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diomyopathy (FHC), a primary disease of heart muscle (1).
Since that time several hundred mutations in genes encoding
sarcomeric proteins have been identified, leading to the designation of FHC as primarily a “disease of the sarcomere” (2, 3).
However, the pathways linking the various genetic defects to
the characteristic human disease phenotype remain largely
unknown. Even the fundamental question of whether these
mutations cause a gain or a loss of function in myosin remains
unresolved. We have confined our study to the R403Q mutation, because it is one of the most extensively studied FHC
mutations and because it has a poor clinical prognosis (2, 4).
The majority of the earlier biochemical/biophysical results,
derived from expression systems and biopsies, supported the
hypothesis that the R403Q mutation leads to a large decrease in
motor function, which ultimately results in a compensatory
hypertrophic response (for review, see Ref. 5).
The first murine model for FHC replaced one allele of the
endogenous cardiac mouse ␣-MHC with the mutant ␣-MHC
(R403Q) gene by homologous recombination (6); this heterozygous mouse (R403Q/⫹) resembled the human cardiac phenotype in many ways, except cardiac hypertrophy was notably
milder. Subsequent studies on myosin extracted from a
⬍1-week-old, homozygous mouse (R403Q/R403Q) (homozygotes do not survive longer than a week) gave the unexpected
finding of a large gain in function by motility and ATPase assays
(7). A limitation of the mouse model is the presence of predominantly ␣-MHC in the postnatal mouse ventricle. All larger
mammals, including humans, have the slower ␤-cardiac myosin expressed predominantly in their ventricles, and the 2-fold
faster ␣-cardiac myosin is confined to the atria. Because the ␣and ␤-myosin isoforms of all species are 93% identical in amino
acid sequence, it has been generally assumed that the different
backbones would have few, if any, consequences for function.
Here we test this assumption by comparing the functional
properties of R403Q expressed in ␤-cardiac MHC to the same
mutation expressed in ␣-cardiac MHC in a transgenic mouse
model.
This study was made possible through the use of transgenesis
to replace the endogenous ␣-cardiac myosin with expressed
␤-cardiac myosin (8). Even with as much as 70% wild-type
wild-type; PTU, propylthiouracil; DTT, dithiothreitol; Bis-Tris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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The R403Q mutation in the ␤-myosin heavy chain (MHC) was
the first mutation to be linked to familial hypertrophic cardiomyopathy (FHC), a primary disease of heart muscle. The initial
studies with R403Q myosin, isolated from biopsies of patients,
showed a large decrease in myosin motor function, leading to
the hypothesis that hypertrophy was a compensatory response.
The introduction of the mouse model for FHC (the mouse
expresses predominantly ␣-MHC as opposed to the ␤-isoform
in larger mammals) created a new paradigm for FHC based on
finding enhanced motor function for R403Q ␣-MHC. To help
resolve these conflicting mechanisms, we used a transgenic
mouse model in which the endogenous ␣-MHC was largely
replaced with transgenically encoded ␤-MHC. A His6 tag was
cloned at the N terminus of the ␣-and ␤-MHC to facilitate protein isolation by Ni2ⴙ-chelating chromatography. Characterization of the R403Q ␣-MHC by the in vitro motility assay showed
a 30 – 40% increase in actin filament velocity compared with
wild type, consistent with published studies. In contrast, the
R403Q mutation in a ␤-MHC backbone showed no enhancement in velocity. Cleavage of the His-tagged myosin by chymotrypsin made it possible to isolate homogeneous myosin subfragment 1 (S1), uncontaminated by endogenous myosin. We
find that the actin-activated MgATPase activity for R403Q ␣-S1
is ⬃30% higher than for wild type, whereas the enzymatic activity for R403Q ␤-S1 is reduced by ⬃10%. Thus, the functional
consequences of the mutation are fundamentally changed
depending upon the context of the cardiac MHC isoform.

Functional Effects of the R403Q Mutation in ␤-MHC

EXPERIMENTAL PROCEDURES
Generation of Transgenic Mice—All animal procedures were
in accordance with National Institutes of Health guidelines and
approved by the Institutional Animal Care and Use Committee
at Cincinnati Children’s Hospital and the University of Vermont College of Medicine. Generation and phenotype analysis
of transgenic (TG) mice with cardiac-specific expression of the
parental ␣-MHC and ␤-MHC and the generation of the promoter and full-length cDNA constructs have been described
previously (8). The His tag was added using the overlapping
PCR method with flanking primers. All PCR products were
sequenced completely, and the fragments were linked to the
mouse ␣-MHC promoter (Fig. 1). The final constructs were
digested free of vector sequence with NotI, purified from agarose gels, and used to generate TG mice. Mutant and wild-type
His-tagged ␣-MHC mice were generated at the University of
Vermont Mouse Facility, whereas the TG ␤-MHC mice were
prepared at Cincinnati Children’s Hospital. To enhance the
degree of replacement of the endogenous ␣-MHC with the
mutant ␤-MHC, the TG line was bred into the heterogeneous
␣-MHC null background (9). To shift the isoform expression in
non-transgenic hearts from ␣- to ␤-MHC, adult mice were
treated with propylthiouracil (PTU) for 5–11 weeks (10).
Protein Purification—Cardiac myosin was prepared from ⬃1
g of tissue (10 or more frozen mouse hearts). The thawed tissue
was homogenized in 40 mM imidazole at pH 7.2, 2 mM MgCl2,
and 1 g/ml leupeptin (Sorvall Omni-Mixer) and clarified in
the same buffer by centrifugation (Sorvall RC5C Plus) until the
supernatant was colorless. The pellet was homogenized in 15
ml of extraction buffer (150 mM sodium phosphate, pH 7.0, 0.3
M NaCl, 10 mM sodium pyrophosphate, 2 mM MgCl2, 1 mM
EGTA, 1 mM DTT, 1 g/ml leupeptin, 0.5 mM 1-chloro-3-to-
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sylamido-7-amino-2-heptanone, 0.5 mM 4-(2-aminoethyl)benzenesulfonyl fluoride), and the suspension was stirred for 30
min. After centrifuging the suspension (Beckman Ti 70 rotor
for 45 min at 40,000 rpm), the supernatant was diluted 12-fold
with water containing 0.5 mM DTT. The precipitated protein
was collected after ⬃45 min by centrifugation (Sorvall). The
pellets were dissolved in 0.5 M NaCl, 25 mM sodium phosphate,
pH 7.0, 1 mM EGTA, 0.2 mM DTT, 1 g/ml leupeptin, and
dialyzed overnight in the cold against the same buffer. This
preparation was used as the starting material for all subsequent
procedures.
Myosin, which did not have a His tag, was further purified by
hydrophobic interaction chromatography on a prepacked 5-ml
Toyopearl MD-G Ether-650S column (10 mm ⫻ 6.8 cm, Tosoh
Biosciences) as described previously (11). An equal volume of a
2⫻ stock of buffer A (1.4 M ammonium sulfate, 20 mM imidazole, pH 6.8, 2 mM MgCl2, 0.2 mM EDTA, and 1 mM NaN3) was
added to the dialyzed myosin preparation, and DTT and
MgATP were added to a concentration of 0.5 mM each. The
myosin was centrifuged in the Beckman Optima MAX-E Ultracentrifuge in the MLA-80 rotor at 78,000 rpm for 30 min at
room temperature and loaded onto the column equilibrated in
buffer A, DTT, and MgATP. Using an AKTA fast performance
liquid chromatography system, the protein was eluted by
reducing the concentration of ammonium sulfate in a step from
1.4 to 1.2 M with buffer B, which was identical to buffer A except
for the absence of ammonium sulfate. The protein was collected in 2–3 1-ml fractions and dialyzed at least 4 h versus 0.5 M
NaCl, 25 mM imidazole, pH 7.0, and 1 mM DTT to reduce the
ammonium sulfate concentration. The protein was concentrated ⬃4-fold by dialysis overnight against 55% glycerol buffer
containing 0.4 M KCl, 10 mM imidazole, pH 7.5, 1 mM EGTA, 1
mM MgCl2, 1 mM sodium azide, 1 mM DTT, and stored at
⫺20 °C.
Myosin with a His tag was isolated by using nickel-chelating
affinity chromatography. After clarification, the myosin preparation was loaded onto a 5-ml HiTrap-chelating HP column
(Amersham Biosciences). Buffer A consisting of 0.5 M NaCl and
20 mM HEPES, pH 7.5, was used to equilibrate the column and
elute any protein that did not bind to the column. Buffer B had
the same composition as buffer A but contained 0.3 M imidazole
for competitive elution. Non-specifically bound protein was
eluted with 15 mM imidazole. Protein bound specifically
through the His tag was eluted with a 25-ml gradient from 15
mM imidazole to 120 mM imidazole, programmed on the fast
performance liquid chromatography system. The protein was
collected in 8 or 9 fractions of 1 ml each and dialyzed against the
same 55% glycerol buffer as used for the untagged myosin.
Measurements were made within a week of preparation; longer
storage at ⫺20 °C resulted in gradual loss of function.
Skeletal muscle actin was prepared from chicken pectoralis
acetone powder essentially as described (12) and stored at 4 °C
as F-actin (10 –15 mg/ml) in 5 mM KCl, 5 mM imidazole, pH 7.5,
2 mM MgCl2, 3 mM NaN3. It was used within 2–3 weeks of
preparation.
S1 Preparation—The His-tagged myosin preparation was
reacted with 0.3 mM MgATP to dissociate any actomyosin and
clarified by centrifugation. After overnight dialysis against 20
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␤-MHC, no detrimental effects on cardiac morphology were
observed other than the expected decrease in contractile function, and the mice had a normal life span (8). To facilitate the
isolation of mouse ␣- and ␤-cardiac myosin containing the
R403Q mutation, a His6 tag was cloned onto the N terminus of
␣-MHC and ␤-MHC along with the mutation. Purified myosin
containing a minimum of one His tag/molecule (heterodimers
of His-MHC/endogenous MHC) could be readily isolated by
Ni2⫹-chelating affinity chromatography. To obtain a homogeneous population of mutant myosin heads, crude myosin was
first digested with ␣-chymotrypsin to yield subfragment-1 (S1).
The His-tagged S1(R403Q) could then be isolated by Ni2⫹
chromatography. Characterization of the mutant myosin and
S1 by the in vitro motility assay and actin-activated MgATPase
activity, respectively, indicated that the functional effects of
R403Q depend on the isoform type carrying the mutation.
Whereas the R403Q mutation in an ␣-backbone, the predominant isoform in small rodents, showed an increase in motility
and enzymatic activity relative to wild type, the same mutation
in a ␤-backbone had little observable effect on unloaded motility and a slight loss of enzymatic activity relative to wild-type
␤-myosin. We conclude that the mechanistic effect of an FHC
mutation is best determined in a ␤-MHC backbone if the ultimate goal is to relate the findings to cardiomyopathy in
humans.

Functional Effects of the R403Q Mutation in ␤-MHC
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ity buffer to remove the MgATP. Phalloidin rhodamine-labeled
F-actin was then added to the flow cell for 30 s and rinsed with
motility buffer. The assay was performed in motility buffer with
1 mM MgATP, 0.5% methylcellulose, and an oxygen scavenging
system (3 mg/ml glucose, 0.1 mg/ml glucose oxidase, 0.18
mg/ml catalase). Actin movement was observed using an
inverted microscope (Zeiss Axiovert 10) equipped for epifluorescence, with an image intensified CCD camera (Hamamatsu
C2400-80), detailed in Trybus (13).
Motility data were recorded on a VCR and then digitized for
analysis, with a sampling rate of 10 frames/s. Data were analyzed using a semi-automated filament tracking program,
described in Kinose et al. (15). The program automatically
determines the trajectory of each actin filament in the data set
with a non-zero velocity and movement lasting at least 10
frames. Each data set yields a weighted distribution of filament
velocities, which is fit with a Gaussian to determine the mean
velocity and S.D. This type of analysis allows hundreds of filaments to be tracked and allows the entire field to be characterized without selection bias. Filaments were also tracked manually as described in Work and Warshaw (16). The mean
velocities obtained from the two techniques agreed to within
10%.
Protein Concentration—The protein concentration was
determined by measuring absorbance at 280 nm using an
extinction coefficient (1 mg/ml, 1-cm path length) of 0.55 for
myosin, 0.75 for chymotryptic S1, and 0.63 for actin at 290 nm.
Any light scattering at 320 nm was subtracted from the absorbance at 280 nm. Protein concentration was also determined by
the Bradford assay (Pierce) using chicken skeletal myosin or
bovine serum albumin as the standard. The two methods gave
excellent agreement.
Gel Electrophoresis—Precast 12% Bis-Tris gels (Invitrogen)
were used to monitor the steps in the myosin and S1 preparations. Precast 3– 8% Tris acetate gels (Invitrogen) were used for
Western analysis with an anti-His monoclonal primary antibody (Sigma). A His-tagged recombinant smooth muscle myosin was used as a standard to determine the amount of His-␣MHC. Bis-Tris/SDS gels containing 5% glycerol and 8%
acrylamide were used to separate the ␣- and ␤-MHC isoforms
in mouse cardiac myosin (8). Several loads of protein (in the 0.5
g range) were loaded on a mini gel system and run at a constant current of 20 mA for ⬃2 h. The duration of the run was
determined by the migration of the 250-kDa band in the PreStained Standard (Invitrogen) used as a marker.
The relative amount of isoform was determined by densitometry of the intensity of each myosin band using the Kodak
Gel Logic 100 Imaging System. Four different loads of protein
could be fit with a straight line that went through the origin.
The ratio of the slopes was used to determine the % ␤-MHC.

RESULTS
The cDNA encoding the mouse ␤-MHC gene and the mouse
␣-MHC gene was cloned into the ␣-MHC promoter cassette,
which contains the mouse ␣-MHC promoter upstream and a
human growth hormone (hGH) polyadenylation signal downstream, Fig. 1A. A His6-epitope tag was introduced at the N
terminus to facilitate isolation by metal chelating chromatogJOURNAL OF BIOLOGICAL CHEMISTRY
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mM HEPES, pH 7.0, 0.12 M NaCl, 1 mM EDTA, 1 mM NaN3, and
0.2 mM DTT, 1 mg/ml chymotrypsin (dissolved in 1 mM HCl)
was added dropwise to the myosin suspension at room temperature to a final concentration of 0.06 mg/ml and stirred for 15
min. The digestion was stopped with 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride. The myosin digest was centrifuged to
pellet-undigested myosin and rod, and the supernatant, containing mainly S1, was loaded onto the HiTrap chelating HP
column. Buffers A and B were identical to the buffers used to
purify His-tagged myosin on the same chelating column. Nonspecifically bound S1 was eluted at 30 mM imidazole, and the
His-tagged S1 was eluted by stepping the imidazole concentration to 120 mM. The protein was collected in ⬃3 fractions of 1
ml each and dialyzed versus 55% glycerol buffer containing 20
mM KCl, 20 mM imidazole, pH 7.5, 1 mM EGTA, 1 mM MgCl2, 1
mM NaN3, and 1 mM DTT for storage at ⫺20 °C.
When S1 was prepared from untagged-myosin, the myosin
was first purified using the Toyopearl column as described
above. After several hours of dialysis to reduce the ammonium
sulfate concentration, the myosin was dialyzed overnight versus
20 mM imidazole, pH 7.0, 0.12 M NaCl, 1 mM EDTA, 1 mM
NaN3, and 0.5 mM DTT before digestion with chymotrypsin.
Digestion conditions leading to S1 were the same as for Histagged myosin.
Actin-activated ATPase—The actin-activated MgATPase
activities for S1 isoforms were determined at 30 °C in 5 mM
NaCl, 10 mM imidazole, pH 7.0, 1 mM MgCl2, 1 mM NaN3, and
1 mM DTT. Actin concentrations ranged from 1 to 100 M. The
reactants were vigorously stirred in a total volume of 400 l to
ensure a homogeneous solution. For the myosin isoforms, the
salt concentration was increased to 50 mM NaCl for better mixing, and the maximum actin concentration was reduced to 40
M because of the greater actin affinity of two-headed myosin.
All other conditions remained the same as for S1. The data were
fit to Michaelis-Menten kinetics to determine Vmax and Km; see
Trybus (13) for details.
In Vitro Motility Assay—In vitro motility was performed at
30 °C, essentially as described previously (11). The basic motility buffer contained 25 mM KCl, 25 mM imidazole, pH 7.5, 4 mM
MgCl2, 1 mM EGTA, and 10 mM DTT. Myosin (0.3 mg/ml) in
motility buffer (but with a higher salt concentration of 0.6 M
KCl) was mixed with a 2-fold molar excess of F-actin and 1 mM
MgATP and centrifuged for 25 min at 400,000 ⫻ g in the
Optima Max-E ultracentrifuge to remove any myosin heads
that are unable to dissociate from actin in the presence of ATP,
the so-called “rigor heads.” This step was omitted for hydrophobic interaction chromatographed myosin, which has few if
any rigor heads (11). The myosin (⬃70 g/ml) was then added
to the flow cell and adsorbed directly onto nitrocellulosecoated coverslips for 60 s. Two rinses of 0.5 mg/ml bovine
serum albumin in motility buffer were added to block the surface. An actin wash with fragmented, unlabeled actin was then
used to further block rigor heads as described in Palmiter et al.
(14). Briefly, unlabeled F-actin (1 M) was fragmented by vortexing for 1 min, introduced into the flow cell in the absence of
ATP, and incubated for 30 s. 1 mM MgATP in motility buffer
was used to release the actin from functional myosin heads,
leaving only rigor heads blocked followed by rinsing with motil-
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FIGURE 1. TG expression of ␣- and ␤-MHC in mouse hearts. A, diagrams of
the TG constructs (adapted from Krenz et al. (8)) modified to contain a His tag
at the N terminus and the point mutation R403Q. hGH, human growth hormone. B, expressed mouse wild-type proteins (␣-TG and ␤-TG) and myosin
isolated from non-transgenic rabbit and mouse ventricles on 5% glycerol,
SDS separation gels. It is evident that the ␣- and ␤-MHC isoforms are well
separated in this gel system. C, atomic model of smooth muscle myosin
docked on actin based on electron cryomicroscopy reconstructions (17). Arginine 403 is shown in red spheres at the base of the cardiomyopathy loop,
colored green. Two actin monomers at the interface are shown in gray and
blue. The motor domain is colored yellow, and the visible ends of loop 2 are
marked in red. The remainder of loop 2 is not seen in the crystal structure used
for the docking (47). The ␤-sheet of seven strands at the active site is shown in
magenta.

raphy, and the R403Q mutation was cloned into the MHC for
both ␣- and ␤-cardiac myosin isoforms. Wild-type MHC constructs also had the His tag for the purpose of serving as a control for the mutants. As shown in Fig. 1B, the amount of transgenic ␣-myosin cannot be determined in 5% glycerol, SDS gels
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because His-tagged protein co-migrates with untagged, endogenous ␣-myosin. However, the TG ␤-myosin is well separated
from endogenous mouse ␣-myosin and has the same mobility
as rabbit ␤-myosin. The R403Q mutation is located at the base
of a surface loop that has been shown to interact with actin for
several myosin isoforms (Refs. 17 and 18 and Fig. 1C).
Isolation and Characterization of TG Mouse ␣-MHC—We
assumed that the His-tagged ␣-MHC (at ⬃50% expression levels) assembles randomly with the untagged, endogenous
␣-MHC to give a population of 1:2:1 molecules of untagged,
singly tagged, and doubly tagged ␣-myosin, respectively. When
a crude preparation of myosin (see “Experimental Procedures”)
was applied to a Ni2⫹-chelating column, Fig. 2, A and B, some
contaminants including actin (probably in the form of actomyosin) and tropomyosin appeared in the flow-through, peak I,
and some were retained by the column along with untagged
␣-myosin, peak II. These non-specifically bound proteins were
eluted with 15 mM imidazole. The application of a gradient
VOLUME 283 • NUMBER 29 • JULY 18, 2008
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FIGURE 2. Isolation of His-tagged ␣-cardiac myosin using a Ni2ⴙ-chelating column. A, about 16 mg of crude myosin isolated from a TG mouse line
expressing R403Q ␣-MHC was applied (in ⬃4 ml) to a 5-ml HiTrap chelating
HP column (Amersham Biosciences). After the flow-through (peak I), nonspecifically bound protein was eluted with 15 mM imidazole (peak II), and the
specifically bound myosin was eluted with an imidazole gradient from 15 to
120 mM (peak III) in 5 column volumes (25 ml). The total yield from the front
and back of the peak after dialysis against 55% glycerol was ⬃4 mg. Concentrated pooled fractions from the load, and peaks are shown in the 12% SDS
gels (B) and the corresponding Western blot (C) using an antibody specific for
the His6 tag. The protein eluted at 15 mM imidazole is unreactive with the
antibody, indicating the absence of a His tag. The chromatogram and corresponding gels shown here did not change significantly with isoform type or
the presence of a mutation. mAU, milliabsorbance units; TM, tropomyosin;
RLC, regulatory light chain; ELC, essential light chain.

Functional Effects of the R403Q Mutation in ␤-MHC
TABLE 1
In vitro motility of WT and mutant ␣-cardiac myosin
The His-tagged protein from transgenic mice was purified by metal chelation chromatography, whereas the untagged-myosin from non-transgenic mice was purified
by hydrophobic interaction chromatography.
Sample

Experimenta

Motilityb

Motilityc

m/s

m/s

His ␣-MHC (WT)
His ␣-MHC (WT)
His ␣-MHC (WT)
His ␣-MHC (403)
His ␣-MHC (403)
Untagged ␣-MHC
Untagged ␣-MHC

1
2
3
2
3
4
5

3.9 ⫾ 0.4
4.1 ⫾ 0.7
4.6 ⫾ 0.5
5.0 ⫾ 0.7
5.5 ⫾ 0.6
3.8 ⫾ 0.4
4.4 ⫾ 0.5

3.6 ⫾ 0.5
3.7 ⫾ 0.6
4.4 ⫾ 0.7
4.7 ⫾ 0.7
6.0 ⫾ 0.9

a

The same experimental number means that WT and mutant samples were prepared and measured within a week of each other.
Analysis with a semi-automated filament tracking program (15).
c
Manual analysis of at least 40 –50 actin filaments per experiment (16). Both sets of
motility values are reported as the mean ⫾ S.D.
b

from 15 to 120 mM imidazole eluted purified His-tagged myosin
with only a trace of actin, peak III. Western blotting confirmed
that peak II was non-specifically bound untagged protein, Fig.
2C. The bound protein, peak III, consisted of singly His-tagged
myosin along with some doubly His-tagged myosin. The shoulder on peak III suggests a slight separation of singly His-tagged
from doubly His-tagged molecules but not enough to isolate a
pure doubly His-tagged species. This separation profile is typical for all the myosin preparations we used, except for variations in absorbance among the three peaks.
To determine the effect of the R403Q mutation on the movement of actin filaments by mouse ␣-myosin, we compared His
␣-MHC(R403Q) to His ␣-MHC(WT) in the in vitro motility
assay, Fig. 3 and Table 1. Recognizing that the mutant preparation may be predominantly heterodimeric myosin (i.e. only one
head contains the R403Q mutation), the ⬃22% increase in
motility compared with WT is quite consistent with published
values for homozygous R403Q ␣-myosin (7, 19). The small variations in actin filament velocity among wild-type or mutant
preparations, Table 1, are well within the experimental error of
the method. The semi-automated filament tracking program
(15, 20) used here records the movement of several hundred
filaments without selection bias. Stationary filaments are not
included, but greater than 95% of the field moved well. The
mean velocity obtained by this analysis agreed to within 10%
with the mean value of 40 –50 filaments selected manually and
JULY 18, 2008 • VOLUME 283 • NUMBER 29

FIGURE 4. Isolation and velocity of His-tagged ␤-cardiac myosin. Myosin
from transgenic mice in which the endogenous ventricular ␣-MHC was
replaced to varying degrees with His-tagged ␤-MHC was eluted in peak III
from the same type of metal chelating column as described in Fig. 2. A, 5%
glycerol gels showed about 60% replacement of the endogenous ␣-myosin
with expressed wild-type ␤-MHC (lane 1) but only about 10% replacement
with expressed R403Q mutant (lane 3). Isolation of myosin from the back of
peak III increased the amount of WT ␤-MHC to ⬃90% (lane 2), and the amount
of R403Q mutant was ⬃50% (lane 4). B, the actin filament velocity for the
largely homodimeric WT ␤-myosin was consistently about 2.4 m/s, as
shown in this representative data set, but the velocity for the ␣/␤MHC(R403Q) heterodimer was closer to 4 m/s (see Table 2, experiment 2).

analyzed by programs used previously (16). Irrespective of the
method of analysis, the velocity for the mutant ␣-myosin (5.0 –
5.5 m/s) was consistently higher than the wild-type ␣-myosin
(4.0 – 4.6 m/s) measured in parallel.
Expression and Characterization of TG Mouse ␤-MHC—Expression of wild-type His-tagged ␤-MHC in transgenic mice
resulted in replacement levels of 60% or more of the total cardiac MHC (Fig. 4A, lane 1). This compares favorably with
replacement levels for untagged ␤-myosin reported previously
(8), demonstrating that the His tag has no detrimental effect on
protein expression in mouse hearts. Fractionation of the total
extracted myosin on a Ni2⫹-chelating column, as described
above, yielded myosin considerably enriched in His ␤-MHC
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. Actin filament velocities for His-tagged ␣-cardiac myosin.
A, wild-type. B, R403Q mutant. Histograms of actin filament velocities from
the in vitro motility assay. Each histogram is fit with a Gaussian to obtain the
mean velocity and S.D. The number of moving filaments is n. One representative data set is shown here for each myosin (Table 1, experiment 2). The back
half of peak III, which is expected to be enriched in the homodimeric population of His-tagged molecules, was used for the mutant myosin.

Functional Effects of the R403Q Mutation in ␤-MHC
TABLE 2
In vitro motility of WT and mutant ␤-cardiac myosin

The His-tagged ␤-myosin isoform was isolated from transgenic mice, whereas the
untagged ␤-myosin was isolated from PTU-treated mice.
Experimenta

Motilityb

HIS ␤-MHC (WT)
HIS ␤-MHC (WT)
HIS ␤-MHC (WT)
HIS ␤-MHC (403)
HIS ␤-MHC (403)

1
2
3
2
3

HIS ␤-MHC (403)

4

PTU ␤-MHC 5 weeks
PTU ␤-MHC 5 weeks
PTU ␤-MHC11 weeks

5
6
6

2.4 ⫾ 0.4
2.4 ⫾ 0.4
2.4 ⫾ 0.5
4.0 ⫾ 0.6
3.6 ⫾ 0.5
2.8 ⫾ 0.4
3.5 ⫾ 0.6
3.6 ⫾ 0.8
3.4 ⫾ 0.6
3.0 ⫾ 0.6
3.6 ⫾ 0.6
3.2 ⫾ 0.5
2.5 ⫾ 0.5

Sample

% ␤-MHCc

m/s

83
86
82
43
54
64
58
65
68
72
76
73
90

a

The same experimental number means that WT and mutant samples were prepared and measured within a week of each other.
All values were determined by the semi-automated tracking program (15) and are
reported as the mean ⫾ S.D. Samples of His-tagged WT represent pooled fractions
from the back of peak III. Because of the low yield of the His-tagged 403 mutant in
experiment 2, the entire peak III was pooled. Increasing the replacement level for
the 403 mutant by cross-breeding (see “Experimental Procedures”) made it possible to analyze independent fractions across peak III in experiments 3 and 4.
c
The relative amount of ␤- to ␣-MHC isoform was determined by densitometry of
several loads for each sample on 5% glycerol, SDS separation gels.
b
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FIGURE 5. Characterization of His-tagged R403Q ␤-MHC isolated from
mice cross-bred with an ␣-MHC knock-out mouse line (KO) to increase
expression levels of R403Q. A, 5% glycerol gels showed about 40% replacement of ␣-myosin with R403Q ␤-MHC (lane 1). Fractions across peak III from
the Ni2⫹-chelating column showed slightly increasing amounts of R403Q
␤-MHC from 60% replacement (lane 2) to 65% (lane 3) and 70% (lane 4). A
concentrated fraction from the back of peak III was used in the motility assay
(B). There was little difference in motility between the front of the eluted peak
III, 3.5 m/s, and the back, 3.4 m/s, given the marginal ability of this column
to separate singly His-tagged heterodimeric myosin from doubly His-tagged
homodimeric myosin (Table 2, experiment 4).

ently cycling heads is supported by the finding that mouse
␣-MHC has the same force as mouse ␤-MHC (10, 11), unlike
cardiac isoforms of higher mammals, which show a 2-fold difference in force and corresponding effects on velocities of mixtures (10).
Properties of ␤-Myosin Isolated from PTU-treated Mice—
Mice made hypothyroid by a diet of PTU show a rapid conversion from the endogenous ␣-MHC to ␤-MHC in their ventricles. This isoform switch is usually thought to be complete by
6 – 8 weeks. The original purpose in preparing ␤-myosin by
PTU treatment was to demonstrate that the His tag had no
deleterious effect on the functional properties of ␤-myosin. To
purify the untagged myosin, we used hydrophobic interaction
chromatography, which we have shown previously to be
extremely effective in preparing highly purified myosin from
small amounts of tissue (Fig. 6A and Ref. 11). Unexpectedly,
myosin isolated from 5-week-old mice showed ⬃25% ␣-MHC
on separation gels (Fig. 6A, inset) and moved actin filaments
with a velocity of 3.2 m/s in the motility assay (Fig. 6B). By
treating the mice with PTU for 11 weeks, the more typical preparation of ␤-myosin was obtained, with ⬃10% ␣-myosin and a
velocity of 2.5 m/s (Fig. 6B and Table 2, experiment 6). This
experiment proved that the motility of the transgenic WT
␤-myosin was identical to that of the PTU-derived myosin
when the contamination level with ␣-myosin was ⬍10% for
both. Thus, there is no discernible effect of the His tag on the
motility; the same was found to be true for the ATPase activity
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(WT) from the back portion of peak III (Fig. 4A, lane 2). The
amount of residual ␣-myosin seen in the separation gels
(⬍10%) is comparable with that present in mice treated with
PTU for 11 weeks (see Ref. 8 and Fig. 6, inset). The motility of
wild-type His ␤-MHC (⬃2.4 m/s) is also the same as that of
the mouse ␤-MHC produced by PTU treatment for 11 weeks
(Refs. 10 and 11, Fig. 4B, and Table 2).
Unexpectedly, expression levels of mutant His-tagged
␤-MHC(R403Q) were very low, 10 –15% of the total cardiac
myosin (Fig. 4A, lane 3). The mortality rate of the mice was also
higher than usual, and the surviving TG lines all expressed low
levels of mutant protein. Fractionation on the chelating column
yielded essentially a heterodimeric population of His-tagged
␤-MHC(R403Q)/untagged ␣-MHC molecules (Fig. 4A, lane 4).
The actin filament velocity of this heterodimeric mutant was
high (4.0 m/s) but not much higher than what would be calculated for a heterodimer of equal numbers of independently
cycling wild-type heads of ␤-MHC and ␣-MHC (⬃3.5 m/s).
To increase the expression level of mutant ␤-MHC, the R403Q
␤-MHC mouse was bred with a mouse carrying only a single
functional allele for the ␣-MHC (9), referred to here as
R403Q ⫻ KO. This reduction in ␣-MHC gene product led to
higher expression levels of the ␤-MHC(R403Q) gene, resulting
in a significant increase of R403Q ␤-myosin (⬃40%) in the total
cardiac myosin extract (Fig. 5A, lane 1). When this preparation
was applied to the Ni2⫹ column, further enrichment in R403Q
␤-MHC was achieved in the fractions across peak III (Fig. 5A,
lane 4). The back of the peak (⬃70% ␤-myosin) was used in the
motility assay (Fig. 5B and Table 2), giving an actin filament
velocity of 3.4 m/s. The calculated velocity, again assuming
independent WT ␣- and ␤-heads at a ratio of 30:70, respectively, would be ⬃3.0 m/s (0.3(4.4 m/s) ⫹ 0.7(2.3 m/s)).
The calculated and observed motility values are sufficiently
similar to conclude that the R403Q mutation has not affected
the speed of the ␤-MHC heads. The assumption of independ-
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(see below). But even more interesting, the motility of the
5-week-old PTU-derived ␤-myosin, 3.2 m/s, was essentially
the same as that of the transgenic mutant ␤-MHC(R403Q), 3.4
m/s, each containing 25–30% ␣-MHC (Table 2). The implication of these results is that the R403Q mutation does not
enhance movement in ␤-cardiac myosin.
Actin-activated MgATPase Activity of Myosin S1 Isoforms—
A complication in interpreting the motility data for TG
␤-myosin is the presence of two heads with different cycling
rates in the dimeric myosin molecule. Unfortunately, it is not
possible to isolate a homodimeric R403Q ␤-myosin due to low
expression levels. The only available solution to this problem is
to generate S1 heads by proteolytic digestion of myosin and
then isolate the His-tagged R403Q heads by affinity chromatography (Fig. 7), as described for myosin. The course of the
digestion with ␣-chymotrypsin is shown in Fig. 7B. The
insoluble residual myosin and rod are pelleted by centrifugation, and the supernatant contains S1 and minor contaminants. The untagged ␣-S1 (peak II) and the tagged-␤-S1
(peak III) are readily separated at different imidazole concentrations on the Ni2⫹-column (Fig. 7, A and C). The only
drawback to S1 is the inability to do motility assays. For
kinetic assays, however, S1 is the preparation of choice.
The kinetic results from two independent preparations (a
minimum of 10 hearts for each preparation) of wild-type and
mutant ␣- and ␤-S1 isoforms are summarized in Fig. 8 and
Table 3. The actin-activated MgATPase activity (Vmax) for the
␣-S1(R403Q) mutant is ⬃30% higher than ␣-S1(WT) (Fig. 8A).
JULY 18, 2008 • VOLUME 283 • NUMBER 29

FIGURE 7. Preparation of His-tagged S1 using a Ni2ⴙ-chelating column.
Crude myosin was digested with ␣-chymotrypsin (see “Experimental Procedures”) to yield His-tagged S1. About 8 mg of S1 was applied to a HiTrap
chelating column as described above for myosin. A, the non-specifically
bound S1 eluted at 30 mM imidazole (a Western blot showed no reactivity for
peak II with the anti-His antibody), and the His-tagged S1 was eluted with a
step to 120 mM imidazole (peak III). About 0.7– 0.8 mg of purified S1 in 1 ml
was recovered after dialysis against 55% glycerol. mAU, milliabsorbance units.
B, the SDS gel shows that the myosin (lane 1) was digested to completion
resulting in rod and S1 heavy chain (lane 2). The regulatory light chain (RLC) is
degraded by the enzyme. The insoluble rod is pelleted by centrifugation (lane
3), and the supernatant (Sup., lane 4) contains primarily S1 and some contaminating tropomyosin. C, SDS gels of samples from the column (peaks identified at top of the gels) show the breakthrough (lane 5), untagged S1 (lane 6),
and purified His-labeled S1 (lane 7). ELC, essential light chain.

This difference is statistically significant (p ⬍ 0.05). The level of
enhancement is in good agreement with the motility results for
the ␣-myosin isoform presented here. In contrast, the
␤-S1(R403Q) isoform showed no enhanced ATPase activity. In
fact, the individual preparations usually showed a slightly lower
activity for the mutant compared with wild type, and the fit to
all the data indicated a reduction of ⬃10% in activity, but this
difference is not statistically significant (Fig. 8B). These data are
quite consistent with the motility results (Figs. 5 and 6), which
suggested that the mutation had little effect on movement
under unloaded conditions. It should be noted that the Vmax for
wild-type ␣-S1 is ⬃1.7 times ␤-S1, maintaining the 2-fold difference in activity found for the myosin isoforms (2.5 s⫺1 versus
1.4 s⫺1 for ␣-MHC and ␤-MHC, respectively; supplemental
Fig. S1). The ⬃6-fold higher Vmax values for the S1 subfragments compared with myosin have been found for many striated muscle myosin IIs, including fast skeletal myosin (21) and
slow/cardiac myosin (22). The increase in activity is probably
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. Isolation and velocity of ␤-cardiac myosin from PTU-treated
mice by hydrophobic interaction chromatography. A, about 7 mg of crude
myosin was applied to a 5-ml prepacked Toyopearl MD-G ether column (1 ⫻
6.8 cm, TosoHaas) equilibrated in 1.4 M ammonium sulfate. A step to 1.2 M
ammonium sulfate eluted the protein in 3– 4 1-ml fractions, which were concentrated by dialysis against 55% glycerol to yield ⬃1.2 mg myosin in 1 ml.
Inset, mice given a PTU diet for 11 weeks had ⬎90% replacement of ␣- with
␤-MHC, whereas mice treated for 5 weeks with PTU showed only 75% replacement on 5% glycerol gels. B, the difference in motility, 3.2 m/s (5 weeks)
versus 2.5 m/s (11 weeks), reflects the greater proportion of ␣-myosin in the
ventricles at 5 weeks (Table 2, experiment 6). mAU, milliabsorbance units.
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TABLE 3
ATPase activity of wild-type and mutant cardiac myosin
subfragment-1 isoforms
Sample
His ␣-S1 (WT)
His ␣-S1 (403)
His ␤-S1 (WT)
PTU ␤-S1
His ␤-S1 (R403Q)
a

Experimenta
1
2
1
2
3
4
3
4

Vmax

Km

s⫺1

M

11.0 ⫾ 1.2
15.0 ⫾ 1.3
23.3 ⫾ 1.4
22.1 ⫾ 2.6
9.3 ⫾ 0.6
10.8 ⫾ 0.9
7.8 ⫾ 0.7
7.2 ⫾ 0.6

15.9 ⫾ 3.7
20.0 ⫾ 6.9
29.6 ⫾ 3.8
29.7 ⫾ 11.3
15.5 ⫾ 2.9
24.0 ⫾ 6.1
17.1 ⫾ 3.7
11.7 ⫾ 4.6

The same experimental number means that wild-type and mutant samples were
prepared and measured within a week of each other. Vmax and Km are reported
with the S.E.

due to the loss of the regulatory light chain during chymotryptic
digestion, which results in a loss of regulation at the active site.
Although there are substantial uncertainties in these measurements, particularly at the higher actin concentrations where the
high viscosity of F-actin precludes good mixing, the consistency
of the measurements over several independent heart preparations provides a high level of confidence in the results.

DISCUSSION
The discovery that a point mutation, R403Q, in the ␤-MHC
could lead to hypertrophic cardiomyopathy occurred nearly
two decades ago (1), but despite the large number of subsequent
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FIGURE 8. Actin-activated MgATPase activities for mouse wild-type and
R403Q mutant ␣- and ␤-S1. Most data points represent an average of three
or more determinations (in some cases the error bars are smaller than the
symbols) for a minimum of two independent protein preparations. The error
bars represent S.D. The data were fit to the Michaelis-Menten equation to
obtain the Vmax and Km values reported below with the S.E. A, wild-type ␣-S1
has a Vmax of 16.09 ⫾ 1.47 s⫺1 and a Km of 27.90 ⫾ 7.20 M. The R403Q mutant
has a Vmax of 22.03 ⫾ 1.12 s⫺1 and a Km of 28.06 ⫾ 4.00 M. B, wild-type
␤-S1 has a Vmax of 9.56 ⫾ 0.39 s⫺1 and a Km of 16.90 ⫾ 2.39 M. The R403Q
mutant has a Vmax of 8.30 ⫾ 0.61 s⫺1 and a Km of 19.04 ⫾ 4.86 M.

in vitro and in vivo studies, even the most elementary question
of how this point mutation affects the functional properties of
cardiac myosin has remained unresolved. The majority of studies in the decade after the original discovery prepared myosin
from biopsies of patients with FHC (23, 24) or from a variety of
expression systems (25–28). With the introduction of the
mouse model in 1996 (6), attention shifted to myosin isolated
from homozygous (R403Q/R403Q) mouse hearts. Unlike previous findings, which showed mainly a loss of function due to
FHC mutations, the mouse R403Q myosin showed a large
increase in actin filament velocity as well as enzymatic activity
(7). The enhanced function was attributed to improvements in
the quality of the myosin as well as technical advances. Because
the R403Q mutation in recombinant smooth muscle myosin
also showed increased motility and ATPase activity (29), it was
hypothesized that the functional effects of the mutation are
probably independent of myosin isoform type and apply to all
members of the myosin class II superfamily (for review, see Ref.
5). Here we show that this tacit assumption is not necessarily
correct; the introduction of the R403Q mutation does indeed
enhance the enzymatic and mechanical properties of mouse
␣-cardiac myosin as proposed earlier, but this effect is not
observed in mouse ␤-cardiac myosin, which shows no gain of
function under identical experimental conditions.
Properties of Mouse ␣-Cardiac Myosin (R403Q)—The effects
of a disease-causing point mutation on protein structure and
function are usually not large, and therefore, a mouse homozygous for the lethal R403Q point mutation was initially chosen to
assure the preparation of a homodimeric cardiac myosin for
biophysical studies (7). The large (⬃60%) increase in actin filament velocity (Vactin) for R403Q ␣-cardiac myosin compared
with wild type was unexpected given the long history of diminished function in a number of different myosins. A more recent
study that focused on the force-generating properties of this
homodimeric R403Q ␣-myosin reported a more modest
increase in the actin filament velocity (24%), but the basic
theme of enhanced mechanical performance was preserved
(19).
Here our aim was to characterize a highly purified preparation of mutant ␣-cardiac myosin not only to confirm the published results but to provide a set of functional measurements
against which the properties of ␤-cardiac myosin carrying the
same mutation could be compared. To purify myosin by any
suitable chromatographic procedure, one needs to start with a
minimum amount of protein. The hearts from 1-week-old mice
homozygous for R403Q weigh only ⬃20 mg, and a single heart
typically yields only about 0.2 mg of protein. The cloning of the
His6 tag at the N terminus of the MHC made it possible to start
with ⬃10 mature heterozygous mouse hearts (⬃1 g tissue),
which was ample material to isolate ⬃4 mg of myosin by metal
chelating chromatography. A minimum of a 20% increase in
Vactin was found for the isolated R403Q ␣-cardiac MHC compared with WT; if this myosin fraction contained mainly heterodimeric molecules, the calculated Vactin for a homodimeric
molecule would increase by 30 – 40%. This level of enhancement due to the R403Q mutation falls well within the range of
values reported for R403Q ␣-MHC from homozygous mice
(7, 19).
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with about ⬃70% R403Q ␤-MHC and 30% endogenous
␣-MHC. By a serendipitous circumstance, we also prepared a
control myosin with 75% ␤-MHC from mice that had undergone an incomplete, hormonally induced isoform shift. The
sliding velocity of this PTU-induced native ␤-myosin was
essentially the same as the transgenic R403Q ␤-myosin, leading
to the conclusion that the R403Q mutation did not have a significant effect on the unloaded sliding velocity of ␤-myosin
heads. Moreover, the slight increase in motility observed for the
non-transgenic ␤-myosin, which contained a population of
␣/␤-MHC heterodimers, compared with the motility calculated for independently cycling ␣- and ␤-myosin heads, suggests that a small degree of intramolecular head/head interaction might affect the cycling rates (34).
Ambiguity in the interpretation of mechanical data for mixed
cardiac myosin isoforms can be avoided in the analysis of enzymatic data for cardiac myosin subfragment-1. The presence of
the His tag ensures a homogeneous population of mutant myosin heads. Measurements of three independent preparations of
R403Q ␤-S1, each in parallel with wild-type ␤-S1, minimized
experimental error due to variations in the activity of the S1
preparation. In contrast to R403Q ␣-S1, the ATP hydrolysis
rate for R403Q ␤-S1 was either equal to or lower than the wildtype control but never higher. Given the large number of independent determinations, we believe that the ⬃10% loss in average activity due to the mutation is meaningful (35). Thus, both
the in vitro motility and the enzymatic experiments lead to the
conclusion that the R403Q mutation does not enhance the
functional properties of mouse ␤-cardiac myosin.
Comparison with Human R403Q Cardiac Myosin—The only
viable source of R403Q ␤-myosin has been from the tissue of
patients with FHC (23, 24). The small amount of protein
obtained in a biopsy sample limits the functional assays to the in
vitro motility assay. The soleus contains ⬎80% slow (type 1)
fibers, which primarily contain the same ␤-MHC as expressed
in heart muscle. The ␤-myosin isoform could be separated from
the fast myosin component by adsorption to a specific anti-␤MHC antibody bound to the coverslip of the flow cell. Both
R403Q ␤-myosin from cardiac tissue and from the soleus muscle showed a large decrease (as much as 80%) in actin-sliding
velocity compared with control values (23, 24). Considering
that these patients are all heterozygotes, this marked inhibition
suggests that the mutant myosin may have had more “rigorlike,” ATP- insensitive actomyosin linkages than the control
samples. A subsequent motility study on cardiac biopsies from
the same patients, in which great care was taken to remove any
non-cycling rigor heads by exposure to unlabeled actin, showed
a small enhancement in actin filament velocity for the R403Q
␤-myosin (14). These variable results emphasize the difficulties
encountered in drawing conclusions from a single type of assay
with an unstable, mutated protein.
This raises the question of whether results obtained with
mouse ␤-cardiac myosin can be applied to human ventricular
myosin. The 2-fold difference in functional properties between
the ␣- and ␤-cardiac isoforms of the same species (⬃93%
sequence identity) has been largely attributed to clusters of
non-identical residues located in loops at the actin-myosin
interface (loop 2), near the nucleotide binding pocket (loop 1),
JOURNAL OF BIOLOGICAL CHEMISTRY
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Although myosin isolated from a homozygous mouse is adequate for motility assays (provided all rigor bonds are removed
by an actin wash in the flow cell; see “Experimental Procedures”), there is insufficient protein to prepare a soluble subfragment for ATPase activity measurements. A great advantage
of the His tag is the ability to isolate single heads (S1) containing
the mutation, as the tag is cloned along with the mutation on
the same MHC. Kinetic studies of the cross-bridge cycle have
been done exclusively with soluble subfragments to avoid the
difficulties associated with mixing filamentous myosin and
F-actin at the low salt conditions required for the ATPase assay.
The increase (⬃30%) in the steady-state actin-activated
ATPase of R403Q ␣-S1 compared with wild-type S1 is remarkably consistent with the increase in actin filament velocity.
Although the velocity of unloaded muscle shortening (and
the analogous in vitro translocation of actin filaments by myosin) has been shown to be proportional to actomyosin ATPase
activity (30, 31), this coupling does not necessarily extend to
mutant myosins (32). However, in the case of the R403Q mutation there does appear to be a linear relationship between the
enzymatic and mechanical properties.
Properties of Mouse ␤-Cardiac Myosin (R403Q)—The first
clue that mutant ␤-cardiac myosin (R403Q) may have different
functional properties from ␣-cardiac myosin (R403Q) came
from the difficulties encountered in expressing the transgene in
mice. Unlike ␣-MHC (R403Q), which readily replaced up to
50% of the endogenous cardiac myosin without any overt detrimental effects on the animals, the mice expressing the mutant
␤-MHC gene had low survival rates, and the amount of myosin
replaced barely exceeded 15%. Multiple injections were
attempted to generate transgenic lines with increased levels of
replacement, but to no avail. This poor outcome was not caused
simply by an isoform shift, as wild-type ␤-myosin could replace
the endogenous ␣-cardiac myosin by ⬎70% with no ill effects
(8) (there is no “overexpression” of a protein in sarcomeric protein transgenesis; rather, the level of endogenous protein is
down-regulated and replaced proportionally by the transgenic
protein). An insight into how such a small amount of
␤-MHC(R403Q) protein could have such a profound influence
on mortality and isoform expression has come from recent
studies showing that the cardiac isoform distribution is not uniform throughout the adult mouse heart (33). Rather, the small
amount of native ␤-MHC (⬍7%) normally present in adult
mice was localized by immunofluorescence to discrete regions
of the heart (33). It is conceivable, therefore, that a small
amount of mutant ␤-MHC concentrated in a critical region of
the heart could have an unusually large functional impact.
Despite the low level of R403Q ␤-MHC expression, the presence of the His tag ensured that at least half the heads in affinity-purified myosin were mutated. The motility of this heterodimer (R403Q ␤-MHC/␣-MHC) was similar to transgenic
wild-type ␣-MHC, about 4 m/s. However, the interpretation
of motility for a heterodimeric myosin with heads cycling at two
different rates is ambiguous; if the mutant head was compromised and silent, the net velocity would be the same as if the
mutant ␤-head had increased its cycling rate. By cross-breeding
the His-tagged R403Q mouse with an ␣-MHC knock-out
mouse line (9), it was possible to isolate a mutant population
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cardiomyopathy loop) is identical in sequence for both ␣- and
␤-isoforms? Docking of the crystal structure of S1 into the
three-dimensional reconstructions of the rigor actomyosin
complex obtained by electron cryomicroscopy has shown that
this loop interacts directly with actin (Fig. 1C) and forms part of
an extensive actin-myosin interface that is conserved in several
classes of myosin (17, 18, 43, 44). To study the structural consequences of the R403Q mutation, we used expressed smooth
muscle S1 containing the mutation to “decorate” actin filaments for analysis by electron cryomicroscopy (mutant cardiac
S1 was not available at the time this study was initiated). Unexpectedly, the three-dimensional reconstructions showed
mutant smooth S1 attached to actin at highly variable angles
compared with the usual fixed angle for wild-type S1, suggesting the mutation caused a severe disruption of the actin-myosin
interface (45). Given the conserved nature of the cardiomyopathy loop and assuming that a similar disorder will be caused by
mutant cardiac isoforms, one can speculate that the disorder at
the actin interface may extend to the ionic interactions of the
neighboring loop 2 with actin. It is well known that domains in
the myosin molecule can communicate over long distances, and
therefore, alterations at the actomyosin interface are likely to
perturb the kinetics at the nucleotide binding pocket (Fig. 1C).
Because cardiac ␣- and ␤-MHC have significant differences in
sequence, it is plausible that the R403Q mutation should have
contrasting effects on the functional properties of the two
isoforms.
Recognizing that mouse and human ␤-cardiac myosin are
probably not identical in function, the present findings apply
strictly only to the transgenic mouse model for FHC. However,
our study shows the kind of approach needed to attain a definitive answer for the human system. A transgenic rabbit model,
with its endogenous ␤-MHC background, would be the best
source for a mutant ␤-cardiac myosin. The currently available
in vitro expression systems have failed to yield adequate
amounts of a properly folded, functional cardiac myosin. A
transgenic rabbit model has already been generated which
expresses the human R403Q myosin heavy chain to levels of
⬃40% that of the total ␤-MHC pool (46). By cloning a His tag at
the N terminus of the MHC gene, it would be possible to purify
mutated human myosin from mature transgenic rabbits to a
high level of homogeneity for mechanical studies. Moreover,
the His tag would make it possible for the first time to prepare a
homogeneous mutant subfragment-1 from human cardiac
myosin for kinetic measurements and structural analysis. We
believe such studies would provide a definitive mechanism for
how a point mutation in the human myosin heavy chain can
trigger pathways that ultimately lead to a diseased heart.
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the essential light chain binding lever arm, and certain regions
of the myosin rod (10, 36). But the sequence of mouse ␤-MHC
is ⬃98% identical to human ␤-MHC, and even more importantly, the regional differences found between the ␣- and ␤-cardiac isoforms do not occur among ␤-isoforms from different
species, where residue changes are primarily confined to conservative substitutions. The in vitro motility for mouse ␤-MHC
appears to be slightly higher than for rabbit and pig ␤-MHC
(2.4 –2.6 m/s versus 2.0 and 1.8 m/s, respectively) (11), but
these differences do not take into account the presence of
5–10% ␣-MHC in the PTU-induced ␤-MHC in the mouse
compared with ⬃100% ␤-MHC in mature, larger mammals
(see the gel in Fig. 1). Therefore, the present evidence tends to
favor the hypothesis that the results obtained for mouse
␤-MHC may well apply to the functional properties of higher
mammals. Exceptions have been reported, however (37), and
extrapolation of results from one species to another must be
viewed with caution until more data become available.
Comparison with Muscle Fiber Studies—Are there any independent cellular experiments that can be correlated with the
molecular studies on mutated ␣- and ␤-cardiac myosin? Isometric tension measurements on single slow fibers isolated
from the soleus of patients with FHC (and analyzed for the ratio
of mutant to wild-type ␤-MHC) showed a small (⬃18%) but
significant decrease in isometric tension for R403Q fibers compared with G741R, L908V, and control fibers (38). In a related
study, isometric force and unloaded shortening velocity were
both reduced in soleus fibers from FHC patients containing the
R403Q and G741R ␤-MHC mutations (39).
Studies to examine the mechanical effects of the R403Q
mutation in the mouse model have used skinned papillary muscle strips from a heterozygous ␣-MHC403/⫹ mouse generated
by targeted recombination (6). Using small-amplitude lengthperturbation analysis, depressed cross-bridge kinetics were
observed for the mutant compared with wild-type, from which
it was concluded that the R403Q ␣-MHC mutation reduces the
strong binding affinity of myosin for actin (40, 41). A more
recent study on skinned strips from the ␣-MHC403/⫹ mouse
determined force-velocity relationships using the force-clamp
technique (42). Maximum unloaded shortening velocity of the
R403Q ␣-MHC muscle strips, as measured by the slack test,
was significantly higher for the mutant than wild type, and the
velocity of shortening under all loads was higher in the
R403Q/⫹ ␣-MHC fibers. Thus, the mechanical power output
was far greater for the mutant than for the control, indicating
that the R403Q mutation in an ␣-MHC backbone enhances the
mechanical performance of cardiomyocytes (42).
Conclusions and Future Perspective—We have shown that
the effect of the R403Q mutation in a ␤-MHC backbone is different from the functional consequences in an ␣-MHC backbone in the mouse model for FHC. Thus, the contradictory
results in the literature may arise to some extent from whether
the source of the mutant myosin is from FHC patients
(␤-MHC) or from transgenic mice (␣-MHC). The mechanical
studies on muscle fibers containing ␣-and ␤-MHC are in general consistent with the in vitro molecular studies.
How can we explain these differential effects given that the
surface loop containing the R403Q mutation (known as the
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