. The supernatant from this
centrifugation was discarded and the pellet was
resuspended in 4 mL per pellet of DE52 low
buffer (20mM Tris HCl, 0.5mM DTT). The
resulting solution was then dialyzed in 2 L of
DE52 low buffer overnight. During dialysis,
DE52 high buffer was made (20mM Tris HCl,
0.5mM DTT, 1M NaCl).
The next day, the protein solution was
loaded into a DE52 column which was
previously equilibrated in similar fashion to the
TnC affinity column (using DE52 low buffer
for the wash). The column was then washed
with an additional 200 mL of DE52 low buffer
in preparation for elution. The protein was
eluted using a DE52 low buffer and DE52 high
buffer gradient. After elution, 10 µL samples of
every other tube from the fraction collector
were run onto a 12% polyacrylamide SDSPAGE Criterion gel to determine which tubes
the protein eluted into. In order to determine
which tubes contained purified protein (free
from DNA), 100 µL samples from each tube
containing protein were inserted into a
Beckman-Coulter spectrophotometer in order
to measure absorbance vs. wavelength (220400 nm window). Tubes that peaked at 280 nm
(tryptophan protein peak) without a significant
peak at 260 nm (DNA peak) were pooled into
snakeskin dialysis bags and dialyzed in 50mM
ammonium bicarbonate overnight. The next
day, the protein was aliquotted into 1.5 mL
micro-centrifuge tubes and stored at -80°𝐶 for
use later during reconstitution. The other tubes
containing DNA and Tm were saved for a
second round of purification through the DE52
column for a higher yield of tropomyosin.

Purification of Actin from Acetone Powder
Actin exists in two states: globular actin
and filamentous actin. They will henceforth be
referred to as G-actin and F-actin, respectively.
4 g of actin-acetone power was grounded and
then gently dissolved into 80 mL of buffer A
(10mM Tris Base, 0.2mM CaCl2, 0.2mM ATP,
0.2mM DTT, pH 8.0) over 30 min. This
solution was then vacuum filtered through 3
layers of cheesecloth, and the filtrate was
transferred to a pre-chilled beaker on ice. To
maximize actin yield, the funnel was then filled
with an additional 20 mL of buffer A for 20 min
and then filtered again. Both filtrates were
combined and centrifuged in 50 mL tubes at
18,000 rpm for 30 minutes. KCl and MgCl2
were then very slowly added to G-actin in the
supernatant until concentrations of 50mM and
2mM were achieved, respectively, in order for
polymerization into F-actin. The solution was
then stirred gently at room temperature for an
hour at which point it was cooled to 4°𝐶. KCl
was then slowly added to the solution to bring
the concentration up to 600mM, and it was
allowed to gently stir (via a magnetic stir bar)
for 90 min.
The viscous F-actin solution was then
centrifuged at 18,000 rpm for 6 hours, and the
supernatant was discarded. The pellets were
then rinsed with 1 mL of buffer A, and each
pellet was allowed to soak in 0.5 mL buffer A
overnight at 0°𝐶. The next day, 10 mL buffer A
was added to each tube from the centrifugation
and mixed gently to depolymerize each tube’s
contents into G-actin. The tubes were pooled
and dialyzed in 500 mL of buffer A for three
days (changing the buffer each day). After the
dialysis, G-actin was centrifuged at 15,000 rpm
for 50 min. The concentration of the protein
was determined via the spectrophotometer and
the Beer-Lambert Law 𝐴 = 𝜀𝑏𝑐 where 𝐴 is
absorbance, 𝜀 is the molar absorptivity, 𝑏 is the
path length which is 1 cm in this experiment
(the cuvette for spectrophotometry is 1 cm in
length), and 𝑐 is the concentration that is to be
found. The molar absorptivity constant has
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been previously found via a linear relationship
between known concentrations of actin and the
respective absorbance of each concentration at
the 280 nm peak. This allowed for calculating
concentration from absorbance for actin and all
other proteins listed in this experiment. For the
reconstitution, F-actin is needed. Therefore, in
order to polymerize G-actin to F-actin for the
reconstitution, KCl and MgCl2 were added in
the same manner as described above.
Fluorescent Labeling of Cysteine Residues on
cTnT (S275C), cTnT (S275C/K280N), and
cTnC (S89C) for FRET
As described in the introduction, FRET
measurements are obtained using fluorescently
labeled tags. These fluorescent tags can only be
attached to cysteine amino acid residues; this is
the reason serine to cysteine mutations were
introduced as described in the growth and
purification of the troponin complex. Serine is
chemically similar to cysteine, so the mutation
is thought to have no detrimental effects on the
wild-type behavior of the tagged molecules.
The positions of each of tag are shown in Fig 2.
Each donor-acceptor FRET pair has a different
Ro value; thus, to achieve half maximal energy
transfer, IAEDANS (donor) was used to label
cysteine residues on each cTnT and DABMI
(acceptor) was used to label cTnC.
Before proceeding with labeling, the
concentrations of each protein needed to be
standardized. As described above, this was
achieved using spectrophotometry to measure
absorbance. In order to calculate percentage of
labeling, the unlabeled concentrations of the
proteins needed to be known. This is because
the peak at 280 nm no longer exhibits the same
molar absorptivity constant in the presence of a
fluorescent tag, and therefore the concentration
of the proteins cannot be determined after
affixing the labels. 2 L of labeling buffer was
made (6M urea, 50mM Tris Base, 1mM EDTA,
0.15M NaCl, pH 7.4), and a total of 10 mg of
each protein to be labeled (both cTnT proteins
and cTnC) was dialyzed against 500 mL of

Figure 2. Crystal structure of the thin filament. cTnT
is shown in yellow, cTnI is shown in red, and cTnC
is shown in green. Each tagged residue is shown as a
spherical representation in blue (cTnT S275C—near
the end of the resolved structure—and cTnC S89C).
The distance between each tag is depicted as a blue
dotted line and was approximately 30Å. This
preliminary distance was used to select fluorescent
tags that would most closely achieve half maximal
energy transfer (IAEDANS/DABMI).
Figure generation and distance calculation were carried out with
the program UCSF Chimera.

labeling buffer + 1mM DTT for ~6 hours. The
protein concentrations were then determined,
and by concentrating or diluting, the protein
concentrations were set to 1 mg/mL for use in
labeling.
Next, the proteins were dialyzed 4 times (6
hour intervals) in 500 mL of labeling buffer
without DTT. DTT is important for disrupting
disulfide bonds in proteins, but it also
terminates labeling reactions. Therefore it was
important to minimize the time the proteins
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were dialyzing in 0M DTT labeling buffer.
Each protein was transferred to a beaker with a
stir bar (set to spin very slowly), and they were
allowed to reach room temperature. From this
point until the end of the labeling, the
procedures took place in the dark (lights were
turned off, and aluminum foil was wrapped
around any glassware containing IAEDANS or
DABMI since they are light-sensitive). A 10fold molar excess solution of IAEDANS in
DMF solvent was added drop-wise to each
beaker containing cTnT (S275C) and cTnT
(S275C/K280N). A similar 10-fold molar
excess solution of DABMI in DMF solvent was
added drop-wise to the beaker containing cTnC
(S89C). The labeling was incubated at room
temperature for 2 hours, and then each beaker
was transferred to 4°𝐶 to complete the labeling
process overnight.
The labeling reaction was terminated the
following day by adding 10mM DTT to each
beaker. At this point the labeling reaction was
complete, so exposure to light was not ruinous
to the experiment. Each solution was then spun
down at 15,000 rpm for 20 min to pellet any
excess unreacted label. Each supernatant was
then bagged and dialyzed in labeling buffer for
6 hour intervals (buffer was changed 3 times)
to further remove excess label. Concentration
measurements of each protein were recorded
via spectrophotometry in order to determine
what percentage labeling was achieved. The
typical goal was to achieve 100% labeling. If
this was not achieved, further rounds of
labeling were conducted.

in a ratio of 1.1:1.1:1.0 of cTnC, cTnI, and
cTnT, respectively, in 1.5 mL micro-centrifuge
tubes. The slight excess of cTnC and cTnI
ensures that acceptor tags are fully absorbing
energy from the donor tag on cTnT during
FRET measurements. The reconstitutions were
as follows: D-TF-C(S89C)-I(wt)-T(275C)AED,
DA-TF-C(S89C)DAB-I(wt)-T(275C)AED, D-TFC(S89C)-I(wt)-T(K280N-275C)AED, DA-TFC(S89C)DAB-I(wt)-T(K280N-275C)AED (with
myosin S1 counterparts; see Fig. 3 and 4). Each
reconstitution was then bagged and dialyzed in
reconstitution buffer (6M urea, 30mM MOPS,
1.25mM CaCl2, 1.25MgCl2, 0.5KCl, 1mM
DTT, pH 7.0). To ensure proper refolding of
the thin filament proteins, the concentration of
urea in the reconstitution buffer was slowly
reduced over the dialysis. A total of three
changes were done (6M to 4M to 2M to 0M
urea). After the buffer reached 0M urea, the
concentration of KCl was brought down to
150mM to mimic physiological concentration.
During this process, at 200mM concentration,
the proteins were switched into working buffer
(50mM MOPS, 2mM EGTA, 5mM NTA,
1mM DTT, 150mM KCl, 5mM MgCl2, pH
7.0). To fully bring down the concentration of
KCl to 150mM, the working buffer was
changed 3 times (6 hours each).
Each reconstitution was then subject to
FRET measurements on the PTI Quantamaster
spectrofluorometer at 20°𝐶 to collect lifetime
and steady-state data. The first set of
reconstitutions examined the wild-type thin
filament and the donor-acceptor energy
transfer between IAEDANS and DABMI in the
presence and absence of Ca2+ (absence of
calcium was achieved with the chelator EGTA
which sequesters free Ca2+). The second set
examined the donor-acceptor energy transfer of
the thin filament with the cTnT K280N
mutation in the presence and absence of Ca2+.
After raw lifetime measurements were taken,
FelixGX data analysis software was used to
calculate the distances between the fluorescent
donor and acceptor tags.

Reconstitution of the Thin Filament and FRET
Data Analysis
Before reconstitution, the amounts of each
protein to be added in order to achieve a final
volume of 1 mL were calculated. These
calculations were based on the concentrations
of the protein (in the case of cTnI) or the label
(in the case of cTnC and cTnT) which were
measured via spectrophotometry as explained
above. These proteins were then reconstituted
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RESULTS

reconstitutions was done without myosin S1
(Fig. 3), and one the other set was done with
myosin S1 (Fig. 4). Each figure also contains

FRET lifetime measurements were conducted
till 10,000 counts, and these measurements are
shown in Figs. 3 and 4 below. The first set of

(a)

▬ IRF

TnT(275c)-TnC(S89c)-TnI(wt)

▬ D-TF-C(S89c)-I(wt)-T(275c)AED, EGTA

10000

Intensity (Counts)

▬ D-TF-C(S89c)-I(wt)-T(275c)AED, Ca2+
▬ DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, EGTA
▬ DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, Ca2+

5000

0
0

20

40

60

Time (ns)

(b)

TnT(K280N/275c)-TnC(S89c)-TnI(wt) ▬ IRF
▬ D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, EGTA

10000

Intensity (Counts)

▬ D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, Ca2+
▬ DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, EGTA
▬ DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, Ca2+
5000

0
0

20

40

60

Time (ns)

Figure 3. (a) Raw data of lifetime measurements for wild-type samples. (b) Raw data of lifetime
measurements for cTnT (K280N) samples. From this specific pair of fluorescent probes, there
does not seem to be a pronounced effect on the energy transfer. Note that no myosin S1 was
present in the first set of FRET lifetime measurements. Zoomed-out lifetime graphs showing a
150 ns timescale are shown to the right of each plot.
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the zoomed-out lifetime plot (right side) which
shows the 150 ns timescale. Distances between
the fluorescent probes were calculated using
the FelixGX data analysis software, and these

(a)

distances are presented in Tables 1 and 2 which
correspond to the wild-type reconstitution
measurements and the K280N reconstitution
measurements, respectively.

▬ IRF
▬ D-TF-C(S89c)-I(wt)-T(275c)AED, EGTA+S1

TnT(275c)-TnC(S89c)+S1

Intensity (Counts)

10000

▬ D-TF-C(S89c)-I(wt)-T(275c)AED, Ca2++S1
▬ DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, EGTA+S1
▬ DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, Ca2++S1

5000

0

0

20

40

60

Time (ns)

(b)

▬ IRF
▬ D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, EGTA+S1

TnT(K280N/275c)-TnC(S89c)+S1

Intensity (Counts)

10000

▬ D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, Ca2++S1
▬ DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, EGTA+S1
▬ DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, Ca2++S1

5000

0

0

20

40

60

Time (ns)

Figure 4. (a) Raw data of lifetime measurements for wild-type samples in the presence of
myosin S1. (b) Raw data of lifetime measurements for cTnT (K280N) samples in the
presence of myosin S1. Zoomed-out lifetime graphs showing a 150 ns timescale are shown
to the right of each plot.
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Wild-type
Felix_GX (Lifetime distribution)

𝜏 (ns)
[𝜒 2 ]

D-TF-C(S89c)-I(wt)-T(275c)AED, EGTA
DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, EGTA
D-TF-C(S89c)-I(wt)-T(275c)AED, Ca2+
DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, Ca2+

20.71 [1.086]
18.67 [1.232]
18.86 [1.160]
17.27 [1.245]

57.85

20.45 [1.290]
18.07 [1.485]
17.65 [1.490]
16.69 [1.334]

56.07

Fret Distance (Å)

59.52

Myosin S1
D-TF-C(S89c)-I(wt)-T(275c)AED, EGTA+S1
DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, EGTA+S1
D-TF-C(S89c)-I(wt)-T(275c)AED, Ca2++S1
DA-TF-C(S89c)DAB-I(wt)-T(275c)AED, Ca2++S1

64.38

Table 1. Calculated distances between donor and acceptor fluorescent tags in the presence and
absence of calcium and myosin S1 for wild-type reconstitution. Fit was performed until ~120ns.
K280N
Felix_GX (Lifetime distribution)

𝜏 (ns)
[𝜒 2 ]

D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, EGTA
DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, EGTA
D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, Ca2+
DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, Ca2+

20.55 [1.117]
18.29 [1.326]
18.25 [1.147]
17.00 [1.324]

56.67

20.10 [1.301]
18.22 [1.679]
17.49 [1.477]
16.53 [1.798]

58.41

Fret Distance (Å)

61.79

Myosin S1
D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, EGTA+S1
DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, EGTA+S1
D-TF-C(S89c)-I(wt)-T(K280N/275c)AED, Ca2++S1
DA-TF-C(S89c)DAB-I(wt)-T(K280N/275c)AED, Ca2++S1

64.27

Table 2. Calculated distances between donor and acceptor fluorescent tags in the presence and
absence of calcium and myosin S1 for K280N reconstitution. Fit was performed until ~120ns.

DISCUSSION

The overall objective of this study was to
determine what structural changes occur as a
result of the K280N mutation in cTnT. As
explained above, this examination was done

via FRET measurements to infer distance
changes in both the wild-type thin filament and
K280N thin filament. By placing fluorescent
probes on cTnT S275C (IAEDANS donor) and
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cTnC S89C (DABMI acceptor) within the thin
filament (see Fig. 2), it became possible to
measure the distance changes between these
residues based on the energy transfer. FRET
lifetimes seen in Figs. 3 and 4 were curve-fitted
using FelixGX distribution software, and these
fits were then converted to FRET distances as
seen in Tables 1 and 2.
As can be seen from the tables, there does
not seem to be a pronounced change in distance
between the EGTA (no Ca2+) state of the wildtype vs. K280N reconstitution in this region
(only 1.18 Å difference). This would imply that
the mutation does not heavily alter the thin
filament structure in the absence of calcium.
On the other hand, the Ca2+ state exhibits a
distance increase of 2.27 Å which may suggest
that in the presence of calcium cTnT is pushed
farther away from cTnC (and closer to
tropomyosin) which would cause Tm to be
structurally moved out of the blocked state
leading to increased rates of contraction. With
the addition of myosin S1, we see a seemingly
opposite effect of distance alterations. In this
case the Ca2+ state seems to be unaltered with
only a 0.11 Å distance change between probes.
However, the EGTA state shows a larger
distance change of 2.34 Å. These data suggest
that the K280N mutation in the presence of
myosin S1 causes the thin filament to be
abnormally structured during relaxation (with
no Ca2+ present) but mostly normal during
contraction. As with previous reconstitutions
without myosin S1, these data seem to suggest
that Tm is more readily shifted from the
blocked state due to the tighter interactions
with cTnT caused by the mutation. In this case,
however, the sensitivity arises in the Ca2+ free
state which implies that at rest, contraction is
more prone to initiating since Tm is already
pushed out of the blocked state. In both cases
(with and without myosin S1), the results are
consistent with previous energetic studies that
showed that the rates of relaxation and the rate
at which cross-bridges leave the forcegenerating state are increased.4

It is important to note that this particular
study only implemented one set of fluorescent
probes for FRET measurements. This allows
for some useful information to be extracted
from distance calculations, but ultimately the
results obtained are not completely conclusive
since the distances were only calculated in one
direction of motion. Further studies involving
fluorescent probes on various other pairs of
residues will be necessary to obtain a more
complete picture of exactly how the distance
changes are affecting the structure of the thin
filament. The experiment’s findings, however,
were consistent with energetic findings of
previous studies which suggests that the current
conclusion is along the right path. In addition
to using FRET to continue this study, it might
also be necessary to introduce kinetic studies
via in-vitro motility (IVM) assays to determine
how the K280N mutation affects kinetics. A
combined study could reveal more detailed
information about the mechanism of how the
mutation actually functions to induce HCM in
patients. One possibility is that further FRET
studies show that distance changes are actually
very minimal throughout the thin filament; the
actual problem might lie within how fast actinmyosin cross-bridges are able to assemble (and
disassemble) in the presence and absence of the
K280N mutation. As mentioned above,
cysteine substitutions for labeling is assumed to
have no effect on the function of the proteins;
therefore, in addition to examining kinetics,
IVM would ensure that labeling of the thin
filament proteins does not have a significant
effect on their function.
This study examining the K280N mutation
will be continued both in this laboratory and at
other institutions. Hopefully the findings
presented in this experiment and future studies
will add to the growing wealth of knowledge in
the cardiovascular field. A better understanding
of hypertrophic cardiomyopathy and other
cardiac-related diseases may lead us to more
readily conceived solutions to some of these
devastating cardiovascular diseases.
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