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Role of Amino Acids in Translational Mechanisms
Governing Milk Protein Synthesis in Murine and
Ruminant Mammary Epithelial Cells
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Abstract The role of amino acids (AA) on translational regulation in mammary epithelial cells cultured under
lactogenic conditionswas studied. The rates of total protein synthesis and b-lactoglobulin (BLG) synthesis inmouse CID-9
cells were 2.1- or 3.1-fold higher, respectively, than in their bovine L-1 counterparts. Total AA deprivation or selective
deprivation of Leu had a negative protein-specific effect on BLG synthesis that wasmore pronounced in bovine cells than
in murine cells. Dephosphorylation of eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and S6 kinase (S6K1) on
Thr389 but not on Ser411 was alsomore prominent in bovine cells. Noteably, deprivation of Leu had a lessmarked effect on
BLG synthesis and 4E-BP1 or S6K1 phosphorylation than deprivation of all AA. In AA-deprived CID-9 cells, Leu
specifically restored BLG synthesis from pre-existing mRNA whereas AA also restored total protein synthesis. This
restoration was associated with a more pronounced effect on 4E-BP1 and S6K1 phosphorylation in bovine versus murine
cells. Rapamycin specifically reduced Leu- and AA-stimulated BLG translation initiation in a dose-dependent manner. A
further reduction was observed for Leu-treated cells in the presence of LY294002, a PI3K (phosphatidylinositol 3-kinase)
inhibitor, which also reduced total protein synthesis. These findings suggest that direct signaling from AA to the
translational machinery is involved in determining the rates of milk protein synthesis in mammary epithelial cells. J. Cell.
Biochem. 98: 685–700, 2006. � 2006 Wiley-Liss, Inc.
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Regulation of milk protein synthesis in the
mammary gland has been associated with
anatomical and spatial adaptation to the repro-
ductive cycle. Starting atmid-pregnancy, extra-
cellular stimuli initiate a staged program of
milk protein gene expression that progresses
during lactation and terminates upon weaning
[Rosen et al., 1999]. A defined set of transcrip-
tion factors bind specific cis-regulatory se-
quences in milk protein genes and contributes
to the precise control of this cyclic process

[Marti et al., 1999; Groner, 2002; Coletta et al.,
2004].

Whereas transcriptional regulation of milk
protein gene expression has been extensively
studied, a critical role for translation control has
only recently been demonstrated. In differen-
tiated CID-9 mammary epithelial cells, insulin
and prolactin were shown to be both necessary
and sufficient to induce cytoplasmic elongation
of the poly(A) tract of b-casein mRNA and
consequent increase in translational efficiency,
whereas the mRNA of glyceraldehyde-3-phos-
phate dehydrogenase, a typical non-milk pro-
tein, is unaffected [Choi et al., 2004]. This
provides a mechanism for the in vivo observa-
tions that the length of the poly(A) tract of the
b-casein mRNA shortens upon weaning but
elongates when pups are allowed to nurse
[Kuraishi et al., 2000].

The notion that post-transcriptional mechan-
isms governmilk protein expression is supported
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by the disappointing increase (8%–20%) in b-
casein concentration in the milk of transgenic
cows having additional copies of b- and k-casein
genes [Brophy et al., 2003]. Furthermore, the
fact that transgenic mice with the same genes
express these proteins at much higher levels
suggests a quantitative limitation on protein
synthesis in the bovine gland [Persuy et al.,
1992; Rijnkels et al., 1995]. By contrast, non-
transgenic cattle treated with insulin clamps
and infused with casein as a source of amino
acids (AA) exhibited a transient but significant
change in milk protein production [Griinari
et al., 1997]. Cows receiving both treatments
had 28% higher levels of total milk protein
compared to 10% for casein infusion alone and
4% for insulin clamps alone. The increase in
milk protein content was associated with a
dramatic 54% decrease in the concentration of
essential AA in the circulation, suggesting the
activation of mechanisms that regulate protein
synthesis. Since a large proportion of incoming
AA is released from themammary epithelial cell
back into the bloodstream [Maas et al., 1998],
this further implies that the bovine mammary
gland is not functioning at maximum capacity.

The anabolic properties of AA have long been
appreciated, and stimulation of protein synth-
esis in response to food intake has been
associated with the activation of translation
initiation and the rapid re-aggregation of poly-
somes [Kimball and Jefferson, 2000]. Yet it has
only recently become apparent that AA act as
signaling molecules to regulate protein synth-
esis. Branched-chain AA, particularly Leu, can
reproduce the stimulatory effect of AA on
protein synthesis by regulating translation
initiation [Kimball and Jefferson, 2004; Proud,
2004]. In L6myoblasts, AA principally regulate
translational initiation at the level of Met-
tRNAi binding to the 40S ribosomal subunit,
which is controlled by the activity of eIF2B
[Kimball et al., 1998; Kimball, 2002]. In other
cell lines and tissues, signaling through the
mammalian target of rapamycin (mTOR) is
impaired by deprivation of AA [Kimball and
Jefferson, 2004; Proud, 2004].

mTOR is activated by hormones, growth
factors, and nutrients. It is directly phosphory-
lated by protein kinase B (PKB; a.k.a Akt) and
may represent the point of convergence for
separate pathways stimulated by insulin and
AA. mTOR regulates mRNA binding to the 43S
initiation complex by affecting the phosphoryla-

tion state of 4E-BP1. Phosphorylation of 4E-
BP1 at several sites is hierarchical [Wang et al.,
2005] and ultimately releases the initiation
factor eIF4E to start a cascade of events
resulting in the stimulation of cap-dependent
translation [Gingras et al., 2001].

S6 kinase 1 (S6K1) phosphorylates the 40S
ribosomal proteinS6. It has been suggested that
AA signal to S6K1 viamTOR [Hara et al., 1998].
A correlation has been demonstrated between
S6K1 activity and translation efficiency of 50-
TOP mRNAs, which possess an uninterrupted
runof pyrimidine residues adjusted to the 50-cap
structure. 50-TOP mRNAs encode many pro-
teins that are involved in translation such as
the ribosomal proteins, eIF1A, eIF2, and the
poly(A) binding protein. Yet, nutritional regula-
tion of 50-TOP mRNA translation was shown
to be independent of S6K1 phosphorylation or
activity [Tang et al., 2001]. It has also been
recently postulated that an intracellular AA
sensor may be linked to a small G-protein,
Rheb, a positive regulator of mTOR signaling
that functions in Drosophila downstream of
tuberous sclerosis complex (TSC)2 and up-
stream of mTOR in controlling cell growth
and regulating S6K1 activity [Kimball and
Jefferson, 2004].

AA regulation of mRNA translation has been
studied primarily in skeletal muscle and liver,
tissues that are subjected to rapid anabolic
processes after periods of starvation. The mam-
mary gland also undergoes massive production
of proteins, especially milk proteins, which
could be regulated at the translation initiation
step during the lactation period. In the current
work, we have studied translational regulation
of milk protein expression in differentiated
mouse and bovine cell cultures. We report a
specific effect for Leu on the initiation of b-
lactoglobulin (BLG) mRNA translation and
a negative correlation between the lower cap-
ability of the bovine cells to synthesize BLG
and their sensitivity to total AA and Leu
manipulations.

MATERIALS AND METHODS

Cell Culture and Transfections

CID-9 cells were grown in DMEM:F12 (1:1
Gibco-BRL, Paisely, UK) containing 5% heat-
inactivated fetal calf serum (FCS, Sigma, St.
Louis, MO), insulin (bovine, 5 mg/ml, Sigma)
gentamicin (50 mg/ml, Sigma), and combined
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antibiotics (penicillin, 100 units/ml and strepto-
mycin, 0.1 mg/ml, BioLabs, Jerusalem, Israel).
L-1 cells, a cloned cell line derived from lactat-
ing bovine mammary gland [German and
Barash, 2002], were grown in DMEM:F12 (1:1)
containing 10% FCS, insulin (bovine, 5 mg/ml),
hydrocortisone (1 mg/ml, Sigma), epidermal
growth factor (mouse EGF, 10 ng/ml, Sigma),
gentamicin (50 mg/ml), and combined anti-
biotics.
For extracellular matrix (ECM)-dependent

activation, cells were plated on Matrigel (Colla-
borative Bio-Medical Products, Bedford, MA) in
a 6-well dish (0.5� 106 cells/well) or in a 24-well
dish (0.2� 106 cells/well). DMEM:F12 contain-
ing 2% FCS, insulin (5 mg/ml), hydrocortisone
(3mg/ml), andprolactin (ovine, 3mg/ml, provided
by theNIDDKprogram)was added for 24h. The
mediumwas then switched to one without FCS.
Stable transfections of the b-lactoglobulin
(BLG) cDNA constructs into CID-9 or L-1 cells
were carried out with lipofectamine reagent
(Gibco-BRL) as previously described [Barash
et al., 1999]. Selection with G418 was initiated
after 3 days and continued for 3 weeks. Surviv-
ing colonies (>100) were pooled and stocks were
grown.

mRNA Isolation and Northern Blotting

Total RNA was isolated from mammary
epithelial cells using Trizol (Gibco); 15-mg
aliquots were analyzed on 1.5% agarose gels
and transferred to Nytran N nylon filters. The
latter were baked for 2 h at 808C and stained
with methylene blue to locate the 18 S and 28 S
ribosomal RNA. BLG mRNA was detected by
hybridization at 658C to a 404-bp 32P-labeled
PCR product, prepared from reverse-transcribed
bovine mammary RNA with the primers 50-CC-
TTGTGCTGGACACCGACTAC-30 and 50-CTT-
TATTGCTGAAGGAGGAGCGG-30 and the oBLG
cDNA [Shani et al., 1992] as template. Bovine
and murine 16 S mRNAs were detected using a
1,055-bp 32[P]-labeled probe prepared as a PCR
fragment fromthemouse16Sgene [Iavnilovitch
et al., 2004].

Immunoblot Analysis

For the detection of 4E-BP1, pS6K1, and
eIF4E, proteins were extracted from the epithe-
lial cells by three freeze-thaw cycles in 10 mM
Tris-HCl, pH7.4, containing150mMKCl, 1mM
DTT, 1 mM EDTA, 1 mM 50 mM NaF, 1 mM

Na3Vo4, 1 mM PMSF, and 1 mg/ml aprotinin
[Barash, 1999]. Extracted proteins were frac-
tionated by SDS–PAGE and transferred onto
nitrocellulose filters. Equal amounts of loaded
proteinwere confirmed by staining the blotwith
Ponceau S (Sigma). For 4E-BP1 detection,
filters were blocked and reacted with rabbit
anti-4E-BP1 antibody (Zymed Laboratories,
San Francisco, CA; diluted 1:500 [Barash,
1999; German and Barash, 2002]. Detection of
S6K1 phosphorylated on Thr389, was performed
with anti-phospho-p70 S6 kinase antibody (Cell
Signalling, Beverly, MA) diluted 1:500. Goat
anti-rabbit IgG complexed with HRP (Zymed)
served as the second antibody. eIF4Ewas detec-
ted with anti-eIF4E antibodies (BD Bioscience,
San Jose, CA) diluted 1:500. For the detection of
S6K1 phosphorylated on Ser411, filters were
reacted with anti-phospho-p70S6K antibody
(Santa Cruz Biotechnology, Santa Cruz, CA)
diluted 1:300. Goat anti-mouse IgG complexed
with HRP served as the second antibody.
Signals were generated with an ECL kit
(Amersham, Buckinghamshire, UK) or Super
Signal, West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL) according to the manu-
facturer’s protocol. Signals at the linear range of
development, were quantitatied using the soft-
ware Gel-Pro Analyser, ver.3.0 (MediaCyber-
netics, UK) and expressed relative to the value
of the control non-deprived cells.

Metabolic Labeling

CID-9 andL-1 cells were cultured onMatrigel
in 35-mm dishes and labeled for 1 h with 1 ml of
DMEM containing 100 uCi/ml [35S] Met as pre-
viously described [Barash et al., 1999; German
and Barash, 2002]. Briefly, total incorporation
of [35S] Met to TCA-precipitable protein was
measured in 5-ml aliquots pipetted onto nitro-
cellulose filters. For the determination of de
novo BLG synthesis, aliquots (300–500 ml) of
cell lysate, containing equal amounts of TCA-
precipitable protein, were pre-treated with
Protein A-Sepharose CL-4B beads (Pharmacia,
Uppsala, Sweden), then reacted with anti-BLG
antibodies (Nordic Immunology, Tilburg, The
Netherlands, diluted 1:250) and precipitated
with Protein A-Sepharose. Proteins were sepa-
rated bySDS–PAGE, and the gelswere exposed
to XAR Kodak film following fluorography.
Signals at the linear range of development
were quantitatied using the software Gel-Pro
Analyser, ver.3.0 (MediaCybernetics, UK) and
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expressed relative to the value of the control,
non-deprived cells.

Labeling AA-deprived cells was performed
in Earle’s Balanced Salts solution containing
Met (17.24 g/ml, representing its level in
DMEM:F12). This was to maintain equal Met
pools in control and deprived cells. Insulin,
prolactin, and hydrocortisone were present
during labeling.

S6K1 Activity

Cells were extracted in 50 mM Tris-HCl
containing 150 mM NaCl, 1% NP-40, 1 mM
EGTA, 1mMNaF, 1mMNa3VO4, 1mMPMSF,
and 1mg/ml aprotinin. Thekinase activity in cell
lysates was assayed using a p70S6K activity
kit (Upstate Biotechnology, Waltham, MA) in
immunoprecipitates according to the manufac-
turer’s protocol. Incorporation of 32P into the
synthetic substrate (AKRRRLSSLRA) was
measured by precipitation of 10-ml aliquots
pipetted onto phosphocellulose filters and
washed in 0.75% phosphoric acid.

Real-Time PCR

RNA from L-1 and CID-9 cells was isolated
using Trizol. Reverse transcription of 1 mg RNA
was performed at 378C for 50 min in 25 ml of
50mMTris-HCl, pH8.3, containing 75mMKCl,
10 mM DTT, 3 mM MgCl2, dATP, dTTP, dCTP,
and dGTP (Stratagene, La Jolla, CA, 10 mM
each), 0.5 mg of oligo(dT) primer (Promega), and
200 U of SUPERSCRIPT II (Gibco/BRL).
RNase-free DNase I (1 ml) was added to elimi-
nate residual genomic DNA contamination.
Real-time PCR was performed in an ABI Prism
7700 in 20-ml reactions containing 1 ml of the
reverse transcription reaction mixture (10 ng
cDNA), 10 ml of SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA), 10 mM
primers and 0.3 ml of Taq polymerase. The
thermal-cycle conditions consisted of 10 min at
958C, and 40 cycles of 15 s at 958C, and 1 min at
608C. The primers were designed so that the
PCR would yield a single product without any
primer dimerization, the product being verified
using a dissociation protocol. The amplification
curves of the BLG and 16S were parallel. The
results were calculated as DDCT, as described
in User Bulletin no. 2 for the ABI prism 7700
sequence detection system. The primers were
50-CTGCTGCAGAAATGGGAGAAC-30 and 50-
TTCTCATTCAAGGCATCGATCTT-30 for BLG,

50-AGGGATAACAGCGCAATCCTATT-30 and
50-CTTTGATAGCGGTTGCACCAT-30 forbovine
16S rRNA, and 50-GCTAAACGAGGGTCCAA-
CTGTCT-30 and 50-GCTCCATAGGGTCTTCT-
CGTCTT-30 for mouse 16S rRNA.

RESULTS

BLG Protein Synthesis in Bovine Cells Is
More Sensitive to AA or Leu Withdrawal

Than in Mouse Cultures

The mouse CID-9 and bovine L-1 cell lines
were both derived from continuously proliferat-
ing, non-transformed mammary epithelial cell
populations that lack tumorigenic properties
[Danielson et al., 1984; German and Barash,
2002]. Both differentiate onMatrigel to produce
mammospheres in which milk proteins are
synthesized after induction with lactogenic
hormones. To analyze the expression of similar
specific milk protein genes, we stably trans-
fected CID-9 cells with the ruminant ovine BLG
gene [Shani et al., 1992] which is homologous to
the bovine. Although the BLG gene is absent
from the murine genome, upon stable introduc-
tion, it acquires the tissue and hormonal
responsiveness characteristic of milk protein
genes both in vivo and in vitro (see plsmid 585
in; [Baruch et al., 1995, 1998]). Preliminary
analyses indicated that the murine CID-9 cells
synthesize the transfected BLG at 3.1� 0.4-fold
higher levels than the bovine L-1 cells (Fig. 1,
inset). Transfection of L-1 cells with additional
copies of the BLG gene only marginally affected
the levels of BLG synthesis as measured by
immunoblot analysis (data not shown). The
presence of reliable antibodies to BLG enabled
its analysis in both bovine and murine cells.
(Antibodies that reactwith other ruminantmilk
proteins, such as caseins, are not commercially
available.)

We first established the time frame for the
effect of AA depletion on protein and RNA
synthesis under conditions resembling the
lactation state of the mammary gland. Cells
were cultured on Matrigel in serum-free med-
ium for 5 days in the presence of insulin,
hydrocortisone, and prolactin. They stopped
proliferating, differentiated into mammo-
spheres, and began to produce milk proteins.
Then, the medium was replaced with one
lacking either the full set of AA or lacking only
Leu for various time periods. During the last
hour of incubation, the cells were labeled with
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[35S] Met. Hormones were present during the
depletion and labeling periods.
The total rate of protein synthesis was 2.1-

fold higher in differentiated, hormonally trea-
ted CID-9 cells compared to their bovine L-1
counterparts (2.6� 0.4� 106 TCA precipitable
cpm vs. 1.2� 0.1� 106 per 1� 105 cells, respec-
tively). In both cell lines, protein synthesis
decreased during the first 48 h of AA depletion
to a level 25 to 30% of controls (Fig. 1A). Longer
periods of AA deprivation had no further effect
on [35S] Met incorporation. Cells of both origins
cultured in medium lacking Leu exhibited a
more gradual decline in total protein synthesis,
mainly during the first 24 h of Leu deprivation

(Fig. 1B). No significant differences were noted
between AA and Leu deprivation on CID-9
versus L-1 cells (P< 0.05).

The effect of AA or Leu deprivation on the
synthesis of BLG was measured by immuno-
precipitation of proteins from control and
deprived cells (Fig. 2). BLG synthesis declined
faster and to a greater extent in the AA-
deprived L-1 cells compared to CID-9 cells
(Fig. 2C vs. A). Twenty-four hours after AA
withdrawal,L-1 cells synthesizedBLGat40%of
control levels whereas CID-9 cells were only
slightly affected. By 72 h of AA deprivation, L-1
cells synthesized BLG at �8% of controls
whereas synthesis in CID-9 cells remained at
�40%. Similarly, withdrawal of Leu affected
BLGsynthesis inL-1 cellsmore severely than in
CID-9 cells. The major difference occurred over
the first 24 h. During that period, [35S] Met
incorporation was reduced by �60% in L-1 cells
compared to �20% in CID-9 cells. The more
severe effect of both AA and Leu withdrawal on
L-1 cells was maintained for at least 72 h
(Fig. 2C,D vs. A,B).

We wished to distinguish between effects on
levels of BLG mRNA (transcription, splicing,
nuclear export, degradation) versus efficiency of
BLG mRNA translation. We therefore mea-
sured BLG mRNA levels by both Northern
blotting and real-time PCR as a function of
AA withdrawal (Table I). The time course of
deprivationwas limited to 72h, afterwhich time
protein synthesis was only marginally affected.
BLGmRNA levels decreased for bothCID-9 and
L-1 cells, but for both cell lines, the decrease in
mRNAwas less rapid than the decrease in BLG
synthesis (Fig. 2). For instance, after 24 h the
decrease inBLGmRNAwasundetectable inL-1
cells but the decrease in BLG synthesis was
more than 60%.

Effect of AA or Leu Deprivation on the
Levels or Activities of eIF4E, 4E-BP1,
and S6K1 in L-1 and CID-9 Cells

The foregoing results indicate that a change
translational efficiency of BLG mRNA rather
than a change in BLG mRNA levels is respon-
sible for the decrease in BLG synthesis follow-
ing AA withdrawal, and that the translational
effect is greater in L-1 than CID-9 cells. To
determine which changes in the translational
machinery might be responsible, we tested
several factors and signal transduction path-
ways known to affect protein synthesis.

Fig. 1. Total protein synthesis is similarly affected by AA and
Leu deprivation in murine and bovine cell cultures. Epithelial
cells were allowed to differentiate on Matrigel for 5 days in the
presence of insulin, hydrocortisone, and prolactin. Cells were
washed and incubated inmedium lacking either the full set of AA
(A) or just Leu (B) for the indicated times. [35S] Methionine was
added to the medium for the final hour and its incorporation into
TCA-perciptible proteins was measured in cell lysates. Bars
represent mean� SEM of relative incorporation from at least
three independent experiments. Inset, immunoblot analysis of
BLG expression in transfected CID-9 and L-1 cells. Equal
amounts of protein/sample from cell lysate of L-1 and CID-9
cells were analyzed on SDS–PAGE, blotted ontomembrane and
reacted with anti-BLG antibodies. Representative blot of three
independent analyses.
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Total AA deprivation of murine and bovine
cells did not alter eIF4E levels over the short
term (Fig. 3A) or for up to 120 h (not shown).
It has been shown that AA deprivation blocks
S6K1 activity in CHO and HEK293 cells,
although there are only minor effects in hepa-
toma cells [Hara et al., 1997; Wang et al., 1998].
To study the effect of AA in regulating S6K1
phosphorylation and activity in mammary
epithelial cells, we measured S6K1 phosphor-
ylation on Ser411 and Thr389, located in the
pseudosubstrate and rapamycin-sensitive do-
mains, respectively. No effect of AA deprivation
on Ser411 phosphorylation was observed in
either L-1 or CID-9 cells after 8 h (Fig. 3A) or
up to 120 h (data not shown). By contrast, a
significant decrease was observed in Thr389

phosphorylation (Fig. 3A,B). The decrease was
more rapid in L-1 (� 50% after 30 min) than in
CID-9 cells.

TABLE I. Deprivation Effect on BLG RNA
Expression in CID-9 or L-1 Cells

Time after AA withdrawal, h

0 24 48 72

CID-9
Northern blot 1.0 0.9 0.8 0.8
Real-time
PCR

1.00� 0.15 0.85�0.3

L-1
Northern blot 1.0 1.0 0.9 0.8
Real-time
PCR

1.00þ 0.02 0.65�0.2

Epithelial cells were allowed to differentiate on Matrigel in the
presence of insulin, hydrocortisone, and prolactin for 5 days.
Cellswerewashed, and incubated for 72h inmedium lackingAA
for the indicated times. Total RNA (10 mg) prepared from intact
and deprived cellswas fractionated, transferred to anylonfilter,
and hybridized with the 32[P]-labeled PCR product of the BLG
cDNA. Filters were stripped and re-hybridized with the labeled
PCR product of 16 S. The relative intensity of the BLG/16 S
signals is presented. In addition, real-time PCR was performed
on RNA samples prepared from intact and deprived cells as
described in Experimental. Relative mean values�SEM of
DDCT from three independent experiments are presented.

Fig. 2. AA, particularly Leu, deprivation in bovine L-1 cells
suppresses BLG synthesis more rapidly than in their murine CID-
9 counterparts. Differentiated, hormonally treated mammary
epithelial cellsweredeprivedof either totalAA (A,C) or Leu (B,D)
for the indicated times. [35S]Metwas added to themediumfor the
final hour. De novo BLG synthesis was measured by immuno-
precipitation in aliquots containing equal levels of TCA-

perciptible protein as described in Materials and Methods.
Samples were subjected to SDS–PAGE followed by autoradio-
graphy. In each analysis, the values of the quantitated signals
(insets) were related to that of the non-deprived cells and are
presented in the bar graphs as an average� SEM of more than
three independent experiments.
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Differences between the two cell lines
were also noted for Leu deprivation (Fig. 3B).
Whereas S6K1 phosphorylation in CID-9 was
hardly affected after 8 h, it was reduced to less
than 50% of the control in L-1 cells. The loss of
Thr389 phosphorylation was slower for Leu
deprivation than AA deprivation.
The amount of eIF4E available for translat-

ion is regulated, in part, by sequestration in an
inactive complex with 4E-BP1, being released
by phosphorylation of the latter [Lin et al.,
1994; Pause et al., 1994].We compared 4E-BP1
status in both mouse and bovine cell lines
starved for AA for 6 h (Fig. 4A,C) or 24 h
(Fig. 4B,D). 4E-BP1 was detected in its three
isoforms: non-phosphorylated (a), partly phos-

phorylated (b), and fully phosphorylated (g).
In CID-9 cells, there was little change in the g
form over 6 h of AA withdrawal, but it
decreased over 24 h, indicating that eIF4E is
progressively becoming unavailable for trans-
lation (Fig. 4A,B). By contrast, the loss of the
g form was much more rapid in L-1 cells,
detectable after only 30min, reaching 85% loss
by 6 h (Fig. 4C), and essentially complete by
24 h (Fig. 4D). Withdrawal of Leu caused
similar but less pronounced effects on 4E-BP1
phosphorylationwith little effect in CID-9 cells
(Fig. 5). Dephosphorylation progressed more
slowly than in the AA-deprived cells, but
more than 50% loss was still observed in L-1
cells.

Fig. 3. The level of phosphorylated S6K1(Thr389) decreases
more rapidly in AA- and Leu-deprived bovine cells relative to
their murine counterparts. A: S6K1 phosphorylation on Thr389,
but not on Ser411 is affected by AA deprivation. Differentiated,
hormonally treated cells were deprived of AA for the indicated
times. eIF4E, pS6K1(Ser411), and pS6K1(Thr389) were detected by
immunoblot analysis. B: Densitomatric analysis of signals

obtained from S6K1(Thr389) immunoblot of AA- or Leu-deprived
cells. Signals in the linear range of their development were
quantitated as described in Materials and Methods. In each
analysis, values from deprived cells were related to their non-
deprived controls. Averaged values� SEM from three indepen-
dent analyses are presented.
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Activated S6K1 directly phosphorylates the
S6 ribosomal protein. In AA-deprived CID-9
cells, the decrease in S6K1(Thr389) phosphor-
ylation correlated with decreased S6K1 activity
in phosphorylating an artificial substrate with
AA sequences derived from the human S6
ribosomal protein (Fig. 6A). Within 0.5 h,
S6K1 activity was significantly decreased
(P< 0.05) and by 8 h, it was only 45% of control.
Longer deprivation produced no further effect.
In fact, some recovery could be observed.
Surprisingly, AA deprivation did not affect
S6K1 activity in L-1 cells over the short term
but caused a 40% decrease after 4 days. Leu
deprivation caused similar but less severe
effects. In CID-9 cells there was a rapid but
transient decrease inS6K1activitywhereasL-1
cells were hardly affected (Fig. 6B).

Restoring Protein Synthesis by the Addition of
AA or Leu to AA-Deprived Cells

The potential of all AA or Leu alone to rescue
protein synthesis from deprived cells was
studied in differentiated CID-9 and L-1 cells
cultured for 72 h in hormonally supplemented,
AA-deficient medium. In these cells, total and
BLG protein synthesis was decreased to about
25% of control levels (Fig. 7A), whereas BLG
mRNA levels remained higher relative to non-
deprived cells (Table I). Restoration of protein
synthesis was limited to the translation of pre-
existing mRNA by the addition of 5 mg/ml
actinomycin D, an inhibitor of DNA-dependent
RNA synthesis [Loreni et al., 2000]. By 2 h after
the addition of AA to the deprived cells, protein
synthesis was increased 2.5-fold relative to the

Fig. 4. Dephosphorylation of 4E-BP1 occurs faster in murine cells than in bovine cells following AA
deprivation. Differentiated, hormonally treated CID-9 and L-1 cells were incubated in medium lacking AA
for a short (A, C) and longer (B,D) time. 4E-BP1was determined in cell extracts by immunoblot analysis and
the intensity of the signals was measured by densitometry. Signals of individual 4E-BP1 subunits from three
independent cultures in the linear range of their developmentwere quantitated as described inMaterials and
Methods, averaged, and expressed as mean� SEM, relative to their combined intensity.
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depleted controls in both cell lines (Fig. 7A).
Nevertheless, the non-starved level of synthesis
was only partially recovered. By contrast, Leu
alone did not stimulate synthesis of total
proteins during this period.
BLG synthesis in CID-9 cells was restored by

AA re-addition and reached a level 1.8-fold
higher than the control deprived cells after 2 h
(Fig. 7B). Surprisingly, Leu alone induced BLG
synthesis to a level comparable to that of the
complete set of AA andwith a shorter lag time—
1 h after its addition, a significant induction of
BLG synthesiswas observed.Unfortunately, an
accurate analysis of rescued BLG-synthesis in
L-1 cells was not possible due to its low level.

The effect of AA or Leu restoration on 4E-BP1
phosphorylation was also studied in CID-9 and
L-1 cells deprived of AA for 6 h (Fig. 8). With-
drawal of AA caused a decrease in the relative
level of the fully phosphorylated g-form to about
10% of the total amount of the protein. As early
as 1 min after AA were restored, an increase in
the g form was detected in both cell lines
(Fig. 8A,C). Ten minutes later, the control,
non-starved level was reached. Readdition of
Leu stimulated phosphorylation of 4E-BP1 to
control levels in the bovine L-1 cells, whereas
CID-9 cells were less affected (Fig. 8B,D).

A similar approach was taken to study the
consequences of AA or Leu readdition to AA-
deprived cells on S6K1 phosphorylation and
activities (Fig. 9). Withdrawal of AA for 8 h
resulted in decreased phosphorylation of
S6K1(Thr389) to about 30% of control levels in
themurine and bovine cells. Partial restoration,
up to 80% of control levels, was obtained within
5–10 min of AA readdition to CID-9 cells
(Fig. 9A). Leu administration induced S6K1
phosphorylation to up to 60% of the respective
controls in both cell lines (Fig. 9B). Exception-
ally high phosphorylation levels, up to four
times the control, were recovered within 10min
in L-1 cells treated with AA (Fig. 9A). The time
course of the restoration of S6K1 activities by
AA or Leu in CID-9 cells resembled that of its
phosphorylation (Fig. 9C, D). L-1 S6K1 activity,
which was not affected by AA deprivation
during this time period, was also resistant to
the restorative effect.

To study signaling pathways involved in AA
regulation of translation, cells were depleted of
AA for 72 h and protein synthesis was initiated
from pre-existing RNA in the presence of
rapamycin, an mTOR inhibitor, LY294002, a
phosphatidylinositol 3-kinase (PI3K) inhibitor,
or cordycepin, an inhibitor of cytoplasmic poly-
adenylation (Fig. 10). These inhibitors were
added together with actinomycin D 0.5 h before
AA or Leu was restored, and cells were cultured
for an additional 2 h. The effects of the various
inhibitors are shown relative to the level of total
protein or BLG synthesis determined at the
termination of the incubation period in intact
cells.

Rapamycin did not significantly (P> 0.05)
affect the capability of AA or Leu to restore total
protein synthesis in either CID-9 or L-1 cells
(Fig. 10a,d). In contrast, at 100 ng/ml, it
reduced their potential to rescue BLG synthesis

Fig. 5. Leu withdrawal results in dephosphorylation of 4E-BP1
in L-1, but not CID-9 cells. Differentiated, hormonally treated
CID-9 (A) and L-1 (B) cellswere incubated inmedium lackingLeu
for the indicated time periods. 4E-BP1 was determined in cell
extracts by immunoblot analysis and the intensity of the signals
was measured by densitometry. Signals of the individual 4E-BP1
forms are presented as percentage of the total intensity of the
three forms. Signals of individual 4E-BP1 subunits from three
independent cultures in the linear range of their development
were quantitated as described in Materials and Methods,
averaged, and expressed as mean� SEM, relative to their
combined intensity.
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in CID-9 cells to close to that of the AA-depleted
cells (Fig. 10g,j). More prominent effects were
observed for LY294002. At 15 mg/ml, total
protein synthesis could be rescued to only 45%
or 35% of controls by restoration of AA or Leu,
respectively (Fig. 10b,e). For AA-treated cells,
this represents the baseline of deprived cells,
whereas for Leu-treated cells in which total
protein synthesis was not restored, this is 65%
below basal levels.

The rescue of BLG synthesis by AA or Leu
was measured in aliquots containing equal
radioactivity of total protein. This required
higher levels of extract for cells treated with
LY294002. Consequently, the data presented in
Figure 10h,k indicate a stronger inhibitory
effect of LY294002 on BLG synthesis than on
total protein synthesis. Interestingly, the effect
of LY294002 was more pronounced on the
translation of RNA from cells treated with Leu
alone than from those treatedwith the complete
set of AA.

AA-stimulated rescue of total protein synth-
esis was inhibited by cordycepin in a dose-
dependent manner to baseline, AA depleted,
levels in the AA-treated cells, and to 15% or 35%
of baseline level in theLeu-treatedL-1 andCID-
9 cells, in which total synthesis was not rescued
(Fig. 10c,f). Similar to LY294002, BLG synth-
esiswasmore susceptible to the inhibitory effect
than total proteins as it still decreased when
equal levels of proteins were analyzed (Fig. 10i,l).
Finally, at 200 mg/ml, the inhibitory effect of
cordycepin was more pronounced on Leu-
induced synthesis than on that induced by the
total complement of AA. The results with
cordycepin indicate that cytoplasmic polyade-
nylation is required for AA- and Leu-stimulated
total protein synthesis and particularly for BLG
synthesis.

DISCUSSION

Nutrient supply has long been recognized as
essential for maintaining milk-protein levels,

Fig. 6. S6K1 activity is rapidly decreased by AA deprivation in CID-9 cells. Differentiated, hormonally
treated L-1 andCID-9 cellswere deprived of all AA (A) or Leu (B) for the indicated time periods. S6K1 activity
was determined by analyzing 32[P] incorporation into S6 as described in Materials and Methods. The data
represent mean� SEM of at least three independent experiments.
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and nutritional studies aimed at examining the
role of individual AA in regulating milk-protein
synthesis have been performed in vivo [Maas
et al., 1997, 1998; Shennan andPeaker, 2000] or
in theperfusedmammarygland [Mephametal.,
1979]. However, an accurate evaluation of the
direct role of single amino acid in the control of
milk-protein synthesis has never been possible
due to the different uptakes of the individual AA
by the gland. Furthermore, to the best of our
knowledge, translational control ofmilk protein
synthesis by AA has never been studied. In the
current work, we have studied the effect of AA

manipulation on translational regulation of the
milk-protein BLG in two cell lines, which differ
in their capabilities to synthesize total proteins
or themilk-specific proteinBLG.This difference
may not merely result from a random disparity
among cell lines, since both cultures were
prepared by a similar methodology. Although
L-1 cells have undergone one more step and
represents a single clone, these cells synthesize
BLG comparably to most other clones. Indeed,
lower BLG expression in L-1 cells compared to
the murine CID-9 cell population was detected
even after transfection with additional copies of
the BLGgene. To some extent, these differences
may represent the intrinsic properties of epithe-
lial cells in the mammary glands of the two
species, resulting in lower levels ofmilk-protein
content in bovine versus rodents.

Despite the higher rate of protein synthesis in
themurine epithelial cells, AA andLeu depriva-
tion of L-1 and CID-9 cultures resulted in
comparable rates of decrease in the synthesis
of total proteins by the differentiated cultures of
the two cell lines. However, synthesis of the
milk protein BLG in L-1 cells was more
susceptible to the lack of total AA or of the
individual amino acid Leu. The sharper and
more pronounced decrease in BLG protein
synthesis in bovine cells was associated
with dephosphorylation of 4E-BP1 and S6K1
(Thr389). While other factors, such as eIF2B
activity, eIF4E phosphorylation, or the rate
of peptide elongation, may also be involved
[Kimball and Jefferson, 2000], we suggest that
the changes in 4E-BP1 and S6K1(Thr389)
phosphorylation reflect a faster and more
pronounced operation of the signaling appara-
tus in the bovine cells, and this achieves a more
rapid shutdown of translation in the face of AA
insufficiency. The concept of exploiting S6K1 or
4E-BP1 phosphorylation status as an indicator
of the cell’s inclination to shut down translation
has been previously presented using CHO-IR
cells [Hara et al., 1998]. The current study
validates this concept by correlating the strin-
gency of 4E-BP1 and S6K1 regulation of
phosphorylation in two comparable mamma-
lian cells to their in vivo function, that is, the
ability to synthesizemilk protein. Interestingly,
within a given cell culture, some differences in
the AA effects on the individual translation
factors were observed. The best example of this
is the fourfold induction of S6K1 (Thr389)
phosphorylation in AA-rescued L-1 cells, which

Fig. 7. BLG translation is induced by Leu, independent of its
notable effect on total protein synthesis. A: Differentiated,
hormonally treated CID-9, and L-1 cells were deprived of AA
for 72 h. AA or Leu was restored for 1 or 2 h, and metabolic
labeling was performed during the first or second hour of
restoration. [35S]Met incorporation relative to that determined at
the end of starvation, averaged from nine independent experi-
ments, is presented (B). BLGwas immunoprecipitated fromequal
amounts of TCA-perciptible proteins and analyzed by SDS–
PAGE. Signals at the linear range of their development were
quantitated as described inMaterials andMethods and related to
starved-cell values. Data represent mean� SEM of five indepen-
dent experiments.
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was associated with recovery of 4E-BP1 phos-
phorylation to only the control baseline. The
difference between the rates of the 4E-BP1 and
S6K1 reactions may result from multiple links
between mTOR and its downstream targets
[Wang et al., 2005] or from different sensitiv-
ities to hydrocortisone [Liu et al., 2004], which
in combination with insulin and prolactin form
the lactogenic hormone mixture.

S6K1 activity has generally been correlated
with the phosphorylation of Thr389, which is
located at a rapamycin-sensitive phosphoryla-
tion site in the C-terminal linker domain.
Nevertheless, other sites have also been sug-
gested as relevant.Herewe demonstrate that in
neither cell line does AA deprivation involve
phosphorylation of Ser411, which together with
Ser418, Thr421, and Ser424 lie in a serine-proline-
rich region within the pseudosubstrate region.
Phosphorylation at this site is thought to
activate S6K1 via relief of pseudosubstrate
suppression [Pullen et al., 1998; Dufner and

Thomas, 1999]. However, S6K1 activity is not
always correlated with Ser411 phosphorylation
as shown in mitotic HeLa cells [Shah et al.,
2003]. In the current study, wewere only able to
correlate S6K1 phosphorylation on Thr389 with
its activity in CID-9 cells. The reason for the
delayed decrease in S6K1 activity compared to
its phosphorylation (Thr389) in the AA-deprived
L-1 cells is unknown.

It is worth noting that both the murine and
bovine epithelial cell cultures synthesize BLG
for at least 72 h in the absence of extracellular
AA. This continuous rather than immediate
decrease in BLG synthesis supports the concept
of an intracellular nutrient sensor [Proud,
2004]. In that defined ex vivo environment, it
senses a gradual decrease in the internal pool of
AA rather than their complete elimination from
the medium and regulates cellular anabolic
processes accordingly. Upon restoration, how-
ever, this putative sensor is able to rapidly
signal to translation initiation. Data collected

Fig. 8. 4E-BP1 phosphorylation is better restored byAAor Leu in bovine L-1 cells compared to theirmurine
CID-9 counterparts.Differentiated, hormonally treatedCID-9 (A,B), and L-1 (C,D) cellsweredeprivedofAA
for 6 h. AA (A, C) or Leu (B, D) were then restored for up to 10min and 4E-BP1was analyzed in the cell lysate
by immunoblot. Signals of individual 4E-BP1 subunits from three independent cultures at the linear range of
their development were quantitated as described in Materials and Methods, averaged, and expressed as
mean� SEM, relative to their combined intensity.
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from Xenopus oocytes microinjected with Leu
[Christie et al., 2002] suggest that this AA
sensor is associated with Rheb, a positive
regulator of mTOR signaling, which serves as
a component of themTORcomplex [Kimball and
Jefferson, 2004].
Lack of Leu had a less marked effect on BLG

synthesis than that detected in the absence of
total AA. This implies that additional AAmight
be involved in controlling translation suppres-
sion in themammary gland during deprivation.
The more gradual decrease in BLG synthesis in
Leu-deprived cells does not necessarily indicate
translational regulation, since a clear delinea-
tion between the roles of AA in translation
signaling and as substrates for synthesis of the
polypeptide chain could not be made. The less
dramatic effect of Leu on 4E-BP1 and S6K1
phosphorylation supports the view that addi-
tional AA participate in translational regula-
tion during deprivation in mammary epithelial
cells. The rate of activation of translational
initiation by Leu differs significantly between
muscle, liver, PC12 cells, CHO cells, and other
tissues [Hara et al., 1997; Kleijn and Proud,
2000; Anthony et al., 2001]. In most tissues

studied, and particularly muscle, Leu is the
most effective AA in regulating protein synth-
esis. Nevertheless, other AA, such as Gln, could
play roles as well [Kimball and Jefferson, 2002].

The analysis of translational control in the
deprivedL-1 andCID-9 cellswas complemented
by restoration experiments conducted in acti-
nomycin D-treated cultures for shorter times in
order to focus on translational control. Restora-
tion of BLG synthesis from its pre-existing RNA
was inferred from the difference between
relatively high levels of BLG mRNA and
decreased BLG protein in AA-deprived cells.
This discrepancy most likely results from
stabilizing BLG mRNA with prolactin and
hydrocortisone [Chomczynski et al., 1984,
1986; Eisenstein and Rosen, 1988] and suppres-
sing the synthesis of short-lived cytosolic pro-
tein(s) involved in the degradation of BLG
mRNA during AA deprivation [Yokota et al.,
1995; Hesketh et al., 1998]. Sufficient amounts
of BLG RNA in the AA-deprived CID-9 cells
enabled Leu to rapidly and specifically stimu-
late BLG mRNA translation without affecting
total protein synthesis. This constitutes evi-
dence for specific translational regulation of

Fig. 9. Rescue of S6K1 phosphorylation and activity by AA or Leu supplementation to AA-deprived CID-9
and L-1 mammary cells. A: Differentiated, hormonally treated CID-9, and L-1 cells were deprived of AA for
8 h. AA or Leu were then restored for up to 10 min and S6K1 phosphorylation (on Thr389) (A, B) or activity
(C,D) was analyzed in the cell lysate. Signals from three analyses of S6K1phosphorylation at the linear range
of their developmentwere quantitated as described inMaterials andMethods and expressed relative to intact
control cells. S6K1 activity was measured in three independent analyses and expressed as mean� SEM.
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milk proteins by AA. Apparently, the potential
of Leu to regulate BLG synthesis depends on
particular environmental conditions. In fact,
our studies with deprived mammary epithelial
cells indicate that protein synthesis as well as

4E-BP1 and S6K1 phosphorylation are more
affected by the elimination of all AA relative to
that of Leu alone. Conversely, the similar levels
of BLG synthesis rescued by Leu and the full set
of AA suggest that upon restoration, BLG

Fig. 10. Metabolic pathways involved in regulating the
translation of BLG mRNA. Differentiated, hormonally treated
CID-9, and L-1 cells were deprived of AA for 72 h. Then, AA or
Leu were restored for 2 h in the presence of rapamycin,
LY294002 or cordycepin. To prevent transcription initiation,
the culturemedium also contained actinomycin D. Total protein
synthesis was determined by metabolic labeling of cells with
[35S] Met during the second hour following the addition of AA
(a–c), or Leu (d–f). Radioactive TCA-perciptible proteins were

counted and data were related to that measured in control intact
cells. BLG synthesis, restored by AA (g–i) or Leu (j–l), was
measured by immunoprecipitation of CID-9 cell lysate contain-
ing equal amounts of TCA-perciptible proteins. The intensity of
the signals originated from the three independent analyses was
quantitated the linear range of their development as described in
Materials and Methods, averaged and presented as mean� SEM
relative to that measured in control, intact cells.
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mRNA translation depends on additional or
rate-limiting factor(s), such as those involved in
controlling the elongation phase of translation
[Proud, 2000], which participate, alongwith 4E-
BP1 and S6K1, in setting the final translation
rate.
AA convey their signal via mTOR but in a

PI3K-dependent manner [Gingras et al., 2001].
Insulin and prolactin mediate PI3K activity via
IRS-1 [Myers et al., 1994; Berlanga et al., 1997;
Drakas et al., 2004], but the synergism between
these hormones, which is needed for lactogenic
activity, involves polyadenylation of milk pro-
tein mRNAs [Choi et al., 2004]. We found that
interferingwith the lattermechanism results in
severe inhibition of BLG synthesis. Our data
indicate that initiation of BLG mRNA transla-
tion by AA or Leu alone reliesmainly on a direct
effect via mTOR, but in the absence of the
complete set of AA, BLG translation is also
susceptible to the inhibition of the PI3 signaling
pathway. The high sensitivity of BLG to AA
manipulation of translation highlights this
delicate mechanism of regulating milk protein
expression.
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