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6. DISCUSSION

6.1 Expression and purification of recombinant myosin 9b

Recombinant myosin 9b has been successfully expressed in Sf9 insect cells. The

baculovirus system was chosen to express myo 9b because it gave a satisfactory amount

of active protein and because it allowed the co-expression of calmodulin, which is

necessary to obtain soluble rat myosin 9b. Nevertheless, a considerable fraction of

recombinant myo 9b was insoluble. The amount of insoluble protein was dependent on

the myo 9b expression level. High myo 9b protein expression was correlated with a high

level of insoluble protein. By increasing the M.O.I. of calmodulin virus in respect to the

M.O.I. of myo 9b virus, the myo 9b expression level decreased and the protein

solubility increased, although a significant amount of insoluble protein remained in the

pellet. A correlation between the amount of calmodulin and active recombinant Myo 9b

was supported by results from the ATPase assays. In fact, for maximal Mg-ATPase

activity, myosin 9b needed a full complement of calmodulin light chains. Myosin 9b

contains in its light chain binding domain four IQ motifs. The co-expression of rat

myosin 9b together with rat calmodulin in insect cells led to the copurification of four

calmodulin molecules per recombinant rat myosin 9b heavy chain, demonstrating that

all four IQ motifs present in rat myosin 9b are able to bind calmodulin.

It is important to note that different rat myosin 9b preparations showed different

stoichiometric ratios of calmodulin. Different calmodulin virus preparations may have

had different capacities of infection and were therefore not able to infect the insect cells

with the same ability as the myosin virus and as a result they induced an expression

level inadequate to saturate the four light chain bindings sites of myo 9b. In fact, it is
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known that the virus solution loses the capacity of infection with time and that could

explain the different ability of the virus to infect the cells. Rat myosin 9b was purified

by affinity chromatography and used for biological tests as further anion exchange

chromathography resulted in pure but inactive rat myosin 9b. It is still unknown if the

lack of activity in the pure preparation was due to the purification method or to the loss

of some cofactor essential for actin activated ATPase activity.

6.2 Myosin 9b exhibits actin activated ATPase activity with a low

KATPase

The basal Mg-ATPase activity of rat myosin 9b was 0.1 sec-1. The ATPase activity was

markedly stimulated by actin to Vmax of 2.6 sec-1 (525 nmol/min/mg myo 9b).

The obtained values of Kactin (1.8 µM) were significantly lower than those of non

processive myosins such as skeletal muscle myosin II (Margossian et al., 1982),

molluscan myosin II (Chalovich et al., 1984), Dictyostelium myosin II (Murphy et al.,

2001), myosin I (Zhu et al., 1996; Pollard et al., 1991; Albanesi et al., 1983; Lynch et

al., 1989) and myosin X (Homma et al., 2001). However, they were similar to the values

reported for the processive myosin V (Nascimento et al., 1996; Trybus et al., 1999;

Homma et al., 2000; Wang et al., 2000). Recent in vitro motility assay experiments

either with immunoadsorbed human myosin 9b from leukocytes (Post et al., 2002) or

with a recombinant human myosin 9b fragment (Inoue et al., 2002), suggested that

myosin 9b is a processive myosin with a high duty ratio. The remarkably low Kactin of

rat myosin 9b for actin is in agreement with these results. The processivity of myosin

9b, as reported by Post et al. (2002) and Inoue et al. (2002) and the low Kactin determined

here, may depend on a large insertion at the position of loop 2, a position previously

implicated in the regulation of actin affinity (Schröder et al., 1993; Uyeda et al., 1994;
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Murphy et al. 1999; Furch et al., 1998). It is possible that there is an analogous

mechanism operating in myosin 9b as in the monomeric, processive microtubule-

dependent motor protein Kif1a, which possesses an inserted loop, rich in lysine

residues, that keeps Kif1a in contact with the microtubule (Okada et al., 1999; Okada et

al., 2000). In analogy, the basic myo 9b insertion may keep Myo 9b in contact with the

actin track. In support of this idea is the finding that the isolated insertion binds to actin

with very high affinity (Kalhammer, PhD thesis, 1998).

The high duty ratios of myosin Va and myosin VI have been explained by the slow

ADP release that prolongs the duration of the strong binding to actin and by the

acceleration of the rates associated with the weak actin binding states (De La Cruz et al.,

1999; De La Cruz et al., 2001). However, unlike in myosin Va, the actin-activated

ATPase activity of rat myosin 9b was identical in the absence or presence of an ATP-

regenerating system. The myosin 9b ATPase activity was moderatly inhibited by ADP.

The ATPase activity was inhibited to nearly half its value when ADP and ATP

concentrations were equal (2 mM) in the assay, indicating that the affinity of rat myosin

9b was not higher for ADP than for ATP. These results suggest that the ADP release

step is not rate limiting for the ATPase reaction. Therefore, it is proposed that the

processive motility observed for myosin 9b by Post et al. (2002) and Inoue et al. (2002)

depends on a different molecular mechanism in comparison to the two headed myosins

myo V or myo VI.

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

strength. Increasing the KCl concentrations from 30 mM to 300 mM decreased the

actin-activated ATPase activity from 2 s-1 to 0.5 s-1. It is not known how the KATPase of

Myo 9b varies with ionic strength. However, it is speculated that mostly the Vmax is

affected and not so much Kactin, because the affinity of the isolated insertion is still very

high at elevated ionic strength (Kalhammer, PhD thesis, 1998). Although the
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MgATPase activities of Myo V are ionic strength dependent (Wang et al., 2000), the

KATPase values were remarkable low at 80 mM KCl, and that of recombinant MyoV was

still very low even at 250 mM KCl (Wang et al., 2000).

6.3 The myosin 9b ATPase activity is modulated by

calcium/calmodulin

We have demonstrated that all four IQ-motifs of rat myosin 9b must be occupied by

calmodulin for maximum actin-activated ATPase activity, and that exogenous

calmodulin is able to bind rat myosin 9b. Although it has been shown that calmodulin is

coprecipitated with myosin 9b from tissues (Müller PhD thesis, 1997; Post et al., 1998),

the formal possibility remains that under physiological conditions not all four myosin

9b light chains are identical to calmodulin. Post et al. (1998) have reported that the in

vitro motility of immuno-precipitated human myo 9b is regulated by Ca2+ and that no

movement of actin filaments could be obtained without the addition of exogenous

calmodulin. The Ca2- dependent regulation of mammalian unconventional myosins was

first demonstrated for members of class I (Collins et al., 1990; Barylko et al., 1992; Zhu

et al., 1996; Zhu et al., 1998; Stöffler et al., 1997) and then subsequently for myosin V

(Trybus et al., 1999; Homma et al., 2000). In some myosins the ATPase activity was

increased by high Ca2+, in some it was inhibited at either pCa 7 or pCa 6 and in others it

was not affected at all (Barylko et al., 2000; Tauhata et al., 2001; Cameron et al., 1998;

Trybus et al., 1999; Nascimento et al., 1996; Homma et al., 2000; Yoshimura et al.,

2001). The rat myosin 9b ATPase activity was inhibited at approximately pCa 6, a Ca2+

concentration well within the physiologically relevant range. This Ca2+-concentration

corresponds to the Ca2+ affinity of the four calmodulin light chains of rat myosin 9b.

Subsequent conformational changes in calmodulin are responsible for the inhibition of
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the ATPase activity. It was originally thought that the inhibition of motility was due to

the dissociation of calmodulin from the heavy chain at high Ca2+ (Collins et al., 1990;

Swanliung et al., 1991). However, it was revealed that the inhibition is not always

linked to the dissociation of calmodulin, but can also be due to the conformational

change in calmodulin (Zhu et al., 1996; Zhu et al., 1998; Stöffler et al., 1997; Homma et

al., 2000). The partial reversibility of Ca2+ inhibition of the rat myosin 9b actin-

activated ATPase activity suggested that calmodulin mediates an allosteric regulation of

myosin 9b ATPase activity. The irreversible loss of 30% of the myosin 9b ATPase

activity even in the presence of exogenous calmodulin is difficult to explain. To better

understand the inhibition induced by calcium, it could be helpful to express and

characterize different constructs with one, two and three IQ motifs. That could clarify if

all four myosin 9b IQ motifs show an identical affinity to calmodulin and how they are

involved in the calcium regulation.

6.4 Myosin 9b cosediments with F-actin in an ATP-independent

manner

Myo 9b sedimented in the presence of F-actin but not in the absence of actin. In

addition, rat myosin 9b cosedimented with actin in both the absence and presence of

ATP. These results confirm that myo 9b spends most of its kinetic cycle strongly bound

to actin. Similar findings have also been reported for human myosin 9b (Post et al.,

1998; Inoue et al., 2002). This result is consistent with the observation that myosin 9b is

a processive motor (Inoue et al., 2002; Post et al., 2002). Like myosin-V (Nascimento et

al., 1996), myo 9b may remain bound to actin in the presence of ATP, either because its

duty cycle is different from conventional myosin II or because the head region has a

second ATP-insensitive actin binding site. A potential second ATP-insensitive actin
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binding site may reside in the large insert (~140 amino acids) of Myo 9b in loop 2

(Kalhammer PhD Thesis, 1998). This highly basic domain may well contribute to

maintaining high affinity binding to actin as Myo 9b goes through the ATPase cycle.

Another explanation for the ATP-independent binding of myosin 9b to actin could be

that myosin 9b is complexed with a second regulatory protein, switching myosin 9b

motor activity on or off. Such a regulatory mechanism might also explain the discovery

that myosin 9b purified to homogeneity did not exhibit detectable ATPase activity.

6.5 The myosin 9b head region is expressed in an insoluble form in

insect cells

The head region of myo 9b (aa. 1-960) was highly expressed in insect cells, but it was

completely insoluble. Attempts with different enzymes like DNAase, RNAase or

heparin, or with diverse detergents or with different salt concentrations, to remove the

head of myo 9b from the pellet were not successful. It is peculiar that cells infected with

myo 9b-head and calmodulin virus produced partially soluble protein. It is possible that

the insect cells are not able to fold correctly the myosin 9b head when it is over-

expressed so that the myosin 9b head aggregates. In this case, the co-expression of Myo

9b head with calmodulin that decreased the expression level of myosin 9b head may

have allowed for enough time the correctly fold the protein.
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6.6 Summary

This thesis reports the first biochemical characterisation of a class IX myosin, rat

myosin 9b, previously referred to as myr 5. Recombinant full length rat myosin 9b was

expressed together with rat calmodulin in Sf9 insect cells. Purified rat myosin 9b bound

four calmodulin light chains and exhibited actin-activated ATPase activity with a low

KATPase. A significant amount of rat myosin 9b was bound to actin in the presence of

ATP. These results suggest that rat myosin 9b is predominantly in an actin-attached

state during the ATPase cycle. The actin-activated ATPase activity was remarkably

insensitive to ADP, suggesting that the ADP-release step is not rate limiting. It was

recently demonstrated that human myosin 9b moves processively towards the minus-

end of actin filaments (Post et al., 2002; Inoue et al., 2002). It is postulated that the large

insertion in the myo 9b head region is important for the processive movement of myo

9b. The actin-activated ATPase activity was inhibited by a loss of calmodulin light

chains and by free Ca2+-concentrations above pCa6.


