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Melanophilin Stimulates Myosin-5a 
Motor Function by Allosterically 
Inhibiting the Interaction between 
the Head and Tail of Myosin-5a
Lin-Lin Yao1,*, Qing-Juan Cao1,2,*, Hai-Man Zhang1,2,*, Jie Zhang1, Yang Cao1 & Xiang-
dong Li1

The tail-inhibition model is generally accepted for the regulation of myosin-5a motor function. 
Inhibited myosin-5a is in a folded conformation in which its globular tail domain (GTD) interacts with 
its head and inhibits its motor function, and high Ca2+ or cargo binding may reduce the interaction 
between the GTD and the head of myosin-5a, thus activating motor activity. Although it is well 
established that myosin-5a motor function is regulated by Ca2+, little is known about the effects of 
cargo binding. We previously reported that melanophilin (Mlph), a myosin-5a cargo-binding protein, 
is capable of activating myosin-5a motor function. Here, we report that Mlph-GTBDP, a 26 amino-
acid-long peptide of Mlph, is sufficient for activating myosin-5a motor function. We demonstrate that 
Mlph-GTBDP abolishes the interaction between the head and GTD of myosin-5a, thereby inducing 
a folded-to-extended conformation transition for myosin-5a and activating its motor function. 
Mutagenesis of the GTD shows that the GTD uses two distinct, non-overlapping regions to interact 
with Mlph-GTBDP and the head of myosin-5a. We propose that the GTD is an allosteric protein and 
that Mlph allosterically inhibits the interaction between the GTD and head of myosin-5a, thereby 
activating myosin-5a motor function.

Class V myosin (Myo5) is one of the oldest classes of myosins, which is distributed from lower eukary-
otes, such as yeast, to vertebrate cells1. Thus far, the most well-characterized Myo5 is vertebrate Myo5a, 
which is a processive motor that is capable of individually moving along an actin filament for several 
steps without dissociation2–6. Myo5a contains a motor domain and an extended lever arm followed by a 
coiled-coil dimerizing region and a C-terminal globular tail domain (GTD)7.

Myo5a is responsible for the transportation and localization of a number of vesicles, including mela-
nosomes in melanocytes (for a review, see8). Melanosomes associate with Myo5a via Rab27a and melan-
ophilin (Mlph)9–11. Rab27a localizes to melanosome membranes and interacts with Mlph. Mlph contains 
an N-terminal Rab27a-binding domain and two independent Myo5a-binding regions9,10. The first inter-
action occurs between the melanocyte-specific exon-F in the Myo5a tail and Mlph-EFBD (Exon-F 
Binding Domain; residues 241–400), and the second interaction occurs between the GTD of Myo5a 
and Mlph-GTBD (Globular Tail domain-Binding Domain; residues 147–240)12. Spudich and colleagues 
narrowed down Mlph-GTBD to a 26-residue peptide (residues 176–201)13. Cell biology studies have 
demonstrated that both the interaction between exon-F and Mlph-EFBD and the interaction between the 
GTD and Mlph-GTBD are essential for rescuing the melanosome transport defect in dilute and leaden 
melanocytes9,14.
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A critical question is how the motor function of Myo5a is regulated. A tail-inhibition model for 
Myo5a regulation is generally accepted. In this model, Myo5a in the inhibited state is in a folded con-
formation such that its tail interacts with its head and inhibits motor activity, and high Ca2+ or cargo 
binding may reduce the interaction between the head and tail, thus activating motor activity15–17. Ca2+ 
activation of Myo5a’s motor function has been the subject of intense investigation15–23. Ca2+-induced 
activation of Myo5a’s ATPase activity is accompanied by a folded-to-extended conformation transition16. 
Truncation analyses of Myo5a have indicated that Myo5a motor function is inhibited by the GTD, and 
this inhibition is abolished by Ca2+19,20. We recently found that the calmodulin (CaM) in the first IQ 
motif participates in the interaction between the head and the GTD and is responsible for the activation 
of Myo5a by Ca2+24. Thus, it is likely that Ca2+ induces a conformational change in the CaM in IQ1, 
thereby preventing an interaction between the head and the GTD and causing motor function activation.

However, little is known about the effects of cargo binding on the motor function of Myo5a. Because 
the tail of Myo5a not only functions as a cargo binding site but also serves as a key regulatory com-
ponent of Myo5a, Sellers and colleagues proposed that the binding of cargo to the tail might activate 
the motor activity of Myo5a15. Consistent with this prediction, we found that Mlph directly stimulates 
the actin-activated ATPase activity of Myo5a25. Recently, Trybus and colleagues demonstrated at the 
single-molecule level that Mlph significantly increases the number of processively moving Myo5a mol-
ecules26. However, it is not clear whether Mlph activates the Myo5a motor by the same mechanism as 
Ca2+; i.e., by abolishing the tail inhibition of the head.

In this study, we found that Mlph-GTBDP, the 26-residue Myo5a-GTD binding peptide of Mlph iden-
tified by Spudich and colleagues13, is capable of activating the motor function of Myo5a. We demonstrate 
that Mlph-GTBDP abolishes the interaction between the GTD and the head of Myo5a, thus inducing a 
folded-to-extended conformational transition of Myo5a and activating its motor function. Mutagenesis 
of the GTD demonstrated that the GTD uses distinct regions to interact with Mlph-GTBDP and the head 
of Myo5a. We therefore propose that the GTD of Myo5a is an allosteric protein and that Mlph-GTBDP 
binding allosterically inhibits the interaction between the GTD and the head of Myo5a, thus activating 
the head’s motor function.

Results
Mlph-GTBDP stimulates the ATPase activity of Myo5a. Of the two Myo5a-binding sites 
Mlph-GTBD and Mlph-EFBD, we previously demonstrated that Mlph-GTBD is capable of stimulat-
ing the actin-activated ATPase activity (hereafter referred to as ATPase activity) of Myo5a25. Recently, 
structural studies27,28 have shown that Mlph-GTBDP, a 26-residue Myo5a-GTD binding peptide within 
Mlph-GTBD13, binds to a cleft in subdomain-1 (SD-1) of Myo5a-GTD (Fig.  1). Here, we examined 
whether Mlph-GTBDP is capable of stimulating the ATPase activity of Myo5a. As shown in Fig.  2A, 
Mlph-GTBDP significantly stimulated the ATPase activity of Myo5a-FL (full-length Myo5a) under EGTA 
conditions. The kinetics of Mlph-GTBDP-mediated stimulation follows the Michaelis-Menten equation 
with a Vmax of 4.99 ±  0.04 s−1 head−1 and a Kd of 19.77 ±  1.36 μ M for Mlph-GTBDP.

To further characterize the activation of the Myo5a-FL ATPase activity by Mlph-GTBDP, we com-
pared the actin dependence of the Myo5a-FL ATPase activity in the absence and presence of 60 μ M 
Mlph-GTBDP. Under EGTA conditions, 60 μ M Mlph-GTBDP increased the Vmax of the Myo5a-FL 
ATPase activity from 2.75 ±  0.21 to 6.05 ±  0.41 s−1 head−1 and decreased the Kactin from 45.68 ±  15.89 
to 11.52 ±  4.35 μ M (Fig.  2B). By contrast, 60 μ M Mlph-GTBDP did not significantly affect the ATPase 
activity of Myo5a-FL under pCa4 conditions (Fig.  2B). The Vmax and the Kactin of Myo5a-FL were 
~12 s−1 head−1 and ~40 μ M, respectively, regardless of Mlph-GTBDP. The Vmax under EGTA conditions 
in the presence of 60 μ M Mlph-GTBDP was approximately 50% of that under pCa4 conditions. Based 
on the Kd of Mlph-GTBDP association with Myo5a-FL (19.77 μ M), we calculated that only ~75% of 
Myo5a-FL was activated by 60 μ M Mlph-GTBDP (equal to 60/(60 +  19.77)). Thus, we expected that the 
ATPase activity of Myo5a-FL under EGTA conditions in the presence of saturating Mlph-GTBDP was 
approximately 66.7% (equals to 50%/75%) of that in pCa4 conditions.

We previously characterized the ATPase activity of two Myo5a-FL mutants, D136A and K1706A/
K1779A21. Both mutations completely abolish inhibition of Myo5a motor function by the GTD. The 
ATPase activity of these two mutants under EGTA conditions was 60–70% of that under pCa4 conditions 
(Fig. 2 and SI Table 1 in reference21). These numbers are close to the ratio of Myo5a-FL ATPase activity 
under EGTA conditions in the presence of saturating Mlph-GTBDP versus that under pCa4 conditions, 
indicating that Mlph-GTBDP is capable of completely abolishing the inhibition by the GTD.

Mlph-GTBDP induces an extended conformation of Myo5a by inhibiting the interaction 
between the GTD and head of Myo5a. It is well established that the tail of Myo5a, specifically the 
GTD, is the inhibitory domain and the inhibited state of Myo5a is formed by the binding of the GTD to 
the head of Myo5a19,20. Ca2+-induced Myo5a activation is accompanied by a conformational transition of 
Myo5a; i.e., from ~14 S of the folded conformation to ~11 S of the extended conformation15–17. Because 
Mlph-GTBDP stimulates the ATPase activity of Myo5a, we expected that, similar to Ca2+, Mlph-GTBDP 
would also induce a folded-to-extended conformation transition for Myo5a. To test this possibility, we 
used two approaches to examine the effects of Mlph-GTBDP on the conformation of Myo5a.
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First, we measured the sedimentation coefficient of Myo5a in the absence and presence of 
Mlph-GTBDP using analytical ultracentrifugation analysis. The sedimentation coefficient of Myo5a 
under EGTA conditions decreased from 14.7 S in the absence of Mlph-GTBDP to 11.7 S in the presence 
of 40 μ M Mlph-GTBDP, a value that is similar to that obtained under pCa4 conditions (Fig. 3A). These 
results indicate that Myo5a is in an extended conformation in the presence of Mlph-GTBDP.

Second, we used negative-staining electron microscopy to visualize the conformation of Myo5a in 
the presence of Mlph-GTBDP. Consistent with our analytical ultracentrifugation analysis results, most 
Myo5a molecules were in the folded conformation in the absence of Mlph-GTBDP, and in the presence 
of 40 μ M Mlph-GTBDP, the majority of Myo5a molecules were in the extended conformation (Fig. 3B). 
Note that the density of Myo5a-FL molecules in the presence of Mlph-GTBDP was significantly higher 
than that in the absence of Mlph-GTBDP. For clarity, we intentionally selected a less crowded field (right 
panel, Fig. 3B) to show the open conformation of individual Myo5a-FL molecules, which may indicate 
that Myo5a-FL molecules in the extended conformation attach more easily to the mica surface than those 
in the folded conformation.

The results described above suggest that Mlph-GTBDP stimulates the ATPase activity of Myo5a by 
inhibiting the interaction between the head and the GTD, thus inducing an extended conformation for 
Myo5a and attenuating the inhibition of the head by the GTD. Consistent with this notion, we found that 
Mlph-GTBDP inhibited the interaction between GST-GTD and Myo5a-HMM (Fig. 2D) and attenuated 
the inhibition of the Myo5a-HMM ATPase activity by GST-GTD (Fig. 2C).

The GTD uses two distinct regions to interact with Mlph-GTBDP and the head of 
Myo5a. There are at least two possible mechanisms by which Mlph-GTBDP inhibits the interaction 
between the GTD and the head of Myo5a, i.e. Mlph-GTBDP sterically blocks the head-binding site in the 
GTD or Mlph-GTBDP allosterically inhibits the interaction between the GTD and the head of Myo5a. 
To distinguish between these possibilities, we performed a mutagenesis analysis of the Mlph-GTBDP 
binding site and the head binding site in the GTD.

The crystal structures of the Myo5a-GTD/Mlph-GTBDP complex show that Mlph-GTBDP binds to 
a cleft in subdomain-1 (SD-1) of the GTD, which is formed by the H3 and H5 helices and a loop 
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Figure 1. Structural comparison of Myo5a-GTD and Myo5a-GTD/Mlph-GTBDP. (A) Ribbon 
representation of the human Myo5a-GTD structure (PDB ID: 4LX1) showing binding sites for Mlph-
GTBDP, RILPL2-RH1, and Rab11. The residues mutated in our study are shown as spheres. (B) Overlap of 
the crystal structures of the human Myo5a-GTD (PDB ID: 4LX1) and Myo5a-GTD/Mlph-GTBDP complex 
(PDB ID: 4LX2). The overlap reveals a relatively large conformation change in the H11-H12 loop upon 
Mlph-GTBDP binding. Subdomain-1 (SD-1) and subdomain-2 (SD-2) are shown in green and orange for 
the apo-GTD and cyan and yellow for the GTD/Mlph-GTBDP complex.
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preceding the H5 helix (Fig. 1). It was reported that an I1535E mutation in this cleft greatly decreases 
the binding affinity to Mlph-GTBDP27. Consistent with previous findings, we found that I1535E greatly 
reduced the amount of GTD pull-downed with GST-Mlph-GTBDP (Fig.  4A). By contrast, I1535E did 
not significantly affect the inhibition of the Myo5a-HMM ATPase activity by GST-GTD (Figure S1) 

Figure 2. Mlph-GTBDP stimulates the ATPase activity of Myo5a by inhibiting the interaction between 
the head and GTD. (A) Mlph-GTBDP stimulates the ATPase activity of Myo5a-FL. Stimulation of the 
ATPase activity of Myo5a-FL by Mlph-GTBDP was fit to a hyperbolic equation: V =  V0 +  Vmax [Mlph-
GTBDP]/(Kd +  [Mlph-GTBDP]), where V0 is the activity in the absence of Mlph-GTBDP, Vmax is the 
maximal activity in the presence of saturated Mlph-GTBDP, and Kd is the apparent dissociation constant 
between Mlph-GTBDP and Myo5a. The ATPase assays were conducted under EGTA conditions and in the 
presence of 40 μ M actin. Values are the average ±  error for two independent assays. (B) Actin dependence 
of the ATPase activity of Myo5a-FL in the absence or presence of Mlph-GTBDP. ATPase assays under EGTA 
or pCa4 conditions were conducted in the absence or presence of 60 μ M Mlph-GTBDP. Values are the 
average ±  std of three independent assays. (C) Mlph-GTBDP attenuates the GST-GTD-mediated inhibition 
of Myo5a-HMM ATPase activity. ATPase assays were conducted in the presence of 40 μ M actin and 0.5 μ M 
GST-GTD. (D) Mlph-GTBDP inhibits the interaction between Myo5a-HMM and the GTD. GST pull-down 
of GST-GTD with Myo5a-HMM was performed in the presence of the indicated concentration of Mlph-
GTBDP. The resulting samples were analyzed by SDS-PAGE and visualized by CBB staining.
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and only slightly weakened the interaction between Myo5a-HMM and GST-GTD (Fig. 4B). Moreover, 
I1535E substantially dampened the Mlph-GTBDP-induced activation of Myo5a-HMM in the presence 
of GST-GTD (Fig. 4C).

The precise interaction between the head and GTD is unknown because a high resolution structure 
of folded, inhibited Myo5a is not available. Several studies have suggested that the head-binding site of 
the GTD is located in subdomain-2 (SD-2) (Fig.  1A)21,27–29. We previously found that two conserved 
basic residues, K1706 and K1779, in the SD-2 are essential for inhibiting Myo5a motor function by the 
GTD21. We found here that K1706A/K1779A mutations not only abolish the inhibition of Myo5a-HMM 
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Figure 3. Mlph-GTBDP induces an extended conformation of Myo5a. (A) Analytical ultracentrifugation 
analysis of Myo5a-FL under EGTA conditions in the absence or presence of 40 μ M Mlph-GTBDP and under 
pCa4 conditions. (B) Negative-staining electron microscopy of Myo5a-FL in the absence and presence of 
40 μ M Mlph-GTBDP. Bar, 25 nm.
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ATPase activity by GST-GTD (Figure S1 and Fig.  4C), but they also strongly weaken the interaction 
between GST-GTD and Myo5a-HMM (Fig. 4B). By contrast, K1706A/K1779A mutations did not affect 
the interaction between the GTD and Mlph-GTBDP (Fig. 4A).

In our previously proposed model for the interaction between the head and the GTD, the SD-2 of the 
GTD docked with a pocket of the head formed by the N-terminal domain, converter, and CaM bound 
to IQ121. Recently, Velvarska and Niessing refined our model using a recently resolved crystal structure 
of human Myo5a-GTD30. In their model, the position of the H11-H12 loop is close enough to allow for 
potential contact with the converter or CaM bound to IQ1 (Fig. 1). To examine the role of the H11-H12 
loop and the interaction between the GTD and head of Myo5a or Mlph-GTBDP, we mutated two con-
served acidic residues in the H11-H12 loop, E1789 and E1791, to alanine. Similar to K1706A/K1779A 
mutations, E1789A/E1791A mutations strongly weakened the inhibition of Myo5a-HMM ATPase 
activity by GST-GTD (Figure S1 and Fig.  4C). However, unlike the GTD-K1706A/K1779A mutants, 
GTD-E1789A/E1791A mutants maintained substantial interaction with Myo5a-HMM (Fig.  4B). These 
results indicate that E1789 and E1791 are critical for inhibiting Myo5a-HMM motor function, but 
they are not essential for interacting with the head. By contrast, similar to K1706A/K1779A mutations, 
E1789A/E1791A mutations did not greatly affect the interaction between the GTD and Mlph-GTBDP 
(Fig. 4A), which is consistent with the structure of the GTD/Mlph-GTBDP complex that demonstrated 
the Mlph-GTBDP binding site in the SD-1.

Taken together, the above results indicate that the GTD uses two distinct regions to interact with the 
head of Myo5a and Mlph-GTBDP. Given the geometry of the GTD and the size of Mlph-GTBDP, it is 
unlikely that Mlph-GTBDP sterically blocks the interaction between the GTD and the head of Myo5a. 
Instead, these results suggest that Mlph-GTBDP allosterically inhibits the interaction between the GTD 
and the head of Myo5a, thus stimulating the ATPase activity of Myo5a.
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Figure 4. The GTD uses distinct regions to interact with Mlph-GTBDP and the head of Myo5a. (A) The 
GST pull-down of GST-Mlph-GTBDP with GTD. (B) The GST pull-down of GST-GTD with Myo5a-HMM. 
The amount of pull-downed GTD (A) or Myo5a-HMM (B) was determined by scanning densitometry 
(NIH imageJ program) and normalized with the density of GST-GTBDP (A) or GST-GTD (B). The values 
(as percentage of WT) shown are means + /−  SD from three independent experiments. (C) Inhibition of 
the Myo5a-HMM ATPase activity by GST-GTD with or without Mlph-GTBDP. The ATPase assays were 
conducted in the presence of 40 μ M actin, 0 or 0.5 μ M GST-GTD, and 0 or 20 μ M Mlph-GTBDP. The values 
shown are means + /−  SD from three independent experiments. KKAA, K1706A/K1779A; EEAA, E1789A/
E1791A.
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Discussion
There are two major findings in this study. First, we demonstrated that the binding of Mlph-GTBDP to 
the GTD inhibits the interaction between the GTD and head of Myo5a, thus disrupting the inhibition 
on the motor function in the head of Myo5a. This finding provides direct evidence that cargo activation 
of the Myo5 motor function is accompanied by a folded-to-extended conformational change in Myo5a. 
Second, we found that the GTD uses two distinct, non-overlapping sites to interact with Mlph-GTBDP 
and the head of Myo5a. Because these two binding sites are located in different subdomains of the GTD, 
we propose that Mlph-GTBDP allosterically inhibits the interaction between the GTD and the head of 
Myo5a, thus stimulating the ATPase activity of Myo5a.

In principle, all globular proteins are allosteric31. We propose that the GTD of Myo5a is an allosteric 
protein. The GTD uses two distinct, non-overlapping regions to interact with Mlph-GTBDP and the 
head of Myo5a. The binding site for Mlph-GTBDP in the GTD is located in a cleft in the SD-1, which 
is formed by the H3 and H5 helices and a loop preceding the H5 helix27,28. Upon Mlph-GTBDP bind-
ing, the GTD undergoes local conformational rearrangements in the Mlph-GTBDP binding site, ena-
bling the hydrophobic cleft between H3 and H5 helices to accommodate Mlph-GTBDP28. The overall 
conformation of GTD alone or in complex with GTBDP is similar, with the exception of a substantial 
conformational change in the H11-H12 loop (Fig. 1B)27,28. However, the conformational change in the 
H11-H12 loop is likely due to crystal packing because the H11-H12 loop is involved in crystal packing 
in the apo-GTD structure, whereas the same loop is not restrained in the Mlph-GTBDP bound structure 
by crystal packing. These considerations suggest that Mlph-GTBDP binding does not induce a major 
conformational change in the GTD.

Several studies have suggested that the head-binding site in the GTD is located in the SD-2. Sequence 
alignment of all known Myo5 homologs revealed two large conserved surface patches in the SD-229. 
Weisman and colleagues reasoned that the interaction between the head and GTD is an ancient, com-
mon property of Myo5 and proposed that either of the two conserved patches in the SD-2 may be the 
head-binding site29. Consistent with this hypothesis, we previously demonstrated that two highly con-
served basic residues (K1706 and K1779) located on the conserved surface patch of SD-2 are essential 
for autoinhibition21. In this study, we identified two conserved acidic residues (E1789 and E1791) in the 
H11-H12 loop to be critical for autoinhibition. These results indicate that the head-binding site in the 
GTD is located in the SD-2. Given the profound interaction between the GTD and the head, it is possi-
ble that the GTD undergoes a conformational change upon binding to the head. We thus propose that 
Mlph-GTBDP binding prevents this conformational change in the GTD, thus inhibiting the interaction 
between the GTD and the head of Myo5a. These considerations underscore that the detailed structure 
of Myo5a in its folded conformation remains a central open question.

It is intriguing that the affinity between Mlph-GTBDP and Myo5a-FL (Kd of ~20 μ M), which is based 
on the stimulation of Myo5a-FL ATPase activity in this study, was substantially lower than that found 
between Mlph-GTBDP and isolated GTD (Kd of ~0.5 μ M)13,27,28. We propose two mechanisms contribute 
to the low affinity between Mlph-GTBDP and Myo5a-FL. In one mechanism, the binding of the head to 
the GTD inhibits its interaction with Mlph-GTBDP i.e., the conformation of the Mlph-GTBDP binding 
site in the GTD is allosterically affected by the head-binding site. As proposed by Luque and Freire32, 
the regulatory and active sites in an allosteric protein must be coupled in such a way that the active 
site becomes inactive when the regulatory site is occupied and vice versa. Therefore, it is plausible that 
Mlph-GTBDP binding inhibits the interaction between the GTD and the head, and conversely, head 
binding inhibits the interaction between the GTD and Mlph-GTBDP.

Alternatively, or in addition, dimerization of GTD might also contribute to the low affinity between 
Mlph-GTBDP and Myo5a. Thus far, three crystal structures of Myo5a-GTD have been solved27,28,33. In all 
three structures, Myo5a-GTD forms a head-to-tail dimer (Figure S2A). Although it is not known whether 
this type of dimerization is an artifact of the crystallization process, it is intriguing that the interface 
between the two GTDs overlaps the binding site for Mlph-GTBDP (Figure S2B). Moreover, Houdusse 
and colleagues proposed another type of GTD dimer that is formed via the binding of the N-terminus 
of one GTD with the Mlph-GTBDP binding site of a symmetry-related GTD28. The dimerization of the 
GTD, regardless of type, likely inhibits the binding of Mlph-GTBDP to the GTD. Our previous work has 
shown that isolated GTDs are mostly monomers19, indicating that the interaction between two isolated 
GTDs is weak and unlikely to greatly reduce the interaction between the GTD and Mlph-GTBDP. In 
contrast, the two GTDs in intact Myo5a likely form a dimer, which is stabilized by several segments 
of coiled-coils preceding the GTD. Therefore, it is possible that the dimerization of the GTDs in intact 
Myo5a inhibits binding to Mlph-GTBDP, thus reducing the affinity between Mlph-GTBDP and Myo5a. 
Further experiments are needed to clarify this issue.

In addition to Mlph-GTBDP, Mlph contains another Myo5a-binding site, Mlph-EFBD, which interacts 
with the exon-F region in the Myo5a tail. Cell biology studies have indicated that for Myo5a to localize 
to melanosomes in melanocytes, both the interaction between Mlph-EFBD and the exon-F region and 
the interaction between Mlph-GTBDP and the GTD are essential, but neither is sufficient14. Biochemical 
analysis and yeast two-hybrid experiments have shown that the interaction between Mlph-EFBD and 
exon-F plays a predominant role in the binding of the two proteins and suggest that the interaction 
between the GTD and Mlph-GTBD may further stabilize the complex11,25. Consistently, we found that 
although Mlph-GTDBP alone is sufficient for fully activating Myo5a motor function in vitro, the affinity 
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between Mlph-GTBDP and Myo5a-FL is low (~20 μ M). Therefore, we propose following scenario for the 
formation of the Myo5a/Mlph complex and activation of Myo5a in vivo: Mlph first binds to the Myo5a 
exon-F region, positioning Mlph-GTBDP in close proximity to the GTD. Mlph-GTBDP then binds to 
the GTD and allosterically inhibits the interaction between the GTD and the head of Myo5a. These two 
interactions between Mlph and Myo5a stabilize the complex.

The proposed allosteric mechanism by which Mlph-GTBDP regulates the motor function of Myo5a 
might represent a general mechanism for the regulation of the class V myosin motor function by other 
cargo-binding proteins. Class V myosin is responsible for transportation of multiple cargoes that attach 
to the GTD via cargo-binding proteins. It is known that the GTD interacts with different cargo-binding 
proteins through distinct binding sites, including many that do not overlap with the putative motor 
domain binding site29. Our finding that the GTD is an allosteric protein suggests that other cargo-binding 
proteins are potentially capable of activating the class V myosin motor function by allosterically inhibit-
ing the interaction between the GTD and the head.

Materials and Methods
Proteins. Full-length mouse melanocyte-type myosin-5a (Myo5a-FL) and myosin-5a HMM 
(Myo5a-HMM, residues 1-1234) were expressed in sf9 cells and prepared as described21. The GST-GTD 
fusion protein, which comprised the C-terminal 410 residues of Myo5a, was expressed in E. coli and 
prepared as described21. Point mutations in GST-GTD were introduced with Quikchange site-directed 
mutagenesis using Ultra High Fidelity Pfu (Stratagene, La Jolla, CA). cDNAs derived from PCR were 
sequenced to confirm the presence of the intended mutations and the absence of unintended mutations. 
To remove the GST tag, the GST-GTD protein was bound to GSH-Sepharose and treated with 3–10 U/
ml thrombin (Sigma-Aldrich, St.Louis, MO) overnight on ice.

GST-GTBDP (a GST fusion protein containing residues 176–201 of Mlph) was constructed by sub-
cloning the corresponding cDNA of Mlph25 into the pGEX4T2 vector using BamH1 and Xho1 sites. 
GST-GTBDP was expressed in E. coli BL21 cells and purified using GSH-Sepharose according to stand-
ard procedures. The concentration of GST-GTBDP was measured by taking the absorbance at 280 nm 
using a molar extinction coefficient of 41160 liters mol−1 cm−1.

Mlph-GTBDP (> 95% pure), which contained a C-terminal tyrosine for accurate concentration deter-
mination, was synthesized by Invitrogen Co. (Beijing, China). To remove any possible contaminating 
small molecules, GTBDP was dissolved in 0.005% trifluoreacetic acid and passed through a disposable 
column (GE Healthcare) pre-equilibrated with 0.005% trifluoreacetic acid. Fractions containing high 
concentrations of GTBDP were pooled, and the concentration of GTBDP was determined by measuring 
the absorbance at 280 nm using a molar extinction coefficient of 1280 liters mol−1 cm−1.

GST pull-down. GST pull-down of GST-GTD with Myo5a-HMM was performed as follows: Ten 
microliters of GSH-Sepharose was added to 100 μ l of 0.5 μ M GST-GTD and 1 μ M Myo5a-HMM in WB-50 
buffer (20 mM MOPS-KOH, pH 7.0, 50 mM NaCl, 1 mM MgCl2, 1 mM DTT, 12 μ M CaM, 1 mM EGTA) 
and the indicated concentrations of Mlph-GTBDP with rotation at 4 °C for 2 hr. After washing with 
200 μ l WB-50 buffer three times to remove unbound proteins, bound proteins were eluted twice with 
20 μ l 10 mM GSH. Eluted proteins were separated by SDS-PAGE (4–20%) and visualized by Coomassie 
Blue staining. The amount of GST pull-downed interacting proteins was quantified using ImageJ version 
1.42Q.

GST pull-down of GST-GTBDP with GTD was performed as described above with minor modifica-
tions. GTD was prepared from GST-GTD by thrombin digestion (see above). One hundred microliters 
of 2 μ M GST-GTBDP in WB-150 (20 mM MOPS-KOH, pH 7.0, 150 mM NaCl, 1 mM MgCl2, 1 mM DTT, 
and 1 mM EGTA) was incubated with 20 μ l of GSH-Sepharose at 4 °C for 1 hr with rotation. After 
washing away unbound protein, 100 μ l of 4 μ M GTD in WB-150 was added to GST-GTBDP-bound 
GSH-Sepharose and incubated at 4 °C for 30 min with rotation. After washing with 200 μ l of WB-100 
three times to remove unbound proteins, bound proteins were eluted twice with 20 μ l of 10 mM GSH, 
analyzed by SDS-PAGE (4–20%), and visualized by Coomassie Blue staining.

Analytical Ultracentrifugation. The sedimentation coefficient of Myo5a-FL was measured by veloc-
ity analytical ultracentrifugation at 40,000 rpm at 20 °C as described previously16,21 with minor modifi-
cations. Purified Myo5a-FL was dialyzed against 20 mM MOPS-KOH (pH7.0), 0.15 M KCl, 1 mM MgCl2, 
1 mM DTT, and 1 mM EGTA on ice overnight. For control sample under EGTA conditions, the dialyzed 
samples were used directly. For Mlph-GTBDP sample, Mlph-GTBDP was added at a concentration of 
40 μ M prior to running. For control sample under pCa4 conditions, the CaCl2 concentration was adjusted 
to 1.1 mM prior to running. The density and viscosity for the EGTA conditions calculated with Sednterp 
were 1.0056 g/ml and 1.00202 cp, respectively. The values for the pCa4 conditions were 1.0057 g/ml and 
1.00252 cp, respectively. The partial specific volume of Myo5a-FL was 0.7323. Sedimentation values were 
determined by curve fitting using the DCDT+  program.

Negative-Staining Electron Microscopy. The effects of Mlph-GTBDP on the conformation of 
Myo5a-FL were analyzed by negative-staining electron microscopy. Myo5a-FL was diluted to 100 nM 
with 150 mM KCl, 10 mM potassium phosphate, pH 7.5, 5 mM MgCl2, 1 mM EGTA, and 1 mM DTT on 
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ice. The carbon-coated grids were glow-discharged for 40 sec at middle stage (Harrick Glow-Discharge 
system) before use to improve the preservation of the Myo5a conformation. Ten microliters of the solu-
tion was applied to the glow-discharged grids for 1 min and then stained with 1% uranyl acetate without 
intermediate rinsing. The same procedure was used for samples of Myo5a-FL containing Mlph-GTBDP 
with the exception that 100 nM Myo5a was premixed with 40 μ M Mlph-GTBDP on ice for approximately 
30 min before application to the grids. Negatively stained grids were examined with a Tecnai Spirit100 kV 
electron microscope (FEI) operated at 120 kV. Micrographs were recorded with an aside-inserted CCD 
(OSIS MEGAVIEW G2) camera at a magnification of 87,000.

ATPase Assay. The ATPase activity of Myo5a was measured using an ATP regeneration system 
at 25 °C as previously described21. Unless otherwise indicated, the ATPase activity of Myo5a-FL was 
measured at 25 °C in 20 mM MOPS-KOH, pH 7.0, 0.2 M KCl, 1 mM MgCl2, 1 mM DTT, 0.25 mg/ml BSA, 
12 μ M CaM, 0.5 mM ATP, 2.5 mM phosphoenolpyruvate, 20 U/ml pyruvate kinase, 1 mM EGTA, ~100 nM 
Myo5a-FL, and the indicated concentrations for actin and Mlph-GTBDP. The assay under pCa4 condi-
tions was performed similarly with the exception that 1.1 mM CaCl2 was added (free Ca2+ was approx-
imately 0.1 mM). The ATPase activity of Myo5a-HMM was measured at 25 °C in 20 mM MOPS-KOH, 
pH 7.0, 0.1 M NaCl, 1 mM MgCl2, 1 mM DTT, 0.25 mg/ml BSA, 12 μ M CaM, 0.5 mM ATP, 2.5 mM phos-
phoenolpyruvate, 20 U/ml pyruvate kinase, 1 mM EGTA, ~30 nM Myo5a-HMM, and the indicated con-
centrations of actin, GST-GTD, and Mlph-GTBDP.
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