
Calmodulin Bound to the First IQ Motif Is Responsible for
Calcium-dependent Regulation of Myosin 5a*□S

Received for publication, January 15, 2012, and in revised form, March 5, 2012 Published, JBC Papers in Press, March 21, 2012, DOI 10.1074/jbc.M112.343079

Zekuan Lu1, Mei Shen1, Yang Cao, Hai-Man Zhang, Lin-Lin Yao, and Xiang-dong Li2

From the Group of Cell Motility and Muscle Contraction, National Laboratory of Integrated Management of Insect Pests and
Rodents, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China

Background:Myosin 5a ATPase activity is regulated by calcium.
Results: The ATPase of the truncated myosin 5a having the motor domain and the first IQ motif is inhibited by its tail in a
calcium-dependent manner.
Conclusion: The calmodulin in the first IQ motif of myosin 5a is responsible for calcium-dependent regulation.
Significance: This presents a new paradigm for calcium regulation of unconventional myosins.

Myosin 5a is as yet the best-characterized unconventional
myosin motor involved in transport of organelles along actin
filaments. It is well-established thatmyosin 5a is regulated by its
tail in a Ca2�-dependent manner. The fact that the actin-acti-
vated ATPase activity of myosin 5a is stimulated bymicromolar
concentrations of Ca2� and that calmodulin (CaM) binds to IQ
motifs of the myosin 5a heavy chain indicates that Ca2� regu-
lates myosin 5a function via bound CaM. However, it is not
known which IQ motif and bound CaM are responsible for the
Ca2�-dependent regulation and how the head-tail interaction is
affected by Ca2�. Here, we found that the CaM in the first IQ
motif (IQ1) is responsible for Ca2� regulation of myosin 5a. In
addition, we demonstrate that the C-lobe fragment of CaM in
IQ1 is necessary for mediating Ca2� regulation of myosin 5a,
suggesting that the C-lobe fragment of CaM in IQ1 participates
in the interaction between the head and the tail. We propose
that Ca2� induces a conformational change of the C-lobe of
CaM in IQ1 and prevents interaction between the head and the
tail, thus activating motor function.

Myosin is a type of molecular motor protein that converts
energy from ATP hydrolysis into mechanical movement along
actin filaments. Myosin motor function must be tightly regu-
lated in cells to transport cargo efficiently and to avoid futile
hydrolysis of ATP. The regulation of muscle myosin (conven-
tionalmyosin) is well established. Amongmore than 30 types of
unconventional myosins, the regulation of vertebrate myosin
5a is best characterized.
Myosin 5a consists of two identical heavy chains that

dimerize through coiled-coil structures to form a homodimer.
The N-terminal �760 amino acid residues form the motor
domain containing ATP- and actin-binding sites. The motor

domain is followed by a neck that consists of six IQmotifs with
the consensus sequence IQXXXRGXXXR, which act as the
binding sites for calmodulin (CaM)3 or CaM-like light chains.
The C-terminal �900 amino acid residues form the tail. The
proximal portion of the tail contains a series of coiled-coils
separated by several flexible regions responsible for the
dimerization of myosin 5a. The distal portion of the tail forms a
globular tail domain (GTD). The tail mediates myosin 5a bind-
ing to specific membrane-bound organelles such as melano-
somes (1–4).
A tail-inhibition model for the regulation of myosin 5a is

generally accepted:myosin 5a in the inhibited state is in a folded
conformation such that the tail domain interacts with and
inhibits myosin 5a motor activity; high Ca2� or cargo binding
may reduce interaction between the head and tail domains,
thus activating motor activity. This model is based on the fol-
lowing key findings. 1) The actin-activated ATPase activity of
myosin 5a is stimulated by micromolar Ca2�, whereas myosin
5a heavy meromyosin (HMM), lacking GTD, is constitutively
active (5–7). 2) Analytical ultracentrifugation analysis showed
that myosin 5a is in a 14 S-folded conformation under lower
Ca2� conditions and in an 11 S open conformation in the pres-
ence of micromolar Ca2� (6–8). In contrast, there is no such
transition for the truncated myosin 5a lacking GTD (6–8). 3)
Negative staining electron microscopy showed that myosin 5a
molecules form a triangular conformation in which the motor
domain contacts theGTD, and thatmyosin 5aHMMmolecules
form an extended conformation (7, 9–10). 4) The isolatedGTD
is capable of inhibiting the ATPase activity of myosin 5aHMM,
and the inhibition is abolished by highCa2� (9–11). 5)Melano-
philin, the cargo-binding protein formyosin 5a inmelanosome,
binds to the tail of myosin 5a and is capable of stimulating the
ATPase activity of myosin 5a (4).
The fact that the actin-activated ATPase activity of myosin

5a is stimulated by micromolar concentrations of Ca2� and
CaM binds to IQ motifs of myosin 5a heavy chain indicate that
Ca2� regulates myosin 5a function via the bound CaM (5–6).
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However, it is not known which IQ motif and bound CaM is
responsible for the regulation, nor how the head-tail interac-
tion is affected by Ca2�. It appears that activation of ATPase
activity of myosin 5a by high Ca2� is correlated with Ca2�-
induced dissociation of CaM from a single specific IQ motif
(12). Several groups identified the specific IQ motif to be the
second IQmotif (IQ2) and proposed that Ca2�-dependent reg-
ulation of myosin 5a is via the CaM in IQ2 (13–16). This
hypothesis seems plausible since the regulation of scallopmyo-
sin and smooth muscle myosin is initiated from the regulatory
light chain (a CaM-like light chain) bound to IQ2 (17–19).
However, there is no direct evidence to support this hypothesis.
Recently, we proposed a model for the interaction between

the head and theGTDofmyosin 5a based onmutagenesis anal-
ysis of the highly conserved charged residues in the motor
domain and the GTD on the regulation (11). In our model, we
assign the GTD-binding site to a pocket of the motor domain,
formed by the N-terminal domain, converter, and the CaM in
the first IQ motif (IQ1). This assignment immediately suggests
a possible mechanism for Ca2�-dependent regulation of myo-
sin 5a: the CaM in IQ1 is part of or close to the GTD-binding
pocket and Ca2�-induced conformational change of CaM in
IQ1 may prevent the interaction between the motor domain
and the GTD, thus activating motor function. Of course, this
model could not exclude the possibility that Ca2�-induced acti-
vation is initiated from the CaM in IQ2 and transferred to the
CaM in IQ1 through the interaction between these two CaMs.
In the present study, we provide direct evidence that it is the
CaM in IQ1, but not the one in IQ2, responsible for the regula-
tion of myosin 5a by Ca2�.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes and modifying enzymes
were purchased from New England BioLabs (Beverly, MA),
unless indicated otherwise. Actin was prepared from rabbit
skeletalmuscle acetone powder according to Spudich andWatt
(20). Ni-NTA-agarose was purchased from Qiagen (Hilden,
Germany). Anti-FLAG M2 antibody, Anti-FLAG M2 affinity
gel, phosphoenol pyruvate, 2,4-dinitrophenyl-hydrazine, and
pyruvate kinase were from Sigma. FLAG peptide (AspTyr-
LysAspAspAspAspLys) was synthesized by Augct Co. (Beijing,
China). Phenyl-Sepharose 6 Fast Flow and Glutathione-Sep-
harose 4 Fast Flow were fromGEHealthcare. Oligonucleotides
were synthesized by Invitrogen. GST-GTD was prepared as
described previously (10).
Myosin 5a Expression Vectors—All myosin 5a constructs in

this studywere created fromamelanocyte isoformofmyosin 5a
cDNA(21). M5a�T and M5aHMM with N-terminal His-tag
and Flag-tag were prepared as described previously (10). C-ter-
minal-truncatedmyosin 5a constructs were produced by intro-
ducing a stop codon at various nucleotide sites (Fig. 1).M5a�T-
IQ26 was created by substituting IQ2 (aa 788–812) in M5a�T
with IQ6 (aa 884–908). MD-IQ1/6 was created by substituting
IQ2 (aa 788–815) in MD-IQ1/2 with IQ6 (aa 884–908).
MD-IQ3 and MD-IQ5 were created by substituting IQ1 (aa
765–787) in MD-IQ1 with IQ3 (aa 813–835) and IQ5 (aa 861–
883), respectively. Recombinant baculoviruses were prepared

using Bac-To-Bac system (Invitrogen) as described previously
(6, 10).
Expression and Purification of Myosin 5a Constructs—Sf9

cells were coinfectedwith the recombinant viruses ofmyosin 5a
heavy chain and CaM wild type or mutants. The expressed
myosin 5a was purified by anti-Flag M2 affinity chromatogra-
phy as described previously (6, 10). The concentrations of the
purified myosin 5a were determined by absorbance at 280
nm, using the following molar extinction coefficients
(liters�mol�1�cm�1): 167510 (M5a�T), 164950 (M5a�T-IQ26),
150300 (M5aHMM), 141220 (MD-IQ1–6), 106560 (MD-IQ1/
2), 104000 (MD-IQ1/6), 100040 (MD-IQ1), 96080 (MD-IQ1-
short), 90270 (MD), 102360 (MD-IQ3), and 101080 (MD-IQ5).
These molar extinction coefficients were calculated based on
the amino acid composition of myosin 5a heavy chain and the
bound CaM. In the case where the absorbance at 280 nm was
lower than 0.5 or the absorbance spectrum was aberrant, the
protein concentrationwas determined by SDS-PAGE andCoo-
massie Brilliant Blue staining with known concentrations of
myosin 5a protein as a standard.
Expression and Purification of CaM Wild Type and

Variants—The cDNA for human CaM was obtained by PCR
and subcloned into pFastBac or pT7 vector. CaM mutations
abolishing Ca2�-binding sites, including B12Q (mutation of
E31Q/E67Q), B34Q (mutations of E104Q/E140Q), and
B1234Q (mutations of E31Q/E67Q/E104Q/E140Q) were
introduced by QuikChange site-directed mutagenesis with
Ultra High Fidelity Pfu (Stratagene, CA) and standard
molecular biological techniques. The CaM in pFastBac was
used for preparing recombinant baculovirus by using Bac-
To-Bac system (Invitrogen). The CaM in pT7 was used for
expressing CaM in Escherichia coli.
CaM wild type and B12Q mutant were expressed in

BL21(DE3) and purified according to a publishedmethod using
affinity chromatography on phenyl-Sepharose (22). Phenyl-
Sepharose chromatography could not be used for CaM-B34Q
and -B1234Qmutants, and therefore an alternative purification
scheme, based on that of smooth muscle myosin regulatory
light chain (23), was devised as described below.
BL21(DE3) was transformed with CaM in pT7 expression

vector and then cultured in 200 ml of LB medium supple-
mented with 50 �g/ml ampicillin at 37 °C until the A600 nm was
0.8–1.0. About 0.2 mM isopropyl-1-thio-�-D-galactopyrano-
side (IPTG) was added to the liquid culture, and the cells were
cultured overnight. After two freeze-thaw treatments, the har-
vested cells were suspended in 20 ml of lysis buffer (50 mM

Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM DTT, and 1 mg/ml
lysozyme) and incubated for 1 h (all experiments were done at
4 °C unless otherwise indicated). To decrease the viscosity of
cell lysates, 3mMMgCl2 and 20 units/mlDNase I were added to
digest DNA. Cell lysates were clarified by centrifugation
(15,000 rpm for 15 min). Unwanted protein in the supernatant
was precipitated by adding 3% TCA and adjusting to pH 5.3
with 10 N NaOH, and removed by centrifugation (10,000 rpm
for 10 min). CaM in the supernatant was precipitated by
increasing TCA to 6% and collected by centrifugation (10,000
rpm for 10 min). The pellet was dissolved in 10 ml of 30 mM

Tris-HCl, pH 7.5 (adjusting pH with 1 M Tris-base). After dia-
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lyzing against 1 liter of Buffer A (50 mM Tris-HCl, pH 7.5 and 1
mM DTT) overnight and centrifugation at 10,000 rpm for 10
min, the supernatant was loaded onto a DEAE-Sepharose col-
umn (1.5 cm � 11 cm). After washing with buffer A, the bound
proteinswere elutedwith 120ml of Buffer-A containing a linear
NaCl gradient from0 to 500mM. The fractions containingCaM
were determined by SDS-PAGE analysis, concentrated, dia-
lyzed against Buffer D (30 mM Tris-HCl, pH 7.5, 30 mM NaCl,
and 1 mM DTT), and stored at �80 °C. CaM concentrations
were determined by the absorbance at 280 nm (1A280 is equal to
5.26 mg/ml CaM).
CaM-C (the C-lobe of CaM, aa 80–148) was prepared simi-

larly to wild type CaM, except that 2 M NaCl instead of 0.3 M

NaCl was used for binding of CaM-C with phenyl-Sepharose.
CaM-C concentration was determined by the absorbance at
280 nm (1A280 is equal to 3.28 mg/ml CaM-C). CaM-N (the
N-lobe of CaM, aa 1–79) was prepared by precipitation with
TCA without chromatography. Briefly, BL21(DE3) was trans-
formed with CaM-N in pT7 expression vector and then cul-
tured in 1 liter of LB medium supplemented with 50 �g/ml
ampicillin and induced by IPTG. After two freeze-thaw treat-
ments, the harvested cells were suspended in 80 ml of lysis
buffer (50mMTris-HCl, pH 7.5, 2mM EDTA, 1mMDTT, and 1
mg/ml lysozyme) and incubated for 1 h and digested with
DNase as above. Cell lysates were clarified by centrifugation
(15,000 rpm for 15 min). Unwanted protein in the supernatant
was precipitated by adding 3% TCA and adjusting to pH 5.3
with 10 N NaOH, and removed by centrifugation (10,000 rpm
for 10 min). The TCA concentration in the supernatant was
increased to 6% to precipitate the remaining unwanted pro-
teins, which were removed by centrifugation. CaM-N in the
supernatant was then precipitated by increasing TCA to 10%
and collected by centrifugation. The pellet was dissolved in �1
ml of 1 M Tris-HCl, pH 7.5 and clarified by centrifugation. The
supernatant was loaded onto a Sephadex G25 column pre-
equilibrated with Buffer-D for buffer exchange. Since CaM-N
does not contain aromatic amino acid residues, its protein con-
centration was estimated by SDS-PAGE (4–20%) with purified
CaM-C as standard.
ATPase Assay—The ATPase activity of myosin 5a was meas-

ured in a plate-based, ATP regeneration system as described
previously with slight modification (11). Unless otherwise indi-
cated, the ATPase activities of myosin 5a were measured in a
solution containing 20mMMOPS-KOH, pH7.0, 50mMNaCl, 1
mM MgCl2, 1 mM DTT, 0.25 mg/ml BSA, 12 �M CaM, 0.5 mM

ATP, 2.5mMPEP, 20 units/ml pyruvate kinase, 20–50 nM trun-
cated myosin 5a, 40 �M actin, various concentrations of GST-
GTD, and 1 mM EGTA at 25 °C. For pCa4 conditions, 1 mM

EGTA was replaced by 0.87 mM EGTA and 1 mM CaCl2. To
measure the ATPase activity of MD-IQ1 with CaM variant, the
corresponding CaM variant was included in the assay in place
of wild type CaM. The inhibition of ATPase activities by GST-
GTD was fitted with a quadratic equation or hyperbolic equa-
tion to obtain the Kd between the myosin 5a head and GST-
GTD as described previously (11).
Actin Cosedimentation Assay—Purified myosin 5a con-

structs were incubated with rabbit skeletal actin (10 �M) in a 50
�l solution consisting of 20 mM MOPS-KOH, pH7.0, 50 mM

NaCl, 1 mM MgCl2, 1 mM DTT, 12 �M CaM WT, or mutants,
and 1 mM EGTA (1 mM EGTA was replaced with 0.87 mM

EGTA and 1 mM CaCl2 for pCa4 conditions) at 0 °C for 10 min
and then centrifuged in a benchtop ultracentrifuge (Beckman
OptimaMAX-XP) at 80,000 rpm for 10min at 0 °C. The pellets
were resuspended in 50�l of SDS-gel sample buffer (containing
5 mM EGTA) and subjected to SDS-PAGE. The amounts of the
myosin 5 heavy chain andCaMwere determined byNIH Image
J 1.42Q (Bethesda, MD).
Electrophoretic Mobility Shift of CaM—CaM and its variants

display unique electrophoretic mobility shift in SDS-PAGE in
response to Ca2� (24). Before applied to SDS-PAGE (15%), the
purified CaM variants and the purified MD-IQ1 coexpressed
with CaM variants were incubated with 5 mM EGTA or 5 mM

CaCl2 on ice for 30 min, then mixed with SDS loading buffer
and boiled for 5min. Protein bandswere visualized byCoomas-
sie Brilliant Blue staining.

RESULTS

The IQ1Motif but Not IQ2Motif Is Critical for the Regulation
of Myosin 5a by Ca2�—To investigate the regulation of myosin
5a, we produced a number of truncated myosin 5a (Fig. 1). We
coexpressed the truncated myosin-5 with CaM and purified
them with Anti-FLAG affinity chromatography. The apparent
molecularmasses of the truncatedmyosins in SDS-PAGE agree
well with the calculated values based on their sequences. All
truncated myosins, except MD, were copurified with CaM
(supplemental Fig. S1).
It is known that the association ofCaMwith IQ2ofmyosin 5a

is regulated by Ca2�, and it was proposed that the Ca2�-depen-
dent regulation of myosin 5a is via the CaM in IQ2 (13–16). To
test this possibility, we createdM5a�T-IQ26, a truncatedmyo-
sin 5a having the globular tail domain (GTD) deleted and the
IQ2 substituted with IQ6 (Fig. 1 and supplemental Fig. S1). We
found that the actin-activated ATPase activity ofM5a�T-IQ26
is still inhibited by theGST-GTD in aCa2�-dependentmanner,
similar to that of M5a�T with its authentic IQ motifs (supple-
mental Fig. S2). Thus, the substitution of IQ2with IQ6 does not
alter the regulation of myosin 5a. It is possible that, similar to
that of IQ2, the association of CaMwith IQ6 is also regulated by
Ca2�; thus the substitution of IQ2 with IQ6 does not alter the
regulation. To test this possibility, we created MD-IQ1/6 by
substituting IQ2 in MD-IQ1/2 with IQ6 (Fig. 1), and measured
the association of CaM with MD-IQ1/2 and MD-IQ1/6. We
found that high Ca2� dissociates 43% CaM from MD-IQ1/2
and less than 5% CaM fromMD-IQ1/6 (supplemental Fig. S3).
These results are consistent with previous report, that IQ6 has
high affinity to CaM in either low or high Ca2� conditions (25).
Therefore, Ca2�-dependent dissociation of CaM from IQ2 is
not responsible for the regulation of myosin-5a.
We previously found that the strong inhibition by the GTD

requires the double-headed structure and an intact first coiled-
coil segment (10). However, as pointed out by Thirumurugan et
al. (9), we have noticed a reproducible, though weak, inhibition
ofmyosin 5a S1 ATPase activity by the GTD (10), and this weak
inhibition was abolished by high Ca2�. Thus, there likely is a
Ca2�-dependent interaction between the GTD and myosin 5a
S1. We expect that the weak inhibition of myosin 5a S1 by the
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GTD could be used for dissecting the regulatory machinery of
myosin 5a, and therefore we tried to enhance the inhibition of
myosin 5a S1 by the GTD by altering the assay conditions.
We previously showed that inhibition of myosin 5a motor

function by the GTD depends largely on ionic strength (6), i.e.
high ionic strength attenuates the inhibition by the GTD. To
quantify the effects of ionic strength on the inhibition by GST-
GTD, we measured the inhibition of M5aHMMATPase activ-
ity by GST-GTD in a range of 50 mM to 250 mM NaCl (supple-
mental Fig. S4). The calculated Kd for GST-GTD decreased
from 11.3 �M at 250 mM NaCl to 14.8 nM at 50 mM NaCl. It is
noteworthy that GST-GTD shows much higher affinity for
M5aHMM than the monomeric GTD we used previously (10).
We expected that lower ionic strength might also enhance

the weak inhibition of myosin 5a S1 by GST-GTD. Indeed, in
EGTA conditions, 8 �M GST-GTD inhibits about 15% ATPase
activity of myosin 5a S1 in 100 mM NaCl conditions and about
50% in 50 mM NaCl conditions. We therefore conducted all
following ATPase assay in the presence of 50 mM NaCl.
The ATPase activity of MD-IQ1–6, a truncated myosin 5a

with motor domain and intact IQ motifs, was significantly
inhibited by GST-GTD in EGTA conditions, but not in pCa4
conditions (Fig. 2A). These results indicate that MD-IQ1–6
contains all components for Ca2�-dependent regulation. On
the other hand, the double-headed structure, although enhanc-
ing the interaction between the two heads and the twoGTDs, is
not essential for regulation.

To identify the IQ motif responsible for the regulation of
myosin 5a by Ca2�, we created a number of truncated myosin
5a S1 lacking various IQ motifs (Fig. 1 and supplemental Fig.
S1), and examined the effects of GST-GTD and Ca2� on the
ATPase activities of these constructs. Similar to that of
MD-IQ1–6, the ATPase activities of MD-IQ1/2 and MD-IQ1
are inhibited by GST-GTD in EGTA conditions, but not in
pCa4 conditions (Fig. 2, B and C). By contrast, the ATPase
activity of MD is not inhibited by GST-GTD in either EGTA or
pCa4 conditions (Fig. 2D). Three truncated myosin 5a con-
structs, i.e.MD-IQ1-6, MD-IQ1-2, and MD-IQ1, are all inhib-
ited by GST-GTD with a similar Kd, suggesting that CaM in
IQ2-IQ6 does not directly participate in inhibitory formation
and are dispensable for Ca2�-dependent regulation. These
results indicate that the CaM in IQ1 is responsible for the reg-
ulation of myosin 5a by Ca2�.

In the absence of Ca2�, GST-GTD inhibits the ATPase activ-
ities of MD-IQ1 but not that of MD, suggesting that the CaM
bound to IQ1 participates in the interaction with GTD. This
raises a possibility that the reversal of GST-GTD inhibition on
MD-IQ1 by Ca2� is due to Ca2�-induced dissociation of CaM
from IQ1. Alternatively, Ca2� might induce a conformation
change of CaM in IQ1 that reverses the inhibition by GST-
GTD. To distinguish between these two possibilities, we com-
pared the association of CaMwithMD-IQ1 in the absence and
presence of Ca2�. About 94% of CaM still associates with
MD-IQ1 in Ca2� conditions relative to that under EGTA con-

FIGURE 1. Diagram of myosin 5a constructs studied in this report. Amino acid numbers of the constructs are indicated. M5a�T-IQ26 was created by
substituting IQ2, in M5a�T with IQ6. MD-IQ1/6 was created by substituting IQ2 in MD-IQ1/2 with IQ6. MD-IQ3 and MD-IQ5 were created by substituting IQ1 in
MD-IQ1 with IQ3 and IQ5 respectively. For clarity, the diagram was not drawn to scale.
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ditions (supplemental Fig. S3), indicating that the reversal of
GST-GTD inhibition of MD-IQ1 ATPase activity by Ca2� is
due to a conformational change of the CaM bound to IQ1.
The Unique Sequence of IQ1 Is Critical for the Ca2� Regula-

tion of Myosin 5a—The six IQ motifs in the neck of myosin 5a
can be grouped into three semiindependent pairs, i.e. IQ1/2,
IQ3/4, and IQ5/6. The neighboring IQ motifs within each pair
are separated by 23 aa, and by 25 aa between pairs. Sequence
alignment shows that the structures of three pairs resemble
each other. As described above, IQ1 plays a key role in Ca2�-
dependent regulation of myosin 5a. However, it is not known
whether or not the unique sequence of IQ1 is essential for the
regulation. To test this notion, we replaced the IQ1 ofMD-IQ1
with IQ3 or IQ5, producing MD-IQ3 or MD-IQ5, respectively
(Fig. 1 and supplemental Fig. S5). We found that the ATPase
activity of neither MD-IQ3 nor MD-IQ5 is inhibited by GST-
GTD despite Ca2� concentrations (Fig. 3, D and E), indicating
that the unique sequence of IQ1 is essential forCa2� regulation.

Since all three types of mammalian myosin 5, i.e. myosin 5a
(6–8), 5b (26), and 5c4 are regulated by their GTD in a Ca2�-
dependent manner, it is likely that, similar to that of myosin 5a,
IQ1 of myosin 5b and 5c also plays a critical role in Ca2� regu-
lation. Therefore, we compared the IQ1 sequences of 12 mam-
malian myosin 5 and identified a consensus sequence of IQ1:
K�Rxx��xIQKx�RGWLxBxB�x, where x is any amino acid, B
is a basic residue, � is a hydrophobic residue, � is an aromatic
residue, and � is a small hydrophilic residue (Fig. 3A). The con-

served residues K�R in the N terminus are absent in both IQ3
and IQ5, andWL in the middle are absent in IQ3 (Fig. 3B). It is
likely that these residues, conserved in IQ1 but absent in IQ3 or
IQ5, are essential for Ca2� regulation. Indeed, the crystal struc-
ture of myosin 5a IQ1/2 in complex with CaM (27) shows that
the absolutely conserved residues of IQ1: R767, W780, and
L781, form intimate interactions with the surface residues in
the C-lobe of CaM (Fig. 3C). These interactions likely render
CaM in a proper conformation to interact with the GTD in a
Ca2�-dependent manner.
TheTwoCa2�Binding Sites in the C-lobe of CaMAreCritical

for the Regulation ofMyosin 5aMotor Function—CaMcontains
four EF-hand type Ca2�-binding sites with different affinities
for Ca2�: two high affinity Ca2�-binding sites in the C-lobe and
two low affinity Ca2�-binding sites in the N-lobe (17, 18). It is
not known which Ca2�-binding site(s) is responsible for Ca2�-
regulation of myosin 5a. Mutagenesis studies have shown that
the conserved glutamic acid residue at the 12th position of each
Ca2�-binding loop is critical for Ca2� binding (28). Substitu-
tion of this conserved glutamic acid with glutamine in each
Ca2�-binding site abolishes its Ca2� binding ability. To identify
the Ca2�-binding sites in CaM responsible for Ca2� regulation
of myosin 5a, we examined the GST-GTD inhibition of the
ATPase activity of MD-IQ1 coexpressed with CaM variants in
the absence and presence of Ca2�.
We coexpressed MD-IQ1 heavy chain with CaM variants in

sf9 cells and purified MD-IQ1 by anti-FLAG affinity chroma-
tography. Similar to wild-type CaM (CaM-WT), each CaM
mutants was copurified with MD-IQ1 heavy chain (Fig. 4). It is4 X. Li, unpublished observations.

FIGURE 2. Effects of IQ motif deletions on the inhibition of myosin 5a S1 ATPase activity by GST-GTD. The actin-activated ATPase activities of the
truncated myosin 5a S1 were measured in EGTA (open triangles) and pCa4 conditions (closed triangles). Data are the average of three independent assays. (A)
MD-IQ1– 6, (B) MD-IQ1/2, (C) MD-IQ1, and (D) MD. The Kd of GST-GTD to myosin 5a S1 constructs were obtained by a hyperbolic fit. The calculated Kd are 5.08 �
1.51 �M (MD-IQ1– 6), 4.33 � 0.99 �M (MD-IQ1/2), and 3.46 � 1.04 �M (MD-IQ1). Values are mean � S.D. from three independent assays.
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known that CaM-WT and mutants display a characteristic
electrophoretic mobility shift in response of Ca2� (24). As
shown in Fig. 4, CaM variants copurified with MD-IQ1 show
the same pattern of mobility shift as the corresponding CaM
variants. These results confirm that the CaM associated with
the MD-IQ1 heavy chain in each preparation contains the
expressed recombinant CaM mutant. It is noteworthy that the
purified MD-IQ1/CaM-B34Q and MD-IQ1/CaM-B1234Q
contain significant amounts of sf9 endogenous CaM (Fig. 4B),
although the expression levels of CaM-B34Q and CaM-
B1234Q in these preparations are similar to those of CaM-
B12Q or CaM-WT.We found that increasing the expression of
CaM-B34Q or CaM-B1234Q cannot eliminate the association
of endogenous CaM with MD-IQ1, indicating that the affinity
between CaM-B34Q or CaM-B1234Q and MD-IQ1 is signifi-
cantly weaker than that between CaM-WT or CaM-B12Q and
MD-IQ1. These results are consistent with the crystal structure
ofmyosin 5a IQ1/2 complexedwithCaM,which shows that the
binding of CaM to IQ is largely via the interactions between the
C-lobe of CaM and the IQ motif (29).

We examined the effects of GST-GTD on the ATPase activ-
ities of MD-IQ1 coexpressed with CaM mutants in EGTA and
pCa4 conditions. Similar to that ofMD-IQ1withCaM-WT, the
ATPase activity of MD-IQ1 with CaM-B12Q was strongly
inhibited by GST-GTD in the absence of Ca2� but not in the
presence of Ca2� (comparing Figs. 2C and 5A). By contrast, the
ATPase activity of MD-IQ with CaM-B34Q or -B1234Q was
slightly inhibited by GST-GTD in the absence or presence of
Ca2� conditions (Fig. 5, B and C). These results indicate that
the Ca2�-binding sites in the C-lobe of CaM are responsible for
Ca2�-dependent regulation of myosin 5a.
The presence of a population of wild type MD-IQ1/CaM in

MD-IQ1/CaM-B34Q and MD-IQ1/CaM-B1234Q should not
affect the ATPase assay results of these two constructs. First,
the excess amount of CaM mutants in the assay could replace
wild type CaM and restore the normal stoichiometry for
MD-IQ1/CaM-B34Q and MD-IQ1/CaM-B1234Q. To test this
possibility, we incubated MD-IQ1/CaM-B34Q or MD-IQ1/
CaM-B1234Qwith 12�McorrespondingCaMmutant and pre-
cipitated MD-IQ1 with F-actin. The CaM coprecipitated with

FIGURE 3. Regulatory function of IQ1 cannot be substituted by IQ3 or IQ5. A, consensus sequence of IQ1 motif of 12 mammalian myosin 5, including myosin
5a, 5b, 5c from mouse (GenBankTM ID: Q99104, NM_201600, XM_198225), rat (GenBankTM ID: Q9QYF3, P70569, EDL77808), cattle (GenBankTM ID
XP_002691008, XP_002691008, XP_002691009), and human (GenBankTM ID: Q9Y4I1, Q9ULV0, Q9NQX4). X is any amino acid, B is a basic residue, � is a
hydrophobic residue, � is an aromatic residue, and � is a small hydrophilic residue. B, sequence alignment of mouse myosin 5a IQ1, IQ3, and IQ5. C, ribbon
drawing of apo-CaM (N-lobe, marine; C-lobe, magenta) in complex with IQ1 of muring myosin 5a (PDB # 2IX7). Orange residues, typical IQ motif residues
IQXXXRGXXXR; green residues, conserved IQ1residues identified in this report (K765, L766, R767, W780, L781, and Y786). D and E, effects of GST-GTD on the
actin-activated ATPase activity of MD-IQ3 (D) and MD-IQ5 (E) in EGTA (open triangles) or pCa4 conditions (closed triangles). MD-IQ3 and MD-IQ5 were created by
substitution of IQ1 in MD-IQ1 with IQ3 and IQ5, respectively. Values are the average of two independent assays.
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MD-IQ1 was analyzed by SDS-PAGE and the stoichiometry of
light chain versus heavy chain was quantified (Fig. 5D). For
MD-IQ1/CaM-B34Q, this treatment increased the stoichiom-
etry of CaM-B34Q from 0.14 to 0.84, while it decreased that for
wild type CaM from 0.19 to 0.07. For MD-IQ1/CaM-B1234Q,
this treatment increased the stoichiometry of CaM-B1234Q
from 0.59 to 0.90, while it decreased that for wild type CaM
from0.15 to 0.03. Second, if a population ofwild-typeMD-IQ1/
CaM in the ATPase assay is significantly present, we should
have seen aCa2�-dependent inhibition byGST-GTD similar to
Fig. 2C.
It is known that the N-lobe and the C-lobe of CaM, forming

distinct globular domains, bind Ca2� and undergo Ca2�-de-
pendent conformational changes independently. Since the
interactions between CaM and IQ1 are largely via the C-lobe of
CaM and the N-terminal portion of IQ1 (Fig. 3C), it is possible
that the C-lobe of CaM is sufficient for the Ca2� regulation of
myosin 5a. To test this possibility, we coexpressed MD-IQ1
with CaM-C (the C-lobe of CaM, aa 80–148) and purified
MD-IQ1 with anti-FLAG affinity chromatography. However,
we found that purifiedMD-IQ1 contains significant amounts of
sf9 endogenous CaM but not CaM-C (lane 1 in supplemental
Fig. S6). These observations indicate that the affinity between
CaM-C and IQ1 is much weaker than that between CaM-WT
and IQ1. The lower affinity between CaM-C and IQ1 is likely

due to the absence of a weak interaction between the N-lobe of
CaM and the C-terminal portion of IQ1. Since the C-lobe
of CaM binds to the N-terminal portion of IQ1 and the N-lobe
of CaM binds to the C-terminal portion of IQ1, it is possible to
weaken the affinity between CaM-WT and IQ1, while main-
taining the affinity between CaM-C and IQ1, by truncating the
C terminus of IQ1. Therefore, we prepared a number of trun-
cated MD-IQ1 and found that one of them, i.e.MD-IQ1-short
(aa 1–783), was copurified with neither sf9 endogenous CaM
nor the coexpressed CaM-C (lane 3 in supplemental Fig. S6).
We then measured the inhibition of the ATPase activity of

MD-IQ1-short by GST-GTD in the presence of 12 �M CaM
variants. In the presence of CaM-WT or CaM-C, GST-GTD
inhibited the ATPase activity of MD-IQ1-short in a Ca2�-de-
pendent manner (Fig. 6, B and D). By contrast, GST-GTD had
no inhibition activity either in the presence of CaM-N or in the
absence of any CaM variants (Fig. 6, A and C). These results
clearly demonstrated that the C-lobe of CaM is necessary and
sufficient for mediating the regulation of myosin 5a by Ca2�.
The ATPase levels of MD-IQ1-short in the absence of CaM

and in the presence of CaM-N are significantly lower than that
in the presence of CaM-WT or CaM-C (Fig. 6). One possible
scenario is that the IQ1-short motif without the bound CaM
interacts with the motor domain and inhibits its ATPase activ-
ity. The binding of CaM-WT or CaM-C to the IQ1-short motif
prevents the interaction with the motor domain and restores
the normal activity. The low activity of MD-IQ1-short in the
presence of CaM-N is likely due to the low affinity of CaM-N to
the IQ1-short motif.
There is an inherit Ca2� dependence for the ATPase activity

of MD-IQ1-short/CaM-N even when no GST-GTD is added
(Fig. 6C). Since the ATPase acitivity of themotor domain per se
is Ca2�-independent, as shown for MD (Fig. 2D), the Ca2�

dependence of MD-IQ1-short/CaM-N is probably due to the
different interactions between IQ1-short motif and CaM-N
with or without Ca2� bound, or due to the different affinities of
IQ1-short motif to apo-CaM-N and to Ca2�-CaM-N.

DISCUSSION

The Ca2� Activation of Myosin 5a Is Initiated via the CaM in
IQ1—Theneck ofmyosin 5a contains six IQmotifs, the binding
sites for CaM or CaM-like light chain. Since micromolar con-
centrations of Ca2� stimulate the ATPase activity of myosin 5a
and induce an open conformation (5–8), it is expected that
activation is initiated by the binding of Ca2� to CaM, which is
bound to the IQ motifs of the myosin 5a heavy chain.
The six IQ motifs of myosin 5a can be grouped into three

pairs, i.e. IQ1/2, IQ3/4, and IQ5/6. A number of crystal struc-
tures of myosin 5 IQ motif in complex with CaM or CaM-like
light chain have been solved (27, 30–31). These structures per-
mit building a model of the entire neck of myosin 5 (30), show-
ing that there is little or no interaction between two light chains
in the adjacent pairs. Thus CaM in IQ3/4 or IQ5/6 is unlikely to
influence the conformation of CaM in IQ1/2, which would pre-
clude their direct role in Ca2�-dependent regulation. By con-
trast, there are non-polar interactions betweenCaM in IQ1 and
in IQ2 (27). Thus it is possible that the Ca2�-dependent regu-
lation is initiated via the Ca2� binding to the CaM in IQ1 or in

FIGURE 4. Electrophoretic mobility shift of CaM mutants in the presence
of EGTA or Ca2� conditions. A, lanes 1 and 2, wild type CaM; lanes 3 and 4,
MD-IQ1 with wild type CaM; lanes 5 and 6, CaM-B12Q; lanes 7 and 8, MD-IQ1
with CaM-B12Q. B, lanes 1 and 2, CaM-B34Q; lanes 3 and 4, MD-IQ1 with CaM-
B34Q; lanes 5 and 6, CaM-B1234Q; lanes 7 and 8, MD-IQ1 with CaM-B1234Q.
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IQ2. Results presented here clearly demonstrate that the disso-
ciation or conformational change of the CaM in IQ2 is not
required for Ca2� activation, and that the CaM in IQ1 is
responsible for Ca2�-dependent regulation of myosin 5a.
IQ2 in vertebrate smoothmuscle and nonmusclemyosin II is

the binding site for the regulatory light chain (RLC), which
plays a key role for the regulation. The phosphorylation of the
RLC of smoothmuscle and nonmusclemyosin II stimulates the
motor activity of their motor domains. It is generally believed
that the phosphorylation of RLC alters the head-head interac-
tion, relieving inhibition (17–18, 32). Therefore a double-
headed structure is essential for the regulation of these myo-
sins. By contrast, IQ1 of myosin 5a and bound CaM plays a key
role in regulation via altering head-tail interaction. A double-
headed structure, although it does enhance the head-tail inter-
action of myosin 5a and thus its regulation (10), is not essential
for the regulation of myosin 5a. Recent studies show that, sim-
ilar to myosin 5a, several unconventional myosins, including

Drosophila myosin 7a and mammalian myosin 10, are auto
inhibited by their tails and inhibitions are reversed by Ca2� or
cargo binding (33–36). Since these unconventional myosins
cannot form stable double-headed structures as smoothmuscle
and nonmuscle myosin II, it is plausible that their first IQmotif
occupied by CaM is responsible for Ca2� regulation.
TheUnique Interaction betweenCaMand IQ1 Is Essential for

the Ca2� Regulation of Myosin 5a—The overall conformations
of myosin 5a IQmotif with bound CaM are very similar: the IQ
motifs forma relatively straight�-helixwith no sharp bend, and
the C-lobe of CaM adopts a semi-open conformation that
wraps around one side of IQ motif by forming strong interac-
tion with the IQ motif, whereas the N-lobe adopts a closed
conformation that interacts more weakly with the second part
of the motif. However, the precise conformations of IQ-bound
CaMare quite different. Comparing the structures of CaM/IQ1
andCaM/IQ2 reveals that variable residues of the IQmotif play
a critical role in determining the precise conformation of the

FIGURE 5. The Ca2�-binding sites in the C-lobe of CaM mediate the interaction between the head and the GTD. The actin-activated ATPase activities of
MD-IQ1 coexpressed with CaM mutants in the presence of various concentrations of the GST-GTD were measured. Assay conditions were conducted in the
presence of 12 �M of the corresponding mutant CaM instead of wild-type CaM. A, MD-IQ1 with CaM-B12Q, (B) MD-IQ1 with CaM-B34Q, (C) MD-IQ1 with
CaM-B1234Q. Open triangles, EGTA conditions; closed triangles, pCa4 conditions. Values are the average of two independent assays. D, exogenous CaM mutants
restored the normal stoichiometry of light chain versus heavy chain for MD-IQ1/CaM-B34Q and MD-IQ1/CaM-B1234Q. Purified MD-IQ1/CaM-B34Q or MD-IQ1/
CaM-B1234Q was incubated with 12 �M corresponding CaM mutant in EGTA conditions and subjected to actin cosedimentation and SDS-PAGE analysis. Lanes
1 and 4, MD-IQ1/CaM mutants prior to actin cosedimentation; lanes 2 and 5, MD-IQ1/CaM mutants after actin cosedimentation; lanes 3 and 6, CaM mutants
control cosedimentated with actin. The stoichiometry of CaM WT or mutants coprecipitated with myosin 5a heavy chain was scored. For MD-IQ1/CaM-B34Q,
the stoichiometry of CaM-WT and CaM-B34Q versus heavy chain are 0.14 and 0.19 prior to actin cosedimentation, and 0.07 and 0.84 after actin cosedimentation.
For MD-IQ1/CaM-B1234Q, the stoichiometry of CaM-WT and CaM-B1234Q versus heavy chain are 0.15 and 0.59 prior to actin cosedimentation, and 0.03 and
0.90 after actin cosedimentation.
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bound CaM and that conserved consensus residues of different
IQmotifs can show unique interactions with CaM (27). Indeed,
we identified a consensus sequence of IQ1 in addition to the
typical IQmotif sequence of IQXXXRGXXXR.Wepropose that
the N-terminal K�R of IQ1 (where � is a hydrophobic residue)
and WL in the middle of IQ1 play the key roles in rendering
CaM in a proper conformation to interact with GTD in a Ca2�-
dependent manner.
Although both apo- and Ca2�-CaM bind tightly to IQ1 of

Myosin 5a, it is likely that the binding interface between Ca2�-
CaM and IQ1 is quite different from that between apo-CaM
and IQ1. The crystal structure of myosin 5a IQ1/2 bound to
apo-CaM shows that the C-lobe of CaM adopts a semi-open
conformation that grips the first part of the IQ motif, whereas
the N-lobe adopts a closed conformation that interacts more
weakly with the second part of the motif (29). The C-lobe of
apo-CaM in IQ1 cannot bind with Ca2� without conforma-
tional rearrangement, as several residues essential for Ca2�

binding are incorrectly oriented (27, 29). Upon Ca2� binding,
CaM rearranges its interaction with IQ1 and its overall confor-
mation, which in turn might disrupt the interaction between

the C-lobe of CaM and the GTD. Consistent with this notion,
using electron cryo-microscopy together with computer-based
docking of crystal structures into three-dimensional recon-
structions of actin decorated with myosin 5a motor domain-
IQ1/2 complex, Trybus et al. found that Ca2� induces the tilt-
ing and sliding up of the CaM in IQ1 (16). However, the
resolution of that structure is not high enough to show the
detailed interaction between Ca2�-CaM and IQ1. Resolving
the structure of myosin 5 IQ1 bound with Ca2�-CaM should
reveal howCa2� induces the conformational transition of CaM
in IQ1 and reverses the inhibition by the GTD.
The Interaction between the Head ofMyosin 5a and the GTD—

It is well established that in the inhibited state myosin 5a forms a
compact triangular conformation in which the two globular tail
domains directly interact with two head domains (7, 9–11). We
previously identified a conserved acidic residue, D136, in the
motor domain and two conserved basic residues, K1706 and
K1779, in theGTDas the key residues for the interaction between
the head and the GTD (11). Based on these findings, we propose
that D136 in the motor domain and K1706/K1779 in the GTD
form ionic interactions.

FIGURE 6. The C-lobe of CaM is necessary for mediating the Ca2�-dependent regulation of myosin 5a. The actin-activated ATPase activities of MD-IQ1-
short in the presence of various concentrations of the GST-GTD were measured in the absence of CaM variants (A), in the presence of 12 �M of CaM (B), CaM-N
(C), or CaM-C (D). Open triangles, EGTA conditions; closed triangles, pCa4 conditions. Values are the average of two independent assays.
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In the present study, we demonstrated that the C-lobe of
CaM in IQ1 is essential for the inhibition of motor function by
the GTD in a Ca2�-dependent manner and we proposed that
the C-lobe of CaM in IQ1 directly interact with the GTD in the
absence of Ca2�. In light of our new findings, we propose that
the GTD binds to a shallow pocket in the head of myosin 5a
formed by SH3-linker (P65-L77), loop-136 (G129-D136), con-
verter (S701-A753), proximal portion of lever arm (G754-
D765) (based on chicken myosin 5a sequence), and the C-lobe
of CaM (Fig. 7). It is noteworthy that the model was done with
chicken myosin 5a motor domain with IQ1 in complex with
LC1-sa (a CaM-like light chain), the only available crystal struc-
ture of myosin 5a in complex with light chain. Although it was
proposed that the light chain bound to IQ1 is LC1-sa but not
CaM (37), a recent study showed that the light chain bound to
IQ1 of chickenmyosin 5a is actually CaM (15).We propose that
the interaction between the head and theGTD includes, but not
exclusively, the ionic interaction between D136 in the motor
domain and K1706/1779 in the GTD and the interaction
between theC-lobe of apo-CaM in IQ1 and theGTD.The puta-
tive GTD binding surface, except the converter, is highly con-
served in vertebratemyosin 5. Thus it is likely that the converter
determines the specificity of the interaction between myosin 5
head and its own GTD.
The Structure of the Inhibited Myosin 5a—The folded con-

formation of myosin 5a in the inhibited state can be visualized
by negative staining electron microscopy and detected by ana-
lytical ultracentrifugation, indicating that the folded conforma-
tion is quite stable. It is likely that multiple intramolecular
interactions between the head and the tail are involved. We
previously demonstrated that the C-terminal end of the first
coiled-coil segment (coil-1) of myosin 5a is essential for the
folded conformation and proposed the interaction between this
segment and the GTD (10). Consistently, we found here that
the apparent affinity of GST-GTD for the HMM (having intact

coil-1) is �300-fold stronger than for the single-headed con-
structs, such as MD-IQ1–6 (having coil-1 deleted). Therefore
at least two interactions contribute to the folded conformation
of the inhibited myosin 5a: the interaction between the two
heads and two GTDs and the interaction between the C-termi-
nal end of coil-1 and the GTD. The interaction between the
head and theGTD includes the ionic interaction betweenD136
in the motor domain and K1706/1779 in the GTD (11) and the
interaction between the C-lobe of CaM in IQ1 and the GTD
(this study). It should be noted that above two interactions are
essential for the inhibition of myosin 5a as deletion of either
interactions abolishes the inhibition by the GTD. On the other
hand, the interaction between theGTD and the C-terminal end
of coil-1 plays an auxiliary role for the inhibition, since deletion
of this interaction only attenuates but not abolishes the inhibi-
tion by the GTD (10).
Based on above observation, we refine our model for the tri-

angular conformation of the inhibited myosin 5a as following:
GTD binds to the C-terminal end of coil-1; the neck-tail junc-
tion of myosin 5a is flexible and the long neck enables the head
to reach theGTDassociated at the end of coil-1; both themotor
domain and the C-lobe of CaM in IQ1 interact with the GTD;
once the heads interact with the GTD, the triangular inhibited
conformation is stabilized. Of course, a conclusive picture of
head-tail interaction will require the resolving of the crystal
structure of the inhibited myosin 5a.
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