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Structure of myosin-1c tail bound to calmodulin provides
insights into calcium-mediated conformational coupling
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Class I myosins can sense cellular mechanical forces and function as tension-sensitive anchors or transporters. How mechanical
load is transduced from the membrane-binding tail to the force-generating head in myosin-1 is unknown. Here we determined the
crystal structure of the entire tail of mouse myosin-1c in complex with apocalmodulin, showing that myosin-1c adopts a stable
monomer conformation suited for force transduction. The lever-arm helix and the C-terminal extended PH domain of the motor
are coupled by a stable post-IQ domain bound to calmodulin in a highly unusual mode. Ca2+ binding to calmodulin induces
major conformational changes in both IQ motifs and the post-IQ domain and increases flexibility of the myosin-1c tail. Our study
provides a structural blueprint for the neck and tail domains of myosin-1 and expands the target binding modes of the master
Ca2+-signal regulator calmodulin.

Class I myosins (Myo1s) were the first unconventional myosins
identified1. They are widely expressed in eukaryotic cells. Humans
have eight Myo1 paralogs (Myo1a to Myo1h) out of 24 unconventional
myosins, and Saccharomyces cerevisiae has two (Myo3p and Myo5p)2.
In contrast to dimeric myosins (for example, myosin V) that are
capable of transporting cargos efficiently along actin filaments3,4,
Myo1s exist as monomers1,5,6 and can function as force or tension
sensors as well as slow transporters2,7.
Each Myo1 contains, from N terminus to C terminus, a motor
domain, a neck region consisting of several calmodulin (CaM)-binding
IQ motifs and a tail region. All Myo1s contain a tail homology 1
(TH1) domain featuring an embedded pleckstrin-homology (PH)
domain capable of binding to lipid membranes8–13. In addition,
Myo1s with long tails also contain a TH2 (or GPA) domain and a
C-terminal TH3 (or SH3) domain, the latter of which may be responsible for binding to cargos14. All Myo1s are capable of bridging actin
cytoskeletons with lipid membranes by using their motor heads and
tail TH1 domains2.
Myo1c, a short-tail Myo1 expressed in most tissues (Fig. 1a), is
involved in numerous physiological processes including sound perception, glucose uptake in various tissues, cell motility and podocyte
formation and maintenance15–19. Mechanistically, Myo1c is believed
to perform its function either by acting as a mechanoforce transducer
or sensor, by linking membrane-bound mechanoreceptors with actin
filaments underneath (for example, in stereocilia of hair cells)15, or
as a transporter and/or tether, by connecting exocytic vesicles with
cortical actin filaments16,20. For Myo1c to function as either a force

sensor or a tension regulator, its conformation should not be highly
flexible, because high flexibility would make mechanical loads applied
to the cargo-binding tails difficult to transmit to the motor heads.
Indeed, EM structures have revealed that the head, neck and tail of
apo-CaM–bound brush-border myosin I (Myo1a) form an elongated
and rather rigid structure21,22, although the low resolution of the EM
structures has not provided a detailed atomic picture. High-resolution
structural studies of Myo1 have focused on the motor domains23–25.
No high-resolution structures of the full length or the neck and tail
regions of any members of Myo1 are available to date.
CaM is the most versatile Ca2+-signal transducer in all eukaryotes.
It contains two similar domains (called N and C lobes), each composed of two Ca2+-binding helix-loop-helix motifs known as EF
hands26. In the Ca2+-free form, the two helices in each EF hand are
nearly antiparallel, forming a closed conformation27–29. Upon binding to Ca2+, the two helices become perpendicular, adopting an open
conformation30. This Ca2+-induced conformational change exposes
a hydrophobic pocket in each lobe that facilitates CaM binding to
numerous target proteins31,32. CaM can also bind to target proteins
in its apo form. For example, apo-CaM binds to IQ motifs on myosin
heavy chains, thereby stabilizing the helical structure formed by the IQ
motifs33–35. As with other myosins, Ca2+ has vital regulatory roles in
Myo1c’s functions. For example, Ca2+ influxes are believed to trigger
the Myo1c-mediated adaptation process in hair cells15,36, although this
view has been challenged recently37. Ca2+ is also known to be essential
for the fusion of Myo1c-tethered vesicles with target membranes38.
Additionally, Ca2+ can also regulate the step sizes and force-sensing
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RESULTS
Myo1c is a monomeric motor binding to three CaMs
We characterized the hydrodynamic properties of various segments of
the Myo1c tail saturated with apo-CaM by using static light scattering
and analytical ultracentrifugation (Supplementary Fig. 1a–c). The
Myo1c tail spanning from IQ3 to the C-terminal end (amino acids
(aa) 742–1028, IQ3-end) in complex with CaM has a measured mass
of 47.7 kDa, which matches the theoretical mass of monomeric Myo1c
bound to 1 CaM (Supplementary Fig. 1a,b). The binding measurement of a shorter fragment lacking the C-terminal PH domain (aa
742–852, IQ3-852) also matches well with a 1:1 stoichiometry of this
fragment to CaM (measured mass of 31 kDa versus theoretical mass
of 29.8 kDa; Supplementary Fig. 1c). Given that IQ1 and IQ2 are
canonical apo-CaM–binding motifs, these data indicate that Myo1c
should contain only three IQ motifs, as previously reported 40–42.
To further substantiate this conclusion, we measured the molecular
masses of CaM-saturated Myo1c tail fragments with their N-terminal
boundaries starting either at IQ1 (IQ1-end and IQ1-852) or IQ2
(IQ2-end and IQ2-852) (Supplementary Fig. 1a–c). All these Myo1c
tails in complex with apo-CaM formed stable monomers in solution.
The Myo1c fragments containing all three IQ motifs (IQ1–3 IQ-motif
numbering in Fig. 1a) each contained three stably bound CaMs, and
those containing IQ2 and IQ3 each bound two CaMs. Together, the
above biochemical data confirmed that the entire Myo1c tail is a stable
monomer, as previously demonstrated for Myo1c5 and for Myo1b6.
Overall structure of the Myo1c tail
We obtained good diffraction-quality crystals (up to 3.5-Å resolution)
of Myo1c IQ1-end in complex with apo-CaM and solved its structure
(Table 1 and Supplementary Fig. 2a–d). The complex adopts an
extended architecture with the entire Myo1c tail well structured
(Fig. 1a,b). The three IQ motifs form a long continuous α-helix. We
found that IQ1 and IQ2 each bound to one CaM via the canonical
apo-CaM–IQ motif binding mode34. The third IQ motif bound to
only the C lobe of CaM3; the N lobe unexpectedly bound to a threehelix fragment between IQ3 and the C-terminal extended PH domain
(post-IQ domain) (Fig. 1b). The final 176-residue stretch of Myo1c
forms an extended PH domain, with its N and C termini capped by
two α-helices and five β-strands, respectively.
There are extensive interactions between IQ3, the post-IQ domain
and the extended PH domain (Fig. 1b), thus leading the Myo1c
tail–CaM complex to adopt an overall stable conformation (i.e., the

entire Myo1c tail forms an integral conformational entity with spatial rigidity). The IQ-motif helix and the post-IQ domain are nearly
perpendicular (with an 86° angle between the IQ3 helix and α2), so
the entire Myo1c tail complex has an L shape. This near-90° bend
between IQ3 and the post-IQ region in our high-resolution structure
was also previously observed in the EM images of Myo1a22, in which
the precise region of the bend could not be determined.
IQ motif–CaM interactions
IQ1 and IQ2 of Myo1c bind to apo-CaM via the canonical CaM–IQ
motif binding mode (r.m.s. deviation between Myo1c IQ12–apoCaM12 and Myo5a IQ12–apo-CaM12 of 1.8 Å) (Fig. 1c,d). The
C-terminal lobes of CaM1 and CaM2 adopt semiopen conformations in which the CaM hydrophobic pocket anchors the hydrophobic
side chain of the IQ motif ’s isoleucine, and the loop between αF and
αG forms hydrogen bonds with glutamine from the IQ motif. The
N-terminal lobes of CaM1 and CaM2 remain closed, each interacting weakly with C-terminal hydrophobic residue (Phe719 in IQ1 and
Ala742 in IQ2) from the IQ motifs. Of note, the structure of the IQ1–
CaM part from our structure and the structure of Myo1c IQ1–CaM 24
can be nicely overlapped with an r.m.s. deviation value of 1.30 Å.
IQ3 interacts with only the C lobe of CaM, which also adopts a
semiopen conformation. However, the conformational difference
between the C lobe of CaM3 and IQ3 of Myo1c, and the C lobe of
CaM and IQ1 of Myo5a is large (r.m.s. deviation of 3.1 Å), thus suggesting that the CaM3-IQ3 interaction deviates from the canonical
apo-CaM–IQ interaction. Detailed analysis of the angles between the
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behavior of Myo1s36,39. However, the structural basis underlying the
CaM-Myo1c interaction and its regulation by Ca2+ are unclear.
In this study, we set out to determine the structure of the neck and
tail region of Myo1c and to elucidate the Ca2+-induced conformational
change of the Myo1c–CaM complex. The findings described in this
work provide the first high-resolution structure, to our knowledge,
of the neck and tail regions of the ancient single-headed myosin I
family. Our study also reveals a previously unrecognized target
recognition mode of CaM.
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Figure 1 Overall structure of the Myo1c tail bound to apo-CaM.
(a) Schematic of full-length Myo1c showing domain architecture.
(b) Ribbon-diagram representations of the overall structure of Myo1c
(residue 698 to end, with domains in same colors as in a) in complex with
three CaM molecules (green). (c) Superposition of the Myo1c IQ12–CaM
structure with Myo5a IQ12–CaM showing the canonical IQ-CaM binding
mode for Myo1c IQ12. (d) Superposition of Myo1c IQ3–CaM (C lobe) with
Myo5a IQ1–CaM (C lobe). (e,f) Structure (e) and surface electrostatic
potential (f) of the extended PH domain.
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Table 1 Data collection and refinement statistics
Myo1c neck-tail (native) Myo1c neck-tail (Au-SAD)
Data collection
Space group

P43212

P43212

a, b, c (Å)

105.4, 105.4, 288.1

105.9, 105.9, 267.9

Resolution (Å)

50–3.5 (3.56–3.50)a

50–4.1 (4.17–4.10)

Rsym

0.14 (0.88)

0.12 (0.99)

I / σI

16.1 (2.4)

33.3 (3.8)

Completeness (%)

99.9 (100)

99.9 (100)

7.2 (7.1)

13.4 (13.7)

Cell dimensions

Redundancy
Refinement
Resolution (Å)

50–3.5

No. reflections

21,359

Rwork / Rfree

0.242 / 0.304

No. atoms
Protein
Ligand/ion

5,555
15

npg

© 2015 Nature America, Inc. All rights reserved.

B factors
Protein

106.3

Ligand/ion

141.5

r.m.s. deviations
Bond lengths (Å)

0.007

Bond angles (°)

1.386

aValues

in parentheses are for highest-resolution shell. One crystal was used for the native data
set, and two crystals were used for the gold-derivative single-wavelength anomalous dispersion
(Au-SAD) data set.

two EF-hand pairs showed that the angle between αE and αF is around
110°, a value similar to or slightly larger than that of CaM EF hands in
the semiopen conformation34. In contrast, the angle between αG and
αH of CaM3 is around 130°, resembling that of EF hands adopting a
closed conformation, as seen in apo-CaM or the N lobe of apo-CaM
bound to canonical IQ motifs27. The IQ3 motif contains an arginine
(Arg753) instead of glutamine in the signature IQ-dipeptide sequence.
Substitution of glutamine with a more bulky arginine may push αG
away, causing it to pack with αH in a near-antiparallel manner.
The extended PH domain
The C-terminal 176 residues of the Myo1c tail, known as the TH1
domain, exist in all Myo1s (Supplementary Fig. 3). The center of TH1
contains a canonical PH-domain fold formed by a seven-stranded
β-barrel and an α-helix (α7) (Fig. 1e). A 56-residue fragment
(aa 828–883) N terminal to the canonical PH fold forms three
α-helices (α4, α5 and α6) and a relatively long loop (the α5-α6
loop), which interact closely with one side of the PH-domain barrel
(Fig. 1e and Supplementary Fig. 2d). The last 52 residues C terminal to the canonical PH fold form five β-strands (β8–β12). The β8
strand is incorporated into the canonical β-barrel of the PH domain
by pairing with β5. The strands β9–β12 form another mixed parallel
and antiparallel β-sheet, contacting β5–β8 of the PH barrel through
hydrophobic interactions. In view of the extensive interactions
between the two extension sequences and the canonical PH-domain
fold, we believe that the proper folding of the PH domain as well
as the entire TH1 domain requires all 176 residues. Thus, we refer
to the Myo1c TH1 domain as the extended PH domain. Fitting
with our structural data, the frame-shift mutations of Myo1a
previously observed in colorectal tumors43 cause a loss of the last
β-strand of the extended PH domain and thus may affect the proper
folding of the domain.
nature structural & molecular biology
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The putative lipid-binding pocket is formed primarily by the loops
between β1 and β2, and β3 and β4 (shown in blue in Fig. 1e) and is
located at the end opposite to the motor head. Thus, the lipid-binding
pocket of Myo1c is completely accessible to lipid membrane bilayers. Consistently with its role in binding to phosphatidylinositol lipid
membranes11, the extended PH domain of Myo1c contains a prominent positively charged surface centered at the loops connecting β1
and β2, and β3 and β4 (Fig. 1f).
Because the amino acid sequences of the TH1 domains among
different isoforms of Myo1s are highly conserved (Supplementary
Fig. 3), we predict that all Myo1s contain extended PH domains
capable of binding to lipids8–10. It is unclear whether the Myo1c PH
domain–extension sequence has additional roles; for example, the
extension sequence, alone or together with the PH fold, may be able
to bind adaptor proteins or GTPases bound to cargo vesicles.
Unexpected binding between CaM and the post-IQ region
The binding between the post-IQ region of Myo1c and the N lobe of
Ca2+-free CaM3 is entirely different from all known CaM-target interactions (Figs. 1b and 2a). In all reported CaM structures, each pair of
EF-hand helices assumes one of three conformations: the Ca2+-bound
open conformation with the two helices nearly perpendicular, the Ca2+free closed conformation with the two helices nearly antiparallel or the
semiopen conformation in between the open and closed conformations
(Fig. 2d). In all three conformations, there are direct hydrophobic
interactions between the E and F helices. This coupling between E
and F helices within each EF hand is also present in all other EF-hand
Ca2+-binding proteins with known structures. In sharp contrast, in the
complex of the Myo1c post-IQ domain with the N lobe of CaM, the
two helices of the first EF hand (αA and αB) of CaM are completely
uncoupled (Fig. 2b). The αB helix of EF1 associates with the second EF
hand (αC and αD), which adopts a closed conformation (Fig. 2a), while
αA of EF1 is sandwiched between α3 and α4 of the post-IQ domain
(Fig. 2a,c). Myo1c post-IQ α2 and α3 intimately interact with the other
three α-helices of CaM, forming a five-helix-bundle structure (Fig. 2f).
From all CaM structures available in the Protein Data Bank, we calculated
the interhelical distances of all EF hands. The interhelical distances of
all previously characterized EF hands of CaM are in the range of 5–10 Å
(Fig. 2e). The interhelical distance of EF1 in Myo1c post-IQ–bound
CaM is much larger (~22 Å). Thus, the structure of the Myo1c postIQ–CaM N-lobe complex reveals a CaM-target binding mode that is
radically different from all previous known ones.
The interaction between the Myo1c post-IQ domain and the CaM
N lobe can be divided into two hydrophobic-interaction clusters. The
first is formed by hydrophobic residues from the α2 and α3 helices on
Myo1c and αB, αC and αD of CaM (Fig. 2f). The second is formed by
residues from the C-terminal half of α3 and Leu836 from α4 of Myo1c
and Phe12, Phe16 and Phe19 from the CaM αA helix (Fig. 2f). The
residues responsible for the interaction between the post-IQ domain
and the N lobe of CaM are highly conserved in the class I myosins
with short tails (Myo1a, Myo1b, Myo1c, Myo1d, Myo1g and Myo1h;
Supplementary Fig. 3), thus suggesting that all these Myo1s probably
bind to CaM via the mode observed for Myo1c.
The post-IQ region, together with CaM3, also has a critical role
in maintaining the rigidity of the Myo1c tail by bridging the IQ
motifs and the extended PH domain. There are hydrophobic interactions between IQ3 and α2 of the post-IQ domain (Fig. 1b and
Supplementary Fig. 2e). In addition to binding to αA of CaM, α4 from
the post-IQ domain also interacts with α5 and α7 from the extended
PH domain via combined hydrophobic and hydrogen-bonding
interactions (Fig. 1b and Supplementary Fig. 2f).
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We performed a series of mutagenesis experiments to test the interaction between the post-IQ region of Myo1c and the N lobe of CaM.
Detailed structural analysis of the post-IQ–CaM N-lobe structure
revealed that Cys825 from α3 and Phe16 from αA of CaM face each
other with their Cβ separated by ~5.7 Å (Fig. 3a). In the canonical
conformations of CaM EF-hand structures, Phe16 from αA should
directly interact with hydrophobic residues from αB (Fig. 2c). We reasoned that the substitution of Phe16 of CaM αA with cysteine should
promote the formation of a pair of disulfide bonds between Cys16
of CaM and Cys825 of Myo1c if the N lobe of CaM indeed adopts
an uncoupled conformation in solution. The 15N-HSQC spectrum
showed that Myo1c IQ3-852 in complex with F16C CaM is properly folded and adopts a similar overall structure to that of Myo1c
IQ3-852 in complex with wild-type CaM (Supplementary Fig. 4a).
By simply exposing the freshly purified, reduced form of the Myo1c
IQ3-852–F16C CaM complex to ambient air oxygen at 4 °C overnight,
we obtained a near-complete covalent Myo1c–CaM complex with 1:1
stoichiometry. Addition of DTT to this oxidized sample reversed the
formation of the covalent complex (Fig. 3b).
We further investigated the interaction between the post-IQ
domain of Myo1c and the N lobe of CaM by using a loss-of-function
approach in heterologous cells. In this assay, we took advantage of
the structure showing that the IQ3-852 fragment is the minimal and
sufficient region of Myo1c to interact with CaM3 (Figs. 1b and 2f).
In COS7 cells, overexpression of wild-type GFP–Myo1c IQ3-852
alone (Fig. 3c) restricted fluorescence signals to the nucleus, probably
owing to the abundant solvent-exposed, positively charged residues
in the IQ3 and post-IQ regions of Myo1c. When RFP-tagged CaM
was coexpressed, wild-type GFP–Myo1c IQ3-852 translocated to
84

c

Distance between
EF-hand pair (Å)

Figure 2 The N lobe of CaM bound to the
Myo1c post-IQ domain adopts an uncoupled
conformation. (a) Binding mode of CaM N lobe
(green) and Myo1c post-IQ domain (yellow).
(b) Structure showing that the αE and αF
helices of the first EF hand of the post-IQ–
bound CaM are completely separated from each
other. (c) Omit map of αA of CaM3 bound to
the Myo1c post-IQ domain. The Fo – Fc density
map was generated by deletion of αA of CaM3
and is contoured at 3.0σ. (d) Previously known
conformations of Ca2+-binding EF-hand motifs.
Left, open conformation with αE and αF nearly
perpendicular (represented by Ca2+-bound
CaM). Middle, closed conformation with αE and
αF nearly antiparallel (represented by apo-CaM).
Right, semiopen conformation in between open
and closed (represented by the IQ motif–bound
CaM). Protein Data Bank accession codes
are shown under each model. (e) Plot of the
interhelical distances of each EF hand found
in all CaM structures deposited in the Protein
Data Bank (defined as the inter-Cβ distances
between interacting hydrophobic-residue
pairs in each EF hand: Phe19-Val35 for EF1;
Val55-Met71 for EF2; Phe92-Val108 for
EF3; and Ala128-Met-144 for EF4).
(f) The folding core of the Myo1c post-IQ
domain and the binding interface between
the post-IQ domain and CaM. Left, detailed
interactions between the post-IQ domain
and αB–αD of CaM. Middle, the folding core
of α2, α3 and their connecting loop. Right,
hydrophobic interactions between α3 and
α4 of the post-IQ domain and αA of CaM.
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the cytoplasm to colocalize with CaM (Fig. 3c). We then substituted
Leu782 from α2 and Leu815 from α3 of the Myo1c post-IQ domain
with glutamate, either individually or together, to test the interaction between the Myo1c post-IQ domain and the CaM N lobe on
CaM-induced cytoplasmic localization of Myo1c IQ3-852. On the
basis of the structure shown in Figure 2f, any one of these mutations
should disrupt the interaction between Myo1c IQ3-852 and CaM.
Consistently with our predictions, L782E, L815E and L782E L815E
Myo1c IQ3-852 all showed restricted nuclear localization (Fig. 3c,d)
with coexpressed CaM diffused throughout the cells, thus further
validating the interaction between the Myo1c post-IQ domain and
CaM shown in Figure 2.
Finally, we demonstrated, using NMR spectroscopy, that Myo1c
IQ3 binds to only the C lobe of CaM. During titration of the IQ3
peptide into 15N-labeled apo-CaM, only the backbone peaks from
the C lobe underwent chemical-shift changes (Supplementary
Fig. 4b, with shift assignment from ref. 27).
CaM–post-IQ interaction is required for Myo1c’s function
In polarized Madin-Darby canine kidney (MDCK) cells, knockdown of Myo1c has been shown to reduce the stability of E-cadherin
at lateral cell-cell adhesion sites44, possibly by weakening the connections between cortical actin cytoskeletons and lateral plasma
membranes. In agreement with the data in a recent study44, we found
that wild-type full-length Myo1c colocalizes well with E-cadherin
at the lateral membranes and adherens junctions, but not with
ZO-1, in polarized MDCK cells (Fig. 4a). In contrast, the GFPtagged L782E L815E Myo1c did not associate with E-cadherin and
becomes diffused in the cytoplasm instead (Fig. 4a). Additionally,
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Figure 3 Validation of the interaction between
post-IQ Myo1c and CaM. (a) Ribbon diagram
of the interaction between the Myo1c post-IQ
domain (yellow) and CaM N lobe (green),
showing that Cβ of Cys825 from Myo1c is
5.7 Å from the Cβ of Phe16 from CaM.
(b) SDS-PAGE showing disulfide-bond formation
between Myo1c IQ3-852 and F16C CaM upon
air oxidation (–) and reversal of the disulfide
bond upon treatment of the oxidized complex
with 10 mM DTT (+). (c) Representative images
of overexpressed GFP–Myo1c IQ3-852 and its
mutants (green) with or without coexpressed
RFP-CaM (red) in COS-7 cells (n = 15 randomly
picked cells). Nuclei are stained with 4′,
6-diamidino-2-phenylindole (DAPI) in blue.
Scale bars, 10 µm; top row is zoomed out to
show two cells in one image. WT, wild type.
(d) Quantification of colocalization of GFP–
Myo1c IQ3-852 and RFP-CaM in COS-7 cells.
Mander’s colocalization coefficient for single
channel is measured. Error bars, s.d. (n = 15
randomly picked cells). ***P < 0.001 by
two-tailed Student’s t test.

L815E

L782E

overexpression of GFP-tagged L782E L815E
Myo1c caused E-cadherin to be partially mistargeted to the basal membranes in polarized
MDCK cells, a defect similar to that caused
by knockdown of endogenous Myo1c44. The
above data suggest that the new binding
mode between CaM and the post-IQ region
plays a critical part in Myo1c’s function in
maintaining adherens junctions in polarized
MDCK cells.

Calcium-induced structural changes
It is generally agreed that binding of Ca 2+
will result in dissociation of one CaM from
Myo1c40,42,45. However, the exact regions
of Myo1c to which the remaining two
Ca2+-bound CaMs bind are not known.
Additionally, the post-IQ region has not
often been included in previous analyses of
the interaction between Ca2+-CaM and Myo1c41,42,45 and thus could
lead to an incomplete picture of the interaction.
We performed a series of detailed biochemical and biophysical
analyses of the interactions between Ca2+-CaM and the Myo1c tail.
Fast protein liquid chromatography (FPLC) coupled with lightscattering studies showed that the addition of 1 mM Ca2+ to the
Myo1c IQ1-end–CaM complex led to an ~20-kDa decrease in molecular mass (Fig. 5a) consistent with the loss of one CaM from the
complex. Unexpectedly, the addition of 1 mM Ca2+ to a mixture
of Myo1c IQ3-852 with excess apo-CaM produced a Myo1c IQ3-852–
Ca2+-CaM complex peak with a molecular mass ~20 kDa larger than
the Myo1c IQ3-852–apo-CaM complex peak (Fig. 5a), thus indicating that the IQ3 and post-IQ region of Myo1c can bind to two Ca 2+CaMs. Together, the above biochemical results reveal that, at saturated
Ca2+ concentrations, CaM1 and CaM2 dissociate from IQ1 and IQ2,
respectively; the IQ3 post-IQ region binds to an additional CaM, and
thus the entire Myo1c tail retains two Ca2+-CaMs. Our isothermal
titration calorimetry (ITC)-based assay (Fig. 5d) also confirmed
the previous finding that Myo1c IQ2 has only a very weak affinity
(Kd ~21 µM) for Ca2+-CaM42,45. It is possible that the Ca2+-induced
L782E 815E
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dissociation from IQ1 may not occur in the full-length Myo1c,
considering that IQ1-bound CaM has been shown to directly couple
with the motor domain24,25.
We next tested whether the tail region of Myo1c becomes flexible
upon Ca2+ binding to CaM. We used partial proteolytic digestions to
probe the conformational flexibilities of the IQ1-end and IQ2-end
of Myo1c with and without Ca2+ (Supplementary Fig. 5a–c).
The results invariably demonstrated that the addition of Ca2+ accelerates
both trypsin and thrombin digestion rates of the Myo1c tail,
thus indicating that the conformation of the motor tail is
more flexible upon Ca2+ binding to CaM. This conclusion is
also supported by a CD spectroscopy–based study of Myo1c
IQ2-852 (Supplementary Fig. 5d).
We then investigated the interaction between the IQ3 post-IQ
region of Myo1c and Ca2+-CaM. We found that removal of the residues corresponding to α4 of Myo1c (aa 829–852) did not alter its
interaction with Ca2+-CaM, thus indicating that α4 of the post-IQ
region is not involved in Ca2+-CaM binding (Supplementary Fig. 6).
Next, we used synthetic peptides corresponding to IQ3 (aa 744–764),
α2 (aa 769–788) and α3 (aa 804–827) to study their interactions
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with Ca2+-CaM. ITC-based experiments showed that the IQ3 peptide bound to Ca2+-CaM with very strong affinity (Kd ~60 nM),
and the α3 peptide bound to Ca2+-CaM with a Kd of ~1.3 µM
(Fig. 5b). The α2 helix had no detectable binding to Ca2+-CaM
(Fig. 5d). NMR-based titration experiments showed that the IQ3 and
α3 peptides each bind to both lobes of Ca2+-CaM with 1:1 stoichiometry, because the residues from both lobes of Ca2+-CaM underwent
peptide binding–induced chemical-shift changes (Fig. 5c). We
also studied the interactions between the IQ3, α2 and α3 peptides
and apo-CaM by using ITC. Neither α2 nor α3 showed detectable
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binding to apo-CaM (Fig. 5d), in agreement with our structural
analysis that the CaM–post-IQ interaction requires simultaneous
interactions between the entire post-IQ region of Myo1c and the
N lobe of CaM (Fig. 2f). Although occupying only the C lobe of
CaM, the IQ3 peptide bound to apo-CaM with a moderate affinity
(Kd ~3.1 µM, Fig. 5d).
In summary, when the concentration of Ca 2+ rises, one
CaM remains bound to IQ3 with high affinity, and CaM’s binding
to IQ1 and IQ2 weakens. The post-IQ region must undergo
considerable conformational changes in order to free up α3 for
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Figure 4 The new interaction between CaM and the Myo1c post-IQ domain is required for proper function of Myo1c. (a) Representative images of
overexpressed full-length RFP-Myo1c (red) in polarized MDCK cells (n = 10 cells randomly picked from three independent experiments). Anti–E-cadherin
antibody and ZO-1 staining (green) are used to mark lateral membranes and tight junctions, respectively. Scale bars, 5 µm. An xz section is shown at the
top of each column, and a single optical xy section of the corresponding image is shown below the xz section. (b) Schematic diagram showing that Myo1c is
required for maintaining adherens junctions in polarized MDCK cells.

Figure 5 Calcium-induced structural changes of the Myo1c tail. (a) FPLC coupled with static light-scattering analysis, showing the binding of Myo1c
to apo-CaM (black) and Ca2+-CaM (red). Myo1c IQ1-end (left) and IQ3-852 (right) are both saturated with an excess amount of CaM. (b) ITC titration
curves showing the binding affinities of the IQ3 peptide (left) and the α3 peptide (right) with Ca2+-CaM. (c) 15N-HSQC spectra showing the titration of
the IQ3 peptide (left) or the α3 peptide (right) to 15N-labeled Ca2+-CaM. For clarity, only the two end points are shown: before addition of each peptide
to CaM (red) and after the saturation of CaM with each peptide (IQ3 peptide (blue, left) or α3 peptide (black, right)). (d) ITC titration–derived affinities
of CaM with various Myo1c fragments.
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Figure 6 Schematic model for Myo1c-mediated tethering between actin
filaments and Myo1c-bound membranes. The model of the full-length
Myo1c structure was obtained by superposition of the IQ1–CaM1 of our
tail structure and that of the Myo1b structure solved recently 25. Tensions
or loads generated by the binding between the extended PH domain
and lipid membranes can be transduced to the motor head bound to
the actin filament when Myo1c is bound to apo-CaM. Binding of Ca 2+
to CaM leads to dissociation of CaM from IQ2, and possibly from IQ1,
and to major conformational changes in the post-IQ region of
Myo1c, converting Myo1c from the rigid conformation to a more
flexible conformation. Myo1c in the flexible conformation would
have diminished loads, and this would further promote the dissociation
of the motor head from the actin filaments, owing to its low duty ratio
under small load.

+Ca2+

npg
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binding to both lobes of Ca2+-CaM. Because neither α2 nor α4
is involved in binding to Ca 2+-CaM, it is most likely that these
two regions will also become flexible when Myo1c is bound to
Ca2+-CaM (Fig. 6).
DISCUSSION
The most salient feature of the Myo1c structure determined in this
work is that the entire tail adopts a rigid monomeric structure. From
the recently reported crystal structures of the motor domains of Myo1b
and Myo1c24,25, we built a structural model of the full-length Myo1c.
According to this modeled structure, full-length Myo1c should also
adopt a stable monomeric conformation in which its actin-binding
motor domain and lipid membrane–binding extended PH domain
point in opposite directions (Fig. 6). The post-IQ region of Myo1c,
together with CaM, plays a pivotal part in coupling the N-terminal
IQ motifs and C-terminal extended PH domain. As such, the overall
topology and structural rigidity are suited for Myo1c to transduce tension forces between the motor head and the membrane-binding tail.
Because the post-IQ region is highly conserved in several Myo1s with
short tails (Myo1a, Myo1b and Myo1h in particular; Supplementary
Fig. 3), it is likely that these Myo1s also adopt conformations similar
to that of Myo1c. The extended, rigid structures of the class I family
myosins are also supported by the previous EM studies of Myo1a 22
and Myo1c5.
Another important structural feature is that the tail of Myo1c
undergoes a Ca2+-dependent flexibility change, which is mediated
via its light-chain CaM. When Ca2+ concentration increases, the
dissociation of CaM from IQ motifs can affect the stiffness of the
IQ-motif helix. The conformational rearrangement of the post-IQ
region induced by Ca2+-CaM binding further increases the tail flexibility of Myo1c. The Ca2+-induced tail-flexibility change has also
been indicated in an EM study of Myo1a 46. The loss of tail rigidity
might cause a dissipation of tension between the motor head and the
cargo-binding tail of Myo1c and probably those of other Myo1s as
well (Fig. 6). It has been reported that when load is released the duty
ratio and power output of Myo1c also decrease7,47, although Myo1c
is less sensitive to the applied load when compared to Myo1b7,47,48.
The decrease of the duty ratio can in return promote detachment
of the motor from actin filaments and eventual total uncoupling
between Myo1c-bound cargo vesicles and actin filaments (Fig. 6).
When cells return to their resting state, the drop in the cellular Ca2+
concentration allows Myo1c to return to its rigid, apo-CaM–bound
conformation. Therefore, Myo1c and Myo1b39, and probably Myo1a
and Myo1h as well, may undergo Ca2+-dependent cycling between
rigid and flexible conformers. In a manner reminiscent of the rapid
Ca2+-induced activation of Ca2+-channels by resident CaMs49, the
speedy recovery of Myo1c to its rigid conformational state upon
nature structural & molecular biology
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Large load/high duty ratio

Small load/low duty ratio

Ca2+-concentration drop may be facilitated by the remaining Ca2+CaMs bound to the Myo1c tail.
As the most important Ca2+-signal transducer, CaM is known
to interact with hundreds of target proteins in both its apo and
Ca2+-bound states. The basic structural unit of CaM is the EF-hand
helix-loop-helix motif, which is capable of responding to cellular
Ca2+-concentration changes. EF hands also occur in numerous other
Ca2+-binding proteins with diverse cellular roles50. The interaction
between the Myo1c post-IQ domain and the N lobe of CaM reveals
an unexpected interaction mode between CaM and its targets. In this
interaction, the E helix of the first EF hand is completely separated
from its F helix and from the second EF hand (Fig. 2). Instead of recognizing a few key hydrophobic residues observed in CaM adopting
canonical conformations, this uncoupled conformation of the CaM
N lobe binds to an array of hydrophobic residues from three different
α-helices of Myo1c (Fig. 2f), forming a specific CaM–post-IQ complex that is critical for Myo1c’s functions (Figs. 3 and 4). Importantly,
the interaction between CaM with an uncoupled conformation and
Myo1c post-IQ is also Ca2+ dependent (Fig. 5). Therefore, the interaction between CaM and the Myo1c post-IQ domain observed in
this study represents a new paradigm of target recognition and Ca2+dependent regulation for CaM. Our finding opens the possibility that
CaM, and potentially numerous other EF-hand Ca 2+-binding proteins, may recognize additional target proteins by adopting uncoupled
EF-hand conformations.
In summary, the structure of the Myo1c tail presented here,
together with recently published motor-domain structures, provides
a framework for understanding the cellular functions of the Myo1
family motors. The Myo1c-CaM interaction also expands the range
of target recognition modes of CaM and probably of other EF-hand
Ca2+-binding proteins.
Methods
Methods and any associated references are available in the online
version of the paper.
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Accession codes. Coordinates and structure factors for the Myo1c tail
in complex with CaM have been deposited in the Protein Data Bank
under accession code 4R8G.
Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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Constructs and protein expression. The coding sequence of Myo1c
(NP_001074243.1, residues 698–1028) was PCR amplified from the mouse
full length Myo1c and cloned into a pET vector together with human CaM
(NP_008819.1). The Myo1c–CaM complex was coexpressed in BL21 (DE3)
Escherichia coli cells. The His6-tagged proteins were purified with a Ni2+nitrilotriacetic acid agarose column and subsequent size-exclusion chromatography.
All truncation and point mutations of Myo1c used in the current study were
created with the standard PCR-based mutagenesis method and conformed by
DNA sequencing. For heterologous cell expression, the full-length Myo1c (a gift
from C. Petit) was cloned into the pRFP vector and is referred to as wild-type
RFP-Myo1c. The wild-type GFP–Myo1c IQ3-852 was cloned into the pEGFPC3 vector.
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FPLC coupled with static light scattering. Protein samples (100 µl at a
concentration of 20 µM, preequilibrated with corresponding column buffer)
was injected into an AKTA FPLC system with a Superose 12 10/300 GL column
(GE Healthcare) with the column buffer of 50 mM Tris-HCl, 100 mM NaCl,
and 1 mM DTT, pH 7.8. EDTA (1 mM) or CaCl2 (1 mM) was added when
necessary. The chromatography system was coupled to a static light-scattering
detector (miniDawn, Wyatt) and differential refractive index detector (Optilab,
Wyatt). Data were analyzed with ASTRA 6 (Wyatt).
Crystallography. Crystals of Myo1c in complex with apo-CaM (16 mg/ml in
50 mM Tris, pH 7.8, 100 mM NaCl, 5 mM EDTA, and 1 mM DTT) were obtained
by hanging-drop vapor-diffusion methods at 16 °C. The crystals were grown in
buffer containing 2.0 M ammonium sulfate, 5% 1,4-dioxane, and MES, pH 6.5.
To prepare gold derivatives, crystals were soaked in crystallization solution with
2 mM KAu(CN)2 for 2 d. Crystals were soaked in crystallization solution containing 3.0 M ammonium sulfate for cryoprotection. Both native and derivative
data sets were collected at the Shanghai Synchrotron Radiation Facility at
100 K. Native data were collected at wavelength at 0.9793 Å, and derivative
data were collected at wavelength at 0.9030 Å. Data were processed and scaled
with HKL2000 (ref. 51).
Two gold sites were found by SHELXD52. The sites’ refinement and phase
improvement were done by autoSHARP53. Three CaMs (PDB 2IX7)34 and one
PH domain (PDB 1W1G)54 were placed in the density map with MOLREP55.
The model was further improved by manual rebuilding with COOT56. Molecular
replacement with the rebuilt model was carried out against the native data set
with PHASER57. Further manual model building and refinement were completed iteratively with COOT and PHENIX58. The final model was validated by
MolProbity59, which indicated residues in the Ramachandran plot with 90.6% in
preferred regions, 9.4% in allowed regions and none in disallowed regions. The
final refinement statistics are summarized in Table 1. All structure figures were
prepared with PyMOL (http://www.pymol.org).
Analytical ultracentrifugation. Sedimentation velocity (SV) experiments
were carried out on a Beckman XL-I analytical ultracentrifuge equipped
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with an eight-cell rotor at 25 °C. For SV, the final sedimentation-velocity
data were analyzed and fitted to a continuous sedimentation coefficient–
distribution model with the fitting results shown as solid lines with Sedfit (http://
www.analyticalultracentrifugation.com/default.htm).
Isothermal titration calorimetry assay. Isothermal titration calorimetry (ITC)
measurements were carried out on a VP-ITC MicroCal calorimeter (MicroCal) at
25 °C. The titration buffer contained 50 mM Tris-HCl, 100 mM NaCl, 1 mM DTT,
pH 7.8, and 1 mM EDTA or 1 mM CaCl2. Each titration point was performed
by injection of 10 µL of 200 µM CaM into various peptides in the cell at a time
interval of 120 s to ensure that the titration peak returned to the baseline. The
titration data were analyzed by Origin7.0 (MicroCal).
NMR spectroscopy. All protein samples for NMR experiments were concentrated
to ~0.2 mM in 20 mM Tris buffer containing 100 mM NaCl, 1 mM DTT and
5 mM EDTA (or 5 mM Ca2+) at pH 7.0 in 90% H2O and 10% D2O. NMR spectra
were acquired at 35 °C on Varian Inova 800 or 750 MHz spectrometers.
Cell culture, immunostaining, image analysis and quantification. COS-7
cells were transiently transfected with 0.5 µg of each plasmid per well with a
Lipofectamine PLUS Kit (Invitrogen) in 12-well plates, and cells were cultured
for 24 h in DMEM containing 10% FBS in 10% CO2 before fixation. MDCK
cells were transfected with a nucleotransfection kit (Amaxa) by electroporation,
and cells were cultured 72 h for polarization in DMEM containing 10% FBS in
10% CO2 before fixation. COS-7 cells were imaged with a TE2000E inverted
fluorescent microscope (Nikon), and polarized MDCK cells were imaged with an
LSM 710 laser-scanning confocal microscope (Zeiss). Anti–ZO-1 antibody
(DSHB, R26.4C, 1:100 dilution) and anti–E-cadherin antibody (DSHB, rr1, 1:50
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