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Interaction study between cMyBP-C and FHL1

Gustav Karlberg

Sammanfattning

Hyperotropisk cardiomyopati (HCM) är en sjukdom som uppstår på grund av
mutationer i de strukturella proteinerna i hjärtmuskeln.  En mutation i ”cardiac
Myosin Binding Protein C” (cMyBP-C) är den vanligaste orsaken till HCM. ”Four
and a half LIM domain protein 1” (FHL1) har olika funktioner i cellen. Proteinet
deltar bland annat i genreglering och styr på så vis utvecklingen. Studier har visat att
dessa två proteiner, FHL1 och cMyBP-C, kommunicerar med varandra och denna
kommunikationen kan ha en viktig roll i utvecklingen av hjärtat.

Överuttryck av FHL1 i mus har visat att myosin utvecklingen störs och istället för att
bilda tjocka filament, bildas säck-liknande strukturer av myosin i musklerna. Försök
har även gjorts där uttrycket av FHL1 förhindras med RNAi, korta RNA bitar. När
uttrycket förhindras bildas långa sarcomerer då bildandet av tjocka myosin filament
förhindras och långa smala filament bildas.

I den här studien karaktäriseras interaktionen mellan cMyBP-C och FHL1. Målet var
att åstakommma högt uttryck av FHL1 och cMyBP-C i E. coli. Bevis för att
proteinerna interagerar med varandra var att proteinernas löslighet höjdes när de båda
uttrycktes i samma cell. En kortare version av FHL1 analyserades med avseende på
storlek och veckning. Interaktionen eftersöktes även i levande celler genom uttryck i
jästceller och en metod som heter jäst två hybrid.

Uppsala Universitet maj 2006

20p examensarbete i Molekylär bioteknik.
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1. Introduction

1.1 Hypertrophic cardiomyopathy

1.1.1 Hypertrophic cardiomyopathy (HCM) background

Cardiomyopathy is a condition where the heart muscle is abnormal. There are
four different types of cardiomyopathy; Hypertrophic (HCM), Dilated (DCM),
Restrictive (RCM) and Arrhythmogenic right ventricular (ARVC). The HCM refers to
a condition where the heart muscle shows an excessive thickening that is related to the
misalignment of the sarcomere. This thickening is located in the left ventricle of the
heart and has major impact on the function of the heart, making the cavity in the left
ventricle smaller. This means that the heart will pump less blood in each stroke. An
extensive increase in the size of the muscle can also interfere with the shutting of the
mitral valve making blood leak back to the left atrium or even disrupt blood flow by
sticking to the septum. Patients with HCM have different symptoms such as shortness
of breath, chest pains, palpitation (awareness of heartbeat) or light-headedness and
blackouts. They suffer an increased risk of sudden premature death. HCM has been
associated with mutations in the structural proteins of the sarcomere, but the cause of
the condition is not completely known.

1.1.2 Muscle proteins

The sarcomere is the functional part of a muscle between two Z-lines (Figure
1). The sarcomere consists of two different filaments. Thick filaments are built up by
myosin proteins and are found in the A-band of the muscle. The thin filaments are
built up by actin protein found in the I-band. The actin filaments extends in to the A
band creating dark areas in the A-band called the C-zone (Figure 1). The contraction
and relaxation of cardiac muscle are mediated by the sliding of thick and thin
filaments within the sarcomeres. When a muscle contracts the head of the myosin
filament phosphorylates and pulls the actin band towards the middle, shortening the
sarcomere and contracting the muscle.

Titin is a protein that has been characterized and found to organize the
structure of the sarcomere. It exists as one of the largest polypeptides found in nature
to date; the gene coding for titin contains 363 exons and 114,114 base pairs

Figure 1. The sarcomere is the smallest contractive part of the muscle. Actin is connected to the Z-
line and extends through the I-band to the crossover with myosin. This area is called the C-zone.
The M-line is the middle of the myosin filament. The figure is reprinted from L.Kravitz.
(www.unm.edu/~lkrawitz)
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(Tskhovrebova and Trinick, 2004). The titin molecule spans one half of the sarcomere
with the end of the molecule in the Z-line and the M-line. Titin binds to the Z-line and
to the thick filaments in the C-zone of the A-band, creating a structural spring for the
muscle (Granzier et al., 2005). Titin can bind several other proteins in the sarcomere
through its immunoglobulin (IgI) and fibronectin-type 3 (Fn3) domains. These
structural components are very common in the intracellular proteins involved in
muscle contraction (Tskhovrebova and Trinick, 2004). Complexes created by binding
to titin mediate several different functions in the sarcomere (Granzier et al., 2005).

1.1.3 Myosin binding protein-C (MyBP-C)

Myosin binding protein-C is a protein localized to the C-zone of striated
muscle sarcomeres (Craig and Offer, 1976). Mutations in this protein are one of the
most common causes for HCM. MyBP-C was found to create stripes across the C-
zone of the A-band using labelling with antiserum, suggesting that parts of MyBP-C
are located on the thick filament surface. Based on transverse sections of stained
muscle it was suggested that MyBP-C wraps around the thick filament (Craig and
Offer, 1976). The structure of MyBP-C has been characterized and three isoforms are
known to exist in adult muscle: slow type skeletal (stMyBP-C); fast type skeletal
(ftMyBP-C); and, cardiac (cMyBP-C). Separate genes encode the three different
isoforms. stMyBP-C is found on chromosome 19q13.33, ftMyBP-C on 12q23.3 and
cMyBP-C on 11p11.2 (Flashman et al., 2004). All three isoforms consists of similar
structures. They contain 10 globular domains named C1-C10. C1-5,8,10 are all
immunoglobulin I-like (IgI-like) domains, while C6-7,9 are Fn3 domains.  The
structure is conserved mainly in the cysteine residues and have been indicated to
mediate interactions between proteins. The Fn3 domain in titin has been shown to
bind myosin, and an interaction between MyBP-C and titin is also localized to the Fn3
domain (Muhle-Goll et al., 2001). The cardiac isoform cMyBP-C differs from the two
skeletal ones by the addition of another IgI domain, labelled C0. It also contains a
nine-amino acid insert (LAGGGRRIS) in the region between C1 and C2, called the
MyBP-C motif, and a 28-amino acid loop in the C5 domain (Figure 2). The skeletal
isoforms differ by an extension of the N-terminus of slow skeletal MyBP-C
(Flashman et al., 2004).
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Cardiac MyBP-C (cMyBP-C) has been shown to be expressed early in the
mammalian cardiac development together with myosin and titin (Gautel et al., 1998).
This suggests a role in the development of the heart and the organization of the
sarcomere. The localization of MyBP-C to the C-zone enables MyBP-C to bind both
myosin and titin. The binding of light meromyosin (LMM), the rod region of myosin,
to the C-terminal domain C10 of MyBP-C has also been characterized (Miyamoto et

al., 1999). This binding has been shown to be essential in the ability to polymerise
myosin (Sebillon et al., 2001). MyBP-C also binds myosin in the N-terminal C1-C2
domains connecting the junction between the myosin head and the thick filament
backbone. Suggestions have been made that this works as a dynamic network to
regulate both myosin flexibility and the interaction with actin (Gruen and Gautel,
1999). The role for MyBP-C in striated muscle is still under debate. However,
indications of a requirement for MyBP-C in the formation and stabilization of myosin
thick filaments have been found. In particular, the C10 domain of MyBP-C is
essential for the formation of long, uniform and compact thick myosin filaments
(McGrath et al., 2006).

1.2 Protein interactions in gene expression

To control the development of a eukaryote each cell needs to be able to
activate and repress the expression of different specific genes at different times. This
process is called gene regulation. The proteins involved in gene regulation can be
divided in two groups, basal transcription factors and specific transcription factors.
The basal transcription factors are needed for expression of most genes. They
recognize the common DNA motif TATA-box situated ~25bp upstream of the codon
start site. Several transcription factors are also required interact to position the RNA II
polymerase on the DNA and start transcription. The specific transcription factors are
expressed in different cell types at distinct stages of development. In general they bind
specific regions on the DNA, typically upstream from the transcription start sequence.

Figure 2. Schematic representation of the domains in MyBP-C, skeletal isoforms on top, cardiac
below.  IgI-like domains are in blue, Fn3 domains in yellow. cMyBP-C contains the
LAGGGRRIS insert in the MyBP-C motif, an extra IgI-like domain C0 and a 28-amino acid loop
in C5. Picture adopted from Flashman and co-workers 2004.
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However, binding has also been shown to occur on downstream sites in the DNA
(Wardrop and Brown, 2005). When bound to the DNA the specific transcription
factor can interact with the basal transcription factors to initiate transcription of the
gene (Muller and Tora, 2004). Alternatively, transcription factors can negatively
regulate the expression of a gene by binding DNA and physically blocking the
initiation of transcription (Moehren et al., 2004). A third way of controlling the
expression of the gene is by controlling the availability of the DNA to the basal
transcription machinery through modification of chromatin. By recruiting histone
modifying enzymes transcription factors can alter the state of the DNA making the
coiling round the histone tighter or looser (Koipally et al., 1999).

One example of specific transcription regulators is the GATA protein family
of proteins. Members of this family bind the HGATAR motif in the DNA and then
interact with basal transcription factors (Ferreira et al., 2005).

1.2.1 Protein-protein interactions

Protein-protein interactions between specific transcription factors represent
another level of regulation for controlling gene expression. For example multiple
proteins can compete for binding to the same partner. By regulating the gene
expression for the different proteins involved, the cell can control the protein
abundance levels and thus their activities and the resulting development of the cell.
Proteins that are involved in gene regulation without directly binding DNA are termed
cofactors. Interactions between proteins can often take place at defined motifs in the
protein. A core determinant is recognized, along with flanking or non-contiguous
residues for extra contact sites that provide an element of selectivity of the interaction
domain for its target (Pawson and Nash, 2003). Some of the modes for target
recognition used by protein binding modules have been well-characterized e.g. Src
homology3 (SH3) domains bind the PxxP motif (Ghose et al., 2001), and PDZ
domains recognize a short C-terminal peptide (Nourry et al., 2003). Notably,
additional studies have shown that PDZ also can interact with other motifs through
PDZ:PDZ interactions, thus widening the variety of potential interacting partners for
this domain (Nourry et al., 2003).  One common motif for protein interactions in
eukaryotes is the LIM domain.

1.2.2 The LIM domain

The LIM domain is a 50-60 amino acid motif that is rich in both histidine (H)
and cysteine (C). It is found in a many eukaryotic proteins that have a wide range of
different functions—from transcriptional regulation to signal transduction to roles in
the cytoskeleton. The name LIM was derived from the three proteins where the
structure was first found. In 1988 Way & Chalfie characterized the gene that encoded
Caenorhabtidis elegans MEC-3. They noted that the protein contained a
homeodomain as well as a sequence that up to that time was unknown (Way and
Chalfie, 1988). The sequence was later found in the C. elegans protein LIN-11 (Freyd
et al., 1990) and in the rat protein Isl-1 (Karlsson et al., 1990). Analysis of the
sequences indicated that these domains might be able to bind metal ions, and
subsequent experiments showed that each LIM domain binds two zinc(II) ions
(Michelsen et al., 1993).

The solution structures (figure 3) for several different LIM domains have been
solved by multidimensional Nuclear Magnetic Resonance (NMR) spectroscopy,
including the cysteine-rich protein CRP (Perez-Alvarado et al., 1994), the cysteine-
rich intestinal protein CRIP (Perez-Alvarado et al., 1996) and the cysteine-rich



10

protein CRP2 (Konrat et al., 1998). In later years crystal structures of the LIM domain
have been achieved eg. LIM-only protein and LMO4 (Deane et al., 2004)

Each zinc-binding module in the LIM domain consists of two orthogonally
packed antiparallel "-hairpins and terminates in a short #-helix, although the #-helix
at the end of the first zinc-binding module is often very small (Deane et al., 2004).
This fold is an example ofa Treble clef Zinc-finger (Matthews and Sunde, 2002). The

structure of each zinc-binding module of the LIM domain very strongly resembles
that of the transcription factor GATA1. Thus, it was long thought that the LIM
domain would have bind DNA (Sanchez-Garcia and Rabbitts, 1994) but to date, no
experimental evidence has demonstrated that LIM domains can bind DNA.

However, several studies have shown that LIM domains have the ability to
mediate protein:protein interactions. The ability of CRP to homodimerize was found
to be coordinated by a LIM domain (Feuerstein et al., 1994) and a fairly recent review
provides additional information regarding known LIM domain interactions (Bach,
2000).

1.2.3 Four and a half LIM domain protein (FHL)

The FHL proteins are a family of LIM domain proteins. Five different types of
FHL proteins are known to date, FHL 1-4 and Activator of CREM in testis (ACT).
The FHL proteins consist of four whole LIM domains and an N-terminal single zinc
finger domain similar to the C-terminal part of the LIM domain, hence the name “four
and a half LIM domain”. The different members of the FHL family show high
sequence identity and similarity see Table 1 (Morgan and Whawell, 2000). The
sequence is also highly conserved between different species, hFHL1 have a 94.3%
identity with mFHL1 (Morgan and Whawell, 2000).

Figure 3.  A&B are adopted from Kadermas & Beckerle (Kadrmas and Beckerle, 2004).
A. The amino acid sequence of LIM domains. The cysteine residues are highly conserved through the sequence.
B. Numbers 1-8 represent the zinc binding cysteine marked 1-8 in A. Black residues are semi-conserved
aliphatic residues.
C. Shows the 3D structure of one LIM domain. This is a LIM domain from CRP2 (Kontaxis et al., 1998)
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Table 1. Sequence identity (bottom part) and similarity (upper part) in % between
proteins in the FHL family. Altered from Morgan M.J. & Whawell S.A, 2000. All
proteins are human except for FHL4, which is from mouse (m).

FHL1 FHL2 FHL3 mFHL4 ACT

FHL1 -- 61.1 51.2 78.6 53.7

FHL2 47.9 -- 65.7 61.4 73.2

FHL3 41.6 51.8 -- 51.6 60.6

mFHL4 71.1 48.2 40.9 -- 54.4

ACT 42.1 58.5 46.5 43.9 --

Studies have shown a vast variety of different tasks involving the FHL
proteins. Members of this family are differentially expressed in a variety of tissues
and cell types in the body. FHL proteins were first discovered in skeletal muscle and
therefore they formerly went under the name SLIM (for skeletal LIM domain
proteins)(Morgan and Madgwick, 1996).

The best-characterized members of the FHL family are FHL2 and FHL3. The
FHL2 protein is most abundantly expressed in the heart, but can also be found in
several other organs and tissues eg. bladder, kidney, prostate (Scholl et al., 2000). All
FHL proteins show expression in a variety of tissue except FHL4, which is believed
to be expressed only in the testis (Morgan and Madgwick, 1999). Studies have shown
that FHL2 is found in both the cytoplasm and the nucleus of the cell, but it does not
contain an obvious nuclear localization signal or export signal. The molecular mass of
FHL2 (32kDa) lies below the 50kDa upper limit for nuclear pore diffusion and lower
limit for active transport. Thus it is believed that FHL2 can passively shuttle between
the nucleus and the cytoplasm (Johannessen et al., 2006). Both FHL1 and FHL3 have
shown a similar distribution in the cell (Brown et al., 1999b, Li et al., 2001). The
ability of these and similar proteins to reside both in and outside the nucleus has been
postulated as a signalling mechanism between the nucleus and the cytoplasm (Brown
et al., 1999b) (Morlon and Sassone-Corsi, 2003, Muller et al., 2002). The distribution
of FHL proteins in the cell is altered by exposure of the cell to different stimulus
(Ibid.). All FHL proteins are implicated as transcriptional cofactos, and they appear to
bind several different proteins using different LIM domains. In combination, these
properties strongly imply that a primary function of FHL proteins is to act as signal
transducers between the nucleus and the cytoplasm.

FHL2 has several different functions in the body (reviewed thoroughly by
Johannessen et.al.. 2005.). In particular, it is thought to be an important part of the
development of the cardiac septa and circulatory system. FHL2 is highly expressed in
embryonic hearts compared to other organs, and the levels of protein were highest in
the ventricular septum and areas round the atrio-ventricular ring (Chu et al., 2000).
FHL2 also has an important role in the formation of bone. FHL2 expression levels
increased threefold when bone marrow cells differentiated into osteoblasts (Amaar et

al., 2002). The role of FHL2 in skeletal muscle has not yet been characterized, but
many indications of a role in the function of this tissue have been found. FHL2
interacts with Titin, which has an important role in organising the sarcomere,
indicating a helper function of energy provision during muscle contraction (Lange et

al., 2002).
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1.2.4 FHL1

FHL1 is the least characterized protein in the FHL family. FHL1 is expressed
in skeletal muscle (SLIM1) (Morgan and Madgwick, 1996) and in heart muscle
(Brown et al., 1999a). Trials have shown that, like FHL2, FHL1 can be present in
different parts of the cell and may mediate signalling between the cytoplasm and the
nucleus (Brown et al., 1999b). The same study found a novel isoform of FHL,
SLIMMER. This isoform is identical to FHL1 except for the C-terminus, which
contains a 96 amino acid extension with a potential nuclear localization signal. The
isoform was found in the nucleus of myoblasts, but following differentiation to
myotubes was located only in the cytoplasm (Brown et al., 1999b). The same group
also found proof of FHL1 regulating the adhesion, spreading and migration of
myoblasts. This study showed that FHL1 moves from the nucleus to cytoplasm
dependent on the signals of integrins, indicating again that FHL1 functions as
signalling molecule between the cytoplasm and the nucleus, and as for FHL2, the
signalling can be controlled by different external stimuli (Robinson et al., 2003). For
example, FHL1 is upregulated by cAMP, a signal molecule that interacts with protein
kinase A (PKA) and which can interact and phosphorylate the cAMP response
element binding protein (CREB). CREB interacts with several cofactors to control the
expression of responsive genes (Boissel et al., 2004). The study demonstrated that
FHL1 and FHL3 can interact with CREB in the absence of PKA, meaning that they
can control the expression of CREB specific genes (Boissel et al., 2004).

It has also been shown that FHL1 is expressed in a restricted area of
developing and mature hearts. The expression was localized to the outflow tract of the
developing heart indicating an important role in the developmental regulation of the
heart (Brown et al., 1999a).

This thesis will examine the properties of FHL1 and its interaction with
cardiac myosin binding protein C (cMyBP-C).

1.3 The interaction between cMyBP-C and FHL1

Studies have provided evidence that FHL, acting together with other proteins,
have an important role in development and functions of different tissues. The most
recent study by McGrath and co-workers (McGrath et al., 2006) demonstrated an
interaction between cMyBP-C and FHL1. MyBP-C was identified as a binding
partner of FHL1 through a yeast two hybrid (Y2H) screen. The study used a truncated
version of FHL1 consisting of the first two and a half LIM domains FHL1 (1/2 LIM
1+2) (FHL 2 1/2).  It was shown that C10 stMyBP-C is required for binding to FHL 2
1/2. This result suggests that FHL1 might be competing with myosin for binding of
the C10 domain. The study also showed that FHL1 is likely to compete for the
binding of C6-C10 domains with myosin. Additional in vitro and in vivo experiments
were carried out to validate the presence of the interaction. To demonstrate in vitro

binding GST-pull down assays were carried out using a construct of GST-cMyBP-
C(C6-C10). FHL1 bound to the construct but not to the GST-only control. Further co-
immunoprecipitation experiments using endogenous proteins confirmed the presence
of an interaction in vivo.

The same group was able to determine the localization of FHL1 in mature
skeletal muscle in mouse, by staining with antibodies. The immunostaining evidence
indicated that FHL1 is found in the I-bands, Z-line, the sarcolemma, and occasionally
in the M-line. Further, a partial co-localization between MyBP-C and FHL1 was
found in the sarcolemma of the muscle. Trials in isolated skeletal myofibrils indicate
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that the FHL1 in the M-line extends in to the C-zone, where MyBP-C is found in the
muscle.

To investigate the consequences of complex formation between FHL1 and
MyBP-C both overexpression of FHL1 and knockouts using RNAi were performed in
transgenic mice. When FHL1 was overexpressed in differentiating C2C12 skeletal
myoblast, the formation of myosacs was found. Myosac is a term used to describe a
phenotype of enlarged, sac-like myotubes and indicates impaired sarcomere
formation. When the expression of FHL1 was knocked out with RNAi, myotubes
were observed to become long and thin, and showed a linear arrangement of nuclei
and a striated pattern. This indicates that the Z-line was correctly assembled and the
phenotype was rescued. The knockout of FHL1 also resulted in the inability of the
cell to create myosin thick filaments. This result is associated with reduced
incorporation of MyBP-C to the sarcomere (McGrath et al., 2006).

1.4 Aims for the project

An interaction between FHL1 and cMyBP-C has been demonstrated, but
further understanding of the interaction is needed in order to determine the role of
FHL1 as a cofactor for cMyBP-C in myosin thick filament development. This may
also give important insights into the prominent role of mutated cMyBP-C in
hypertrophic cardiomyopathy.

The aim of this project was to further characterize the interaction between
FHL1 and cMyBP-C in order to gain a better understanding of their interaction.
Aim 1: Define the minimum interacting domains of cMyBP-C and FHL1.

Attempts were made to define the smallest binding domain of each protein
using yeast two hybrid assays with truncated versions of cMyBP-C and FHL1.
Aim 2: To characterize FHL1 (1/2 LIM 1+2).

The two proteins involved in the interaction, and in particular FHL1, are
currently not well characterized. The project also aimed at characterizing the
truncated FHL1 (1/2 LIM 1+2). Expression trials were carried out to establish an
expression protocol. This protein was also purified characterized in terms of its mass
and folded state.
Aim 3: Characterizing the complex at a molecular level.

To characterize the complex at a molecular level, milligram quantities of both
proteins are required, necessitating the overexpression of these proteins and the
protein complex in E. coli. A variety of different expression protocols were tested in
order to optimise levels of expression, establish a purification protocol and to confirm
the presence of the interaction between these recombinant forms of the proteins.
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2. Materials and Methods

2.1 Chemicals and reagents

All chemicals were of analytical reagent (AR) grade unless otherwise
specified. Standard laboratory chemicals were obtained from Sigma (Castle Hill,
NSW).

Bacteria culture casein peptone pancreatic digest type M, yeast extract and
agar came from Amyl Media (Dandenong, VIC). Peptone, yeast extract and yeast
nitrogen base without amino acids for yeast culture were obtained from Difco (Detroit
MI, USA).

Type II restriction endonucleases: Bam HI, Bgl II and Eco RI, New England
Biolabs (Beverly, MA), T4 DNA ligase, Progen (Darra, QLD).
The following chemicals were purchased as indicated:
100bp DNA ladder Genesearch (Arundel, QLD)

Agarose (DNA grade) Promega Corporation (Annandale, NSW)

Ampicillin (AMP) Sigma (Castle Hill, NSW)

"-mercaptoethanol Sigma (Castle Hill, NSW)

Chloramphenicol (CAM) Sigma (Castle Hill, NSW)

d6-methyl sulfoxide (DMSO) Aldrich Chemical Co. (Milwaukee, WI)

Deoxynucleotide triphosphates (dNTP’s) Boeheringer Mannheim (Castle Hill,

NSW)

Ethidium bromide Boeheringer Mannheim (Castle Hill,

NSW)

Glutathione-Sepharose$ 4B GE Healthcare (Castle Hill, NSW)

Isopropyl "-D-

thiogalactopyranoside(IPTG)

Astral (Gymea, NSW)

Kanamycin (KAN) Sigma (Castle Hill, NSW)

Mark 12% molecular weight protein

standard

Novex (Terry Hills, NSW)

N,N,N,N’-tetramethyletylenediamine

(TEMED)

Sigma (Castle Hill, NSW)

2.1.1 Plasmids and vectors

The pGEX-2T (AMPr; GE Healthcare, Castle Hill, NSW) was used in the
overexpression of constructs. The target protein is expressed in a fusion with C-
terminus glutathione S-transferase (GST; 26kDa). The construct can be expressed in
E. coli cells after induction by IPTG.

The pRSET3 (AMPr) (Invitrogen, Mount Waverley, VIC) was used to express
target protein fused with six histidine residues (HIS6) at the N-terminus. This vector is
also used to overexpress constructs using IPTG to induce expression in E. coli.

For co-expressing two proteins in the same cell the pAC28 vector (KANr; Kholod and
Mustelin 2001) was used. This vector also contains a HIS6 affinity tag at the N-
terminus.

For direct cloning of a PCR product the pGEM-2T (AMPr; Promega, WI,
USA) vector was used.

2.1.2 Cell strains and cultures

The DH5# strain (Bethseda Research Laboratories, MD, USA) of E. coli was
used for plasmid DNA preparation and amplification. The E. coli strain BL21 (DE3;
Integrated Sciences, Willoughby, NSW), was used for overexpression. E. coli BL21
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(DE3) Rosetta (Merckbiosciences, Kilsyth, VIC) was also used. This strain contains
six tRNA for rare E. coli codons (AUA, AGG, AGA, CUA, CCC, GGA). The final
strain used was the E. coli Trx strain. This strain co-produces bacterial Thioredoxin to
increase the solubility of the expressed protein (Yasukawa et al., 1995).

All cell cultures were grown in autoclaved Luria-Bertani (LB) broth (1%
Casein peptone pancreatic digest, 0.5% yeast extract, 0.5% NaCl) supplemented with
the appropriate antibiotic (AMP, 50 µg/ml; KAN, 50 µl/ml; and/or CAM, 34 µl/ml).

2.2 Preparation of cMyBP and FHL constructs

Single stranded oligonucleotides used for synthesis of constructs were
obtained from Sigma Genosys (Castle Hill, NSW). Full length FHL1 was obtained
from Kate Edwards (University of Sydney) and the shorter version FHL1 (1/2 LIM
1+2) was synthesised in the lab using polymerase chain reaction PCR. cMyBP-c was
provided by Professor Christina Mitchell (Monash University, VIC) and all shorter
versions were synthesised in the laboratory using PCR.

All PCR reactions were done in 50 µl reaction volume containing 2.5U of one
or two enzymes. The two different enzymes used were Pfu Turbo$

 DNA polymerase
and Taq DNA polymerase. Pfu Turbo$

 and its provided buffer came from Stratagene
(CA, USA), Taq DNA polymerase and buffer were from Boehringer Mannheim
(Castle Hill, NSW). Buffers and dNTPz were added to 0.1 M concentrations and 10
pmol of each primer was used. 5 µl of DMSO was added to the reaction. The reaction
was run on a PCR Sprint thermal cycler from Hybaid (Middlesex, UK) for 30 cycles,
consisting of one minute at 92°C for denaturation, one minute of 55°C for annealing
and three minutes of 72°C for extension. Reactions were stored at 4°C when
completed.

All PCR products contained an Eco RI and Bam HI restriction site in each end.
Linker constructs were synthesised with a Bam HI and a Bgl II restriction sites.

Table 2. Primers used for PCR synthesising of constructs.
Lab

ref.

Nr

Type Restriction

site

Sequence 5’-3’

1563 FHL

forward

Bam HI cgggatccatgtcggagaagttcgac

1558 7-10

cMyBP

forward

Bam HI cgggatccatgcctatcggtccccc

1810 7-10

cMyBP

linker

reverse

None cagacccaccggagccaccctgaggcactcgcacc

1811 FHL1

linker

reverse

None cagacccaccggagccacccagctttttggcacagtc

1812 FHL1

2.5

LIM

reverse

None cagacccaccggagccaccatgtttggcgaacttggtc

1813 Linker Bgl II gaagatctagagccaccgctcccgccctggaagtacaggtttcagacccaccggagcc
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Construction of both proteins linked with a flexible glycine rich linker was
conducted using two rounds of PCR with Taq polymerase and conditions as above.
The first reaction was done using the vector construct as template. The second
reaction used the first reaction product as template to get the overlapping linker
primer to work.

2.2.1 Bacterial transformation

Competent E. coli cells were used to transform inserts and vectors for
amplification and for expression. 50 µl of cells were mixed with 50 µl of KCM (100
mM KCl, 30 mM CaCl2, 50 mM MgCl2) and 2 µl of plasmid DNA. Tubes were
inverted gently five times to mix. Cells were then incubated for 20 min on ice. Tubes
were then heat-shocked at 42°C for 90 s, followed by two more minutes on ice. 200 µl
of LB broth was added and cells were incubated at 37°C for an additional hour. 50 µl
of transformed cells were spread on a LB agar plate with suitable antibiotics to select
for the transformed vector. Plates were incubated at 37°C for 16h. From the plate one
bacteria culture was selected and used to inoculate 10 ml of LB broth. The culture was
allowed to grow at 37°C O/N.

2.2.2 DNA extraction and restriction enzyme digestion

The plasmids were extracted from a 10 ml overnight culture (DH5# cells)
using QIAprep Spin Miniprep kit (QIAGEN). Plasmids were eluted in a minimal
amount of elution buffer (30 µl).
For restriction enzyme digestion 22µl of vector DNA was mixed with 1µl of each
required restriction enzyme, 3µl of the recommended buffer and 0.1 mg/ml of bovine
serum albumin. The different enzymes used were Eco RI, Bam HI and Bgl II. The
mixture was incubated at 37°C for one hour. If the vector was being used, 1µl of
Alkaline Phosphate (AP) was added to dephosphorylate the vector and the solution
was incubated for another 30 min at 37°C. The DNA was purified using 1% agarose
gel electrophoresis; the band was cut out from the gel and the DNA extracted using
QIAquick Gel Extraction Kit (QIAGEN). Inserts were purified using 2% agarose gel.
DNA was eluted using minimal amount of elution buffer (30µl).
The inserts synthesised using PCR were cut and purified in the same way, excluding
the dephosphorylation step.

2.2.3 Ligation

To ligate the insert with the right vector 5µl of insert was mixed with 1µl of
vector, 1µl T4 DNA Ligase and 1µl of T4 Ligase buffer. Mixture was left at room
temperature for at least 2 hours. The T4 DNA ligase was inactivated by heating to
65°C for 20 min prior to transformation to competent DH5#-cells as the ligase has an
inhibitory effect on the transformation.

2.2.4 Direct-ligation and transformation of linker constructs in pGEM! vector

The protocol provided by Promega Corporation (WI, USA) was used for
ligation set up and Promega provided all solutions and enzymes. PCR products were
produced with Taq polymerase to enable direct ligation of ends. For ligation three
different tubes were set up, the ligation tube, a positive control and a background
control. Reactions were set up according to table 3.
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Table 3. Ligation reaction set up for direct ligation of PCR products using the pGEM!

vector. All solutions and enzymes were provided by Promega. Sterile water was used
to make the volume of each reaction 10 µl.

Ligation Positive control Background control

2X Rapid Ligation Buffer 5 µl 5 µl 5 µl

pGEM!-t vector 1 µl 1 µl 1 µl

PCR product 3 µl - -

Control insert - 2 µl -

T4 DNA Ligase 1 µl 1 µl 1 µl

Transformation was done as above (see 2.2.1) using DH5# cells, but selection
for transformed colonies were carried out on LB agar 0.5mM IPTG and 80µg/ml X-#-
gal plates.

2.3 Overexpression and purification of recombinant proteins

2.3.1 Overexpression trials

LB (10 ml) with appropriate antibiotic (AMP, 50 µg/ml; KAN, 50 µl/ml;
and/or CAM, 34 µl/ml) was inoculated with cells from a single bacteria colony, and
incubated at 37°C overnight with shaking at 180 rpm. 10 ml of LB with appropriate
antibiotics were inoculated with the overnight culture to an OD600 of ~0.05. It was
then incubated 37°C with shaking at 180 rpm until the culture had an OD600 of ~0.6.
A 1 ml pre-induction aliquot was removed from the cultures at this stage.
Overexpression was then induced using 0.4mM or 0.2mM  IPTG. Cultures were
incubated at 20°C, 25°C or 37°C for 3-16 h. 1 ml aliquots were taken out every hour
for the 37°C cultures, and ~ half way through the incubation for longer trials. At the
end of trials a 1 ml aliquot was taken. Remainder of the cultures were used for
solubility trials. Cells were harvested by centrifugation (5000 rcf, 4°C, 5 min), and
analysed by SDS-PAGE.

Large-scale protein expression was done the same way as overexpression trials above,
but instead of 10 ml LB, 50 ml was inoculated and grown overnight. This overnight
culture was then used to inoculate 1 l of LB broth with appropriate antibiotics.
Cultures were grown at 37°C until they reached an OD600 of  ~0.6. They were then
induced using the appropriate amount of IPTG.

Alternatively cultures were grown for three hours at 37°C or the temperature
was decreased to 25°C and cultures were grown overnight. Cells were harvested by
centrifugation (5100 rpm, 4°C, 5 min) and stored at -20°C until lysis and purification.
Cell pellets were resuspended in 1/10th of culture weight in volume lysis buffer (either
Ni- or GST-lysis buffer) and sonicated on ice 3x 40 s. Soluble and insoluble fractions
were separated by centrifugation (5000 rcf, 4°C, 10 min).

2.3.2 Solubility trials

The remaining cells from overexpression trials were used for solubility trials.
Pellets were resuspended in 1 ml of 1x PBS containing 0.1% "-mercaptoethanol.
Lysozyme was added to a final concentration of 0.1 mg/ml and samples were put on
ice for 20 min. Samples were then sonicated on ice (3x 10 s). To separate soluble and
insoluble fractions samples were centrifuged (7500 rcf, 4°C, 10 min). The soluble
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fraction was removed, and the insoluble fraction resuspended in 1ml of 1x PBS
containing 0.1% "-MeOH. Fractions were then analysed using SDS-PAGE.

2.3.3 Protein purification by Ni-NTA agarose affinity chromatography

For constructs with a HIS6 tag (pRSet and pAC28) a 10 mL column of agarose
beads was washed with 100 ml MQW then equilibrated in 50 ml Ni-NTA lysis buffer
(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8). The soluble fractions
from the lysed cells were added to the equilibrated column and allowed to pass over
the column twice. The column was washed with 50ml Ni wash buffer (50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8). Protein was then eluted using Ni-
NTA elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8).
During elution, the OD280 of samples were measured to indicate when protein had
eluted. Samples were collected at all steps of the purification process and analysed by
glycine SDS-PAGE. For samples to be used in ion exchange, 50 mM NaCl instead of
300 mM was used in all buffers.

2.3.4 Protein purification by GST affinity chromatography

Constructs containing a GST tag (pGex) were purified using 10 ml of
Glutathione-Sepharose 4B$ (GE Healthcare, Castle Hill, NSW) beads. Beads were
prepared as above but using GST lysis buffer (50 mM Tris pH 8.0, 50 mM NaCl, 1%
Triton X-100, 1.4 mM PMSF, 1.4 mM "-mercaptoethanol) and purification was
performed as above using GST wash buffer (50 mM Tris pH 8.0, 100 mM NaCl, 10%
glycerol, 1.4 mM PMSF, 1.4 mM "-mercaptoethanol) and the elution was carried out
using GST elution buffer (GST wash buffer plus 50 mM GSH). Samples were
collected during the whole purification process and analysed by glycine SDS-PAGE.

2.3.5 Affinity chromatography purification of protein complex

Co-expressed proteins were purified using first GSH affinity chromatography
as above, and then using Ni-NTA agarose chromatography. Ni-NTA agarose beads
were prepared as above, but equilibrated using GST elution buffer. The elution
fractions from GSH chromatography were applied to the Ni-NTA agarose beads and
allowed to pass through the column twice. The column was then washed with Ni-
NTA wash buffer and the protein eluted using Ni-NTA elution buffer. The elution of
the protein was checked by OD280 nm as above. Samples were collected during the
whole process and all steps were analysed by glycine SDS-PAGE.

2.3.6 SDS-PAGE analysis

Glycine gels (Sambrook et al., 1989) were used for protein analysis. All
samples were mixed with 5x SDS-PAGE loading buffer (0.3125 M Tris, 10% SDS,
50% glycerol, 25% "-mercaptoethanol, 0.5% bomophenol blue, pH 6.8) and heated at
95°C for 5 min before loading. SDS-PAGE was carried out using Hoefer Small
Mighty Small! apparatus (GE-Healthcare, Castle Hill, NSW).

2.3.7 Ion exchange and gel filtration

Cation exchange was performed on a BioLogic (Bio-Rad, Hercules CA,
USA), using filtered MES buffer (20 mM MES, 1 mM DTT, pH 6.5) on an UNO S.1
column (Bio-Rad). Na+ was used as counter ion with a gradient going from zero to 1
M NaCl. The mobile phase was run at a rate of 2 ml/min. The elute was monitored by
absorbance at 280 nm and peaks were collected and stored at 4°C.

Gel filtration was also performed on a BioLogic using filtered MES buffer
containing 200 mM NaCl, using a Superdex 75! 10/60 column (GE-Healthcare). The
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mobile phase was ran at 1.5 ml/min and the elute monitored at 280 nm and 215 nm.
All fractions corresponding to peaks were collected and stored at 4°C.

2.4 Characterization of proteins

2.4.1 Determination of protein concentration

Proteins were concentrated using Microsep 3K Omega centricon devices (Pall,
New York, USA). They were spun at 6500 rpm, giving a flow rate of ~1ml/h.
The absorption at 280nm was measured and protein concentrations were determined
using the molar extinction coefficients according to the Beer-Lambert Law, which
gives the equation:

A=&'c'l
Where & is the molar coextinction factor, c is the concentration, l is the pathlength and
A is the absorption at 280 nm.

2.4.2 Multiple Angle Laser Light Scattering (MALLS)

Ion exchange and gel filtration purified samples was used for MALLS. The
sample was loaded onto a Superdex™ 75 10/30 size exclusion column (Amersham
Biosciences) operating on an AKTA (Amersham Pharmacia Biotech) HPLC system.
The flow-rate was set to 0.5 ml/min using gel filtration buffer (20 mM MES, 1 mM
DTT, 200 mM NaCl). The size exclusion column was followed by an in-line mini-
DAWN light scattering detector and an interferometric refractometer (Wyatt
Technologies, CA, USA). Molecular weight calculations were performed using
ASTRA software (Wyatt Technologies). The change in refractive index as a function
of protein concentration is approximately constant for proteins and 0.190 ml/g was
used as a set value.

2.4.3 Far UV Circular Dichroism Spectropolarimetry (CD)

CD was used to determine the secondary structure of the protein. Spectra were
collected on a Jasco J-720 spectropolarimeter equipped with a Neslab RTE-111
temperature controller. Calibration of the instrument was done using ammonium d-
camphor-10-sulfonate (Katayama Chemical, Hyogo, Japan). Spectra were collected
with a resolution of 0.5 nm and bandwidth of 1 nm over wavelengths ranging from
260-200 nm using a 1-mm pathlength cell. Final spectra represented the average from
three scans at a speed of 20 nm/min with a response time of 1 s. Protein sample was in
low salt MES buffer (10 mM MES, 0.5 mM DTT, 5 mM NaCl).

2.5 Yeast two Hybrid

Yeast two Hybrid (Y2H) experiments were performed in Saccharomyces

cerevisiae AH109 strain (BD Biosciences Clonetech, CA, USA). Cells were grown in
Yeast Peptone Dextrose (YPD; 20 g/l Difco Bactopeptone, 10 g/l yeast extract), in 2%
agar and liquid form, respectively. YPD was adjusted to pH 5.8 before being
autoclaved, when cooled down glucose was added to a final concentration of 2%.
All protein tested were made as fusions with the GAL-4 DNA-binding domain (DBD)
and GAL-4 activation domain (AD). The DBD is expressed using pGBT9 (LEU2,
AMPr) (Clontech) and the AD using pGAD10 (TRP1, AMPr; Clontech). The pGBT9
vector enables expression of the DBD as a fusion with your protein of interest while
the pGAD10 vector allows expression of the AD in fusion with the partner protein.
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2.5.1 Making competent yeast cells

One colony of AH109 was used to inoculate 50 ml of YPD. The culture was
incubated (30°C, 200 rpm) overnight. The whole culture was transferred into 300 ml
of YPD and allowed to grow at 30°C, 200 rpm shaking for 4-5h. Culture was then
spun at 1000 g for 5 min and the supernatant was discarded. Cells were resuspended
in 25 ml of sterile water. Cells were then spun at 1000 g for 5 min, supernatant
discarded and the cells resuspended in ~1.5 ml of sterile TE/LiAc (10 mM Tris-HCl
pH 8.0, 0.1 mM EDTA, 100 mM LiAc).

2.5.2 Transformation of yeast cells

Roughly 1 µg of plasmid DNA and 100 µg of salmon sperm DNA were mixed
with 0.1 ml of competent yeast cells (Clonetech Yeast Two-Hybrid Protocols
Handbook). 0.6 ml of PEG/LiAc (40% PEG-8000, 100 mM LiAc, 10 mM Tris pH
8.0, 1 mM EDTA) was added and the tubes were briefly vortexed then incubated for
30 min with shaking (30° C, 200 rpm). Dimethyl sulfoxide (70 µl) was added and the
tubes were inverted 3-4 times. Cells were heat-shocked at 42°C for 15 min with
swirling every 5 min. They were then chilled on ice for 2 min and spun to a pellet
(14000 g, 5 s). The supernatant was removed and the cells were resuspended in 300 µl
of TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) and plated on SD agar plates
lacking tryptophan (W) and leucine (L) for selection of cotransformants. The plates
were incubated at 30°C for 72 h.

2.5.3 Y2H Spot-test

3 ml of SD –L-W media was inoculated with a co-transformed colony and
grown overnight (30°C, 200 rpm). OD600 was measured and adjusted to OD600 ~0.2.
Two serial 10x dilutions were done (OD600 ~0.02 and ~0.002) and 2 µl of all three
dilutions were spotted onto SD –L-W-H and SD –L-W-H-A agar plates, H for
histidine and A for adenine to select for interaction. Plates also contained 40 µg/ml X-
#-gal for visual indication of reporter gene expression. The plates were incubated at
30°C for 72 h.
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3. Optimisation of overexpression

To be able to further characterize the two proteins and the interaction between
them, it is essential to purify larger amounts of proteins. When proteins are
overexpressed in E. coli cells several different parameters influence the expression
levels. To be able to optimise the expression, trials are done in which the temperature,
time and levels of promoter enhancer IPTG were varied (see chapter 2.3.1). The aim
was to get as much soluble protein as possible.

3.1 FHL1 1/2 LIM 1+2

The expression of FHL 2 1/2 was first tried in the pRSET vector, but the
expression levels were not good enough for further characterisation (data not shown).
The pAC28 vector was tested after this, and the result showed very good levels of
expression in both 37°C and 25°C (figure 4).

 High levels of soluble protein were present at both temperatures. Thus,
optimal levels of soluble FHL 2 1/2 could be obtained by expression at 37°C for 3 h
using 0.4 mM of IPTG.

3.2 FHL 1

The expression of FHL 1 was tried using both pRSET and pAC28 vectors. The
first trials were done in a regular fashion using BL21(DE3) cells. Neither of the two
vectors yielded any expression of the protein (data not shown). The vectors were then
transformed in to BL21 Rosetta cells with six tRNA for rare E. coli codons.
Expression was tried as in chapter 2.3.1, but due to the slow growth of the cells only

Figure 4 Expression levels and solubility of FHL2 1/2 in pAC28 vector (~21.5 kDa).
A. Shows the expression at 37°C with 0.4 mM IPTG. Lane 1: marker, lane 2: before

induction sample, lane 3: 1 h expression, lane 4: expression 2 h, lane 5: expression 3 h.
B. Shows the expression at 25°C. Lane 1: marker, lane2: 25°C 0.2mM IPTG 16h, lane 3:

25°C 0.2mM IPTG 4h, lane 4: 25°C before induction lane 5: 25°C 0.4mM IPTG 16h, lane
6: 25°C 0.4mM IPTG 4h, lane 7: 25°C before induction.

C. Shows the solubility. Lane 1: marker, 2: 37°C 0.4mM IPTG soluble, 3: 37°C 0.4mM
IPTG insoluble. 4: 25°C 0.4mM IPTG soluble, 5: 25°C 0.4mM IPTG insoluble, 6: 25°C
0.2mM IPTG soluble, 7: 25°C 0.2mM IPTG insoluble,
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overnight expression was tested. The expression levels for the Rosetta strands did not
show any improvement over the non-Rosetta strains (figure 5).

There are possible causes for the lack of protein expression. One is that the
protein is toxic for the cells used for overexpression. In such cases it is possible that
the plasmid encoding the toxic protein can be modified or eliminated from the cell.
The data above showed small amounts of the target protein present before induction
with IPTG, indicating that the inducible lac promoter was leaky. Adding glucose to
the selection plate and the culture media, which inhibits the binding of transcription
regulators to the lac promoter, can prevent this leakage. This was tested by adding
glucose to the LB agar plate and to the LB media to a final concentration of 2%.
Although the preinduction levels of expression were reduced the subsequent levels of
expression did not increase (data not shown).

Figure 5. FHL 1 pAC28 and FHL 1 pRSET (~39kDa) expression levels in BL21 (DE3) Rosetta.
A. Expression of FHL 1 pAC28. Lane 1: marker, 2: 37°C 0.4 mM IPTG 3 h, 3: 37°C 0.4 mM IPTG 2 h, 4:

37°C 0.4 mM IPTG 1 h, 5: before induction, 6: 25°C 0.4 mM IPTG 16 h, 7: 25°C 0.4 mM IPTG 4 h, 8:
before induction, 9: 25°C 0.2 mM IPTG 16 h, 10: 25°C 0.2 M IPTG 4 h, 11: before induction

B. Expression of FHL 1 pRSET. . Lane 1: marker, 2: 37°C 0.4 mM IPTG 16 h, 3: 37°C 0.4 mM IPTG 4h, 4:
before induction 5: 25°C 0.4 mM IPTG 16 h, 6:25°C 0.4 mM IPTG 4h, 7: before induction, 8: 25°C 0.2 mM
IPTG 16 h, 9: 25°C 0.2 mM IPTG 4 h.
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3.3 7-10 cMyBP-C

The expression of 7-10 cMyBP-C was tested in BL21(DE3) cells for both the
pGex and the pRSET vectors at both 37°C and 25°C with 0.4 mM IPTG. Good levels
of expression were obtained for all different parameters tested for the pGex vector,
but the protein solubility was very low (Figure 6). The pRSET vector experiments
showed very low levels of expression (data not shown).

To try and increase the solubility the expression was tried at a lower
temperature, 20°C, and a lower concentration of IPTG (0.2 mM) was also tried. This
did not improve the solubility of the protein (figure 7).

Figure 6. 7-10 cMyBP-C domains pGex vector expression and solubility levels in BL21 cells.
Estimated protein size ~66.3kDa.

A. Expression of 7-10 cMyBP-C. Lane 1: marker, 2: 37°C 0.4 mM IPTG 3 h, 3: 37°C 0.4
mM IPTG 2 h, 4: 37°C 0.4 mM IPTG 1 h, 5: 25°C 0.4 mM IPTG 16 h, 6: 25°C 0.4 mM
IPTG 4h, 7: pre-induction.

B. Solubility of 7-10 cMyBP-C. Lane 1: marker, 2: 37°C 0.4 mM IPTG soluble, 3: 37°C 0.4
mM IPTG insoluble, 4: 25°C 0.4 mM IPTG soluble, 5: 25°C 0.4 mM IPTG insoluble.
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In a final attempt to improve the solubility of these proteins was to transform
the pGex vector into BL21(DE3)-Trx cells. These cells improve solubility for some
proteins by protecting proteins against oxidation, and providing a chaperone effect.
Unfortunately, there was no improvement in the solubility of 7-10 cMyBP-C pGex by
expression in this cell line (figure 8).

The levels of 7-10 cMyBP-C pGex produced in the Trx cells were higher than for
standard BL21(DE3) cells. However, since the solubility of the protein is still very
low, the Trx system is still not suitable for large-scale production of 7-10 cMyBP-C
pGex.

Figure 7. 7-10 cMyBP-C pGex and pRSET solubility levels in 20°C.
Lane 1: marker, 2: pGex 0.4 mM IPTG soluble, 3: pGex 0.4 mM IPTG insoluble, 4: pRSET 0.4 mM IPTG
soluble, 5: pRSET 0.4 mM IPTG insoluble, 6: pGex 0.2 mM IPTG soluble, 7: pGex 0.2 mM IPTG insoluble

Figure 8. Expression of 7-10 cMyBP-C pGex in Trx cells.
A. Expression levels. Lane 1: marker, 2: before induction, 3: 37°C 0.4 mM IPTG 1 h, 4: 37°C 0.4 mM

IPTG 2 h, 5: 37°C 0.4 mM IPTG 3 h, 6: before induction, 7: 25°C 0.4 mM IPTG 4 h, 8: 25°C 0.4 mM
IPTG 16 h, 9: before induction, 10: 25°C 0.2 mM IPTG 4 h, 11: 25°C 0.2 mM IPTG 16 h.

B. Solubility levels. Lane 1: marker, 2: 37°C 0.4 mM IPTG soluble, 3: 37°C 0.4 mM IPTG insoluble, 4:
25°C 0.4 mM IPTG soluble, 5: 25°C 0.4mM IPTG insoluble, 6: 25°C 0.2 mM IPTG soluble, 7: 25°C
0.2 mM IPTG insoluble.
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3.4 Co-expression FHL 2 1/2 pAC28 and 7-10 cMyBP-C pGex

Given the reasonable expression levels but low solubility of 7-10 cMyBP-C
pGex, and the high solubility of FHL 2 1/2, attempts were made to co-express the
proteins. That is, to express both proteins in the same cell. The idea is that if the
proteins interact, FHL 2 1/2 will increase the solubility of the cMyBP-C 7-10. The
expression trials showed very promising results for this approach (figure 9), with
increased levels of soluble 7-10 cMyBP-C pGex being produced (figure 10).

Figure 9. Co-expression of FHL 2 1/2 and 7-10 cMyBP-C, estimated sizes ~21.5

and ~66.3 kDa respectively.

Lane 1: marker, 2: 25°C 0.2 mM IPTG 16 h, 3: 25°C 0.2mM IPTG 4 h, 4: 25°C

0.4mM IPTG 16 h, 5: 25°C 0.4 mM IPTG 4 h, 6: 37°C 0.4 mM IPTG 3 h, 7: 37°C

0.4 mM IPTG 2 h, 8: 37°C 0.4 mM IPTG 1 h, 9: pre-induction.

Figure 10. Co-expression solubility trials

Lane 1: marker, 2: 25°C 0.2 mM IPTG soluble, 3: 25°C 0.2 mM IPTG insoluble,

4: 25°C 0.4 mM IPTG soluble, 5: 25°C 0.4 mM IPTG insoluble, 6: 37°C 0.4 mM

IPTG soluble, 7: 37°C 0.4 mM IPTG insoluble.

Figure 9. Co-expression of FHL 2 1/2 and 7-10 cMyBP-C, estimated sizes ~21.5 and ~66.3 kDa
respectively.  Shows weak expression of 7-10 cMyBP-C, but it is clearly seen in soluble trials below.
Lane 1: marker, 2: 25°C 0.2 mM IPTG 16 h, 3: 25°C 0.2mM IPTG 4 h, 4: 25°C 0.4mM IPTG 16 h, 5:
25°C 0.4 mM IPTG 4 h, 6: 37°C 0.4 mM IPTG 3 h, 7: 37°C 0.4 mM IPTG 2 h, 8: 37°C 0.4 mM IPTG 1
h, 9: pre-induction.

Figure 10. Co-expression solubility trials, 7-10 cMyBP-C is mainly insoluble, but the soluble fraction
is increased compared to expression of single 7-10 cMyBP-C.
Lane 1: marker, 2: 25°C 0.2 mM IPTG soluble, 3: 25°C 0.2 mM IPTG insoluble, 4: 25°C 0.4 mM IPTG
soluble, 5: 25°C 0.4 mM IPTG insoluble, 6: 37°C 0.4 mM IPTG soluble, 7: 37°C 0.4 mM IPTG
insoluble.
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3.5 Linker constructs with FHL1, FHL 2 1/2 and 7-10 cMyBP-C

An alternative approach to make soluble, stable complexes between FHL1 and
cMyBP-C was carried out at the same time as the co-expression trials. An attempt was
made to create a construct in which the two interacting proteins were joined by a
glycine-rich flexible linker. The constructs were created by Polymerase Chain
Reaction PCR, as described in chapter 2.2. The first reaction used a protein vector
construct as a template and the linker reverse primers (chapter 2.2). The second
reaction uses the product from the first reaction as template and the overlapping liker
primer. The product contains a Bam HI restriction enzyme site at the 5’ end and a Bgl

II site at the 3’end of the linker. The product is then ligated into a vector cut with Bam

HI, that already contains one of the protein partners, such that the PCR amplified

protein and linker are inserted in frame with the first protein partner. Note that Bam

H1 and Bgl II generate compatible overlaps, but that a hybrid Bam H1 and Bgl II site
cannot be recognised by either enzyme. Figure 11 shows an outline of the procedure.

Figure 11. PCR procedure for making the linker constructs.
I. The protein beginning with the BamHI site in a vector is used for template with

the linker reverse primer.
II. The product is the protein with restriction site and a piece of the linker.
III. The second reaction uses the product from the first reaction as a template and

the longer overlapping linker reverse primer.
IV. The product is the protein and linker with the BamHI site in the beginning and

the BglII site in the end of the linker.
V. The vector with the other protein is opened using BamHI restriction enzyme.
VI. The orientation of the ligation will determine the size of the cut product from

the vector.
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When the construct is ligated with the vector the orientation of the inserted fragment
is very important. To test for the right orientation the construct can be cut with Bam

HI and Eco RI to determine the size on the insert. The site where Bgl II ligates will be
destroyed by the ligation and an insert in the wrong orientation will show the wrong
size.

The PCR steps to produce the construct were successful, but the ligation step
and subsequent transformation steps were not. To increase the efficiency of the
ligation step, attempts were made to clone the construct into the pGem-Easy vector
directly from Taq polymerase amplified PCR products (chapter 2.2). Taq polymerase
adds a 3’ deoxyadenosine (A) overhang to the PCR product, which is complementary
to a T-overhang in the linearised pGem-Easy plasmid. The PCR reactions showed a
good yield,  (figure 12) but the results from the ligation and the transformation to
DH5# cells were not successful and the trials were not taken any further because of
time constraints.

3.6 Optimised overexpression protocols

In summary, overexpression of the full length FHL1 could not be performed in E. coli

cells. Optimised overexpression protocols were developed for FHL 2 1/2 and 7-10
cMyBP-C (table 4). Although the expression levels of 7-10 cMyBP-C were promising
in Trx cells, the level of soluble protein was relatively low and final yields of purified
protein would also be very low. Thus, the coexpression of FHL 2 1/2 and 7-10 MyBP-
C, which leads to increased levels of soluble 7-10 MyBP-C is likely to be the optimal
way of producing these protein in E. coli.

Table 4.  Optimised overexpression protocol for FHL 2 1/2, 7-10 cMyBP-C and co-
expression with both proteins.

FHL 2 1/2 7-10 cMyBP-C Co-expression

Cell type E. coli BL21 E. coli Trx E. coli BL21

Temperature 37°C 25°C 25°C

Amount of IPTG 0.4 mM 0.4 mM 0.4 mM

Hours of

expression

3 h 16 h 16 h

Figure 12. PCR products from linker synthesis, far left 100kb ladder, next two FHL 2 1/2 linker, next
two FHL 1 linker, next two 7-10 cMyBP-C, far right 1kb ladder.
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4. Purification and characterization of FHL 2 1/2

To be able to use the FHL 2 1/2 for interaction studies it is important to
determine if the protein is properly folded and has the right mass. To purify FHL 2
1/2, Ni-NTA agarose beads was used (chapter 2.3.3). The eluted purified protein was
then subjected to cation exchange chromatography for further purification. The
resulting peak was very broad and was analyzed with SDS-PAGE (figure 13).

This analysis showed that the samples still contain many impurities, and that
the peak is also broad, which results in a large final volume. Thus, the sample needed
to be concentrated before any further methods could be assessed. Size exclusion
chromatography (figure 14) appears to be a better purification step, with the protein
eluting in a single defined peak, with no other contaminants visible by SDS-PAGE.
Fractions containing the eluted peak were concentrated to 80 µM and used in the
characterization of FHL 2 1/2.

Figure 13. FHL 2 1/2 ion exchange analysis and test of peaks on SDS-PAGE.
A. Red line shows the salt concentration, first peak is from the salt in the buffer. Blue line is A280,

shows two peaks.
B. SDS-PAGE of the two peaks from ion exchange. Marker in left with first A280 peak in next

lane, and samples from across the broad peak in the other lanes.
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4.1 Multiple Angle Laser Light Scattering (MALLS)

To determine the molecular weight of the protein in solution, MALLS was
used in conjugation with size exclusion chromatography. MALLS can determine the
shape independent molecular weight of a macromolecule using the relationship
between the intensity in reflected light and the angle of reflection (Rayleigh
scattering). When a macromolecule in solution is illuminated by a single frequency
light source (Laser) an oscillating dipole is induced. This dipole will radiate light with
an intensity relative to the magnitude of the induced dipole. This can be used to
determine the molar mass of the molecule. One can thus use MALLS to determine if
the molecule is present as a dimer or monomer in solution.

Figure 14. FHL 2 1/2 gelfiltration purification run and SDS-PAGE test of peak.
A. Gelfiltration chart, blue shows A280 and green shows A215.
B. SDS-PAGE of the peak fractions. The marker is the sample on the left hand side of the

figure, then comes the peak fractions.
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This analysis showed a molecular weight for FHL 2 1/2 of ~ 24.5 kDa
compared to the theoretical mass of ~21 kDa (protein and affinity tag) indicating that
the protein is monomeric (figure 15).

4.2 Far-UV Circular Dichroism Spectropolarimetry (CD)

CD is used to estimate the levels of secondary structure in the protein. CD
measures the differences in absorption between right-handed polarized light and left-
handed polarized light that arise due to asymmetry in the structured. A symmetric
structure, such as a #-helix or "-sheet, gives a defined absorption. In the far UV
region the CD signal for proteins and peptides originates mainly from amide bonds.
CD spectra are usually compared to spectra of already known structures (Johnson,
1990). The spectrum for FHL 2 1/2 has not previously been recorded, but the
component domains of the protein are putative LIM domains, which do have known
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Figure 16. CD spectrum from FHL 2 1/2.
Shows typical characteristics of a LIM domain protein with minima at 215 and at 205 nm. This
indicates that the protein is folded according to the typical characteristics of the LIM domain.
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CD spectra and thus can be used for comparison.
The result from the CD analysis showed that FHL 2 1/2 was folded with the

typical characteristics of a LIM domain (figure 16).

4.3 Conclusions for purifying and characterization of FHL 2 1/2

The purification of overexpressed FHL 2 1/2 was achieved using Ni-NTA
chromatography followed by size exclusion chromatography. In the work presented
here, an intermediate cation exchange step was performed. However, this was not a
very successful step and should probably be removed from the purification protocol.

Characterization of the soluble protein by MALLS showed that the protein has
the correct molecular mass and that it exists as a monomer in solution. Further it far-
UV CD was used to show that the truncated protein was folded and is therefore
suitable to use for further interaction studies.
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5. Interaction between FHL 2 1/2 and 7-10 cMyBP-C

5.1 Interaction between FHL 2 1/2 and 7-10 cMyBP-C in vitro

Confirmation of an interaction between FHL 2 1/2 and 7-10 cMyBP-C in vitro

was sought by co-purifying the proteins using two different affinity purification
protocols. When the proteins were co-expressed (Section 3.4) FHL 2 1/2 was
produced with a HIS6 tag from the pAC28 vector, whereas 7-10 cMyBP-C was
produced with a GST tag from apGex vector. Thus, each protein contained a different
affinity tag.

First, attempts were made to co-purify the proteins with either Ni-NTA beads
or GST beads. The soluble phase was applied to one of the affinity matrices, and after
elution from this matrix was then applied to the second type of affinity matrix. Both
proteins were co-purified by this method, making it very likely that there is an
interaction between them (figure 17).

Figure 17. Interaction trials from co-expression between FHL 2 1/2 and 7-10 cMyBP-C.
A. Lane 1: marker, 2: Ni-NTA wash, 3: Ni-NTA flow through, 4: Ni-NTA beads, 5: GST wash, 6:

GST flow through, 7: GST beads, 8: co-expression soluble phase.

B. Lane 1: marker, 2: GST elut Ni-NTA wash, 3: GST elut Ni-NTA flowthrough, 4: GST elut Ni-
NTA beads, 5: GST elution, 6: Ni-NTA elut GST wash, 7: Ni-NTA elut GST flow through, 8:
Ni-NTA elut GST beads, 9: Ni-NTA elution.
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As these trials were very promising, a larger scale co-expression and co-
purification of the two proteins was carried out using 5 l of bacterial. In this protocol,
GSH beads were used as the first purification step, with the the elution fraction being
subsequently applied to Ni-NTA beads. The results were once again very promising
(figure 18).

5.2 Interaction between FHL 2 1/2 and cMyBP-C in vivo.

In order to try and confirm the presence of an in vivo interaction between FHL
2 1/2 and cMyBP-C, yeast two hybrid assays were set up for both 6-10 and 7-10
cMyBP-C. Yeast two hybrid uses the Gal-4 transcription factor, containing two parts.
The DNA binding domain is fused with one of the proteins and the polymerase
activator is linked to the other protein. Constructs are made where the Gal-4 promoter
controls synthesisation of an essential amino acid. Yeast is then grown on plates
lacking this amino acid, showing that the proteins interact if the yeast can grow on the
selection plates. Negative controls are also set up, missing one of the proteins, in
order to eliminate unspecific activation of the synthesising genes.

Figure 18. Purification trials of the co-expression between FHL 2 1/2 and 7-10 cMyBP-C using GST-
beads first and then Ni-NTA beads. The interaction is believed to be one to one, meaning that excessive
FHL1 will be washed out of the trial.
Lane 1: marker, 2: GST elution, 3: GST elution, 4: wash, 5: flow through, 6: GST beads before elution.
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Unfortunately, in this experiment, the growth of yeast on control plates was

too high to make the results of the assay reliable (figure 19).

Figure 19. Y2H trials for the interaction between 6-10 cMyBP-C as activator and FHL 2 1/2 as bait.
The background on the control lanes are to high to make the results of the assay reliable.

A. Growth plate containing SD –L –W. Highest concentration (0.2 OD600) on top and then
decreasing 10 fold for each row. Lane 1: FHL 2 1/2 pGAD10 6-10 cMyBP-C pgbt9, 2: FHL 2
1/2 pGAD10 pgbt9, 3: pGAD10 6-10 cMyBP-C pgbt9.

B. Selection plate containing SD –L –W –H. Set up as above.
C. Selection plate containing SD –L –W –H –A. Set up as above.
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In order to try and resolve this problem of growth of controls, interaction trials
were also set up for the 6-10 and 7-10 cMyBP-C interaction with FHL 2 1/2 in all
different permutations of bait and activator (Figure 20). However the results remain
ambiguous, as the growth of controls under low stringency conditions was still too

high to reliably indicate an interaction between the two proteins (figure 20B). Under
high stringency selection conditions (SD –L –W –H –A, figure 20C) no growth of any
co-transformants was seen. Thus, it may be possible to adjust the conditions of the
experiment to eliminate background growth but see an interaction between the two
proteins. This could be done by using SD –L –W –H plates supplemented with
different concentrations of 3-aminotriazole, which can reduce leaky expression of the
HIS promoter. However, due to time constraints I was not able to carry out these
experiments.

Figure 20. Y2H trials for all conformations with 6-10 cMyBP-C and 7-10 cMyBP-C
interacting with FHL 2 1/2. The interaction is very weak in this trial, and the background
levels of activation is to high to draw any reliable conclusions of  the interaction.

A. Growth plate SD –L –W. OD600 0.2 on top and then decreasing 10 fold per row. Lane
1: FHL 2 1/2 pGAD10 6-10 cMyBP-C pgbt9, 2: FHL 2 1/2 pGAD10 pgbt9, 3:
pGAD10 6-10 cMyBP-C pgbt9, 4: 6-10 cMyBP-C pGAD10 FHL 2 1/2 pgbt9, 5: 6-10
cMyBP-C pGAD10 pgbt9, 6: pGAD10 FHL 2 1/2 pgbt9, 7: FHL 2 1/2 pGAD10 7-10
cMyBP-C pgbt9, 8: FHL 2 1/2 pGAD10 pgbt9, 9: GAD10 7-10 cMyBP-C pgbt9, 10:
7-10 cMyBP-C pGAD10 FHL 2 1/2 pgbt9, 11: 7-10 cMyBP-C pGAD10 pgbt9, 12:
pGAD10 FHL 2 1/2 pgbt9,

B. Selection plate SD –L –W –H. Set up as above.
C. Selection plate SD –L –W –H –A. Set up as above.
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5.3 Conclusions from interaction studies

The co-expression and co-purification studies showed clear indications of a
direct interaction between FHL 2 1/2 and 7-10 cMyBP-C. However, more
experiments need to be carried out in order to characterize the interaction.
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6. Final Summary and Discussion

6.1 Overexpression

One aim for the project was to establish an optimised overexpression protocol
for the proteins of interest, FHL1 and cMyBP-C. This was accomplished by a series
of overexpression trials in which the temperature, amount of IPTG and the time of
expression were altered.

For 7-10 cMyBP-C the expression levels were high, but the fraction of the
protein that was soluble was very low. Despite a number of different approaches that
were made to increase the stability of this protein, including lowered temperatures,
and the use of Trx cells, (which increase the solubility by co-producing bacterial
Thioredoxin, (Yasukawa et al., 1995)), no increased solubility was achieved.

Full length FHL1 showed very low levels of expression. In an attempt to
increase expression levels, BL21 Rosetta cell line, which contains six rare E. coli

tRNA, was used. This can sometimes help with levels of overexpression if the gene
that encodes the protein contains many of these rare codons. Unfortunately, the switch
to Rosetta cells did not result in an increase of expression levels. It was also
considered whether FHL1 might be toxic to the cells. Attempts were made to lower
potential leaky expression of the lac promoter. To lower the initial expression levels
of FHL1 glucose was added to the LB plates to a final concentration of 2%. Although,
this did lower the initial levels of expression, it did not help in increasing final levels
of overexpressed protein. This might indicate that the protein is toxic to E. coli, it is
also possible that the low levels of protein reflect protein instability. That is, that the
protein is being expressed at reasonable levels, but it is also being degraded over the
time course of the expression.

Protocols that enabled good levels of overexpressed FHL 2 1/2, and the co-
expression of FHL 2 1/2 and 7-10 cMyBP-C were established. The success of the co-
expression strategy supports the theory of a direct physical interaction between the
two proteins. The amount of soluble 7-10 cMyBP-C increased when co-expressed
indicating that soluble FHL 2 1/2 stabilizes the less soluble 7-10 cMyBP-C.

6.2 Characterization of FHL 2 1/2

Another aim was to purify and characterize FHL 2 1/2. It was thought that
cation exchange chromatography would be a good purification step. However, when
this was attempted on partially purified protein (from Ni-NTA chromatography), the
protein eluted as a very broad peak. This was surprising, as the pH for the purification
was kept at 6.5, which should be far enough away from the theoretical pI of 8.72 for
the protein to be effectively purified by this method. If the pH of the buffer was too
close to the pI, the protein would not have any net charge and would not bind the
column. On the other hand, if the pH is too far away from the pI the ability for the Na
ions to compete for binding to the column would decrease and the protein would not
be eluted. Neither phenomenon was observed, and the reason for the broad nature of
the peak is not known. Size exclusion chromatography, however, showed very
promising results. A single large peak was observed that appeared pure by SDS-
PAGE. It is not yet clear if the ion exchange step contributed to the purification, or if
it should be omitted, but it may have removed some proteins that are round the same
size as FHL 2 1/2, which would be unlikely to be purified with the size exclusion
chromatography.
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MALLS was used to determine the solution molecular weight of the protein. It
demonstrated that FHL 2 1/2 is a monomer of the expected size, in solution. This is of
interest because some FHL proteins are known to dimerize (Turner et al., 2003). CD
was used to determine whether FHL 2 1/2 was properly folded in solution. The
technique gives information about secondary structure content in proteins. The
resulting spectrum of FHL 2 1/2 was clearly folded, with minima at ~215 nm and 205
nm. Spectra of folded proteins usually also contain a positive signal ~190 nm.
Unfortunately this was not observed for FHL 2 1/2, because levels of salt in the
sample obscure the CD signal below ~200 nm. The spectrum resembled that of other
known LIM-containing proteins (Deane et al., 2001), suggesting that FHL 2 1/2
contains the typical alpha/beta structure of these domains and that this recombinant
form of the protein is properly folded.

6.3 Interaction between cMyBP-C and FHL 1

The study also aimed at characterizing the interaction between cMyBP-C and
FHL 1. This goal was hard to reach within the timeframe of this project because the
solubility of the 7-10 cMyBP-C protein was very low. The presence of unstable,
truncated versions of cMyBP-C has also been reported from another study (McGrath
et al., 2006). In order to get around this problem, a protocol for co-expression of both
proteins in the same cell was developed and the first co-purification of these proteins
was carried out. These studies using two different affinity matrices, indicates that a
direct interaction between the two proteins exists. The two proteins can be co-purified
by either GST-chromatography (which binds 7-10 cMyBP-C GST) or Ni-NTA
chromatography (which binds the His6-tagged FHL protein). One could argue that
non-specific binding to the beads matrix might interfere with the results, but it is
highly unlikely that both proteins would show unspecific binding to the two different
matrices.

Yeast-two hybrid assays were also set up to detect an interaction between the
two proteins. Unfortunately in the experiments described in this thesis report, high
levels of background growth obscured the detection of any real interaction by this
method. However, given that the interaction between the two proteins was originally
discovered by a Yeast two-hybrid screen, it should be possible to optimise the
selection conditions to get a clear indication of interaction. When this has been
achieved, it should then be possible to use the Yeast-two hybrid assay, in combination
with a series of constructs of FHL1 and cMyBP-C, to define the minimum binding
domains of each protein. That is, the smallest region of each protein that is both
necessary and sufficient to mediate an interaction between FHL1 and cMyBP-C.
binding domain for the interaction. This could be very helpful in shining more light
on the interaction between cMyBP-C and FHL 1, by reducing the size of the domains
being expressed, and by possibly increasing the levels of soluble proteins for binding
and structural studies.

6.4 Future studies

The interaction between cMyBP-C and FHL1 is still not well characterized.
The smallest binding domains of both proteins should be defined and interaction
studies performed. A structural study of the complex should be performed to
characterize the three-dimensional structure of the complex, and mutational analyses
of both domains should indicate which parts of the proteins are key binding domains.
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Finally, it has been suggested that cMyBP-C is highly involved in the
formation of the sarcomere. Indications have also been made that FHL1 might
compete with myosin for the binding of cMyBP-C, it would be interesting to see if
mutations in cMyBP-C change the affinity for binding to FHL1 and if this would
explain the misaligned sarcomere or if the mutations inhibit the binding to myosin.
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