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1 General introduction

1.1 Actin

Actin plays indispensable roles in several processes in eukaryotic cells [1]. The dynamic
actin network is essential for the determination and regulation of cell shape [2],
polarity, cell division and the transport processes within eukaryotic cells [1, 3-9].
Formation of the actin structures requires the assembly of actin filaments, which is
limited by the thermodynamically unfavourable nucleation [1, 10]. The concentration
of free actin monomers (globular or G-actin) in the cytoplasm is very low (approx.
0.5 uM) and actin dimers (nuclei) are unstable [11]. Several prokaryotic proteins have
structural similarities to eukaryotic actin and assemble into filaments, suggesting that

they represent an ancestor of the actin cytoskeleton. These bacterial factors are

murein formation cluster E B (MreB) [12, 13] and partitioning M (ParM) [14, 15].

Figure 1 — First photo ever made of an actin filament by electron microscope [16].

Actin was discovered by a then young biochemist, Bruné Straub, in the
laboratory of Albert Szent-Gyorgyi in 1942 [17]. By that time Szent-Gyorgyi had
already extracted low viscosity myosin (myosin A) from rabbit skeletal muscle with
0.6 M KCI solution in cold room. By letting the muscle soak in 0.6 M KCI solution, he
obtained a very viscous myosin solution (myosin B). Straub thought that the difference
between myosin A and myosin B is due to the presence of a new protein, which makes

the product of the extract viscous. He extracted myosin A from muscle and left the
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remainder in cold room overnight. The muscle leftover was washed with distilled
water to get rid of the remaining KCl and cytoplasmic proteins and finally it was dried
using acetone. The protein which can be extracted from this acetone-dried muscle
powder forms a very viscous complex with myosin A, which is similar to myosin B. “It
activated myosin” — he said and named the protein actin [18]. Straub found out that
they can get low viscosity actin solution (monomer form, G-actin (Fig. 2)) by water-
based extraction of the acetone powder. If we add salts to this solution its viscosity
increases (filament form, F-actin, (Fig. 1)). Later Straub followed the polymerization of
actin monomers with the help of a viscometer [19]. (Further information:
http://actin.aok.pte.hu/archives/)

In 1950 Feuer and Straub observed that each actin monomer binds ATP and

during polymerization this ATP hydrolyses to ADP + P; [20]. It was 40 years later that

Kabsch and his collaborators crystallized G-actin and determined its structure [21].

Subdomain 4 Subdomain 2
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Figure 2 — The three dimensional structural model of the actin monomer (based on the pdb file 2ZWH)

indicating the four subdomains and the position of the nucleotide binding cleft.

Actin is the main component of the microfilament system, and it contributes
15 % to the total protein content of skeletal muscle. Its molecular weight is 42.3 kDa

and it is composed of375 amino acids. In cells there are two forms of actin, the
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monomer or globular (G-actin — Fig. 2) and the polymer or filament (F-actin — Fig. 1)
forms. The filaments build up from monomers linked by non-covalent bonds. The
structure of monomers can be divided into two domains, a smaller one and a larger
one. The smaller domain contains subdomains 1 and 2, while the larger one contains
subdomains 3 and 4 (Fig. 2). The cleft between the two domains contains the primary
cation and nucleotide binding sites. Physiologically the bound divalent cation is Mg2+,
in vitro the cation is often Ca** to keep actin in monomeric form. The nucleotide
binding site binds ATP, ADP.P; or ADP.

The polymerization of the actin has three main phases. The first phase starts
with the activation of monomers followed by the nucleation where two or three
monomers bind to form a nucleus. This nucleation step is relatively slow because this
process is thermodynamically unfavourable which also explains the instability of the
dimers and trimers. The next phase of the polymerization is the diffusion-controlled
elongation where monomers incorporate into the forming filament. In the last stage a
dynamic equilibrium, the so-called ‘treadmilling’ is dominant. In this phase there is
association and dissociation on both ends of a filament but the kinetics at each end
are different. On one end of the filament monomers mainly incorporate to the
filament (association) while on the other end they rather detach from the filament
(dissociation), resulting in a filament length that does not change. One can say that
actin filaments are polarized; they have a dynamically growing positive (barbed) end
and a negative (pointed) end where the dissociation of the protomers is the main
process. The protomers at the growing end bind ATP, while the protomers in the
shortening end bind ADP because of the hydrolysis of ATP.

Actin is a highly conserved protein with many isoforms [22]. In this work we
focused on the effects of proteins associated to the microfilament system of the
cytoskeleton, however, the actin isoform we used in the experiments was extracted
from rabbit skeletal muscle because of the highly efficient preparation. In skeletal
muscle the smallest functional unit is the so-called sarcomere (Fig. 3), which is a
molecular-scale structure, almost like a microscopic muscle. The mammalian
sarcomere is ~ 2 um in length and able to shorten to ~ 70 % of its original length
during contraction. A sarcomere is defined as the segment between two neighbouring

Z-lines (or Z-discs). Z-discs are surrounded by the I-band. Between two I-bands there is
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the A-band. Within the A-band there is a brighter region called the H-zone (or H-band)
and inside the H-zone there is a thin M-line (or M-band) [23]. A-bands and I-bands are
named after anisotropic (dark bands in a polarizing light microscope due to their
birefringent properties) and isotropic (bright bands in a polarizing light microscope
because they have no birefringent properties), respectively. Actin filaments are the
main components of the I-band extended into the A-band. Myosin filaments run
throughout the A-band and are thought to overlap in the M-band [24]. Titin (also
known as connectin) forms a continuous link from the M-band to the Z-line. Titin is the
largest known protein. It acts as a molecular spring by restoring the length of the
stretched sarcomere [23, 24]. The interaction between actin and myosin filaments in
the A-band of the sarcomere is responsible for muscle contraction (Fig. 3). Several
proteins important for the stability of the sarcomeric structure are found in the Z-disc

as well as in the M-band of the sarcomere [24].

.,_\‘
4 A band I band
(cell) /~’ Darl: band Lightlbar!?\

Muscle

Figure 3 — From muscle to sarcomere [25]. A detailed schematic representation of skeletal muscle with

a polarized light microscopy image in the right corner.
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1 General introduction

1.2 Formins as actin assembly factors

The dynamic assembly and turnover of actin networks determine cell polarity and
facilitate membrane and organelle traffic, cell adhesion, chromosome segregation, cell
migration and cell division [26, 27]. The de novo assembly of actin polymers requires
active mechanisms, because there are lots of different factors in cells that counteract
spontaneous polymer formation. These factors can be sequestering proteins, which
help to maintain the pool of actin monomers (e.g. thymosins) and can be proteins that
cap filament ends and sever or depolymerize them (e.g. ADF/Cofilin, capping proteins)
Fig. 4 [28]. To form new actin polymers cells deploy specialized proteins that can
catalyse polymer nucleation and/or elongation, can protect growing polymer ends and

can attach to the sides and/or ends of polymers to protect them against disassembly

[29].
Extracellular stimuli Growing filaments push membrane forward
W =
e \ e Q & ,. Barbed ends
Produce active U (@) .91' elongate
GTPases & PIP2 o} & Q
x 0 Capping protein
c&g’;}secar Activate Arp2/3 terminates elongation
complex to initiate
new filaments ( %0 / PAK
Activated GTPases QG o LIM-kinase
and PIP2 ® QAQ inhibits
QQ Q¥ % ADF/cofilin
©
WASp/Scar § 03 Jag 1
Arp2/3 complex . QQ(;Q 6Q p ADF/cofilin severs \
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G Q G Q e © ° % @ ¢
@ @O0 P, 0 °,°° e :
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Pointed end Profilin catalyzes exchange of ADP for ATP

Formin mechanism
Figure 4 — An overview of the organization of the actin cytoskeleton at the leading edge of motile cells
involving nucleating factors and other actin binding proteins [28]. One can see free barbed ends of
filaments which grow until they are capped and formins that nucleate unbranched filaments and
remain attached to the barbed ends as the filaments elongate. By contrast, the Arp2/3 complex binds

to the side of a filament to nucleate a branch.
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1 General introduction

There are many actin-binding proteins identified so far. Those capping proteins that
bind the barbed end of the filament inhibit the polymerization or depolymerisation of
filamentous actin (e.g. CapZ protein [30]). If this inhibition allows no elongation and
the capping protein binds actin with high affinity, we call it ‘tight cap’ or ‘strong cap’;
in the case of complete inhibition but low affinity we talk about ‘weak cap’; when the
inhibition of the elongation is just partial then the protein is a ‘leaky cap’ [31].

Members of the ADF/Cofilin family are able to sever actin filaments [32], while
an other actin binding protein (ABP) can create new branches (Arp2/3 [33]). Formins
represent a major group of actin nucleators along with the Arp2/3 complex [5, 34],
Spire [35], Leiomodin [36] and Cordon-bleu [37].

Among the known nucleators the Arp2/3 complex is unique in its ability to
nucleate filaments and organize them into branched networks. The Arp2/3 complex
binds to a previously formed actin filament and initiates the assembly of a new one,
joining the two at an ~ 70° Y-branch angle [38]. Spire was identified in Drosophila
melanogaster as a factor required for egg and embryo development and it was shown
to nucleate actin at a rate that is similar to that of the formin family of proteins — but
lower than that of the activated Arp2/3 complex — and it remains associated with the
slow-growing pointed end of the new filament [35]. Cordon-bleu (COBL) is an actin
nucleator controlling neuronal morphology and development. It was identified in
yeast two-hybrid assays as a factor that interacts with actin-binding protein 1 (ABP1)
and syndapin, proteins that promote actin polymerization in brain extracts [37]. COBL
seems to be a vertebrate-specific protein, and might bind profilin as well [39].
Leiomodin 2 (LMOD2), the recently discovered actin nucleating factor to be
characterized [36], is expressed in skeletal and cardiac muscle and has homologues
(LMOD1 and LMOD3) in smooth muscle and perhaps other tissues [40]. LMOD2
potently nucleates actin filaments in vitro without modifying elongation rates at either
end [36].

Formins are conserved proteins in eukaryotes during the evolution. They can
be identified by the presence of a highly conserved region, the so-called formin
homology domain 2 (FH2). Varieties of formins act through the actin and microtubule
systems and take part in meiosis, mitosis, cell movements, cell polarity, filopodia

formation, embryonic development, sperm acrosome formation, endocytosis, etc.
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1 General introduction

[31]. The biochemical effect of formins on actin is strong, typically requiring only 5-
200 nM formin for robust nucleation and/or elongation activity in vitro [29, 41]. These
multi-domain proteins are present in many animal and plant species [4]. Numerous
formin members are organized into families. Proteins of formin families play a very
important role in the organization and rearrangement of the cytoskeleton. The first
member of formin families was identified as a gene the mutation of which causes limb
deformity. The effect of the deformity-causing mutation appears during
morphogenesis in chicken and in rodents [42]. The mutation of hDia (@ human
homologue of mDia (mammalian Diaphanous-related formin)) is responsible for a type
of deafness due to inadequate formation of the actin network within stereocilia of hair

cells in the inner ear [43].

1.2.1 The structure and function of formins

Formins are large (120-220 kDa) proteins that interact with many binding partners to
perform their functions. Fungal species typically have 2 or 3 formin genes, whereas
mammals have 15 and some plant species have more than 20 [44-46]. Formins are
also implicated in a growing number of diseases [47-49]. Many members of formin
families were isolated genetically through mutations causing disfunctions of the
cytoskeleton [43]. The Bnilp (Bud neck involved 1 protein) formin was first identified
by J. Pringle [50]. The knock-out mutation of this protein and that of Cdc12 (Cell
division control protein 12) together is lethal in budding yeast. If Bnil is mutated
alone, there is a slight deficiency in the proliferation [51]. Some formins have
additional effects on actin beyond nucleation and elongation. For example, S.
cerevisiae Bnrlp (Bnilp related 1 protein), mouse mbDia2, formin-like protein 1
(FMNL1; also known as FRL1), FMNL2 (also known as FRL2), FMNL3 (also known as
FRL3) and Arabidopsis thaliana FH1 bundle actin filaments [52-55], whereas mouse
FMNL1 and inverted formin 2 (INF2) and A. thaliana FH8 sever and/or depolymerize
actin filaments [56-58]. Many cells express formins with overlapping functions. For
example, the Bnilp formin of the Saccharomyces cerevisiae basically helps in the
formation of actin bundles but in the absence of this formin, another one, the Bnrilp

takes over its function [59].
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1 General introduction

It is recognized that the diaphanous protein from Drosophila, the Bnilp protein
from fission yeast and the mammalian formins consist of two homologous sequences.
The characteristic FH domains, of formins were first defined by Castrillon and

Wasserman (Fig. 5).

FH1 FH2
diaphanous l . % |
mouse formin (IV) | W 77 |
Bnifp |_ J % |

Figure 5 — First publication of the FH (formin homology) domains. The authors gave the name FH1 to
the proline rich domain and FH2 to the most conserved amino acid region [60].

These FH domains occur in many proteins of different organisms. Most formins
have both FH1 and FH2 domains with a functionally important linker region in-
between. The FH1 domain consists of 5-12 repeating prolines (poly-L-proline chains)
and are able to interact with profilin. The expressed FH1-FH2 region functions as an
active formin in living cells [61-64]. The FH2 domain forms a head-to-tail doughnut-
shaped dimer that closes around the barbed end of the actin filament. In mDial or
mDia2, the linking sequence containing the FH2 domain binds directly to microtubules
and interacts with three microtubule plus-end tracking proteins: the end-binding
protein 1 (EB1; also known as MAPRE1), the adenomatous polyposis coli (APC) and the
cytoplasmic linker protein 170 (CLIP170; also known as CLIP1) [65-67]. The FH2
domain is the most conservative unit and shows no sequence-similarity to other
domains or polypeptides [31]. It binds the barbed end of an actin filament affecting
the growth and serves protection against capping proteins [31]. It was thought
previously that the FH2 domain contains approximately 100 amino acids [60].
According to the latest sequence analyses it is known that there are almost 500 amino
acids in this region, including the C-terminal DAD (Diaphanous autoregulatory
domain). If the C-terminal (containing the DAD domain) is deleted than the activity of
the Bnilp decreases to the half [4].

According to the model of Zigmond [68], the FH2 domain is necessary and

sufficient for the nucleation of actin and for the stabilization of actin dimers. FH2 is
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1 General introduction

also able to form oligomers. For example, FH2 subunits of Bnilp formin form dimers
when they are crystallized, and they form tetramers in solutions [62, 68]). The first
step of the formation of an FH2-actin dimer-complex is either the binding of a
preformed actin dimer by a FH2 dimer or the FH2 dimer catches two actin monomers

and helps them forming the nucleus as it is shown in Fig. 6.

. 2 5

D+@:@:@,_

™~

G-actin | \ /

FH2 dimer FH2-stabilized actin dimer Barbed-end elongation

Figure 6 — Steps of actin nucleation by mDial-FH2 dimer [31].

Once a filament is nucleated, the dimeric FH2 domain moves processively with the
growing barbed end, protecting it from capping proteins, while allowing the rapid
addition of new subunits [63, 68, 69]. The rate of FH2 movement correlates with the
rate of actin subunit addition, which can exceed 100 subunits per second [69-71]. Each
transition or ‘step’ that the FH2 domain makes might be triggered by the addition of
the previous actin subunit [72]. The flexible linker region connecting the FH2 hemi-
dimers plays a critical role in these events by accommodating drastic spatial
rearrangements of the hemi-dimers with respect to each other, which is predicted to
occur with each step [29].

The FH2 subunit must compete with other barbed end-binding proteins, e.g.
CapZ homologues and gelsolin [73]. Which ‘cap’ will be able to cover an end of an
actin filament? It depends on the relative concentrations of the different capping
proteins and their affinities. Accordingly, in areas where formins are present at high
concentration, their effect predominates (e.g. the Bnilp in yeasts are present at high
concentration at the tip of the bud). The FH2 can decrease both the rate of
polymerization and depolymerization. For example the Bnilp-FH2 domain partially
inhibits depolymerisation at the barbed end even if the protomers bind ATP, ADP.P; or
ADP. When the FH2 concentration is enough to saturate each barbed end then the

inhibiting effect is still just partial. After all, the FH2 domain is not a ‘weak cap’ at the
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1 General introduction

barbed end, rather it can be regarded as a ’leaky cap’ that allows the polymerization at
the barbed end when bound. Recent results showed that mDial-FH1-FH2 accelerates
the growth of an actin filament by 2 um/second, corresponding to 720 actin
monomers binding to the barbed end in one second [70]. This very fast process cannot
take place by the quick attachment and detachment of FH2 domain, more likely this
domain remains attached and quasi ‘walking” with the end of the filament while it
grows, as mentioned before. This process depends on the dimer- and multimer-
forming ability of FH2 [31, 62, 68].

The FH3 domain is found in the N-terminal region in the members of formin
families. This region is the least conserved and its functions are least known [74]. It is
likely responsible for the specific binding of given structures (Fig. 7 — arrangement of

formin homology domains in several formins).

Fran1, Fmn2, Cappuccino, Cdel2p, Cyk1, Daam-1/2, Fusip

| [ P2 | e | FH2 |

Diaphanous, hDia1/mDial, hDia2 {hDia12CWmDia2, mDia2/hliald, Figh/SepA DFNAT
B oo | IR - | il
CRIB {mDia2)
Bnilp
T T T
Fordp

B o I - B Pl

Delphilin
| | | F1 ] FH2 |
GBD  GTPase binding domain SBD Spa2-binding domain
FH1 Proline-rich formin homaolegy 1 domain D  Dia-autoregulatory domain (DAD)
FHZ Formin-homology 2 domain 0" DAD-lke sequence
FH2 Formin-homology 2 domain BBES Budfp-binding site
EBS eEF1A-binding site PDZ PDZ present in PSD-85, Dig and Z0-1/2

OFMAT  MNon-syndromic deafness frameshift mutation

Figure 7 — Structure similarity of different formins with the highly conserved FH domains [75].

Many formins directly bind and regulate microtubules [76, 77]. This puts
formins in an ideal position to coordinate functions which depend on the concerted
action of the actin and microtubule cytoskeleton [78, 79]. Members of Dia, FMN and

INF formin subfamilies have possible roles in microtubule regulation. But how do
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1 General introduction

mDial and mDia2 stabilize microtubules? Based on results from injecting cells with
either mDial or mDia2 and fluorescent tubulin, each formin decreases the tubulin
subunit exchange at microtubule plus ends [80] and both regulate the organisation of
the cytoskeleton during mitosis and meiosis (e.g. mDia2 binds directly to microtubules
of given cells in vitro [80], while mDial binds to the mitotic spindle of Hela cells via its

FH3 domain [81]).

1.2.2 The molecular regulation of formins

Many FH proteins were identified as small Rho GTPase effectors [82]. The Diaphanous-
related formins (Drfs) are able to attach to activated small GTPases of GTP-binding
Rho families through their N-terminal GTPase binding region (GTPase-binding domain
(GBD) or Rho-binding domain (RBD)). For example, Rholp, Rho3p and Rho4p can bind
Cdc42p, whereas Rho3p and Rho4p can bind Bnrlp [83, 84]. The preferred activator of
Bnilp is Rho3 but in the absence of Rho3, Rho4 is able to activate it as well. The
mammalian homologue Drosophila diaphanous mDia is bound by RhoA [83-85]. Stress
fibres can be induced in mammalian cells by the activation of mDial and mDia2
through Rho or, alternatively, by the activation of a third protein FHOD1 (formin
homology 2 domain containing 1) through Rac [86-88]. The GTPase binding regions are
not conserved and the process of binding is not yet known in Drfs families. First, Rho
proteins must be locally activated by signals (e.g. chemoattractants, mating
pheromones or growth factors) and then they can recruit downstream effectors,
including formins, to remodel the cytoskeleton [89]. The Rho GTPases work as (binary)
molecular switches: with an ‘on’ state, when they bind GTP and ‘off’ state after the
hydrolysis of GTP to GDP (Fig. 8). For the state of GTPase GDP-GTP exchange factors
(GEFs) are responsible which act by extracellular stimuli. Many signal transduction
pathways are regulated by small GTPases, which basically act through the
reorganization of actin and microtubule networks and the expression of new genes
[90, 91]. The C-terminal of Drfs binds to the N-terminal of GTP-binding domain (GBD)
by default, making the protein inactive. If a conserved C-terminal region (DAD) breaks
this bond, the protein becomes active (Fig. 8) [92]. It is not completely known, which

groups of formin family proteins are able to autoregulate. Though a few formin
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contain GBD and DAD or DAD-like region, only mDial and mDia2 are capable of
autoregulation through binding their N- and C-terminal domains [88, 92]. Deletion of

either GBD or DAD sequences result in active formins [88, 92, 93].

. GBD | FH3
Rho-GDP

Ve - @ ™ T l Inactive
|.‘\\--\_ Rh;_ :+/

+ Cn[ W O
S Active

TRENDS in Cel Biology

Figure 8 — Activation and inactivation of formins [75].

The Diaphanous-autoregulatory domain is a conserved protein region that can be
separated into two main parts: a leucin-rich sequence similar to the WH2 subunit of
the WASP/Scar family actin nucleation initializing factor, and a group of subunits
required to fulfil the autoregulatory function. The DAD region of mDia2 did not
interact with small GTPases, suggesting that it does not play a role in the activation of

formins, and only has an autoregulatory function.

1.2.3 The interaction of formins with cytoskeletal proteins

Formins exert their greatest effect mostly on the actin cytoskeleton, which facilitating
the formation of long unbranched filaments [63, 64]. The interaction between Bnilp
and the actin-cytoskeleton was first observed when the FH1 domain of Bnilp was
linked to an actin binding protein, profilin [50, 83]. Profilin is a G-actin binding protein,
which interacts with several formin FH1 domains. Profilin plays an essential role in the
cells, e.g. maintains the G-actin pool [94] and is required for cell division in the case of
C. elegans and fission yeasts [95, 96]. Both Bnilp and Cdc12p formins bind to the
barbed end of actin filaments and reduce the polymerization-depolymerisation rate by

50%. The overexpression of FH1-FH2 domains of Bnilp and Cdc12p yeast formins is
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lethal because the amount of actin filaments increases excessively that perturbs the
normal balance of treadmilling [61, 63, 64, 97].

Formins also control the polarization of microtubules in yeasts. For example, in
Schizosaccharomyces pombe three formins take part in the formation of the cell shape
and For3p is responsible for the formation of actin bundles and the organization of
microtubules [98]. Cdcl2p essentially regulates the formation of the contractile
actomyosin ring during cell division [95], while Fuslp is a non-essential FH protein,
which is required for the polarization of the actin network during sexual reproduction
of certain cells [74].

The presence of the FH2 domain of the mDial is sufficient to increase the
amount of F-actin in cells, although this effect is weaker than in the case when both
FH1 and FH2 domains are present. To achieve the same effect with mDia2, its FH1 unit
is indispensable. Diaphanous formins have another actin related effect: the activation
of the serum response factor (SRF). This activation is performed through their actin
regulating capability. SRF is a transcription factor that regulates the function of many

serum-induced muscle-specific genes [91, 99, 100].

1.3 Tropomyosin

Tropomyosins (Tm) form a large family of protein isoforms, expressed from multiple
genes. They are components of the thin filament, bind to the alpha-helical groove of
the actin filament and play a very important role in the regulation of muscle
contraction [101, 102]. Tropomyosins can be grouped according to their molecular
weight, yielding high molecular weight (HMW — 284 amino acids) and low molecular
weight (LMW — 248 amino acids) isoforms [103]. In non-muscle cells Tm isoforms have
been implicated in several processes including cytokinesis, vesicle transport, motility,
morphogenesis and cell transformation [101, 102, 104, 105]. Since it was discovered in
1948 [106] its role in the muscle contraction has been published many times, though
the exact functions of tropomyosins in non-muscle cells have not exactly been

determined yet.

19



1 General introduction

The tropomyosin coiled-coil acquires a helical contour and thus represents a
coiled coiled-coil. Tropomyosin molecules link end-to-end to form continuous strands,
that are bound tightly along the surface of helically arranged actin protomers of thin
filaments [107-110]. The conserved N-terminal region of a-tropomyosin plays a critical
role in the function of the striated muscle. This region is the same in fruit fly
(Drosophila melanogaster) and rabbit (Oryctolagus cuniculus var. domestica). If any
amino acid is exchanged in this region, the affinity to actin and to troponin is lost
[111]. The a and B isoforms have different structure and they differ in their functions
as well. In normal mouse heart the a isoform is dominant and only traces of the B
isoform can be found. Shifting of this proportion to 80% 8 isoform in transgenic mice is
lethal before the second postnatal week [103]. As we normalize the proportion of the
two isoforms towards the normal values the function of the heart is restored [112]. In
skeletal and heart muscle tropomyosin forms a tight functional unit with troponin

[113] (Fig. 9).
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Figure 9 — Scheme of a skeletal muscle thin filament in rabbit [113].

There are four tropomyosin genes identified in mammals and birds (a, B, vy, 6),
encoding for more than 24 isoforms [114] (Fig. 10). All four genes show extensive
variation in isoform expression during muscle differentiation [115]. In brain,
development is followed by widespread changes in isoform expression, and regional
variation in expression is also seen. For example, the a-isoform as-Tm is restricted to

cardiac and fast-twitch skeletal muscle, whereas as-Tm is present in slow-twitch

20



1 General introduction

skeletal muscle [115, 116]. By contrast, the a-isoforms TmBr-1 and -3 are expressed in
neurons [116-118].

Most isoforms are expressed in different cells and tissues, though the pattern
of expression differs dynamically between different tissues [110, 119]. Qualitative and
guantitative variation in the Tm content of actin filaments is therefore widespread and
has the ability to contribute to specialized actin function in different cell types.
Isoform-specific changes in tropomyosin expression have been commonly associated
with cancer, including human primary tumors [120-125]. The reduction of expression
of high-molecular-weight tropomyosins is very common in highly malignant cells [121,
123, 125, 126] and the increased expression of the cytoskeletal TmBr3 induces
lamellipodia, increases cell movement and decreases the amount of stress fibres
[127].

At least one essential Tm function in yeast involves vesicle transport from the
Golgi to sites of polarized growth [128]. In Caenorhabditis elegans, elimination of the
third and fourth isoforms of the tmy-1 gene affects development [129]. Deletion of
the single known cytoskeletal Tm gene in Drosophila melanogaster results in altered
head morphogenesis and different organization of the striated muscle contractile
apparatus [130-132]. Similarly, knockout of one a-Tm isoform [133] or all a-Tm gene
isoforms [134] in mice causes embryonic lethality at different embryonic stages. This
suggests that cytoskeletal isoforms are required earlier for normal development, and
the striated muscle isoform is required at a later stage.

The above examples illustrate some of the diverse function of Tms.
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Figure 10 — Domain structure of a few tropomyosin isoforms [114].

In addition to these, recent studies showed that tropomyosins and formins are able to

exert their protective effect on the actin filaments by inhibiting their fragmentation
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[135]. The observation that Tm colocalizes with formin-induced actin filaments in
living cells [95, 136-139] suggests that tropomyosin may regulate the conformation of

flexible (formin-bound) actin.

1.4 Myosin and heavy meromyosin

The term myosin is used to refer to a diverse superfamily of molecular motors capable
of translocating either actin filaments or other cargo on fixed actin filaments [140]
(Fig. 11). The myosin superfamily consists of at least 35 different classes. The myosin Il
subfamily — which includes skeletal, cardiac and smooth muscle myosins, as well as
nonmuscle myosin Il (NMII) — is the largest [141] and the only class the members of
which are capable of forming thick filaments at low ionic strength. The single-headed
myosin | proteins were originally discovered in Acanthamoeba and are now expected

to be ubiquitous in eukaryotes.

Figure 11 — Structural view of an actin filament (protomers with different colours) with bound myosin

subfragment 1 (S1) (dark blue colour). The figure was created based on the pdb file IMVW [142].

Much less is known about the structure, function, and intracellular localization of the

members of myosin classes Il to XXXV. Many new myosins have been discovered in
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the last few years thank to the application of PCR (polymerase chain reaction). The
salient feature of all myosins is the ability to reversibly bind actin and hydrolyse ATP.
Typically, the ATPase activity of myosin alone is very low and it is markedly increased
by the interaction with actin [140]. In vertebrates, there are over 15 different myosin Il
isoforms, each of which contains a different myosin Il heavy chain (MHC). All myosin Il
molecules are hexamers composed of MHC dimers and two pairs of myosin light
chains. Although their contractile activity is most evident in differentiated muscle
tissues, such as the beating heart, it is also observed in nonmuscle cells in diverse
cellular processes such as cell division, cell migration, and cell-cell or cell-matrix

adhesion [141].

papain cleavage site

HMM LMM

}

a-chymotrypsin cleavage site

Figure 12 — Schematic representation of a myosin Il dimer with papain and a-chymotrypsin enzymatic

cleavage sites [143].

The proteolytic digestion of myosin Il by a-chymotrypsin results in the so-called heavy
meromyosin (HMM) that is commonly used in experimental work because of its
solubility (Fig. 12). It consists of two motor domains which dimerise through an a-

helical coiled coil.
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2 Main objectives

It was shown by fluorescence spectroscopy that formin fragments have the ability to
increase the flexibility of actin filaments through long-range allosteric interactions
after binding to the barbed end of the filaments [144, 145]. These studies underlined
the importance of the intramolecular conformational changes induced by formins in
the structure of actin filaments. The generation of flexible actin filaments by formin
binding can have a well-defined biological role, which is manifested under special
intracellular conditions for particular functions. My aim was to find actin-binding
proteins, which may have the ability to affect the formin-induced flexibility of actin
filaments.

Formin-generated actin structures interact with many actin-binding proteins
that can influence the formin-induced conformational transitions. One of these
interacting proteins, tropomyosin, was shown to reverse the formin-induced
conformational changes and stabilize the structure of the filaments [146]. Myosin is
one of the most abundant actin-binding proteins that also localizes to formin-
nucleated actin structures in cells [147, 148]. Myosin binding to actin filaments
induces long-range allosteric and cooperative effects in the conformation of the
filaments [149-152], which was shown to be dependent on the myosin isoform [153].
Thus, myosin can be another candidate for the regulation of the conformational
dynamics of formin-nucleated actin structures. For these purposes fluorescence

spectroscopy methods were applied. Our aim was to answer the following questions:

= How do the formin fragments influence the structure of actin
filaments?

= What is the effect of tropomyosin on the flexibility of mDialFH2-
induced actin filaments?

= |s the effect of tropomyosin ionic strength dependent?

= Does heavy meromyosin affect the flexibility of formin-nucleated actin

filaments?
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3 Materials and methods

3.1 Materials

CaCl,, KCI, MgCl,, Tris, protease inhibitor cocktail, ammonium-sulphate ((NH4),SO4),
glycogen, IAEDANS (N-(lodoacetaminoethyl)-1-naphtylamine-5-sulfonic acid), IAF (5-
(lodoacetamido)fluorescein), EGTA, EDTA, phenylmethanesulphonyl fluoride (PMSF),
dithiothreitol (DTT), sodium azide (NaNs), a-chymotrypsin, ammonium sulphate,
thrombin, ATP, IPTG (Isopropyl-beta-D-1-thiogalactopyranoside) and  B-
mercaptoethanol were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
dimethylsulphoxide (DMSO) was obtained from Fluka (Buchs, Switzerland). LB Broth

and Agar Agar were from Scharlau (Debrecen, Hungary).

3.2 Protein preparation and purification

3.2.1 Actin

Acetone-dried powder of rabbit skeletal muscle was obtained using a preparation
technique described previously [19]. First, ~360-370 g of psoas major muscle and the
longissimus dorsi muscle of the euthanized and well bled rabbit were placed in
~350 ml cold distilled water, and then the muscle was ground two times. The ground
muscle was placed in 1 liter of buffer 1 (0.15 M KH,PQO,4, 0.15 M K;HPO,4, 0.1 M KCI -
pH 6.5) and stirred with a glass rod for 15 minutes. After the stirring the liquor was
filtered through 4 layers of gauze and the muscle was placed in 2 liters of buffer 2
(0.05 M NaHCOs; — pH 6.5) and stirred with a glass rod for 10 minutes. This step was
followed by another filtering with 4 layers of gauze. The muscle scone was then placed
in 1 liter of buffer 3 (1 mM EDTA — pH 7.0), stirred for 10 minutes, and then filtered
through 4 layers of gauze. 2 liters of distilled water was poured on the muscle piece
and after 5 minutes of stirring the liquor was filtered through 4 layers of gauze. The
last step with the distilled water wash was repeated. Next, the filtrate was washed 5

times for 5-10 minutes with 11 of clean acetone with gentle stirring at room
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temperature in a ventilated laboratory hood. Each step was followed by filtration
through 4 layers of gauze. The muscle powder was dried overnight in the hood. On the
next day the acetone-dried muscle powder was weighed and kept at -20 °C.

Rabbit skeletal muscle actin was prepared from acetone-dried muscle powder
according to the method of Spudich and Watt [154]. Each gram of acetone-dried
muscle powder was extracted by stirring in 20 ml buffer A containing 4 mM Tris-HCI
(pH 7.3), 0.2 MM ATP, 0.1 mM CaCl,, 0.5 mM DTT and 0.005 % NaNs at 4 °C. After
30 minutes of gentle stirring the liquor was filtered through 4 layers of gauze and the
extraction step was repeated with the same volume of fresh buffer A. After the
second filtration the filtered liquid was collected and polymerized at room
temperature by the addition of 100 mM KCl and 2 mM MgCl,. After 2 hours of
polymerization 0.6 M solid KCl was added to the liquor which was gently stirred and
kept at 4 °C for 30 minutes. When the KCl was completely dissolved the liquid was
ultracentrifuged at 328,000xg for 30 minutes and the pellets were swollen on ice for
at least 2 hours by the addition of given amount of buffer we needed for further
procedures. The swollen pellets were gently homogenized and dialysed against the
experimental buffer overnight at 4 °C. The concentration of G-actin was determined
spectrophotometrically with the absorption coefficient of 0.63 mg mI™ cm™ at 290 nm

[155]. A relative molecular mass of 42,300 was used for G-actin [156].

3.2.2 mDial-FH2 formin fragment

The FH2 fragments of mammalian formin mDial (mDial-FH2+linker) were prepared
based on previously described methods [41, 144]. The mDial fragments were
expressed as glutathione s-transferase fusion proteins in Escherichia coli BL21
(DE3)pLysS strain. After culture medium liquids and gels were made (25 g/I LB Broth,
2 % agar, 100 pg/ml ampicillin) 5 pl of mDial-FH2 plasmid (pGex-4T2 with ampicillin
resistance) was mixed with 100 pl competent cells and the mixture was kept on ice for
30 minutes. 42 °C water bath was applied as heat shock for 45 seconds and then the
sample was placed back on ice. After 2 minutes the sample was mixed with 0.9 ml of
preheated (37 °C) liquid culture medium and was kept at 37 °C for 2 hours, shaken

with 200 rpm. Cells were spread on LB agar plates and incubated overnight at 37 °C.
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150 ml of liquid culture medium was incubated with a single colony from the
transformation and was shaken overnight at 37 °C, 120 rpm. Next morning 20-20 ml of
cell culture was pipetted into 1-1 | of liquid culture medium (containing ampicillin) and
the cells were grown for 2.5 hours at 37 °C (at 120 rpm). At OD 0.75 the temperature
was decreased to 20 °C and the cells were induced overnight by adding IPTG to a final
concentration of 0.3 mM. Cells were collected by centrifugation at 4,000 rpm, 4 °C for
20 minutes. Pellets were used immediately or were frozen in given aliquots and were
kept at -20 °C for later use.

Protease inhibitor cocktail (43 mg Protease inhibitor was dissolved in 1 ml of
mixture of DMSO and distilled water (200 pul DMSO and 800 pl dH,0) and 1 ml cocktail
was added per 4 g of cell pellets), 250 ul PMSF (from 100 mM stock solution) and
approximately 50 ml of lysis buffer (50 mM TRIS-HCI (pH 7.6), 5 mM DTT, 5 mM EDTA,
1 mM PMSF, 50 mM NaCl, 10 % glicerol) were added to approx. 14-16 g of pellet. The
mixture was homogenized on ice and was completed to approx. 130 ml with lysis
buffer. Liquor was sonicated (Bandelin Sonoplus HD3100 with MS73 probe tip) 6 times
one minute with one minute pauses between each run and then was ultracentrifuged
(Sorvall ULTRA Pro 80, with T-1250 rotor) at 30,000 rpm, 4 °C for 1 hour. Supernatant
was collected, and kept on ice after the addition of DNAse (1 ml from the given stock
solution — 10 mM TRIS-HCI (pH 7.5), 5 mg/ml DNase, 50 mM NaCl, 1 mM DTT, 10 mM
MgCl,, 50% glycerol). During cell extraction an affinity chromatography
glutathione(GSH)-agarose column was equilibrated with lysis buffer (by applying
Pharmacia LKB FPLC) and the sample was loaded on the column (first plateau
appeared on the plotter) which was followed by lysis buffer again. When the first
plateau was “washed down” on the plotter by the buffer, lysis buffer was exchanged
to buffer Wash-I (50 mM TRIS-HCI (pH 7.6), 5 mM DTT, 400 mM NacCl, 10 % glicerol).
After a quite narrow new peak on the paper of the plotter Wash-I was changed to
buffer ATP (50 mM TRIS-HCI (pH 7.6), 5 mM DTT, 10 mM MgCl,, 100 mM KCI, 0.25 mM
ATP, 5 % glycerol). When an upper plateau appeared again buffer ATP was changed to
Wash-II (50 mM TRIS-HCI (pH 7.6), 5 mM DTT, 5 mM MgCl,, 10 mM KCl, 50 mM NacCl,
5 % glycerol) and after a few minutes the protein was cleaved overnight at 4 °C by
thrombin (80 U/ml, solved in Wash-II buffer). Next day the column was eluted with

buffer Wash-Il and the fractions were collected. The pooled fractions were loaded on
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Sephacryl S-300 column with gel filtration buffer (50 mM TRIS-HCI (pH 7.3), 5 mM DTT,
50 mM NacCl, 5 % glycerol) to get rid of contaminations. Purified fractions were pooled
and concentrated with a Millipore Amicon ULTRA 10k centrifugal filter unit. The
concentration of the protein was determined photometrically with the absorption
coefficient of Ayg=21,680 M cm™ (ProtParam, http://us.expasy.org/tools/). The
purified and concentrated protein was frozen in liquid nitrogen and stored at -80 °C in
50 ul aliguots. Purity of the protein was checked by SDS-PAGE. The formin
concentrations are given as mDial-FH2 monomer concentrations throughout this

dissertation.

3.2.3 Tropomyosin

Tropomyosin was purified from rabbit skeletal muscle according to the procedure of
Eisenberg and Kielley [157] and Smillie [158]. For the preparation we used the leftover
scone of the muscle powder remained from an actin preparation. The scone was
placed in a beaker and 100 ml of buffer 1 (5 mM TRIS, 1 M KCI, 0.5 mM DTT — pH 7.0)
was poured on it. The liquor was stirred overnight on ice and filtered through 4 layers
of gauze. The liquor was used for the further operations. The pH of the liquid was
decreased to 4.6 by using 0.1 M HCI drop by drop. After this isoelectric precipitation
the liquid became opaque, was stirred on ice for 30 minutes then centrifuged at
6,000xg for 20 minutes at 4 °C. After the centrifugation the pellet was dissolved in
buffer 2 (5 mM TRIS, 1 M KCI, 0.5 mM DTT — pH 8.0). (The volume of buffer 2 is the
80 % of the initial volume we started the procedure with.) The pH of the liquid was
then increased to 8.0 by the addition of 1 M KOH. After 30 minutes of stirring on ice
the liqguor was centrifuged for 10 minutes at 6,000xg at 4 °C. The next isoelectric
precipitation was carried out with the supernatant. The pH was decreased down to 4.6
again with 0.1 M HCl and the solution was kept on ice for 30 minutes with stirring.
After the centrifugation (20 minutes, 6,000xg, 4 °C), the pellet was dissolved in buffer
2 of 60 % of the initial volume then the pH was set back to 8.0 with KOH and was left
on ice for 30 minutes with stirring. This was followed by another centrifugation
(10 min, 6,000xg, 4 °C) and a third isoelectric precipitation. After 20 minutes of
centrifugation the pellet was dissolved in buffer 3 (5 mM TRIS, 0.5 mM DTT — pH 8.0)
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with 40 % of the initial volume. The pH was then brought back to pH 8.0 with 1 M KOH
and stirred on ice for 30 minutes. After centrifugation (10 min., 6,000xg, 4 °C)
ammonium-sulphate was given in the supernatant in 31.2 g/100 ml concentration
while the pH was kept constant. The liquor was centrifuged (30 min., 11,000xg, 4 °C)
and then ammonium-sulphate was added to the supernatant in 7.34 g/100 ml
final concentration (pH was kept constant again) and was left on ice while
stirred for 30 minutes. After the last centrifugation (60 min., 11,000xg, 4 °C) the
pellet was dissolved in 6 ml of buffer 3 and then the concentration of the
tropomyosin was determined photometrically using the absorption coefficient of

€573 =0.29 ml mg'1 cm’? [157].

3.2.4 Heavy meromyosin

Myosin and heavy meromyosin was prepared with the method described by
Margossian and Lowey [159]. First, ~100 g of longissimus dorsi muscle of the
euthanized rabbit were placed on ice then the muscle was ground. The ground muscle
was extracted in3 ml/g extraction buffer (0.3 M KCI, 0.09 M KH,PQ,4, 0.06 M K;HPQq,,
0.2 mM ATP, 0.2 mM DTT, 0.23 mM PMSF — pH 6.8) and was stirred by a glass rod.
After 15 minutes of stirring the liquor was filtered through 4 layers of gauze. The
filtered liquid was diluted again up to 10x of its volume with ice-cold water then was
incubated overnight. The supernatant was discarded and the sediment was
centrifuged (Sorvall ULTRA Pro 80, with T-1250 rotor at 3,000 rpm, 4 °C, 20 minutes).
The pellet was dissolved in equal volumes of buffer B (2 M KCI, 1 mM DTT) and buffer
C (0.5 M KH,PO4, 0.5 M K,HPQy). The liquor was diluted with ice-cold water up to
150 % of its volume and then was centrifuged (Sorvall ULTRA Pro 80, with T-1250 rotor
at 20,000 rpm, 4 °C, 30 minutes). Supernatant was completed with 10x amount of ice-
cold water and stirred for 15 minutes. This precipitation was followed by another
centrifugation (Sorvall ULTRA Pro 80, with T-1250 rotor at 3,000 rpm, 4 °C,
20 minutes) and the pellet was solved in given amounts of B and C buffers then the
solution was completed with 1 mM DTT and 1 mM MgCl,. The next step was

centrifugation with 100,000xg for one hour at 4°C. The myosin-containing
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supernatant can be frozen in 50 % glycerol added for further use or the preparation of
HMM can be started immediately. A given amount of myosin solution was dialyzed
overnight against digesting buffer (10 mM TRIS-HCI (pH 7.6), 0.6 M KCI, 2 mM MgCl,,
1 mM DTT) at 4 °C, which was followed by centrifugation (328,000xg for 40 minutes at
4 °C). The concentration of the supernatant was determined photometrically and then
it was diluted to a concentration of 4.5 mg/ml with digesting buffer. The temperature
was increased slowly to 25 °C, and 0.05 mg/ml a-chymotrypsin was added to the
solution. After 10 minutes the digestion was stopped by 0.2 mM PMSF, followed by an
overnight dialysis (10 mM MOPS-KOH (pH 7.0), 30 mM KCI, 1 mM MgCl,, 1 mM DTT).
The solution was clarified by centrifugation (Sorvall ULTRA Pro 80, with T-1250 rotor at
30,000 rpm, 4°C, 90 minutes) then HMM was dialyzed again against the
experimental buffer (mostly buffer A) and clarified again. The concentration of
HMM was determined spectrophotometrically using the absorption coefficient of
0.56 mgmltcm™ at 280nm. The HMM concentrations given here are heavy

meromyosin monomer concentrations.

3.3 Fluorescent labelling of actin

Actin was labelled with IAEDANS or IAF dyes at Cys374 according to the method of Miki
and co-workers (Fig. 13) [160]. 2 mg/ml F-actin was incubated at room temperature
for 2 hours in buffer A without DTT after the supplementation with 100 mM KCI and
2 mM MgCl,. Then the sample was incubated with tenfold molar excess of IAEDANS at
room temperature for 1 hour. The label was first dissolved in a small amount of
(~50 ul) dimethylsulfoxide, then DTT free buffer A was added to the solution (drop by
drop till 800-1000 pl) before being added to the protein. Labelling was terminated
with 2 mM B-mercaptoethanol. After ultracentrifugation of the sample for 45 minutes
at 328,000xg the pellet was incubated in small amount of (depending on the size of
the pellet) buffer A for 2 hours and then the swollen filaments were gently
homogenized with a homogenizer. The homogenized sample was dialyzed overnight
against buffer A at 4°C which was followed by a clarification centrifugation

(328,000xg, 30 minutes, 4 °C). The concentration of the fluorescent dye in the protein
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solution (supernatant) was determined by using the absorption coefficient of
6100 M cm™ at 336 nm for actin-bound IAEDANS [161]. The extent of labelling was
0.8 — 0.9 mol/mol of actin monomer.

Labelling the Cys374 with IAF was prepared according to standard procedures
[162, 163]. The monomeric actin (46 uM) was labelled in DTT free buffer A with a
fifteen-fold molar excess of IAF which was dissolved in 0.1 N NaOH and added to the
actin solution drop by drop at room temperature while the pH was kept constant with
0.1 N HCI. Afterwards the sample was incubated at 4 °C for 24 hours. After this
incubation period the actin was polymerized for two hours at room temperature and
then centrifuged at 328,000xg for 45 minutes at 4 °C. The pellet was treated in a
similar way to that described in the case of labelling with IAEDANS. The concentration
of the probe was determined using the absorption coefficient 60,000 M cm™ at

495 nm. The molar ratio of the bound probe to the actin concentration was 0.6—-0.7.
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Figure 13 — The left panel shows a schematic representation of an actin filament decorated with myosin
S1 fragments (created based on pdb file ZMVW) showing fourteen protomers. The right panel shows a
magnified view of an actin monomer (pdb file 2ZWH) indicating the four subdomains with the Tm (left
one; in subdomain 3) and HMM (right one; in subdomain 1) binding sites and the position of the
fluorescent labels used in this thesis at the Cys374 [164].
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3.4 Sample preparation

Preparations of the samples were made in the same way for both steady-state and
anisotropy decay measurements each time unless stated otherwise. Buffer A and the
unlabelled/labelled G-actin were added to quartz cuvettes and 0.2 mM EGTA and
0.05 mM MgCl, was added (final concentrations) to initiate the exchange of the actin-
bound calcium for magnesium. 5-10 minutes later formin, formin and tropomyosin,
formin and heavy meromyosin or just Tm or HMM (or e.g. in the case of control
experiments their buffers were given alone) was added and the final concentration of
MgCl, and KClI was adjusted to the given salt concentration to initiate the
polymerization of actin. The total amount of sample was usually 1 ml or 100 ul when
micro cuvettes were used. Most of the samples were incubated overnight at 4 °C in
the dark and before the measurements they were kept at room temperature for at
least 30 minutes. For some steady-state fluorescent anisotropy measurements the

samples were measured right after they had been prepared.

3.5 Co-sedimentation assays

To characterise the binding of formin to actin filaments, actin (5 uM; 200 pl) was
polymerized overnight at 4 °C as in the absence or presence of various mDial-FH2
concentrations ranging from 0 to 5 uM. The samples were then centrifuged at
400,000 xg for 30 min at 20 °C with a Beckman Optima MAX ultracentrifuge and a
TLA-100 rotor. The supernatants were separated from the pellets, and the pellets
were resuspended in 200 pl of buffer A. 100 ul Laemmli solution was added to the
supernatants and to the resuspended pellets and then they were applied to a
denaturing 12 % SDS-polyacrylamide gel which was stained with Coomassie Blue after
electrophoretic run. The given protein band intensities were determined with a

Syngene Bio-Imaging system.
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3.6 Temperature-dependent Forster-type resonance energy transfer (FRET)
experiments

These fluorescence measurements were carried out with Horiba Jobin Yvon
Fluorolog-3 and PerkinElmer LS50B Luminescence Spectrometers, both equipped with
a thermostated sample holder. To calculate the FRET efficiency the fluorescence
intensities of the donor (IAEDANS) were recorded in the presence and absence of the
acceptor (IAF). The excitation wavelength for IAEDANS was 350 nm. The optical slits
on both sides were set to a value which serves quite high intensity values but does not
cause photobleaching (typically 5nm). During the measurements the emission
spectra of the fluorophores were recorded between 370-550 nm and the integral of
the 440-460 nm range was used for the calculations (that range is the peak of the
donor emission spectrum). The fluorescence intensities were corrected for inner filter

effect [165]. The FRET efficiency (E) was calculated as:

E=1-(Foa/ Fo) (1)

where Fps and Fp are the integrated fluorescence intensities of the donor molecule in
the presence and in the absence of the acceptors, respectively. The value of E was
determined at different temperatures between 6 and 34 °C, and a special FRET

parameter, the normalized FRET efficiency ( f’), was calculated using:

f'=E/Fon (2)

The temperature dependence of the f’ can be informative about the flexibility of the
investigated protein [166, 167]. For the interpretation of the FRET results, the
temperature dependence of the relative f’, defined as the value of f’ at the given
temperature divided by the value at the lowest temperature (6 °C) is presented. The
larger temperature induced changes in the value of the normalized FRET efficiency are
indicative for a more flexible protein matrix [166, 167]. Relative f’ was measured at

10 uM actin (1 : 9 = donor : acceptor) with 500 nM formin in the case of tropomyosin-
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effect examinations and at 5 uM actin (1 : 9 = donor : acceptor) with 500 nM formin in

the case of heavy meromyosin-effect investigations.

3.7 Steady-state anisotropy measurements

These measurements were made with Horiba Jobin Yvon Fluorolog-3 fluorometer at
22 °C. The IAEDANS-labelled actin containing samples were irradiated with plane-
polarized light at 350 nm wavelength, and the degree of polarization of the emitted
fluorescence was analysed at 470 nm. Those fluorophores can be excited that are
aligned in the plane of the incident radiation and they are able to emit fluorescence
only. In the time interval between the absorption and the emission, the molecule can
move out of the plane of polarization, so the emitted radiation will be depolarized to a
degree that depends on the extent to which the molecule has moved. Small molecules
and flexible protein matrices are moving faster and the degree of depolarization is
higher than in the case of stiff, rigid protein structures. That is why this method was
very efficient to determine the effects of different actin-binding proteins and
environmental conditions on formin-mediated, flexible actin structures.

The kinetics of the change in the steady-state anisotropy (rs(t)) was analysed
by fitting an exponential function to the experimental data using the following
equation:

r (t)=r, —Ar*explk,, *t) (3)

where rnay is the final (maximum) anisotropy, Ar is the difference between the initial
and final anisotropy (anisotropy increase), t is the time and ko is the rate constant of
anisotropy increase. For further analysis Ar or ko,s were plotted as the function of the
HMM or TM concentration and fitted by a hyperbolic function using the following
equation:

y=MAX ——
Ky, +C (4)
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where MAX is the maximum increase of Ar or ko, obtained at saturating amount of
HMM or TM, Ky, is the half saturating concentration and c is the concentration of
HMM or TM. Steady-state anisotropy measurements were usually made at 5 uM actin
concentration. The concentration of the other actin-binding proteins was depending
on the given experiment.

3.8 Steady-state fluorescence quenching experiments

Quenching experiments were carried out on a PerkinElmer LS50B Luminescence
Spectrometer at 22 °C with 5uM concentration of IAEDANS-labelled actin. The
excitation wavelength was set to 350 nm and the emission was monitored through a
wavelength range of 466-476 nm. The optical slits were set to 5 nm in both the
excitation and emission paths. The acrylamide concentration was increased up to 0.5
M in subsequent steps during the measurements. The experiments were carried out in
the presence of 1 mM MgCl, and 50 mM KCI (higher ionic strength) or 0.5 mM MgCl,
and 10 mM KCI (lower ionic strength). The steady-state fluorescence quenching data

were first analysed by using the classical Stern-Volmer equation [168]:

FO

where the Fy is the fluorescence intensity of the fluorophore in the absence of
guencher and F is the fluorescence intensity at varying quencher concentrations [Q].
The modified form of the classical Stern-Volmer relation (the Lehrer equation) was
used when the samples contained more than one fluorophore population with

different accessibilities [169]:

Fr R 1 1

A F—F aKylQl a (6)

where a is the fraction of the accessible fluorophore population.
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3.9 Fluorescence lifetime-quenching measurements

Lifetime-quenching measurements were done at 22 °C with an ISS K2 multifrequency
phase fluorometer (ISS Fluorescence Instrumentation, Champaign, IL). Sinusoidally
modulated light (350 nm) from a 300 W Xe arc lamp was used for excitation and the
emission was monitored through a 385FG03-25 high-pass filter. The modulation
frequency was changed in 10 steps from 5 to 80 MHz. The data were analysed by
ISS187 decay analysis software. All data were fitted to double exponential decay
curves assuming a constant, frequency-independent error in both phase angle
(£ 0.200°) and modulation ratio (+ 0.004). The goodness of the fit was determined
from the value of the reduced XZ [170]. Average fluorescence lifetimes were

calculated assuming discrete lifetime distributions [170]:

2 2

a,tl+a,r)

7. =11 7272
Y ta,r, (7)

where T, is the average fluorescence lifetime and a; and t; are the individual
amplitudes and lifetimes, respectively. The experiments were done with 20 uM actin
in the presence of 0.5 mM MgCl, and 10 mM KCl.

The time dependent fluorescence quenching results were analysed with
equations 3 and 4 by replacing the intensities with the corresponding fluorescence

lifetimes [168].

3.10 Fluorescence lifetime and emission anisotropy decay measurements

The time dependent fluorescence measurements were carried out with the same
ISS K2 multifrequency phase fluorometer using the frequency cross-correlation
method. The excitation light was modulated with a double-crystal Pockels cell.
Excitation wavelength was set to 350 nm and the emission was monitored through a
385FG03-25 high-pass filter. The modulation frequency was changed in 10 steps
(linearly distributed on a logarithmic scale) from 5 to 80 MHz during the fluorescence

lifetime measurements and in 15 steps from 2 to 100 MHz when anisotropy decays
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were measured. Freshly prepared glycogen solution was used as a reference
(lifetime = 0 ns). The fluorescence lifetimes of the fluorophore were determined by
the use of nonlinear least-square analysis. The data were analysed by ISS187 and
Vinci 1.6 decay analysis software. In fluorescence lifetime measurements all data were
fit to double exponential decay curves assuming a constant, frequency-independent
error in both phase angle (£ 0.200°) and modulation ratio (x 0.004) (Fig. 19). The
goodness of fit was determined from the value of the reduced y> probe [170]. Average
fluorescence lifetimes (Taer) Were determined from the results of the analysis
assuming discrete lifetime distribution with equation 7, where a; and t; are the
individual amplitudes and lifetimes, respectively [170]. The anisotropy is expected to
decay as a sum of exponentials [171]. The experimentally obtained data were fitted to

a double exponential function:

r(t) = ryexp(-t / 1) + ro exp(-t / ¢,) (8)

where ¢@; and ¢, are rotational correlation times with amplitudes r; and r,. The
concentration of actin was 30 uM (1.3 mg/ml) during the fluorescence anisotropy
decay measurements except where indicated otherwise. The experiments were
carried out in the presence of 1 mM MgCl, and 50 mM KCl, unless stated otherwise.
Actin binding proteins often exert their effects on the conformation of actin
filaments cooperatively. Cooperativity in this case means that the binding of a partner
molecule can change the conformation of actin protomers distant from the binding
site. One way of describing this cooperative effect is to define a cooperative unit, i.e.
the set of actin protomers which are affected by the binding of one partner molecule.
In this work we estimated the length of the cooperative unit using the linear lattice

model and the following equation [150]:

p=pi-(p1-p2) (1'05)N (9)

where p is either the longer rotational correlation time from anisotropy decay

experiments, or the value of the relative f’ at the highest applied temperature
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(defined here as actin flexibility). N is the length of the cooperative unit, p; and p,
denote the limiting values of the corresponding parameters obtained in the absence
of myosin and at saturating myosin concentrations, respectively, and « is the binding
density of myosin to actin. Equation 9 was used to fit the experimental data to obtain
the values for N (Fig. 18 and Fig. 23). Note, that this equation allowed the application
of the fits below a = 1. As in strong-binding states the binding of HMM to actin is tight,
we take the value of « as the myosin head : actin monomer concentration ratio. Due
to this approximation the N values obtained from these fits somewhat underestimate

the lengths of the cooperative units.
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4.1 The effect of mDial-FH2 on the structure of actin studied by fluorescence
quenching

Previous studies on the effect of the mDial-FH2 formin fragment on the structure of
actin filaments showed that the structure of formin-bound filaments differs from
those polymerized in the absence of formins. Binding of mDial-FH2 to the barbed
ends of filaments made the structure of actin filaments more flexible, while side-
binding of formins stabilised the filament conformation [145]. Based on these results
first we wanted to explore the conformational changes in the actin filaments induced
by formin binding. Steady-state and time-dependent fluorescence quenching proved
to be the most informative methods for our investigations. We applied acrylamide as a
neutral quencher and characterised the accessibility of the IAEDANS label attached
covalently to Cys*’* of actin protomers (Fig. 13). In the absence of acrylamide the
fluorescence emission intensity of IAEDANS was slightly lower in the presence of
formin than in its absence (Fig. 14A) suggesting that the binding of the FH2 domain
changed the microenvironment of the fluorophore in the subdomain 1. Addition of
acrylamide decreased the fluorescence emission of IAEDANS labelled actin filaments
independently of the presence of formin (Fig. 14A). Analysis of primary data using the
classical Stern-Volmer equation (Eq. 5) resulted in a linear plot in the absence, but a
non-linear plot in the presence of mDial-FH2 (Fig. 14B). For this reason the evaluation
of the experimental data was performed with the modified Stern-Volmer (or Lehrer)
equation (Eg. 6), which gave linear plots in both cases. In the absence of formin fitting
the data with equation 5 and equation 6 gave Ksy value of 2.3 +0.1 M (Fig. 14B and
14C). In the presence of mDial-FH2 the data analysis with the modified Stern-Volmer
equation gave a Ksy value of 6.2 + 0.1 M (Fig. 14C). Using equation 6 we are able to
evaluate the experimental data even when the quenching processes are more
complex. The fraction of the quenchable fluorophore population (a) was calculated as
the inverse of the y-intercept. This value was 99 % in the absence of formins indicating

that all fluorophores were accessible for the quencher. These observations are in
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agreement with the results evaluated by equation 5 (Fig. 14B) and also with the data

from previous quenching studies on actin filaments [144, 172, 173].
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Figure 14 — Acrylamide quenching of the steady-state fluorescence emission of IAEDANS-labelled actin
filaments. (A) Fluorescence intensity as a function of wavelength. Black curves show initial intensities
for 5 uM actin filaments while gray curves show IAEDANS intensities after the addition of 0.1 mM
acrylamide. 5 uM IAEDANS-labelled actin filaments in the absence (left panel) or in the presence (right
panel) of mDial-FH2 (500 nM). (B) Classical Stern-Volmer plot for formin-free actin filaments (filled
squares), and for the filaments in the presence of 500 nM mDial-FH2 (empty circles). Linear fit to the
data (Eq. 5) obtained in the absence of formins gave Ksy value of 2.3+0.1 M™ (C) Modified Stern-
Volmer plots for actin filaments in the absence (filled squares) and in the presence (empty circles) of
formin (500 nM). Fit using equation 6 gave K, values of 2.3 £0.1 M™ and 6.2 £0.1 M™ for filaments in
the absence and presence of formin, respectively. The corresponding o values were 93 +4 % and
68 + 4 %.
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The analyses with the Lehrer equation (Eq. 6) showed increase in the value of
Ksy when formin was added to the samples. At 500 nM mDial-FH2 concentration the
Ksy was approximately three times larger (5.8 £ 0.1 M) than in the absence of formins
(Fig. 15), while the fraction of the quenchable fluorophores (o) decreased to 71 %
(Fig. 16A).

To study the dependence of the observed effect the experiments were
repeated at various formin concentrations and the data showed formin concentration
dependence, i.e. the effect of formin depended on the formin : actin concentration
ratio. The highest Ky was observed at around 500 nM formin, above this
concentration the value of Ksy decreased (Fig. 15), and at 3 uM formin concentration
the value of Kgy (2.2+0.1 M'l) was similar to the initial value we obtained in the
absence of formins (2.3 +0.1 M™). The formin concentration dependence of the
fraction of the quenchable fluorophore population (a) followed opposite tendency, it

was the lowest when the Kgy reached its maximum (Fig. 16B).
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Figure 15 — Dependence of the Kgy, values obtained from the modified Stern-Volmer analyses on the
formin concentration. Salt concentrations were 10 mM KCl and 0.5 mM MgCl, (filled squares and empty
triangles) or 50 mM KCl and 1 mM MgCl, (empty circles). The data for filled squares and empty circles
were obtained from steady-state measurements while empty triangles are from fluorescence lifetime
measurements.

The quenching experiments described above were carried out at 10 mM KCl
and 0.5 mM MgCl, salt concentrations. Our previous results have shown that the
effect of formins on the conformation of actin filaments depends on the ionic strength

[144-146]. To further explore this effect we carried out the steady-state quenching
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experiments at higher ionic strength (50 mM KCl and 1 mM MgCl,) as well, to test
whether quenching was sensitive to the salt concentration. In the absence of formins
the value of Ksy measured at this higher salt concentration (2.1 £ 0.15 I\/I'l) was similar
to that observed at lower ionic strength (2.3 +0.1 M?). At 500nM formin
concentration the Ksy was 2.9+ 0.2 M and the fraction of quenchable fluorophores
decreased to 84 +3%. At different salt concentrations the shape of formin
concentration dependence of the quenching parameters was different as well (Fig. 15
and Fig. 16). Within the applied formin concentration range neither the value of the
guenching constant (Ksy) nor the fraction of quenchable fluorophores (a) had an
extreme value, indicating that the interaction of formin with actin, thus their effects

on the actin filaments depended on the ionic strength.
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Figure 16 — Dependence of the fraction of fluorophores accessible for the quencher (a) on the formin
concentration. The figure shows results obtained at 10 mM KCl and 0.5 mM MgCl, (A) or at 50 mM KClI
and 1 mM MgcCl, (B).

To test the magnitude of the contribution of static quenching mechanisms the
dependence of fluorescence lifetimes on the acrylamide concentration in the absence
and presence of formin were measured. These experiments were made under low salt
conditions (10 mM KCl and 0.5 mM MgCl,). The classical Stern-Volmer plot was linear
in the absence of formin and gave a Ksy value of 2.6 £ 0.3 M™, which is close to the
value obtained from steady-state experiments (2.3 + 0.1 M) (Fig. 15). In the presence

of mDial-FH2 the classical Stern-Volmer plots were not linear, hence we applied the
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modified Stern-Volmer equation to interpret the results. When 500 nM formin was
added to the sample the Ksy increased to 6.2 £0.1 M'l, to a similar extent that was
observed in the case of steady-state measurements (5.8 +0.1 M™) under similar
conditions (Fig. 15) and the fraction of quenchable fluorophores decreased to 53 %.
There is a good agreement between the Kgy values from steady-state and time-
dependent quenching results, indicating that the contribution of the static quenching
mechanisms to the overall quenching process is negligible.

To exclude the contribution of fluorescence lifetime on the value of Kgy we
measured the average fluorescence lifetime of the unquenched actin-bound IAEDANS
resulting in 19.6 £ 0.6 ns and 18.9 £ 0.8 ns in the absence and presence of formin
(500 nM), respectively. This small formin effect indicated that the change of the
fluorescence lifetime could not account for the observed formin induced differences

in the value of Kgy.

4.2 Study of the formin-induced changes in actin using FRET

To describe the effects of skeletal muscle tropomyosin and heavy meromyosin on
formin-bound actin filaments we applied steady-state and time dependent
fluorescence methods. As full-length myosin precipitates at relatively low ionic
strengths (i.e. under the experimental conditions applied here) we used myosin
fragments for the investigations. First we attempted to measure the effect of S1 in
nucleotide-free solutions, where the actin binding affinity of S1 is high enough to
achieve a high degree of saturation at moderate S1 concentrations. However, we
observed that in the absence of nucleotides the effect of formins on actin filaments
was hardly or not apparent. This observation is in line with previous findings that
nucleotides play an important role in the interaction of actin with formin [73, 174].
Therefore, the use of nucleotides was necessary to assess the effect of myosin on the
structure of formin-bound actin filaments. In the presence of ADP, the affinity of S1
for actin is relatively low, which made the saturation of actin with S1 problematic. To
overcome this problem we applied double-headed heavy meromyosin, which has a
substantially higher affinity for actin than S1 due to the possibility of simultaneous

binding of two heads to adjacent sites of the actin filament [175]. This way we could
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achieve a high degree of saturation of the myosin binding sites on actin even in the
presence of ADP without the use of very high protein concentrations.

The first technique we used was the same temperature dependent FRET
method we applied previously to study the effect of formin on the flexibility of actin
filaments [144, 145]. Using this method we were able to characterize the effect of
tropomyosin and heavy meromyosin on the dynamic properties of the formin-bound
actin filaments. The donor and acceptor probes (IAEDANS and IAF) were attached to

the Cys374

of actin protomers and the temperature dependence of the FRET efficiency
was determined between 6 °C and 34 °C. Since only one fluorophore was bound to
each protomer, the FRET was occurred between probes on neighbouring protomers,
enabling us to caracterize the inter-protomer flexibility of actin filaments. If the
temperature dependence of the normalized FRET efficiency (Eqg. 2) is steeper in these
experiments, it indicates that the protein matrix is more flexible between the donor
and acceptor probes [166, 167]. Control experiments were made first and the relative
f’ (Eq. 2), was determined for actin alone at 5 uM and 10 uM actin concentrations.
The results showed approx. 120-125% increase of the relative f ” over the temperature
range of 6 °C - 34 °C (Fig. 17). In the presence of 500 nM mDial-FH2 the temperature
profile of the relative f’ became much steeper (increased to approx. 330-335%)
indicating that the binding of formin changed the conformation of the actin filaments

by making them more flexible (Fig. 17). This is in agreement with the results described

in the previous chapter as well as with our previous observations [144].
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Figure 17 — Temperature dependence of the normalized FRET efficiency (relative f’, flexibility) for actin
filaments. (A) Tropomyosin decreases the flexibility of formin-bound actin filaments. The experiments
were carried out with 10 uM actin in the absence of actin-binding proteins (empty squares), or in the
presence of mDial-FH2 (500 nM; filled squares). The data obtained in the presence of tropomyosin
(2 uM) and in the absence (filled triangles) or presence (empty circles) of 500 nM formin are also
shown. The errors presented are standard errors from at least three independent experiments. The
inset shows the fluorescence intensity of the donor measured in the absence of actin-binding proteins.
The data were obtained in the absence (IAEDANS) or in the presence (IAEDANS-IAF) of the acceptor (as
indicated). (B) Heavy meromyosin decreases the flexibility of formin-bound actin filaments. The
experiments were carried out with 5 uM actin in the absence of actin-binding proteins (empty circles).
Empty squares represent the data with 500 nM mDial-FH2 in the absence of HMM. The data obtained
in the presence of 500 nM formin and 1 uM (filled circles), 3 uM (empty triangles), 5 uM (filled squares)
or 10 uM (filled triangles) skeletal muscle heavy meromyosin are also shown. Arrow in the right
indicates the increase of the HMM concentration.

The buffer conditions of the experiments were 4 mM Tris-HCI (pH 7.3), 0.2 mM ATP, 0.1 mM
CaCl,, 0.5 mM DTT, 0.2 mM EGTA, 1 mM MgCl, and 50 mM KCI.

4.2.1 The effect of tropomyosin measured by FRET

To describe the effect of tropomyosin, skeletal muscle tropomyosin was added to the
formin-bound actin filaments at 2 UM concentration. In the case of this isoform of
tropomyosin, one molecule of tropomyosin binds to seven actin protomers on the
filaments. Considering that under these conditions the affinity of tropomyosin for the
actin filaments is ~0.5uM [176] 2 uM tropomyosin is able to saturate the
tropomyosin binding-sites on actin with a concentration of 10 uM. When formin and
tropomyosin were both present, the value of relative f’ increased to 150 % over the
investigated temperature range (Fig. 17A). This tendency was similar to that observed

in the absence of formin and tropomyosin, or in the presence of tropomyosin only
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(Fig. 17A). This observation indicates that tropomyosin makes the formin-bound actin
filaments more stable, and this stiffer conformation is similar to that observed in the

absence of formin and tropomyosin.

4.2.2 The effect of heavy meromyosin measured by FRET

To show the effect of myosin, skHMM (skeletal muscle heavy meromyosin) was added
to the formin-bound actin filaments at different concentrations. The results showed
that HMM decreased the effect of the mDial-FH2. The temperature dependence of
the relative f’ depended on HMM concentration. When the concentration of HMM
heads was the same as the actin concentration (5 uM) the increase of the relative f’
was 65 %, while at HMM concentration two-fold higher than the actin concentration
the relative f’ changed by 36 %. Figure 17 summarizes the HMM concentration
dependence of the FRET data assuming that the value of the relative f’ at the highest
temperature (34 °C) characterizes the flexibility of the actin filaments. These
observations suggested that the formin-induced increase of the flexibility of actin
filaments was reversed by the binding of HMM (Fig. 17B and 18). To estimate the
length of the cooperative unit we used equation 9 to fit the data in Figure 18. The
value of this parameter was found to be 1.3 £ 0.1, which is somewhat smaller than the
one we obtained from the anisotropy decay experiments (2.0 + 0.3; Fig. 23), indicating
that the two methods are sensitive to different conformational transitions and modes

of motion of the actin filaments.
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Figure 18 — The flexibility of actin filaments (the change of the relative f’ between 6 and 34 °C) as a
function of the HMM : actin concentration ratio. The experiments were carried out with 5 uM actin
500 nM mDial-FH2 and HMM (as indicated). Filled squares were obtained with HMM. Dashed line
indicates the value of the flexibility in the absence of formin and HMM. HMM concentrations are taken
as heavy meromyosin head concentrations. Buffer conditions are as in Fig. 17. The inset shows the fits
to the data using Eq. 9 The length of the cooperative unit was found to be 1.3 + 0.1 for HMM.

4.3 Study of the formin-induced flexibility reduction using anisotropy decay

The next method we used to confirm our previous FRET results was the measurement
of anisotropy decay (Fig. 19). This method was used to describe the dynamic
properties of actin many times before [144, 177, 178]. Our experiments were carried
out with IAEDANS-labelled actin filaments. We applied 500 nM mDial-FH2
concentration, which was shown to be enough to saturate the binding sites at the
barbed ends of actin filaments [73, 179]. The evaluation of the data resulted in two
rotational correlation times. The value of the shorter rotational correlation time was
between 1-4ns, and showed no formin, tropomyosin or heavy meromyosin
concentration dependence. This shorter rotational correlation time — in our
interpretation — can be related to the motion of the probe relative to the protein,
which did not show significant formin-, tropomyosin- or HMM-induced changes. The
value of the longer rotational correlation time showed formin-concentration

dependence and its value was ~ 700-900 ns in the absence of formin which decreased
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to ~225-250ns in the presence of 500 nM mbDial-FH2 (Fig. 20 and 23). This
observation is in agreement with our previous results [144, 145] and indicated that

formin binding made the actin filaments more flexible.
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Figure 19 — Frequency-dependent phase (filled circles) and amplitude (empty triangles) data and a

corresponding fit with double exponential function from anisotropy decay measurement.

4.3.1 The effect of tropomyosin measured by anisotropy decay

Anisotropy decay experiments were carried out using formin-bound actin filaments in
the presence of tropomyosin at various concentrations (Fig. 20). The value of the
longer rotational correlation time increased with increasing tropomyosin
concentrations from 250 ns (the value in the absence of tropomyosin) to ~ 800 ns. In
the case when the actin concentration was 30 uM the longer rotational correlation
time reached its plateau at ~ 4 uM tropomyosin concentration (Fig. 20A) while at
20 uM actin concentration the breaking point appeared at ~ 3 uM tropomyosin
(Fig. 20B). These tropomyosin concentrations which were giving the highest effect
correlate well with the [tropomyosin] : [actin] = 1 : 7 binding stoichiometry, indicating
that all the tropomyosin binding sites were occupied on the actin filaments at these
states. The fact that the longer rotational correlation times of formin-bound actin

filaments remained constant under saturating conditions indicated that the relatively

48



4 Results and discussion

flexible formin-bound actin filaments were stabilized by the binding of tropomyosin, in

agreement with our conclusion from the FRET results (Fig. 17A).

1000

A B

800, . + .

6004 -- +
ST

2004 +

Longer Rotational Correlation Time (ns)

factin]=30 uM | | | [actin] = 20 uM

Ol‘l'l'l'l'll'l'l'
0 2 4 6 8 10 0 2 4 6

[Tropomyosin] (M)

Figure 20 — Tropomyosin affects the anisotropy decay of formin-bound IAEDANS-actin filaments. The
figure shows the tropomyosin concentration dependence of the longer rotational correlation times
obtained for actin filaments. In panel A the actin concentration was 30 uM and the sample also
contained 1.25 uM mDial-FH2. Panel B shows the tropomyosin concentration dependence of the
longer rotational correlation time measured with 20 uM actin and either 500 nM mDial-FH2 (filled
squares) or 500 nM mDial-FH1FH2 (empty circles). The errors presented are standard errors from at
least three independent experiments. Buffer conditions are as in Fig. 17.

In addition to FH2 the FH1 formin domain is also important in the biological
function of formins [72]. In another set of anisotropy decay measurements we
investigated whether the presence of the FH1 domain could modify the effect of the
FH2 domain on the conformation of the actin filaments. These experiments were
carried out at 20 uM actin and at a few mDial-FH1FH2 concentrations. There was just
a quite small difference between the longer rotational correlation times observed in
the presence of mbDial-FH2 (~225-250ns) and mDial-FH1FH2 (™~ 200 ns) in the
absence of Tm, indicating that the binding of mDial-FH1FH2 increased the flexibility of
the actin filaments. When Tm was added to the mDial-FH1FH2 bound actin filaments,

the values of the longer rotational correlation time were increased and were identical
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to those measured with mbDial-FH2 at the corresponding Tm concentrations
(Fig. 20B). This observation suggested that the FH1 domain did not affect the effect of

FH2 domain on the structure of the actin filaments.

4.3.1.1 Control experiments to check the affinity of tropomyosin for formin-
nucleated actin filaments

Co-sedimentation experiments were carried out to exclude the possibility that the
binding of formin weakens the affinity of tropomyosin for actin (Fig. 21). Samples
were made containing tropomyosin (3 uM) and actin filaments (5 uM) in the absence
or presence of formin (500 nM) and after they had been centrifuged (for 30 minutes at
386,000xg and at 20 °C) the pellets were analysed by SDS-PAGE. The amount of
tropomyosin in the pellets was independent of the presence of formin, indicating that
the mDial-FH2 did not modify substantially the affinity of Tm for actin (Fig. 21). There
is a formin band appeared in the pellets of tropomyosin-containing samples which
showed that Tm did not displace the formins from actin. This state is in good
agreement with the corresponding observations from Wawro and colleagues [135].
The gels also showed that there were not any contaminating proteins in these protein

samples.
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Figure 21 — Tropomyosin binds to the mDialFH2 formin-bound actin filaments. SDS-PAGE gels of the
pellets of actin, formin and tropomyosin samples from co-sedimentation assays. Lane A shows the
molecular weight. Lane B shows the SDS-PAGE results obtained with 5 uM actin and 3 M tropomyosin.
Lane C shows the gel image for 5 uM actin, 0,5 uM formin and 3 uM tropomyosin. The experiments
were carried out in 4 mM Tris-HCI (pH 7.3), 0.2 mM ATP, 0.1 mM CaCl,, 0.5 mM DTT, 0.2 mM EGTA,
1 mM MgCl, and 50 mM KCl.
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4.3.1.2 Salts that influence the effect of tropomyosin

Since previous studies showed that the effect of formins on actin filaments depends
on ionic strength [144, 145], we tested the effect of potassium and magnesium on the
interaction of Tm and mbDial-FH2-bound actin filaments by using fluorescence
anisotropy decay. Our results on potassium salt dependence showed that the effect of
Tm on actin filaments was independent of the KCl concentration between 10 mM and

30 mM KClI (Fig. 22A). In these experiments the concentration of MgCl, was 1 mM.
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Figure 22 — The KCl and MgCl, dependence of the effect of tropomyosin on the flexibility of formin-
bound actin filaments. Panel A shows the results obtained at fixed MgCl, concentration (1 mM) with
30 uM actin and 1.25 uM formin in either the absence (empty circles) or presence (filled squares) of
tropomyosin (8 uM). The experiments were carried out at various KCl concentrations in 4 mM Tris-HCI
(pH 7.3), 0.2 mM ATP, 0.1 mM CacCl,, 0.5 mM DTT, 0.2 mM EGTA and 1 mM MgCl,. In panel B results are
presented from magnesium-dependent experiments at fixed KCl concentration (30 mM) with 30 uM
actin, 1.25 uM formin and 4 uM tropomyosin. Other buffer conditions are as in Fig. 17.

The interaction between Tm and actin is magnesium dependent. The affinity of
tropomyosin for actin, and the corresponding association and dissociation rates were
magnesium concentration dependent [176]. The affinity is higher at higher MgCl,

concentrations (Kp = 2.4 uM at 0.5 mM MgCl, and Kp = 0.5 uM at 2.5 mM MgCl,).
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4 Results and discussion

These observations indicated that magnesium affects the interaction between Tm and
actin. In these experiments tropomyosin and formin concentrations were 4 uM and
1.25 pM, respectively at 30 uM actin concentration. Fluorescence data showed that
the longer rotational correlation time increased from ~ 250 ns at 0.5 mM MgCl, to
~ 850 ns at 2 mM MgCl, (Fig. 22B). This strong magnesium concentration dependence
of the tropomyosin effect was in correlation with previous observations [176, 180] and
indicated that magnesium is able to modify the tropomyosin induced stabilization

effect on formin-bound actin filaments.

4.3.2 The effect of heavy meromyosin measured by anisotropy decay

We repeated the anisotropy decay experiments with formin-bound actin filaments in

the presence of HMM at various concentrations (Fig. 23).

Longer Rotational Correlation
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Figure 23 — Heavy meromyosin affects the anisotropy decay of formin-bound IAEDANS-actin filaments.
Fitting the linear lattice model (shown as solid line, see: Eq. 9) gives N = 2.0 + 0.3 actin protomers for
the length of the cooperative unit. Dashed line indicates the value of the rotational correlation time
measured in the absence of formin and HMM. The actin and mDial-FH2 concentrations were 30 uM
and 1.25 uM, respectively. The errors presented are standard errors from at least three independent
experiments. Buffer conditions are as in Fig. 17.
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4 Results and discussion

The value of the longer rotational correlation time increased with increasing HMM
concentrations from its value in the absence of HMM (225 ns) to ~ 850 ns (Fig. 23).
This indicates that formin-bound actin filaments were stiffer in the HMM-bound state.
At greater HMM concentrations the conformation of the actin filaments became
similar to that observed in the absence of formin and HMM. To estimate the number
of actin protomers affected by the binding of one HMM head we applied the linear
lattice model as described previously (Eq. 9, [150]). The length of the cooperative unit
was found to be 2.0 + 0.3 actin protomers (Fig. 23), indicating that the binding one

HMM head could stabilize the conformation of two actin protomers.

4.4 Study of the formin-induced flexibility reduction using steady-state
anisotropy

Steady-state fluorescence anisotropy measurements confirmed our previous results.
The evaluation of the steady-state anisotropy data provides information on the
flexibility of the experimental material in the cuvette, where a higher anisotropy value
indicates a stiffer protein matrix. These experiments were also carried out with

IAEDANS-labelled actin filaments.
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Figure 24 — Actin polymerized in the presence of formin at 20 mM KCl salt concentration. The recording
of the data was started right after the mixing of the sample. The curves show the change in steady-state
fluorescence anisotropy of IAEDANS-actin filaments (5 uM) measured in the absence (gray curve) or in
the presence of 500 nM mDial-FH2 (black curve).
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4 Results and discussion

Fluorescence anisotropy values of actin filaments alone were 0.25-0.26. After
an overnight incubation with 500 nM mbDial-FH2 (that was the applied formin
concentration in each sample), the value of anisotropy decreased to 0.14-0.17
depending on the time of incubation (Fig. 24). This observation is in correlation with
our previous results obtained with other methods and confirms that the flexibility of

the protein matrix increased upon binding of formin.
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Figure 25 — The kinetics of the change in the steady-state fluorescence anisotropy of mDial-FH2-
nucleated (500 nM) IAEDANS-actin filaments (5 uM) measured in the presence of different amount of
TM (1 uM (light gray curve), 5 uM (black curve)). Note that the steady-state anisotropy started to
increase right after the addition of TM (indicated by an arrowhead) and plateaued within ~ 30 minutes
at 20 mM KCI concentration.

When tropomyosin was added to the formin-bound, flexible actin filaments in
different concentrations, the anisotropy started to increase slowly and a plateau

appeared after ~ 30 minutes at anisotropy values ~ 0.25 (Fig. 25).
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Figure 26 — The kinetics of the change in the steady-state anisotropy of mDial-FH2-nucleated (500 nM)
IAEDANS-actin filaments (5 uM) measured in the presence of different amount of HMM (1 uM (light
gray curve), 5 uM (gray curve) and 10 uM (black curve)). Please note that the steady-state anisotropy
started to increase right after the addition of HMM (indicated by an arrowhead) and plateaued within
~ 1 -5 minutes at 25 mM KCl concentration.

When HMM was added to the sample after the overnight incubation with
formin, the anisotropy increased rapidly (plateau was reached ~ 1 minute after the
addition of HMM) to the values which are typical of actin alone (0.24-0.26 or above —
depending on the concentration of the given HMM) (Fig. 26).

The steady-state anisotropy data were analysed by fitting single exponentials
to the observed transients (Eq. 3). The amplitudes resolved in these fits gave the
anisotropy increase (Ar) induced by the binding of either HMM or TM, and were
plotted as a function of protein concentration in Figure 27A and B. Hyperbolic function
was fitted (Eq. 4) to obtain the values of the maximum change (MAX) and half
saturation protein concentrations (Ki/;) (Fig. 27A and B). For HMM the maximum
anisotropy increase was 0.198 £+0.01 and the half saturation was reached at
7.07 £ 1.3 uM HMM. This value is close to the applied actin concentration (5 uM). For
TM we observed a maximum amplitude of 0.103 £ 0.0. This value is somewhat smaller
than in the case of HMM suggesting that HMM is more effective in stabilizing the
structure of the formin-nucleated actin filaments than TM. Half maximum was

observed at 0.33 + 0.13 uM TM. This half saturation concentration is about 10 fold less
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than was observed for HMM, corresponding to the fact that one TM interacts with

seven actin monomers in a filament [181].
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Figure 27 — The analysis of the effects of HMM and TM on the formin-induced conformational changes
in actin filaments. (A, B) Anisotropy increase (4r) as a function of HMM (A) or TM (B) concentration.
Anisotropy increase was derived from the exponential fit (Eq. 3) of the data presented on Fig. 25 and
26. Note that a higher increase in the steady-state anisotropy from the low value of ~0.14
(characteristic for mDial-FH2-nucleated actin filaments), indicates a greater stabilization of the
conformational dynamics of mbDial-FH2-nucleated actin filaments. The data were analyzed by
hyperbolic fits (Eq. 4) (dashed lines). The maximum values (MAX) were 0.198 + 0.01 and 0.103 + 0.00 for
HMM and TM, respectively. The half saturation concentrations (K;;,) were determined to be
7.074 £ 1.39 uM and 0.33 £ 0.13 uM for HMM and TM, respectively. (C, D) The observed rate constants
(kops) as a function of HMM (C) or TM (D) concentration. The values of k.., were derived from the
exponential fit (Eq. 3) of the data presented on Fig. 25 and 26. The stabilizing effect of HMM on mDial-
FH2-nucleated actin filaments was rapid and the observed rate constant increased linearly with
increasing amount of HMM. The stabilizing effect of TM on formin-nucleated actin filaments was much
slower than that of HMM, and followed a hyperbolic tendency with increasing TM concentration. The
errors presented on this figure are standard errors from at least two independent experiments.
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We also analysed the HMM and TM concentration dependence of the rate constants
(kops) derived from the exponential fits (Fig. 27C and D). In the case of HMM the kops
values followed a quasi-linear tendency with increasing amount of HMM and did not
reach a plateau up to about 0.1 st (Fig. 27C). This kinetic behaviour indicates that
HMM binding to the formin-nucleated actin filaments occurs as an apparent single-
step reaction. Interestingly, the slope of the fit (reflecting an apparent on-rate
constant of 0.004 pM™*s™*) was much lower than that determined earlier from pyrene-
actin fluorescence intensity changes upon skeletal muscle myosin S1 binding to actin
filaments in the absence of formin. The latter value was in the order of 10 uM™s™
[182-184]. However, it should be stressed that the large difference from the present
result may at least in part originate from the different types of signal reporting
different structural changes during the actin binding process. For TM the kops vs. TM
concentration curve showed a saturating tendency (Fig. 27D). This kinetic behaviour is
indicative of a two-step reaction in which the added TM binds to the actin filament,
and then a first order conformational transition occurs in the complex. Interestingly,
the maximal observed rate constant, reflecting the first-order transition, was much
lower than the rate constants observed in the case of HMM (Fig. 27C). These findings
imply that, despite the apparently similar reversal of formin-induced conformational
changes by HMM and TM, the kinetic mechanism of this process is markedly different

in the case of these two actin-binding proteins.
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5 Conclusions

These new results emphasize the importance of the intramolecular conformational
changes induced by formins in the structure of actin filaments. The mDial formin
changed the conformation of the protein matrix in the subdomain 1 of the actin
protomers. It seems reasonable to assume that these flexible actin filaments serve
well-defined biological aims, which are manifested under special intracellular
conditions. However, one would also assume that other conditions require actin
networks with mechanically stabile, more rigid filaments. We therefore expected that
actin-binding proteins could reverse the formin-induced structural changes by binding
to filaments. Tropomyosin and heavy meromyosin were tested whether they can
stabilize the conformation of the actin filaments. The results presented in my thesis
indicate that both of these abundant actin-binding proteins were able to reverse the
formin induced conformational changes. The experimental data proved that the
molecular mechanisms exerted by the effect of tropomyosin and heavy meromyosin
play a central role in the molecular mechanisms regulating the conformational
dynamics of actin filaments. We speculate that the greater flexibility of the filaments
observed in the presence of formins may result from the rapid and special way of
formin-assisted polymerization. For the proper functioning of actin filaments, the
conformational state with a more rigid structure is probably preferable, and thus
there are molecular repair mechanisms which reverse the formin-induced flexibility
changes. These mechanisms are based on the binding of actin-binding proteins. With
the results presented here there are now two abundant binding partners of actin
identified — TM and HMM - that can play such regulatory roles. Their common
property is that the binding of both of these proteins cooperatively affects the
structure of the actin filaments along a stretch of several protomers.

My present results serve new perspectives towards further investigations to
identify other actin-binding proteins which play a regulatory role in the fine-tuning of
actin conformation. These proteins should be studied in complex systems to reveal

how the different effects of actin-binding proteins on the conformational properties of
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5 Conclusions

actin are superimposed (synergistically or antagonistically) to establish the overall
conformational dynamics and the biological function of cellular actin structures. This
way we can examine the different contender processes during the organization and

realignment of the cytoskeleton.
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6 List of abbreviations

ADF: actin depolymerizing factor

ADP: adenosine-5'-diphosphate

Arp2/3: Actin-related protein 2/3

ATP: adenosine-5'-triphosphate

CapZ: actin filament barbed end capping protein (CP) from the Z-disc of muscle
EDTA: ethylenediaminetetraacetic acid

EGTA: ethylene glycol tetraacetic acid

For3p: a Schizosaccharomyces pombe formin

Fuslp: yeast cell fusion protein 1

g: gravitational acceleration

GDP: guanosine-5'-diphosphate

GTP: guanosine-5'-triphosphate

hDia: human homologue of Drosophila Diaphanous

LB: Lysogeny broth (Luria broth, Lennox broth or Luria-Bertani medium)
P;: inorganic phosphate

Rac: subfamily of the Rho family of GTPases

RhoA: Ras homolog gene family, member A

Scar: suppressor of cyclic AMP receptor (a WASP related protein)
SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis
Tris: (hydroxymethyl)aminomethane

WASP: Wiskott—Aldrich Syndrome Protein

WH2: Wiskott-Aldrich syndrome homology region 2
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