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Identification of polypeptides associated with sarcolemmal vesicles enriched
in orthogonal arrays
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Electron microscopy of freeze-fracture replicas from the sarcolemmas of fast-twitch muscle fibers reveals
orthogonal arrays of particles. The biochemical nature of macromolecules associated with the sarcolemmal
orthogonal array was investigated using muscle fragments and isolated sarcolemmal vesicles. Muscle
fragments incubated in vitro with the lectin concanavalin A exhibited a clustering of orthogonal arrays into
local patches. Treatment with other lectins did not result in the clustering of arrays. Clustering was inhibited
by the addition of a-methyl-D-mannoside, a ligand which also binds concanavalin A. These results suggest
that the orthogonal arrays (or associated components) specifically bind concanavalin A. Sarcolemmal
vesicles from rabbit sacrospinalis (SAC) and rat extensor digitorum longus (EDL) (both primarily fast-twitch)
and rat soleus (SOL) (primarily slow-twitch) were obtained by a combination of low-salt fractionation and
sucrose density gradient centrifugation. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of proteins
and glycoproteins solubilized from these vesicles revealed several bands. Four of these bands were present in
gels from both the rabbit and rat fast-twitch muscle sarcolemmal preparations (that contained arrays), yet
were absent in gels from rat slow-twitch muscle sarcolemmal preparations (not bearing arrays). An
enrichment in vesicles containing arrays was achieved by binding SAC sarcolemmal vesicles to Con
A-Sepharose 4B beads. SDS-PAGE analysis of array-enriched vesicles from the concanavalin A beads
revealed enrichment of three major bands at M, 93000, 54 000 and 49000. These enriched bands correlate
with three of the four bands common to fast-twitch EDL and SAC, yet absent in slow-twitch SOL
sarcolemmal preparations. We conclude that at least one macromolecular component associated "with the
sarcolemmal orthogonal array is a concanavalin A binding glycoprotein. We further conclude that three
candidates for this component co-purify with the morphological array, and have approximate molecular
weights of 93000, 54000 and 49 000.

Introduction cialization when examined with freeze-fracture
techniques. This specialization has the form of

The plasma membrane of skeletal muscle fibers orthogonally-aggregated 6-7 nm particles clus-
(sarcolemma) exhibits a specific membrane spe- tered with a square lattice spacing of 7 nm (or-

thogonal arrays) [1].
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and molecular nature of the constituent particles
Orthogonal arrays of particles are known to be
plentiful 1n the sarcolemma of normal fast-twitch
skeletal muscle (such as rat extensor digitorium
longus [2] and rabbit sacrospinalis [3], but scarce
in normal slow-twitch muscle such as rat soleus
[2]. The number of arrays 1s reduced in fast-twitch
membranes 1n human Duchenne muscular dys-
trophy [4] and in the dystrophic mouse [5]. Simi-
larly structured orthogonal arrays of particles have
been observed in many other cell types The indi-
vidual freeze-fracture particles comprising these
arrays appear to be proteins [6] that span the lipid
bilayer [7]. The arrays clump together in the mem-
branes of cultured astrocytes when exposed to
protein denaturants, colchicine, cytochalasin B and
to CO, atmosphere [6]. Simularly, the arrays clump
together in the plasma membranes of munced
muscle fragments when incubated 1n solutions
containing high concentrations of divalent cations
[8]. These arrays have been reported to disappear
rapidly (on the order of seconds) from the mem-
branes of astrocytes subjected to N, atmosphere
or to the metabolic inhibitor dinitrophenol [9].
Likewise, they disappear from muscle membranes
when ncubated with dinitrophenol [10] or n
muldly acidic environments [8].

A major objective of the present study was to
provide an assay for the orthogonal array in 1so-
lated membranes, thereby enabling the acquisition
of more reliable data on the biochemical char-
acteristics of array constituents or associated pro-
teins. Previous sarcolemmal 1solates from mam-
malian skeletal muscle have generally relied on a
prolonged salt treatment to extract the contractile
proteins [11-15]. Since the orthogonal array ap-
pears to be highly labile (see above), it was not
likely that the arrays would remain clustered in
the orthogonal conformation throughout the rela-
tively harsh salt 1solation procedures. Our assay
for tracing the orthogonal array during isolation
was a morphological one in which we determined
the presence of arrays in the membrane using
freeze-fracture electron microscopy. No informa-
tion associating enzymatic activity or hgand bind-
ing characteristics with the array 1s yet available.
Isolation of the component macromolecules 1s thus
dependent on maintaining the array components
1n their aggregated state such that the assembly 1s

recognizable 1n freeze-fracture replicas. Thus a
more gentle 1solation technique was desired. Tech-
niques utiizing detergent solubilization of mem-
brane proteins [16,17] would not be useful since
membrane separation procedures, such as dif-
ferential centrifugation, differential filtration and
density gradient centnfugation [18-22] have
proven useful given such constrants.

Materials and Methods

1. Sarcolemmal 1solation

Rats (male Sprague-Dawley from Charles River,
150-300 g) were killed by decapitation, and the
extensor digitorum longus (EDL) and soleus (SOL)
muscles were rapidly placed into cold (4°C) 10
mM Tris-buffered 0.25 M sucrose (pH 7.4). Alter-
natively, rabbits (New Zealand White males,
2.0-3.0 kg) were anaesthetized with sodium
pentobarbital (Nembutal, 60 mg/ kg body weight),
and the sacrospinalis (SAC) muscle was rapidly
excised into cold Tris-sucrose. Sarcolemmas were
1solated from all tissues by a modification of the
methods of Barchi et al. [22]. The muscle was
munced with scissors, washed with Tris-sucrose,
and transferred to 10 volumes of fresh Tris-sucrose.
Muscle was then homogenized, first in a Waring
blender for 7 s and then in an Ultraturrax homo-
gemizer for 15 s, and then passed through a 16
mesh sieve. The filtrate was centrifuged for 15 min
at 100 X g and the supernatant was saved. The
pellet (P;) was resuspended in 5 volumes of Tris-
sucrose and recentrifuged. After two additional
extractions of P, the four supernatants were com-
bined and centnifuged for 30 mun at 100000 X g.
The resultant pellets (P,) were resuspended in a
small volume of Trs-sucrose, layered over a
28-68% continuous sucrose gradient, and centri-
fuged for 2 h at 100000 X g. The least dense band
was collected and used in all further analyses.

2 Electron nucroscopy and freeze-fracture

Pellets and muscle tissues to be freeze-fractured
were fixed for 12 h 1n cold cacodylate-buffered
2.5% glutaraldehyde-1% paraformaldehyde and
washed 1n buffer. Specimens were cryoprotected
by increasing the concentration of cold glycerols
(10, 20 and 30% in cacodylate buffer for 0.5 h, 1.0
h and 2 h, respectively), and were then placed on



Balzers gold specimen supports. These samples
were quickly frozen in Freon-22 maintained near
its freezing point by liquid nitrogen.

Fracturing was performed in a Balzers BAF
300 freeze-etching device equipped with turbo-
molecular pump, a platinum-evaporating electron
gun, a time and heat limiting electronic shutter
[23], and an interlocked quartz crystal thin-film
monitor (set at 180 Hz) to standardize replica
thickness. Throughout fracturing, the vacuum was
maintained below 6-10~7 Torr, while the stage
was maintained at —115°C. After fracturing, a
platinum layer approx. 2 nm thick was deposited
at an angle of 30°, and a carbon layer 40-80 nm
thick was vertically evaporated to provide replica
stability. Replicas were cleaned for 12-24 h in
household bleach, and then for 0.5 h in 1% hydro-
gen peroxide. After careful rinsing in distilled
water, replicas were collected on uncoated copper
grids and viewed at 80 kV on a JEOL 100CX
electron microscope.

3. Biochenucal analyses

During the isolation procedure, the sarco-
lemmal membranes were followed by assaying the
activity of the (Na™ + K*)-ATPase by the method
of Kyte [24] except that phosphatidyl-L-serine was
not included 1n the assay solution. Protein con-
centrations were determined by the method of
Lowry et al. [25] using bovine serum albumin as
standard. Sodium dodecyl sulfate (SDS)-poly-
acrylamide gels (SDS-PAGE) were electro-
phoresed according to the methods of Laemmli
[26].

Indirect Enzyme-Linked Immunosorbant As-
says (ELISAs) were used to demonstrate the
spectficity of two antisera for their respective anti-
gens (Na* + K*)-ATPase and whole ‘array prep’
mixture). The method used was that of Engvall
and Perlmann [27] as modified by Voller et al.
[28], using horseradish peroxidase conjugated to
goat anti-rabbit IgG. o-Phenylenediamme was
used as the substrate to visualize primary antibody
binding.

4. Minced muscle incubations

Minced muscle incubations were similar to
those used previously [8]. In these studies, rabbit
sacrospinalis samples were excised under sodium
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pentobarbital anaesthesia, plunged 1nto cold,
(4°C) 10 mM Tris-buffered 0.25 M sucrose (pH
7.4), minced with scissors to approx. 1 mm’® cubes,
and incubated for 3 days at 4°C. In experimental
conditions, the buffered sucrose solutions also
contained one of the following: (1) 2,5, 10, 20, or
50 pg/ml concanavalin A: (2) 2, 5, 10, 20, or 50
wg/ml wheat germ agglutinin; (3) 2, 5, 10, 20, or
50 pg/ ml soy bean agglutinin; (4) 2, 5, 10, 20. or
50 pg/ml ricin type I; (5) 5 ng/ml concanavalin
A plus 0.1 M a-methyl-D-mannoside.

All lectins were purchased from Vector Labs,
and all lectin-supplemented incubation solutions
contained 1 mM CaCl, and 1 mM MgCl,. All
mcubations contained 1 mM phenylmethyl-
sulfonyl fluoride (PMSF, Sigma) to inhibit pro-
teolysis.

5. Batch incubation with Con A-Sepharose beads

Sacrospinalis vesicles were dialyzed against 1000
volumes of buffer containing 10 mM Tris-HCl (at
either pH 7.4 or pH 6.0), 140 mM NaCl, 1 mM
CaCl,, 1 mM MgCl, and 0.02% NaN,. Two ml of
dialyzed vesicles were added to an equal volume
of Con A-Sepharose 4B beads equilibrated 1n the
same buffer. The suspension was gently mixed for
30 min and then subjected to gentle centrifugation
(100 X g for 2 min). The supernatant flud was
removed and the pellet of beads resuspended in 2
ml of 0.5 M a-methyl-D-mannoside in the same
Tris-cation buffer to elute the concanavalin A
bound vesicles. The suspension was again mixed
for 30 min and gently spun as above. The super-
natant fluid was removed, and a second a-methyl-
D-mannoside elutation was performed as above.
The first supernatant (concanavalin A non-bind-
ing) and the two a-methyl-D-mannoside super-
natant fluids (concanavalin A binding) were
analyzed by freeze-fracture electron microscopy
and SDS-gel electrophoresis.

Results

I Isolation procedure retaiming arrays

As reported by Barchi et al. [22], the sucrose
density gradients produced three main bands at
about 27%, 33% and 36% sucrose. Assay of the
(Na™ + K*)-ATPase activity showed that the
highest specific activity was present in the least
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dense band (see Table I). Freeze-fracture replicas
of this band exhibited orthogonal arrays of par-
ticles in some of the vesicle membranes (Figs. 1
and 2).

2 SDS-gel electrophoresis of array-contaiming frac-
tions

When the matenal in the least dense fraction of
the gradients (crude membranes) was solubilized
and electrophoresed on SDS-polyacrylamuide gels,
many distinct bands were visible by Coomassie
blue staining (Fig. 3 - molecular weight standards
in lane 1, rat EDL vesicles in lane 2, rat SOL
vesicles 1n lane 3, rabbit SAC vesicles in lane 4
and SAC vesicles that had been bound and eluted
from Con A-Sepharose in lane 5). We were prim-
arily mterested 1n the darker staining bands since
particle density analysis from freeze-fracture repli-
cas of normal intact sarcolemma suggested that
the orthogonal array subunit 1s an abundant mem-
brane protein [2]. Of particular interest were darker
staining bands in preparations from fast-twitch
rabbit SAC (lane 4) and rat EDL (lane 2) sarco-
lemma that appeared faint or non-existent in pre-
parations from slow-twitch rat SOL (lane 3)
sarcolemma. These criteria were met by three dis-
tinct bands with approximate molecular weights
of 93000, 54000 and 31000, and a more diffuse
band at about 49 000

From these observations we concluded that the
array-positive and array-negative sarcolemma pre-
parations differ in polypeptide composition. We

TABLE 1
SPECIFIC ATPase ACTIVITIES

Specific ATPase activity of each of three bands appearing 1n
the sucrose density gradients Activities are expressed in pmol
P, liberated/mg protein per hour. The highest specific activity
was found in the least dense band (band 1), suggesting that a
majority of sarcolemmal vesicles were found here Sigmficant
activity was also found 1n band 3. suggesting that some aggre-
gation of vesicles had occurred and caused these sarcolemmal
fragments to mugrate to a denser region of the gradient

Band % Total png/ml ATPase
sucrose activity protein activity

1 27% 35 0015 2333
33% 04 0081 49

3 36% 28 0047 596

thought 1t possible that some bands that were
reduced or absent in gels of slow-twitch sarco-
lemmal preparations (those from rat SOL) mught
correlate with the morphological orthogonal array.
Furthermore, the polypeptide composition of the
two fast-twitch sarcolemmal preparations (those
from rat EDL and rabbit SAC) were very simular.
Thus, it was possible to use the SAC preparation
as a source of those polypeptides reduced or ab-
sent from SOL preparations. This was important
for preparative purposes, as SAC muscle from
rabbit 1s plentiful and homogeneous, while pre-
parations from EDL and SOL muscles from rat
are tedious and necessitate 1solatton on a much
smaller scale.

3. Effects of lectins on array distribution in muscle
fragments

We previously described an in vitro muscle
fragment system [8] useful for testing the effects of
various reagents on orthogonal array distribution
and stability. As reported previously, control 1n-
cubations of rabbit SAC in Tris-sucrose for 3 days
at 4°C produced no observable changes in array
density, distribution or morphology However, the
addition of 2. 5, 10 or 20 pg/ml concanavalin A
to the incubation produced a distinct clustering of
orthogonal arrays into local patches (Fig. 4). This
effect was not noted with higher concentrations of
concanavalin A (e.g., 50 pg/ml), nor was there
any alteration in array distribution noted after
incubation with either wheat germ agglutinin, soy
bean agglutinin or ncin type I in any concentra-
tion tested. The clustering effect of low concentra-
tions of concanavalin A was inhubited by concur-
rent incubation with 0.1 M a-methyl-D-mannoside
(Fig. 5).

4. Further purification of array-containing sarco-
lemmal vesicles

Since concanavalin A appeared to bind at least
one of the macromolecules associated with the
orthogonal array, we suspected that we could ob-
tain a sub-population of sarcolemmal vesicles en-
riched in arrays based on differing concanavalin A
affinities. Freeze-fracture analysis of those SAC
membrane vesicles bound to and eluted from the
Con A-Sepharose beads showed intact arrays on
many vesicles, estimated to be 10-100-fold in-
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Fig. 1 Freeze-tracture replica of a sarcolemmal vesicle from the least dense band on the sucrose density gradient Note the presence
of an intact orthogonal array (arrow) X 150000
Fig 2 Freeze-fracture replica of a vesicle eluted from Con A-Sepharose beads at pH 74 Note the presence of several intact
orthogonal arrays (arrows) x150000.
Fig 3. Tracks from SDS-gel preparations of sarcolemmal vesicles, comparing molecular weight standards (lane 1), rat EDL (lane 2),
rat SOL (lane 3) and rabbit SAC (lane 4) Dense polypeptide bands common to rat EDL and rabbit SAC, yet absent or famnt in rat
SOL, are those at 93 and 49 kDa, as well as at 54 kDa (arrow) and 31 kDa (arrowhead) Lane 5 shows polypeptides which were
bound and eluted from Con A-Sepharose beads at pH 7 4
Fig 4 Replica of sarcolemma of a musle fiber treated in vitro with 5 pg/ml concanavalin A Note the local clustering of orthogonal
arrays (arrowheads) x 80000
Fig 5 Replica of sarcolemma of a muscle fiber treated 1n vitro with 5 ug/ml concanavalin A and 01 M a-methyl-D-mannoside
simultaneously Note the absence of concanavalin A-induced clustering of orthogonal arrays X 80000
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creased over unpurified membrane vesicles (Fig.
2). About one vesicle 1n 20 displayed at least one
array after concanavalin A punfication, and
several displayed more than one array. Many
vesicles also displayed single 6-7 nm particles,
potentially representing array subunit particles.
When a solubilized fraction of these con-
canavalin A-binding vesicles were examined on
SDS gels, five major bands appeared (Fig. 3, lane
5). Three of these corresponded to bands present
in fast-twitch sarcolemmal preparations (lanes 2,4)
yet absent in a slow-twitch sarcolemmal prepara-
tion (lane 3) (with M, 93000, 54000 and 49 000).
A higher molecular weight band (M, 150 000) did
not appear on our gels of rat EDL sarcolemma,
and a lower molecular weight band (M, 45000)
appeared dense on our gels of slow-twitch SOL 1n
addition to fast-twitch EDL and SAC. Thus we
thought 1t unlikely that either of these two bands
correlated with macromolecules associated with
the orthogonal array. We concluded that at least
one of three polypeptides which are present in

A (490 nm)

-2 -4 -6 -8 -10 -2 -4 -6 -8 -10
Log Antibody Dilution

Fig. 6 ELISAs showing cross reacuvity between anti-ATPase
and anti-*array-prep’ antibodies These results were obtained
with polyclonal antisera (from guinea pigs) against rabbit
(Na* + K™ )-ATPase (ao- - ~a), rabbit “array prep' (O O)
and normal guinea pig serum (O 0) Each was utered
agamnst rabbit ‘array prep’ antigens (A) and rabbit (Na™* +
K*)-ATPase antigen (B) Compared to normal guinea pig
serum controls, or to crossed antigen binding, antibodies were
quite specific for their respective antigens Anti-ATPase bind-
ing to ‘array prep’ antigens was mimmal, suggesting that the
array prep was not contaminated with this antigen

fast-twitch sarcolemma yet absent from slow-
twitch sarcolemma (i.e., at M, 93000, 54000 and
49000) is Con A binding and that these three
co-purify with the morphological sarcolemmal or-
thogonal array.

5. Tests for the presence of (Na™ + K *)-ATPase in
the array-enriched preparation

We produced antibodies in guinea pigs against
puritfied (Na* + K*)-ATPase from rabbit kidney
[29], as well as against our post-concanavalin A
‘array-prep’. We used these antisera to check the
immuno-crossreactivity of the two preparations
using ‘crossed ELISAs’ (Fig. 6) (see also Ref. 29).
No (Na*+ K*)-ATPase immunoreactivity ap-
pears to be associated with the preparation en-
riched 1n orthogonal arrays.

Discussion

Several lines of evidence suggest that three pro-
teins of approx. 49, 54 and 93 kDa are candidate
components of the sarcolemmal orthogonal array.
First, these three protemns are among those present
in preparations of two types of fast-twitch sarco-
lemmas yet absent from slow-twitch sarcolemmal
preparations. Second, concanavalin A treatment
of skeletal muscle 1s known to cluster orthogonal
arrays. These three proteins are among those pre-
served when sarcolemmal vesicles are sub-frac-
tionated over Con A-Sepharose beads. Third, these
three proteins are enriched in preparations which
are also enriched in morphological orthogonal
arrays.

The first step 1n obtaining this evidence was the
isolation from fast-twitch skeletal muscle sarco-
lemma of vesicles which display orthogonal arrays
when examuned with freeze-fracture techniques.
The low salt procedure described here does pro-
duce membrane vesicles which display intact or-
thogonal arrays. However, the yield of vesicles
displaying arrays 1s much lower than might be
expected based on the density of arrays in native
muscle membranes. This 1s perhaps due to the
rather harsh mechanical treatment used to sep-
arate the sarcolemma from the surrounding collag-
enous sheath and from the internal cytoskeletal
proteins. Extraction with salt solutions and treat-
ment with collagenase were tried previously and



rejected when the membrane vesicles produced
were found to be devoid of orthogonal arrays.
Milder chemucal treatments designed to relax or
dissociate muscle fibers may result in greater over-
all yield of sarcolemmal vesicles and also a greater
percentage of vesicles bearing arrays.

Another possibility considered was that en-
dogenous proteolysis might occur during the
membrane isolation steps and contribute to the
low yield of orthogonal arrays. However, the ad-
dition of EDTA andPMSF (as proteolysis inhibi-
tors) to our 1solation buffer did not increase array
number nor change the protein composition as
evidence by SDS-gel electrophoresis or freeze-frac-
ture techmques. Although some proteases may not
have been affected by this treatment, we suspect
that endogenous proteolysis was not the major
cause of our low yields of arrays.

In wvitro muscle incubation experiments indi-
cated some type of interaction between the arrays
and concanavalin A. The clustering of arrays noted
in replicas of concanavalin A-treated muscle was
not as pronounced (that is, clusters of arrays were
not as tightly packed) as that obtamned by treat-
ment with cytoskeletal disruptors or protein de-
naturants [6]. However, the observed clustering of
arrays was repeatable, dose-consistent, and
blocked by high concentrations of concanavalin A
(see Ref. 30). Clustering of arrays was not ob-
served following concurrent incubation with con-
canavalin A and a-methyl-D-mannoside. These re-
sults suggest that a component of the orthogonal
array contains one or more high mannose-type
oligosacchandes.

A companson of two fast-twitch (array-rich)
muscle sarcolemmal preparations (rabbit SAC and
rat EDL) with one slow-twitch (array-barren)
muscle sarcolemmal preparation (rat SOL) was
used to investigate which bands on our SDS gels
were likely to be associated with the morphologi-
cal array. This cross-species comparison may have
eliminated some bona-fide array subunit candi-
dates, since some differences in banding patterns
may be due to interspecies protein heterogeneity
within the same protein. However, there 1s evi-
dence that at least one other membrane specializa-
tion represented by an aggregate of protein par-
ticles, the gap junction, is biochemcally conserved
across a wide range of species in any given organ
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(cf. Ref. 31). Interestingly, gap junctional proteins
may not be conserved between various tissues [31].
If the same 1s true of orthogonal array protein(s),
tissue specificity could make comparative bio-
chemical investigations very difficult.

In a previous report [32] we mentioned that
examination of partially purified sarcolemma of
EDL and soleus revealed two proteins of 117 and
130 kDa, present in large amounts in EDL, but
virtually absent 1n soleus. In that study
lactoperoxidase 10dination was used to label whole
muscle with T and then survey EDL vs. soleus
for major differences in proteins labeled from
outside before cell fractionation. There are many
membrane proteins whose concentration is now
known to differ between fast and slow twitch
muscle but which do not correlate with the or-
thogonal arrays when purified preparations are
freeze-fractured (e.g., the (Na® + K™ )-ATPase)
The approach of these earlier studies was aban-
doned soon after 1t began 1n favor of the approach
employed in the present work which we feel has a
greater hikelihood of yielding information about
the orthogonal array. An antibody preparation
agamnst the proteins of the array enriched vesicles
has been produced and interestingly has been
shown to stain array rich regions of astrocytes at
the light and electron microscopy levels [33]. We
are presently pursuing this as a most hopeful
approach for identifying and purifying the array
components.

We cannot assume that other bands which do
not bind concanavalin A are not associated with
the orthogonal array. In particular, there 1s at least
one band (31 kDa) which does not appear to be
concanavalin A binding, but is present in SAC
and EDL sarcolemma lpreparations yet absent in
SOL sarcolemmal preparations. Furthermore, it
would be unreasonable to conclude that each of
these three bands represent components of the
array. The sarcolemmal preparation 1s of course
enriched in other proteins as well, at least before
concanavalin A punfication. For instance, we
know that the crude preparation is enriched in
(Na™ + K*)-ATPase. Vanadate-ATP 1s known to
cluster the (Na*+ K*)-ATPase into hexagonal
lattice [34]. We examined vanadate-ATP-treated
(Na* + K*)-ATPase with freeze-fracture and
found no ‘array-like’ clusters in the cleared mem-
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branes (data not shown). Furthermore, we found
no hexagonal lattice structures i our purified
sarcolemmal vesicle preparation. Also, our
‘crossed-ELISA’ test (Fig. 6) showed no im-
munoreactivity between the post concanavalin A
array-preparation and antisera against ATPase.
Thus, the (Na* + K*)-ATPase is not a measura-
ble component of the array-enriched preparation.
Further work with the anti-array-preparation anti-
bodies should define the relationships of the
candidate peptides to the orthogonal array.
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