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Class II myosins are hexameric proteins composed of two
heavy chains and two pairs of light chains that hydrolyze
MgATP and interact with actin to produce movement. Mammalian nonmuscle myosins II play an important role in diverse
types of movement, including cytokinesis, cell migration, and
cell shape change (1–3). They consist of three widely expressed
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heavy chain isoforms, nonmuscle myosin heavy chains
(NMHC)1 II-A, II-B, and II-C, which are the products of three
different genes termed MYH9 (4, 5), MYH10 (5), and MYH14
(6, 7) in humans, respectively. The three NMHC isoforms are
64 – 80% identical at the level of amino acids but are sufficiently different in sequence at the N-terminal and C-terminal
ends to permit generation of specific antibodies (7). Information
on the biological role of nonmuscle myosin II-C is presently
limited due to its more recent identification. Nevertheless, the
protein expression pattern in human and mouse tissues for
NMHC II-C shows that this protein is absent during the earliest stages of development (7, 8).
NMHC II-C has two alternatively spliced isoforms, with the
inserted isoform (NMHC II-C1) differing from the noninserted
isoform (NMHC II-C0) by 8 amino acids (ASVSTMSY in mice)
that are inserted into loop 1 in the globular head (7). The insert
starts just after amino acid 227 at a position homologous to the
inserted amino acids in vertebrate NMHC II-B and the smooth
muscle myosin heavy chain (9, 10). The inserted NMHC II-C
mRNA is highly expressed in adult murine liver, kidney, testes,
brain, and lung, but heart and skeletal muscle contains only
small amounts of the inserted message (7). To date there has
been no biochemical characterization of the differences between the inserted and noninserted NMHC II-C isoforms.
Single amino acid mutations have been reported in humans
for NMHC II-A and II-C. The mutations in NMHC II-A are
spread throughout the NMHC and result in defects in a variety
of cells and organs including platelets, kidney, lens, and the
inner ear (11). The in vitro effects of a number of these mutations on the myosin enzymatic activity and assembly have been
reported (12, 13). Of particular interest are the mutations
N93K and R702C in NMHC II-A, which have been expressed as
heavy meromyosin fragments (HMM) using baculovirus and
characterized with respect to their actin-activated MgATPase
activity and their ability to translocate actin filaments (13).
Moreover, the R726S mutation in NMHC II-C at an amino acid
homologous to the R702C mutation in NMHC II-A results in an
autosomal dominant hearing loss in humans (14). Our laboratory has generated mice with a mutation in NMHC II-B
(R709C), which is homologous to the residue mutated in NMHC
II-A (R702C). The NMHC II-B mutant mice develop major
defects in the brain and heart during embryonic development
(15, 16).
The purpose of the present study is to quantitate the kinetic parameters of the various mutated and alternatively
spliced isoforms of nonmuscle myosin II-B and II-C and to
1
The abbreviations used are: NMHC, nonmuscle myosin heavy
chain; HMM, heavy meromyosin; MLC, myosin light chain; MLCK,
MLC kinase; IVM, in vitro motility; MOPS, 4-morpholinepropanesulfonic acid; WT, wild type; NSM, no significant movement.
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Human families with single amino acid mutations in
nonmuscle myosin heavy chain (NMHC) II-A (MYH9) and
II-C (MYH14) have been described as have mice generated with a point mutation in NMHC II-B (MYH10).
These mutations (R702C and N93K in human NMHC
II-A, R709C in murine NMHC II-B, and R726S in human
NMHC II-C) result in phenotypes affecting kidneys,
platelets, and leukocytes (II-A), heart and brain (II-B),
and the inner ear (II-C). To better understand the mechanisms underlying these defects, we characterized the
in vitro activity of mutated and wild-type baculovirusexpressed heavy meromyosin (HMM) II-B and II-C. We
also expressed two alternatively spliced isoforms of
NMHC II-C which differ by inclusion/exclusion of eight
amino acids in loop 1, with and without mutations. Comparison of the actin-activated MgATPase activity and
in vitro motility shows that mutation of residues Asn-97
and Arg-709 in HMM II-B and the homologous residue
Arg-722 (Arg-730 in the alternatively spliced isoform) in
HMM II-C decreases both parameters but affects in vitro
motility more severely. Analysis of the transient kinetics
of the HMM II-B R709C mutant shows an extremely tight
affinity of HMM for ADP and a very slow release of ADP
from acto-HMM. Although mutations generally decreased HMM activity, the R730S mutation in HMM II-C,
unlike the R730C mutation, had no effect on actin-activated MgATPase activity but decreased the rate of
in vitro motility by 75% compared with wild type. Insertion of eight amino acids into the HMM II-C heavy chain
increases both actin-activated MgATPase activity and
in vitro motility.
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EXPERIMENTAL PROCEDURES

Construction of Baculovirus Expression Vectors—A recombinant
HMM-like protein of human NMHC II-B and mouse NMHC II-C was
expressed in the baculovirus/Sf9 system. Briefly, the cDNA (nucleotides 1–3135) for human NMHC II-B (GenBankTM accession number
M69181, with a change in Cys-800 to Tyr, which is the more common
amino acid used) and the cDNA (nucleotides 1– 4071) for mouse
NMHC II-C (GenBankTM accession number AY205605) were truncated at codon 1045 and at codon 1357, respectively, to create an
HMM fragment. Nucleotides encoding a FLAG epitope (DYKDDDDK)
followed by a stop signal were appended to aid in purification. The
HMM constructs were subcloned into the baculovirus transfer vector
pFastBac1 (Invitrogen).
Site-directed Mutagenesis—We used a PCR-based mutagenesis technique to generate the mutant constructs of HMM II-B and II-C. For
the N97K mutant HMM II-B, the nucleotides coding for Asn at codon 97
were mutated to nucleotides coding for Lys. The primers used were
5⬘-GCAGAATTGACATGCTTGAAGGAGGCTTCCGTTTTACATAATCTG-3⬘ and the complementary antisense primer. Similarly, for the
R709C mutant HMM II-B, Arg-709 was mutated to Cys using the
primer 5⬘-GTCCTGGAAGGGATCTGTATCTGTCGCCAGGGCTTCCCT-3⬘ and the complementary antisense primer. The mutated nucleotides
responsible for conversion to different amino acids are shown in bold
and underlined. The complete nucleotide sequence of the mutant
cDNAs was confirmed by DNA sequencing. To generate a clone of the
8-amino acid inserted isoform in NMHC II-C, we introduced the 24nucleotide cassette encoding the insert into the TOPO TA vector
(Invitrogen) with the noninserted fragment (nucleotide 1–1227) by the
QuikChange system (Stratagene). The clone with the insert together
with the 3⬘ portion of HMM II-C was then subcloned into pFastBac1.
Arg-722 in HMM II-C (or Arg-730 in the inserted HMM II-C) was
mutated to Cys or Ser using the primer 5⬘-GGGGTCCTCGAAGGTATATGCATCTGTCGCCAAGGCTTC-3⬘ or 5⬘-GGGGTCCTCGAAGGTATAAGCATCTGTCGCCAAGGCTTC-3⬘, respectively.
Preparation and Purification of HMM Proteins—The wild-type and
mutant recombinant HMMs of NMHC II-B and the two isoforms of
NMHC II-C were expressed in the baculovirus/Sf9 system including the
appropriate light chains (17) and purified according to Wang et al. (18).
Each virus was cotransfected along with a virus containing both light
chains into 3 ⫻ 109 Sf9 cells. The infected cells were harvested by
sedimentation after 72 h of growth and stored at ⫺80 °C. Western blot
analyses of the Sf9 cell pellets before extraction of the proteins demonstrated that significant amounts of the protein were expressed. The
partially thawed pellet was extracted with 0.5 M NaCl, 10 mM MOPS
(pH 7.3) 10 mM MgCl2, 1 mM EGTA, 3 mM NaN3, 2 mM ATP, 0.1 mM
phenylmethylsulfonyl fluoride, 0.1 mM dithiothreitol, 5 g/ml leupeptin,
and proteinase inhibitor mixture after homogenization in a ground
glass homogenizer and purified by FLAG affinity chromatography. The
material eluted from the FLAG column (Sigma) was concentrated using
a Sepharose Q column (Amersham Biosciences). The protein concentration was determined by Bradford assay using smooth muscle HMM as
a standard.

ATPase Assay—Actin-activated MgATPase activities were measured
by an NADH-linked assay as described by Wang et al. (19) in a buffer
containing 10 mM MOPS (pH 7.0), 2 mM MgCl2, 0.1 mM EGTA, 1 mM
ATP, 0.2 mM CaCl2, 1 M calmodulin, 10 g/ml MLCK, 40 units/ml
lactate dehydrogenase, 200 units/ml pyruvate kinase, 1 mM phosphoenolpyruvate, and 0.2 mM NADH plus various concentrations of
actin. Actin filaments were stabilized by a 1.5-fold molar excess of
phalloidin (Calbiochem). The actin concentration varied from 1 to 50
M. The assays were performed at 25 °C for HMM II-B and 25 and 37 °C
for HMM II-C. Data were corrected for the background ATPase activity
of actin. Fitting of experimental data sets to mathematical functions
was done using OriginLab 7.0 (Microcal Corp.). Reported means and
S.D. are those of three to four separate experiments. For ATPase
activities measured at 37 °C in the case of HMM II-C0 and II-C1,only
two experiments from two different preparations are reported.
In Vitro Motility (IVM) Assay—Assays were performed at 30 °C in
a buffer comprising 50 mM KCl, 20 mM MOPS (pH 7.4), 5 mM MgCl2,
0.1 mM EGTA, 1 mM ATP, 50 mM dithiothreitol 0.2 M chicken gizzard
tropomyosin, 0.7% methylcellulose, 2.5 mg/ml glucose, 0.1 mg/ml
glucose oxidase, and 2 g/ml catalase. All HMM proteins were introduced at a protein concentration of 0.2 mg/ml into a flow chamber
with a nitrocellulose-coated coverslip. The surface was subsequently
blocked by 1 mg/ml bovine serum albumin and then incubated for 1
min at room temperature in a solution containing 5 M unlabeled
F-actin, 1 mM ATP, 0.2 mM CaCl2, 1 M calmodulin, and 4 g/ml
MLCK. After washout, 20 nM F-actin labeled with rhodamine-phalloidin (Molecular Probes) and the above assay buffer was applied to
the flow chamber. The sliding speed of actin filaments over the
myosin-coated surface was analyzed using the CellTrak system (Motion Analysis) as described earlier (17). Reported means and S.D. are
those of three to four separate experiments.
Transient Kinetics—Stopped-flow experiments were performed in a
SF-2001 apparatus (Kin-Tek Corp.) at 25 °C in buffer containing 20 mM
MOPS (pH 7.0), 5 mM MgCl2, 100 mM KCl, and 0.1 mM EGTA. Pyrene
fluorescence was excited at 365 nm (6-nm bandwidth), and emission
was monitored through a 400-nm long-pass filter. 2⬘(3)-O-(N-Methylanthraniloyl)-ADP (Molecular Probes) was excited via energy transfer
from vicinal tryptophan residues (excitation at 280 nm with a 6-nm
bandwidth), and the emitted light was selected using a 400-nm longpass cutoff filter. Pre-mixing concentrations are indicated throughout
this study unless stated otherwise. The volume ratio was 1:1 in all
experiments. Actin was pyrene-labeled as in Cooper et al. (20). Actin
filaments were stabilized by a 1.5-fold molar excess of phalloidin. HMM
constructs were thiophosphorylated and re-purified as in Facemyer and
Cremo (21). Fitting of experimental datasets to mathematical functions
was done using the SF-2001 software and OriginLab 7.0. Reported
means and S.D. are those for two to three different experiments.
RESULTS

Table I summarizes the mutations introduced into NMHC
II-B and NMHC II-C. The table also includes a list of the
developmental defects associated with these mutations, both in
humans and mice. Note that because the identity of amino
acids between the same NMHC isoforms from mice and humans exceeds 90%, we considered the species together for comparative purposes. Fig. 1 is a Coomassie Blue-stained gel showing each of the purified HMM constructs expressed using the
baculovirus system. These include the wild-type and mutant
HMM II-B as well as the wild-type and mutant HMM II-C with
the inserted amino acids (C1) or without (C0). Each of these
proteins could be purified in mg quantities, and each HMM
heavy chain bound the co-expressed MLC20 and MLC17 in an
approximate 1:1:1 ratio.
Enzymatic Activity of Wild-type and Mutant HMM II-B—The
enzymatic activity was initially assessed by measuring the
MgATPase activities of the proteins in the absence of actin
before as well as after phosphorylation of the regulatory myosin light chain, catalyzed by MLCK. The basal activity was very
low (⬍0.004 s⫺1) for each of the HMM II-B and HMM II-C
proteins. All the HMMs (both II-B and II-C as well as II-A (13))
required phosphorylation of the 20-kDa MLC for full activation
of their actin-activated MgATPase activity (data not shown).
Fig. 2A shows that both the N97K and R709C mutations decrease the actin-activated MgATPase activity of phosphoryl-
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compare the effects of these mutations among all three nonmuscle myosins. To accomplish this we expressed the relevant HMMs along with the 20- and 17-kDa myosin light
chains using the baculovirus expression system. The kinetic
properties of two different mutations in HMM II-B, N97K
and R709C, were compared with wild-type HMM II-B as well
as to the previously reported results for homologous mutations in HMM II-A (13). We also introduced mutations into
NMHC II-C, but here we also address the effects of alternative splicing. First, we compared the actin-activated MgATPase activity and in vitro motility of the inserted and noninserted isoforms of murine HMM II-C. We then introduced the
mutation R722C, which is homologous to R709C in NMHC
II-B and R702C in NMHC II-A, into both the inserted
(R730C) and noninserted (R722C) NMHC II-C isoforms. After
we initiated this work, a report appeared describing humans
with an autosomal dominant hearing loss who had a mutation in NMHC II-C at R726S (14). This is homologous to
Arg-722 (or Arg-730 in the inserted isoform) in mice, so we
also expressed murine-inserted HMM II-C that had the
R730S mutation.

Mutations in Nonmuscle Myosin Heavy Chain II-B and II-C
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TABLE I
Mutations in the NMHC and their association with developmental defects
The asterisk (*) indicates HMM constructs used in the current study. Asn-97 of human NMHC II-B is homologous to Asn-93 of human NMHC
II-A. Arg-709 of human NMHC II-B is homologous to Arg-722 of mouse NMHC II-C0, Arg-730 of mouse NMHC II-C1, Arg-726 of human NMHC
II-C, and Arg-702 of human NMHC II-A. II-C0, noninserted NMHC II-C; II-C1, inserted NMHC II-C with an eight-amino acid insert.
NMHC

Mutations

Human
Human
Mouse

N97K
R709C
R709C

Associated defects

Defect in brain and heart (15, 16)

*II-C0
*II-C1
*II-C1
II-C

Mouse
Mouse
Mouse
Human

R722C
R730C
R730S
R726S

Autosomal dominant hearing impairment (14)

II-A
II-A

Human
Human

N93K
R702C

Defect in platelets (11)
Defect in kidney, platelets, hearing, and sight (11)

FIG. 1. Expression and purification of FLAG-tagged HMM II-B
and HMM II-C from baculovirus-infected Sf9 cells. HMM II-B and
HMM II-C wild type and mutant proteins were purified by FLAG
affinity chromatography followed by concentration on a Sepharose Q
column. A 4 –20% polyacrylamide gradient-SDS gel was used to separate the purified HMM II-B and II-C heavy chains and two light chains
and was stained with Coomassie Blue. The position of the HMM heavy
chain (NMHC) and the regulatory (MLC20) and essential light chain
(MLC17) are marked. Minor bands of intermediate molecular weight
indicate a very small amount of proteolytic breakdown. C0, noninserted
NMHC II-C; C1, inserted NMHC II-C with an eight-amino acid insert.

ated HMM II-B, with the latter mutation having a greater
effect. The data for each HMM were fitted to a hyperbolic
equation to determine the kinetic constants: Vmax (maximal
actin-activated ATPase activity) and KATPase (actin concentration at half-maximal activation; see Table II). Fig. 2B shows an
expanded data set at lower actin concentrations, confirming
the values in Fig. 2A. The Vmax of R709C-HMM was about 29%
that of WT-HMM (0.05 ⫾ 0.003 s⫺1 for R709C compared with
0.17 ⫾ 0.04 s⫺1 for the wild-type), and its KATPase was much
lower than that of WT-HMM (⬍0.5 M for R709C compared
with 3.4 ⫾ 1.8 M for the wild-type), indicating that it has a
considerably higher actin affinity in the presence of ATP (see
Table II). In contrast, the Vmax (0.12 ⫾ 0.04 s⫺1) and KATPase
(1.8 ⫾ 0.6 M) values of N97K-HMM were about 70 and 55% of
that of WT-HMM, respectively.
An important functional property of myosin is its ability to
translocate actin filaments. This can be measured using the
in vitro motility assay with rhodamine-phalloidin-labeled
actin. The movement of actin filaments over the myosin-coated
surface was detected by fluorescence microscopy and the sliding speed was analyzed using the CellTrak system. All myosins
were phosphorylated using MLCK prior to assay. As Table II
shows, WT-HMM II-B moved actin filaments with an average
velocity of 0.17 m/s. The average sliding velocity of actin
filaments propelled by mutant N97K-HMM was 0.06 m/s (Fig.
2C). In contrast, we did not observe any significant movement
(⬍0.01 m/s) of actin filaments bound to R709C-HMM coated

FIG. 2. Enzymatic and motile activity of wild-type and mutant
HMM II-B molecules. A, actin-activated MgATPase activity of WTHMM (circles), N97K-HMM (triangles), and R709C-HMM (squares) was
measured at 25 °C. The actin concentration was varied from 1 to 15 M.
B, actin-activated MgATPase activity of R709C-HMM at low actin
concentrations. The activity was measured at actin concentrations from
0.1 to 2 M. The MgATPase activity of myosin in the absence of actin
was subtracted from each data point. Data sets were fitted to a hyperbolic equation (solid lines) to determine the kinetic constants, Vmax and
KATPase (see Table II). The data shown are from a single preparation of
each HMM. C, in vitro motility of wild-type and mutant HMM II-B
molecules. Each HMM II-B protein was applied at a concentration of 0.2
mg/ml into the flow chamber. The sliding velocity was determined for
three to four preparations each of WT-HMM, N97K-HMM, and R709CHMM. The plot shows the mean velocity with the S.D. NSM of actin
filaments was seen with the R709C-HMM preparation. All proteins
were phosphorylated with MLCK prior to the assays.

surfaces (Fig. 2C). Neither could we detect any motility of
R709C-HMM in a similar motility assay using a laser scanning
confocal microscope set up over a time course of 60 min. These
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Species

*II-B
*II-B
II-B
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TABLE II
Summary of actin-activated MgATPase activity and in vitro motility of HMMs
The values for Vmax, KATPase, and IVM (in vitro motility) are the mean and S.D. from two to four protein preparations. The numbers in
parentheses refer to references. C0, noninserted NMHC II-C; C1, inserted NMHC II-C with an eight-amino acid insert.
HMMs

°Ca

Vmax

KATPase

IVM (30 °C)

M

m/s

0.17 ⫾ 0.04
0.12 ⫾ 0.04
0.05 ⫾ 0.003

3.4 ⫾ 1.8
1.8 ⫾ 0.6
⬍0.5

0.17 ⫾ 0.03
0.06 ⫾ 0.004
NSM

0.85 ⫾ 0.18
0.29 ⫾ 0.04

26.1 ⫾ 6.2
9.9 ⫾ 6.0

0.08 ⫾ 0.003
0.03 ⫾ 0.005

⫺1

s

a

25

37
25

25
35

0.26 ⫾ 0.002
0.18 ⫾ 0.04
0.08 ⫾ 0.007
0.03 ⫾ 0.001
0.28 ⫾ 0.04

5.7 ⫾ 2.9
4.2 ⫾ 1.1
1.6 ⫾ 0.2
0.4 ⫾ 0.02
3.5 ⫾ 1.2

0.45 ⫾ 0.03

9⫾2

0.92 ⫾ 0.15
0.03 ⫾ 0.002
0.20 ⫾ 0.05

8.4 ⫾ 0.5
1.7 ⫾ 0.2
3.0 ⫾ 0.1

0.08 ⫾ 0.01
0.03 ⫾ 0.006
NSM
NSM
0.02 ⫾ 0.003

0.34 ⫾ 0.09
NSM
0.17 ⫾ 0.03

Measured temperature for MgATPase activity assay.

FIG. 3. Movement of actin filaments in mixtures of HMM II-A
and R709C mutant HMM II-B. Nonmuscle myosin II-A (HMM II-A)
was mixed with R709C-HMM (circles) at various ratios, keeping the
total HMM concentration at 0.2 mg/ml before binding to the coverslip
of the flow chamber. Triangles represent dilution control experiments
in which HMM II-A at different concentrations (0.05, 0.1, and 0.2
mg/ml from left to right) was not supplemented with R709C-HMM.
Each data point represents the mean velocity and S.D. at that mixing
ratio. Error bars show S.D. for 20 –50 actin filaments. The experiment
was repeated twice.

results indicate that the R709C mutation in HMM II-B causes
a large reduction in the actin-activated MgATPase activity and
a loss of unloaded in vitro motor activity.
Inhibition of HMM II-A Movement by R709C-HMM—To better understand the mechanism underlying the absence of detectable movement of actin filaments by R709C-HMM in the
IVM assay, we mixed the R709C mutant HMM II-B at varying
ratios with wild-type HMM II-A, the nonmuscle HMM found to
propel actin filaments with the highest velocity among nonmuscle HMMs (13). As shown in Fig. 3, the presence of the
mutant R709C-HMM, even in low amounts, markedly slowed
the movement of HMM II-A, showing that the R709C-HMM is
predominantly in a strongly actin-bound state during steadystate ATP hydrolysis, which is also indicated by the very low
KATPase value (⬍0.5 M) shown in Table II.
ADP Kinetics of Wild-type and Mutant HMM II-B—To gain
further insight into the kinetic differences among the R709C
mutant, the N97K mutant and wild-type HMM II-B, we determined the ADP binding affinity of actin-bound wild-type and
mutant HMM II-B proteins (acto-HMM). We used a stoppedflow-based ADP titration method obtaining the results shown
in Fig. 4A. The ATP-induced dissociation of the HMM heads of
all three constructs from pyrene-actin caused a multiexponen-

FIG. 4. ADP interaction of wild-type and mutant HMM II-B
molecules. A, ADP binding affinity to acto-HMM II-B. 0.2 M pyreneacto-HMM was preincubated with the indicated ADP concentrations
and then rapidly mixed with a large excess of ATP (500 M) in the
stopped-flow apparatus. Hyperbolic fits to the fractional amplitude of
the slow phase (expressed as Aslow/(Afast ⫹ Aslow)) versus ADP concentration indicated a Kd for ADP binding to pyrene-acto-HMM as follows:
0.61 ⫾ 0.13 M for WT-HMM (circles) and 1.1 ⫾ 0.1 M for N97K-HMM
(triangles). Practically all the acto-R709C-HMM was ADP-bound even
at 0.5 M ADP concentration (squares), which indicates a Kd ⬍ 0.1 M
in this construct. B and C, ADP dissociation from acto-HMM II-B.
Pyrene-actin fluorescence transients recorded on mixing 0.2 M pyreneacto-HMM plus 20 M ADP with 500 M ATP at 25 °C are shown. Under
these conditions, the reaction was rate-limited by ADP dissociation
from acto-HMM, which had a rate constant (koff) of 0.52 ⫾ 0.05 s⫺1 for
wild-type HMM II-B, 1.9 ⫾ 0.3 s⫺1 for the N97K mutant HMM, and
0.02 ⫾ 0.005 s⫺1 for the mutant R709C-HMM (see Table III). All HMMs
were thiophosphorylated before the assay. Note the different time
scales of panels B and C. AU, arbitrary units.

tial increase in pyrene-actin fluorescence. The fast phase of the
transients (with observed rate constants of 50 –100 s⫺1) represents the ATP-induced dissociation of the ADP-free fraction of
myosin heads from actin, whereas the slow phase (rate constants ⬍3 s⫺1) reflects the ADP-bound fraction in which ADP
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HMM II-B
WT-HMM
N97K-HMM
R709C-HMM
HMM II-C
C1-HMM
C0-HMM
HMM II-C
C1-HMM
C0-HMM
C1-R730C-HMM
C0-R722C-HMM
C1-R730S-HMM
HMM II-A (37)
WT-HMM
HMM II-A (13)
WT-HMM
N93K-HMM
R702C-HMM
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TABLE III
ADP kinetics of wild-type and mutant HMM II-B constructs
Stopped-flow experiments were done at 25 °C using a SF-2001 apparatus. Reported means and S.D. are those for two to three different
experiments. S1, subfragment 1 (the number in parentheses refers to Ref. 19).
WT-S1 (19)

⫺Actin
kon (M⫺1s⫺1)a
koff (s⫺1)a
Kd (M)b
⫹Actin
kon (M⫺1s⫺1)
koff (s⫺1)
Kd (M)
Thermodynamic coupling between actin
and ADP bindingd
Rate enhancement of ADP release by actine

WT-HMM

N97K-HMM

0.81 ⫾ 0.23
0.48 ⫾ 0.11
0.59
2.4 ⫾ 0.1a
0.38 ⫾ 0.09a
0.16b
0.27

R709C-HMM

0.40 ⫾ 0.1
0.02 ⫾ 0.003
0.05
0.85b
0.52 ⫾ 0.05c
0.61 ⫾ 0.13c

1.7b
1.9 ⫾ 0.3c
1.1 ⫾ 0.1c

0.79

1.8 ⫾ 0.1a
0.02 ⫾ 0.005a,c
0.012b
0.25
1.1

Measured using 2⬘(3)-O-(N-methylanthraniloyl)-ADP as described in Wang et al. (19).
Calculated from other parameters.
Measured using pyrene-actin.
d
Expressed as Kd(⫹actin)/Kd(⫺actin).
e
Expressed as koff(⫹actin)/koff(⫺actin).
b
c

dissociation from the myosin head rate-limits the subsequent
ATP binding and actomyosin dissociation process. Analysis of
the amplitude data showed that the Kd of ADP binding to
acto-N97K-HMM was modestly higher than that to acto-WTHMM (1.1 ⫾ 0.1 M compared with 0.61 ⫾ 0.13 M, respectively), whereas the acto-R709C-HMM appeared to have a very
high ADP affinity (Kd⬍0.1 M, Fig. 4A). Accordingly, the offrate constant (koff) of ADP dissociation from acto-N97K-HMM
was slightly elevated compared with the wild-type (1.9 ⫾ 0.3
s⫺1 compared with 0.52 ⫾ 0.05 s⫺1, respectively), whereas
acto-R709C-HMM exhibits an extremely slow release of ADP
(koff ⫽ 0.02 ⫾ 0.005 s⫺1) from acto-HMM (Fig. 4, B and C, Table
III). To assess the effect of actin on the ADP kinetics of R709CHMM, we have also determined its ADP binding properties
using 2⬘(3)-O-(N-methylanthraniloyl)-ADP, a fluorescent ADP
analog both in the presence and absence of actin. We did not
observe a significant change in the thermodynamic coupling
ratio between actin and ADP binding and the enhancement of
the ADP release rate by actin in R709C-HMM compared with
that in wild-type subfragment 1 of NMHC II-B (Table III).
Interestingly, the ADP release rate constant in R709C-HMM
(koff ⫽ 0.02 ⫾ 0.005 s⫺1) was even slower than the maximal
steady-state actin-activated ATPase activity (Vmax ⫽ 0.05 ⫾
0.003 s⫺1). A possible explanation for this finding is that the
release of ADP from one or both heads of R709C-HMM is
slightly slowed when starting from an acto-HMM䡠ADP complex
in which both heads are initially actin-bound, whereas this
molecular arrangement is unlikely to occur during the steadystate ATPase assay. Further support for this possibility is the
fact that the ADP release transients show signs of biphasicity
(Fig. 4, B and C), which may reflect differences in the ADP
dissociation kinetics of the two heads of HMM.
Insertion of an Alternatively Spliced Exon and Mutations
Alters HMM II-C Activity—Because the isoform of NMHC
II-C with eight amino acids inserted into loop 1 is prominently expressed in a number of tissues, we first compared
the kinetic properties of the inserted (C1) and noninserted
(C0) wild-type HMMs and then compared these to the mutated constructs (see below). Table II shows that at both
37 °C (Fig. 5A) and 25 °C (Fig. 5B), insertion of 8 amino acids
in loop 1 results in a higher Vmax and IVM activity for HMM
II-C. Introducing the R722C (R730C in C1-HMM) mutation
decreases the actin-activated MgATPase activity of both C0
(noninserted) and C1 (inserted) HMMs (Table II, Fig. 5B). In
contrast, introduction of the R730S mutation has no significant effect on Vmax compared with wild-type C1-HMM. Thus,
altering the Arg-730 mutation from Cys to Ser increased the

Vmax from 0.08 ⫾ 0.007 to 0.28 ⫾ 0.04 s⫺1 (compared with
0.26 ⫾ 0.002 s⫺1 for the wild-type C1-HMM).
Fig. 5C and Table II shows the sliding velocities of actin
filaments detected in the in vitro motility assay for the inserted
(C1) and noninserted (C0) isoforms of HMM II-C as well as for
the Arg-722 and Arg-730 mutants. The data indicate that introduction of 8 amino acids into loop 1 significantly increases
the IVM rate from 0.03 to 0.08 m/s. On the other hand, all
three mutant HMMs studied showed a decrease in IVM rate,
although the decrease in actin filament sliding velocity seen
with the R730S mutant HMM was less marked (0.08 m/s in
wild-type C1-HMM compared with 0.02 m/s in C1-R730S)
than that for the other two mutant HMMs, C0-R722C and
C1-R730C, which show a lack of detectable motility (⬍0.01
m/s, Table II, Fig. 5C). Thus, this mutation (R730S) preserves
the actin-activated MgATPase activity but decreases the IVM
velocity by 4-fold. As noted in Table I, this is the same mutation
that has been found in humans with impaired hearing (14).
DISCUSSION

The kinetic properties of NMHC II-A, II-B, and II-C are
significantly different and suggest that these nonmuscle myosins could have distinct functions (19, 22, 23). Most cells in the
tissues of humans and mice contain more than a single isoform,
and although some overlap can be seen, most nonmuscle myosins II occupy specific locations in a given cell. Thus, their
localization and extent of expression coupled with their distinct
kinetic properties could explain their different functions. This is
consistent with the findings from a number of laboratories that
demonstrated different cellular localizations for myosin II-A and
II-B (24 –26) and more recent studies that showed distinct functions and localizations for myosin II-A and II-B in mouse fibroblasts (27, 28) as well as a number of other cells (26, 29).
In vivo experiments are also consistent with each isoform
having a different function based on either localization, extent
of expression, or both. Ablation of nonmuscle myosin II-A or
II-B in mice results in different phenotypes during embryonic
development. Whereas deletion of myosin II-A leads to defects
in the visceral endoderm and cell-cell adhesion in the embryo,
resulting in lethality as early as E6.5 (8), loss of myosin II-B
allows development to progress to E14.5, with death being
accompanied by abnormalities in the heart and brain (16, 30).
More directly applicable to the present work are our findings
with mice generated with a single amino acid mutation
(R709C) in myosin II-B, which is homologous with the human
R702C mutation in myosin II-A. A striking phenotype in these
mice is a defect in the migration of three specific groups of
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FIG. 5. Enzymatic and motile activity of HMM II-C molecules.
A, the actin-activated MgATPase activity of C1-HMM (closed circles)
and C0-HMM (closed triangles) was measured at 37 °C. The actin
concentration was varied from 2 to 50 M. B, actin-activated MgATPase
activity of C1-HMM (closed circles), C0-HMM (closed triangles), C1R730C-HMM (open circles), C0-R722C-HMM (open triangles), and C1R730S-HMM (open squares) was measured at 25 °C. The actin concentration varied from 1 to 15 M. The activity of myosin in the absence of
actin was subtracted from each data point. Data sets were fitted to a
hyperbolic equation to determine the kinetic constants, Vmax and KATPase (see Table II). The data shown are from a single preparation of
HMM II-C. C, average rates of actin filaments sliding over different
HMM II-C constructs. The average rate of actin filament sliding was
determined from two to three preparations of each HMM II-C construct.
The plot shows the mean velocity with the S.D. All HMM II-C proteins
were applied at a total protein concentration of 0.2 mg/ml into a flow
chamber, respectively. NSM of actin filaments was seen with the C1R730C-HMM and C0-R722C-HMM. All proteins were phosphorylated
on the coverslip surface by incubation with MLCK. C0, noninserted
NMHC II-C; C1, NMHC II-C with an 8-amino acid insert.

neuronal cells; that is, facial neurons, cerebellar granule cells,
and pontine neurons. These cells appear to be more vulnerable
to a mutation in myosin II-B because they have a higher content of this isoform compared with other brain neuronal cells
(15). Moreover, the decrease in the rate of migration of these
neuronal cells correlates with the decrease in enzymatic activity and in vitro motility found for the mutated HMM reported
here. A second noteworthy point is the complete lack of overlap
between the phenotype found in R702C myosin II-A mutated
humans and R709C myosin II-B mutant mice, supporting the
idea that myosin isoforms play distinct roles in specific cells,
including cells that contain two or even three isoforms.
The expression of the HMM fragment was chosen because it
is soluble at low ionic strength, which makes it more suitable
for kinetic experiments. Moreover, it retains the regulatory
behavior of the whole myosin molecule and is expressed at high
levels in the baculovirus/Sf9 system. This high level of expres-

sion is in contrast to our original report in which we had
problems expressing significant amounts of the noninserted
HMM II-C0 (7). We solved this problem by re-engineering the
construct in the pFastBac1 vector after removing an out of
frame upstream ATG.
Both mutations (N97K and R709C) of HMM II-B impaired the
activity of the myosin. When phosphorylated, R709C-HMM exhibited about 29% of maximal actin-activated MgATPase activity
of WT-HMM, similar to the results with the R702C mutation in
HMM II-A (Fig. 2A). The R709C-HMM also had a very low
KATPase value (Fig. 2B) and provoked a marked inhibition of
wild-type HMM II-A in the in vitro motility experiment (Fig. 3).
We also observed that R709C-HMM exhibited a very high ADP
affinity for actomyosin and an extremely slow ADP release (Fig.
4). These results demonstrate that a strong actin binding state
(actomyosin䡠ADP) is the predominant ATPase intermediate in
this mutant due to the blocking of ADP release from actomyosin.
A functionally important biochemical feature of NMHC II-B
and NMHC II-A is that actin does not markedly accelerate the
release of ADP from myosin (19, 22). Furthermore, contrary to
all other myosins, there is a positive thermodynamic coupling
between actin and ADP binding to NMHC II-B (i.e. binding of
actin to myosin increases the ADP affinity and vice versa). Comparison of R709C-HMM with previously published data on wildtype myosin II-B subfragment 1 (19) reveals that these properties
of NMHC II-B are hardly affected by the R709C mutation despite
the pronounced effect of the mutation on ATPase activity, in vitro
motility, and ADP release (Tables II and III).
NMHC II-C has two alternatively spliced forms and contains an insert of eight amino acids at the same location in
loop 1 as described for smooth muscle myosin and NMHC
II-B1 (9, 10). Kelley et al. (10) found that the smooth muscle
HMM containing an insert of seven amino acids shows a
higher velocity of movement of actin filaments in vitro and a
higher actin-activated MgATPase activity than the noninserted smooth muscle myosin isoform. The presence of the
insert correlates with a smooth muscle having phasic properties and its absence with a smooth muscle having tonic
properties (10). On the other hand, NMHC II-B1 containing a
10-amino acid insert in loop 1 showed only a small increase in
the actin-activated MgATPase activity and the in vitro motility (17). Interestingly, this insertion appears to play a
specific role in proper migration of the facial neurons during
mouse brain development.2
2

X. Ma, unpublished results.
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FIG. 6. Localization of the mutant amino acids in the atomic
structure of the myosin motor domain. The crystal structure of a
MgADP-bound myosin II motor domain from Dictyostelium discoideum
was used to map the positions of the two mutations (PDB accession
number 1G8X) (36). The myosin heavy chain segment is shown in
yellow. Positions homologous to Asn-97 and Arg-709 of NMHC II-B are
shown as space-filling models.
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Based on its location in the crystal structure of myosin,
Spudich (31) suggested that the sequence in loop 1, which is
near the ATP binding pocket and, thus, may affect ADP release, might have a profound effect on the translocation of actin
filaments by myosin in the in vitro motility assay. We found
that inserted C1-HMM also has a higher actin-activated
MgATPase activity and in vitro motility compared with the
noninserted C0-HMM (Table II). R722C and R730C mutations
of HMM II-C exhibited about 31 and 17% of the maximal
actin-activated MgATPase activity of the two wild-type alternatively spliced isoforms of HMM II-C, respectively (Fig. 5B).
We could not find any significant actin translocating activity
using the two mutated HMM II-C constructs (Fig. 5C). The
large effect of these mutations on in vitro motility is consistent
with the results from the equivalent mutant of HMM II-B.
Interestingly, the R730S mutant C1-HMM does retain actinactivated MgATPase activity similar to that of the wild-type
C1-HMM, but its actin filament translocating velocity is only
25% that of wild-type C1-HMM (Table II).
In the atomic structure of the myosin motor domain, the
residues homologous to Asn-97 and Arg-709 are located in close
proximity to each other, near the base of the lever arm (Fig. 6).
Asn-97is located in helix C of the N-terminal 25 kDa subdomain, whereas Arg-709 forms part of the so-called SH1-helix of
the C-terminal converter region of the motor domain. These
two side chains are part of the structural interface between the
above two subdomains. This interface remains intact during
the large conformational change of the motor domain, the socalled open-closed transition, the reversal of which may constitute the working stroke of myosin (32, 33). The maintenance of
these subdomain contacts, similar to those between the converter and relay modules (34), are most likely essential for
proper coordination of the events at the active site with lever
arm movement. The subdomain contacts are maintained by a
precise spatial arrangement of the side chains involved, which
is evidenced by the very conservative sequence environment of
both the Asn-97 and Arg-709 residues (1). Unwinding of the
SH1 helix (the structural element in which Arg-709 resides)
has been implicated in disruption of subdomain coordination
and, in turn, uncoupling of the ATPase activity from motility
(35). Consistent with this idea, the structurally disruptive mutations of Arg-709 in HMM II-B and Arg-722 or Arg-730 in
HMM II-C cause an almost total loss of motile activity, whereas
the mutant proteins still retain measurable actin-activated
MgATPase activities (Table II). The information gathered from
these experiments should not only help in the characterization
of the biological properties of the mutant myosin but also help
in our understanding of the phenotypes of the mice we are
generating with point mutations, R709C in NMHC II-B and
R722C in NMHC II-C.
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