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Summary

Isoforms of myosin heavy chain (MHC) and myosin MLC1 isoform(s) in all fibre types. MLC1x was either
light chain (MLC) influence contractile kinetics of skeletal expressed in all fibres of a given frog or was completely
muscle. We previously showed that the four major skeletal absent. The intraspecific polymorphism in MLC1
muscle fibre types inRana pipiens(type 1, type 2, type 3 expression is likely to have a genetic basis, but is unlikely
and tonic; amphibian nomenclature) contain four unique to be caused by allelic variation. The ratio of
MHC isoforms. In the present study we defined the MLCs MLC3/MLC1 increased in direct proportion to the
expressed in each of thedR. pipiensfibre types. The MLC  percentage of type 1 MHC, but was only weakly

composition of single MHC-typed fibres was determined
from western blots using a panel of monoclonal MLC
antibodies. A total of seven MLCs were identified,
including four types of MLC1, two of MLC2 and a single

MLC3. Twitch fibre types (types 1, 2 and 3) expressed
MLC1+t and MLC2¢, while tonic fibres contained a unique

correlated. The variability in MLC3/MLC1 within a fibre
type was extremely large. Both the MHC isoform and
MLC3/MLC1 ratio varied significantly between 1mm
segments along the length of fibres. For all segments
combined, MLC3/MLCL1 increased with the percentage of
type 1 MHC, but the correlation between segments was

set of isoforms, MLClra, MLC1ltp and MLC2t. MLC3 weaker than between fibres.
was expressed primarily in type 1, type 1-2 and type 2
fibres. Surprisingly, some frogs displayed a striking
pattern of MLC expression where a unique isoform of

MLC1 (MLC1 x) was coexpressed along with the normal

Key words: frog, Rana pipiens fibre type, skeletal muscle,
electrophoresis, contractile protein, isoform.

Introduction

The motor protein myosin in skeletal muscle is a hexameri8chiaffino and Reggiani, 1996; Bottinelli and Reggiani,
polypeptide consisting of two myosin heavy chain (MHC)2000). Mechanical studies on single skinned fibres established
and four myosin light chain (MLC) subunits. Each MHC isthat MHC isoforms influence maximal shortening velocity
associated with one essential light chain (ELC) and oné/max and maximal power (Sweeney et al., 1988; Larsson and
regulatory light chain (RLC; also called alkali light chain). Moss, 1993; Bottinelli et al., 1994a, 1996; Hilber and Galler,
All vertebrates, including humans, express a family of MHC1997). In some studie¥maxWwas also affected by the ratio of
ELC and RLC isoforms in their skeletal muscles. In a giverMLC3/MLC1s (Moss et al.,, 1982; Sweeney et al., 1988;
species, variable expression of multiple MHC and MLCBottinelli et al., 1994a). However, Larsson and Moss found
isoforms results in a diverse population of muscle fibres witimo relationship between MLC3/MLEHBnd Vmax in human
a wide range of shortening velocities and power capabilitiedibres (Larsson and Moss, 1993). The influence of MHC and
Thus, myosin isoforms have a critical impact on functionaMLC isoforms on maximal isometric tension also remains the
diversity in muscular systems and influence how muscles amibject of considerable debate (Moss et al., 1995; Schiaffino
adapted to meet the specific motor requirements of aand Reggiani, 1996; Bottinelli and Reggiani, 2000).
organism. Frog muscle is unique in that relatively long, single, intact

The influence of MHC and MLC isoforms on the ‘living’ fibres can be isolated that retain excellent mechanical
force—velocity relationship remains controversial and maystability and from which sarcomere length transients can
vary among vertebrates (for reviews, see Moss et al., 199Eadily be measured by laser diffraction. For this reason,
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frog muscle offers an exceptional opportunity to study theof MLC1, two types of MLC2 and one MLC3. The detailed
relationship between myosin isoforms and contractile functioidentification of MLC isoforms presented here, along with our
in living single cells. However, inadequate definition of bothprevious description of MHCs, enables the precise relationship
MHC and MLC isoforms in frog muscle limits our ability to between MHCs, MLCs and contractile function in intact single
characterize this relationship. muscle cells to be elucidated.

A nomenclature for amphibian fibre types has been
established based on morphological, physiological, ,
immunohistochemical, histochemical and biochemical Materials and methods
analysis (Smith and Lannergren, 1968; Smith and Ovalle, Animals and muscles
1973; Rowlerson and Spurway, 1988; Lutz and Lieber, 2000). Adult male frogs, Rana pipiens were purchased
In general, anuran skeletal muscles are composed of twitdommercially (Charles Sullivan Inc, Nashville, TN, USA) and
fibres (types 1, 2 and 3) and tonic fibres (Rowlerson andiere kept at room temperature in 901 aquaria containing dry,
Spurway, 1988; Lutz and Lieber, 2000). Also, a fibre type wittdark surfaces and recirculating filtered water. Frogs were fed
properties intermediate between twitch and tonic fibres (typkve crickets twice weekly. Frogs were killed by double pithing
4) has been described Xenopus laevigLannergren, 1979), and various hindlimb muscles were removed. To ensure that
but not in Ranid frogs (Rowlerson and Spurway, 1988)examples of all fibre types were obtained, a wide variety of
Detailed mechanical analysis of intact single fibreX.déevis  different muscles were harvested. Typically, these were the
by Lannergren and colleagues revealed differencéémipx ~ anterior tibialis, gracilis and tonus region of the cruralis
and maximal power in the order: type 1>type 2>type 3>typenuscle, but in some cases the gluteal, sartorius and
4>tonic (Lannergren and Hoh, 1984; Lannergren, 1987)emimembranosus were also acquired. Large muscles (gracilis,
The differences in contractile properties were correlategluteal and semimembranosus) were cut into strips. All
with MHC isoforms, while the ratio of MLC3/MLG1did  muscles and strips were pinned to parafilm-coated cork and
not influence the force—velocity relationship. However,immediately frozen in isopentane cooled in liquid then
interpretation of these results was complicated by the factored at —80°C. For isolation of single fibres, frozen muscles
that MHC content in the different fibre types was notwere freeze-dried for at least 1h and brought to room
measured directly but was estimated from a combination démperature under vacuum. Single fibres were teased out
isomyosin banding patterns after native polyacrylamide gedf freeze-dried muscles with fine forceps under a
electrophoresis (PAGE) and MLC content after SDS-PAGEstereomicroscope and were transferred intop@0ficrofuge
In addition, the identification of MLC isoforms in the various tubes. SDS-PAGE sample buffer consisting of dithiothreitol
fibre types was incomplete. (DTT; 100mmoltY), SDS (2%), Tris-base (80 mmol)

We recently characterized the MHC isoform composition opH 6.8, glycerol (10 %) and Bromophenol Blue (0.012 % wi/v)
Rana pipiendibre types at both the mRNA and protein levelswas added to the tubes and samples were frozen immediately
(Lutz et al., 1998a,b, 2000; Lutz and Lieber, 2000). Four majan liquid N2 and stored at —80°C. Samples were boiled for
fibre types (type 1, type 2, type 3 and tonic), were differentiate@min prior to loading onto gels. Because our purpose was to
by their reactivity to a panel of monoclonal MHC antibodies.obtain adequate numbers of each fibre type, no attempt was
Four novel MHC mRNA transcripts were cloned from made to standardize the number of muscles obtained from each
whole muscle, and using single-fibre reverse transcriptionfrog or the number of fibres harvested from each muscle.
polymerase chain reaction (RT-PCR), each transcript was The anterior tibialis muscle was used exclusively for
found to be expressed predominantly in one of the four fibrexperiments investigating MHC and MLC content along the
types. SDS-PAGE of single immunotyped fibres showed thdength of single cells. For these experiments care was taken to
the MHCs from the three twitch fibre types (type 1, type 2 anthsure that full-length fibres were dissected from freeze-dried
type 3) were resolved into three separate isoform bands, whiteuscle. Fibres were cut into 1 mm segments along their full
tonic MHC comigrated with type 1. Coexpression of two MHClength and segments were suspended in SDS-PAGE sample
isoforms in single fibres was often observed at both mRNA anluffer.
protein levels.

The purpose of this report was to identify the MLC isoforms SDS-PAGE and western blots
corresponding to the various fibre typesRinpipiensand to Single fibre samples were split; 10 % of the sample was used
determine the relationship between the expression of ML@r analysis of MHCs and the remaining 90 % for MLCs. The
and MHC isoforms at the subcellular level. UnequivocalMHC composition was determined for a large number of fibres
identification of MLC isoforms by SDS-PAGE can be moreto obtain sufficient numbers of each type and then MLC
difficult to achieve than for MHCs because of the presence afnalysis was performed on a subset of these same fibres.
numerous other proteins that migrate at similar positions on
gels. In this report we identified the MLCs in the full range of Myosin heavy chains
R. pipiendibre types using western blot analysis with a panel MHC isoforms were separated by SDS-PAGE, based on
of MLC monoclonal antibodies. Western blots of single fibresnethods of Talmadge and Roy (1993) as previously described
provided clear delineation of seven unique MLCs; four typeglLutz et al., 1998a). Total acrylamide concentration was 4 %
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and 8% in the stacking and resolving gels, respectivelgels to assess the position of MLC bands relative to other
(acrylamide:bis-acrylamide, 50:1). Gels (16d@fcm, bands. Apparent molecular masses were calculated for all
0.75mm thick) were run at a constant current of 10mA untiMLCs by comparison with standards of known molecular
voltage reached 275V, and thereafter at constant voltage forass.

21h at 4°C. Homogenized anterior tibialis muscle was used as Quantitative assessment of the MLC isoform ratios within
the standard for identification of MHC isoform bands. Thesingle fibres was performed on silver-stained gels using
MHCs from whole anterior tibialis appear as a triplet, with typedensitometry and NIH Image software. Molar ratios were
1, type 2 and type 3 MHCs running as the middle, upper anchlculated from the band density and molecular mass of each
lower bands, respectively (Lutz et al., 1998a). Tonic MHGsoform. For this purpose we used molecular mass derived
comigrates with type 1 MHC in the middle band, but we couldrom amino acid sequence analysis, rather than apparent
distinguish whether a band at the middle position was type tholecular mass calculated from gel mobility, which are prone
or tonic, because tonic fibres were always harvested from a paot significant error. This is especially true of MLC1, which is
of the muscle where type 1 fibres were not present. Gels wekaown to migrate much more slowly on gels, and hence at
silver stained and MHC bands were quantified by densitomettyigher apparent molecular mass, than its actual molecular

(PDI, BioRad, Hercules, CA, USA). mass deduced from its amino acid composition (Frank and
o _ Weeds, 1974). We used molecular masses of 20.7, 19.0 and
Myosin light chains 16.5kDa for MLC1, MLC2; and MLC3, based on the derived

Western analysis was used to identify the MLCs present iamino acid composition of cloned full-length cDNAs for each
the various fibre types. Single fibre samples for which MH®f these isoforms (G. J. Lutz and R. L. Lieber, unpublished
composition had been determined were split into two partdata).
and subjected to identical SDS-PAGE. Total acrylamide
concentration was 4 % and 14 % in the stacking and resolving Troponins
gels, respectively (acrylamide:bis-acrylamide, 38:1). Gels To identify the other myofibrillar proteins present in the
(7.5cnx10cm, 0.75 mm thick) were run at a constant currenvarious fibre types in the MLC region of the gels, western blots
of 20mA for 2.5h at 4°C. One gel was silver stained and itsvere performed with monoclonal antibodies against troponin |
counterpart was transferred to nitrocellulose for westerfMAB1691; Chemicon International Inc., Temecula, CA,
analysis. Typically, two thirds of the single fibre sample wasJSA) and troponin C (Novocastra NCL-TROPC; Vector
run on the silver-stained gel and the remaining one third wasaboratories, Burlingame CA, USA). Western blots were
used for western blots. Western blots were reacted with threeacted with anti-Tnl (diluted 1:100) and anti-TnC (diluted
different anti-avian MLC monoclonal antibodies, T14, MF51:40) as described for MLCs. MHC isoform content was
and F310. The T14 and F310 antibodies were a generous gifttermined from a sample of each fibre as described above.
from Dr Frank Stockdale (Stanford University). T14 has been
shown to react with MLGL MLC2s and MLC2 in avian Skinned fibres
muscle, while F310 reacts with MLE&And MLC3 (Crow To determine which bands on silver-stained gels were
et al., 1983). The MF5 antibody (Developmental Studiesytoplasmic (soluble) proteins and thus not incorporated into
Hybridoma Bank, lowa City, IA, USA) reacts with MLEIR ~ myofibrils (myofibrillar proteins), freeze-dried fibres were cut
avian muscle (Shimizu et al., 1985). Primary antibodies wergto two segments. One segment was skinned to remove
applied overnight at 4 °C at dilutions of 1:5, 1:500 and 1:10&oluble proteins and the other was placed directly in SDS-
for T14, MF5 and F310, respectively. The secondaryPAGE sample buffer. For skinning, fibre segments were pinned
antibody (diluted 1:5000) was peroxidase-labeled, antiin Sylgard dishes, skinned for 30min (1% Triton X-100 in
mouse IgG (Vector Laboratories, Burlingame, CA, USA).standard relaxing solution), washed twice with relaxing
Bands were visualized using ECL western blotting detectiosolution, transferred to dry tubes and immersed in SDS-PAGE
reagents (Amersham Pharmacia Biotech, Piscatawy, N3ample buffer. Skinned and non-skinned segments of
USA). The specific MLC reactivity of the antibodies is shownindividual fibres were subjected together to SDS-PAGE.
in Table 1. In most cases, blots were stripped and reprobedAll values are reported as mears£.m. unless otherwise
sequentially through the series of antibodies. Bandingndicated. Comparison of means was performed by Student’s
patterns on western blots were compared with silver-stainegetest.

Table 1.MLC isoform reactivity to monoclonal antibodies

Isoform
Antibody MLC1x MLC1ta MLC1¢ MLC1Tp MLC2¢ MLC2t MLC3
T14 + + + + - + -
MF5 - - - - + - -

F310 + + + - - -
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Results observed in all twitch fibre types except type 3, and was not
Identification of myosin light chains present in tonic fibres. _
Western analysis was used to identify the MLCs in the Tonic fibres expressed two unique MLC1 bands and one

various fibre types dR. pipiensskeletal muscle. Single fibres unique MLC2 band not found in twitch fibres (Fig. 1). The

. . . MLCs expressed exclusively in tonic fibres are designated with
were isolated from freeze-dried muscles and fibre types We{ﬁe subscript T as MLGL MLClm, and MLCZ. The
dgtermmed by SPS_PAGE analysis Pf MHC .|soform (.:Ome.mMLChb and MLCZr bands in tonic fibres are clearly different
Fibres representing each of the major and intermediate f'bﬁ’:’om the bands designated as MIsGLMLC2 in twitch fibres
types (types 1, 1-2, 2’_ 2-3,3 qu tonic), were then analyzed ¥ased both on their differential gel mobility and their
western blots for their reactivity to three monoclonal MLC it antial reactivity to MLC antibodies. The MLg4band

antibodies. A representative example of the silver-stained, 4 not be differentiated from MLGEhy antibody reactivity,

banding pattern and corresponding western blots is shown fgf, appeared to comigrate with MLGih most gels (Figs 1
a complete series of fibres obtained from one frog (Fig. 1). Thg); however, on several gels the Mis@band clearly migrated

indicated by the summary representation in Fig. 1, in this frogyiLc1 isoforms.

a total of six different MLC bands were identified in the various A Striking|y different, and very unusual pattern of MLC
fibre types by the three antibodies combined: three distineixpression was observed across the full range of fibre types in
MLC1 bands, two MLC2 bands and a single MLC3 band. Allsome frogs (Fig. 2). As indicated by the schematic summary
twitch fibre types (types 1, 1-2, 2, 2-3 and 3) contained onlgf the western blots in Fig. 2, in certain frogs a unique MLC1
one common MLC1 and an MLC2 band, designated as MLCband, designated as ML Iwas expressed in all fibre types.
and MLC2 (where f denotes fast). A single MLC3 band waslIn each of the fibre types, the MLChand was coexpressed

A Whdle Single fibres
muscle |
Type 2 \»
Type 1 e S m—
and tonic
Type 3
1 1-2 2 23 3 T
B
Silver gain Antibody Antibody Antibody Summary
T14 MF5 F310 represenation
mE=E=E===
= — EEE8 MLC 17,
-— 4 MLC1¢
::_::-_r-—--ﬂ- — — — — o, T s e . = MLClTb
= T i e ST T T . —’levn_czf

b
)
"
~
F‘

233 T 1122233T 112223 3T 112223 3T 112 2233 T MLC3

Fig. 1. Identification of MLCs in single fibres representing the full range of fibre tygespipiens (A) MHC isoform composition of single

fibres was determined by SDS-PAGE. Shown are MHC bands from single fibres representing each of the major and intermegiese fibre ty
(types 1, 1-2, 2, 2-3, 3 and tonic T). All fibres were obtained from one frog. Fibres were typed by comparison with the ditions gfo

MHC isoforms from a standard whole muscle homogenate (anterior tibialis muscle). Fibre types, based on MHC content earatiridéat
bottom of each gel lane. (B) Analysis of MLCs in each of the MHC-typed fibres shown in A (fibre types labeled at bottomp $:EAGE

(silver stained) of each fibre. Gel markers in leftmost lane have molecular masses (from top to bottom) of 45, 31, 21.kCand¥4d8le)
Western blots of the gel on left using monoclonal MLC antibodies T14, MF5 and F310. (Right) Schematic representation les$edhon w
blots of the MLC composition of the fibre types from this frog and 23 other frogs with a similar MLC composition.
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sil ) Antibody Antibody Antibody Summary
flverstain T14 MF5 F310 representatin
- ] _—
3 = MLC1,

= MLClt,

MLC1;
ﬂ“ﬂ'lE - = = == —_———=

MLC1p

1 2 2 23 T 1%2223T 1132 223T 1322 23T 1122233 T MLC3

Fig. 2. In some frogs, a novel MLC, ML&1is expressed in all fibre types. (Left) SDS-PAGE (silver stained) of single fibres representing most
of the different fibre types. All fibres (fibre types labeled at bottom of gel lanes) were obtained from two frogs and wbyethgietMHC
banding pattern by SDS-PAGE, as in Fig. 1 (not shown). (Middle) Western blots of the gel on left using monoclonal MLC ahfidpdies
MF5 and F310. (Right) Schematic representation based on western analysis of the MLC composition of the fibre types figanthisixXro
other frogs with similar MLC composition. A unique type of MLC1, designated as NL&ds expressed in all fibre types, producing a
strikingly different expression pattern from those seen in fibres examined in Fig. 1.

along with the usual MLC1 band (the MLC1 bands in Fig. 1)differences could also result from subtle differences in the
Thus, in these frogs, all twitch fibre types contained botlSDS—PAGE system. Also, most previous studies of frog
MLC1s and MLCX, while tonic fibres contained a triplet of muscle have reported molecular masses of MLCs purified from

MLC1 bands (MLC%a MLCltp and MLCX). In qualitative

terms, the only difference between the MLC expression in tha complicating factor.
frogs of Figs 1 and 2 was the presence or absence of the

MLC1x band. In all other respects, the MLC expression
patterns were qualitatively the same. There was no indication To avoid potential

whole muscle where proteolytic degradation could have been

Identification of other myofibrillar proteins
ambiguities in qualitative and

that the band designated as MlkGAas actually a different quantitative analysis of the MLCs, it was important to identify

isoform in twitch and tonic fibres as the antibody reactivity

of this band and its migration rate appeared to be ide
in all fibre types (Fig. 2, Table 1).

The expression of MLGldwas clearly ‘all or none’ ¢
it was either expressed in all fibres of a given frog
was completely absent. A total of 7 of 31 frogs stu
contained the MLClband. From these 7 frogs, 52 fit
were analyzed, and each contained the MUGnd. The
52 fibres included all fibre types as follows: type 1
type 1-2 (9), type 2 (7), type 2-3 (8), type 3 (5) and t
(15). Conversely, MLClwas absent from each of Z
fibres obtained from the remaining 24 frogs. The 206 f
were distributed among all fibre types as follows: ty,
(39), type 1-2 (63), type 2 (34), type 2-3 (16), type 3
and tonic (43).

Overall, bands reacting positively to MLC antiboc
could clearly be categorized as MLC1, MLC2 or ML
based on a comparison of their apparent molecular
with those of other species. The apparent molecular
of each of the identified MLC bands was as follows
kDa): MLC1x (26.8), MLCka (26.2), MLCZ% (26.1),
MLC1tp (25.5), MLC2 (22.8), MLCZr (21.7), and MLC:
(15.0). The apparent molecular masses for both N
isoforms were slightly larger than reported in prev
studies of frog myosin (18-20 kDa) (Giambalvo
Dreizen, 1978). These relatively small differer
(5-10%) could easily be due to species differer
as previous studies did not include. pipiens The

Anti-Tnl
Silver stain (MAB169])

-

= == e

Anti-TnC
(NCL-TROFC)

TnI-|-

«+—Tnl

DI

\T n CT

1 2 23T 1 223 T 12 23T

Fig. 3. Identification of troponin | (Tnl) and troponin C (TnC) isoforms
in the variousR. pipiensfibre types. (Left) SDS-PAGE (silver stained)
banding pattern of single skinned fibres representing most of the different
fibre types. All fibres (fibre types labeled at bottom of gel lanes) were
obtained from one frog and were typed by MHC banding pattern after
SDS-PAGE as in Fig. 1 (not shown). (Right) Western blots of the gel on
left using anti-Tnl and anti-TnC antibodies. Anti-Tnl labeled one isoform
in fast twitch fibres (Tn) and a unique isoform in tonic fibres (Thi
Anti-TnC labeled an isoform in tonic fibres (TrACthat was not
expressed in any other fibre type, but did not react with the TnC isoform
present in fast twitch fibres (TRC The position of Tn€was deduced
from indirect evidence (see Results for details). The lightly stained band
below MLC32 in twitch fibres is an unidentified contaminant that is not
typically present (see Figs 1, 2 and 4). Note, this frog did not contain the

MLC1x isoform in any of its fibres.
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the other bands that migrated in the MLC region of the gels - — = ML C1.
The only myofibrillar proteins known to migrate in the MLC o (B and TnTla
region under these conditions are troponin | (Tnl) and troponi ML CX g = = s T
C (TnC). We performed western blots on the various fibre = .

types with monoclonal antibodies against Tnl and TnC Tnl; ﬁ == == ML Clyy
(Fig. 3). Anti-Tnl and anti-TnC western blots were performed o

on skinned fibres (soluble proteins removed; Fig. 3) and nor ML C2 : ML C2y

. . s i and Tn . .

sk|nr_1ed fibres (not shown)..Antl .Tnl labeled a single banc G /-»‘ ® .4 Tney
(designated Tm) in all fast twitch fibres (types 1, 1-2, 2, 2-3 MLC3 11T ‘T

and 3), at a position between ML&Ghd MLC2. Anti-Tnl also
labeled a unique isoform in tonic fibres (designated)Tat a
position slightly above Tl The Tnir band comigrated with Fig. 4. Summary of the expression pattern of MLC and troponin
the MLC1raisoform band. The apparent molecular masses cisoforms in fast twitch and tonic fibres. This figure combines the
Tnk and Tnk (24.7 and 26.2 kDa, respectively) are in ?nforr_n_ation from I_:igs 1 ano_l 3 to indicate the position_s of eac_h of the
reasonable agreement with published values for skeletal Tidentified myofibrillar proteins (except MLGJLon a silver-stained

Because we did not perform any quantitative analysis of MLc3¢! after SDS-PAGE. Skinned (S) and non-skinned (NS) segments of
. o - . . the same fibres (fibre type indicated below each lane) are shown in
in tonic fibres, comigration of MLG%L and Tni did not . o o

. ; . . adjacent lanes for visualization of the bands containing soluble
influence the conclusions in this study.

. . . . .. proteins (i.e. the bands present in non-skinned segments but absent
The anti-TnC antibody labeled a single band in tonic fibreoy skinned segments). For clarity, a type 1 fibre only was used to
(designated Tn€ apparent molecular mass 20.6kDa) thatrepresent the fast twitch fibres, although significant differences in the
migrated just ahead of MLGZFig. 3). Anti-TnC did not react quantitative and qualitative expression of MLC and troponin
with TnC in fast twitch fibres. Thus, we could not identify aisoforms did exist among the twitch fibres. Note that skinning
putative fast TnC (TnQ with western blots. However, it removed a prominent soluble protein band just above the MLC1
appears that TnCcomigrated with MLC2 on the gels in region in both fibre types. Skinning also removed a prominent
Figs 1-3, based on two observations. First, on all gels of thSoluble protein band between MLCdnd TnG, as well as a band
type the MLC2 band appeared diffuse, and on some gels jpelow Tn(ir in t_on|c f|bre_s. l_\lote that this frog did not contain the
appeared as two bands (a tight doublet), composed of a darM-C1xisoform in any of its fibre types.
upper and lighter lower portion. The apparent molecular mas
of this band (22.8kDa) and the fact that it was lightly stainedibres were run in adjacent lanes of the gel. This gel clearly
are consistent with its identity as Tn@nC is known to stain illustrates the bands that were removed by skinning and the
much lighter per unit mass compared to other proteins). Seconaajor differences in myofibrillar protein expression patterns
when soluble proteins were removed by exposing fibres tbetween twitch and tonic fibres.
membrane permeabilization (skinning), the only remaining
candidate band near MLEBwvhere TnG should be located) Quantification of MLCs in single fibres
was the band identified as Thly western blot (molecular mass  In some recent studies, the molar ratio of MLC3/MEC1
=24.7kDa). This molecular mass was higher than was expectsiynificantly influenced the mechanical function of single
for TnC (approximately 18-20kDa). Importantly, none of theskeletal muscle fibres (see Discussion). We therefore measured
bands identified as MLC, TnC or Tnl isoforms was removed byhe MLC3/MLC1 ratio in R. pipiensfibres to determine
skinning. Overall, this identification of bands in the MLC regionwhether any significant variability existed in this parameter
of gels confirmed that our identification of MLCs was accurat@mong and between the various fibre types. Having established
and that our quantitative densitometry of MLC3/MLC1 ratiosthe identity of the various MLCs and their positions on SDS-
in type 1, type 1-2 and type 2 fibres (see below) was n®AGE gels, we quantified the relative levels of MLCs in
influenced by proteins that comigrated with the MLCs. individual fibres by densitometry of silver-stained gels. This
One unresolved question is the identity in twitch fibres ofjuantification was restricted to type 1, type 1-2 and type 2
the band that migrated between MLGIhd Tn}. Although  fibres. All molecular masses used in calculating molar ratios
skinning removed this band completely from type 1, type 1-2ere based on derived amino acid composition, not gel
and type 2 fibres, indicating that it was a soluble protein, imobilities (see Materials and methods). MLC1 content was
was not removed from type 2-3 or type 3 fibres (Fig. 3)taken as the sum of MLEland MLCXL, and the same
Because this band did not react with any of the MLC omolecular mass was used for both isoforms. The ratio of
troponin antibodies we cannot conclusively identify it. It is notMLC3/MLC1 was related to MHC isoform content in single
likely to be an MLC isoform, however, as it was not labeledreeze-dried type 1, type 1-2 and type 2 fibrés100)
by the T14 antibody, which strongly labeled all other MLCZ1obtained from various muscles (Fig. 5A, Table 2). Among
isoforms. pure type 1 fibres (i.e. fibres that expressed only type 1 MHC),
A summary of the MLC and troponin isoforms expressed ilMLC3/MLC1 was extremely variable, ranging between 0.20
twitch and tonic fibres is shown in Fig. 4. To allow for a directand 2.9 (mean=1.20+0.18=35). The MLC3/MLC1 ratio was
comparison, skinned and non-skinned segments of the sarsignificantly lower P<0.0001) in pure type 2 fibres

(NS) (S) (S) (NS)
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(mean=0.50+0.08\=18) compared to pure type 1 fibres. Forcontained MLC% and non-MLCY% fibres (Fig. 5B, Table 2).

all fibres combined, MLC3/MLC1 increased
proportion to the percentage of type 1 MHE<Q.0001).

in direct Thus, the expression of MLG&1did not appear to affect

markedly the MLC3/MLC1 ratio. Fibres with MLGIwere

However, the relationship was weak, accounting for only 24 %listributed across the full range of type 1, type 1-2 and type 2
of the variability (Table 2). Similarly, in the anterior tibialis fibores. On average, MLGlwas expressed in nearly equal
(AT) muscle (the only muscle from which type 1, type 1-2 andnolar amounts to MLGIin type 1, type 1-2 and type 2 fibres
type 2 fibre types were harvested), MLC3/MLC1 ratio wasas a group (MLCAIMLC1¢=1.10+0.07), but the range of
weakly positively correlated with the percentage of type Ialues was substantial (0.64—-1.71; Fig. 6). Ml/&I1_C1f was
MHC. Overall, the highest levels of MLC3/MLC1 were found slightly higher in type 2 (1.30+£0.30) than in type 1 fibres
in fibres obtained from the gracilis muscle. When fibres fronf0.98+0.06;P<0.05). Regression analysis of type 1, type 1-2
all muscles except the gracilis were considered as a group, thed type 2 fibres showed that MLEMILC1s was inversely
MLC3/MLC1 ratio increased only slightly with the percentagerelated to the percentage of type 1 MH&(.05; Fig. 6).

of type 1 MHC and the correlation was significant but very To estimate the extent to which variability in the

weak (Table 2).

MLC3/MLC1 ratio between fibres was due to inherent

The slope of the relationship between MLC3/MLC1 ratioinaccuracy in the quantification procedure, we measured the
and the percentage of type 1 MHC was similar in fibres thahtrinsic variability of MLC quantification (estimated by
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Fig. 5. The MLC3/MLC1 ratio increased in proportion to tt
percentage of type 1 MHC in single fibres, but was highly varie
within fibre types. (A) MLC3/MLC1 ratio and MHC isoforms wer
measured in single type 1, type 1-2 and type 2 fibres by quantiti
densitometry of gels after SDS-PAGE. Fibrs100) were obtained
from the anterior tibialis (AT), cruralis (CR), gluteal (GL), gracil
(GR), semimembranosus (SM) and sartorius (SA) muscles. E
symbol corresponds to a different muscle. Linear regression shc
that the MLC3/MLC1 ratio increased in direct proportion to t

repeated measures of samples within and between gels). To
ensure adequate material for repeatability measurements,
samples consisted of pairs of large fibres from the
semimembranosus muscle (isolated from freeze-dried muscle).
To estimate the potential influence of fibre size on variability
in MLC3/MLCL in single fibres, we included two dilutions of
the repeatability standard with a fourfold difference in
concentration. The dilutions encompassed the full range of
sample densities in single fibres. Coefficient of variation of
MLC3/MLC1 was used to express variability of the
experimental method. Variability due to the quantification
method itself (10 repeated measures of a single lane of one gel)
was 4.3%. Variability within gels (11 lanes on a single gel)
was 15.2 %. Between gels (four lanes each of the same samples
on two separate gels), mean values differed by only 2.8%.
There was no significant difference in variability between
dilutions (P>0.3; four lanes each on two separate gels). These
data demonstrate that while intrinsic variability was significant,
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percentage of type 1 MHC. There was substantial variability irFig. 6. MLCI/MLC1t was higher in type 2 than type 1 fibres. The
MLC3/MLC1 ratio within each fibre type, and the highest valuesmolar ratio of MLCL/MLC1t was measured in single type 1, type 1-
were all found in the GR muscle. (B) MLC3/MLC1 ratio for fibres 2 and type 2 fibres by quantitative densitometry of gels after SDS-
that contained MLC1(N=16; data are subset of A). The relationship PAGE. Linear regression showed that MGALC1; ratio
between the MLC3/MLC1 ratio and percentage of type 1 MHC wadecreased in direct proportion to the percentage of type 1 MHC
similar to A, and the full range of fibre types was represented. (slope=—0.003r2=0.288;P=0.03).
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Table 2.Linear regression variables describing the relationship between MLC3/MLC1 and percentage of type 1 MHC

Group Slope Intercept P r2 N

All fibres 0.007+0.001 0.454+0.096 <0.0001 0.235 100
Non-MLC1y fibres 0.007+0.001 0.454+0.095 <0.0001 0.237 84
MLC1x fibres 0.010+0.004 0.503+0.324 0.043 0.260 16
All except GR 0.004+0.001 0.540+0.066 0.001 0.139 75
AT only 0.004+0.001 0.501+0.087 0.005 0.220 35

Variables are for linear regression equations fitted to the data in Fig. 5.
Values are meansse.m.
AT, anterior tibialis; GR, gracilis muscle.

it did not account for most of the variability observe A B

Fig. 5, where variability in MLC3/MLC1 in type 1, ty =~ £1007" " ——TypelMHC 3 100 33
1-2 and type 2 fibres was 63%, 43% and 6 ¢ 28: —S-MLCI/MLCL|, 28: 2 2
respectively. These data also indicate a lack of satu E 404 % 9 0. M . 8
of the MLC3 and MLC1 bands. All bands quantified\v g 204 20+ r
densitometry in this study had optical densities within 2 00 > 4 & 80 00 MR 80 =
linear range.

To further characterize the accuracy of g 1001 C "3 1001 D 3 —
quantification procedure for MLCs, we attemptec o 80- 80+ ©
evaluate the molar ratio of ELCs to RLCs in single fit < 60; 2 601 w 2 =
Because each MHC is known to be associated < 38: rl ‘218: 10
one ELC and one RLC, the measured ratio 2 0 0 0 . . . 0=
(MLC1+MLC3)/MLC2 should equal one. Unfortunate = 0 2 4 6 8 0O 2 4 6 8

because Tnappears to comigrate with MLE2ve coulc < E E
not explicitly calculate the (MLCL+MLC3)/MLC2 rati & 128 3 128 \/\ 3q
However, assuming that MLE2and TnG comigrate, th I g 2 5o W 23
(MLC1+MLC3)/(MLC2¢+TnC) ratio was 0.823 (+0.01 E 401 R g m By o 1 40 1 8
N=100), which is reasonable considering that the lii & 201 201 2
staining Tn& probably makes a small contribution to = 00 > 4 6 80 OO 2 '4 '6 80
density of the MLC2TnGCs band. Also, linear regressi
analysis showed that the relationship betv gloo- G 3 10017 H r3 o
MLC1+MLC3 and MLC2+TnG was highly correlate O 80 \/\ , 80 ) 9
(r2=0.98), which indicates a lack of saturationinthe si = 28: 28: %
stained gels. 2 20] TR 1 5o B::EH?/E (10
S . . . 0 : e =
Variability in MHC and MLC isoforms along the leng "~ 0 2 4 6 80 0 2 4 6 8O
of single fibres <100, | 100.9
Having established that MLC3/MLC1 vari % 801 3 80 \/\ ° 3
substantially within fibre types, we were interestes I 60/ 2 60 23
whether this parameter also varied along the leng = 40 o , 40 Wﬂ 193
fibres and whether its relationship to MHC isoforms ‘é 28' ' ' ' 0 28I : ' ' Lo s
the same as that seen at the whole fibre level. F o 2 4 6 8 0O 2 4 6 8

isoforms and MLC3/MLCL1 ratio were quantified in 1t Segment Segment

segments along the length of single fibres directly ) ) N ) )

gels after SDS-PAGE. As indicated in Fig. 7, both v chIg-II '\:'r']_icf a_ndIM#tC): |sof\c/|>:_|mc (_:or?posmontvatrledds:AbLs(t:asr;'t\lﬂall_llglalo?g

isoform content and MLC3/MLC1 varied substanti € lengih of singie Hbres. Isoform content an . ratio
. . . were determined in 1 mm segments along the full length of single fibres

along the length of single fibrel=£10 fibres). In the mo

(N=10) by quantitative densitometry of gels after SDS-PAGE. All fibres
extreme case, the percentage of type 1 MHC chang  \ere ‘optained from the anterior tibialis muscle. Each letter (A-J)
40.3% between segments, while MLC3/MLC1 rar  represents a different fibre.

from 2.43 to 1.03 in the same fibre (Fig. 7F). N

parametric correlation analysis revealed no signif

correlation between MLC3/MLC1 and the percentage of typeorrelation was found across all segments combihke®4;

1 MHC in any individual fibre#=0.17-0.93), but a significant P<0.001). Regression analysis of all segments showed that
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3.0 - detailed identification of MLCs allowed for the most complete
description to date of MHC and MLC isoform expression
patterns in single fibres from frog.

To reduce potential complications in quantification of
MLCs by SDS-PAGE, we attempted to define the remaining
myofibrillar protein bands in the MLC region of gels using
western analysis with antibodies against Tnl and TnC (Fig. 3).
The western blots were performed on skinned fibres, to reduce
contamination from soluble proteins. Two unique isoforms of
Tnl were identified; one in twitch fibres (Fphand one in tonic
fibres (Tnk). A single TnC isoform was identified with anti-
TnC in tonic fibres. A synopsis of the gel migration of all
identified MLC, Tnl and TnC isoforms in twitch and tonic

Type 1l MHC (% of total) fibres is shown in Fig. 4.
Fig. 8. The MLC3/MLC1 ratio increased in proportion to the The MLC family. in amph.ibian skeletal muscle has not bgen

o as well characterized as in other vertebrates. Only a single

percentage of type 1 MHC in individual 1 mm segments along the .
length of fibres. MLC3/MLC1 ratio plotteglersusthe percentage isoform of MLC1, MLC2 and MLC3 have been detected in

of type 1 MHC for all segments from each of the 10 single fibregnyosin fractions purifigd from whole frOg_mUSdeS (Kendrick—
shown in Fig. 7. Linear regression analysis showed that thdones et al., 1976; Giambalvo and Dreizen, 1978; Chanoine
MLC3/MLC1 ratio increased in direct proportion to the percentagednd Gallien, 1989) and from single fibresRana esculenta
of type 1 MHC. (Focant and Reznik, 1980). The fibre type expression pattern
of MLCs in Xenopushas received the most critical scrutiny
among amphibians (Lannergren, 1987). Single fibres were
MLC3/MLC1 increased slightly with the percentage of type ltyped by native myosin bands on pyrophosphate gels and
MHC (Fig. 8;P<0.001). The slope and correlation coefficientsegments of the same fibres were analyzed by SDS-PAGE for
for all segments was similar to that found in whole anterioMLC content (Lannergren, 1987). It was concluded that fast
tibialis fibres (Fig. 5, Table 2). Coefficient of variation of twitch type 1 and type 2 fibres ¥enopuscontained MLC4,
MLC3/MLC1 in individual fibres (Fig. 7) ranged from 13.2% MLC2f and MLC3, while slow twitch type 3 fibres expressed
to 64.2 %, which was much greater than inherent variability inhe slow isoform MLCY, and did not contain MLC3. It was
the quantification procedure (see above). later reported that type 3, type 4 and type 5 (tonic) fibres all
expressed slow isoforms MLeknd MLC2 (Lannergren,
1992). However, it is difficult to justify these conclusions from
Discussion the gels presented. Specifically, MLiGthd MLC2 appear to
The ability to identify and quantify MLCs accurately in comigrate, and an unidentified band in the MLC1 region
various fibre types of a given species is a critical prerequisiteomplicates the identification of MLEland MLCXk
to establishing their influence on contractile function.(Lannergren, 1987). Further, no MLC gels were shown for type
Unequivocal identification of MLC isoforms after SDS-PAGE 4 or type 5 fibres. Thus, the fibre type expression pattern of
can be difficult because of the presence of other myofibrillaMLCs in Xenopus remains unclear. However, if the
proteins that have similar molecular masses. Typically, thenterpretation of MLC expression patterns Xenopusis
position of MLC bands relative to other proteins after SDS<orrect, it differs significantly from the present findingRin
PAGE is determined by analysis of the banding pattern gfipiens There was no evidence of slow MLCs in any offhe
myosin purified from whole muscle. However, contaminationpipienstwitch fibres, whereas iKenopughe fast twitch fibres
of the myosin fraction by thin filament proteins, the presencéypes 1 and 2) contained a different set of MLCs than the slow
of myosin degradation products and inadequate detection tfitch fibres (type 3). Also, only two types of MLC1 were
MLCs from uncommon fibre types limits this approach.found in Xenopuswhile four types of ML@ were present in
Although western analysis can potentially resolve thes®. pipiens
problems, it has often been ignored as a primary tool for A most remarkable feature of the MLC expressiorRin
identification of a family of MLCs. In the present report we pipienswas the ‘all or none’ expression pattern of MC1
identified the MLCs in the full range &. pipiensfibre types  which was either expressed in all fibres of a given frog or was
using western analysis with a panel of MLC monoclonacompletely absent (Fig. 2). MLGIwas always coexpressed
antibodies. Western blots of single fibres, typed by MHGCalong with the isoforms of MLC1 and MLC2 found in frogs
isoform content, clearly delineated a total of seven uniquéhat did not contain MLGL Interestingly, the quantitative
MLCs: four types of MLC1, two of MLC2 and a single MLC3 relationship between MLC3/MLC1 ratio and percentage of
(Figs 1, 2, Table 1). Although the antibodies used were raisegpe 1 MHC was maintained in frogs that had MLC1
against avian myosins, they provided excellent cross-reactivitfFig. 5B). Thus, apart from the expression of MkCihe
with frog MLCs and partial selectivity between MLCs. The regulatory control of MLC content in fibre types was conserved

MLC3/MLC1
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in both groups of frogs. No differences were noted in any othdBottinelli et al., 1994a; Li and Larsson, 1996) (for reviews, see
myofibrillar proteins between frogs with ML&land non-  Moss et al., 1995; Schiaffino and Reggiani, 1996; Bottinelli
MLC1x frogs. and Reggiani, 2000). In rodent muscle, MLC3/MLE€@ntent
Intraspecific variability in MLC4 expression has been varied significantly among a population of fibres that expressed
documented in fish (Martinez et al., 1990; Crockford et al.pnly the IIB MHC isoform and greater values of MLC3/MLC2
1991, 1995), and avian (Rushbrook and Somes, 1985) musclgere associated with increaségax (Bottinelli et al., 1994a).
In fish, breeding experiments and genetic analysis clearlynterestingly, MLC3/MLC2 did not appear to influence
showed that intraspecific variability of two MLEiBoforms  velocities at loads above zero, maximal power production
was the result of allelic variation (Crockford et al., 1995). Inor specific tension (Bottinelli et al., 1994b). In contrast,
agreement with our data froR. pipiens the MLC3/MLC1  MLC3/MLC1 did not appear to influenc€max in human
ratio was not affected by MLC1 isoform content and no otheskinned fibres (Larsson and Moss, 1993).
differences in other MLCs or other myofibrillar proteins were Only one study has attempted to determine the influence of
found. MLC isoforms on contractile kinetics in intact fibres
The intraspecific variability in MLC1 isoforms R. pipiens  (Lannergren, 1987). In that study &fenopus laevidibre
does not seem to be due to allelic variation. In 31 frog$ypes, MLC3/MLCZ% did not appear to influence shortening
examined, MLC} was never the sole MLC1 isoform, yet 24 velocity at half isometric tension, but complications in the
frogs did not have MLGJ and seven coexpressed ML®ith identity of MLCs may weaken this conclusion (see above)
other isoforms of MLCL1. If the MLC1 isoforms resulted from (Lutz and Lieber, 2000). In accordance with this conclusion,
allelic variants, MLC% homozygotes would have been preliminary analysis of intad®. pipienssingle fibres revealed
observed in about 25 % of the 31 frogs. Further, allelic variantso differences inVmax among fibres that had substantial
are likely to be expressed with typical fibre type specificity yvariability in MLC3/MLC1 but nearly constant MHC isoform
rather than across all fibre types. Finally, Mik@&kpression content (G. J. Lutz and R. L. Lieber; unpublished data).
did not appear to be related to environmental conditions, dd$nfortunately, most studies have focused on the influence
both MLCI and non-MLC% frogs were found among frogs of MLCs on Vmax While ignoring the more physiologically
that were held in the laboratory for the same length of timeelevant parts of the force—velocity and power—velocity
(as long as 3 months) and were observed throughout threlationships (Moss et al., 1995; Schiaffino and Reggiani,
year. Together, these data suggest that the intraspecifi®96; Bottinelli and Reggiani, 2000). However, the
polymorphism observed in MLC1 expression is probably dug@reponderance of evidence to date suggests that MHCs have
to an as yet undefined genetic polymorphism that is not alleli@ greater influence on shortening velocity than MLCs,
in nature. The genetic basis of MLC1 isoform expression nagspecially at velocities beloWmax.
withstanding, the ubiquitous expression pattern of MLC1 The variability in MLC3/MLC1 ratio withirR. pipiengype
across the full range of fibre types appears to be unprecedentedtype 1-2 and type 2 fibre types and absolute levels (range
for MLCs or any other myofibrillar protein. This ubiquitous 0.2-2.9; Fig. 5) were larger overall than previously reported
fibre type expression pattern seems difficult to reconcile witlior avian and mammalian fibres (Sweeney et al., 1986, 1988;
a functional role for variation in MLC1 isoforms. Salviati et al., 1982; Greaser et al., 1988; Wada and Pette,
1993; Bottinelli et al., 1994a). For example, in rodent 1I1B
Functional implications of MLC expression patternsin  fipres, MLC3 ranged between 0 and 0.5 of the total ELC
R. pipiens content (Bottinelli et al., 1994a). Despite the relatively low
There is substantial evidence from several experimentahagnitude and low variability in MLC3 molar content, a large
models that MLC isoforms are an important determinant ofange was observed Wmax among the same fibres. It could
contractile kinetics in skeletal muscle, but the extent antbte argued that the comparatively high magnitude of
nature of their influence remains controversial. Usingnan MLC3/MLC1 in R. pipienswill produce an even larger
vitro motility assay, Lowey and colleagues found that actirinfluence on mechanical function than in mammalian muscle.
filament velocity was higher when myosin contained MLC3Alternatively, the weak correlation between MLC3/MLC1
rather than MLC1 (Lowey et al., 1993). Mechanical analysisatio and type 1 MHC, and the substantial variability in
of single fibres from controlled breeding populations of fishedLC3/MLCL1 ratio within a given fibre type, may indicate a
with allelic variation in MLC1 isoforms showed tha¥max  lack of tight regulation and hence a lack of functional
was significantly different between homozygotes for onesignificance.
or the other MLC1 isoform, while heterozygotes had
intermediate properties (Crockford et al., 1995). Both of these ~ Subcellular variability in myosin isoform composition
models were uniquely powerful, as they allowed for We quantified MHC and MLC isoform content in discrete
experimental control of MLC content independent of otheisegments along the full length of single fibres and found that
variables. both MHC isoform and MLC3/MLCL1 ratio varied significantly
A correlation between MLC3 content aMhax Of single  between segments (Fig. 7). The magnitude of the differences
skinned fibres has been demonstrated in a variety of vertebrate®ong segments was as high as 40% for MHC isoforms and
(Moss et al., 1982; Sweeney et al., 1988; Greaser et al., 1988;en larger for the MLC3/MLCL1 ratio. The relationship
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between MLC3/MLC1 ratio and MHC isoform content was thehowever, in that MHC isoforms were not identified and MLCs
same whether compared between segments or whole fibregere not included in the analysis.
Previously, coexpression of two MHC isoforms in single fibres
has been shown to occur in a significant portion and even a Comparison of frog MLC expression with mammals
majority of the fibres in a given muscle (Larsson and Moss, The fibre type expression pattern of MLCsRn pipiens
1993; DeNardi et al., 1993; Peuker and Pette, 1997; Lutz et abhowed a striking similarity to those of mammalRImpipiens
1998b). It is apparent that this coexpression is a commaihe MHCs from twitch fibres (MHC1, MHC2 and MHC3) were
feature of adult muscle in steady-state conditions, and neissociated with a different set of MLCs compared to the MHC
simply present during fibre type transitions (Peuker and Petta tonic fibres (MHCT). These four MHCs R. pipienswere
1997). The variability in myosin isoform content along thecloned and their evolutionary relationships were established
length of fibres also appears to be a feature of adult muscleutz et al., 1998a, 2000; Lutz and Lieber, 2000). Homology
under steady-state conditions. Only one previous study hamalysis showed MHC1, MHC2 and MHC3 were all much
documented changes in MHC isoform content along the lengtimore similar to each other than to MHCT. Thus, the MLC
of single fibres using direct methods, but quantitativeésoform expression pattern mirrored the evolutionary
differences were not reported (Peuker and Pette, 1997). Singlelatedness between MHCs. A similar relationship occurs in
cell myosin-ATPase and immunohistochemistry suggest thahammalian muscle, where fast and slow MLCs are associated
myosin isoform composition may change along the length ofiith the most evolutionarily divergent MHCs.
Rana temporarissingle fibres (Edman et al., 1988), but this There was a notable difference in the MLC expression
assay for myosin isoform content was indirect and only sempattern between frogs and mammals that may have functional
gquantitative. There appear to be no previous studies abnsequences. Twitch fibresRn pipienswhich make up over
variability in MLC isoforms along the length of fibres. Thus, 95 % of the muscle volume in the hindlimb (Lutz et al., 1998b),
to our knowledge, this is the first study to quantify directlydid not contain a slow MLC isoform. In contrast, slow isoforms
the MHC and MLC isoforms along the length of the sameof MLC1 and MLC2 in mammals are expressed in twitch fibres
individual cells. that make up a much larger fraction of some muscles (Salviati
The cellular and molecular mechanisms that regulate thet al., 1982). The lack of a slow MLChn pipiengwitch fibres
distribution of myosin isoforms along the length ofis consistent with the lack of a type 4 fibre such as is found in
multinucleated muscle cells are not known. Since frog muscl¥. laevismuscle, indicating that the expression patterns may
fibres often contain more than one motor endplate, thbe different within anurans.
observed variability in myosin isoforms along fibres could be
associated with the position of motor endplatesR Ipipiens Conclusions
the sartorius muscle averaged 2.5-3 endplates per fibreln this study, the MLC family ifR. pipiensskeletal muscle
(Weakly, 1980). The anterior tibialis (AT) muscle has similarwas defined using western blot analysis of single fibre proteins.
fibre type composition to the sartorius, but the fibres are twdFhis approach yielded a more complete definition of MLCs in
to fourfold shorter. This indicates the AT fibres will average athe full range of mechanically divergent fibre types than was
most 2—3 endplates per fibre. In our study, we measured MH@bssible using traditional purification methods. A total of seven
and MLC isoforms in 6—7 contiguous segments along the fullnique MLCs were identified, including four types of MLC1,
length of fibres (Fig. 7). In some cases the variability in MHCtwo types of MLC2 and a single MLC3. Our analysis included
and MLC isoform content was random along the fibre lengththe first ever quantitative measurements of MHC and MLC
while in other cases there was a clear gradient from one endismform content along the length of fibres. Both MHC isoform
the other. Also, in some fibres MLC3/MLC1 was independenand MLC3/MLCL1 ratio varied substantially along the length of
of MHC isoform content, while in other fibres they were morecells. MLC3/MLC1 was also highly variable within and
closely correlated. It seems unlikely that these patterns difetween fibre types, and was not tightly coupled to MHC
variability in myosin isoform expression in AT fibres were isoform expression. This study also provided the first example
correlated with the location of endplates. of the all-or-none expression of an MLC isoform across all
Interestingly, it has previously been shown in single intacfibre types, and it was shown that this MLC is subject to
amphibian fibres that mechanical properties are not uniforrimtraspecific variability. The precise definition of MLCs in this
along the length of single fibres (Edman et al., 1985). Whethestudy provides the foundation for establishing the influence of
this non-uniformity in mechanical behavior is related toMHC and MLC isoforms on mechanical properties of intact
differences in myosin isoforms remains to be determinedliving’ single fibres.
Edman and colleagues reported a weak correlation along the
length of individual frog muscle fibres betweeVinax We are grateful to Ana Valiere, Dustin Robinson and Sarah
and indirect measures of myosin isoform compositionrShapard-Palmer for excellent technical assistance. We also
(myosinATPase staining and MHC antibody reactivity)thank Dr Frank Stockdale for his generous gift of MLC
(Edman et al., 1988). They found that variabilitfiraxalong ~ monoclonal antibodies. Supported by NIH grants AR40050,
the length of fibres was weakly correlated with changes iR45631 and AR46469 and a grant from the Department of
apparent MHC composition. These studies were limitedyeterans Affairs.
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