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5. RESULTS

5.1 Expression of rat myosin 9b

In order to study the myosin 9b motor properties, full length rat myosin 9b (myr 5) with

a N-terminal hexahistidine-tag and a C-terminal FLAG-tag was expressed together with

rat calmodulin in Sf9 insect cells. The optimal ratio of calmodulin to myo9b expressing

viruses was determined to be 1:2. The best yield of soluble myo9b was obtained when

the insect cells were co-infected with myo9b virus at a M.O.I. (Multiplicity of Infection)

of 10 and calmodulin virus at a M.O.I. of 20. No differences in the amount of soluble

Myo 9b were observed when either the polyhedrin or p10 promoter was used to drive

calmodulin expression.

Analysis of protein expression at different time after cell infection revealed that the

highest levels of myo 9b were expressed 72 h after cell infection (Fig. 18).

Fig. 18: Time course of myo 9b expression in
Sf9 insect cells. To determine the best time for
harvesting of infected cells, they were infected
at an M.O.I. of 10 with recombinant virus.
After 24h/ 48h/ 72h the cells were collected,
washed in PBS, resuspended in 40 µl 2X
STOP buffer and boiled for 10 min at 100°C.
The samples were run on a 7.5% SDS gel. The
position of myo 9b is indicated with an arrow
on the right. Uninfected Sf9 insect cells
(labeled w.t.) were loaded as a control in the
first lane.
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Similar results were also obtained when the H5 insect cells were infected instead of Sf9

cells (Fig. 19).

Fig. 19: Myo 9b expression in Sf9 and H5 insect cells. Myo 9b was expressed together with calmodulin in
both Sf9 insect cells and H5 insect cells. The cell lysate was prepared as described in methods. Samples
were loaded on a 7,5% SDS-gel as follows: S 18,000 indicates the supernatant after the first
centrifugation at 18,000 rpm; P 18,000 indicates the pellet resuspended in lysis buffer after the first
centrifugation at 18,000 rpm; S 45,000 indicates the supernatant obtained after the second centrifugation
at 45,000 rpm; and P 45,000 indicates the pellet obtained after the second centrifugation that was
resuspended in lysis buffer. The position of myo 9b is indicated with an arrow on the left. Molecular
weight markers are indicated on the right.

5.2 Purification of rat myosin 9b

From clarified Sf9 cell extracts rat myosin 9b was affinity purified over a nickel-

sepharose column. Eluted fractions containing the 230 kD rat myosin 9b heavy chain

are shown in Fig. 20. The identity of this band as myo 9b was confirmed by

immunoblotting.
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Fig. 20: Affinity purification of rat myosin 9b. The clarified cell lysate was applied to a nickel-agarose
column and adsorbed protein was eluted with increasing imidazole concentrations. Eluted fractions (1-11)
containing Myo 9b were examined by SDS-PAGE (7.5%) and Coomassie Brilliant Blue staining. Myo 9b
eluted approximately at 100-200 mM imidazole. Molecular weight markers are indicated on the left, Myo
9b is indicated on the right.

Together with myo9b a protein band co-migrating with authentic calmodulin was

copurified (Fig. 21). This band showed a mobility shift when it was run in the presence

of Ca2+, a further characteristic of calmodulin.

Fig. 21: Co-purification of calmodulin with rat
Myo 9b. Gradient (7,5-15%) SDS-PAGE of
purified and dialyzed rat Myo 9b (lane 1) and of
authentic bovine calmodulin (lane 2). The
positions of rat Myo 9b and calmodulin (CaM)
are indicated.
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The stoichiometry of rat myosin 9b heavy chain to calmodulin varied somewhat

between different preparations. However, several preparations exhibited a stoichiometry

of 1:4 in accordance with the four IQ-motifs present in the light chain binding domain

of rat myosin 9b. Typical preparations from about 4 x 108 cells yielded between 300 µg

and 1 mg of protein with the rat myosin 9b heavy chain representing 20-30% of total

protein. A band with molecular weigh of ~100 kDa was the most prominent

contaminant. It is important to note that no band at the same molecular weight as actin

(~40 kDa) was detected. Further purification over an ion-exchange column resulted in

pure (Fig. 22), but inactive rat myosin 9b.

Fig. 22: Purification of myo 9b by
i o n  e x c h a n g e  c o l u m n
chromatography. Myo 9b was
affinity purified using the
hexahistidine tag followed by an ion-
exchange column resulting in pure
Myo 9b protein. The samples were
analyzed in SDS PAGE (7.5%).
Lane 1: supernatant after high speed
centrifugation (45,000 rpm); lane 2:
pe l l e t  a f t e r  h igh  speed
centrifugation; lane 3: flow-trough
of the nickel affinity column; lane 4:
pool of affinity purified myo 9b;
lane 5: Myo 9b containing fraction
eluted from a mini Q anion exchange
column.
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5.3 Myosin 9b shows actin dependent ATPase activity

The myosins are a family of actin-based molecular motors, that exhibit actin-activated

Mg2+ ATPase activity. In order to characterize the biochemical properties of myo 9b, the

ATPase activity of purified myosin 9b was measured.

The Mg2+-ATPase activity of rat myosin 9b determined in the absence of actin at 37oC

was 0.1 s-1. It was markedly activated by the addition of increasing amounts of actin as

shown in Fig. 23, demonstrating that the rat myosin 9b exhibits biochemical

characteristics of a bona fide myosin.

Fig. 23: Rat myosin 9b exhibits actin-activated ATPase activity with a low KATPase. The actin-activated
ATPase activity of rat Myo 9b was measured in the presence of 20 µM exogenous calmodulin and
different amounts of actin in a buffer of 20 mM Hepes, pH 7.4, 2.5 mM MgCl2, 1.25 mM EGTA, 23 mM
KCl, and 1 mM 2-mercaptoethanol. ATPase assays were started by the addition 2 mM [γ-32P] ATP and
incubated for 1 h at 37 °C. The ATPase activity of actin alone was subtracted from each data point. Data
points were fitted to the Michaelis-Menten equation with the program SigmaPlot 2000.

The curve fit with an equation of v= Vm[actin]/(Kactin + [actin]) gave a remarkably low

Kactin of 1.9 µM and a Vmax of 2.6 s-1. Such a low Kactin has previously been reported

only for the processive myosins V and VI (Nascimento et al., 1996; Homma et al.,
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2000; Wang et al., 2000; Yoshimura et al., 2001). The Vmax was calculated based on

total protein. Because the myo 9b content was 20-30% of total protein, the Vmax is

actually 3-5 times higher.

The K/EDTA-ATPase activity is a parameter which is specific for myosin and it has

been used to characterize conventional myosin. However, myosin 9b did not show any

K/EDTA-ATPase activity.

5.4 Calmodulin regulates the actin dependent ATPase activity

The neck of Myo 9 b contains four distinct light-chain binding IQ motifs (Reinhard et

al. 1995). Calmodulin, a calcium binding protein, has been found to be associated with

myosin 9b (Reinhard et al., 1995; Post et al., 1998).

In order to express complete active recombinant myosin 9b the insect cells were co-

infected with myosin 9b virus and calmodulin virus. Calmodulin was purified together

with myo 9 b (Fig. 21), but it was found that the stoichiometry of rat myosin 9b heavy

chain to calmodulin varied somewhat between different preparations.

To investigate the influence of the calmodulin stoichiometry on the ATPase activity, we

determined the ATPase activities of rat myosin 9b preparations exhibiting different

stoichiometric ratios of calmodulin in the absence and in the presence of 20 µM

exogenous calmodulin (Fig. 24). Maximal actin-activated ATPase activity without the

addition of exogenous calmodulin was only found when the stoichiometry of

calmodulin to rat myosin 9b was 4:1. Purified rat myosin 9b with a stoichiometry of 2

calmodulins per heavy chain exhibited only about half the ATPase activity measured in

the presence of exogenous calmodulin. At a stoichiometry of 1:1, the activity was even

further attenuated in comparison with the activity measured after the addition of

exogenous calmodulin. These results demonstrate that all 4 IQ-motifs of rat Myosin 9b
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must be occupied by calmodulin for maximal actin-activated ATPase activity and that

exogenous calmodulin is able to bind rat myosin 9b.

Fig. 24: Rat Myo 9b actin-activated ATPase activity depends on the stoichiometric ratios of bound
calmodulin. The actin-activated ATPase activities of rat myosin 9b with different ratios of associated
calmodulin were determined in the presence of 20 µM actin and either with (black bars) or without (gray
bars) the addition of 20 µM calmodulin. Ratios of rat myosin 9b associated calmodulin were quantified by
densitometry of Coomassie-stained SDS gels. The conditions for the ATPase assay were the same as
described in Methods.

5.5 The actin-activated ATPase activity is dependent on the ionic

strength

In order to investigate the influence of the ionic strength on the actin-dependent ATPase

activity of myosin 9b, ATPase assay were performed at different ionic strength varying

the KCl concentration from 30 to 300 mM at a fixed actin concentration (20 µM).

It was found that the actin-activated ATPase activity was dependent on the ionic

strength. The increase of the KCl concentrations from 30 mM to 300 mM decreased the

actin-activated ATPase activity from 2 s-1 to 0.5 s-1 (Fig. 25). This reduction is likely to

reflect a significant decrease in Vmax as these measurements were performed at an

actin concentration ten times higher than the Kactin at 30 mM KCl.
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Fig. 25: Increasing the salt
concentration decreases the actin-
activated ATPase activity of rat
Myo 9b. The Mg-ATPase activity
of rat myosin 9b was determined
as described in Methods at
increasing concentrations of KCl
from 30 mM to 300 mM. The
assay contained 20 µM exogenous
calmodulin and 20 µM actin.

5.6 Regulation of the actin-activated ATPase activity of rat myosin 9b

by Ca2+

Myosin 9b contained four Ca2+-binding calmodulin light chains that might be able to

control the ATPase activity. Therefore, the ATPase activity of rat myosin 9b was

determined as a function of free calcium. The actin–activated ATPase activity was

markedly inhibited in the presence of micromolar amounts of free Ca2+ irrespective

whether exogenous calmodulin was included in the assay or not (Fig. 26).

Fig. 26: Rat myosin 9b actin-
activated ATPase activity is
inhibited by free calcium in the
absence and presence of 20 µM
exogenous calmodulin. Actin-
activated ATPase activities were
measured either in the presence
of EGTA (black bars) or 20 µM
free calcium (gray bars). Assays
were performed in the absence
and presence of exogenous
c a l m o d u l i n  ( 2 0  µM),
respectively. Conditions were as
described in Methods using 20
µM actin.
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Determination of the calcium inhibition curve in the presence of exogenous calmodulin

revealed a half maximal inhibition of the actin-activated ATPase activity of rat myosin

9b at approximately pCa 6 (Fig. 27). This concentration corresponds well with the

calcium affinity of the N-terminal lobe of calmodulin (Chin et al., 2000) and supports

the notion that the observed inhibition is due to the binding of Ca2+ to 3 or more of the

four calmodulin light chains of rat myosin 9b.

Fig. 27: Calcium-binding to calmodulin inhibits rat Myo 9b ATPase activity. Actin-activated ATPase
activity of rat Myo 9b was measured as a function of different concentrations of free calcium (0.001 µM
to 50 µM), using a Ca/EGTA buffer system. ATPase assays were performed in the presence of 20 µM
exogenous calmodulin and 20 µM actin using the same conditions as described in Methods.

Calcium might inhibit the ATPase activity by causing a dissociation of one or more of

the calmodulins from the neck region or via a Ca2+-induced conformational change in

the calmodulin light chains. In the first case, the ATPase activity may be reversible less

easily after the chelation of Ca2+ because of the loss of calmodulin into the buffer. In the

second case, the activity should be reversible more easily. To discriminate between

these two possibilities, the reversibility of the calcium inhibition was determined.

The Ca2+ inhibition of the rat myosin 9b actin-activated ATPase activity was partially

reversible. Chelation of free calcium ions with EGTA after a 30 min incubation of

purified rat myosin 9b with 50 µM free Ca2+ raised the ATPase activity again up to 60%
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of the initial level (Fig. 28). This result indicated that an increase in Ca2+ leads to a

partial dissociation of calmodulin from the rat myosin 9b heavy chain. However, the

addition of 20 µM exogenous calmodulin did not improve the reversibility indicating

that 50 µM Ca2+ induced a partially irreversible loss of activity.

Fig. 28: Calcium inhibition of the rat myosin 9b actin-activated ATPase activity is reversible. To assess
the reversibility of the calcium inhibition, purified rat Myo 9b was preincubated for 30 min in 50 µM free
calcium before chelating free calcium with an excess of EGTA. The ATPase activities were measured in
the presence of 20 µM exogenous calmodulin and 20 µM actin. Actin-activated ATPase activity of rat
myosin 9b was measured in the absence of free calcium (EGTA) and set 100%.  Measurements in the
presence of 50 µM free calcium (50 µM Ca2+) demonstrated an inhibition of the ATPase activity. The
ATPase activity was partially reversible when free calcium was chelated with an excess of EGTA
(Ca2++EGTA). Conditions were as described in Methods.

5.7 Influence of ADP on the rat myosin 9b actin-activated ATPase

activity

Very recently it has been demonstrated that myo 9 b is a processive motor (Post et al.,

2002; Inoue et al., 2002). The actin-activated ATPase activity of the processive motors

myosin V and myosin VI is markedly attenuated with reaction time due to the inhibition

by ADP liberated during the ATPase reaction. The rate limiting step in the ATPase

cycle of these processive myosins was determined to be the step of ADP release (De la

Cruz et al., 1999; De la Cruz et al., 2000b; Rief et al., 2000; Yoshimura et al., 2001). In
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order to study the influence of the increasing ADP concentrations produced by the

myosin 9b ATPase activity, ATP hydrolysis was measured for different times.

The actin-activated Mg-ATPase activity of rat myosin 9b decreased somewhat during

prolonged reaction times. To investigate whether this decrease in activity was due to the

increasing ADP concentrations produced during the reaction competing with ATP for

the nucleotide binding site, we used an ATP-regeneration system to keep the ADP

concentration low. However, no significant difference in the ATPase activity of myosin

9b was observed in the presence of the ATP regeneration system (Fig. 29). The

activities determined at increasing time points both in the absence and presence of the

ATP regeneration system were comparable. This result demonstrated that the ADP

produced during the ATPase assay was not significantly inhibiting the rat myosin 9b

ATPase activity and that this was not the reason for the decrease of activity over time.

Fig. 29: Time course of the actin-
activated ATPase activity of rat Myo
9b with and without an ATP-
regenerating system. ATPase activity
(Pi released) was measured in the
presence (with RS) and absence
(without RS) of an ATP- regenerating
system (20 units/ml pyruvate kinase
and 3 mM phosphoenol pyruvate)
using 20 µM actin and 20 µM
exogenous calmodulin. Samples were
incubated at 37°C for different times
from 20 to 90 min.

To look at the influence of ADP on the rat myosin 9b ATPase activity directly, the actin

activated ATPase activity was measured in the presence of increasing amounts of ADP

(Fig. 30). The rat myosin 9b ATPase activity was reduced to nearly half its value when
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ADP and ATP concentrations were equal (2 mM) in the assay, indicating that the

affinity of rat myosin 9b for ADP was not higher than for ATP.

Fig. 30: Inhibition of the actin-activated ATPase activity of Myo 9b by ADP. The dependence of the
actin-activated ATPase activity of Myo 9b on different ADP concentrations (0-2 mM) was measured.
Conditions were as described in Fig. 24 and in Methods, using 2 mM ATP, 20 µM exogenous calmodulin
and 20 µM actin.

5.8 Binding of rat myosin 9b to F-actin

It has been reported that human myosin 9b cosediments with F-actin in the presence of

ATP (Post et al., 1998; Inoue et al., 2002). High affinity binding to actin in the presence

of ATP is a characteristic of the highly “processive” myosin V and VI motors (Metha et

al., 1999). To determine the interaction of rat myosin 9b with F-actin, actin co-

sedimentation assays with purified recombinant rat myosin 9b were performed in the

presence and absence of ATP. As a control, F-actin was omitted from the binding

assays. The majority of rat myosin 9b cosedimented with F-actin in the absence of ATP

(Fig. 31). To test whether the remainder of the purified rat myosin 9b still contained
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bound nucleotide, bound nucleotides were remove by chelating Mg2+ with EDTA.

Under these conditions, rat myosin 9b co-sedimented quantitatively with F-actin. In the

presence of ATP, about half of the rat myosin 9b remained bound to F-actin indicating

that it still exhibited a high affinity for F-actin. In the absence of F-actin, rat myosin 9b

did not sediment. The addition of free Ca2+ had no detectable influence on the actin

binding properties of rat myosin 9b.

Fig. 31: Binding of purified rat Myo 9b to F-actin. F-actin binding was determined by sedimentation in
dialysis buffer in the presence and absence of 10 µM actin, 2 mM ATP and 10 mM EDTA, respectively.
Exogenous calmodulin (10 µM) was included in all assays. Equal amounts of supernatants (S) and pellets
(P) were analyzed by SDS-PAGE (7,5% to 15%). Components added to each assay are shown above the
two lanes. Molecular masses are indicated on the right. Rat Myo 9b, calmodulin (CaM) and actin are
indicated on the left.
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5.9 Myosin 9b head is expressed in insect cells

The motor activity resides in the head domains of the myosin molecules. In order to

study the motor properties of myosin 9b, the head domain (aa. 1-960) was expressed in

insect cells using the Baculovirus expression system.

The expression levels after different times of infection were determined. The myo 9b

head was highly expressed in Sf 9 cells and in H5 cells 48-60 h after virus infection

(Fig. 32).

Fig. 32: Expression of myo 9b head in Sf9
insect cells and in H5 insect cells. Insect
cells were infected with recombinant myo9b
head virus. After 60 h the cells were
collected, washed in PBS, resuspended in
2X STOP buffer and boiled. Samples were
analyzed by 7,5% SDS-PAGE. Sf9 indicates
the sample of the Sf9 insect cells infected
with myo 9b head recombinant virus; H 5
indicates the sample of the infected H5
insect cells; C indicates a sample of
uninfected Sf9 cells.
Molecular mass marker and myo 9b head are
indicated.

5.10 Purification of rat myosin 9b head

To purify Myo 9bhead, infected cells expressing high levels of Myo 9b head were lysed

and centrifugated. Clarified cell extracts were devoid of any myo 9b head and the myo

9b head was quantitatively recovered in the pellet (Fig. 33).
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Fig. 33: Solubility of recombinant myo 9b
head protein. Sf 9 insect cells, infected
with myo 9b head recombinant virus,
were resuspended in two different lysis
buffers. Lane 1: Lysate of infected Sf9
cells in buffer A containing 20 mM
Tris/HCl pH 8, 200 mM NaCl, 2 mM
MgCl2, 1 mM β-mercaptoethanol, 10%,
glycerol, 2 mM ATP, 0.5 M EGTA, 0.1
mg/ml Pefabloc, 7.6 m/TIU Aprotinin.
Lane 2: Supernatant after centrifugation at
18,000 rpm. Lane 3: Pellet after
centrifugation at 18,000 rpm. Lane 4: Sf9
insect cells infected with myosin 9 b head
virus lysed in buffer B containing 20 mM
Pipes pH 6.8, 200 mM NaCl, 2 mM
MgCl2, 1 mM β-mercaptoethanol, 10%,
glycerol, 2 mM ATP, 0.5 M EGTA, 0.1
mg/ml Pefabloc, 7.6 m/TIU Aprotinin.
Lane 5: Supernatant after centrifugation at
18,000 rpm. Lane 6: Pellet after

centrifugation at 18,000 rpm. Proteins were separated by 7,5% SDS-PAGE and stained with Coomassie
blue. Molecular weight markers are indicated on the left. Myo 9b head is indicated on the right

In order to solubilize the protein, high salt buffers, low salt buffers and diverse

detergents were used. But the result was invariable. None of these treatments resulted in

the extraction of myo 9b head.

To release a potential association of the positively charged myo 9b head from

negatively charged nucleic acids, DNAase, RNAase or heparin were added to the

extraction buffer at a concentration of 10 U/µl. But also these treatments were not able

to solubilize myo 9 b head from the pellet.

Encouraging results were obtained when the cells were coinfected with calmodulin

virus at an M.O.I. of 10 for both constructs. In these experiments myo 9b head was

partially soluble and it was possible to purify tiny amounts using anti-FLAG agarose

(Fig. 34). The purified protein was dialyzed against the same buffer as myosin 9b and

the protein concentration was determined. However, the amount of protein was very

small. The purified myo 9b head was tested for actin-activated ATPase activity, but no

ATPase activity was detected.



Results 76

Fig. 34: Purification steps of recombinant myo 9b head protein. Sf9 cells were infected and myo 9b head
was purified as described in Methods. Lane 1: Cell lysate. Lane 2: Medium speed supernatant. Lane 3:
Medium speed pellet. Lane 4: High speed supernatant. Lane 5: High speed pellet. Lane 6: Flow-through
from FLAG affinity beads. Lane 7 and 8: Wash steps. Lane 9: First eluate. Lane 10: Second eluate. Lane
11: FLAG beads washed with lysis buffer. Lane 12: FLAG beads boiled at 100°C for 10 min in SDS
sample buffer. Proteins were separated with 7,5% SDS-PAGE and stained by Coomassie blue.

5.11 Rat myosin 9b head insertion splice forms are expressed in Sf 9

insect cells

Using PCR, two different new splice forms have been identified within the head

insertion of rat myosin 9b, referred to as clone 3 and clone 7 (Fig. 35). Clone 3 codes

for an additional 30 amino acids that are inserted at amino acid 741 of rat myosin 9b,

whereas clone 7 codes for an additional 35 residues inserted at residue 741.
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Fig. 35: Location and sequence of the two head insertion splice forms (clone 3 and clone 7). Residues
encoded by the original clones are in bold.

These additional amino acids are in a loop proposed to directly interact with the actin

filament (Schröder et al., 1995) and to regulate the ATPase rates and the

mechanochemical coupling (Uyeda et al., 1994, Rovner et al., 1995).

To investigate the splice variants for potential differences in motor properties, they were

expressed in the Baculovirus Expression System. Both recombinant proteins were

expressed in Sf 9 insect cells (Fig. 36).

Fig. 36: Expression of
myosin 9b head insertion
splice forms in Sf9 insect
cells. Insect cells were
infected either with Myo
9b splice form-clone 3
recombinant virus or with
Myo 9b splice form-clone
7 recombinant virus
(M.O.I.  10).  After
48h/72h the cells were
collected, washed in PBS
and resuspended in 2X
STOP buffer .  The
samples were boiled at
100°C and analyzed by
7,5% SDS-PAGE (A)
and immunoblotting (B).

Lanes 1 and 2: Sf9 insect cells infected with splice form clone 3 for 48h (lane 1) and for 72h (lane 2).
Lanes 3 and 4: Sf9 insect cells infected with splice form clone 7 for 48 h (lane 3) and for 72 h (lane 4).

A. Comassie Blue-stained 7.5% gel.                    B. Immuno-blot with myosin 9b antibody FP3/F8.
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Both splice forms appeared to be expressed with the same time course as the original

myosin 9b.

Future work will have to determine their solubility, to work out a purification method

and to determine their biochemical activities.


