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Abstract. We have investigated the contribution of an
individual nucleus to intracellular and surface mem-
branes in multinucleated muscle fibers. Using a
retroviral vector, we introduced the gene encoding the
human T-lymphocyte antigen CD8 into C2 mouse
muscle cells to form a stable line expressing the hu-
man protein on its surface. The intracellular and sur-
face distributions of the protein were then investigated
by immunocytochemistry in hybrid myotubes contain-

ing a single nucleus expressing CD8. We show that the
intracellular distribution of CD8 is limited to a local
area surrounding the nucleus encoding it and several
neighboring nuclei. On the cell surface, however, the
protein is distributed over the entire myotube. Wide-
spread distribution of a surface membrane protein in
multinucleated myotubes can thus result from localized
synthesis and processing.

ANY membrane proteins are not distributed uni-
M formly on the cell surface, but are restricted to

structurally and functionally distinct domains. In
adult muscle fibers, for example, >90% of the acetylcholine
receptor (AChR)' is found in the postsynaptic membrane of
the neuromuscular junction, which constitutes <0.1% of the
total muscle cell surface (Salpeter, 1987). Recent experi-
ments suggest that in muscle fibers, which contain hundreds
of nuclei, differential gene expression among nuclei may
contribute to the restricted distribution of the AChR. Thus
both Northern blot analysis and in situ hybridization demon-
strate that AChR subunit mRNA is concentrated near end-
plates of adult rat and chicken muscle fibers (Merlie and
Sanes, 1985; Fontaine et al., 1988; Fontaine and Changeux,
1989).

On)e implication of these experiments is that surface mem-
brane proteins are synthesized and processed near the nuclei
that are the source of their mRNA, an idea that is supported
by several recent observations (Pavlath et al., 1989; Ralston
and Hall, 1989; Rotundo, 1989). A restricted surface distri-
bution could then result: (a) if protein were inserted into the
membrane locally; and (b) if movement of the protein were
subsequently constrained, either by intrinsic barriers to dif-
fusion in the membrane (Pavlath et al., 1989), or by attach-
ment to the cytoskeleton or extracellular matrix.

To compare the intracellular and surface distributions of
a well-defined membrane protein produced from a single nu-
cleus in muscle cells, we introduced the gene encoding the
human T-lymphocyte antigen, CDS8, into the C2 muscle cell

1. Abbreviations used in this paper: AChR, acetylcholine receptor; GM,
growth medium.
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line. CD8 is a 34-kD protein containing a large extracellular
domain with immunoglobulin homology, a single hydropho-
bic transmembrane segment, and a short, highly charged cy-
toplasmic sequence (Littman et al., 1985; Littman, 1987).
After infecting C2 muscle cells with a retroviral vector en-
coding CD8, we selected stable lines expressing the protein
and characterized the synthesis, processing, and transport to
the surface of CD8 in these lines. Hybrid myotubes were
then formed with the infected and parental cells using cell
ratios such that only one or a few nuclei per myotube ex-
pressed CD8. Labeling of these nuclei with [*H]thymidine
allowed their identification by autoradiography so that the in-
tracellular and surface distributions of the protein derived
from a single identified nucleus could be determined by im-
munocytochemistry. Our results show that within hybrid C2
myotubes, CD8$ is restricted to a region near the nucleus that
encodes it, but that the protein is widely distributed on the
surface. Localized synthesis and insertion of a membrane
protein is thus not sufficient to produce a restricted surface
distribution in myotubes.

Materials and Methods

Antibodies

Hybridoma cells producing the mouse monoclonal antibody OKT8
(Hoffman et al., 1980) were obtained from the American Type Culture Col-
lection (Rockville, MD), and antibodies obtained from ascites fluid in CAF1
mice by standard procedures.

Cell Culture

Cells of the C2C12 subclone of the C2 mouse muscle cell line (Yaffe and
Saxel, 1977) were maintained as described in Ralston and Hall (1989).
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Infection of C2 Cells with Retroviral Vector

Supernatant from cultures of PA12 cells (an amphotropic retrovirus packag-
ing cell line) that had been transfected with the plasmid pMV7-CD8 was
a generous gift of Dan Littman (Department of Microbiology and Immunol-
ogy, University of California, San Francisco). pMV7-CD8 (Maddon et al.,
1986) is derived from cloning the human CD8 gene (Littman et al., 1985)
into the retroviral vector pMV7 (Kirschmeier et al., 1988). It also contains
the gene for neomycin phosphotransferase, which makes mammalian cells
resistant to the antibiotic G418. For infection, C2 myoblasts in growth
medium (GM) were plated on 10-cm culture dishes at a density of 3 x 10°
ceils/dish. 24 h later, the frozen viral supernatant was thawed, cleared by
spinning for 10 min at 1,500 g, diluted in GM containing 4 zg/m! polybrene
(Aldrich Chemical Co., Milwaukee, WI) and added to the cells. After 6 h,
the cells were rinsed twice with PBS and fed with GM. 2 d later the cells
were split and replated at a density of 3 % 10 cells/10 cm dish in GM sup-
plemented with 600 ug/ml active G418 (Gibco Laboratories, Grand Island,
NY). Thereafter, fresh medium was added every second day. After 6 d, the
concentration of G418 was reduced to 400 ug/mi. Colonies became visible
about a week after the infection and were assayed a few days later for surface
expression of CD8 by a red blood cell rosetting assay (see below).

Since supernatants from the retroviral packaging cell line PA12 may con-
1ain helper virus (Miller and Buttimore, 1986), we tested selected cell lines
and found helper virus activity in four out of five. The cell line that was
free of helper activity was retained for our experiments.

Red Blood Cell Rosetting

The dishes with G418-resistant colonies were washed with PBS, covered
with 5 ml of a 1:1,000 dilution of OKTS in PBS-5% FCS and left at room
temperature for 1 h. They were washed with PBS. They were then incubated
with a 0.4% suspension in PBS-5% FCS of red blood cells to which goat
anti-mouse IgG had been coupled by the CrCly method (Galfré and Mil-
stein, 1981). After 30 to 45 min, the plates were shaken by a mild lateral
blow, rinsed with PBS, and examined under a tissue culture microscope.

Surface Iodination of C2 Celis with Lactoperoxidase

Cells were iodinated according to the general procedures of Forsayeth et al.
(1986). C2 cultures grown in 75 cm? flasks were washed three times with
PBS and incubated in 10 mi PBS containing 002 M p-glucose, 0.1 mg/ml
lactoperoxidase (Boehringer Mannheim Diagnostics, Inc., Houston, TX),
.375 mg/ml glucose oxidase, and 2.5 mCi Na['?5]] (Amersham Corp.,
Arlington Heights, IL). After 30 min at room temperature, the cells were
washed 3 times with PBS and extracted with 750 ul of 10 mM Tris (pH 7.4),
150 mM NaCl, 0.5% NP-40, 1 mM PMSE

Metabolic Labeling with [*S] Amino Acids

C2 cultures grown on 6-cm dishes were incubated for 15 min at 37°C in
methionine- and cysteine-free DME H-16 (CMF) and subsequently labeled
with 0.2 mCi/ml [33S)methionine (Tran-*>S-label, ICN) in 1.2 ml of cys-
teine methione-free. The cells were then washed once with complete medium
supplemented with 2 mg/ml each of methionine and cysteine and incubated
further in the same medium. For experiments without chase, cells were
washed three times with cold PBS with 2 mg/ml cysteine and methionine.
All cells were extracted with 500 ul of 10 mM Tris (pH 7.4), 66 mM EDTA,
1% NP-40, 0.4% DOC, and 1 mM PMSF (NDET buffer).

For neuraminidase treatment, the cells were labeled for 15 min, washed
as described above, and incubated for 1 h at 37°C. The pH of the medium
was lowered to 6.0 by addition of morpholino-ethanesulfonic acid buffer (20
mM final concentration). One unit (2 mg) of type V neuraminidase (Sigma
Chemical Co., St. Louis, MO) was added and the cells returned to 37°C
for 1 h, then washed and extracted in NDET.

Immunoprecipitations

Cell extracts were centrifuged for 5 min in a centrifuge (Eppendorf made
by Brinkmann Instruments, Inc., Westbury, NY) at maximum speed. The
supernatants were then incubated with OKT8 and SDS (to a final concentra-
tion of 0.2%) overnight at 4°C on a rotatory shaker. After addition of 40
ul of a 10% suspension of Staphylococcus aureus (Pansorbin; Calbiochem-
Behring Corp., San Diego, CA) and incubation on a shaker at room temper-
ature for 40 min, the Pansorbin suspension was layered on 900 ul of 35%
sucrose in half-strength NDET buffer with SDS (NDETS) in a tube (Eppen-
dorf made by Brinkmann Instruments, Inc.). After centrifugation, the pellet
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was washed with NDETS followed by distilled water. The pellet was then
resuspended in 60 ul sample buffer, heated for 3 min in a boiling water bath,
and centrifuged. The supernatant was analyzed by electrophoresis on a 9%
SDS polyacrylamide gel according to Laemmli (1970) using molecular
mass standards from Bio-Rad Laboratories (Cambridge, MA). After elec-
trophoresis, the gel was stained with Coomassie blue, enhanced for 15 min
at room temperature with 1 M sodium salicylate, dried, and exposed to
preflashed film (XRomat; Eastman Kodak Co., Rochester, NY).

Formation of Hybrid Myotubes

Parental C2 cells and C2-CDS8 cells were plated on separate 10-cm dishes
at a density of 7.5 x 10* cells/dish. On the next day, fresh growth medium
was added and the C2-CDS8 cells were supplemented with [*H]thymidine
(6.7 Ci/mmol; ICN Radiochemicals, Irvine, CA) at a final concentration of
005 pCi/ml. 48 h later, the cells were trypsinized and plated together at a
density of 60,000 cells/cm? in the wells of duplicate 4-well slides (Lab-Tek,
Nunc Inc., Naperviile, IL), pretreated with a 1:5 dilution of Vitrogen (Col-
lagen Corp., Palo Alto, CA) in water. After 24 h, fusion medium was added,
followed by fusion medium supplemented with cytosine arabinoside 24 h
later to kill residual unfused myoblasts. 1-2 d later the cells were processed
for immunocytochemistry.

Immunocytochemistry

Surface Staining of Live Cells. Cells were grown on small glass coverslips
in 24-well tissue culture dishes or on 4-well slides (Lab-Tek). OKT8 was
added to a final dilution of 1:800. After 1 h at 37°C, the cells were washed
with tissue culture medium, and incubated with fresh medium containing
fluorescein (FITC)-conjugated goat anti-mouse (Cappel Laboratories, Mal-
vern, PA) at 37°C for 1 h. The cells were then washed with PBS, fixed for
15 min with 2% paraformaldehyde, rinsed in PBS, stained with 2.5 ug/ml
bis-benzimide (Hoechst 33258, Sigma Chemical Co.) in distilled water for
a few minutes and mounted in glycerol supplemented with paraphenylenedi-
amine (Platt and Michael, 1983).

Staining of Fixed, Permeabilized Cells. Cells were stained as described
in Ralston and Hall (1989).

Autoradiography. After the staining was completed, the slides were dried
on a heating plate at low setting, dipped in autoradiographic emuision (K5;
Iiford, Mobberley, UK), and exposed for 12-14 d at 4°C. They were then
developed (D-19; Eastman Kodak Co.), fixed, and mounted in glycerol with
paraphenylenediamine.

Results

Isolation of C2 Cells Expressing CD8

C2 myoblasts were infected with the retroviral vector pMV7-
CD8 (Maddon et al., 1986) which contains the gene for the
human T-cell lymphocyte antigen CD8 as well as the neomy-
cin resistance gene. >95% of the G418-resistant colonies ob-
tained after infection expressed CD8 on their surface as de-
termined by a red blood cell rosetting assay (see Materials
and Methods). 25 of the positive colonies were expanded and
analyzed by immunofluorescence using monoclonal antibody
OKTS directed against CD8 (Hoffman et al., 1980). The five
lines with highest expression for surface CD8 were tested
further. Fluorescence microscopy and analysis by the fluo-
rescence-activated cell sorter showed that virtually all cells
in each of these lines express CD8 on their surface. Each of
the five selected lines was compared with the parental line
with respect to growth rate, time course of myoblast fusion,
and expression and spontaneous clustering of the AChR. No
differences were observed beyond those normally seen be-
tween subclones of the parental C2 line. One of the lines,
termed C2-CD8, was chosen for further experiments (see
Materials and Methods).
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Assembly and Intracellular Transport of CD8 in
C2-CD8 Cells

We then characterized the CD8 protein synthesized in C2
cells and compared its properties to those reported for the
protein made in lymphocytes. We also characterized the in-
tracellular processing of CD8 and its transport to the surface
as such studies have not been previously described.

Myoblast and myotube cultures of C2-CD8 were incubated
with 3S-labeled amino acids, and extracts of the cells were
immunoprecipitated with OKT8. In both cases, a single band
of apparent molecular mass 33 kD was observed (Fig. 1),
close to the value of 34 kD obtained with CD8 immunopre-
cipitated from human peripheral blood lymphocytes (Snow
and Terhorst, 1983). CD8 extracted from C2-CD8 cells was
cleaved by neuraminidase but not by endoglycosidase F (data
not shown), suggesting that in C2 cells, as in lymphocytes,
CDS8 has O-linked, but not N-linked, carbohydrates (Snow
et al., 1984, 1985; Littman, 1987).

To investigate the structure of CD8 in the plasma mem-
brane of C2-CDS8 cells, we radioiodinated the surface pro-
teins of C2-CD8 myoblast and myotube cultures, immuno-
precipitated membrane protein extracts and analyzed the
precipitates on reducing and nonreducing gels (Fig. 2). Al-
though a single band of 33 kD was observed in reducing gels,
this band was not present in nonreducing gels. Rather, a band
of 66 kD was seen, along with a large amount of high molec-
ular mass material that did not penetrate the gel. CD8 ex-
pressed in C2 cells thus assembles into dimers and higher
molecular mass complexes, as it does in human lymphocytes
(Snow and Terhorst, 1983).

Processing of CD8 in C2-CD8 cells was examined in
pulse-chase labeling experiments with [3*S]Jamino acids.
After a 5-min pulse, newly synthesized CD8 migrated as a
24-kD band (Fig. 3), in good agreement with the molecular
weight of 23,550 predicted by cDNA sequencing (Littman et
al., 1985). At 10 min, a 27-kD band appeared that was subse-
quently rapidly chased into the mature 33-kD protein. By 15
min, all of the newly synthesized protein had been processed
to the mature form.

The time course of transport to the surface was inves-
tigated using the susceptibility of CD8 on the cell surface to
cleavage by trypsin (Snow et al., 1985). Cells in myoblast
and myotube cultures were trypsinized at various times after

— 97
Figure 1. Immunoprecipitation of
— 66 CDS8 from C2-CD8 cultures labeled
with [**S]amino acids. Cultures of
control C2 myoblasts (lane a) and of
— 43  C2-CD8 myoblasts (lane b) and C2-
CD8 myotubes (lane c) were labeled
T e=a for 4 h with 0.5 mCi/ml Tran-*S-
- label. Cell extracts prepared as de-

scribed in Materials and Methods
were immunoprecipitated with mono-
clonal antibody OKTS and analyzed
by SDS-PAGE.
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Figure 2. Analysis of CD8 expressed on the surface of C2-CD8
cells. Cell surface proteins of control C2 myoblasts (lanes a and ¢)
and of C2-CP8 myoblasts (lanes b and d) were radioiodinated (see
Materials and Methods), extracted, and immunoprecipitated with
OKTS. The precipitates were divided into two aliquots. One was
resuspended in sample buffer containing 5% DTT as reducing agent
(lanes a and b), and the other in sample buffer without reducing
agent (lanes ¢ and d). Samples were run on a 9% SDS-polyacryl-
amide gel.

a 5-min pulse-label with [**S}-amino acids and the immu-
noprecipitated CD8 compared with immunoprecipitates
from nontrypsinized cells taken at the same time (Fig. 4).
Newly synthesized CD8 first became susceptible at 30 min
after the pulse, when trypsin caused a decrease in the inten-
sity of the 33-kD band with the concomitant appearance of
a lower molecular mass band. Not all of the CD8 was
cleaved, even after 2 h of chase, indicating that some of the
protein does not reach the surface. From 2 to 6 h, the level
of surface CD8 remained constant (data not shown).

Localization of CD8 in C2-CD8 Cells

The surface and intracellular distribution of CD8 in C2-CD8
was examined by indirect immunofluorescence (Fig. 5).
When intact, unfixed cultures (Fig. 5, a and b) were stained
to visualize the surface distribution, bright patches of CD8
were seen. These were uniformly distributed over the entire

. — 33

. — 27

e — 24

chase (min) 0 10 15

Figure 3. Posttranslational processing of CD8 in C2-CD8 cells.
Cultures of C2-CD8 myoblasts were labeled with a 5-min pulse of
Tran-*5S-1abel, chased for the time indicated, extracted, immuno-
precipitated with OKTS, and analyzed on a 9% SDS-polyacryl-
amide gel.
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Figure 4. Time course of CD8 appearance on the cell surface. Cul-
tures of C2-CD8 myoblasts were labeled with a 5-min pulse of
Tran-*3S-label and chased for various times. For each time point,
two dishes were extracted, one of them after treatment with 100
pg/ml trypsin for 30 min at 4°C. The extracts were immunoprecipi-
tated with OKT8 and analyzed by SDS-PAGE on a 9% gel.

surface of both myoblasts (Fig. 5 a) and myotubes (Fig. 5 b).
Capping (formation of a single aggregate) of the antigen was
occasionally observed shortly after plating myoblasts at low
density, but was otherwise not observed.

When cells were fixed and permeabilized to reveal the in-
tracellular distribution of CD8 (Fig. S, c and d) the dominant
pattern of staining was similar to that seen in muscle cells
with Golgi markers (Tassin et al., 1985; Miller et al., 1988;
Gu et al., 1989). Thus, in myoblasts (Fig. 5 ¢), a coarsely
granular staining was seen at one pole of the nucleus, and
in myotubes (Fig. 5 d) a discontinuous, but nonpolar, peri-
nuclear staining was observed, coupled with a coarsely gran-

ular pattern between nuclei. In addition to the Golgi pattern,
a fine-grained staining was observed that appeared in linear
arrays aligned with the myotube axis (data not shown).

To determine if CD8 seen by intracellular staining repre-
sents precursor to cell surface CD8, we treated cultures of
C2-CD8 myotubes for 2 h with cycloheximide (0.4 mM) be-
fore fixation and subsequent staining. Such treatment essen-
tially abolished the Golgi-like staining, but did not affect the
linear arrays of fine-grained staining (not shown). Thus, the
Golgi staining seen in untreated cells presumably corre-
sponds to CD8 destined for the surface. Similar results were
obtained with myoblast cultures.

Localization of CD8 in Hybrid Myotubes

Hybrid myotubes were formed using mixtures of myoblasts
from the parental C2 line and from C2-CD8. The C2-CD8
cells were incubated with [*H]thymidine before plating with
C2 myoblasts to label their nuclei. We have shown previously
that >98% of nuclei are labeled under the conditions used
(Ralston and Hall, 1989). Autoradiography of hybrid my-
otubes formed using various ratios of C2 to C2-CD8 myo-
blasts showed that myotubes containing a single C2-CD8 nu-
cleus could be obtained when ratios of 20:1 or 50:1 were
used.

When such hybrid myotube cultures were stained, au-
toradiographed and examined for immunofluorescence, CD8
was seen to be distributed over the entire surface of the my-

Figure 5. Surface and intracellular localization of CD8 in C2-CD8 cells. OKTS, followed by FITC-conjugated goat anti-mouse (GaM)
was used to stain cultures of C2-CD8 myoblasts (a and ¢) or myotubes (b and d). Either intact cells (a and b) or cells that had been fixed

and permeabilized (c and d) were stained. Bar, 20 um.
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otubes, without respect to the position of the nucleus encod-
ing CD8 (the source nucleus) (Fig. 6). The diffuse localiza-
tion of CD8 was independent of myotube size and of
C2:C2-CD8 ratio over the range 1:1-50:1.

Occasionally, local aggregates of CD8 were seen. In cul-
tures that were also stained with rhodamine-conjugated a-bun-
garotoxin, the aggregates of CD8 were invariably found to
correspond to clusters of AChR (Fig. 7). When such aggre-
gates were observed on the surface of hybrid myotubes, they
were not preferentially localized in close proximity to the
source nucleus.

To determine the intracellular distribution of CDS8, cul-
tures were permeabilized before staining and subsequent au-
toradiography. In this case a Golgi-like pattern of immuno-
fluorescence was seen near the source nucleus (Fig. 8). In

myotubes containing a single source nucleus, immunofluo-
rescence was not confined to the region around this nucleus,
but generally extended over a region containing several nuclei.
In some cases these nuclei were in close proximity to the
source nucleus (Fig. 8 b), but in other cases they were one
or several nuclear diameters away (Fig. 8, a and b).

To express these results quantitatively, we measured the
range of CD8 staining, both within and at the surface of hy-
brid myotubes containing a single [*H]-positive nucleus. For
surface staining, we measured 16 myotubes, whose length
averaged 420 + 119 (SD) pm. The average extent of CD8
staining in these myotubes was 416 + 118 um. Thus, 99 +
3% of the myotube length (~+42 nuclear diameters) was cov-
ered with CD8. By contrast, the extent of intracellular stain-
ing, measured on 11 myotubes, ranging from 217 to 605 um

Figure 6. Surface localization of CD8 in hybrid myotubes. Hybrid myotubes were formed by plating together C2 myoblasts and
[*H]thymidine-labeled C2-CD8 myoblasts in a 20:1 ratio. Intact myotubes were incubated with OKT8 followed by FITC-GaM, fixed,
stained with Hoechst 33258, and processed for autoradiography. Two examples of hybrid myotubes are shown. Each one contains a single
[*H]-positive nucleus (large arrow), which is clearly identified by the autoradiographic grains in phase optics (@ and ¢). The other nuclei
in the same myotube were identified by observing the field with the filter appropriate for Hoechst (not shown). We have indicated the position
of these nuclei on the figure by small arrows. The same field, examined in FITC optics (b and d) shows the surface distribution of CD8.

Bar, 20 pm.

Ralston and Hall CD8 in Muscle Cells
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Figure 7. Occasional clusters of CD8 are colocalized with sites of AChR clustering. Intact C2-CD8 myotubes were double-stained with
rhodamine-conjugated a-bungarotoxin to detect AChR and with OKTS8 followed by FITC-GaM. (a) rhodamine optics; (b) FITC optics.

Bar, 20 pm.

in length (average 365 + 131 um), was 68 + 31 pum, repre-
senting 20 4+ 13% of the total length. In hybrid myotubes,
CD8 encoded by a single nucleus thus occupies a restricted
intracellular region, but after insertion into the membrane
covers virtually the entire cell surface.

Discussion

The major aim of this work was to examine CD8 distribution
in hybrid myotubes containing a single nucleus expressing

the foreign gene. Our experiments yielded two results: (a)
that CD8 has a restricted intracellular distribution that en-
compasses the area around the source nucleus as well as sev-
eral neighboring nuclei; and (b) that CD8 has an unrestricted
distribution on the cell surface. From this we conclude that
membrane proteins that are synthesized and processed lo-
cally can occupy the entire muscle cell surface after they are
inserted into the surface membrane.

The conclusion that CDS8 is synthesized and processed lo-
cally is based on the pattern of immunocytochemical staining

Figure 8. Intracellular localization of CD8 in hybrid myotubes. Hybrid myotubes, formed as described in the legend to Fig. 6, were fixed,
permeabilized, stained with OKTS8, FITC-GaM, and Hoechst 33258, and processed for autoradiography. Two examples (a and b) are shown
under FITC optics to reveal the intracellulat distribution of CD8. In each case, the single nucleus labeled with [*H]thymidine (identified
under phase optics as in Fig. 6) is indicated by a large arrow, whereas the other nuclei in the field (identified by Hoechst staining) are

indicated by small arrows.

The Journal of Cell Biology, Volume 109, 1989
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around the source nucleus in hybrid myotubes. The major
component of this staining appears to be the Golgi apparatus,
although there is also a fine-grained component that may rep-
resent the endoplasmic reticulum or lysosomes. Metabolic
labeling experiments demonstrated that CD8 undergoes ex-
tensive intracellular processing after synthesis (Fig. 3), part
of which presumably occurs in the Golgi apparatus. The
protein synthesized by muscle cells appears to be O-gly-
cosylated, as in lymphocytes, and O-glycosylation has been
thought to take place in the Golgi (Hanover et al., 1982;
Abeijon and Hirschberg, 1987; see, however, Pathak et al.,
1988). After treatment with cycloheximide, staining in the
Golgi apparatus disappears, indicating that the protein there
is part of a transient precursor population.

The pulse-chase metabolic labeling experiments deserve
special comment because such experiments have not been
reported previously for CD8. The protein is synthesized in
C2-CDS8 cells as a 24-kD precursor, and is subsequently
processed via a 27-kD intermediate, to a final product of 33
kD (Fig. 3). As the final product has properties that are simi-
lar to those reported for CD8 produced by lymphocytes, it
is likely that the pathway in lymphocytes is similar to that
seen in C2-CDS8 cells. Previous experiments based on enzy-
matic and chemical cleavage of the final product in lympho-
cytes have suggested that carbohydrates contribute ~2 kD to
the molecular mass of the mature protein (Snow et al.,
1985). Our results are in agreement with the values of 9-10
kD suggested by in vitro translation experiments (Littman et
al., 1985).

The pulse-chase experiments indicate that the final steps
of intracellular processing in C2-CDS8 cells occur within 15
min, presumably in the Golgi apparatus, and that CD8 first
appears on the surface within 30 min of synthesis. Surface
CDS8, which is assembled into dimers and larger aggregates,
is not removed rapidly, but is relatively stable. A fraction of
the newly synthesized CD8 apparently is not transported to
the surface, but remains in an intraceltular compartment, in-
accessible to trypsin. This compartment could correspond to
the “hidden pool” that has been seen in studies of the AChR
(Devreotes et al., 1977).

The finding that intracellular CD8 in near its source nu-
cleus is consistent with previous results from our own and
other laboratories showing that proteins targeted to intracel-
lular structures are distributed in a local region near the nu-
cleus from which the mRNA originates (Miller et al., 1988;
Pavlath et al., 1989; Ralston and Hall, 1989; Rotundo,
1989). This region is not confined to the area of a single nu-
cleus, but encompasses that of several nuclei, so that com-
partments associated with neighboring nuclei may be par-
tially shared. Intracellular CDS8, for example, extended on
average ~J0 um from its source nucleus, and was almost al-
ways associated with several nuclei. Although these nuclei
were often clustered, physical contiguity or close juxtaposi-
tion to the source nucleus was not required (see Fig. 8). In
this respect our results may differ from those of Pavlath et
al. (1989).

The range of intracellular CD8 staining places an upper
limit on the migration of the CD8 mRNA from its source
within the muscle fiber. This limit is in general agreement
with a previous, similar estimate that we have made for the
mRNA encoding a protein targeted to the nucleus (Ralston
and Hall, 1989). CD8 mRNA could have a more restricted
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distribution than that of the intracellular protein if there were
exchange between the compartments associated with each
nucleus at the level of the endoplasmic reticulum and/or the
Golgi apparatus. Exchange of membrane proteins at the level
of the Golgi has been shown to occur both in vivo and in vitro
(Rothman et al., 1984). ‘

In contrast to its restricted intracellular location, CD8 oc-
cupies the entire surface of hybrid myotubes. Although in-
homogeneities in its distribution were observed, these bore
little relation to the position of the source nucleus. Interest-
ingly, CD8 sometimes formed clusters; these were always as-
sociated with clusters of AChR, and possibly represent
nonspecific trapping of CD8. The widespread distribution of
CD8 in the membrane presumably results from diffusion of
the protein from its local site of membrane insertion (Frye
and Edidin, 1970). Nonclustered acetylcholine receptors are
able to diffuse in the muscle membrane (Axelrod et al.,
1976; Poo, 1982; Stya and Axelrod, 1983), and it is likely
that CD8 does as well. In lymphocytes, CD8 is uniformly
distributed on the surface and freely redistributes in the pres-
ence of antibodies (A. Kupfer, personal communication).
Our results are thus consistent with the idea that there are
no intrinsic barriers to diffusion in the myotube membrane.

The most prominent membrane protein that is nonuni-
formly distributed in myotubes is the AChR, which is con-
centrated in patches on the myotube surface, both in aneural
cultures and at sites of nerve-muscle contact in co-cultures
(Schuetze and Role, 1987). Recent experiments suggest that
sites of nerve-muscle contact may also be sites of preferential
synthesis and insertion of the AChR (Role et al., 1985; Mer-
lie and Sanes, 1985; Fontaine et al., 1988; Fontaine and
Changeux, 1989). Our results suggest that retention of the
AChR near these sites is not simply the result of local inser-
tion, but must involve specific mechanisms, such as attach-
ment to the extracellular matrix or cytoskeleton, to prevent
its dispersion.

In contrast to the results reported here, Pavlath et al.
(1989) have reported that the antigen recognized by 5.1H11,
a monoclonal antibody that reacts with a surface protein of
human cells (Walsh and Ritter, 1981; Hurko and Walsh,
1983; Walsh et al., 1982), is in some cases retained near the
source nucleus in interspecific hybrids. The antigen recog-
nized by 5.1H11 has recently been reported to be human N-
CAM (Walsh et al., 1989). Because the antibody recognizes
secreted and glycosyl-phosphatidylinositol-linked forms of
N-CAM, as well as the transmembrane form, the signifi-
cance of the different results found in the two studies is un-
clear. The restricted distribution of human N-CAM in inter-
specific hybrids could arise because of its interaction with
extracellular matrix or cytoskeleton.

Our experiments and those of others suggest the following
model for the localization of proteins in mutlinucleated mus-
cle cells. Both soluble and membrane proteins are synthe-
sized and processed in an area closely surrounding their
source nucleus. Soluble proteins are then free to diffuse
through the cytoplasm (Mintz and Baker, 1967; Ralston and
Hall, 1989), unless they are targeted to a subcellular or-
ganelle such as the nucleus (Ralston and Hall, 1989), mito-
chondria, lysosomes, or to a local macromolecular assembly
such as the myofibrils (Pavlath et al., 1989) or the cytoskele-
ton. Their range, in these cases, will reflect the competition
between the rates of diffusion and of local uptake. The situa-
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tion is similar for membrane proteins: after insertion into the
plasma membrane near their source nucleus, they are free
to diffuse, unless they become associated with cytoskeletal
or extracellular matrix elements. The range of a membrane
protein will thus, like that of a soluble protein, reflect a com-
petition between the kinetics of diffusion and of local en-
trapment.

Understanding the contribution of an individual nucleus to
the intracellular and surface organization of muscle cells
may be important in several contexts. Recent experiments on
the distribution of AChR subunit mRNA show surprising
heterogeneity among nuclei even in uninnervated or dener-
vated cells in which AChR is evenly distributed on the sur-
face (Harris et al., 1989; Fontaine and Changeux, 1989).
These results raise the possibility that other uniformly dis-
tributed proteins in muscle cells are derived from only a sub-
set of nuclei scattered throughout the muscle fiber that ex-
press mRNA for their synthesis. Finally, knowing the range
over which the products of a single nucleus extend will have
obvious importance for attempts to obtain phenotypic rescue
of diseased muscle fibers by fusing normal cells into them
(Partridge et al., 1989).
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