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Summary

Since Albert Szent-Gyorgyi’s work it has been known that the acto-myosin
interaction is strong in the presence of MgADP, while in MgATP it is weak.
Furthermore, nucleotide and actin binding to myosin are antagonistic processes and
actin activates the enzyme cycle of myosin as an allosteric activator. These properties
of the acto-myosin system are fundamental to movement generation along the actin
filament. However, it is still a question whether the same allosteric regulation stands
beyond all these processes. To answer this question we investigated the allosteric
communication mechanisms that synchronize the distant functional regions of the
myosin motor domain.

New structural results show that the switch 1 loop of the nucleotide binding
site and the actin binding region have two conformations, which seem to be coupled
with each other. However, these states do not correlate strongly with the presence of
the y-phosphate in the known structures. To clarify this contradiction, we introduced
tryptophan residues into the switch 1 region and studied them by rapid-reaction
methods. We identified the two functional states of switch 1 and found that the
equilibrium constant in these states depends on the presence of the y-phosphate. We
found that in the presence of MgADP both states of switch 1 exist in dynamic
equilibrium and the presence of y-phosphate pushes this equilibrium toward the weak
actin binding state. However, when actin binds to myosin the equilibrium is pushed
toward the strongly interacting state, leading to the release of hydrolytic products. The
received thermodynamic model, describing the action of switch 1, is also applicable to
the nucleotide-controlled interactions of other P-loop NTP-ases, such as G-proteins.

It is a question, whether the transition in switch 1 states leads to the activation
of the ATP-ase cycle upon actin binding. Our kinetic investigation shows that in the
absence of actin the rate limiting step of the enzyme cycle is the lever arm movement
(forward direction of the reverse recovery step), consequently actin activates this step.
However, muscle fiber experiments show that the lever arm movement precedes the
release of the hydrolytic product release steps, and thus it also precedes the transition
of the switch 1 loop. Consequently, the question is how actin accelerates the rate of
the lever arm movement. Our detailed kinetic, mutational, and structural

investigations suggest a new communication mechanism between the actin binding
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region and the lever arm. These results show that actin activates the power stroke by
directly affecting the movement of the relay helix, and not through the transition of
the nucleotide binding site and switch 1 loop.

Based on these findings we can state that the antagonistic relationship of the
actin and nucleotide binding and the allosteric actin activation of the myosin ATP-ase

cycle are performed by different communication mechanisms.
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Osszefoglalas (Summary in Hungarian)

Szent-Gyorgyi Albert munkassaga ota ismert, hogy az aktin és a miozin erésen
kotédik egymashoz MgADP kotott allapotban, mig MgATP-ben ez az interakcid
meggyengiil. Ezen tilmenden a miozin nukleotid és aktin kotése antagonisztikus
folyamatok, valamint az aktin mint allosztérikus aktivator gyorsitja a miozin ATP-az
ciklusat. Az akto-miozin rendszer e tulajdonsagai alapvet6 fontossagiiak az aktin
filamentum mentén torténd mozgéas létrehozasahoz, de kérdés, hogy a jelenségek
hatterében ugyanaz az allosztérikus szabélyozasi folyamat all-e. Ennek kideritése
érdekében vizsgaltuk a miozin motor domén tadvol esé funkcionalis részeinek
miikodését 6sszehangold allosztérikus kommunikacios folyamatokat.

Uj szerkezeti eredmények azt mutattak, hogy a nukleotid-kté zsebet alkotd
switch I huroknak és az aktin koté régionak két allapota van, amelyek kapcsoltak
egymassal, azonban ezek az allapotok nem allnak szoros korrelacioban a nukleotid y-
foszfat jelenlétével. Az ellentmondas tisztazasara a switch I régié mozgasat beépitett
triptofan szenzorokkal kévettiik. gy azonositottuk a switch I hurok két funkcionalis
allapotat, és azt talaltuk, hogy a két allapot kozotti egyensulyi allandd az, ami fiigg a
y-foszfat jelenlétét6l. MgADP kotott allapotban mind a két térszerkezeti allapot jelen
van, viszont a y-foszfat jelenléte eltolja az egyenstlyt a gyenge aktin kot6 allapot felé.
Ha aktin k6t a miozinhoz, akkor az egyensuly az erds aktin kot allapot felé tolodik
el, ami a nukleotid hidrolitikus termékeinek felszabaduldsahoz vezet. A switch 1
hurok miitkddését leird termodinamikai modell altalanosithaté mas p-hurok NTP-azok,
mint a G-fehérjék nukleotid kontrolalt fehérje interakcidira is.

Kérdés, hogy aktin kotésekor a switch 1 1égi6 egyensulyanak eltolasa okozza-e
az ATP-dz ciklus aktivalasat. Kinetikai vizsgalataink azt mutatjak, hogy aktin
tavollétében a miozin enzimciklusanak sebesség-meghatarozd 1épése az erdkar
lecsapasa, tehat az aktinnak ezt a 1épést kell leginkabb aktivalnia. Viszont
izomrostban végzett kisérletek azt mutatjak, hogy az erékar lecsapasa a hidrolitikus
termékek felszabadulasa el6tt, és igy a switch 1 hurok térszerkezeti atalakulasa elott
torténik meg. A kérdés tehat az, hogy hogyan aktivalja az aktin az erdkar
lecsapasanak sebességét. Mélyrehato kinetikai, mutacios és szerkezeti vizsgalatunk
egy Uj kommunikdcios utvonalat tart fel az aktin-kotd régio és az erdkar kozott.

Eredményeink azt mutatjak, hogy az aktin ezen az utvonalon keresztiil, kdzvetleniil az
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erfkar felé futd relé-hélixre hatva aktivalja az erGgeneralasi lépést, és nem a
nukleotid-ko6td zseb, illetve a switch I régio6 atalakuldsan keresztiil.

Ezek alapjan elmondhatjuk, hogy az aktin és a nukleotid kotés antagonisztikus
viszonya, illetve az aktin allosztérikus aktivator szerepe kiilonbozé kommunikécios

mechanizmusokon keresztiil valosul meg.
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Review of Literature

The myosin

Myosins are molecular motors that move along actin filaments by converting
ATP-stored chemical energy into mechanical work. They were first discovered in
muscle fiber (5), however it was later revealed that every eukaryote cell expresses
myosins. Cytoplasmic transport processes, cell movements, cytokinesis, membrane
trafficking, and signal transduction are some examples from the repertoire of the
myosin-driven cell functions (3, 61). The great variability among myosin genes allows
their divers functions. The human genome for example, contains over 40 different
active myosin genes. In spite of this great variability, the chemo-mechanical
transduction, the mechanism that converts the ATP-stored energy into mechanical
work, seems to be conserved among myosin families.

The conservation of the chemo-mechanical transduction is due to the fact that
all myosin isoforms contain very similar N-terminal motor domains. Figure 1 shows
the structure of conventional myosin molecules (myosin 11 '), such as striated muscle

or smooth muscle myosins.

N-terminal motor domain

Coiled-coil tail domain Regulatory domain with light chains

C-terminus

L 1mm ' S2 §1
L amm——

Figure 1. The homodimer myosin II molecule with indication to its proteolytic fragments
(84). The head of the myosin (subfragment 1, S1) consists of the catalytically active N-
terminal motor domain and a light chain binding regulatory domain. The long coiled-coil
tail serves for dimerization and myosin filament formation. S1 together with S2 create the
heavy meromyosin (HMM), while the C-terminal fragment is the low meromyosin
(LMM) (23, 84). The original figure was published in Szent-Gyorgyi A. G., 2004,
reference: (84).

! Myosin superfamily contains 18 classes marked with roman numerals.
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] The myosin
Muior defmain head consists of the
N-terminal ~ motor
domain and the
regulatory  domain
(Figure 2). The
motor domain is
responsible for the
catalysis of ATP
hydrolysis, for

cyclic  interaction

Regulatory domain with light chains

. . . with actin, and for
Figure 2. Crystal structure of scallop myosin IT S1 with the

light chains (purple and yellow) (Protein Data Bank code 1KK7). force generation.

Consequently, those
restricted forms of myosin which contain just the myosin head (Subfragment 1, S1) or
the motor domain show complete motile functions making them successful objects of
experimental investigations aiming at the understanding of the motor function (51).
The regulatory domain is the lever arm that amplifies movement. All myosin II
molecules contain a long C-terminal coiled-coil tail domain after the myosin head,
serving for dimerization and filament formation. Other myosin isoforms contain other
tail domains, such as cargo binding domain, depending on their function.

We use Dictyostelium myosin 1I motor domain for our investigations because
it shows high similarity to skeletal and smooth muscle myosins, it can be expressed in
high quantity in Dictyostelium recombinant expression system (59), and its globular

structure allows it to crystallize (17).

The working models of the acto-myosin system

The 1942 discovery that muscle contraction is based on the interaction of two
proteins, actin and myosin, can be tied to the Hungarian Nobel Laureate’s name,
Albert Szent-Gyorgyi (5). However, it took further thirty years for the principles of
the myosin enzyme cycle to be explored (84). Figure 3 shows the Lymn-Taylor

model, which represents a four-step enzyme cycle for the acto-myosin system (54).

10



Figure 3. The classic model of the myosin
enzyme cycle proposed by Lymn and Taylor.
ATP binding to the myosin cross-bridge
dissociates from the acto-myosin complex. Then
in the detached state the myosin cross-bridge
goes through a conformational change, of which
the reversal movement after rebinding to actin
causes displacement along the actin filament.
The original figure was published in Lymn, R.
W., and E. W. Taylor, 1971 (54).
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According to this model, in rigor
state (state 1) the myosin cross
bridge carrying the myosin head
interacts strongly with the actin
filament in the absence of
nucleotide. The first step is the
MgATP binding into the nucleotide
binding site of myosin, which
induces allosterically the acto-
myosin dissociation. In step 2 the
myosin cross bridge undergoes a
large conformational change with
the priming of the myosin for force
generation and MgATP hydrolysis.
Then actin binds back to myosin in
step 3 when ATP has already been
hydrolyzed and MgADP.P; is

bound into the nucleotide binding

pocket. The actin re-attachment
activates the enzyme cycle of
myosin, leading to a rapid

hydrolytic product release and the

reversed conformational change of

the cross bridge (step 4). In spite of the fact that the Lymn-Taylor model does not

contain some newly discovered intermediates, the essential four steps are still valid.

Also in the seventies Clive R. Bagshaw during his PhD work and David

Trentham developed a kinetic model for the enzyme cycle of the myosin in the

absence of actin that is still valid as well (Scheme 1) (2). By using intrinsic

fluorescence of skeletal myosin, they found that the nucleotide binds to myosin in two

steps corresponding to an induced fit binding mechanism (Step 1 and 2). This step is

analogous with the first step of the Lymn-Taylor model in the presence of actin. They

found that the MgATP binding is almost irreversible however, the affinity for the

11
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hydrolytic products is
strong (K4
Meapp=1-100 pM, Kqg
pi=10-50 mM). This
of

not so

M + ATP

asymmetry the
cycle allows the great
free energy change of

the MgATP binding

needed to  drive

M + ADP _“— . M"ADP + P,
KG

Scheme 1. Bagshaw-Trentham scheme, representing the
myosin enzyme cycle in the absence of actin (2).

KK,

-—

Ks

MIATP — M*ADPP,

M'.ADP.P,

-

K, K

forward the enzyme cycle. The further significance of this finding is that ATP

hydrolysis energy for the enzyme is not directly supplied by the breakage of the high-

energy phosphate anhydride bond. The next conformational change observed by the

intrinsic tryptophan fluorescence change was supposed to be coupled to the priming of

the cross bridge and the hydrolysis step
scheme and step 2 of the Lymn-Taylor). In

of myosin (step 3 in Bagshaw-Trentham

the next steps the reversed conformational

change of the cross bridge (step 4) allows Pi release (step 5) and MgADP release (step

Motor domain

Sl At |
>

Figure 4. The swinging lever arm model.
Crystal structures of myosin S1 show that the
force generated by a swing of the lever arm
formed by the regulatory domain from its
primed or up conformation to its down
position. The original figure was published in
Geeves, M. A., and K. C. Holmes, 1999 (20).

6 and 7).

The lack of the high resolution
structures inhibited the identification of
the force-generating parts and it was
believed that the change in the
orientation of the myosin cross bridge
is what provokes the force (swinging
cross bridge theory (38), see Figure 3).
However, such orientation change
could not be detected. Furthermore, the
low resolution structures suggested that
the conformational change leading to
the power stroke happens distal to the
actin binding sites. 20 years later the
atomic structures of myosin provided

structural insight into the cross bridge.

The first atomic structures of

the myosin head led to the swinging lever

arm model (32, 70, 75) (Figure 4). These

12
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structures showed that the head consists of the catalytically active motor domain and
the regulatory domain, which was the moving part of the myosin cross bridge. The
regulatory domain forms the lever arm. This has two positions: a primed or “up” and a
“down” position. The lever arm swing starting from the primed or up position and
going to the down is the force generating step (step 4 in Lymn-Taylor), the power
stroke that results in the displacement of the myosin motor domain along the actin
filament. This model allows displacement without the orientation change of the whole

motor domain in relation to the actin filament (20).

Functional regions of the myosin motor domain

The core region of myosin is a seven-stranded B-sheet, which is surrounded
with loops and helixes that connect the strands to each other along the polypeptide
chain. The core B-sheet is an evolutionary conserved platform for P-loop NTP-ases
(52) and comparative protein evolution results reveal that this kind of structure is the
most “successful” protein structure in general (7). Figure 5 shows the motor domain,
indicating its four subdomains in different colors .

The lower and the upper 50 kDa subdomains (colored in gray and red
respectively, amino acid sequence according to Dictyostelium myosin Il numbering of
the lower 50 kDa: 478-614 and the upper 50 kDa: 207-477) form an extensive actin
binding surface in which several surface loops of the 50 kDa subdomains take part.
The cognition of the exact actin binding surface is based on mutational analyses (18,
28) and on rigid docking of actin and myosin structures fitted into electron
microscopic map of the acto-myosin complex (Figure 6) (36, 68). The two 50 kDa
subdomains are divided by a large cleft called the actin binding cleft, so the two
subdomains can move relative to each other. Actually, there are two known
conformations. The actin binding cleft can be closed due to a rotation of the upper 50

kDa subdomain toward the lower 50 kDa subdomain (9, 33, 36, 71)

% The subdomain nomenclature is based on limited proteolysis carried out by Prof. Miklos
Balint and his co-workers (4).

13
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This movement results in strong acto-myosin interaction, such as in the rigor state

(nucleotide absence) (~0.05 uM).When the cleft is opened, the actin affinity decreases

with about three orders of magnitude (50 uM).

Upper 50 kDa subdomain

Nucleotide

Actin-binding
cleft
i Tt
Lower 50 kDa sd. Converter
20 kDa sd.
Relay helix

B

Switch 2 —_|

P-loop

Figure 5. A: functional regions of the myosin motor domain.
The lower (gray) and the upper (red) 50kDa subdomains form the
actin binding region and they are separated by the actin binding
cleft. Between the upper 50kDa and 25kDa subdomains there is
the nucleotide binding site. The 20kDa subdomain forms the C-
terminal converter region that carries the lever arm. B: The
nucleotide binding site is formed by the conserved P-loop and by
the y-phosphate sensors switch 1 and switch 2 loops.

The second
functional region of
the motor domain is
the nucleotide
binding pocket
situated between the

upper 50 kDa and

the 25 kDa
subdomains (green,
1-206). Three

functionally
important loops
form the binding
site:  the  P-loop

(magenta, 179-186),
switch 1
233-240), and
switch 2 (cian, 454-
459). The P-loop is

(yellow,

an evolutionary
conserved structure,
which enables the
protein to bind the
nucleotide. It is a

characteristic of all

P-loop NTP-ases (52). While the role of P-loop is restricted to the binding, switch 1

and switch 2 have two conformations that enable them to sense the y-phosphate of

ATP as real switches. Their switch functions control other functional regions in

myosin. While switch 1 seems to influence the actin binding region, switch 2

communicates with the lever arm. Since a great part of my work was to investigate the

14
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workings of these regions, a more detailed introduction is presented in Chapter 1 and

2.
The third functional region is the converter/lever arm region. The lever arm
belongs to the regulatory domain, while the converter to the C-terminal 20 kDa
subdomain of the motor domain

(blue, 615-761), which carries

the lever arm. The converter
domain has many interactions
with  the lower 50 kDa
subdomain, especially with the
relay region (relay helix and
relay loop). The relay helix
(465-498) transmits the

conformational changes from

Figure 6. The actin and rigor-like myosin S1 crystal | the nucleotide binding site to
structures fitted into the cryo-electron microscopic . .
envelope of the acto-myosin complex. This figure | the —converter region. This
was published in Holmes, K. C. et al., 2004 (36).

module (relay/converter/lever
arm region) also has two states, the primed or “up” and the down lever arm states. The
lever arm swing between these two states results in the displacement of the motor
domain along the actin filament (32). The role of the a-helical lever arm is to amplify
the rotation of the converter domain to a bigger movement. Thus the 5 A displacement
of switch 2 loop is converter to a 10 nm movement of the end of the lever arm.

The above mentioned conformational transitions, such as the actin binding
cleft closure and lever arm rotation can be described most fittingly as rigid subdomain
movements which are driven by the conformational changes of small hinge regions,
such as switch 1 and 2 that connect the subdomains to each other (13). Thus, small
changes in these hinge regions can be amplified to large subdomain movements.

However, we will see that this is a very reductionist approach.

Communication between functional regions

The previously presented functional regions, responsible for nucleotide

binding, sensing and hydrolysis, actin binding and movement amplification, have to

15
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cooperate with each other in order to harmonize their actions, otherwise the energy to
be converted to work dissipates as heat. The question arises how this cooperation can
be imagined? From a mechanical point of view, communication between two regions
is when the conformational change of one site alters that of another through their
interacting surfaces. However, on the molecular level where heat movement makes
the whole protein a very dynamic system, things can work differently.

The potential conformational space of each functional region can be described

with a hypothetical energy landscape in which funnel-like local energy minimums are

the stable macroscopic
conformations (Figure 7). According
to the dynamic energy landscape
model, the shape of the energy

landscape depends strongly on the

Free energy

surroundings of the region (50).

Thus, communication between two

regions could be the process when

Reaction coordinate the alteration of one region changes

Figure 7. Dynamic energy landscape of a the energy landscape of another,

conformational change. A transition of a | Jeading to the appearance of new
functional region is able to change the energy
landscape of another functional region with | stable conformations or  re-
which it communicates. The sets of the red and
green spots represent the populated states of
the influenced functional region before and local energy minimum conformations
after the transition of the influencing region. | . o
This energy landscape transition represents an - Myosin has several communicating
equilibrium shift between the two states of the
influenced region.

distribution  between  pre-existing

functional regions however, the

situation is simplified by the fact that
they always have only two functional states, as it was presented in the previous
section. Switch 1 and switch 2 are supposed to be opened and closed just like the actin

binding cleft and the converter/lever arm region can be in up and down positions *.

3 The difference between the two cases is analog with the difference between the induced fit
substrate binding and the population-shift model (48, 64).

4 Interestingly, the working of electronic circuits is also based on the binary system. In such a
system each element of the whole set contains only two values, “yes” and “no”, “1” and “0”,
or “on” and “off”. However, the transition from one state to the other is very different on the
molecular level in a protein and between macroscopic states of an electronic element.

16
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The transitions between these states, which are driven by ATP binding, hydrolysis and
actin binding, have to be well synchronized in order to achieve displacement along the
actin filament. According to this, each step of the Lymn-Tylor model supposes at least
one communication pathway between functional regions. The first step, when ATP
binding dissociates the acto-myosin complex, requires communication between the
nucleotide binding site and the actin binding region. A similar path toward the lever
arm is required when ATP induces lever arm movement in step 2. Furthermore, in
step 3, actin rebinding has to be harmonized with the events of the lever arm and the
nucleotide binding site, in order for actin to bind back to a myosin having primed
lever arm and ADP.Pi in its binding pocket. Otherwise actin rebinding leads to a futile
cycle. Finally, in step 4 the actin binding region has to induce the lever arm movement
and the release of the hydrolytic products from the nucleotide binding pocket, which
also supposes communication toward the nucleotide binding site and the lever arm.
The two states of each site are in equilibrium in every condition regardless of

how populated they are and can be described as a complex network (Scheme 2 as in

O1).

Power stroke
A-Moc:D — A-Moo-D —=—" A-Moo

L
Recovery step  Hydrolysis l’
A:Moo == A-Moo-T «—==— A-Moc-T «+=— A-Moc-D-P~——=—A-Moo-D-P  Strong binding states

1, [
u 3a ”’ 3b
AMcoT ~———A-Mcc:T—==""A-Mcc:D-P —==—A-Mco-D-P  Weak binding states
1 1 1 |
Futile cycle
Mco' T —_ Mcc-T ——= Mece-D-P —_ Mco-D-P

Scheme 2. Possible reaction paths of the acto-myosin system. o and ¢ indicate the open
and closed conformations of switch 1 and switch 2 in this order. Switch 1 states are
supposed to be coupled with the strength of the acto-myosin interaction, while switch 2
states are coupled with lever arm movement and hydrolysis. The main reaction path (gray)
is the actin activated ATP-ase cycle of myosin. The question arises, how the functional
regions are harmonized to perform the efficient reaction path, resulting in movement,
dominantly. The original figure was published in Zeng, W. et al., 2004 (91).

The productive enzyme cycle of myosin is the main reaction flux in this network
(indicated by gray), which is determined by the energetic parameters of these
equilibriums. Thus, in order to understand the enzyme cycle of myosin, we have to

characterize all equilibriums between the two functional states of all functional
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regions in every conditions (presence of different nucleotides and actin) and we have
to understand which region influences which equilibrium step and how.

The next four chapters are assigned to the four steps of the Lymn-Tyalor
model. I will present our contribution to the understanding of each step with a special

emphasis on the inter-regional communication.
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Chapter 1

Step 1 of the Lymn-Tyalor model - Communication between the
nucleotide binding site and the actin binding region

Introduction

Nucleotide dependent interaction of the acto-myosin complex

In 1942 the Hungarian Nobel Laureate, Albert Szent-Gyorgyi brought forth the
idea that muscle contraction is based on the ATP-controlled interaction of two
proteins. They found that myosin can be extracted from muscle in two different forms.
They got a less and a more viscous myosin extract, depending on whether they
prepared it from the rabbit immediately or 24 hours after the animal died (5). When
they gave ATP to both extracts their viscosity fell to a similar value. They supposed
the presence of a substance that detaches from myosin due to MgATP binding. Later
they isolated this substance and named it actin, the protein that “activates” myosin.
Today it is generally accepted that the energy stored in nucleoside triphosphates is
used for the operation of dynamic protein networks, however this experiment was
perhaps the first observation of a nucleotide dependent protein interaction.

In the acto-myosin system the nucleotide and actin binding are antagonistic, a
general characteristic of myosins although the actual dissociation constant of the acto-
myosin complex depends on the type of the nucleotide bound to myosin. The free
energy change resulted from the MgATP-induced conformational change produces
enough energy for the endergonic actin dissociation, however that of the MgADP
binding does not. Consequently, actin and myosin interact weakly in the presence of
MgATP or MgADP.P;, but more strongly in the presence of MgADP (18), implying
the presence of a y-phosphate sensor in the nucleotide binding site. Furthermore, not
just the nucleotide weakens actin affinity, but actin also weakens the nucleotide
affinity (during the fourth step of the Lymn-Tyalor model actin accelerates the release
of the hydrolytic products). These phenomena suppose a bidirectional communication
between the nucleotide and actin binding sites, however its mechanism has remained

hidden until recently.
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It was recently pointed out that the actin-binding cleft of myosin II is closed in
the strongly bound rigor complex based on the docking of myosin crystal structures
into electron-microscopic envelops of the rigor acto-myosin complex (Figure 6) (33).
Kinetic investigations prove that this cleft closure is induced by the actin binding
process (9). Furthermore, it was proposed that in the apo atomic structures of myosin
II (PDB:1q5g) and V (10E9) the closure of the actin-binding cleft opens switch 1
loop in the nucleotide binding site (13, 71), explaining the allosteric communication
between the actin binding region and the nucleotide pocket (Figure

8A).

Figure 8. A: Structural data revealed that the B
open-closed transition of switch 1 is coupled with the
closed-open transition of the actin binding cleft and
vice versa, explaining the antagonistic relationship of
actin and nucleotide binding B: The open
conformation of the nucleotide binding site with open
switch 1 and switch 2 in the absence of nucleotide.

C: The ATP analogue ADP.BeF, bound nucleotide Switch 2
binding site with closed switch 1 and switch 2.

P-loop

A

Upper 50 kDa subdomain

Lower 50 kDa subdomain Relay helix

These structural data gave validity to the assumption that the open-closed transition
of switch 1 upon ATP binding is also coupled with the closed-open transition of the
actin binding cleft, supposing the bidirectionality of the mechanism. This structural
explanation for the antagonistic relationship of actin and nucleotide binding remained
hidden for a long time since all previous structures contain switch 1 in the same
closed conformation, regardless of the fact whether the bound nucleotide is MgATP
or MgADP (26). Thus, only the new apo structures suggested that switch 1 has two

different conformations (Figure 8B). In the strong actin binding states (in nucleotide
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absence, MgADP-bound) switch 1 can be opened if actin binds to the myosin, while
in the weak binding states (MgATP, MgADP.P;) it cannot.

However, the action of switch 1 and its movements has to be explored in
solution in order to prove this structural assumption. The question arises, are there
really two states of switch 1? If yes, what is the equilibrium constant between the two
states in different nucleotide- and actin-bound states and how do the nucleotide and

actin affinities depend on them?

Nucleotide dependent interaction of other P-loop NTP-ases

The literature shows that many P-loop NTP-ases have nucleotide dependent
protein interactions (Figure 9). For example, the heterotrimeric G-proteins, the
intracellular signaling partners of the GPCRs (G-protein-coupled receptors), have
three subunits (GoaGpy), which interact strongly when MgGDP (guanosine
diphosphate) binds to the Go subunit, but more weakly when MgGTP (guanosine
triphosphate) does (66). The elongation-factor-Tu, which brings the aminoacylated t-
RNA to the ribosome binds to the ribosome strongly in the MgGTP-bound form, but
more weakly when MgGDP binds to it (87). The nucleotide dependent interaction of

|Heterotrimetic G-proteins |

| Elongation-factor-Tu

membrane

® crne-aop

EF-Tu-ATP

Small G-protein Raf-kinase

Ras-ADP Ras-ATP

Figure 9. Nucleotide dependent interactions of other P-loop NTP-ases. The nucleotide
binding sites of these proteins sense the presence of the y-phosphate by conserved switch
regions, which influence their affinity to the partner protein. The question arises, does the
control mechanism remains conserved during their divergent evolution?
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the small G-protein Ras with Raf-kinase is the most studied among the listed
interactions because these proteins are involved in the regulation of many signal
pathways that control cell proliferation. They are found to be the most frequent
oncogenes in human tumors (8). The affinity of Ras for its effector protein Raf is high
when MgGTP is bound to Ras and low in the case of MgGDP (25).

Interestingly, not just myosin but the homologue switch 1 loops of small G-
proteins and kinesin are also thought to be the regions responsible for the antagonistic
relationship between the nucleotide binding pocket and the binding region of a partner
protein (65, 78). Hence, the mechanisms of action of switch 1 loops in these proteins
need to be compared with those of the myosin to explore the potential similarities. It is
an interesting question, weather such a control mechanism is able to be conserved
despite the fact that these proteins have been bearing a long-standing evolutionary

transformation since the deviation from their last common ancestor (52).

Aims

Our concept was that the complete understanding of switch 1 action requires
both kinetic and structural information. In order to investigate in solution the states
and transitions of switch 1 by using switch 1 specific intrinsic fluorescent signals,
tryptophan residues were engineered into the switch 1 loop of Dictyostelium myosin 11
motor domain (M761) null tryptophan construct by replacing Phe-239 (Mw239+) or
Phe-242 (Mw242+). Due to the similar side chains of tryptophan and phenylalanine, the
most minimal structural perturbation might be caused by these substitutions. Phe-239
is in a central position, because it is very close to the R238-E459 salt bridge which
connects switch 1 to switch 2. Phe-242 is located at the C-terminal end of switch 1, at
the beginning of the B-sheet strand that extends from the switch 1 loop. We expected
that these residues provide information on switch 1 states in different nucleotide and
actin-bound forms when investigated with steady-state and transient kinetic

fluorescence experiments.
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Results

Steady-state fluorescence of My239+ and My42+

First we tested weather these tryptophans are able to distinguish between
MgADP and MgATP, as it is required from a y-phosphate sensor switch. Thus, we
measured the fluorescence emission spectra of Mwaszg: and Mwas: in different
nucleotide-bound forms. We found that nucleotides caused a large fluorescence
quench in both constructs. All of the nucleotides have the same effect on Moo+
fluorescence by causing 20% fluorescence quench (Figure 10B). However, the Mwa3o+

construct bears a 37% quench upon MgATP binding, while MgADP causes a 20%

Fluorescence (arbitrary units) P>
Fluorescence (arbitrary units) U9

320 340 360 380 400 420 320 340 360 380 400 420
Wavelength (nm) Wavelength (nm)

Figure 10. Fluorescence emission spectra of 3 uM Myazo+ (A) and Myaap+ (B) in the
absence (—) and presence of 0.5 mM MgADP (cc¢) or 0.5 mM MgATP (se) at 20 °C.

Tryptophan was excited at 297 nm. My»3o; is able to distinguish between MgATP and
MgADP.

quench at 20 °C. (Figure 10A). Furthermore, the studied nucleotide analogues
(AMP.PNP, ATPyS, ADPBeF,, ADPV;)’, which occupy the y-phosphate site in the

nucleotide-binding pocket, show the same spectra as MgATP with My»39+ indicating
that the fluorescence of W239 is not sensitive to the open-closed transition of switch 2
(since the equilibrium constant of the open-closed transition of switch 2 is different in
these nucleotides (56). Furthermore, in the absence of Mg2+ the Mw239+.ADP complex

has different fluorescence than in the presence of Mg®*. However, the other

> The AMP.PNP (adenylyl-imidodiphosphate) having a N containing anhydride bound
between the B-y Pi groups and the ATPyS (adenosine 5'-O-(3-thio)triphosphate) having thio-
group instead of a y-Pi oxo-group are ATP analogues. They are not or slowly hydrolysable.
The BeF, is also thought to be an ATP analogue, however its fluoride stoichiometry is in
equilibrium between the 3 and 4 fluoride. ADPV; is an ADP.Pi analogue.
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nucleotide-bound forms do not show such difference.
In summary, Mwa39+ senses the difference between MgATP and MgADP and
the large fluorescence changes of Mw239+ and Mwa4z+ upon adding nucleotides create

good signals for the investigation of switch 1 movements.

Nucleotide binding to My239+ and My»42+

We characterized nucleotide binding kinetics to the single tryptophan
constructs. Tryptophan fluorescence was followed during the reaction with
nucleotides by using a stopped-flow device. Single exponential functions can be fitted
to the MgATP or MgADP binding transients of Mw239+ under pseudo first-order
conditions at 20 °C. The concentration dependences of the observed rate constants
show that both MgATP and MgADP binding to My3e+ follow two-step-binding

kinetics, describing an induced-fit mechanism (Figure 11 and Table 1).

On the contrary, at lower

500+ ' ' ' _ ' ) temperatures (12 °C and 5 °C) the
400+ < " stopped-flow records of Mwazgr
% 3004 i MgADP binding are markedly
g 200+ ] different. The fast quenching phase
a 100 | corresponding to the binding event
(Table 1) is followed by a slower

0 r T r r r T
0 250 500 750 1000 1250 1500
ATP concentration (M)

fluorescence enhancement with an
Figure 11. The observed rate constants of observed rate Kiso switeh 1 observed = 35
MgATP binding to Myase: at 20 °C plotted | s and 32 s at 12 °C, and 5 °C,
against MgATP concentration. 3 uM motor . .
protein was mixed with different MgATP respectively (Figure 12A and B,
concentrations in stopped-flow, while tryptophan
fluorescence was detected at 340 nm. Kinetic
data are presented in Table 1. the presence of a further

Table 2). This slower phase implies

equilibration step after the nucleotide binding step. This transition was not detected
with Mwasos, since it showed simple two-step-binding kinetics for MgATP and
MgADP at all temperatures, indicating that this isomerization is a characteristic of the

middle of switch 1.
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Figure 12. MgADP binding to Mwaso+ at 12°C. A: Stopped-flow records of the
fluorescence signals for the reaction of 2 puM Mynse. with different concentration
MgADP. The quench phase is MgADP binding, which is followed by a fluorescence
increase. The amplitude loss becomes significant at higher ADP concentrations. B: The
MgADP concentration dependence of the observed rate of the fitted exponential functions
to the fluorescence change. The maximum rate constant of ligand binding (m) is estimated
to be between 1000 and 1500 s'. At high MgADP concentration, the fluorescence
enhancement separates from the quenching phase, showing a maximal observed rate 55 s
at 12 °C. This fluorescence enhancement corresponds to the equilibration between the two
ADP states.

Furthermore, the mutations have no dramatic effect on the nucleotide affinity.
The MgADP affinity of M3+ is practically unchanged because both the second
order binding constant (3.9)(106 Ms?! for Mw239+, 1.4x10° M'ls"l) and dissociation

constant were slightly faster than for the wild type (58) °.

The isomerization step of switch 1 loop in the myosin-MgADP complex

Since the stopped-flow records of MgADP binding to Mya3g+ reveal the
existence of a first order equilibrium step, we measured the steady-state fluorescence
of Mwa39+.MgADP on different temperatures to detect the temperature dependence of
the equilibrium constant. Figure 13A shows the temperature dependence of the
steady-state fluorescence of Mw239+ measured in the absence and presence of different
nucleotides. The temperature dependence of the apo and MgATP forms’ fluorescence

are parallel ”, but that of the MgADP complex differs from the others above 8 °C.

® The second order binding constant or on-rate is the slope of a fitted line to MgADP
concentration dependence of the observed rates of the binding at low MgADP concentration
(Figure 11). The dissociation constant or off-rate is the y-intercept of the same function.

7 The temperature dependence of the fluorescence of the MgAMP.PNP is also parallel with
the apo and MgATP, however this data is not shown.
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Figure 13. Temperature dependence of Myaso- (A) and Mya4p+ (B) fluorescence in the
absence of nucleotide (m) and in the presence of MgATP (ImM) (A) and MgADP (ImM)
(®). The temperature dependence of the Trp-239 fluorescence in the MgADP bound form
reveals the presence of a temperature dependent equilibrium. At low temperature the
fluorescence intensities in the presence of MgATP were slightly higher than in MgADP
however, in ATP turnover experiments a fluorescence intensity change cannot be detected
after ATP consumption. My24,+.MgADP does not show such an equilibrium.

However, at lower temperatures it has the same fluorescence as the MgATP
form. This is in sync with the observation that the fluorescence spectrum of
Muwa23o+ MgADP complex is the same as that of the MgATP form at 5°C.

These findings also indicate that the Mw239:.MgADP complex exists in at least
two states of equilibrium. The two MgADP states are denoted as 'M.ADP and
*M.ADP for the quenched and the high fluorescent states respectively. The same
fluorescence level of the low-fluorescent MgADP state (‘M) and the MgATP-bound
form indicates that these states have switch 1 in similar conformation. Because of the
fractional occupancy of the high fluorescent *M.ADP state at all accessible
temperatures, its fluorescence intensity cannot be determined from these experiments.

In contrast, the temperature dependence of the Mw242+.MgADP-bound form is
identical to the other forms (apo, MgATP, MgAMP.PNP) hence, only one MgADP
state can be detected (Figure 13B).

The presence of the temperature dependent equilibrium of the My39+.MgADP
complex was also confirmed with temperature-jump experiments. Figure 14 shows the
temperature-jump records of Mwaszos in the presence of saturating MgADP or
MgAMP.PNP. In the presence of MgADP a 4.7 % fluorescence increase can be

observed with an observed rate 70 s™' induced by a 6 °C temperature-jump to 20 °C.
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In the other states (apo,
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Figure 14. Temperature-jump  perturbation transition was detected (Figure
experiment of Mynase+ in the presence of MgADP,
actin, and MgADP, AMP.PNP at 20°C. Trp-239
fluorescence was followed after a 6°C temperature | done by our collaborators,
jump. These experiments show that acto-
Mu230:MgADP is locked into a single state.

single state  because no

14). Pressure-jump experiments

Professor Mike A. Geeves and

David S. Pearson (University of
Kent), confirmed these findings (41).

Based on these experiments, we can state that there are at least two MgADP
states in equilibrium. In contrast, in the absence of Mg2+ and in the presence of actin
or y-phosphate site occupation Trp-239 shows only a single fluorescent state. Note
that the two MgADP states are marked with similar nomenclature as the pre- and post-
recovery states in Chapter 2 i.e. M" and M* (58) but here the signs corresponding to

switch 1 states are written before M i.e. the "M and * M

Mgz " binding to My39+.ADP allowed us to determine the equilibrium constant
between the myosin-MgADP states

We found that removing Mg2+ from Mw»39+ caused a significant fluorescence
change only in the presence of ADP and absence of actin. In the absence of Mg®" the
addition of ADP to Mw239+ causes a 45% quench in tryptophan fluorescence although
the fluorescence quench was just 20% in the presence of Mg®". This Mg”'-free
Muw239:ADP complex is a single fluorescent state because neither temperature nor
pressure perturbed the fluorescence (see previous section). Stopped-flow
measurements showed that the (Mg*'-free) ADP affinity of myosin is similar to that of
MgADP however, the binding and dissociation in the absence of Mg®" is faster (see

kinetic data in Table 1). This fluorescent state (""M) is different from the "M.ATP
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state because the emission maximum is 9 nm red shifted (349 nm) compared to that of

the "M state (340 nm).
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Figure 15. Stopped-flow records of Mg*

dissociation and binding of Myzor MEADP
complex at 11°C. Mg-off: 2 pM  My391, 1 mM
ADP was mixed with 5 mM EDTA, 1 mM ADP.
The fluorescence quench shows two phases with a
rate constant 89 s' and 18 s'. Mg-on: 2 uM
Mw239+, 1 mM ADP, 3 mM EDTA was mixed with
10 mM MgCl,, ImM ADP. The observed rate of

+

Mg2
Mw239+.MgADP

dissociation from
complex was
monitored by mixing it with
EDTA. The observed fluorescent
quench has two phases (kobs = 89
s and 18 s at 11 °C) (Figure
15). When Mg*" (5mM) was
mixed with Myw239:ADP in a
stopped-flow in order to follow
Mg®>" binding the fluorescence
profile of the record was
dramatically different from what
was expected from the emission
Mg?*

spectra. binding is

the increasing and quenching phase is 120 s and
20 s respectively. These records are consistent
with the concept that the main flux of Mg*'-
binding and dissociation occurs through the high
fluorescence MgADP-myosin state and the second
phases of the binding and dissociation reactions
correspond to the equilibration of the two MgADP
states. This mechanism (Scheme 3) was confirmed
by modeling with Berkeley Madonna software
(Table 1).

accompanied by a  rapid

enhancement phase that is
followed by a slow quench phase
(kops=120 s and 20 s,
respectively at 11 °C) (Figure

15). This fluorescent profile can

be explained if Mg”™ binding occurs predominantly to the high fluorescent *M.ADP
state and the slow phase represents the equilibration between *M.MgADP and
"M.MgADP states (Scheme 3). This concept is also supported by the fact that the rate
of the second phase of the Mg dissociation is equal with the rate of the second phase
of the Mg®* binding trace (equilibration between *M.MgADP and "M.MgADP states).
Consequently, Mg*"
*M.MgADP state.

dissociation also happens predominantly through the
The observed rates of the quenching phase at different
temperatures were in line with the observed rate of the same equilibration detected by
the temperature-jump, the pressure-jump, and the MgADP binding stopped-flow

experiments. However, here the equilibration is a bit slower.
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Since the fast phase of Mg2+

kiso)forward binding is significantly faster than

TM.MgADP — *M.MgADP the subsequent equilibration step
N so-reverse accompanied by the fluorescence

M 2:\ Mg2+ quench, at the end of the
1 MLADP fluorescent enhancement the *M

Scheme 3. Mechanism of Mg”" binding to the state is almost 100% populated and

Muaso-. ADP complex.  Kis, refers to  the | jts fluorescence intensity can be
isomerisation of switchl

determined. By using the binding

mechanism described in Scheme 1, the measured Mg®" binding stopped-flow records
at different temperatures were modeled by a global fit method (Berkeley Madonna
software) and we determined precisely the relative fluorescence intensities of the
states. Since the relative fluorescence intensities of the Mg”" free "TM.ADP state and
the M.MgADP mixture are determined by the starting and end points of these
stopped-flow records (just like by the fluorescence spectra) their fluorescence
difference can be used to convert the fluorescence intensities of the stopped-flow
records to those of the fluorescence spectra. Thus, the fluorescence of the *M state
can be compared to that of the "M and apo states. Hence, if the fluorescence intensity
of the apo state is taken as unity the relative intensities of *M and M states are 1.13
and 0.63, respectively. Since we know the fluorescence intensities of the
Mw230+.MgADP mixture at each temperature and the relative fluorescence of the
*M.MgADP and "M.MgADP states, we can calculate the equilibrium constants of the
isomerization (Kiso switeh 1) between the *M.MgADP and TM.MgADP forms. At 20 °C
Kiso switeh =[*M]/['M] is 0.7 and the calculated thermodynamic parameters are:
AGy=0.9kJ/mol, AHy=44kJ/mol, ASy=0.15kJ/molK. Below 8 °C the fluorescence
intensity of the Mw3or MgADP complex reaches the fluorescence of the ™ state
because the lower the temperature the smaller the equilibrium constant of Kiso switch
=*MY[M].

Based on these findings, a general mechanism for MgADP binding to Mo+
(Scheme 4) can be determined. According to this scheme both the "M and *M states
are able to bind MgADP. However, the fluxes through the two routes may different.
At low temperature, where the fluorescence of the MgADP-bound form is similar to
that of the 'M.ATP state, the population of the *M.ADP state is very low (Kiso switch
1<0.1). Furthermore, the MgADP binding stopped-flow record showing a 30% and
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fast fluorescent quench (faster than
Kiso switch 1) reveals that only the low
fluorescent "M.ADP state is formed
upon binding. This indicates that the
ADP affinity of the high fluorescent
state is weaker than that of the low
fluorescent state at low temperature.
However, the higher the temperature,

the smaller the amplitude of the

fluorescence quench upon MgADP binding. This indicates that MgADP now also

induces the formation of the *M.ADP state directly.

Actin binding to My39+ and My42+

In the previous sections we
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Figure 16. Time courses of the reaction of My3.
with actin in the presence (black) and absence (red)
of MgADP, the reaction of Myyo+ wWith MgADP
(green), and that of the acto-Mwa39+ with MgADP
(blue) at 20°C. The fluorescence intensity of the
apo Mynaso+ is represented by the magenta trace.
Actin fluorescence was subtracted from the records
if actin was present. The concentration of M9+
and actin was 2 uM, MgADP ImM. In the record
of the reaction of My»sze: mixed with 1 mM
MgADP (green), the fast quenching phase occurred
in the dead time of the stonned-flow.

determined the fluorescent states of
switch 1 in the absence of actin.
Another important question is
whether actin binding induces a
change in switch 1 conformation as
implied from structural data (12,
13). To test this presupposition,
actin was mixed with Myo3z9: in
stopped-flow and the fluorescence
change of Trp-239 was monitored
in parallel with the light-scattering
signal. As a result, a 4.3% increase
in protein  fluorescence  was
observed. Since actin contains four
this

tryptophans, fluorescence

change  corresponds to  an

approximately 15% fluorescence change relative to the fluorescence of Trp-239 if we

subtract all of the actin fluorescence and light scattering artefact (10), Now the
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changes can be compared with the records measured in the absence of actin (Figure
16, red trace). Interestingly, *M has the same fluorescence intensity as the rigor state,
since the fluorescence of *M was determined to be 13% higher than that of the apo
state. In contrast, My»4,+ shows only 1.5% fluorescence change upon actin binding,
being the same as with the tryptophan free motor domain construct (10), indicating
that the fluorescence of M4+ does not change upon actin binding. These findings
indicate that the conformation of the switch 1 loop or the environment of Trp-239
change upon actin binding.

We also measured the effect of actin binding on Trp-239 fluorescence in the
presence of MgADP. This stopped-flow record also shows a fluorescence increase,
but with larger amplitude than in the absence of MgADP (Figure 16, black trace). The
fluorescence intensity of actin is subtracted from the records, similarly to the previous
experiment. Thus, Figure 16 shows the actin-induced fluorescence changes of Mw239+
in the presence and absence of MgADP and it also shows the MgADP-induced
fluorescence changes in the presence (blue trace) and absence of actin (green trace).
At 20 °C MgADP binding is so fast as the signal change lost in dead time thus, the
record shows only the fluorescence intensity of the Mwa39+.MgADP complex. These
fluorescence levels reveal that actin binding induces the same fluorescent state
regardless of the presence of MgADP. Importantly, there was no significant
fluorescence change when actoMy»3or was mixed with MgADP and the light
scattering signal shows that actin dissociation is also negligible (Figure 17B).

Furthermore, we found that the mutation has no dramatic effect on the actin
affinity of Myz39+. In the presence of MgADP it is slightly stronger (0.04 uM) than in
the case of the wild type construct (0.12 pM) however, in the absence of MgADP the
actin affinities are similar to each other (0.03 uM). Moreover, actin cannot activate the
ATP-ase cycle of Mwa39+. This is due to the fact that F239W mutation reduces the rate
of the hydrolysis step significantly that becomes the rate limiting step of the basal
enzyme cycle (data not shown). However, the hydrolysis is not directly coupled with
the interactions of actin and myosin (10), thus Mw»39+ is a suitable construct for the

investigation of the relationship between actin binding and switch 1 movements.
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Coupling between switch 1 movement and actin dissociation

We studied the ATP-induced actin dissociation reaction to test the coupling of
switch 1 movement and actin dissociation (step 1 in the Lymn-Taylor model). Acto-
Muwa3o+ was mixed with MgATP under pseudo first-order conditions. The received
fluorescence change is a large quench, similar to that observed upon MgATP binding
in the absence of actin. The light-scattering signal change follows the fluorescence
quench immediately, showing the acto-myosin dissociation. In contrast, upon mixing

acto-Mwa3gr with MgADP neither the fluorescence nor the light scattering signal
decreased (Figure 17B).
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Figure 17. Stopped-flow records of the reaction of acto-My»s. with ATP analogue
MgATPyS (A) and MgADP (B). Fluorescence and light scattering signal were followed
after mixing 2 pM Mynoser With 100 pM nucleotide in stopped-flow at 20°C. The light
scattering signal, which follows the acto-myosin dissociation, is normalized to the
fluorescence change. A: in case of MgATPyS, the light scattering signal has two phases
(Kobslight scatt 1 = 4.2 s, Kobslight scart 2 = 0.11 s'l) however, the fluorescence change has three
(Kobs.luor 1 = 68 s, Kobs,fuor 2 = 4.3 s, Kobs,fwor 3 = 0.10 s"). During the fastest phase of
fluorescence change no significant acto-myosin dissociation occurs, indicating that the
conformational rearrangement of switch 1 precedes actin dissociation. B: MgADP binding
to the acto-Mw»3q- does not induce either fluorescence or light scattering signal change.

We also studied the reaction of acto-Mw»39+ with MgATPyS in stopped-flow
(Figure 17A). Since MgATPyS induces slower acto-myosin dissociation this ATP
analogue is a useful substrate for the study of the coupling of actin dissociation and
switch 1 movement (9). Here the tryptophan fluorescence and light scattering signal
were also detected in parallel. The tri-phasic fluorescence decrease shows a dominant
fast phase (Kopsuor 1 = 68 s™' relative amplitude 53%) that is missing in the light
scattering signal, but the two slow phases correspond to the two phases of the light

scattering change (their relative amplitudes and their rates are the same). The light
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scattering change is similar to previous measurements of the MgATPyS-induced

dissociation where pyrene-actin fluorescence was the detected signal (55). The fast

A*M + ATPyS
KA oatpys= 0-87

ATMATPYS .—— A*M.ATPyS

A/1 A

M.ATPYS «—— *M.ATPYS

Scheme 5. Thermodynamic box of actin binding and switch 1
isomerisation in the presence of MgATPyS.

fluorescence quench in the fluorescence change most likely corresponds to a transient
equilibration between the *M.MgATPyS and "M.MgATPyS fluorescence states before
the occurrence of significant actin dissociation. A model describing this mechanism is
shown in Scheme 5. Since the initial equilibration is much faster than the actin
dissociation steps, an acto-myosin population with "M switch 1 conformation appears
transiently. The relative amplitudes of the phases of the fluorescence signal change
determine the equilibrium constant, KA;S(,_MgATng:
[A.*M.MgATPyS)/[A."M.MgATPyS] = 0.47/0.53 = 0.87.

These results carry important indications. The conformational change of
switch 1 loop can initiate actin dissociation, which is a consequence of the actin
binding cleft opening (9). However, the MgATPyS induced dissociation shows that

the two sites do not couple as rigid bodies to each other.

Summary of the fluorescent states of Myy239+

In summary, in the presence of Mg2+ three fluorescent states can be
distinguished: M, *M, and apo (Table 3). The high fluorescent *M is the predominant
state in the presence of actin either in the presence or absence of MgADP (acto-*M,
acto-*M.MgADP) and it is populated even in the M.MgADP complex in the absence
of actin. The low fluorescent "M state is predominant in myosin complexed with

MgATP or substrate analogues having y-phosphate and exist in the M.MgADP state.
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Discussion

Reversible movement of switch 1 loop

Since Albert Szent-Gyorgyi’s experiments we have known that the strength of
the acto-myosin interaction depends on the nature of the bound nucleotide (5). While
the MgADP-bound form results in a strong binding complex, MgATP and MgADP.P;
result in weak acto-myosin interaction (18). However, the way how the nucleotide
determines the actin affinity of myosin is a long-standing question (21).

Recent structural data show that switch 1 can exist in different conformational
states (13, 71) and these states are presumed to play a central role in information
transmission between the nucleotide and the actin binding regions (35). Solution
experiments are now required to confirm the role of switch 1 and to elucidate its
action. Therefore, we prepared such Dictyostelium myosin Il motor domains that are
able to produce switch 1 specific fluorescence signals. In two different constructs the
F239W and F242W mutations were introduced into the switch 1 region, while native
tryptophans were mutated to phenylalanine residues to reduce background
fluorescence (58). Fortunately, we found that these fluorophores are really able to
provide specific signals on the conformational changes of switch 1 upon nucleotide
and actin binding. Furthermore, the mutations have no significant effect on the acto-
myosin interaction and on nucleotide binding of myosin, thus these constructs are
suitable objects for the investigation of the antagonistic relationship of actin and
nucleotide binding in which switch 1 is supposed to have a central role.

In the presence of Mg®" three fluorescent states of W239 were identified and a
fourth state in its absence, which is the Mgztfree ADP state (Table 3). In the
MgADP-bound form two states were distinguished, being in equilibrium. The low
fluorescent 'M.MgADP state is likely to be the same state as the MgATP-bound state.
The other, high fluorescent *M.MgADP state, is different from the myosin apo state
because it has a higher fluorescence. Moreover, the fluorescence intensity of this state
is the same as that of the actin-bound state and actin induces this fluorescent state
regardless of the presence of MgADP. This entails that actin also induces a structural
change in switch 1 when it binds to the apo myosin and that the rigor acto-Mw23o+
complex could have the same switch 1 state as acto-Mwa3or MgADP ternary complex

and *M.MgADP state.
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Dictyostelium myosin Il structures with bound nucleotides and nucleotide
analogues, such as ADP, ATP, ADP.BeFy and ADP.AIF, show switch 1 in the same,
closed conformation. With the use of switch 1 specific fluorescent signals we also
found that switch 1 exists in the same fluorescent state when MgATP or substrate
analogs having y-phosphate is bound to the myosin. Furthermore, this state also exists
in the MgADP-bound form. Consequently, we are able to assign the closed switch 1
conformation to the low fluorescent "M with high confidence. The observation that
this "M state has higher affinity to MgADP than the high fluorescent *M state and the
inhibited Mg®" exchange of this state also support the finding that M is the closed
switch 1 state.

The significance of the new Dictyostelium apo (rigor-like) structure is that in
this structure switch 1 is in an open state. Furthermore, the myosin V apo structure
also has opened switch 1 loop, just like an ADP-bound structure (without Mg")
(PDB: 1W7I) (12). This ADP-bound structure is called weak ADP-bound state
because the open switch 1 state is thought to have lower ADP affinity. The further
significance of the apo (rigor-like) structures is that the actin-binding cleft in these
structures is in closed conformation, which is thought to be a characteristic of the
strong actin-bound states (35).

In Mwnasor switch 1 is in the *M state when actin is bound strongly to myosin,
having a closed actin binding cleft (acto-Mw239+, acto-Mwa3o+ MgADP). This suggests
that the *M state can be assigned to the switch 1 open state. However, this is different
from the apo state, because that has a lower fluorescence than the high fluorescent *M
state. Consequently, the switch 1 conformation or the environment of Trp-239 in the
presence of actin is not the same as it is represented by the rigor like apo structures.
Henceforward, we assign the open switch 1 state to the high fluorescent *M states,
such as *M.MgADP, acto-*M, acto-*M.MgADP, and not the apo state.

Consequently, we found that there are two states of switch 1 in physiological
conditions (in the presence of Mg® -nucleotide and/or actin): the open state and the
closed state. Furthermore, between the two states there is a dynamic equilibrium. In
MgADP-bound state both states are significantly populated. However, when MgATP
or nucleotide analogues having y-phosphate group are bound the equilibrium is
pushed towards the closed switch 1 state. On the contrary, actin, either in the presence

or absence of MgADP, pushes the equilibrium towards the open switch 1

35



PhD Thesis — Balint Kintses

conformation. Hannemann ef al. also found an isomerization of the MgADP states in
myosin V using mant-ADP, which is pushed predominantly to a single state upon
actin binding (29). However, Rosenfeld et al. did not find this effect with myosin V
(72). The existence of the two MgADP states of acto-myosin system is a long-
standing question, and provides an explanation for the load-dependent ADP release in
muscle (14).

As it was mentioned previously, the structural results reveal that switch 1
closure opens the actin binding cleft and vice versa, resulting in weak and strong actin
binding states respectively (35). This serves as an explanation for the antagonistic
relationship of actin and nucleotide binding. A similar equilibrium found in case of
switch 1 has been supposed for a long time between the states of the actin binding
cleft (19). If the acto-myosin interaction is strong, the equilibrium is pushed toward
the closed actin binding cleft state, such as in nucleotide absence or in the ADP-bound
form. When the interaction is weak (MgATP- or MgADP.Pi-bound myosin) the

equilibrium is pushed to the open actin binding cleft state.

Thermodynamic model of a classical switch mechanism

Based on our experiments, we presuppose that both the open and the closed
switch 1 conformations exist in solution in all Mg®"-nucleotide and actin-bound
forms, only the equilibrium constant is different. From this point of view there are
four different states of myosin in a solution that contains actin, myosin, and a certain
nucleotide in saturating amount: detached and actin-bound myosin molecules, with
open and closed switch 1 (Note that actin concentration must be non-saturating).
Scheme 6 shows the thermodynamic box of the four states. According to this scheme
the relative concentrations of the four states are determined by the four equilibrium
constants between the four states. The actin binding equilibriums are not influenced
by the type of the bound nucleotide but they depend on the actin concentration and on
the conformation of switch 1. Myosin binds actin strongly when switch 1 is open

(K¢=0.1 uM) but weakly when switch 1 is closed (K¢=50 uM) &. However, the

8 The affinity of the strong binding form is estimated from the actin affinity of the rigor
complex. The actin affinity of the weak binding form is based on the Ky, of the actin activated
ATP-ase activity (Figure 26).
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equilibrium constants between the open and closed switch 1 states depend strongly on
the bound nucleotide. These equilibrium constants are measured by the use of the
Muaso-  construct:  Kiopganp=oM.ADPyo/ M.ADPy=0.7  and  K™iomgateys)
=AM.ATPySyg/AcM.ATPyS\;=0.87, where o and ¢ are the open and closed forms of
switch 1.

The fourth sides of the thermodynamic boxes are determined by the other
three, consequently KAiSO(MgADp)ZAOM.ADPMg/ACM.ADPMgZ.’;OO and  Kjsomeatr)=
oM.ATPyg/ (M.ATP\z=0.017, which are also consistent with the measured data.

Based on this model, the nucleotide determines the relative concentration of
the four states and thus, the actual actin affinity through the equilibrium constants
between the open and closed states of switch 1 as well. According to Scheme 6, in the
presence of actin and MgADP the predominant state is the actin-bound myosin with
an open switch 1 (A.,M.ADPyyg). This is consistent with the fact that the MgADP-

myosin complex binds actin strongly.

KA oar <300 KA, ame= 087
AMADP,, — < [A MADP, AMATP,, .~ A MATP,,
o ) [Kaz soum A%LK‘*:O.IHM i \Kdz SOuM A% }Kd=0.1uM
KML: 0.6 Ko =0.0017
>
M.ADP,,, JM.ADP,,, MATP, |« MATP,,

Scheme 6. Thermodynamic boxes of actin binding and switch 1 isomerisation in the
presence of MgADP or MgATP.

In contrast, in the presence of actin and MgATP the thermodynamic box
determines the actin detached myosin having a closed switch 1 state ((M.ATPy) as
the predominant state. This correlates with the fact that acto-myosin interaction is
weak in the presence of MgATP or MgADP.P;. In other words, while MgATP is able
to close switch 1 even in the actin-bound state, the lack of the y-phosphate weakens
the MgADP enough to let actin win in the thermodynamic fight.

Scheme 6 is also valid if we substitute the equilibrium constants of switch 1 with
those of the actin binding cleft states in different nucleotides (19). However, the

MgATPYS induced acto-myosin dissociation experiment in which switch 1 closure is
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disconnected in time from actin binding cleft opening (Figure 17A) shows that switch
1 and the actin binding cleft do not move together like two parts of a rigid subdomain.
Rather, the open-closed equilibrium of switch 1 influences or determines the closed-
open equilibrium of the actin binding region. This is consistent with the hypothesis
that the alteration of one functional region influences the conformation of the other by
changing its energy landscape. In case of MgATPyS the small difference compared to
MgATP perturbs the closure of switch I, resulting in a slower actin binding cleft
opening. This could be the consequence of a differently changed energy landscape of

cleft movement with a higher kinetic barrier.

Nucleotide dependent interaction of P-loop NTP-ases

The minimum requirement for a nucleotide state-dependent interaction is the ability to
sense the difference between the nucleotide di- and triphosphate-bound in the binding
pocket. In case of P-loop NTP-ases this property is usually achieved with the help of
loops in the nucleotide binding site, known as switch loops (49), working as y-
phosphate sensors. The conformations of these loops depend on the presence of the y-
phosphate and the protein is able to conduct this conformational change to the binding
site of the partner protein. Just like in myosin, the switch 1 loops of small G-proteins
are also known to have a central role in partner protein binding and they might share
an analogous mechanism (25, 44). Switch 1 loops of small G-proteins contribute to
the binding of their guanine exchange factors (GEF), such as Sos protein of Ras or
RCCL1 of Ran. It was pointed out that GEFs are analog proteins of actin from the
perspective of GEF binding are strongly negatively coupled to nucleotide binding
(25), just as actin binding to myosin. However, the mechanisms controlling their
interactions are different, because MgGTP and MgGDP weaken GEF affinity of Ras
by the same extent (25, 40), The similarity is more observable to the interaction of
Ras and its downstream effector Raf-kinase that binds directly to switch 1 region.
Switch 1 loop of Ras has two conformations as well: a closed (also called state 2) and

a disordered state (state 1) (79, 80, 88). The closed switch 1 state is formed when

? Note that the strong binding state is the MgGTP-bound state in Ras, and the MgADP-bound
form of myosin.
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MgGTP is bound, allowing Ras and Raf to interact strongly and this conformation is
preserved in the strongly bound Ras-Raf complex °_In the absence of the y-phosphate
switch 1 loop is disordered leading to 1000-fold reduction in Raf affinity. The use of
the GTP analogue GPP-NH-P (guanosine-5’-(f,y-imido)triphosphate) or GPP-CH,-P
(guanosine-5’-(B,y-methyleno)triphosphate) allowed the detection of the equilibrium
between the two states of switch 1 because it is fully reversible in these nucleotides
(Kstate12=2) (24, 78). Additionally, upon Raf binding the equilibrium is pushed toward
the closed state (79). In the presence of MgGTP and MgGDP this equilibrium is not
observable, because it is totally pushed toward the closed state (Kate12-grp>>10) and
the disordered state (Kguei2-pp<<10) respectively. These findings astonishingly
resemble to the behavior of switch 1 in myosin, only the equilibrium constants
between the two states of switch 1 are slightly different. Consequently, if we
substitute the states and equilibrium constants of switch 1 of Ras into Scheme 6, it can

perfectly describe the nucleotide regulated interaction of Ras and Raf.

The enzyme cycle of myosin and Ras from the perspective of their nucleotide
dependent interactions

In myosin the time

spent in actin-bound

Pi Open switch 1
Strong binding states

(open switch 1) or
in detached states
(closed switch 1) is
determined by the

rate limiting step of

the enzyme cycle. If losedswiii
the rate limiting Weak binding states

step populates AD[“

predominantly

weakly  interacting Figure 18. Enzyme cycle of myosin with regard to switch 1

states in the steady- | States. In ATP or ADP.P; bound forms switch 1 is closed when
actin affinity is low however, actin rebinding to M.ADP.P; opens
state (MgATP- and | switch 1 and dissociates the y-phosphate. The relative time spent
] by myosin in actin bound and detached states (duty ratio) is
MgADP.P;-bound determined bv the rate limitine steo of the cvcle.
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states), myosin spends most of the time detached from actin with closed switch 1
(Figure 18). This is the case with myosin I, where the rate limiting step is a
conformational change that precedes P; release (27). Upon P; release switch 1 opens,
resulting in strong actin binding (41, 71). In a multi-headed myosin filament this
results in the fact that just 5 % of the myosin heads bind to actin simultaneously, so
that they do not impede sterically each other. In myosin V, which is a single molecule,
the rate limiting step is the MgADP release (or a conformational change that allows
MgADP release), resulting in predominantly populated strong actin-bound states with
open switch 1 during the steady-state (Figure 18). This property of a two headed
myosin V allows the processive movement along the actin filament by creating a great
possibility for binding both heads to the actin filament at the same time in each
enzyme cycle.

The enzyme cycle of

Upstream signal = . Ras can be illustrated
Pi  Disordered switch 1

Weak binding states in the same way as
RAF activation K that of myosin Figure

N GTP GDP 19. Here as well the

O. . relative rate of the

biochemical steps

Closed switch 1 \‘STP determines the ratio of
Strong binding states

GD ]ﬂ Upstream signal the  strongly  and

weakly interacting

. . . forms of Ras. The P;
Figure 19. Enzyme cycle of ras with regard to switch 1 states.

This is represented in a similar way as the enzyme cycle of | release induces the
myosin (Figure 18). In GTP or GDP.P; bound forms switch 1 is
closed when raf-kinase affinity is high. When y-phosphate
dissociates, switch 1 becomes disordered and raf-kinase | change of switch 1,
dissociates. The relative time spent by ras in raf-bound and
detached states (duty ratio) is determined by the relative rate of | resulting in the
P, and GDP release '°. However, the rate of these steps is
determined by the binding of the upstream elements of the
signal cascade, such as GAP and GEF. Ras-Raf complex. The

conformational

dissociation of the

MgGDP release step

' Indeed the rate of MgGTP hydrolysis determines the observed rate of the P; release in Ras
and GAP activates the rate of the hydrolysis step.
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allows the binding of a new MgGTP and the closure of the disordered switch 1 loop.
This allows the binding of Raf with high affinity and the activation of its kinase
activity. However, in the case of Ras the regulation of the conversion between the
weakly and strongly interacting forms is controlled by external factors, concretely by
the activity of the upstream elements of the signal pathway. GEF accelerates MgADP
release, hence increases the MgGTP-bound fraction of RAS, while the other upstream
regulator, GAP, accelerates the intrinsic catalytic activity of Ras and thus accelerates
the subsequent P; release, resulting in disordered switch 1 and the dissociation of Raf-
kinase. The most frequent mutations in Ras oncogenes inhibit the hydrolysis of
MgGTP thus, switch 1 remains closed and Raf strongly bound to Ras, activating
further cell proliferation.

In summary, in spite of the fact that myosins and G-proteins have very
different functions and binding partners, the mechanism regulating their nucleotide

dependent interactions is very conserved.
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Chapter 2

Step 2 — Communication between the nucleotide binding pocket and
the lever arm: the conformational change that primes the lever arm

Introduction

The motor domain structures having down and up lever arm states support
structural explanations for the mechanism of MgATP induced lever arm swing (17,
70, 75) ''. The closure of the switch 2 loop drives a 60° rotation of the converter/lever
arm region placing it to the primed or pre-power stroke position. In spite of the fact
that the coupling of switch 2 movement and lever arm rotation has been known for a
long time, the detailed molecular mechanism of the transition is still not fully
understood.

This lever arm priming is the same conformational change (the recovery step)
as that observed by Baghsaw and Trentham 25 years earlier by using tryptophan
fluorescence (1). The conserved tryptophan (Trp-501 in Dictyostelium numbering,
homologous to Trp-510 in rabbit skeletal myosin) that serves a large fluorescence
increase upon the recovery step is located at the C-terminal end of the relay helix that
connects switch 2 and the converter region (figure 20). Malnasi ef al. engineered a
single tryptophan Dictyostelium motor domain that contains only this native
tryptophan (W501+ construction) (58). By the use of this construct a much better
signal-to-noise ratio could be achieved than by the use of the wild type however, the
elimination of the other tryptophans did not change the workings of myosin.

Scheme 7 shows the reaction steps of the myosin basal ATP-ase cycle as it can
be seen by the use of the W501+ construct. Step 1 and 2 (KK, in Scheme 7) represent
the two-step induced-fit MgATP binding process. M".MgATP, which has a 20%
lower fluorescence than the M apo state (PDB: 1q5g (71), corresponds to the pre-
recovery (i.e. open, post-rigor, down lever arm state) structure (PDB: 1IFMW, IMMD
(26).

1 After the production of the first myosin structure in 1993 (70), the first primed or up lever
arm state structure (75) was published in Biochemistry (the impact factor of this journal was
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4.8 in 1996) with perhaps the most important significance of the last 25 years of myosin
research.
This state has an open switch 2, and thus the lever arm in pre-recovery (down)

orientation. MgADP binding (K;Ks in scheme 7) induces that state as well. However,
when ATP binds to myosin the binding process is followed by the recovery step (step
3a in Scheme 7), when switch 2 loop closes and the relay/converter/lever arm region
rotates into the post-recovery state (primed or up lever arm orientation, state

M* MgATP in scheme 1, PDB code: 1VOM, IMND (17, 75)). The forward direction

of the recovery step A
results in a 110% Trp501
W

fluorescence intensity
increase of Trp-501. This
serves a useful signal to
follow the
conformational change in
the relay/converter region
during the recovery step.
The main finding
of Malnasi et al. was the
separation of the recovery
(step 3a) and the
following hydrolysis
(step 3b) steps, which

were represented in the

Phe652

Bagshaw-Trentham . ’ .
Figure 20. The conformational change of the relay region

scheme as a single step | during the recovery step. Figures A and B show the pre-

and post-recovery conformation of the relay region. During
(step 3) (58). Indeed, the the recovery step, Gly-457 (switch 2) moves toward the y-
recovery step results in | phosphate of ATP, which pulls down the N-terminal part of
the relay helix via a hydrogen bond. As a result, the relay
the catalytically active | helix moves in a seesaw-like manner and then unwinds.
The pivoting point of the seesaw is highlighted by spacefill
modeling (Phe-652 in yellow and Phe-481 and Phe-482 in
hydrolyze ~ATP. The purple). Trp-501 is also shown by stick representation.
Since the relay loop and thus Trp-501 is missing in the
post-recovery  Structures | original pre-recovery structure, it is modeled. And then
both structures were relaxed by applying molecular
dynamics simulation.

conformation which can

of the motor domain

reveal that the closed
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conformation of switch 2 is required for the hydrolysis of ATP (6, 34), since in that
state the amino group of the conserved Gly-457 switch 2 residue forms a hydrogen
bound with a y-phosphate oxygen. This coupling ensures that ATP hydrolysis occurs
just when the lever arm is primed, avoiding wasteful hydrolysis without force
generation. The hydrolysis step

itself does not cause Trp-501 fluorescence change, but its pulling effect on the
equilibrium of the recovery step makes the high fluorescent states (M*.MgATP,
M*.MgADP.P;) more populated.

KK K K.
KK, K. Ky,
M + ATP - mfATP — M* ATP - M*ADPP
i
ATP binding recovery step hydrolysis

Treverse H K4

product release steps DR

M + ADP _-—_. M'ADP + P, ~——=— M'ADPP,
K6K7 KS

Scheme 7. The ATP-ase cycle of myosin in the absence of actin. " and * correspond
to the low and high fluorescent states of Trp-501 respectively.

Nevertheless, several computer simulations have been published recently on
the structural analysis of the recovery step (16, 30, 47, 62, 89, 90) . Fischer et al.
composed a structural transition between the pre- and post-recovery states by
modeling the intermediate structures using an unconstrained minimum-energy
pathway simulation (16). The resulting structural trajectory shows that the relay helix
movement can be separated into two phases. In the first one the relay helix moves in a
seesaw-like fashion coupling the movement of switch 2 and the rotation of the lever-
arm. The closure of switch 2 pulls down the relay helix near to its N-terminal end
through a hydrogen bridge between Gly457 and Asn-475. Due to this pulling the C-
terminal end of the relay helix swings upwards because the helix is supported by a
fulcrum that serves as the pivoting point in the middle of the helix, like in the case of
a real seesaw (Figure 20). The hydrophobic fulcrum of the relay helix is formed
mainly by three conserved phenylalanine residues: F652 (part of the 3" strand of the
central B-sheet), F481, and F482 (relay helix). In the second phase the SHI helix
movements provoke a further 40 © rotation of the converter/lever arm region, which

causes an unwinding in the C-terminal part of the relay helix. My college, Zenhui
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Yang produced a similar transition for the recovery step by using a different in silico
method (nudge elastic bending). His results and other molecular dynamics simulations
confirmed the two phases and the seesaw-like motion of the relay helix (62).

These computational simulations composed and visualized potential structural
transitions of the recovery step, which might help to elucidate the communication
between switch 2 and the lever arm. However, experimental validation of the model

has been lacking.

Aims

Our aim was to investigate experimentally the seesaw-like movement of the
relay helix suggested by the computational model of the structural trajectory of the
recover step (16). We produced two mutants in the Mwsoi+ construct, in which
different phenylalanines from the proposed pivoting point of the relay seesaw were
mutated to alanines (Figure 20). Since alanine is a significantly smaller residue than
the original phenylalanine the mutations reduce the size of the fulcrum, which is
supposed to lead to the loss of the supporting role of the phenylalanine cluster. The
MEagia,r4s24 construct has a reduced fulcrum in the side of the relay helix, while
Mgss2a contains a reduced support for the relay helix. Since Trp-501 shows a large
fluorescence increase upon the recovery step, Mwsoy+ single tryptophan construct is an

ideal construct to test the effect of the mutations on the recovery step.

Results

Steady-state fluorescence of Mrisi ras2a and Mrgsza

We measured the steady-state fluorescence emission spectra of the two
mutants (Mgagiarsas2a and Mgespa) in the presence of different nucleotides and
compared them to that of Mysoi+ (Figure 21). At 20 °C in the absence of nucleotide
the three constructs have similar emission spectra (emission maximum at 342 nm),
just like in the presence of MgADP when all constructs show a 15% quench and 2 nm
blue shift compared to the apo state. In contrast, in the presence of ATP the mutants
show smaller fluorescence enhancements than the Mysoi+. While the fluorescence of

the MgATP-bound Mwso;+ is 100% higher than that of the MgADP-bound (58), the
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Figure 21. Fluorescence emission spectra of 3 pM Myso+ (A), Mragiarasaa (B) and
Mges2a (C) in the absence (—) and presence of 0.5 mM MgADP (c¢°) or 0.5 mM MgATP
(*¢*) or MgADP.AIF, (---) at 20 °C. Tryptophan was excited at 297 nm.

fluorescence intensity increases of Mragia pasoa and Mpgsoa were only 10% and 5%
respectively. This observation can be the consequence of two possible scenarios. The
smaller fluorescence increases of the mutants can be the manifestation of a changed
conformation of the relay helix. Alternatively, the conformations sensed by Trp-501
are not changed, only the K3, of the mutants are more pulled to the MTMgATP states.
The ADP.AIF,, which is an ADP.P; analogue, induces a dominant post-recovery state
(the high fluorescence state of Mysoi+). The comparison of the fluorescence intensities
of the ADP.AlFs-bound forms (Figure 21) can help the decision. While the
fluorescence level of the Mysoi+.MgADP.AIF, state is 110% higher than the
Mwsoi+.MgADP  state, those of the  Mgagiarasoa.MgADP.AIF,  and
Mgss2a-MgADPAIF, are just 40% and 35% higher respectively. The fluorescence
spectra of the mutants measured at different temperatures show that the relative
fluorescence intensities of the apo, MgADP-, and MgADP.AlF,-bound forms were
not influenced by temperature. Whereas the apo and the MgADP-bound states are

known to be single fluorescent states, Myugia Fas2a.MgADP.AIF;  and
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Mees2a-.MgADP.AIF, populate predominantly a single fluorescent state, which is

structurally different from the wild type post-recovery state (Mwsoi+.MgADP.AIF}).

Structural implication to the changed post-recovery state by acrylamide quenching
experiment

In the pre-recovery state Trp-501 is located on the surface of the myosin and

exposed to the solvent however, during the recovery step this becomes a buried

residue (58). Since the fluorescence quenching effect of acrylamide depends on the

exposure of the fluorophore, we used acrylamide collisional quenching to explore the

possible structural differences of the Trp-501 environment between the post-recovery

states of the mutants and the Myso+. We titrated the myosin constructs with

acrylamide (up to 0.4 M) in the absence and presence of MgADP, MgATP, and

MgADP.AIF, (Figure 22). The slope of the fitted line on the Stern-Volmer plot gives

the Stern-Volmer constant, which is in line with the solvent exposure.
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= presence of 0.5 mM MgADP (A), or
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The smaller the slope the more buried the fluorophore. Due to this the ATP and

ADP.AIF; complex of Mysoi+ show significantly decreased Stern-Volmer constants
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compared to the apo and ADP-bound forms, indicating the more buried tryptophan
fluorophore. In the mutants these differences between the MgADP.AlF4- and
MgADP-bound state cannot be observed (Table 4), indicating Trp-501 remains on the

surface during the recovery step of the mutants.

Transient kinetics of Trp-501 signal change of Mrusi4,r4s24 and Mpssa

Trp-501 shows a fast fluorescence quench upon nucleotide binding,
corresponding to the formation of the pre-recovery state of the lever arm. This 10-
15% fluorescence quench allowed us to follow the kinetics of the nucleotide binding
steps of the mutants in a stopped-flow device and compare them to Mysg;+. At 20 °C
the signal changes induced by mixing the constructs with MgADP under pseudo first-
order conditions could be fitted with a single exponential function. From the ADP
concentration dependence of the observed rate constant of MgADP binding (Figure
23A) both mutants follow two-step-binding kinetics, indicative of an induced-fit
mechanism, as it was described earlier in the case of Myso+ (step 6 and 7 in Scheme
7) (58). However, the isomerization step (k:, in Scheme 7) is so fast in Mwso;+ that the
rate of the binding cannot be saturated in the applied ADP concentration range. The

second-order rate constants of MgADP binding to the mutants are 5 fold less
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Figure 23. Characterization of MgADP affinity of Mwsoi+ (A), Mragiapasoa (©), and
Mgesoa (m). A: the observed rate constants of ADP binding (K;K¢ in scheme 7) plotted
against MgADP concentration. 3 uM motor domains were mixed with MgADP in stopped-
flow at 20 °C. B: Stopped-flow records of mant-ADP dissociation by applying chasing
experiments. 1.5 ptM Muwso1+, Mrasia rasoa and Mpesoa preincubated with 10 pM mant-ADP
were mixed with ImM ATP in stopped-flow. Double exponentials were fitted to the
curves. A dominant fast phase (amplitude=0.76, Kopserved=3-5 s of Mwsor+, amplitude=0.49,
Kobserved=0.36 8™ of Mpugiapason and amplitude=0.72, Kopsenves=0.4 s 0of Megs2a) was
followed by a slower phase (amplitude=0.10, Kopservea=0.12 s of Mwsors; amplitude=0.2,
Kobserve=0.09 8™ Of Mpygiapasea and amplitude=0.5, Kopseved=0.14 s of Mggs2a) MgADP
dissociation from Mysoi+ has similar rate constant as the fast phase of the mant-ADP
dissociation. Kinetic data are presented in Table 5.
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compared to the wild type (Table 5) and k> of the mutants are slower with at least 5-
10 times.

We also measured the ADP off-rates of the mutants by mant-ADP chasing
experiments. The ADP off-rates also decrease approximately 10 times (Table 5 and
Figure 23B) in the mutants thus, MgADP affinities are only slightly affected by the
mutations.

MgATP binding to Mysoi+ (step 1 and 2 in Scheme 7) is accompanied by the
same fluorescence quench of Trp-501 as the MgADP binding. However, this quench
can be detected only at low temperatures (e.g. 6 °C), because the higher the
temperature, the faster the subsequent recovery step followed by a huge fluorescence
enhancement, which does not allow the emergence of the transient fluorescence

quench. At 6 °C the recovery step slows down compared to the MgATP binding so
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Figure 24. Stopped-flow experiments of MgATP binding. A: Time courses of tryptophan
fluorescence change upon MgATP (1 mM) binding to 1.5 uM Muyso1+, Mpagiarasoa and
Mgesoa at 6 °C. The initial quench can be detected in all cases. B: The observed rate
constants of the fluorescence quench of Mysor+ (A ), Mrasia ras2a (©) and Mggsza (m) plotted
against MgATP concentration. C: Stopped-flow records of ATP binding to Mgsgia rasoa at
20 °C. The fluorescence quench is followed by a small enhancement phase with a rate
constant 55", D: Stopped-flow record of Mysors MgATP (1 mM) binding at 20 °C. The
fluorescence increment has two phases with a rate constant >150 s and 25 s™".
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much that the fluorescence quench transiently appears in the stopped-flow record
(Figure 24A) (56). Figure 24A also shows the stopped-flow records of the mutants in
reaction with MgATP. The binding event associated with the quench can be seen in
all three cases. Single exponentials were fitted on the quenches and ATP
concentration dependence of the observed rate constants show that the second order
binding constant of MgATP binding is slower in the mutants than in the Mysg+, just
like in the case of MgADP (Figure 24B, Table 5). The subsequent recovery step
accompanied by the fluorescence enhancement was shown only by Mwsoi+. At 20 °C
both mutants show a small increase (Mragia ras2a and Mgesoa 3% and 2%,respectively)
after the quench (Figure 24C). This is due to the fact that the higher the temperature,
the bigger the equilibrium constant of the recovery step (56) and the high fluorescent
state is more populated (it is in line with the emission spectra). At higher MgATP
concentration, when the accelerating fluorescent quench has already separated from
the enhancement phase, the enhancement phase does not show MgATP concentration
dependence. The rate constants of these phases for Mgagia rasoa and Mpesza are 5 s!
and 2 s™'. Compared to the mutants, the amplitude of the MgATP induced fluorescent
enhancement of Mysg+ is larger with almost two orders of magnitude and it has two
phases Figure 24D. The faster phase is the recovery step (>150 s'l) and the second
phase corresponds to the hydrolysis step (Kobs=(Ksa/(1+Ks,))xksp k=25 s'l). The
hydrolysis pulls the recovery step further to the high fluorescent M¥*MgATP state,

which results in fluorescent enhancement .

12 The fast phase of the fluorescence enhancement upon the reaction of MgATP and Myso;+
was not detected previously in stopped-flow, only in equilibrium kinetic experiments (56, 58).
However, the smaller dead-time of our stopped-flow allows us to see the presence of the fast
phase (see the dead-time of the stopped-flow in Material and methods). We measured the
reaction of MgATP and Mysoy+ at higher temperatures, where the equilibrium constant of the
recovery step is bigger. Thus, the fast phase is represented with larger amplitude. The
temperature-jump/stopped-flow apparatus developed by us allows the measurement of such
fast reactions even above the denaturation temperature of the protein, which is a slower
process (for detailed description of the apparatus and this measurement see Appendix). These
measurements confirmed the finding that the recovery step appears in the stopped-flow signal.
At 50 °C the relative amplitude of the fast phase is 0.75 (Appendix figure 2). This has the
consequence that the equilibrium constant of the recovery step has been underestimated (58).
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Characterization of the ATP hydrolysis steps of Mrpysia ras2a and Mrgsaa

We carried out quenched-flow experiments to determine the hydrolytic
activities of the mutant motor domains using **P-labeled ATP as a signal (Figure 25).
phase is three and six times smaller in Mgagia r4s2a and Mggsoa, respectively, than in
the Mwso1+. The amplitude of the burst phase gives the steady-state ratio of the pre-
and the post-hydrolytic states thus, the apparent equilibrium constant of the hydrolysis
step can be calculated (appKhydmlysiSZM*.MgADP.Pi/(MT.MgATPwLM*.MgATP)).

Megsiarasza and Mggsza  show 4

and 9 times smaller apparent
equilibrium  constants for the
hydrolysis step than Myso;+ (Table
5), respectively.

In the case of the mutants

Phosphate / Motor domain

0.0-# : . the rate of the P; burst was also
0 5 10
Time (s) slower, as shown by the

Figure 25. Phosphate production by Myyso+ exponential fitted
(A), Mpgiapasa (0), and Mggsz4 (m). 25 uM
motor domains and 180 uM y”P-ATP were hydrolysis=25 s of Mwsors, Kobserved
rapidly mixed by quench-flow at 20°C. All time 1

courses show an initial burst phase followed by a hydrolysis=>-3 87 OF  Mragiapasaa,
steady-state phase. The relative amplitude of the Kobserved hydrolysis=2.2 s of Mggsa A)
burst of Msoi+, Magiaras2a and Mggsoa are 0.3,
0.1, and 0.05 respectively. Kinetic data are | The rates of the P; bursts of the

nresented in Tahle 5

(kobserved

mutants are identical to the rate

constants of the fluorescence enhancements induced by MgATP. In the case of
Muwsoi+ the second phase of the fluorescence enhancement has the same rate as the
observed rate of the P; burst (25 s'l).

The rate of the steady-state phase represents the turnover rate of the enzyme
cycle (k4+ in Scheme 7). The quenched-flow experiments show that the steady-state
rates of the mutants are slightly faster than that of Myso1+ (Table 5). This is confirmed

by steady-state turnover rate measurements carried out by PK/LDH coupled assay.
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Determination of the equilibrium constant of the recovery step

Trp-501 fluorescence reveals that the deletion of the phenylalanine fulcrum
does not perturb the pre-recovery conformation, but it does perturb the subsequent
conformational change, the recovery step. However, an analogous conformational
change can be observed in the mutants, which results in a structurally distorted post-
recovery conformation. Furthermore, quench-flow experiments show that the mutants
are catalytically active in this changed post-recovery state, indicating a switch 2
closure that is essential for the hydrolysis of ATP. Furthermore, the P; burst phase of
the quench-flow experiments followed by a steady-state phase indicates that the
observed rate of the ATP hydrolysis step is faster than the rate limiting step of the
enzyme cycle (step 4 in Scheme 1), both in the mutants and in the wild type.

These findings show that the mutations do not change basically the enzyme
cycle of myosin represented by Scheme 7. Hence, before the rate limiting
conformational change (step 4) three states are populated (M".MgATP, M* MgATP,
and M*.MgADP.P;) in the steady-state (27). The steady-state fraction of the low
(MT.MgADP) and the high (M*(oy= M* MgATP+M* MgADP.P;) fluorescent states
can be calculated by the steady-state fluorescence spectra: M+=(FMgADp_A1F4—
Fate)/(Fmgapp.aira-Frigape) and (M*=(Fygate-Fapp)/(Fumgapp.aira-Fmganp), where F is
the fluorescence intensities of the emission maximum of the spectra. The ratio of the
two fractions gives the apparent equilibrium constant of the recovery step (*"Krecovery-
s‘ep=M”‘(u,ml)/MT.MgADP). The *PKiecovery-step 18 19 and 38 times smaller in Mrsgia Fas2a
and Mgesza than that in Mys;+ (Table 5). Since the relative amplitude of the Pi burst
of the quench-flow experiment gives the steady-state fraction of the M*.MgADP.P;
state, the relative population of the three states (M'.MgATP, M* MgATP, and
M* MgADP.P;) can be determined and the equilibrium constants of the recovery step
(K3,) and the hydrolysis step (Kj,) can be calculated (Table 5). The Kz, of the
mutants show great perturbation, as it is 20 and 30 times smaller in Mggza pas2a and
Mggsaa, respectively, than in the Mysor+. Ksp of the mutants do not deviate from that
of the Mso1+, although the P; bursts of the mutants are decreased several times. This
is the consequence of the changed conformation of the post-recovery state that pulls
back K3, and thus decreases the P; burst. A similar effect was found in other mutants

(57).
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Effects of the mutations in the presence of actin

We determined the actin affinity of the mutants in the absence and presence of
ADP. Pyrene-labeled actin was mixed with myosin up to 2 uM in a stopped-flow
device. Single exponentials were fitted on the records and the received observed rate
constants were plotted against myosin concentration (Figure 26A and B). The second
order binding constant (on-rate) and the rate of the dissociation (off-rate) were
determined (k:a and k.a, respectively in Table 6, according to the accepted myosin

nomenclature). By comparing the results to Mwsoi+ (28), it can be seen that the actin
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Figure 26. The effect of the mutations in the presence of actin. A and B: myosin
concentration dependence of the observed rate of the acto-myosin association of
Mpusiaras2a and Mesaa respectively, in the absence (m) and presence (A ) of MgADP at 20
°C. Myosin was mixed with 0.05 uM pyrene-labeled actin and its fluorescence is followed.
The fitted exponentials to the signal change gave the observed rate constants. The actin
affinities listed in Table 6. C: MgATP-induced acto-myosin dissociation of Mysoi+ (A),
Mpusiarasza (0), and Mpgsoa (m). 1.5 uM pyrene-labeled actin was preincubated with 1 pM
motor domain and mixed with different ATP concentrations in a stopped-flow at 20 °C.
The observed rate of the fitted exponentials plotted against MgATP concentration. The
parameters of the fitted hyperbola are presented in Table 6. D: actin-activated ATP-ase
activity of Mysor+ (A), Mragiarasoa (©), and Megsaa (m).Hyperbolas were fitted on the data,
the received parameters are presented in Table 6. This experiment was carried out in a
low-ionic buffer (see Material and methods).
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affinity (Kga) of Mpagia ragoa and Mrgsoa decreased by 10 and 5 times respectively. In
the presence of ADP the actin affinity of the mutants (K4pa) compared to the wild
type weakened similarly as in its absence thus, the thermodynamic coupling ratios did
not change significantly.

The ATP-induced acto-myosin dissociation also shows that the mutations
make the acto-myosin interaction weaker. Pyrene-labeled acto-myosin complex was
mixed with ATP up to ImM in the stopped-flow. Hyperbola were fitted to the
MgATP concentration dependences of the observed rate constants (Figure 26C). We
found that the second order rate constants of MgATP binding and the maximum rates
of the dissociation were several times larger in case of the mutants than in Mwso+
(Table 6). On the contrary, the actin activated ATP-ase activities measured by
pyruvate-kinase/lactate-dehydrogenase coupled assay show that in spite of the fact
that the Vi values of the mutants are decreased compared to the Mwso+, the half
saturation (K,,) does not differ significantly (Table 6 and Figure 26D). The latter
parameter shows that in weak binding states actin affinity is not perturbed by the
mutations. However, the former experiments reveal that the strong binding states

show decreased affinities.

Discussion

It has been known for a while that the nucleotide binding site controls the state
of the lever arm through the conformation of the switch 2 loop. However, the
molecular mechanism of the communication between these two sites has not been
fully understood yet. A recent in silico simulation composed a structural trajectory for
the priming of the lever arm (recovery step) between the two end states of the
conformational change. The results suggested that closure of switch 2 and 25 °
rotation of the converter domain are coupled by a seesaw-like movement of the relay
helix (16). The N-terminal part of the relay helix moves towards the ATP due to the
pulling of switch 2 closure to which the C-terminal of the helix reacts as a seesaw and
moves toward the opposite direction. According to the simulated structural trajectory
this seesaw-like movement of the relay helix is followed by a second phase in which
the resulting converter rotation provokes a further 40 ° rotation. This later movement

cannot be tolerated by the relay helix, thus the C-terminal region of the relay helix
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unwinds or kinks initiated by the break of the intra-helical hydrogen bond 486-490.
Fischer et al. explained the order of these two phases by the fact that the second phase
is sterically hindered until the side chain rearrangements of the seesaw movement
(62). However, such a direct structural trajectory of the recovery step neglects the
dynamic behavior of the protein that allows it to populate the neighboring
conformational space along the suggested trajectory. Recent umbrella sampling
simulation showed a wider range of the possible conformations during the recovery
step (30), letting conformations different from the main stream of the reaction
trajectory suggested by Fischer ez al. be populated (16)).

Nevertheless, the simulated structural trajectory reveals key residues, which
can be essential in conducting the information of switch 2 state toward the converter
region. Fischer ef al suggested that a hydrophobic cluster (Phe-481/Phe-482/Phe-652)
at the middle of the relay helix serves as the pivoting point of the relay seesaw during
the recovery step (16). To check experimentally the necessity of the appointed
residues they were mutated to dysfunctional residues.

We made two different mutant constructs (Mragiarasoa and Mpgsza) with a
single Trp-501 background. The two mutant myosin construct behave astonishingly
identically. Their Trp-501 residues report that their fluorescence states are very
similar, and all of the reaction steps of their enzyme cycles are changed by the
mutations in the same mode and magnitude (see Table 4, 5, and 6). Fluorescence
experiments show that the mutations have no effect on the lever arm conformations in
the apo and pre-recovery states however, nucleotide binds to the mutants more slowly.
On the contrary, the changed Trp-501 fluorescence of the mutants upon ADP.AIF,
binding indicates that the conformation of the relay helix is perturbed in the post-
recovery state. Interestingly, the mutants can hydrolyze ATP in this changed post-
recovery conformation. We can state that the switch 2 is closed in this conformation
just like in the wild type because the closed conformation of switch 2 is required for
hydrolysis to be effective (6, 34). Hence, we judge that the lack of the phenylalanine
fulcrum diverts the relay helix into a changed conformation upon switch 2 closure.
This perturbed conformation is energetically less favorable, as indicated by the
dramatically suppressed equilibrium constants of the recovery step. The conformation
of the relay helix in this state resembles to its pre-recovery conformation, since Trp-
501 remains on the surface of the motor domain, which is a characteristic of the pre-

recovery conformation (58). This indicates that the movement of the relay helix is

55



PhD Thesis — Balint Kintses

impeded at the beginning of the reaction trajectory of the recovery step. Hence, it is
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Figure 27. The effect of the mutations on the pre-
recovery structure revealed by molecular dynamics
simulation. The mutations F481A/F482A or F652A
were introduced into the pre-recovery structure and
molecular dynamics simulations were performed.
A: The effect of the F481A/F482A mutations on
the relay region conformation (wild type green,
mutant blue). B and C: average amplitude of the
torsion angle (® and W) changes () during the
equilibrium phase of the molecular dynamics
simulation of Megiarasoa (@) and Mresza (@)
respectively, compared to the wild type (o). The
two constructs show similar changes in the
mobilities. The structural demonstration of the
consecutive residues represented on the x-axis of
graphs B and C.
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likely that, although switch 2
closes, the relay seesaw cannot
tilt in the absence of its pivoting
point. In other words, the
information of switch 2 closure
cannot get to the C-terminal of
the relay helix; therefore, the
energetic  landscape of the

converter/lever ~ arm  region

remains similar to that of the pre-
recovery state.
We also performed in

silico molecular dynamic

simulations on the wild type

motor domain and on the two

13

mutated constructs These

results are consistent with the

experimental data. The relay

helix structure in the pre-recovery
conformation is not perturbed by
27A)

the mutations. (Figure

However, the post-recovery
conformation is unstable and the
helical structure at the kink
region of the relay helix collapses
into a distorted local energy

minimum (Figure 28).

3 Since the construction of these
experiments were done by Zenhui
Yang, I present these results just in
the discussion section. The design of
the experiments and the analyses of
the data were carried out by me.



PhD Thesis — Balint Kintses

This result also shows that the phenylalanine fulcrum is essential for the right post-
recovery lever arm conformation.

We also investigated the dynamics of the relay helix, and checked how the
elimination of the pivoting point influences it. We collected the main-chain torsion
angle ® and ¥ of all residues in the relay helix during the equilibrium phase of the
molecular dynamics simulation. Figures 27B and C show the average amplitudes of
the torsion angle changes () of the relay helix residues in the pre-recovery states of
the wild type and the mutants. In the wild type motor domain most of the torsion

angles have very similar mobilities, and this & value is also characteristic of other

helical residues in the motor
domain. However, there is a
highly mobile part in the relay
helix (W491/®492) exactly in the

kink region. The ramachandran
Central B-sheet plots of these highly mobile
residues show that W491/0492

o :
Figure 28. Comparison of the post-recovery relay angles are located even outside of
region of the wild type and the mutation | the favored og region of a central
F481A/F482A. Molecular dynamics simulations . .
were applied to achieve energetically lower helix residue(31) however, other
conformations.

residues do not show such

phenomena (Appendix figure 3). The high mobilities of W491/®492 and their

distorted position in the ramachandran plot indicate that this part of the kink region is
strained in the pre-recovery state. Furthermore, we could perform the same analysis
on a structure representing a state that is situated halfway on the reaction trajectory of
the recovery step, since we also modeled in silico a structural trajectory for the
recovery step. This state is picked up after the seesaw-like movement of the relay
helix (first phase of the recovery step) but before the unwinding (kinking) of the relay
helix (second phase of the recovery step). In this state the torsion angles of the whole
kink region (486-492) behave similarly to the W491/®492 in the pre-recovery state.
This finding indicates that the seesaw movement increases the instability of the kink
region, which is indicative of the presence of strain in this region. This strain leads
finally to the unwinding of the helix.

The mutations have intriguing effects on the dynamics of the relay helix.

Interestingly, at the eliminated pivoting point the mobilities of the torsion angles are
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not changed. However, they are increased by more than 50% at positions four
(W486/®487) and six (VP488/0489) amino acid away from the mutations in
ME4gia pag2a. At the same time, the mobilities of the W491/®492 torsion angles are
dropped to the half of that of the wild type and they become similar to other torsion
angles of the relay helix residues (Figure 27B). Even their ramachandran plots
become similar to that of other relaxed helical residue (Appendix figure 3). On the
other hand, W488/®489 angles of Mrasiaras2a tend to move out from the relaxed
region to a similar region of the Ramachandran plot to what is populated by the
Y491/0492 in the wild type, indicating that now these residues become strained. A
similar effect was found in case of Mresoa (Figure 27C).

These findings indicate that the lack of the pivoting point shifts the strained
part of the kink region by a few amino acids (VY486/®0487 and W488/D489) in the pre-
recovery state. In other words, the elimination of the fulcrum rearranges strains along
the relay helix, even at the beginning of the reaction trajectory of the recovery step.
However, the produced strain in the kink region is supposed to be essential to the
formation of the post-recovery state, and we also found that the tension is increasing
in the kink region during the seesaw movement in the wild type myosin.

In summary, the mutational analysis proved the essential role of the relay
fulcrum during the recovery step, even at the beginning of the reaction trajectory (16).
Therefore, in the light of the structural data the pivoting role of the fulcrum and the
seesaw-like tilt of the relay helix is seems to be a potential mechanism which conducts
the closure of switch 2 to the converter domain and transforms the energetic landscape
of the relay/converter/lever arm region to make the primed lever arm position more
favorable.

Furthermore, the detailed cognition of the relay movement during the recovery
step, helps us to identify those conformational changes that can lead to the triggering

of the power stroke (see (43) and Chapter 4).
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Chapter 3

Step 3 — The mechanism that allows actin rebinding to the post-
hydrolytic primed motor domain

Introduction

Although the combination of the structural and kinetic investigations has led to
a wide knowledge in the workings of steps 1 and 2 of the Lymn-Taylor model, steps 3
and 4 that lead to the rigor complex are still poorly understood (18).

In step 3, actin has to bind back to myosin having primed lever arm and
MgADP.P; in the nucleotide binding pocket to achieve force generation. The priming
of the lever arm, the recovery step is a fast (Kops~1000s-1) equilibrium step (Ksa~1)
when MgATP is in the nucleotide binding site (step 3 in Scheme 7). Since this step is
fully reversible both the pre- and post-recovery positions of the lever arm are
populated (58). If the lever arm movement in MgADP.P; (reverse recovery step, step 4
in scheme 7) was also a fast equilibrium step, actin would bind to myosin with a great
chance after the reversal of the lever arm swing (to the MTMgADP.P; state).

14

However, this results in a futile cycle " and the hydrolysis of ATP without force

generation is avoidably “uneconomic”.

KK, K, Ky
M + ATP —— M"ATP . — M*ATP == M*ADPP,
ATP binding recovery step hydrolysis

reverse I l K,

product release steps LT R

M + ADP _~—_. MTADP + P, ——<— M".ADPP,
I<6I<7 KS

Scheme 7. The ATP-ase cycle of myosin in the absence of actin. " and * correspond
to the low and high fluorescent states of Trp-501.

“An enzyme cycle without force generation.
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Thus the question arises how myosin maximizes the chance of actin rebinding
to myosin after hydrolysis, but before the reverse recovery step. Does hydrolysis (or
the lever arm priming) influence the actin binding region in order to change the weak
actin affinity in ATP (46)? If this was the case, there would be a hydrolysis (or lever
arm priming) dependent communication between the nucleotide binding site and the
actin binding region. However such a mechanism has not been observed. Moreover,
the actin affinity in MgADP.P; is seems to be as weak as in the MgATP-bound form,
inducing immediate acto-myosin dissociation (41). Consequently, the lever arm
movement has to be somehow different in MgADP.P;, in order to maximize the
chance of actin rebinding to myosin with MgADP.P; and primed lever arm. However,
the lever arm movement in MgADP.P; has not been a well-characterized process .

There are two different possibilities to maximize the fraction of M*ADP.P;, to
which actin has to bind. According to the first scenario the equilibrium constant of the
lever arm movement in MgADP.P; is pushed absolutely to the primed M*MgADP.P;
state (K4<<1) and the relative fraction of M'MgADP.P; state is very low (46). This
allows the lever arm movement to be a fast step and the subsequent Pi release has to
be the rate limiting step of the cycle (22). Alternatively, actin binds with great
probability to the myosin having primed lever arm if the lever arm movement in
MgADP.P; is a slow step. More exactly, the forward rate of the reverse recovery step
is much slower than the rate of actin binding. According to this scenario the rate
limiting step of the cycle is this step, and the subsequent Pi release is a fast step. In
other words, the question is weather a thermodynamic or a kinetic barrier “blocks” the
lever arm in the primed state, waiting for actin binding. The two scenarios cannot be
distinguished easily by kinetic experiments, but they mean very different activation
mechanisms of the ATP-ase cycle upon actin binding.

Recently, experimental evidence was found for the entitlement of the later case
(27), presented in details in Maté Gyimesi’s PhD thesis. Two single tryptophan motor
domain constructs were used to investigate the kinetics of P; binding, release steps,

and that of the lever arm movement in MgADP.P; (step 4 and 5 in Scheme 7).

!5 These conformational changes in fact belong to the second step of the Lymn-Taylor model,
but the conclusions to be derived are strictly coupled to the understanding of actin rebinding
to myosin.
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One of the constructs contains a

tryptophan in the relay helix (Mwsoi+
construct) and senses the lever arm
movement, while the other one
(Mwi129+) is sensible to the nucleotide

binding steps. Both constructs pre-

Fluorescence (arbitrary units)

incubated with MgADP were mixed

IE-3 001 0.1 1 10 and titrated with P; in stopped-flow,

Log time (s) . .
and they were also mixed with
Figure 29. Stopped-flow records of the

reactions of Mysor» with MgATP and MgADP after pre-incubation with
MgADP.P;. The fluorescence enhancement | gatyrating amount of P;. The kinetic
upon MgATP binding has two phases . .
(kobs>150 s and 25 s), upon MgADP.P; analysis revealed that the slow step is

binding it is a slow single-phase | the lever arm movement in
fluorescence enhancement (0.2 s™).

MgADP.P;, and not the P;release step
(Figure 29), and that the forward rate of step 4 (reverse recovery step, ks: in scheme 7)
is equal with the steady-state turnover rate of the basal ATP-ase cycle (0.05s™).
Furthermore, the P; binding and release steps were significantly faster and K4 was
found to be 0.3.

Based on these findings, the main difference between the lever arm
movements in MgADP.P; and MgATP is not in the equilibrium constants. However,
the observed rate of the recovery step in ATP is faster with four orders of magnitude
than the reverse recovery step in MgADP.P;. Consequently, there must be a
conformational change induced by the hydrolysis step (step 3¢ in scheme 7) before the
reversal swing of the lever arm. This supposed rearrangement in the active site lowers
the rate of the lever arm movement most likely by increasing its activation energy.
However, the coordinates of the primed lever arm state structures with MgATP
(MgADP,BeFy) or MgADP.P; (MgADP.AlF4, MgADP.VOy4) analogues do not
manifest any difference in this region.

Recently, in silico molecular dynamics simulations on a structure having
primed lever arm and ATP or ADP.P; in its nucleotide binding site revealed some
conformational differences (46). A small displacement of the cleaved y-phosphate
moves the switch 2 loop less than 1 A away from its pre-hydrolytic position. This
movement pushes the side-chain of Asn-475, which reacts to it by turning away

(Figure 30B). This side-chain movement of Asn-475 allows the formation of a

61



PhD Thesis — Balint Kintses

hydrogen bond between Asn-475 and Tyr-573 residues. This newly formed hydrogen
bond is supposed to block Tyr-573, not allowing it to move back to its pre-recovery
conformation. Hence Tyr-573 cannot be involved in the conformational change of the
recovery step in MgADP.P;. On the contrary, in the MgATP-bound myosin Tyr-573
moves or wedges between the relay helix and the SH1 helix during the recovery step
(46, 47) (Figure 30AB). According to this concept, the blocked wedge mechanism of
Tyr-573 can be the reason for the decreased rate of the recovery step in MgADP.P;.

However, this hypothesis requires experimental validation.

Figure 30. Action of Tyr-573 during the recovery step and after ATP hydrolysis. A and B
parts of the figure are the pre- and post-recovery conformations of the Dictyostelium
myosin II motor domain. (PDB code: IMMA, 1VOM, respectively). During the recovery
step Tyr-573 wedges against the relay helix and the SH helix. Based on molecular
dynamics simulation of an ADP.p; containing post-recovery structure, Asn-475 rotates due
to hydrolysis (black arrow in part B) and makes a hydrogen bond with Tyr-573 (46).

Nevertheless, scheme 8 shows the kinetic model of the acto-myosin interaction
(19). Step 0 is the formation of the initial collision complex that is followed by a
series of conformational changes (step 1 and 2). The collision complex formation is
strongly influenced by the ionic strength, as it is driven by charge-charge interactions
between actin and some of the actin binding surface loops of myosin (18). The next
conformational change results in the so-called weak binding acto-myosin complex

(state 3 in Lymn-Taylor model, A-state in scheme 8). The interaction between actin

and myosin in this

KoK, A K, R . "
A+ M(Nu) — AM (Nu) — AM (Nu) state 1S very wea

Actin binding ~ Weak-to-strong transition (Kd=50uM), smee
there is ADP.P; in the

Scheme 8. Kinetic scheme of actin binding (19). nucleotide binding

62



PhD Thesis — Balint Kintses

pocket. Because the existing structural data is very limited on this state, mainly
mutational studies mapped which surface loops are involved in these interactions (28,
67). A computational rigid docking study was recently published that shows an exact
actin binding surface of myosin with opened cleft (67) (see Chapter 4). Additionally,
this state is also hardly investigable kinetically because the stable production of the
acto-MgM.ADP.P; ternary complex requires extreme concentrations (100 pM actin
and 100 mM P;). Otherwise, the weak interaction appears just transiently, since the
next conformational transition in scheme 8 (K;) leads immediately to P; release and to
strong acto-myosin interaction (step 4 in Lymn-Taylor model, R-state in scheme 8).
These are responsible for the fact that this weakly interacting complex is the less

discovered state in the Lynm-Taylor model.

Aims

Our aim was to investigate experimentally the role of Tyr-573 in slowing
down the rate of the lever arm movement in ADP.P; (reverse recovery step), to allow
the fast actin rebinding to myosin having primed lever arm. We introduced a mutation
into the Mwso1+ construct by mutating the tyrosine to phenylalanine at this position.
This mutation inhibits very specifically the hydrogen bond mediated interactions of
this residue. In the pre-recovery state this forms a hydrogen bond with Glu-683 (SH1
helix). This bond breaks during the recovery step and Tyr-573 rotates toward the
nucleotide binding site to form its supposed post-hydrolytic interaction with Asn-475
(46). This later interaction is also inhibited by the elimination of the hydroxyl group.

By the use of Trp-501 fluorescence we are able to follow the lever arm
movement in MgATP and MgADP.P; and to detect the effects of the mutation on
these steps. Naturally, the effect of the mutation should be very specific, otherwise the

right interpretation of the data is almost impossible.
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Results

Steady-state fluorescence Trp-501 in Mysz3r

In order to analyze the

effects of the mutation on the
conformations of the lever arm, we
measured the steady-state
fluorescence emission spectra of

Trp-501 in Mys7sr at 20 °C in the

Fluorescence (arbitrary units)

presence of different nucleotides

320 340 360 380 400 42
Wavelenght (nm) and compared them to that of

=3

Figure 31. Fluorescence emission spectra of 3 | Myysor+ (Figure 31). In the absence
UM Myszp in the absence (—) and in the . o
presence of 0.5 mM MgADP (c¢°), or 0.5 mM of nucleotide the emission spectra
MgATP (e¢), or MgADP.AIF, (---) at 20 °C.
Tryptophan was excited at 297 nm. All of them
have the same intensity as Muwsor+, except the | very similar (emission maximum at
MgATP bound, which has lower fluorescence.

343 nm and 342 nm of Mys7;3r and

of the mutant and the wild type are

Muwso1+, respectively). Upon MgADP binding both constructs show 17% quench and 2
nm blue shift, indicating that the mutation has no effect on the pre-recovery
conformation. The binding of the MgADP.P; analogue MgADP.AIF,4, which induces
the high fluorescence post-recovery state of Mwsois, results in 130% higher
fluorescence intensity than that of the pre-recovery MgADP-bound state. In the case
of the Myso1+.MgADP.AIF, this increase is 120%, and the spectrum has the same
emission maximum as in case of the mutant (335 nm), indicating that the mutation
does not have an effect on the primed lever arm conformation either. In contrast, the
MgATP-induced fluorescence enhancement of the Mysy3p is significantly smaller
(55% compared to the MgADP state) than that of the Myso1+ (100%). In Mwso+ the
MgATP-bound myosin is an equilibrium mixture of the low (pre-recovery) and the
high (post-recovery) fluorescent states and this is presumably also valid for the
mutant. Thus, the lower fluorescence of the Mys73r. MgATP complex might be caused
by the more populated low fluorescent MTMgATP state, which is most likely due to

the shifted equilibrium constant of the recovery step or the hydrolysis step.
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Transient kinetic characterization of the lever arm movement of Mysz;r in ATP and
ADP.P;

The kinetics of MgADP binding to Mys73r (Step 1 and 2 in Sceme 7) can be
characterized by following the fluorescence signal of Trp-501 in stopped-flow device
(see also Chapter 2). At 20 °C, the fluorescence quench induced by MgADP binding
under pseudo first-order conditions could be fitted with a single exponential function.
The MgADP concentration dependence of the observed rate constant shows two-step-

16 The second order rate constant of

binding kinetics of an induced-fit mechanism
MgADP binding to Myssr is the same as in the case of the wild type (Table 7) (1.7
uM's" and 1.5 uM's™ of Mys73r and Mwso+, respectively), however, ks of the mutant
is a bit slower (Table 7). We also measured the MgADP off-rate of Mys7sr (Kofr

MgADP=2 s7) by MgADP chasing experiment, which is approximately two-times

slower than that of the wild type

.g 13 it sl (Kotrmeapr=5 57).

§~ P At 20 °C, MgATP binding

g 12 MW to Mys7sr is accompanied by the

% 1.1 M‘ 1 same fluorescence quench as

g 10 f | MgADP binding, but now it is

= | . ' i . followed by the fluorescence
00 02 Oéme (S;) o 0810 enhancement coupled with the

Figure 32. Stopped-flow record of the reaction | recovery step (Figure 32). The
of Myszr (1.5 uM) and MgATP (1 mM). The
fluorescence change has two phases, an initial
quench, which is the binding (k=250 s"), and a | enhancement has only a single
fluorescence enhancement with an observed rate
A<t phase with an observed rate 6 s

subsequent fluorescence

On the contrary, the fluorescence enhancement of Myso;+ upon ATP binding has two
phases (Figure 24D). The fast phase is the recovery step (>150 s™), which is followed
by a slower phase corresponding to the hydrolysis step (Kobs=(Ksa/(1+Ks,))xksptk.

3%=25 s"). We also measured the kinetics of the reverse recovery step, the lever arm

16 Since this experiment was carried out by Laszlo Végner, I do not present the figures of
these experiments.
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movement in ADP.P;. Myssr pre-incubated with ADP was mixed with P; in stopped-
flow 7. A small fluorescence enhancement could be observed upon P; binding to
Mys735eMgADP, just like in the case of Mwsoi+, however with smaller amplitude. This
might be the consequence of a bigger K4 than in the Mysoi+ (note that
KfM*.MgADP.Pi/M*.MgADP.Pi). The single exponential fitted to the record shows
that the observed rate of the transition is faster than in the wild type (0.3 s and 0.2 s
of Mys73r and Mwso 1+ respectively).

Since the turnover rate of the enzyme cycle of Mywsoi+ is equal with the
forward rate of the reverse recovery step in MgADP.P;, we also measured the turnover
rate of Mys73r with a multiple turnover experiment. Mys73r was mixed with MgATP,
being 5 fold molar excess and Trp-501 fluorescence was followed. When all the
MgATP was hydrolyzed the fluorescence was dropped down to the fluorescence level
of the MgADP-bound form '®. The calculated turnover rate is 0.28 s™', which is 6
times faster than that of the wild type (58), and almost equal with the calculated rate
of ky4 from the P; binding of the Mys737.MgADP.

Characterization of the ATP hydrolysis step of Myszsr

The hydrolytic activity of Mys7sp was determined by quenched-flow multiple
turnover experiments using *P-labeled ATP (Figure 33). An initial burst phase of the P;
production was detected followed by a steady-state phase similar to the wild type. The
amplitude of the burst phase gives the steady-state ratio of the pre- and the post-
hydrolytic states, so the apparent equilibrium constant of the hydrolysis step
(“PKpydrolysis= M*. MgADP.P/(M" MgATP+M* MgATP)). The amplitude of the burst
phase of Mys3r is 0.3 Pi/motor domain, the same as that of the Myso;+, and thus their
"PK pydrolysis are also the same (Table 7). The fitted exponential on the burst phase

shows that the observed rate of the P; burst is slower than in Mwso1+ (Kobserved hydrolysis ©

17 Because of the high ionic strength of 25 mM P; less NaCl was added to the P; bufter in order
to keep the ionic strength constant (see Materials and Methods). Then, before measurement
the buffer was autoclaved at 120 °C to eliminate the pyrophosphate contamination that
inhibits P; binding to myosin (27).

% Since Myszsr is not saturated with MgADP in the presence of 15 uM MgADP, its
fluorescence level is indeed between the fluorescence level of the apo and MgADP-bound
forms.
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s'and 25 s of Mys7sr and Mwsoi+ respectively), and its observed rate constant is

identical to the rate constants of the ATP induced fluorescence enhancement. As it

was mentioned in the previous

g 1 o chapter, in Myso+ the second phase
.§ 121 1 of the fluorescence enhancement has
g 0.9+ ’ 1 the same rate constant as the
g 0.6 . 4 observed rate constant of the P; burst.
g 034 #-' ’ 1 However, the equilibrium constant of
a 00 f e the recovery step (Ks,) influences the

0 1 2 3 4 5 rate of the forward reaction of the

Time (s)
Figure 33. Phosphate production of Mysss .
20 uM motor domains and 160 pM y*?P-ATP | (Kobs=(Ks3a/(1+K34))xkaptk 3,=25 ™.
were rapidly mixed by quench-flow at 20°C.
The time course shows an initial burst phase
followed by a steady-state phase. The relative | glower the observed rate of the

amplitude of the burst phase is 0.4. Kinetic . .
data are presented in Table 7. hydrolysis step. A further scenario

hydrolysis step

Consequently, the lower the Ks,, the

that explains the slower observed hydrolysis rate is that the recovery step determines
directly the observed rate of the hydrolysis and the subsequent hydrolysis is faster.
Since the fast phase of the fluorescence enhancement in Mys73r cannot be detected,
this scenario cannot be excluded. The steady-state phase, corresponding to the
turnover rate of the enzyme cycle (k4+ in Scheme 7), is faster in the mutant, being in

line with the previously determined activity of Mys73p.

Determination of K3, and K3, of Mysz3r

Based on the Trp-501 fluorescence and quench-flow experiments we can state
that the mutation does not change basically the enzyme cycle of myosin represented
by Scheme 7, similarly to the other relay mutants presented in Chapter 2. Moreover,
the Y573F mutation does not even perturb the conformations of the relay region.
However, the apparent equilibrium constant of the recovery step shows significant
change. The ratio of the high and low fluorescent states gives “Kiecovery-
S‘SP:M”‘(mmD/MT.ADP, which can be calculated by the steady-state fluorescence

emission spectra: M™=(Fyganp.aira-Fate)/(Fumgapp atra-Fuganr) and (M* goan=(Fuigatr-
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Fumgapp)/(Fumgapp.aira-Favgapp), where F is the fluorescence intensities at the emission
maximums. “PKiecovery-siep Of Mys7sr is 0.68, which is 7.8 times smaller than that of
Mwsoi+ (5.3). Since the quench-flow experiment determines the steady-state fraction
of the M*.MgADP.P; state, the steady-state ratio of the three populated states
(M" MgATP, M*MgATP and M*MgADP.P;) are known: M* MgATP=M*(otal)-
M* MgADP.P;. Interestingly, M* o) (40%) is almost equal with M*.MgADP.P;
(43%), which means that the steady-state fraction of M* MgATP is undetectably
small. Based on these findings, the equilibrium constants of the recovery step (Ks,)
and the hydrolysis step (K3p) can only be estimated (Table 7). For K3, the upper limit
is around the error of the measurement (K3,<0.1), which means it bears a large
perturbation, as it is almost 30 times smaller than in the Myso;1+. On the contrary, the
mutation does not lower the amplitude of the P; bursts. Consequently, K3, of Mys73r
deviates significantly from that of the Mysoi+, since a much bigger Ksp
(M*.MgADP.P; /M*.MgATP) has to compensate the much less M* MgATP in order
to produce the same amount of M*.MgADP.P;. According to this, K3, of Mys73F is at
least 5.7, which is 10 times bigger than that of the Mysoi+.

Discussion

Our recent kinetic investigation proved that the rate limiting step of the basal
ATP-ase cycle of Dictyostelium myosin Il is the reverse recovery step in MgADP.P;
(27). Consequently, the observed rate of this lever arm movement is slower with four
orders of magnitude than the recovery step in MgATP. This means that, hydrolysis
somehow lowers the rate of the lever arm movement. However, there is only a single
molecular dynamics simulation that reveals the existence of a hydrolysis sensing
conformational change in the nucleotide binding site (46). According to this model,
the Tyr-573 is wedging against the relay helix during the recovery step in MgATP but
its wedge action is blocked by a hydrogen bond (between Tyr-573 and Asn-475) after
the hydrolysis. We introduced the Y573F mutation into the Mwso+ construct in order
to inhibit the hydrogen bond mediated interactions of this residue. In the pre-recovery
state, Tyr-573 forms a hydrogen bond with Glu-683 (SH1 helix), which breaks during
the recovery step and Tyr-573 rotates toward the nucleotide binding site to form its

supposed post-hydrolytic hydrogen bond with Asn-475 (46).
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If this structural model is right, we expect that the elimination of the pre-
recovery hydrogen bond perturbs the wedge action of the tyrosine during the recovery
step in MgATP. The lack of this interaction between Glu-683 and Tyr-573 might have
the consequence that Tyr-573 is not coordinated properly and situated in a different
position, which makes it dysfunctional. Alternatively, the role of this interaction is not
just the coordination of the tyrosine, but also the mediation of a conformational
change from one site to the other. The importance of the interaction between the
wedge loop and the SH1 helix is also implied by the fact that in myosin V and VI, in
which this residue is not tyrosine but phenylalanine, the lack of the hydrogen bond
mediated interaction between Glu-683 and Tyr-573 is recovered by a hydrophobic
interaction between these residues. However, in myosin II the SH1 helix is too far
from the phenyl ring of the phenylalanine to make such an interaction. Nevertheless,
we expect that during the recovery step the mutation mimics the blocked wedge
mechanism of Tyr-573 in MgADP.P; by perturbing the wedge action of the tyrosine
and hence, it should decrease the rate of the recovery step inMg ATP.

Furthermore, the mutation also is supposed to demolish the post-hydrolytic
interaction of Tyr-573 and Asn-475, which releases the tyrosine from its post-
hydrolytic blocked state. This should mimic the recovery step in MgATP, if the
phenylalanine is functional to some extent. Consequently, the rate of the lever arm
movement in MgADP.P; should be increased in the mutant.

By using Trp-501 fluorescence, we judged that the Y573F mutation does
affect neither the pre-recovery nor the post-recovery structure of the lever arm,
because both the MgADP and MgADP.AlF4-bound states have the same fluorescence
as the wild type. However, the equilibrium constant of the recovery step is so
dramatically suppressed (K3,=2.7 and <0.1 in Mwso1+ and Mys73r respectively) as the
steady-state fraction of M¥MgATP can not be detected. Regardless of this fact, the
amplitude of the burst of the hydrolytic Pi production in Myssr is equal with that of
the wild type. Consequently the mutation also affects the equilibrium constant of the
hydrolysis step (K3,=0.55 and <5.7 in Mwso1+ and Mys3r, respectively). The fact that
the hydrolysis is also perturbed by the mutation supports the concept that Tyr-573 has
a role in the nucleotide binding site in the post-recovery state. The lack of its hydroxyl
group might influence the state of switch 2 or Asn-475, which push the equilibrium of
the hydrolysis toward the M*MgADP.P; state.
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Unfortunately, the kinetics of the recovery step in MgATP cannot be
investigated directly, since the equilibrium constant of the recovery step is too small.
However, the fact that K3, decreased almost 30 times in the mutant indicates that the
ratio of the forward and reverse rate of the recovery step is dramatically changed
(K=Kforward/Kreverse). We can only estimate the lower limit of the observed rate of the
recovery step to be 6 s, since this is the observed rate of the subsequent hydrolysis
step. If the observed rate of the recovery step is 6 s, the hydrolysis can be the faster
step. Since Kobserved 3a=KrorwaraHreverse>65™ and Ksi=Kpomyard/Kreverse<0.1 in Mys7se, the
lower limit of Kgpward and Keeverse are 0.5 s and 5.5 s'l, respectively. However, if the
recovery step is faster than the hydrolysis step, the dramatic reduction of K3, is also
able to decrease the observed rate of the hydrolysis step, as it was demonstrated
previously (57), since Kopserved hydrotysis=K3a/(1+K3a)xKab++kap-. An upper limit, however,
for the observed rate of the recovery step cannot be determined. Furthermore, the
turnover rate, so the rate of the reverse recovery step of the Mys7sr is increased 6
times compared to Mwso1+, and K4 is decreased.

Consequently, the mutation specifically perturbs the energetics of the recovery
step and the hydrolysis step. However, the effect of the mutation on the rate of the
recovery step cannot be determined, since the small Kj, does not allow the
investigation of the kinetics of the recovery step. In spite of the perturbed energetics
of the recovery step and hydrolysis steps is a good indication of the supposed action
of the Tyr-573 (46), we cannot prove directly that the different behavior of Tyr-573
during the lever arm movement in MgATP and MgADP.P; is what causes the large
difference in the kinetics of the two steps.

According to the presented models, the maximization of the chance that actin
rebinds to myosin having primed lever arm and MgADP.P; in the nucleotide binding
site is due to a complex bidirectional communication between the nucleotide binding
site and the lever arm. First, the switch 2 closer is coupled to the priming of the lever
arm. If the lever arm is primed, MgATP can be hydrolyzed, but hydrolysis affects the
conformation of the switch 2 loop and its surroundings, which dramatically lowers the
rate of the lever arm movement, in order to let actin bind back with a great chance to
myosin being in the proper state.

The other consequence of the fact that the rate limiting step of the basal ATP-

ase cycle of Dictyostelium myosin II is the reverse recovery step in MgADP.P; is that,
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actin has to activate the rate of the lever arm movement during the actin activated

ATP-ase cycle. Chapter 4 below presents our new model on this activation.
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Chapter 4

Step 4 - Communication path from the actin binding region toward
the lever arm

Introduction

In step 4 of the Lymn-Taylor model the weak-to-strong transition of actin
binding (K, in scheme 8), leading to the strongly-bound rigor state (R-state in scheme
8) (19), induces the power stroke and the hydrolytic products release. Today, this step
remains the less understood one. The exact sequence of the reaction steps and the
structural changes are not unambiguous, because the mechanical events are not really
integrated into the biochemical reaction steps (73).

The major conformational change that can be observed during the weak-to-
strong transition of actin binding is the actin binding cleft closure between the lower
and upper 50 kDa subdomains, as it was first proposed many years ago (70). The apo
structure of myosin V performing closed cleft fits perfectly into the cryo-filtered
electron microscopic envelop of the actin filament “decorated” with strongly bound
myosin heads (36). Consequently, when the cleft is closed the acto-myosin interaction

is strong (K4<0.1 pM) and when it is opened the interaction is weak (Kq=50 puM).

Since cleft movement

KoK, A K, R . S
A+ M(Nu) — AM (Nu) — AM (Nu) is an equilibrium step
Actin binding ~ Weak-to-strong transition (K in Scheme 8), the

equilibrium  constant

Scheme 8. Kinetic scheme of actin binding (19). of this transition

determines the actual actin affinity of myosin, which varies significantly in different
nucleotides. If the acto-myosin interaction is strong, K, is pushed predominantly
toward the R-state (K,>100), such as in nucleotide absence, while in weak interaction
(MgATP state) K, is absolutely pushed to the A-state (K2<<1) (19). In MgADP and
MgADP.P; K, is thought to be intermediate however, in case of MgADP.P; the

concepts are controversial (18, 46, 71).
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Nevertheless, the apo structures suggest that cleft closure might be the
consequence of the rotation of the upper 50 kDa subdomain, which is accompanied by
the torsion of the core B-sheet (13, 71). The strands that carry switch 1 and 2 bear the
greatest conformational change upon B-sheet twist, resulting in the opening of the
nucleotide binding pocket (Figure 34) (13). As presented in Chapter 1, the equilibrium
constant between the two states of switch 1 is strongly coupled with that of the actin
binding cleft, explaining the nucleotide controlled acto-myosin interaction (41).
Accordingly, the same coupling is responsible for the accelerated product release
steps upon actin binding. The opening of switch 1 creates an exit route known as the
“backdoor” for P; release (83). Furthermore, switch 2 opening might be able to trigger
the power stroke by pushing back the N-terminal end of the relay helix into its pre-

recovery conformation, since the closer of switch 2 induces the priming of the lever

Actin binding
cleft

Relay helix

Switch

>
Switch 1

Nucleotide

Figure 34. The presupposed conformational cascade during the weak-to-strong transition
of actin binding to the myosin having primed lever arm. Actin binding cleft closure causes
the torsion of the central B-sheet, especially those strands that carry switch 1 and switch 2,
leading to the opening of the nucleotide binding site. While switch 1 opening is believed to
result in the opening of the ‘backdoor’, leading to Pi release, switch 2 opening might
induce the power stroke (13, 35).

arm (see Chapter 2). According to this structural model, the closing of the actin
binding cleft opens the nucleotide binding pocket, which is likely to be followed by
immediate P;j release, and at the same time the power stroke is also induced (37, 71,
81, 83). On the contrary, growing evidence from muscle fiber and single molecule
experiments reveal that the power stroke happens first and then follows the P; release

step.
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Many years ago, Huxley and Simmons found during their pioneering work that
psoas muscle fibers respond to rapid length steps by a force-generating process with
multi exponential decay. A fast phase (kobs=1000s™) of this response (phase 2) was
later identified as the power stroke of the actin-bound myosin (39, 53). Furthermore, a
slower phase (phase 4) is found to be closely associated with P; release step, as this
step is the most sensitive to the presence of P; (69). These findings make the basis of
a recently produced kinetic model, stating that the power stroke is likely to precede
the P; release step (73, 74, 77, 85) (Scheme 9). However, direct evidence has not been
found (15).

Nevertheless, the question arises, if the power stroke happens first and then the
P; release, how can actin trigger the power stroke without primary nucleotide binding
site opening. The closed switch 1 and 2 are likely to be necessary to hold the P; in the
nucleotide binding site. And where does the conformational change, inducing the
power stroke, come from? The response to this might reveal a direct communication

pathway between the actin binding site and the relay helix.

Recently we
Power stroke Product release

AM*ADPP, ——— AM".ADPP ——— AM | found that the rate

| limiting step of the
' Actin binding basal ATP-ase cycle
A+ M*.ADP.P of  Dictyostelium
l myosin II is a lever
Scheme 9. Actin rebinding to myosin having primed lever
arm (*), leading to the rigor acto-myosin complex (steps 3,
4 in the Lymn-Taylor model). " and * correspond to the low | MgADP.P; (the
and high fluorescent states of Trp-501 and to the lever arm up and
down states respectively. Muscle fiber and single molecule
experiments reveal that the power stroke precedes P; release | the reverse recovery
in myosin II (74, 85).

arm swing in

forward reaction of

step in Scheme 7

(27)) and not the P; release step (37). Since the rate limiting step of the actin activated
enzyme cycle is faster with two orders of magnitude, the rate of this lever arm
movement has to be accelerated by actin binding. But it is still a question how actin

can accelerate the rate of the reverse recovery step in MgADP.P;.
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Aims

The integration of the mechanical step into the structural model is in
contradiction with the muscle fiber kinetics (85). The weak-to-strong transition of
actin binding can hardly induce the power stroke before P; release according to the
accepted structural models. However, our structural and kinetic understanding of the
lever arm movement has improved in recent years (see Chapter 2 and (27)). These
findings prompted us to reinvestigate the concept on actin activation in order to build
a structural model that fits into the kinetic data derived from muscle fiber and single

molecule experiments (74).

Results

A structural model for the activation of the power stroke

As it was presented in Chapter 2, a potential structural trajectory between the
end states of the recovery step was composed by using computational simulation (16).
In this transition the relay helix moves in a seesaw-like fashion, coupling switch 2
closure with the rotation of the lever-arm. When switch 2 closes, it pulls down the
relay helix near to its N-terminal end through a hydrogen bond between Gly-457 and
Asn-475 (Figure 20). The relay helix reacts as a seesaw, since it is supported at the
middle, and its C-terminal end swings upwards.

By comparing the pre- and post-recovery structures, we found that when
switch 2 closure pulls down the N-terminal region of the relay helix, the helix situated
at the opposite side of the relay (in relation to switch 2) moves together with the relay
helix (Figure 35). This helix is the N-terminal helix in the so-called helix-loop-helix
motif, which is the main actin binding region of the lower 50 kDa subdomain (18).
This helix is disrupted by an additional loop called proline-rich loop, which is the
edge of the actin binding surface (36).

The relay helix and the N-terminal helix of the helix-loop-helix motif interact
through extensive hydrophobic interactions (Figure 36, such as between Tyr-473/Ile-
417, Glu-476/1le-514). Those residues that transmit the movement between the two
helixes are located half turn away from Asn-475 (Tyr-473, Lys-477). Consequently,

certain parts of this helix, such as the prolin-rich loop move almost as much as the N-
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terminal of the relay helix at position 475 (1-1.5 A) during the recovery step. The
importance of the connection between the two helixes is revealed by the fact that the
residues are highly conserved. Residues between the positions 475 and 478 (NEKL)
are essential in all myosin isoforms, as are a couple of other conserved hydrophobic
residues (Ile-514, Ile-517).

The coupled movement of the two helixes during the forward direction of the
recovery step reveals that they might move together in the reverse direction as well.

Consequently, in the post-recovery or pre-power stroke state a pull on the proline-rich

loop  from the

Proline-rich loop opposite direction of
Helix-loop-

switch 2 closure
would be able to
pull back the N-
Asn-475 terminal segment of
the relay helix to its

pre-recovery

t< r position (Figure 36,
1{1{. red arrow), which is

Figure 35. Pre- (blue) and post-recovery (green) structures of thought to lead to
the relay region aligned to each other (PDB code: 1IMMD and
IVOM respectively). Switch 2 closure pulls done not just the N-
terminal of the relay region during the recovery step but the first | lever —arm.  The
helix of the helix-loop-helix motif containing the proline-rich
loop.

whether actin binding is able to make the appropriate pull on the prolin-rich loop in

the rotation of the

question arises

order to accelerate the reverse recovery step.

In order to investigate experimentally the role of the proline-rich loop in actin
binding and in the activation of the rate of the lever arm movement, we introduced
mutations into the Mso+ construct, which perturbed the role of the proline-rich loop.
Since the majority of the mutational experiments in this project are not my own work,

I wrote these results into the discussion section.
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Proline-rich loop Helix-loop-Helix

Figure 36. The activation of the power stroke through the proline-rich loop. A pull on
the proline-rich loop from the direction opposite of switch 2 closure (red arrow) might lift
back the relay helix N-terminal region into its pre-recovery position, leading to the power
stroke. The proline-rich loop and the relay helix move together due to hydrophobic
interactions, such as between Tyr-473-Ile-517.

Discussion

Growing evidence from muscle fiber and single molecule experiments show
that the power stroke happens first in the force generating acto-myosin complex and
the P; release step only follows it (39, 73, 74, 85). However, the current structural
model induces the power stroke through the opening of the nucleotide binding site
(13, 71), which is likely to be coupled with immediate P; release. Hence, our aim was
to find a conformational change that induces the power stroke without primary
nucleotide binding site opening. Consequently, this conformational change must be a
direct communication pathway between the actin binding region and the lever arm.

Holmes efal. suggested that the central B-sheet torsion displaces the
phenylalanine fulcrum of the relay helix at the third strand (numbering from the N-
terminal subdomain) (see Chapter 2), thus allowing the relay helix to straighten and
the lever arm to return to the pre-recovery position without primary switch 2 opening
(22, 36). However, the B-sheet torsion of myosin V does not show any conformational
change of this strand (13), and our experimental results show that the eliminated relay
fulcrum does not inhibit the actin activation of the lever arm movement (see Chapter 2

and (43)).
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Alternatively, the opening of switch 1 and 2 is followed by a slow P; release
step and a much faster power stroke. This would manifest in an observed subsequent
P; release, although the nucleotide binding site opening occurs first and then the power
stroke (76). In that case, the direct communication between the actin binding site and
the lever arm is needless. However, from a totally opened nucleotide binding site P;
release is likely to be a diffusion-limited process, except if the P; group is still buried
and inhibited in its release. In spite of the fact that we still do not know the structure
of the open nucleotide binding site in the acto-myosin complex, the opened switch 1
in the rigor-like structure creates an exit route for the P; (83), contradicting this
concept. Nevertheless, direct evidence for the order of the two steps and their relative
rates has not been found.

Upon comparing the pre- and post-recovery structures of the Dictyostelium
myosin II motor domain, we found that when switch 2 closes the helix-loop-helix
motif, and particularly the proline-rich loop, move together with the N-terminal of the
relay helix. We suppose that this proline-rich loop is the nearest actin binding site to
the relay region (36) and an actin induced pull from the opposite direction of switch 2
closure on this loop can initiate the power stroke, without previous nucleotide binding
site opening.

In order to investigate experimentally the role of the proline-rich loop in the
activation of the lever arm movement, we made two mutant constructs in Myso+. The
prolin-rich loop seems to have two functional parts. These are a conserved positive
charge at the tip of the loop on the one hand and at least 1 or 2 hydrophobic residues
in it, depending on the myosin isoform, on the other hand. Based on this, we replaced
the positive charge to a negative one in one construct (R520Q, M rszq) and we
deleted the whole proline-rich loop in the other one (519-523, Ma proline-rich 1oop)- W€
designed the later construct with great care by using protein homology modeling. The
most important requirement was not to perturb the other actin binding regions of the
helix-loop-helix motif, otherwise we could not have distinguished which effect can be
assigned to which region. This mutant contains a continuous helix in place of the
helix-breaking proline-rich loop according to the computational modeling.

Both constructs show very specific changes (experimental results not shown).
The Trp-501 signal shows that the nucleotide binding steps and the lever arm
movements in the absence of actin are not perturbed by the mutations. The lever arm

can be primed like in the wild-type and the forward rate of the reverse recovery step in
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A Actin

Proline-rich loop
i~ S

Relay helix

ydrofobic triplet
of the helix-loop-
-helix motif

Figure 37. Computational docking structure of the weakly (A) and
strongly (B) bound acto-myosin complex with open and closed
actin binding cleft respectively. Figure A shows an illustration of
the published structure (68) with Dictyostelium myosin II structure
having primed lever arm and open actin binding cleft. Figure B
shows the rigor acto-myosin structure of the chicken skeletal
myosin II having closed actin binding cleft (36). During the
transition from the structure presented in part A to that in B, the
power stroke and the weak-to-strong transition of actin binding
have to occur (black arrows). The proline-rich loop and the helix-
loop-helix motif bind to the actin surface in a different position. In
the weak binding complex a hydrophobic triplet (spacefill) in
the loop region between the two helixes of the helix-loop-
helix binds to hydrophobic residues (Ile-341, Ile-345) on actin
surface 5 A away from its binding site in the rigor complex
(Ile-345, Leu-349).

MgADP.P;  (the
turnover rate) is
also the same as
that of the wild
type. Furthermore,

the mutations have

some moderate
effect on actin
binding, proving

that the proline-
rich loop is a real
actin binding loop.
However, the
mutations do not
perturb the basic
mechanism of
actin binding. The
main perturbation
caused by the
mutations is the
total abolishment
of  the actin
activation of the
ATP-ase  cycle.
Since the actin
activated turnover

rate of the mutant

is slower with at least two orders of magnitude than that of the Mwso1+, this effect can

not be explained by the small reduction in actin affinity, indicating that there must be

a further function that is “knocked out”, confirming the supposed role for the prolin-

rich loop.

Other results also support that the proline-rich loop is an actin binding site (36,

45, 67, 68). Myosin II structures having open and closed actin binding clefts were

fitted onto the surface of three actin monomers by in silico rigid docking (36, 68). In
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spite of the fact that these docking experiments neglect the conformational changes
derived from the interaction itself, they show us a possible binding surface for the
weakly and strongly interacting complexes. Onishi and Morales found that the major
difference between them is in the position of the lower 50 kDa subdomain on the first
actin monomer however, the upper 50 kDa subdomain binds to the same region (68)
(Figure 37). Since the primary actin binding site of the lower 50 kDa subdomain is the
helix-loop-helix motif (510-546) (18), this region also changes its position on the
actin surface. In the weak binding state, the edge of the helix-loop-helix motif binds 5
A away from its position in the strongly interacting complex. Consequently, the
interactions of the proline-rich loop also change during the weak-to-strong transition.
In the weak binding complex the proline-rich loop interacts only with the N-terminal
region of actin (68), but in the strong binding complex it is allowed to interact with
hydrophobic residues on the actin surface (Ile-349, Phe-352). The interaction with the
negatively charged N-terminal actin region is performed by Arg-520, while the
hydrophobic side-chains of the proline-rich loop interact with the hydrophobic
residues of the actin surface.

Due to the fact that the proline-rich loop and the relay helix move together, the
conformational rearrangements of the actin binding region might induce a strain that
lifts back the N-terminal segment of the relay region to its pre-recovery position,
leading to the acceleration of the rate limiting reverse recovery step. Moreover,
through the interaction of the Arg-520 and the N-terminal segment of actin, the relay
helix might sense the presence of actin even in the weakly interacting complex. The
R520Q mutation in itself abolishes the actin activation of the myosin ATP-ase cycle
and a similar effect was found when an actin mutant without the interacting N-
terminal region was used (63).

Accordingly, the direct communication between the actin binding region and
the relay helix allows the acceleration of the rate of the reverse recovery step before P;
release, before or at the beginning of the reaction trajectory of the actin binding cleft
closure. However, the intermediates of the transition are still not known.

Nevertheless, in MgADP.P; the actin binding of myosin is thought to be a fast
step but the acto-myosin interaction is weak (85). If the P; release is a later event of
the actin activated ATP-ase cycle, the power stroke must happen through weakly
interacting states. It is an interesting question, how the priming of the lever arm, the

recovery step, happens detached from actin, but the power stroke occurs in actin-
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bound states, despite the fact that acto-myosin interaction in MgADP.P; is as weak as
in the MgATP-bound form. The answer to this question lies in kinetics. Scheme 10
shows the presupposed reaction mechanism of the second half of the ATP-ase cycle

(27). The modeling of this mechanism shows that the predominant reaction flux

Power stroke Product release
AM*ADP.P, ——— AM".ADP.P —/—— AM
Actin
binding

Reverse recovery step
M#*ATP = A+ M*ADPP, = M.ADPP, —— M

Scheme 10. Actin activated ATP-ase cycle of myosin II. T and * correspond to the low
and high fluorescent states of Trp-501.

happens through the actin-bound route, even at low actin concentration (5 uM),
despite the weak acto-myosin interaction in MgADP.P; (Kd=50 pM). This is a
consequence of the slow lever arm movement in MgADP.P; which is activated by
actin to a much faster step (from 0.05 s™' to at least 4 s™). Consequently, the fast actin-
bound reaction pathway empties the M*MgADP.P; population before significant futile
lever arm movement happens through the detached route. Thus, the answer to the
question why the lever arm movement happens detached from actin in ATP, but
attached in MgADP.P;, is that the rate of the lever arm movement in MgADP.P; is
activated by actin, while in MgATP it is not (27).
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The enzyme cycle of the myosin II motor domain

In order to generate movement, myosin goes through more than a dozen
reaction steps. In spite of the fact that these steps are performed in distant functional
sites, they have to occur in a defined order, otherwise the ATP-stored energy
dissipates as heat. Consequently, these functional sites have to harmonize their actions
through allosteric communication pathways. We used site-specific fluorescence
signals placed in functional regions of Dictyostelium myosin II motor domain to
investigate how the nucleotide binding site, the actin binding region, and the lever arm
of myosin communicate with each other. In this summary our present knowledge on
how these allosteric communication pathways work during the enzyme cycle of
myosin is presented.

Since the irreversible MgATP binding to the acto-myosin complex drives
forward the ATP-ase cycle of myosin (2), it can be presented as the first step of the
enzyme cycle. The kinetic investigation of switch 1 movements (Chapter 1) shows
that the open-closed transition of the switch 1 loop is one of the first conformational
changes that are induced by MgATP binding. In the light of crystallographic and cryo-
electron microscopic results it can be stated that this conformational change of switch
1 induces the closed-open transition of the actin binding cleft, resulting in acto-
myosin dissociation (9, 33, 41, 71). We found that the switch 1 loop and the actin
binding region are not coupled to each other as rigid bodies. Rather, the transition in
one of these regions changes the energetics of the other, shifting it from one
conformational state to the other (41). In summary, these conformational changes are
manifested in the first step of the Lymn-Taylor model.

In an efficient enzyme cycle the subsequent MgATP-induced conformational
change is the priming of the lever arm (step 2 of the Lymn-Taylor model), which is
coupled with the open-closed transition of the switch 2 loop in the nucleotide binding
site (recovery step). Recent structural results reveal that the conformational change of
switch 2 closure is transmitted toward the converter/lever arm region by a seesaw-like
movement of the relay helix (16). We made the mutational analysis presented in
Chapter 2 to investigate experimentally this concept of the allosteric communication

between switch 2 loop and the lever arm region (43). We found that the deletion of the
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pivoting point of the relay seesaw really inhibits the seesaw-like tilt of the relay helix,
thus supporting the structural model.

After the priming of the lever arm the ATP hydrolysis occurs, since the closed
conformation of the nucleotide binding site (closed switch 1 and closed switch 2) is
the catalytically active state (20). In order to achieve an effective enzyme cycle actin
has to bind back to a myosin molecule having primed lever arm and MgADP.P; in its
nucleotide binding site (step 3 of the Lymn-Taylor model). Our recent results show
that in MgADP.P; the lever arm movement is a slow step (reverse recovery step), in
spite of the fact that this step is fast in the MgATP bound form (75, 27). The slow
lever arm movement in MgADP.P; allows the actin rebinding to myosin before the
occurrence of significant futile lever arm movement in the actin detached state (see
Chapter 3). However, the nature of the hydrolysis accompanying change that turns the
lever arm movement to a slow equilibrium step in MgADP.P; is not understood. In
Chapter 3 we investigated experimentally a suggested mechanism that might control
the rate of the lever arm movement. According to this concept some side chain
rearrangements near the active site changes the energetics of the lever arm movement
in MgADP.P; (46), however our mutational analysis does not support this concept
unambiguously.

The finding that the rate limiting step of the myosin ATP-ase cycle is the
forward direction of the reverse recovery step in MgADP.P; has another consequence:
actin accelerates the rate of the lever arm movement to activate the ATP-ase cycle
(27). Muscle fiber and single molecule experiments show that actin activates the rate
of the lever arm movement without primary nucleotide binding site opening and P;
release (39, 73, 74, 85). In other words, the power stroke is induced before the weak-
to-strong transition of actin binding, which is coupled to the opening of the switch 1
loop (41). Consequently, the opening of the switch 1 loop cannot be the
conformational change that induces the power stroke. Therefore a direct
communication pathway is required between the actin binding region and the lever
arm (43). In Chapter 4 a communication mechanism is suggested in which the actin
binding region affects directly on the relay region. According to this model, an actin-
induced pull on the proline-rich loop lifts back the relay seesaw, inducing the power
stroke without primary P; release. The subsequent switch 1 opening, coupled to the
weak-to-strong transition of actin binding accelerates the hydrolytic product release

and leads to the formation of the starting rigor acto-myosin complex (33).
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In summary, the many recent kinetic and structural results have led to a better
understanding of the molecular mechanism of the myosin ATP-ase cycle. We can
state that the antagonistic relationship of the actin and nucleotide binding, and the
allosteric actin activation of the myosin ATP-ase cycle are performed by different
communication mechanisms. However, several open questions, especially about the

nature of the mechanical step, make the classic myosin research a still active field.
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Theses

1. The switch 1 loop in the nucleotide binding site is able to sense the presence of the
y-phosphate by its two conformations, and the equilibrium constant between the two
states determines the actin affinity of myosin. It explains why depends the actin
affinity on the type of the bound nucleotide, and the antagonistic relationship of
nucleotide and actin binding. The received thermodynamic model, describing the
equilibrium shift mechanism of switch 1, is also applicable for the nucleotide

controlled interactions of other P-loop NTP-ases.

2. The hydrophobic cluster (F481, F482, F652) supporting the relay helix is necessary
for the ATP induced priming of the lever arm. This experimental result supports the
structural concept of the seesaw-like tilt of the relay helix and the pivoting role of the

phenylalanine cluster in this movement.

3. The Tyr-573 side chain influences the energetics of the lever arm priming and the
ATP hydrolysis step, however, its supposed role in fine-tuning the rate of the lever

arm movements cannot be proved by our experimental approach.
4. Actin activates the power stroke of myosin by affecting the movement of the relay

helix through a direct communication path from the actin binding region, and not

through the opening of the nucleotide binding site.
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Material and Methods

All chemical reagents were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO), except for the nucleotides (Roche Co., USA), the 732P—ATP (Izinta Ltd.,
Hungary), and the 3’-(N-methyl-anthraniloyl)-2’-deoxy-ATP (Jena Bioscience
GmbH, Germany).
Protein engineering: All mutations were introduced into mutated forms of the
Dictyostelium discoideum myosin 1l motor domain M761 cDNA fragment containing
a C-terminal His-Tag (58). F239W (Mwn239+) and F242W (Mwo42+) mutations were
introduced by megaprimer-based PCR strategy into the tryptophan null mutant M761
fragment (W36F, W432F, W501F, W584F) published previously (58). F481A,F482A,
F652A, Y573F, R520Q, deletion of 519-523 (proline-rich loop deletion mutant)
mutations were introduced into single tryptophan containing Mwso1+ (W36F, W432F,
W584F) motor domain construct (58) with the same strategy. The mutant PCR
products were ligated into pDXA-3H extrachromosomal shuttle vector containing one
of the mentioned open reading frame of the M761 fragments (60). DHS a E. coli
strain was used to amplify the plasmids. Plasmids were isolated with QIAprep spin
miniprep kit (Qiagen) and were electroporated into Dictyostelium discoideum AX2-

ORF+ cells.

Protein expression and purification: AX2-ORF+ cells were cultured in 20 ml HLS
medium (ForMedium) containing 12.4 g/l glucose, 100 unit/ml penicillin, 0.1mg/ml
streptomycin, and 15mg/1 geneticin at 21 °C in cell culture dishes. Protein purification
starts from 4 1 1x107 cell/ml cell culture, having grown for 1 weak in shacking
incubator. Cells are harvested with 2700 rpm in a Beckman J2-MC centrifuge for 7
min and washed (140 mM NacCl, 2.7 mM KCI, 10.1 mM Na:HPOsx7H20, 18 mM
KH2POs, pH 7.3). Cells (40g) are lysated in 240 ml 50 mM Tis-HCl, 2 mM EDTA,
0.2 mM EGTA, 5 mM benzamidine, 40 pg/ml PMSF, 3 DTT, 0.3V/V% triton pH 8.0
by using an ultrasound sonicator for 10 min. After an 1 hour incubation on ice, the
lysate is centrifuged with 50,000 rpm for 60 min at 4°C in a Beckman L7-65
Ultracentrifuge. Pellet is homogenized in 100 ml 50 mM HEPES pH 7.3, 30 mM K-
acetate, 10 mM Mg-acetate, 5 mM benzamidine, and 40 pg/ml PMSF, and 3 mM B-
mercaptoethanol. The received solution is centrifuged again with 50,000 rpm for 45

min at 4°C. Pellet is homogenized again in the previous buffer, but containing
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additional 10 mM ATP and 10 mM MgCl, and centrifuged again with 50,000 rpm for
60 min at 4°C. The supernatant is purified by using His-tagged chromatography:
loaded onto 15 ml Ni-NTA (Qiagen) column and washed with 50 ml 50 mM HEPES
pH 7.3, 30 mM K-acetate, 3 mM B-mercaptoethanol, 5 mM benzamidine, 50 ml 50
mM HEPES pH 7.3, 300 mM K-acetate, 3 mM -mercaptoethanol, 5 mM
benzamidine, ~80 ml 50 mM imidazol in first washing buffer (the exact required
volume is monitored with Bredford reagent). The elution is done with 0.5 M imidazol
pH 7.3 with 3 mM B-mercaptoethanol, 5 mM benzamidine. Preparations were
dialyzed against an assay buffer (40 Mm NaCl, 20 mM HEPES, pH 7.3, 2 mM MgCl
and 2mM mercaptoethanol) in which most of the experiments were performed,
otherwise noted. Actin preparation and pyrene labeling were done as described in (11,

82).

Steady-state fluorescence measurements were carried out with a Fluoromax Spex-320
fluorimeter equipped with a 150 W Xe lamp. The samples containing 3 pM motor
domain constructs were excited at 295 nm with 2 nm bandwidth excitation and
emission slits when tryptophan fluorescence was detected. The emission spectra of the
fluorescence were detected in 310-420 nm range. During acrylamide quenching
experiments the time courses of tryptophan fluorescence were detected at 340 nm and
the 3 uM motor domains were titrated with acrylamide in a 0.05-0.4 mM
concentration range. The optical settings were the same when ATP hydrolysis
activities of the motor domain constructs were measured following Trp fluorescence
change: the running out of the five fold molar excess ATP decreases the fluorescence.
If a mutant construct has the same fluorescence level when MgATP or MgADP binds
to it, its activity was measured with pyruvate kinase (PK) lactate dehydrogenase
(LDH) coupled assay described in the next paragraph. The temperature dependence of
the fluorescence detected at 340 nm was measured by heating the sample from 6°C to
26°C and the recorded fluorescence intensities were assigned to discreet temperature
values. ADP.AIF4 and ADP.BeF substrates were done by mixing the motor domain
with 0.1 mM MgADP, 4 mM NaF, and 0.1 mM BeCl, or AICls.

Actin activated ATP-ase activities were determined by using pyruvate kinase (PK)
lactate dehydrogenase (LDH) coupled assay. 2% LDH/PK, ImM PEP, ImM ATP,
200 uM NADH was mixed with the 0.5 pM motor domain construct and titrated with
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actin up to 100 uM in a buffer containing SmM HEPES pH 7.2, 1 mM MgCl, | mM
KCl. The absorbance change was detected at 340 nm (decreasing NADH) in a
Shimadzu UV-2101 PC photometer.

Stopped-flow measurements were carried out on a BioLogic SFM-300/400 (BioLogic
SAS, France) or on a KinTek SF-2004 (KinTec Corporation, USA) stopped-flow
fluorimeter, equipped with 150 W Super-quiet Hg-Xe lamps (Hamamatsu Photonics,
UK). Tryptophan was excited at 297 nm, where mercury lamps have an emission
peak. Slits were 4 nm and a 340 nm interference filter (Corion CFS-001999 9L134)
was used on the emission side. Pyrene was excited at 365 nm, the emission was
detected through a WG420 cut-off filter (Comar Instruments, UK). Light scattering
was measured at 340 nm. Mant-nucleotide was also excited at 365 nm and
fluorescence was detected through the WG420 cut-off filter. During chasing
experiment the mant-ADP (10 pM) preincubated with myosin was chased with ATP
(1 mM). The dead time of the BioLogic stopped-flow is 0.2 and 2 ms if the pFC-08
and the FC-15 cuvette is used, respectively, and that of the KinTec SF-2004 was
determined to be lms, at 18ml/s flow-rate. All concentrations noted are post-mix

concentrations, and all experiments were carried out at 20 °C, unless otherwise stated.

Temperature-jump/stopped-flow measurements were carried out by using a
temperature-jump accessory for a BioLogic SFM-300/400 stopped-flow (BioLogic
SAS, France). 5 M motor domain solution kept at 20 °C was mixed with hot ATP
solution and Trp-501 fluorescence was measured at different temperatures up to 55
°C. The amplitude of the signal change lost in the dead time was determined by
measuring the fluorescence level of the “apo” solution at each temperature. The

principles of the method are described in the Appendix and in (42).

Temperature-jump experiments were carried out by using a TJ-64 System (Hi-Tech
Scientific, Salisbury, U.K.) as in (56), but fluorescence was detected through the 340

nm interference filter.

Quench-flow experiments were carried out by using y*>P-ATP radioactive nucleotide
as a signal for the hydrolytic activity on a RQF-3 quench-flow apparatus (KinTec
Corporation, USA). The ATP was applied in 5-10 fold molar excess in multiple
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turnover experiments, and the hydrolyzed Pi was separated from the nucleotide by
using coal solution as it is described in (86). The radioactivity of the ynP hydrolytic
product was measured with a Wallac 1409 Liquid Scintillation Counter (PerkinElmer,

Inc, USA). The indicated concentrations are post-mix concentrations.

Molecular dynamics simulations: InsightIl 2000 software was used for generating the
missing parts of IMMD pre-recovery Dictyostelium myosin II motor domain
structure. ADP.BeF was replaced with ATP by changing the BeF, to Pi group. By
averaging the coordinates of 125 structures picked up at each 2 ps time point of the
equilibrium phase of the simulation, we visualized a relaxed conformation. For the
post-recovery state, Jon Kull’s unpublished structure was used which has exactly the
same conformation as 1VOM, but contains all the residues. The BeFy was also
replaced by a Pi group. Mutations F481A, F482A, or F652A were introduced into
these structures and further molecular dynamics simulation were done in the same
way. Constant volume periodic boundaries were used with the box dimensions of
134.7 A. Then the structures were solvated by TIP3P water with 12 A cut-off value.
Finally, the system was mechanically minimized with parm03 parameters and
equilibrated for 2ns at 300 K by SHAKE algorithm with 2 fs time steps in AMBER9
program. Temperature control parameters were set up based on Berendsen's method.
We determined the amplitude () of the torsional mobility of the ®, ¥ angles
according to

5o D(x-%)

n—1

, where x is the actual torsion angle, x the average of all the @ or ¥ angles of the
given residue, and n the number of data points. The experiments were repeated three
times and averaged, each based on 125 collected structures picked up at each 2 ps

time point from 250 ps-long equilibrium phases.
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The own-developed temperature-jump/stopped-flow apparatus allows us to study fast

enzyme reactions at high temperatures, even above the denaturation temperature of

the enzyme (42). The temperature-jump/stopped-flow apparatus is a redesigned

conventional stopped-flow that is able to increase the temperature of the sample even

by 60°C on the submillisecond time scale during the mixing of the reactants. With this

technique the kinetics of the enzyme reactions, which are faster than the denaturation

process, can be investigated. In addition, it allows us to investigate the kinetics of

many human enzymes at our
physiological temperature which are
instable in solution at 37 °C.
Furthermore, it allows us to study
the progress of heat-induced protein
unfolding, which was impossible
until now in case of fast denaturation

processes.

Principle of the temperature-
Jump/stopped-flow

In a stopped-flow instrument
the progression of a reaction can be
observed through an optical signal.
The reactants are rapidly pushed
from two syringes (A and B) into a
small mixing chamber from which
the reaction mixture flows into the
observation cuvette. While the
reaction mixture reaches the cuvette,
the progression of the reaction

cannot be detected typically for 0.5-

Appendix figure 1. Schematic view of the
temperature-jump/stopped-flow instrument. The
colors indicate the temperature of the solution
inside the instrument.
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1 ms, being the dead time of the instrument. In a conventional stopped-flow the
syringes and the cuvette house are kept on the same temperature by a water circulator.
In that case the applied experimental temperature range is limited by the temperature
sensitivity of the reactants. The temperature-jump/stopped-flow apparatus oversteps
this limitation. Appendix figure 1 shows the schematic view of the instrument. The
enzyme (syringe A) and its substrate (syringe B) are stored at native temperature by
using water bath temperature control. The temperature of the cuvette can be adjusted
by an additional heating element in a wide temperature range (5-80 “C). Furthermore,
a second heating element is inserted between the substrate syringe (syringe B) and the
mixing chamber. This heating element is able to increase the temperature of the
substrate solution even to a higher temperature than the temperature of the cuvette
(note that the substrate must be non-heat-sensitive). Accordingly, when the reactants
are pushed to the cuvette, a cold enzyme solution (syringe A) can be mixed with a
high-temperature substrate solution (syringe B), resulting in an immediate temperature
increase for the enzyme solution (temperature-jump). The temperature of the cuvette
is adjusted to the temperature of the developing temperature of the reaction mixture,
in order to keep the reaction mixture at a constant temperature during the reaction.
Since the mixing of the reactant solutions yields the temperature jump, the dead time

of the stopped-flow remains around 1 ms.

016 ' ' ‘ e
2 0.14 - - ] The reaction of Myso;+ and MgATP
£ 0129 1 above the denaturation
g 0107 ] ] temperature of the myosin
o 0.08] - ]
2 L a o
E 0.6 1
2 0.04] o 0] By the wuse of the
0.02+ 1 temperature-jump/stopped-flow
0.00 T T T T T T . .
25 30 35 40 45 50 instrument, the reaction of Myso+

Temperature (°C)

and MgATP was measured
Appendix Figure 2. Temperature .
dependence of the amplitudes of the two phases between 20 and 55 °C. The
of the Myso+ fluorescence enhancement upon | flyorescence increase has two
the reaction with MgATP. The fast phase (m) is
the recovery step, the slow phase (o) corresponds phases at every temperature. The
to the hydrolysis step. The measurement of the
reaction at extreme temperatures was allowed by
the temneratnre-inmn/stonned-flow instriment of the instrument was determined

signal change lost in the dead time

by measuring the fluorescence level of the apo Mywsoi+ at each temperature. Thus the
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relative amplitude of the two phases can be determined (Appendix figure 2). The
higher the temperature, the bigger the relative amplitude of the fast phase
corresponding to the recovery step. This confirms the finding that the fluorescence
increase of Myso+ has two phases at 20 “C. Consequently K3, was underestimated

previously (58).
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Appendix Figure 3. Ramachandran plots of the relay helix residues in the pre-recovery
structures of Mgagia ras2a and Mpgsza (black) compared to that of the wild type (red). The @, ¥
angles belong to 125 collected structures picked up at each 2 ps time point from the 250 ps-
long equilibrium phases of the molecular dynamic simulations.
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Tables

Table 1. Kinetic data of nucleotide binding of Mz39+ and My4,+
Rate constants of nucleotide binding of Myn»39+ in the presence and absence of Mg2+
based on stopped-flow experiments. ko, were determined from the slope of the initial
linear part of the plots of ko versus ligand concentration. Kiyduced fic are the maximum
observed rate constants from the hyperbole fitting of the same plots. ki are
determined from the intercepts of the initial linear part of the plots.

ligand | rate constant Mw239+ Mwaa2+ t\;/[:g‘
- 20 °C 12 °C 5°C 5°C 20 °C
Kon (UM7s7) 1.4 - 0.87 2.1 0.66
MgATP 1 am (51| 1100 } 450 400 ;
ko (uM'sH[ 39 4.1 3.4 0.82 1.4
Kinduced fit (s'l) >>1000 1000-1500 800 300 400
MgADP | ko D) - 30 10 41 7.9
Kp (uM) - 73 2.9 50 5.6
Kiso observed - 55 32 - -
Kon (uM'ls'll) 12 - - B -
kinduccd fit (S- ) >>1000 - - - -
ADP Kofr s 50 B N N N
Kp M) [ 42 - - _ N
* published in (58)

Table 2. Elementally rate constants of switch 1 isomerization
and that of the MgADP binding to Mw239+.

rate constant Data 20°C | 12°C 5°C
analysed
kiso switch 1, forward (S-l) 1\/Ig24r 20 6 ~
Kiso switch 1. backward (5 binding/ 29 18 12
iso switch | dissociation | 0.7 0.3 ~0.1
kiso switch 1, forward S-] - 23 3
kiso switch 1, backward (S- ) MgADP - 32 29
Kion (uM's binding 3.8 3.5 33
Koon (uMsT) 2.7 0.57 | ~0.15
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Table 3. Switch 1 fluorescence states assigned to structural states.

Relative fluorescence . .
intensities of Trp-239 Ligands bound to myosin Structural states Nomenclature
. -Weak ADP-
* .
High ﬂtlorescence Ek M): Actin and/or MgADP 1W7I bound state
113% (360 nm *) -Open switch 1
Intermediate
fluorescence (M): 100% None (Apo state) 1W8J, 1Q5G Apo
(350 nm)
-Nucleotides or analog in W71 IMMA
Low fluorescence ("M): ;Vhlc: the I&?;p}j:lt;; 1; IMMD, IMMG, -Closed switch
63% (340 nm) § oceupie » ALEEL IMMN, IMND, 1
AMP.PNP ) IMNE, 1VOM
- MgADP i
Lowest fluorescence 2
(""M): 55% (349 nm) Mg" -free ADP

Table 4 Stern-Volmer constants of the acrylamide quenching experiments of 3uM Myso;+,
Mipusiaras2a, and Mggsoa. They were titrated with up to 0.4 M acrylamide in the absence and
presence of different nucleotides at 20 °C (Supplemental Figure 2). In Mysg,+ the difference in the
Stern-Volmer constants of the up (MgADP.AIF,) and the down (MgADP) lever arm states is
significantly larger than the mutants’.

Stern-Volmer constant (M™)

Nucleotide Muwso1+ Miusia,pas2a Mies24
none 4.11£0.09 4.10 £ 0.08 3.77 £ 0.08
ADP 3.73+0.07 3.70 £ 0.08 3.34+0.12
ATP 3.20+0.08 3.74+0.08 3.26+0.10

ADP.AIF, 2.98 +0.04 3.58 +£0.07 3.15+0.07
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Table 5 Rate constants and equilibrium constants of some reaction steps in Scheme 1 of
Muwsors» Mrssiarsszas and Migsaa. K3=M* ATP/M'.ATP and K3,=M* ADP.P/M*.ATP were
calculated from the amplitude of the P; burst (e“"’a"*“‘Kl.ydmlysi,:M*.ADPP;/(M*‘ATP+M*.ATP))
and the amplitude of the fluorescence enhancement upon ATP binding (™™ Kiecovery
wep=(M* ATP+M* ADP.P,)/M'ATP and M* ATP=M*,,)-M* ADP.P;). All parameters were
measured at 20 °C, otherwise stated.

Parameters of Scheme 1 Nucleotide Muwsor+ | Mragiaras2a | Mresza
Kk (uM's™) MgADP 1.50 0.33 0.30
k(s Mg mant-ADP | 3.5 0.36 0.4
Kikey (uM's™) (6 °C) 0.80 0.15 0.13
kia(s1) (6 °C) 400 170 126
PPK rocovery step 5.25 0.27 0.14
PP Kiydrolysis 0.43 0.11 0.05

MgATP

K32 (recovery step) 2.7 0.14 0.09
Kb (hydrolysis) 0.55 0.91 0.66
Kobserved hydrolysis M 25.0 53 22
kae (s 0.05 0.14 0.07

Table 6 Kinetic and thermodynamic parameters of the actin-myosin interaction and actin
activation of Mwsor+, Mrasia ras2a, and Mpgsoa. Data signed with * are published in (28).

experiment parameter Muwsor+ Miagiaras2a Miss2a
ATP induced actin- | Kjkiy (uM's™) of ATP 0.18 1.3 1.5
myosin dissociation ) 121 600 700
koa(uM'sT) 1.60 = 0.04* | 0.41+0.05 | 0.61%0.04
ka(s) 0.047 £ 0.002* | 0.14+0.01 | 0.1+0.03
o Ko (1M) 0.03* 0.34 0.16
Actin binding Fops (MTs T 0.22 £0.02* | 0.07 £0.002 0.12+
kpa(sh 0.027 = 0.002* | 0.11+0.003 | 0.108 = 0.008
Kapa (M) 0.12% 1.57 0.90
Actin-activated Vinax (57) 3.8 1.2 1.2
ATP-ase activity Ku (uM) 67 61 98
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Table 7.

Table 7 Rate constants and equilibrium constants of some reaction steps in Scheme 1 of
Muywsor+ and Mys;p.Ks=M* ATP/M"ATP and K;=M* ADP.P/M* ATP were calculated
from the amplitude of the P; burst (a"""“e“'Khydmlys,S:M*.ADPP;/(M*ATP-%—M*.ATP)) and the
amplitude of the fluorescence enhancement upon ATP binding ("™ *"Kiecovery
s.cp:(M”‘.ATP+M*.ADP‘Pi)/MJ'ATP and M* ATP=M*,..)-M* . ADP.P;). All parameters were
measured at 20 °C.

Parameters of Scheme 1 Nucleotide | Mwsor+ | Mys7ap
Kiko (uM's™) 1.50 1.7
MgADP
ki (s 5 2.5
P Kiccovery step 525 | 0.68
PP Khydrolysis 0.43 0.4
K3a (recovery step) 2.7 <0.1
K3 (hydrolysis) 0.55 >5.7
Kobserved hydrolysis s 25.0 6
kg (s7) 0.05 0.28
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Abbreviations

A actin

Ala, A alanine amino acid

Asn, N asparagine amino acid

Arg, R arginine amino acid

ATP-ase adenosine 5’ triphosphatase

EDTA ethylene diamine tetraacetic acid
EGTA ethylene glycol tetraacetic acid

Glu, E glutamate amino acid

GPCRs G-protein-coupled receptors

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
M myosin

MgADP magnesium adenosine 5’ diphosphate
MgADP.P;  magnesium adenosine 5’ diphosphate and inorganic phosphate
MgATP magnesium adenosine 5’ triphosphate
MgGDP magnesium guanosine 5’ diphosphate
MgGTP magnesium guanosine 5’ triphosphate
mant- N-methyl anthraniloyl

NADH nicotin amide adenine dinucleotide
NTP-ase nucleoside triphosphatase

obs observed

P; inorganic phosphate group

PEP phosphoenol pyruvate

Phe, F phenylalanine amino acid

PK/LDH pyruvate kinase / lactate dehydrogenase
Tyr, Y tyrosine

Trp, W tryptophan
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