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ABSTRACT

Eukaryotic initiation factor 3 (elF3), encapsulated in liposomes, is taken up by chick

muscle cells in culture. The exogenously supplied factor (isolated from 14-d embryonic muscle)
rapidly associates with 40S ribosomal subunits and particles sedimenting at 80-120S (the known
sedimentation value of myosin heavy chain [MHC] mRNPs). In addition, exogenously supplied
elf3 has a specific stimulatory effect on myofibrillar protein synthesis. This stimulation is most
apparent at the onset of cell fusion and after the accumulation of MHC-mRNPs. As previously
reported (8), total elF3 can be fractionated on an MHC-mRNA affinity column into a “core”
elF3 and a high affinity component (HAF) which dictates the discriminatory activity of core
elf3. Liposome-encapsulated core elF3 delivered to cells is found predominantly in 405
ribosomal subunits and gives only a slight stimulation of total protein synthesis. When °H-
MHC-mRNA, preincubated with HAF, is introduced into myoblasts via liposomes, the mRNA
is found in heavy polysomes. On the other hand, when the messenger alone or with core elf3
is taken up by the cells, it is found only on small polysomes. Similar experiments, using viral
RNA with the HAF, show no increase in the size class of polysomes. These results mimic the
differences observed between myoblast and myotube utilization of MHC-mRNA previously
observed (17). These results demonstrate the mRNA discriminatory activity of specific proteins
associated with muscle elF3 and suggest that these proteins play a role in mRNA activation and

translation during muscle differentiation.

In eukaryotic cells the process of initiation has been found to
be the rate-limiting step occurring in protein synthesis. There-
fore, this process is considered to regulate the utilization of
polysomal mRNAs (20). According to the model proposed by
Lodish (14), the competition of cytoplasmic mRNAs for initi-
ation factors is a mechanism used by eukaryotic cells to regulate
the relative rates of synthesis of proteins. This model predicts
that any reduction in the rate of initiation results in a prefer-
ential inhibition of the translation of mRNAs with low initia-
tion rate constants (14). The initiation rate constant is a mea-
sure of the affinity of the mRNAs for initiation factors, pre-
sumably resulting from the primary structure of the initiation
region of the mRNAs.

We have suggested that, in addition to the purely competitive
model for translational control, eukaryotic initiation factor 3
(eIF3) can be modulated by associated polypeptides and
thereby discriminate between mRNAs (8, 9). In this manner
an elF3 containing discriminatory polypeptides would have a
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higher affinity for particular mRNA(s) and thereby increase
the rate of initiation. Such discriminatory proteins (high affin-
ity fraction [HAF]), having a high affinity for myosin heavy
chain (MHC)-mRNA have been separated from “core” elF3
using an MHC-mRNA affinity column (8, 9). The isolated
HAF endows either reticulocyte or muscle “core” elF3 with a
discriminatory property such that MHC-mRNA is preferen-
tially translated in a cell-free system containing optimal
amounts of elF3 and equimolar concentrations of MHC and
globin mRNAs (8).

In vitro translational assays have generally been used to
study translational control mechanisms. Although, certainly of
value because of the ability to alter the concentrations of
various reactants, cell-free systems can introduce numerous
artifacts. The question remains as to the validity of interpre-
tation of the results in these systems as compared to the in vivo
situation. By inserting macromolecules into living cells and
observing their effects and utilization a comparison of the
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results obtained from cell-free systems could be made. We have
recently observed that deproteinized mRNA can be taken up
by myogenic cells in culture and that MHC-mRNA is differ-
entially translated in myoblasts as compared to myotubes (17).
Recent advances in liposome technology, specifically with re-
gard to the use of large unilamellar vesicles (LUV), allow the
introduction of macromolecules into cells (22). A wide spec-
trum of molecules and molecular complexes have been encap-
sulated into LUV and delivered to cells while still retaining
their biological activity (4, 19). Little effect on cell viability is
observed upon the incubation of cells with LUV and in certain
cases an increase in the activity of LUV-encapsulated sub-
stances has been reported (4, 19, 22).

In this report we have used LUV to deliver mRNAs, unfrac-
tionated eIF3, “core” elF3, and HAF to myogenic cells in
culture. It has been observed that a substantial proportion of
the molecules and macromolecular complexes rapidly associate
with the cellular protein synthetic machinery in a specific
manner and subsequently alter the utilization of both exoge-
nously added and endogenous mRNA. These results demon-
strate the mRNA discriminatory activity of HAF associated
with elF3 and suggest that it plays a role in mRNA utilization
during the terminal differentiation of muscle.

MATERIALS AND METHODS

elF3 was prepared from 14-d embryonic chick leg muscle as previously described
(8) except that only a single sucrose density gradient centrifugation was employed
to isolate the 158 factor complex. The final gradient was omitted to obtain a
higher yield of both elF3 and HAF. Approx. 40% of the material is lost during
the final dialysis, concentration, and recentrifugation steps. Under the procedures
used, 400-500 ug of elF3 is obtained from 600 embryos. The preparation of the
MHC-mRNA affinity column and subsequent fractionation of elF3 into “core”
elF3 and HAF were as previously described (8). Normally 75-100 pg of eIF3
was applied to the MHC-mRNA affinity column. Of this 20-30% did not bind,
~1% eluted as HAF, and the remainder was recovered as core eIF3. Reductive
methylation of eIF3 and the affinity column fractions of eIF3 was performed
using the Na(CN)BH, procedure of Jentoft and Dearborn (11) and MacKeen et
al. (15). Briefly, the proteins to be labeled were dialyzed against 0.1 M HEPES
(pH 7.5), 0.28 M KCl, 5% glycerol, and concentrated to 1 mg/mg using Sephadex
G-200. The solution was adjusted to 2 mM [*“C]formaldehyde (New England
Nuclear, Boston, Mass.) and 20 mM Na(CN)B, and incubated 16 h at 4°C.
MHC-mRNA was prepared as previously described (5) and a sample tested in a
reticulocyte lysate before its use in the experiments described in this report. The
translation of this mRNA results in the synthesis of a 200,000-dalton protein that
is precipitable with anti-MHC antibodies. MHC-mRNA was radioactively la-
beled by the addition of 20 uCi [*H)uridine to 24-h muscle cell cultures (see
below) and harvested at 48 h.

LUV were prepared according to the procedures of Wilson et al. (25) with the
following modifications: 0.2 ml of phosphatidyl serine (Sigma Chemical Co., St.
Louis, Mo.) was evaporated to dryness under nitrogen. The resultant film was
immediately resuspended by brief vortexing in 5 ml of buffer (0.1 M NacCl, 0.002
M histidine, 0.02 M Tris-HCI [pH 7.4]) and 1 h of sonication under nitrogen. The
temperature did not exceed 35°C. 0.5 ml of 0.1 M CaCl, was added and the
solution incubated for 1 h at 37°C. The flocculent precipitate was pelleted by
centrifugation at 10,000 rpm for 20 min at 15°C using a Sorvoll $S34 rotor. The
resulting pellets may be stored at —20°C for up to 4 wk. Material to be
encapsulated was dialyzed against the LUV buffer (above) containing 0.001 M
MgCl.. The frozen LUV pellet was slowly thawed and resuspended in 0.5 ml of
the material to be encapsulated by utilizing a vortex mixer. After the addition of
25 ul of neutralized 0.1 M EGTA the samples were rapidly mixed and incubated
at 37°C for 30 min. The resulting vesicles containing the encapsulated material
were collected by centrifugation at 14,000 rpm for 30 min at 15°C. These vesicles
were washed two times in the 0.1 M NaCl buffer containing 0.001 M MgCl,
followed by centrifugation. Finally, the loaded vesicles were resuspended in 0.5
ml serum-free medium for addition to the cell cultures. After encapsulation and
washing, the radioactivity remaining with the pelleted vesicles is considered
encapsulated and expressed as the percent total radioactivity in the original 0.5
ml of buffer.

Breast muscle cell cultures, obtained from 12-d chick embryos, were prepared
as previously described (23). Briefly, pectoralis muscle was mechanically disso-
ciated and the cells were plated at an initial density of 6 X 10°/100-mm culture
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dish. The cells were grown on F-10 medium (Gibco Diagnostics, Gibco Invenex
Div., Chagrin Falls, Ohio) supplemented with 3% chick embryo extract and 10%
horse serum. The cultures were refed after 24 h. Before addition of liposomes to
the cells, the cultures were washed four times in serum-free medium. The
liposomes were added in enough serum-free medium (2 ml) to cover the cells and
incubated for 3 h (except where noted). In experiments in which protein synthesis
is measured, 5 pCi [*H]leucine was added to each culture immediately after the
addition of LUV. In this case, each data point consists of 15 cell cultures. After
incubation the cells were washed extensively with PBS and harvested using a
rubber policeman at 4°C in 0.15 M KCl, 0.005 M MgCl,, 0.02 M Tris-HC1 (pH
7.4), 0.008 M B-mercaptoethanol. The cells were lysed as previously described
(16).

The cellular localization of eIF3 and the MHC-mRNA affinity column
fractions of eIF3 was performed by sucrose density gradient analysis of the 10,000
g supernate from the cultured cells. These experiments were repeated a minimum
of five times and found to be highly reproducible in both the localization of
LUV-inserted materials and the amount of recoverable radioactivity. The 10,000
g cellular supernates were analyzed on 10-30% wt/wt sucrose density gradients
containing 0.15 M KCl, 0.005 M MgCl,, 0.02 M Tris-HCI (pH 7.4), 0.008 M 8-
mercaptoethanol by centrifugation at 40,000 rpm for 2 h in an IEC SB283 rotor
(Damon/IEC Div., Damon Corp., Needham Heights, Mass.). The sucrose density
gradients were analyzed by continual monitoring at 260 nm using a spectropho-
tometer (Gilford Instrument Laboratories Inc., Oberlin, Ohio). Fractions were
collected and the radioactivity was determined directly for dpm using a Searle
Mark III Liquid Scintillation System (Searle Diagnostics Inc., subsid. of G. D.
Searle & Co., Des Plaines, I11.) in which background was substracted.

Radioactivity associated with myofibrillar proteins was determined after iso-
lation by multiple ionic precipitation as previously described (21), SDS electro-
phoresis, and fluorography. Radioactivity of total cellular protein and nonmyofi-
brillar proteins was determined after TCA precipitation by the method of
Bensadoun and Weinstein (2).

Gel electrophoresis was performed according to Laemmli (12) on 7.5-12%
polyacrylamide gels. Fluorography was done as described by Laskey and Mills
(13). The. pre-exposure of the film using a Kodak deep orange filter allows
quantitative analysis of fluorograms. The fluorographic images were subsequently
analyzed with a microdensitometer (Joyce, Loebl & Co., Ltd., Gateshead-on-
Tyne, England).

RESULTS

If a dilute aqueous solution of phosphatidyl serine is sonicated
in the presence of Ca*™, cochleate cylinders are formed. Upon
the removal of Ca*™ by a chelating agent the cylinders are
transformed into LUV. Macromolecules as well as macromo-
lecular complexes present in solution during this transforma-
tion are passively encapsulated and can subsequently be intro-
duced into cells in culture (22). By use of this technique, the
efficiency of both entrapment and subsequent uptake by my-
ogenic cells of '*C-labeled proteins has been determined. As
shown in Table I, there is no apparent correlation between
either the molecular size or complexity and the entrapment or
cellular uptake of the proteins tested. The lower entrapment of
myofibrillar proteins is likely a result of the solubility properties

TABLE |

Efficiency of Protein Entrapment and Delivery to Cells by
Liposomes

% Cell uptake

Material
entrapped % Entrapped Myoblast  Myotube
Myoglobin 48 2.5
Thyroglobulin 39 4.2 6.5
41 39 7
Myofibrillar proteins 14.5 1.2 2.8
elF3 28 22 41

All proteins were radioactively labeled by reductive methylation with ['*C]-
formaldehyde as described in Materials and Methods. The percent entrapment
and cellular uptake are expressed relative to total radioactivity present in the
0.5-ml encapsulation volume (1 X 10°~1.5 x 10® dpm). The cultures designated
as myoblasts are 30-h cell cultures while those designated as myotubes are
60-h cultures.
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of these proteins in the buffer used in LUV preparation. The
results indicate that 60-h muscle cell cultures, consisting pri-
marily of differentiating myotubes, can more readily incorpo-
rate proteins from LUV than can myoblasts (30 h of culture).
This is likely a result of the increased membrane fluidity of
myotubes as compared to myoblasts (7). It has been reported
that cells with greater membrane fluidity are more responsive
to the uptake of materials from liposomes (18). To determine
whether the exogenously supplied proteins were significantly
altered after uptake into the myogenic cells, the cells were lysed
after 3 h of incubation with LUV-encapsulated '“C-labeled
proteins and the proteins were analyzed by denaturing acryl-
amide gel electrophoresis (Fig. 1). These results indicate that
little if any proteolytic degradation of encapsulated proteins
occurs. This substantiates previous reports that LUV uptake
by cells does not involve significant lysosomal activity (22).
Because of the size similarity between thyroglobulin and
elF3, the kinetics of cellular uptake of LUV encapsulated
proteins were determined utilizing thyroglobulin (Fig. 2). In
this case, either freshly prepared LUYV or those stored at —20°C
as cochleate cylinders were incubated with both myoblasts (30-
h cultures) and myotubes (60-h cultures). The LUV prepara-
tions that had been stored at —20°C generally show a more
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FIGURE 1 Analysis of liposome-delivered molecules retrieved from
cells in culture. All proteins were reductively labeled with [**C]-
formaldehyde, encapsulated in liposomes, and incubated with cell
cultures as detailed in Materials and Methods. After cell lysis, total
cellular proteins were analyzed by gel electrophoresis as described
by Laemmli (12). After electrophoresis the gels were examined by
fluorography. Lane 7, myofibrillar protein encapsulated in lipo-
somes; lane 2, total myoblast protein retrieved from cells of mate-
rial shown in lane 1; lane 3, myoglobin encapsulated in liposomes;
lane 4, total myoblast protein retrieved from cells after delivery of
material shown in lane 3; lane 5, impure elF3 encapsulated in
liposomes; lane 6, total myoblast protein retrieved from cells after
delivery of elF3 shown in lane 5. Bars between lanes 7 and 2 and
lanes 3 and 4 indicate the position of major protein bands.
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FIGURE 2 Cellular uptake kinetics of LUV-encapsulated thyroglob-
ulin. Thyroglobulin labeled with ['*C}formaldehyde as described in
Materials and Methods was encapsulated in freshly prepared LUV
(@, O) as well as preparations stored at —20°C at the cochleate
cylinder stage (M, O). This material was delivered to myoblast cell
cultures, 30 h (I, ®) and myotube cell cultures, 60 h ([, O). Percent
incorporation as cellular uptake is determined relative to radioactiv-
ity in the 0.5-m! encapsulation volume as detailed in Materials and
Methods and Table I. The uptake of thyroglobulin was measured by
hot TCA-precipitable radioactivity. The cytoplasmic extracts of the
5-h cultures were analyzed on denaturing acrylamide gels. The
autoradiographs of these gels demonstrate that the thyroglobulin is
still intact at this time period (results not shown).

efficient delivery of ["*C]thyroglobulin into cells. Again, it is
noted that myotubes are more responsive in taking up LUV-
encapsulated materials than myoblast cell cultures. It was
decided that —20°C stored LUV and an incubation time of 3
h would be utilized in subsequent experiments.

We have previously reported that muscle eIF3 could be
fractionated by MHC-mRNA affinity column chromatography
(8). When the eluted fractions are reductively labeled with
[“*C]formaldehyde and subsequently analyzed by electropho-
resis under denaturing conditions, the pattern of polypeptides
shown in Fig. 3 is observed. The 0.1-M KCl wash through
fraction is identical in composition to the 0.5-M KCl-eluted
core elF3. If the 0.1-M KCl fraction is reapplied to the affinity
column it does not bind (unpublished results), indicating that
the binding capacity of the column has not been exceeded.
Furthermore, this fraction has been previously shown to be
inactive in initiation of protein synthesis (8, 9). The 0.5-M KClI
core elF3 fraction is similar to that previously reported (8),
except that it contains a number of high molecular weight
contaminants that are normally removed by the second sucrose
density gradient centrifugation. Of particular interest is the 2-
M LiCl-eluted HAF fraction which is found in muscle eIF3. A
major component of this fraction is a 33,000-dalton protein
that is a minor constituent of core eIF3. The higher molecular
weight proteins in the HAF fraction are represented as major
constituents of elF3. Because core eIF3 has no mRNA discrim-
inatory role in itself (8), it is possible that the 33,000-dalton
component of HAF is a nonstoichiometric factor that endows
a discriminatory property on eIF3. Both total elF3 and these
MHC-mRNA affinity column fractions have been inserted into
myogenic cells using LUV.
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FIGURE 3 Electrophoretic analysis of MHC-mRNA affinity column
fractions of elF3. Acrylamide gel electrophoresis of fractions was
done as previously described (9). Reductive methylation with
['*C]formaidehyde was as described in Materials and Methods. Lane
7, 0.1-M KCI wash through of affinity column; lane 2, core elF3
obtained by elution with 0.5-M KCI buffer; lane 3, HAF eluted with
2 M LiCl as previously described (9). The original sample of elF3
applied to the column was 75 ug and the autoradiograph (lanes 7-
3) represents the total amount of each fraction eluting from this
column.

The in vitro use of radioactively labeled initiation factors has
led to a model of the assembly of the initiation complex (1, 8,
24). 1t is reasonable to assume that the path taken by LUV-
encapsulated elF3 introduced into cultured cells can be fol-
lowed in an analogous manner. Total muscle elF3, labeled
with ["“C]formaldehyde, was delivered to the muscle cells at
24, 42, and 72 h of culture. Under the culture conditions used,
these time periods represent dividing myoblasts, pre- and early-
fusion myotubes, and myotubes, respectively. The intracellular
location of the exogenously supplied eIF3 was determined by
sucrose density gradient analysis. The total amount of radio-
activity observed in the gradient fractions is low but in agree-
ment with the values expected from Table 1. Because of this
fact, all experiments were repeated at least five times, and the
pattern of radioactivity seen in the sucrose density gradients is
highly reproducible. Fig. 44, B, and C represent 24-, 42-, and
72-h cultures, respectively, and have in common three major
peaks of radioactivity: (@) free elF3 molecules sedimenting at
158; (b) eIF3 participating in the initiation complex formation
sedimenting at 40S; and (c) a major peak of radioactivity
sedimenting at 80-120S (the known sedimentation value of
MHC mRNPs) (10). The overall distribution of radioactivity
changes slightly as differentiation proceeds. There is an appar-
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ent shift in the eIF3-associated radioactivity from the top to
the bottom portions of the sucrose density gradient. The mean-
ing of this observation is unclear at this time. Nevertheless,
these results suggest that exogenously supplied eIF3 will asso-
ciate with the translational machinery of the cells.

It has been previously shown that total eIF3 from 14-d
embryonic muscle demonstrates a discriminatory property on
the competitive translation of mRNAs (8). Therefore, it was of
interest to determine whether exogenously supplied eIF3 exerts
a similar effect on the protein synthetic pattern of differentiat-
ing muscle cells. Cell cultures were incubated with LUV con-
taining eIF3 in the presence of [*H]leucine. The myofibrillar
proteins were subsequently isolated and examined after elec-
trophoresis. Fig. 54, B, C are fluorograms and densitometric
scans of those myofibrillar protein preparations from 24-, 42-,
and 72-h cultures. Although there is an increase in myofibrillar
protein synthesis at all times with the addition of €IF3 to the
cells, it is most apparent in the 42-h muscle cell cultures, a time
when the majority of myogenic cells have stopped dividing and
are beginning to fuse. The areas under the MHC chain and
actin-tropomyosin peaks, as determined from the densitometric
scans, for the three culture periods have been compared (Fig.
6). At 42 h of culture there is a 200% increase in the incorpo-
ration of radioactivity in MHC and a 400% increase in actin-
tropomyosin in cell cultures in which eIF3 has been introduced
to the cells via LUV. At 72 h of culture (predominantly
myotubes) the effect of exogenously added eIF3 is diminished
with the increase in MHC reduced to 100% and that of the
actin-tropomyosin to 60%. It is apparent that at 42 h the cells
are most influenced by eIF3 additions. The small effect at 24
h s likely a result of the absence of the muscle-specific mRNAs
in dividing myoblasts (3, 6), while the diminished effect at 72
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FIGURE 4 Exogenous elF3 localization in muscle cell cultures. The
*C-labeled total elF3 was encapsulated in liposomes and incubated
with cells in culture for 3 h as described in Materials and Methods.
The cell lysate was centrifuged through 11 mi 10-30% wt/wt sucrose
density gradients at 40,000 rpm for 2.5 h in an IEC SB 283 rotor. The
gradients were fractionated and assayed for radioactivity with a
Searle Mark 11l liquid Scintillation System. Radioactivity is expressed
as "*C dpm with background (30 dpm) subtracted. Cultures were
analyzed at (A) 24 h, (B) 42 h, () 72 h, representing dividing
myoblast, pre- to early-fusion myablasts, and fused myotubes, re-
spectively.
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FIGURE 5 Exogenously supplied total elF3 alters myofibrillar pro-
tein synthesis. The myofibrillar proteins were isolated as described
in Materials and Methods after incubating cultured muscle cells
with [®Hlleucine and LUV containing total elfF3 as described in
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h may result from increased concentrations of endogenous
cellular factor(s) involved in translational control, specifically
HAF.

Because muscle eIF3 can be separated into three fractions
(an inactive 0.1-M KCl fraction; core eIF3, that functions
indiscriminately with any mRNA; and HAF, which imposes a
discriminatory function on core eIF3) by MHC-mRNA affinity
column chromatography (8), it was of interest to determine the
behavior of these fractions after their entry into muscle cells.
The "C-labeled affinity column fractions were introduced to
the 42-h cell cultures using LUV and the cellular localization
was determined by sucrose density gradient centrifugation.
Again, because of the low amounts of recovered radioactivity,
each experiment was repeated five times and an absolute
reproducibility was obtained with regard to the position of the
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FIGURE 6 Effect of exogenous total elF3 on the synthesis of indi-
vidual myofibrillar proteins. The areas under the fluorometric scans
in Fig. 5 A-C were calculated for the MHC peak and the pooled
actin and tropomyosin peaks. All data are expressed relative to
control values obtained with the 24-h cultures. The four curves
represent: MHC less elfF3 (O); MHC with exogenously added elf3
(@); actin, tropomyosin less elf3 (J); actin, tropomyosin with ex-
ogenously added elf3 ().

Materials and Methods. The proteins were analyzed by electropho-
resis as described by Laemmli (12) and subsequent fluorography
was performed. The figures represent the fluorograms and densito-
metric tracings of control PBS containing LUV- (—) and elF3-treated
(- - -) cultures. { A} 24-h cultures, ( B) 42-h cultures, ( C} 72-h cultures.
MHC indicates myosin heavy chain at 200,000 daltons; A indicates
position of actin; T indicates position of tropomyosin. The fluoro-
grams are labeled C and 3 for control and elF3-treated cells.



radioactive peaks in the gradients. As shown in Fig. 74, the
0.1-M KCl fraction of eIF3, which fails to bind MHC-mRNA,
sediments as one predominant peak at 158 and does not appear
to become associated with 40S ribosomes or the 80-1208 region
previously noted in Fig. 4. This fraction was previously found
to be inactive in cell-free systems, and these results suggest that
it may be similarly inactive in intact cells. By contrast, the 0.5-
M KCl-eluted, core eIF3 is judged to contain active elF3
molecules by its ability to bind the 40S ribosomal subunits
(Fig. 7B). This agrees with our previous data showing this
fraction to be active in cell-free systems (8). It is noted that this
core elF3 also sediments on the 80-1208 region of the sucrose
gradient but to a lesser extent than unfractionated eIF3 (com-
pare Fig. 7B and Fig. 4 B). The HAF fraction is found to
sediment in the sucrose density gradients in a highly charac-
teristic manner (Fig. 7C). It is found free on the top of the
gradient and possibly complexed with cellular eIF3 sediment-
ing at 15S. In addition, some HAF is found sedimenting at
408, presumably resulting from elF3 associated with 40S ri-
bosomal subunits. Strikingly, the major peak observed sedi-
ments at 80-120S. This is the known sedimentation of MHC-
mRNPs and, therefore, may represent the binding of HAF to
MHC-mRNA. Comparing the 80-120S sedimentation behav-
ior of unfractionated ¢IF3 (Fig. 4 B) and core ¢IF3 (Fig. 7 B)
to the HAF (Fig. 7C), it is apparent that essentially all of the
binding of unfractionated eIF3 to 80-120S material results
from the HAF present in unfractionated eIF3. It is unclear, at
the present time, why radioactivity is found in the polysomal
regions of the sucrose density gradients. Possibly, it results
from the one initiation complex found on each polyribosome.

Both the core and HAF fractions of eIF3 were tested for
their effects on myofibrillar as well as total cellular protein
synthesis after insertion into cells at 42 h of culture. The
histograms in Fig. 84 and B show [*H]leucine incorporation
into total and nonmyofibrillar proteins, respectively, after in-
cubation with core eIF3. A slight stimulation of incorporation
is evident in the 42-h cultures. The fluorograms of myofibrillar
proteins from these same muscle cell cultures revealed no
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FIGURE 7 Localization of exogenous elf3 affinity column fractions
in muscle cell cultures. The MHC-mRNA affinity column fractions
of muscle elF3 were reductively labeled with ['*C]formaldehyde,
encapsulated in LUV, incubated with 42-h cell cultures, and ana-
lyzed as described in Fig. 4 and Materials and Methods. ( A) unbound
0.1-M KClI fraction; ( B) 0.5-M KCl core elF3; (O) HAF of elF3.
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FIGURE 8 Protein synthesis in the presence of exogenously sup-
plied core elF3. The cells were incubated with LUV containing either
core efF3 or PBS and 5 uCi of [®*H]leucine as described in Materials
and Methods. The incorporation into total protein (A) and nonmy-
ofibrillar proteins (B) was determined by acid precipitation as de-
scribed in Materials and Methods. Open bars represent LUV con-
taining only PBS while shaded bars represent LUV containing core
elF3. The culture time (hours) is given on the abscissa of B for each
set of barsin A and B.

detectable stimulation of [*H]leucine into these proteins (Fig.
9). Similarly, the HAF revealed no detectable stimulation of
radioactive incorporation into total, nonmyofibrillar or myo-
fibrillar protein synthesis at any time point (results not shown).
This inability of HAF to effect protein synthesis may result
from the relatively small amount found in the 40S ribosomal
subunit area of the sucrose density gradient as compared to the
80-120S material (Fig. 7 C). These results are seemingly in
conflict with our previous studies utilizing cell-free systems (8,
9). However, in these cases, the HAF was preincubated with
the mRNAs before their addition to these in vitro systems,
allowing specific binding to occur in the absence of interfering
substances present in the cell lysate (8). A similar nonspecific
binding may occur upon entry into the cells or, as suggested in
Fig. 7 C, HAF may bind specifically to inactive MHC-mRNAs
stored in the cytoplasm and thus be removed from the active
protein synthetic machinery. Therefore, [HJuridine mRNA
was complexed with HAF before its encapsulation into LUV
and subsequent uptake into the cells. In this case, 24-h dividing
myoblast cell cultures were used, as it is known that they
contain little if any MHC-mRNA. In addition, we have dem-
onstrated previously that MHC-mRNA can be translated in
these cells, but much less efficiently than in differentiated
myotubes (17). The position of PTHIMHC-mRNA when deliv-
ered alone and after preincubation with the HAF is displayed
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FIGURE 9 Effect of core elF3 on muscle-specific protein synthesis.
Muscle cells were incubated with LUV containing core elF3 in the
presence of [*H]leucine, and myofibrillar proteins were subse-
quently isolated, electrophoresed, and prepared for fluorography as
described in Fig. 5 and Materials and Methods. C, control vesicles
containing only PBS; 3, vesicles containing core elf3. A, actin; T,
troponin.

in Fig. 104 and B, respectively. It is noted that the association
of the mRNA with the HAF has resulted in a shift of the
MHC-mRNA from polysomes of four to five ribosomes each
to those of 20 or more. Fig. 114 and B show the results of a
similar experiment involving preincubation with core eIF3 and
HATF, respectively. The nondiscriminatory core elF3 has no
effect on the number of ribosomes associated with MHC-
mRNA (Fig. 104) when compared to the mRNA alone (Fig.
9 A). To determine whether the discriminatory nature of HAF
could be detected in this type of experiment, [*H]uridine viral
mRNA (vesicular stomatitis virus [VSV]) was similarly prein-
cubated with HAF and inserted in 24-h cell cultures using
LUV. As can be seen, VSV-mRNA readily associates with
ribosomes and appears in polysomes (Fig. 124) and no appre-
ciable change in the sedimentation of VSV polysomes is
noted if VSV mRNA is preincubated with HAF. These results
give further evidence suggesting the mRNA discriminatory
nature of HAF. It is realized that the control experiment
utilizing viral mRNA is not completely adequate, for this
mRNA may already be maximally associated with ribosomes
in this cell system. An adequate control must await the finding
of an mRNA which can be shown to be translated with <100%
efficiency in myoblast cells. The inability of HAF to effect the
sedimentation pattern of VSV-RNA makes it unlikely that the
shift in MHC-mRNA polysome size is caused by a nonspecific
aggregation phenomenon. However, to rule out this possibility,
puromycin was added to the cells 5 min before the addition of
the liposome-encapsulated HAF-["H]myosin mRNA complex
and maintained at a concentration of 1 mM throughout the
duration of the experiment. As was previously shown (Fig. 10)
the MHC-mRNA was found predominantly in the large poly-
some size class when added in the presence of HAF (Fig. 13 4);
however, when puromycin is present, the mRNA is not asso-
ciated with polysomes (Fig. 13 B). These results indicate that
protein synthesis is required for the HAF-mediated shift of
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MHC-mRNA from small to large polysomes and suggests that
mRNA aggregation and nonspecific binding are not occurring.

DISCUSSION

Using whole cell lysates (9) and a partially fractionated cell-
free protein synthesis system (8), we have shown that eIF3
from chick muscle can preferentially stimulate the translation
of MHC-mRNA in the presence of equimolar concentrations
of rabbit globin mRNA. This discriminatory behavior of mus-
cle eIF3 is mediated by a protein(s) having a very high affinity
for MHC-mRNA. Furthermore, this component can modulate
the activity of core eIF3 from either muscle or reticulocytes so
as to render either factor discriminatory for MHC-mRNA (8,
9). These results, utilizing cell-free extracts, have led us to
postulate a regulatory role for these HAF proteins in altering
the cytoplasmic utilization of mRNAs in eukaryotic cells.

The developmental significance and the actual in vivo oc-
currence of these events has remained a matter of speculation.
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FIGURE 10 HATF of elF3 changes the size of polysomes synthesizing
MHC in vivo. The high affinity fraction of elF3 was preincubated
with *H-labeled myosin mRNA. The complex was then encapsulated
in LUV and delivered to 24-h cell cultures as detailed in Materials
and Methods. In this case the cells were only in the presence of
LUV for 20 min before addition of cycloheximide and subsequent
cell lysis. 50 pg/ml of cycloheximide was present during lysis and
polysome preparation. The cell lysates were centrifuged through
15-40% wt/wt sucrose density gradients for 90 min in an IEC SB283
rotor at 4°C and 40,000 rpm in the presence of 20 OD (260 nm) of
polysome and ribosome carrier obtained from 13-d embryonic chick
leg muscle. (A) MHC mRNA alone, (B) MHC mRNA preincubated
with the HAF of elF3. B and T indicate bottom and top of gradient,
respectively.
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FIGURE 11 Effects of core elF3 and HAF of elf3 on the size of
polysomes synthesizing MHC in vivo. Core elfF3 and HAF were
preincubated with *H-MHC-mRNA. The mixture was entrapped in
LUV and incubated with 24-h cell cultures. The cell lysates were
analyzed on sucrose density gradients as described in Materials and
Methods and Fig. 10. {A) MHC-mRNA plus core elf3, (B) MHC-

mRNA plus HAF, B and T represent bottom and top of gradients,
respectively.

In a recent study, Mroczkowski et al. (17) have demonstrated
that muscle cells in culture can actually take up and utilize
added mRNAs. Furthermore, these studies suggested that
MHC-mRNA was less efficiently translated in myoblasts than
in myotubes. The introduction of cytoplasmic control elements
and mRNAs into differentiating muscle cells utilizing lipo-
somes will provide a basis for comparison of results obtained
utilizing cell-free extracts.

When unfractionated muscle e¢IF3 is taken up by the cells,
it is found to associate with 40S ribosomal subunits, suggesting
that it is biologically active. Similar association of *C-labeled
elF3 with ribosomes has been observed in cell-free systems (1,
8). While some of the radioactivity associated with unfraction-
ated eIF3 is found to sediment with the 80-1208 fraction, a
significant proportion of the HAF is found in the 80-120S
region of the sucrose density gradient. On the other hand, core
elF3, stripped of HAF, sediments primarily with the 40S
ribosomes (24). The small fraction of “C-HAF found sedi-
menting with 40S ribosomal subunits is likely a result of the
HAF binding eIF3 found on these ribosomal subunits. Taken
together, these results suggest that both the core eIF3 and the
HATPF are biologically active after entry into the myogenic cells.
Significantly, HAF is found associated with an 80-120S parti-
cle, the known sedimentation value of MHC-mRNP (10).
Upon isolation of the MHC-mRNP by separation from the
ribosomes on metrizamide density gradients, the “C-HAF is
found only in the mRNP fraction (unpublished results). The

O’LOUGHLIN ET AL.

fact that HAF is found to associate with MHC-mRNPs as well
as elF3 suggests that HAF may originally be found on MHC-
mRNPs. If this is the case, upon the activation of the mRNP,
a nondiscriminatory core eIF3, participating in the initiation
of the MHC-mRNA may then become associated with HAF.
This HAF-¢IF3 is now discriminatory and would favor the
initiation of MHC-mRNA. Through this process of sequester-
ing cellular core eIF3, the translational efficiency of MHC-
mRNA would be increased.

The fact that the elF3 introduced into the cells can exert a
specific influence on protein synthesis further demonstrates
that the procedures used do not eliminate biological activity
and that mRNA discrimination is observed much as it was
utilizing cell-free extracts (8, 9). Indeed, it is observed that the
muscle eIF3 prepared from 14-d embryonic muscle exerts
rather specific stimulatory effects in myofibrillar protein syn-
thesis with little effect on total protein synthesis. This suggests
that the discrimination is not only for MHC-mRNA. However,
it is not known at this time whether HAF isolated from MHC-
mRNA affinity column chromatography is responsible for the
effects observed on the other myofibrillar proteins, or whether
indeed different HAF proteins will be isolated utilizing differ-
ent mRNA affinity columns. The fact that the myogenic cells
which are just beginning to fuse (42 h) show the greatest effect
of added eIF3 on myofibrillar protein synthesis is likely a result
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FIGURE 12 HAF of elf3 and the polysome size of VSV-mRNA
polysomes. The HAF obtained from muscle elF3 was preincubated
with 3H-labeled VSV-mRNA and subsequently entrapped in LUV.
Incubation with myoblast cell cultures is as described in Materials
and Methods. The cell lysates were analyzed on sucrose density
gradients as described in Materials and Methods and Fig. 10. (A)
VSV-mRNA plus HAF, ( B) VSV-mRNA alone.
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FIGURE 13 Puromycin inhibits the effect of HAF on MHC-mRNA
association with polysomes. This experiment was performed as
described in Fig. 10. (A) MHC-*H-mRNA + HAF, ( B) MHC *H-mRNA
+ HAF in the presence of puromycin. Cultures were incubated with
1 mM puromycin for 5 min before the addition of liposomes and
maintained at this concentration throughout the duration of the
experiment.

of (@) the absence of the myofibrillar mRNAs in dividing
myoblasts (24 h) and (b) the presence of discriminatory elF3
molecules in myotubes (72 h). If this is the case, it would follow
that HAF is a developmentally programmed regulatory pro-
tein(s).

The fact that we could not detect an effect on protein
synthesis when HAF was inserted into the cells may be a result
of either () its dilution or (b) its binding to stored mRNAs.
Since pre-association of HAF with mRNA has been shown to
be required for maximal discriminatory effects in cell extracts
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(8, 9), preincubated MHC-mRNA and HAF complexes were
inserted into the cells. While MHC-mRNA appeared on larger
polysomes after being preincubated with HAF, no effect could
be seen on the association of viral mRNA with polysomes.
These experiments suggest that HAF has a discriminatory role
in the intact cell. The fact that MHC-mRNA, inserted in
myoblasts in the presence of HAF, was translated with a similar
efficiency as previously observed in myotube cell cultures (17)
suggests that HAF is a developmentally programmed regula-
tory protein appearing during myogenesis. These experiments
lend strong support to our previous in vitro studies, suggesting
that mRNA discriminatory elements play a significant role in
the cytoplasmic utilization of mRNAs during muscle differen-
tiation.

Received for publication 4 December 1980, and in revised form 17
February 1981.

REFERENCES

1. Benne, R, and W. B. Hershey. 1978. The mechanism of action of protein synthesis
initiation factors from rabbit reticulocytes. J. Biol. Chem. 253:3078-3087.

2. Bensadoun, H. J., and B. Weinstein. 1976. Assay of proteins in the presence of interfering
materials. Anal. Biochem. 70:241-245.

3. Devlin, R. B., and C. P. Emerson. 1978. Coordinate regulation of contractile protein
synthesis during myoblast differentiation. Cell. 13:599-605.

4. Dimitriadis, G. 1978. Translation of rabbit globin mRNA introduced by liposomes into
mouse lymphocytes. Nature (Lond.). 274:923-924.

5. Doetschman, T. C,, H. P. Dym, E. J. Siegel, and S. M. Heywood. 1980. Myoblast stored
myosin heavy chain transcripts are precursors to the myotube myosin heavy chain
mRNAs. Differentiation. 16:149-162.

6. Dym, H. P, D. S. Kennedy, and S. M. Heywood. 1979. Sub-cellular distribution of the
myosin heavy chain mRNA during myogenesis. Dj ﬂerermanon 12:145-155.

7. Elson, H. F., and J. Yguerabide. 1979. Memb ics of diffe iating cuitured
embryonic chick skeletal muscle cells by fluorescence microscopy techniques. J. Supramol
Struct. 12:47-61.

8. Gette, W. R,, and S. M. Heywood. 1979. Translation of myosin beavy chain messenger
ribonucleic acid in an eukaryotic initiation factor 3- and messenger-dependent muscle
cell-free system. J. Biol. Chem. 254:9879-9885.

9. Heywood, S. M., and D. S. Kennedy. 1979, Messenger RNA affinity column fractionation
of eucaryotic initiation factor 3 and i ins and the translation of myosin
messenger RNA. Arch. Biochem. Biophys. 192: 270281

10. Heywood, S. M., D. S. Kennedy, and A. J. Bester. 1975. Stored myosin messenger in
embryonic chick leg muscle. FEBS (Fed. Eur. Biochem. Soc.). Lett. 53:69-72.

11. Jentoft, N, and D. G. Dearborn. 1979. Labeling of proteins by reductive methyiation
using sodium cyanoborohydride. J. Biol. Chem. 254:4357-4365.

12. Laemmli, V. 1970, Cleavage of structural proteins during the assembly of the head of
bacteriophage T. Nature (Lond.). 227:680-685.

13. Laskey, R. A., and A. D. Mills. 1975. Quantitative film detection of *H and *C polyacryl-
amide gels by fluorography. Eur. J. Biochem. 56:335-341.

14. Lodish, H. F. 1974. Model for the regulation of mRNA translation applied to haemoglobin
synthesis. Nature (Lond.). 251:385-388.

15. MacKeen, L. A,, C. Deperi, and L. Schwartz. 1979. Reductive methylation of IF3 and
EFTU with "C formaldehyde and sodium cyanoborohydride. FEBS (Fed. Eur. Biochem.
Soc.) Let1. 101:387-390.

16. Morse, R., H. Herrmann, and S. M. Heywood. 1971, Extraction with Triton X-100 of
active polysomes from monolayer cultures of embryonic muscle cells. Biochim. Biophys.
Acta. 232:403-409.

17. Mroczkowski, B., H. P. Dym, E. J. Siegel, and §. M. Heywood. 1980. Uptake and
utilization of mRNA by myogenic cells in culture. J. Cell Biol. 87:65-71.

18. Ostro, M. J., D. Lavelle, W. Paxton, B. Matthews, and D. Giacomoni. 1980. Parameters
affecting the liposome-mediated insertion of RNA into eucaryotic cells in vitro. Arch.
Biochem. Biophys. 201:392-402.

19. Papahadjopoulos, D., T. Wilson, and R. Taber. 1980. Liposomes as vehicles for cellular
incorporation of biok Iy active lecules. In Vitro (Rockville). 16:49-54,

20. Revel, M. 1977. Initiation of messenger RNA translation into protein and some aspects of
its regulation. /n Molecular Mechanisms of Protein Biosynthesis. Academic Press, Inc.,
New York. 246-323.

21. Rourke, A. W., and S. M. Heywood. 1972. Myosin synthesis and specificity of eukaryotic
initiation factors. Biochemistry. 11:2061-2066.

22. Szoka, F., and D. Papahadjopoulos. 1980. Comparative properties and methods of
preparation of lipid vesicles (liposomes). Ann. Rev. Biophys. Bioeng. 9:467-508.

23. Tepperman, K., G. Morris, F. Essien, and S. M. Heywood. 1975. A mechanical dissociation
method for preparation of muscie cell cultures. J. Cell. Physiol. 86:561-566.

24. Trachsel, H., B. Erni, M. H. Schreier, and T. Staehelin. 1977. Initiation of mammalian
protein synthesis. 11. The bly of the initiati plex with purified initiation
factors. J. Mol. Biol. 116:755-767.

25. Wilson, T, D Papahadjopoulos, and R. Taber. 1977. Biological properties of poliovirus

lated in lipid vesicles: Antibody resi: and infectivity in virus-resistant cells.
Proc. Natl. Acad, Sci. U. S. A. 14:3471-3475,




