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In eukaryotic cells, mRNAs encoding signal sequence-bearing proteins undergo translation-dependent trafficking to the
endoplasmic reticulum (ER), thereby restricting secretory and integral membrane protein synthesis to the ER compart-
ment. However, recent studies demonstrating that mRNAs encoding cytosolic/nucleoplasmic proteins are represented on
ER-bound polyribosomes suggest a global role for the ER in cellular protein synthesis. Here, we examined the steady-state
protein synthesis rates and compartmental distribution of newly synthesized proteins in the cytosol and ER compart-
ments. We report that ER protein synthesis rates exceed cytosolic protein synthesis rates by 2.5- to 4-fold; yet, completed
proteins accumulate to similar levels in the two compartments. These data suggest that a significant fraction of cytosolic
proteins undergo synthesis on ER-bound ribosomes. The compartmental differences in steady-state protein synthesis rates
correlated with a divergent regulation of the tRNA aminoacylation/deacylation cycle. In the cytosol, two pathways were
observed to compete for aminoacyl-tRNAs—protein synthesis and aminoacyl-tRNA hydrolysis—whereas on the ER tRNA
deacylation is tightly coupled to protein synthesis. These findings identify a role for the ER in global protein synthesis,
and they suggest models where compartmentalization of the tRNA acylation/deacylation cycle contributes to the regu-

lation of global protein synthesis rates.

INTRODUCTION

Early studies into the mechanism of protein secretion estab-
lished the endoplasmic reticulum (ER) as the site of secre-
tory and integral membrane protein synthesis (Palade and
Siekevitz, 1956a,b; Siekevitz and Palade, 1958). The subse-
quent discovery of the signal recognition particle pathway
provided important insight into the mRNA partitioning
events that enable the compartmentalization of secretory/
integral membrane protein biogenesis to the ER (Blobel and
Dobberstein, 1975a,b; Walter and Blobel, 1981a,b). This pro-
cess is initiated when cytosolic mRNA /ribosome/nascent
chain complexes (RNCs) engaged in the synthesis of secre-
tory or integral membrane proteins undergo high-affinity
interactions with the signal recognition particle (SRP). SRP
binding elicits a suppression of translation and enables the
trafficking of mRNA /ribosome/nascent chain complexes to
the ER (Meyer and Dobberstein, 1980; Walter and Blobel,
1981a,b; Walter et al., 1981; Gilmore et al., 1982a,b). At the ER,
sequential RNC binding interactions with the SRP receptor
and Sec61p yield SRP release, ribosome binding to Sec61p,
and an ER-restricted process of coupled protein synthesis/
protein translocation (Blobel and Dobberstein, 1975b; Blobel
et al., 1979; Walter and Lingappa, 1986; Gorlich et al., 1992).
Consistent with this “positive selection” model, genome-
wide studies of mRNA partitioning between cytosolic and
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membrane-bound ribosomes, conducted in yeast, fly, ro-
dent, and human model systems demonstrate the expected
enrichment of mRNAs encoding secretory/integral mem-
brane proteins on the ER membrane (Mechler and Rabbitts,
1981; Mueckler and Pitot, 1981; Kopczynski et al., 1998;
Diehn et al., 2000; Lerner et al., 2003). These studies also
demonstrated that mRNAs encoding cytosolic/nucleoplas-
mic proteins are broadly represented on ER-bound polyri-
bosomes with a small cohort of mRNAs being highly ER
enriched (Mechler and Rabbitts, 1981; Mueckler and Pitot,
1981; Kopczynski et al., 1998; Diehn et al., 2000, 2006). Be-
cause these mRNAs do not encode signal sequences or trans-
membrane domains, these observations indicate that addi-
tional mechanisms function in the partitioning of mRNAs in
eukaryotic cells, and they suggest possible roles for the ER in
global protein synthesis.

In addition to studies of mRNA partitioning, biochemical
and molecular genetic analyses of cellular protein synthesis
also suggest a more global role for the ER in protein synthe-
sis regulation. For example, studies conducted using an in
vitro rough microsome-directed translation system have
demonstrated that membrane-bound ribosomes can initiate
de novo mRNA translation; moreover, they are capable of
synthesizing cytosolic and secretory/integral membrane
proteins (Potter and Nicchitta, 2000). Furthermore, molecu-
lar genetic analyses of the SRP pathway in Saccharomyces
cerevisiae suggest that the loss of SRP/SRP receptor function
can be compensated for by enhanced protein synthesis ini-
tiation on ER-bound ribosomes (Mutka and Walter, 2001). A
physiological role for the ER in the synthesis of cytosolic/
nucleoplasmic proteins has been demonstrated to occur in
response to induction of the unfolded protein response
(UPR) or picornavirus infection, stress conditions that elicit
the suppression of protein synthesis via different mecha-
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nisms (Stephens et al., 2005; Lerner and Nicchitta, 2006). In
these studies, cell stress-dependent inactivation of eukary-
otic initiation factor (eIF)2« activity or proteolytic inactiva-
tion of elF4G, resulted in a marked inhibition of cytosolic
protein synthesis. In contrast, protein synthesis on the ER
was sustained, with cytosolic/nucleoplasmic- and secretory/
integral membrane-encoding mRNAs undergoing ER-re-
stricted translation (Stephens et al., 2005; Lerner and Nic-
chitta, 2006).

In this report, we examined the steady-state protein syn-
thesis activities of the cytosol and ER compartments. Using
in situ radioisotope pulse-chase labeling studies of ribo-
some-bound nascent chains, we report that the protein syn-
thesis activity of ER-bound ribosomes is 2.5- to 4-fold higher
than cytosolic ribosomes. Consistent with this observation,
using a globin reporter system, we observed a 3.5-fold in-
crease in the level of globin protein synthesized on the ER
membrane relative to synthesis directed by cytosolic ribo-
somes. Complementing these findings, the cytosol and ER
compartments displayed distinct pathways of tRNA deacy-
lation; in the cytosol, aminoacyl-tRNA deacylation could
occur independent of protein synthesis; in contrast, on the
ER, the deacylation of aminoacyl-tRNAs was tightly coupled
to protein synthesis. This study demonstrates that the cy-
tosol and ER compartments differ substantially in their pro-
tein synthesis capacities, and they suggest that the compart-
mental regulation of tRNA deacylation pathways may
contribute to these differences.

MATERIALS AND METHODS

Reagents

[35S]Methionine/cysteine (1175 Ci/mmol) was obtained from MP Biomedi-
cals (Irvine, CA). [(3,4,5)-*H]Leucine (100 Ci/mmol) was from MP Biomedi-
cals and PerkinElmer Life and Analytical Sciences (Boston, MA). Digitonin
was from Calbiochem (San Diego, CA). Cycloheximide was from Sigma-
Aldrich (St. Louis, MO). Hybond membrane was from GE Healthcare (Chal-
font St. Giles, United Kingdom). Cell culture reagents were from Invitrogen
(Carlsbad, CA) with the exception of leucine-deficient media, which was
provided by Millipore Specialty Media (Billerica, MA). RNase OUT,
pcDNA6.1B-myc, Lipofectamine 2000, and Alexa Fluor-conjugated antibodies
were from Invitrogen. p-Tubulin antibody (E7) was from the Iowa Develop-
mental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Anti-
myc epitope antibody was from Abcam (Cambridge, MA).

Cell Culture

HeLa, human embryonic kidney (HEK)293, and Cos7 cells were cultured in
DMEM supplemented with 10% fetal calf serum at 37°C with 5% CO,. For
most experiments, cells were used at ~80% confluence. In transfection exper-
iments, conducted in Cos7 cells, cell density was at 85-95% confluence,
plasmid concentrations were 250 ng/well (six-well plate), and transfections
were conducted according to the manufacturer’s instructions. At 4-5 h after
transfection, cells were trypsinized and split into paired wells of a six-well
dish for overnight culture. Experiments were performed at 24 h after trans-
fection.

Sequential Detergent Extraction

The cytosol and ER compartments were obtained by a sequential detergent
extraction protocol (Lerner et al., 2003; Stephens et al., 2005, 2007; Lerner and
Nicchitta, 2006). Briefly, cell monolayers were washed with phosphate-buff-
ered saline, and they were incubated with 0.3-0.5 ml (12-well) or 0.6-1.0 ml
(six-well) of permeabilization buffer [110 mM KOAc, 25 mM K-HEPES, pH
7.2, 2.5 mM Mg(OAc),, 1 mM EGTA, 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 10 U/ml RNase Out] containing
0.015% digitonin for 5 min on ice. The supernatant (cytosol) was recovered,
and cells were washed once with permeabilization buffer containing 0.004%
digitonin. Permeabilized cell monolayers were then solubilized with an
equivalent volume of NP-40/sodium deoxycholate (DOC) lysis buffer [400
mM KOAc, 25 mM K-HEPES, pH 7.2, 15 mM Mg(OAc),, 1% NP-40, 0.5%
DOC, 1 mM DTT, 1 mM PMSF, and 10 U/ml RNase Out] for 5 min on ice. The
supernatant (membrane-bound fraction) was recovered, and both cytosol and
membrane-bound fractions were clarified by centrifugation at 7500 X g for 10
min at 4°C. Buffers were supplemented with 0.2 mM cycloheximide where
applicable. For ribosome isolation, equal volumes of cytosol and membrane-
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bound fractions were aliquoted, and cytosol fractions were adjusted to 1%
NP-40 and 12. 5 mM Mg(OAc),. Lysates were layered over a 1.0 M sucrose
cushion, and ribosomes were collected by centrifugation at 90,000 rpm in a
TLA100.2 (Beckman Coulter, Fullerton, CA) rotor for 40 min at 4°C.

Metabolic Radiolabeling of Cell Cultures

Cell media were replaced with prewarmed methionine-deficient DMEM (sup-
plemented with 1 mM sodium pyruvate, 1 mM glutamine, and 25 mM
K-HEPES, pH 7.5) containing 0.2 mCi/ml [3*S]methionine/cysteine (Met/
Cys) (or leucine deficient DMEM containing 0.3-0.5 mCi/ml [*H]Leu) and
cultured for the indicated times (without prior amino acid starvation). Where
indicated, protein synthesis was inhibited by addition of 0.2 mM cyclohexi-
mide, and chase protocols were initiated by rapid replacement of the cell
media with normal growth media supplemented with 1 mM unlabeled me-
thionine (or leucine). For tRNA-based experiments, the time points represent
the absolute time of labeling (and cycloheximide treatment). For pulse-chase
tRNA labeling experiments, the chase was initiated by addition of 1 mM
unlabeled methionine (or leucine) to the labeling media. Cycloheximide (0.2
mM) was added as indicated.

Velocity Sedimentation Analysis

HelLa cells cultured in a 175 cm? flask at ~80% confluence were starved for 10
min in methionine-deficient media and pulse labeled for 2 min with 1 mCi/ml
[35S]Met/Cys and subsequently treated with 0.2 mM cycloheximide. Clarified
cytosol and membrane-bound fractions were resolved by centrifugation
through 10 ml 15-50% linear sucrose gradients at 151,000 X g for 3 h in a
SW41 Beckman rotor. Fractions were manually collected, and the UV (260 nm)
absorbance was determined. Then, 15-ul aliquots of fractions were analyzed
by liquid scintillation spectrometry. For SDS-PAGE/phosphorimager analy-
sis, total protein was isolated by TCA precipitation, resuspended in SDS-
polyacrylamide gel electrophoresis (PAGE) sample buffer (0.5 M Tris base, pH
~11, 5% SDS, 4% glycerol, 0.02% bromphenol blue, and 100 mM 2-mercap-
toethanol), heated at 65°C for 15 min, and resolved by SDS-PAGE on 12.5%
gels. Radioisotope incorporation was determined by phosphorimager analy-
ses of the dried gels.

Radiolabel Incorporation into Total Protein and
Ribosome-bound Nascent Polypeptide Chains

Ribosome pellets were resuspended in 50 ul of 0.5 M Tris base, pH ~11, 5%
SDS, and heated at 65°C for 10 min to hydrolyze aminoacyl-tRNA ester
linkages. Ribosome samples and 10- to 20-ul aliquots of total protein (re-
moved before ultracentrifugation) were spotted onto 1-inch squares of 3MM
filter paper and immersed in 10% ice-cold trichloroacetic acid (TCA) for 15
min. Filters were then placed in boiling 5% TCA for 15 min, rinsed with 5%
TCA, immersed in ethanol:ether (1:1) for 5 min, and transferred to ether for 5
min. Filters were dried and quantified by liquid scintillation spectrometry.
For kinetic experiments, data were graphed using one-phase exponential
decay nonlinear regression curve fitting (GraphPad Software, San Diego, CA).

For the in vitro aminoacylation reaction, 0.1 ml of Met-tRNA reaction buffer
[100 mM KOAc, 50 mM K-HEPES, pH 7.2, 10 mM Mg(OAc),, 5 mM ATP, 5
mM DTT, 0.1 mg/ml calf liver tRNA, 10 uM methionine, and 1 uCi of 1 uM
[35S]methionine/ cysteine] was added to 10 ul of cell lysate (0.5-1.0 X 10% cell
equivalents) and incubated at 37°C for 10 min. Reactions were stopped by the
addition of 0.4 ml of cold 10% TCA and iced for 10 min. Samples were
collected and washed by vacuum filtration and quantified by liquid scintil-
lation spectrometry.

Plasmid Construction

The vector pTetBBB containing a genomic sequence of rabbit B-globin was a
kind gift from Dr. A.-B. Shyu (University of Texas Houston Medical School,
Houston, TX). The myc epitope was inserted at the BamHI site by using
phosphorylated primers (sense, 5'-GATCCTGAACAAAAACTCATCTCAG-
GAGAGGATCTCGG-3'; antisense, 5'-GATCCGAGATCCTCTTCTGAGAT-
GAGTTTTTGTTCAG-3'). The full-length globin sequence was subcloned into
a HindIlI/Xhol site in pcDNA6.1B after generation of restriction site bearing
coding region via polymerase chain reaction (PCR), by using the primers
(sense, 5'-GTGACTAAGCTTACCATGGTGCATCTGTCCAG-3'; antisense,
5'-GAGACACTCGAGTGCAATGAAAATAAATTTCC-3"). The immuno-
globulin k signal sequence was inserted into the HindIII site at the amino
terminus of the globin-coding region by using overlapping phosphorylated
primers (sense, 5'-AGCTTACCATGGAGACAGACACACTCCTGCTATGGGTAC-
TGC3" and 5'-TGCTCTGGGTTCCAGGTTCCACTGGTGACA-3'; antisense, 5'-
AGCAGGAGTGTGTCTGTCTCCATGGTA-3' and 5'-AGCTTGTCACCAGITG-
GAACCTGGAACCCAGAGCAGCAGTACCCAT-3'). All sequences were verified
(Duke University Comprehensive Cancer DNA Sequencing Facility, Durham, NC).

RNA Analysis

RNA was isolated from cell lysates or ribosome fractions by using a phenol-
chloroform based extraction protocol (Stephens et al., 2007). RNA was re-
solved on 1% agarose/3% formaldehyde denaturing gels and stained with
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Figure 1. Protein synthesis activity is enhanced in the o 6000 LHHYE ';_
ER compartment. HeLa (A and B), HEK293 (C and D), g g_ 8000
and Cos?7 (E and F) cells were pulse labeled in methi- %400 o 6000
onine-deficient media with [**S]Met/Cys for 10 min, 3 S 4000
and then they were chased for 15 min in normal growth £ 200 g 2000
media supplemented with 1 mM methionine. No prior @ o &
amino acid starvation was performed. Cycloheximide = 0 pulse  chase 8, 0 pulse  chase
(0.2 mM) was added to individual cell aliquots at the E F
beginning of the pulse (0), the end of the pulse (pulse), . '
or at the end of the chase (chase). Cytosol (cyt) and MB 10000 Cos7 Cos7

fractions were generated by sequential detergent extrac-
tion. Aliquots were removed for total protein (B, D, and
F) and RNC fractions subsequently isolated by ultracen-
trifugation (A, C, and E). (A-F) Isotope incorporation
was determined by liquid scintillation of the TCA-in-
soluble, alkaline-insensitive material. Mean values of
replicate (n = 3) labeling experiments = SE are dis-
played.

ethidium bromide. Ethidium bromide fluorescence was determined using a
Typhoon Trio 9400 (GE Healthcare). Agarose gels were transferred to Hybond
membranes in 5X SSC + 10 mM NaOH by downward capillary flow for 2 h
and UV cross-linked at 1200 m]J. For tRNA-radiolabeling studies, membranes
were directly exposed to phosphorimager plates ([3°S]Met) or quantified by
liquid scintillation ([*H]Leu). For Northern blots, membranes were probed
with an 32P-end-labeled antisense oligonucleotide (directed against the myc
epitope encoding domain).

Immunoprecipitations

Total cell lysates were generated by solubilization of cell monolayers in 25
mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.05% SDS, 1 mM
DTT, and 0.5 mM PMSF. Lysates were clarified by centrifugation at 7500 X g
for 10 min at 4°C. Globin proteins was immunoprecipitated using a 1:200
antibody dilution and 20 ul of protein A-Sepharose slurry (50%) rotating end
over end for 1 h at room temperature. Beads were washed in lysis buffer and
heated at 95°C for 10 min in SDS-PAGE sample buffer. Proteins were resolved
by 12.5% SDS-PAGE or 18% SDS-PAGE (globin), and dried gels were exposed
to phosphorimager plates.

Phosphorimager plates were scanned using a Typhoon 9400 (GE Health-
care) and quantified using ImageQuantTL version 2003 software (GE Health-
care). Images were assembled in Adobe Photoshop 7.0 (Adobe Systems,
Mountain View, CA). Graphs were generated using GraphPad Prism 4.0
software (GraphPad Software).

RESULTS

It has recently been reported that cytosolic and ER mem-
brane-directed protein synthesis can undergo differential
regulation in mammalian cells (Stephens et al., 2005; Lerner
and Nicchitta, 2006). For example, cell stress arising from
either activation of the UPR or picornaviral infection results
in suppression of cytosolic mRNA translation, whereas
translation on ER membrane-bound ribosomes is sustained
(Stephens et al., 2005; Lerner and Nicchitta, 2006). In these
scenarios, the ER functions as the predominant site of global
protein synthesis, and it engages in the synthesis of cytosolic
and nucleoplasmic proteins, such as ATF4 and XBP-1(s), and
secretory and integral membrane proteins. Extending from
these studies, we postulated that under normal homeostatic
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growth conditions, the protein synthesis capacities of the
two cellular compartments may differ. To explore this pos-
sibility, we used a radioisotope pulse-labeling/cell fraction-
ation assay to assess the steady-state in situ protein synthesis
activities of the cytosol and ER compartments. In this assay,
cells are pulse labeled for 10 min with [**S]methionine/
cysteine, and radiolabeling is blocked by addition of excess
unlabeled methionine. To document isotope incorporation
at time points during the labeling and chase periods, cell
aliquots were treated with the elongation inhibitor cyclohex-
imide (0.2 mM) at varying times. In Figure 1, cell samples
(n = 3) were treated with cycloheximide at three times: 1) at
the beginning of the pulse (t = 0 min), to assess cyclohex-
imide-insensitive background isotope recovery; 2) at the end
of the 10-min pulse (t = pulse), to assess the maximal level
of isotope incorporation; and 3) at the end of the 15-min
chase (t = chase), to assess the completion/release of newly
synthesized proteins. After the pulse-chase procedure, cells
were harvested and processed to yield distinct cytosolic and
membrane-bound subcellular fractions by using a sequential
detergent extraction method (Seiser and Nicchitta, 2000; Pot-
ter and Nicchitta, 2002; Lerner et al., 2003; Stephens et al.,
2005, 2007). To validate that the described fractionation
methods were appropriate to these investigations, pulse-
labeled cells were fractionated at increasing time periods
after isotope addition, and the subcellular fractions were
analyzed for the accumulation of a newly synthesized cyto-
solic (tubulin) and ER-resident (GRP94) protein. These data
are depicted in Supplemental Figure S1, and they demon-
strate that the two fractions are highly enriched in their
respective newly synthesized resident proteins, with little to
no cross-contamination. To directly assay protein synthesis
activity, ribosome-bound nascent chains (RNCs) were col-
lected from the two subcellular fractions by ultracentrifuga-
tion of the subcellular fractions, and the isotopic protein
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content was analyzed by liquid scintillation spectrometry
(Figure 1, A, C, and E). The labeling profiles of RNCs were
compared with that of newly synthesized (i.e., completed)
proteins accumulating in the respective compartment (Fig-
ure 1, B, D, and F).

Using the methodology described above, the rates of pro-
tein synthesis and the compartmental fates of newly synthe-
sized proteins were determined for the cytosol and ER frac-
tions of HeLa, HEK293, and Cos7 cells (Figure 1). As shown
in Figure 1, 3°S-amino acid incorporation into RNCs was
substantially higher in the membrane-bound ribosome frac-
tions of HeLa (Figure 1A), HEK293 (Figure 1C), and Cos”
(Figure 1E) cells. After the chase period, the quantities of
355-labeled RNCs returned to basal levels, demonstrating
the efficient release of the nascent polypeptide chain frac-
tion. Quantification of these data indicated that the magni-
tude of amino acid incorporation in the membrane-bound
RNC fractions was 2.5- to 4-fold higher than cytosolic RNC
fractions (t = pulse), suggesting that steady-state protein
synthesis rates on the ER are substantially higher than cy-
tosolic rates. To determine whether differences in the ribo-
some content of the two compartments were responsible for
this phenomenon, we determined the relative ribosome dis-
tribution between the cytosol and ER by quantifying 18S and
28S rRNA levels. Here, we observed that ~45% of cellular
ribosomes were recovered in the cytosol fraction in HelLa
(Figure 2, A and C) and Cos7 (Figure 2, B and D) cells. Thus,
the observed differences in the amino acid incorporation into
the RNC fractions could not be explained by differences in
ribosome distribution. Furthermore, given the very minor
amount of mitochondrial ribosomes present in the mem-
brane-bound (MB) fraction (compare relative intensities of
ethidium bromide fluorescence of 285/18S rRNA with 23S/
16S mitochondrial rRNA in Figure 2, A and B, top, MB), it is
unlikely that mitochondrial protein synthesis contributed
significantly to these findings. To account for potential dif-
ferences in ribosome recovery, we also assessed relative
protein synthesis activities by using ribosome equivalents
(Martin et al., 1969). Although this latter method of analysis
does not account for the presence of inactive ribosomes/
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Figure 2. Subcellular distribution of ribosomes, total tRNA, and
newly charged tRNA. HeLa (A and C) and Cos7 (B and D) cells
were pulse labeled with [**S]Met/Cys for 5 min in methionine-
deficient media. RNA from cyt and MB fractions was resolved on
denaturing agarose (1%) gels and transferred to Hybond membrane.
Relative rRNA and tRNA levels were determined by quantitative
fluorescent imaging of the ethidium bromide-stained gels. Isotope
incorporation was determined by phosphorimager analysis. Mean
values of replicate labeling experiments (n = 3) * SE are displayed.
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ribosomal subunits, it does provide for a more direct com-
parison of protein synthesis activity. When normalized to a
fixed quantity (500 fmol) of ribosomes, ER protein synthesis
activity was again 2.5- to 4-fold greater than cytosol activity
in HeLa, HEK293, and Cos7 cells (Supplemental Figure
S2A).

In contrast to the isotope incorporation rates of RNCs, the
levels of accumulating (completed) newly synthesized pro-
teins were comparable between the cytosol and ER compart-
ments (Figure 1, B, D, and F). These data suggest that a
fraction of the proteins synthesized on the ER were released
to the cytosol. This interpretation is consistent with previous
reports demonstrating that a broad array of mRNAs encod-
ing cytosolic and nucleoplasmic proteins can be partitioned
to and translated on membrane-bound ribosomes (Diehn ef
al., 2000, 2006; Lerner et al., 2003; Stephens et al., 2005). In
addition, several reports have also demonstrated that spe-
cific secretory proteins such as calreticulin and the plasmino-
gen-activated inhibitor-2 protein (PAI-2) can be inefficiently
translocated, and as a result, accumulate in the cytosol com-
partment (Belin ef al., 1989; Levine et al., 2005). As an alter-
native possibility, nascent polypeptides in the cytosol could
be preferentially degraded as a consequence of the fraction-
ation procedure. To test the latter hypothesis, unlabeled and
isotopically labeled cytosolic and ER fractions were recipro-
cally mixed (i.e., labeled cytosol + unlabeled MB and vice
versa), and the radioactivity of RNCs and total protein frac-
tions was subsequently assayed as described above. As
shown in Figure 3, reciprocal mixing of subcellular fractions
did not yield significant changes in recovered radiolabeled
RNCs or proteins. Furthermore, to assess whether our ob-
servations were influenced by rapid protein (or nascent
chain) turnover in situ, we determined the relative levels of
recovered radioactivity in the RNC fractions obtained di-
rectly after the 10-min pulse or in cells treated with cyclo-
heximide after the 10-min pulse and harvested after the
15-min chase. Under both conditions, we consistently ob-
served 2.5- to 4-fold higher isotope incorporation into the
membrane-bound RNC fraction (data not shown). Similarly,
we compared the relative levels of total newly synthesized
protein, and again we did not observe any significant dif-
ferences in the level of recovered radioactivity. These data
indicate that the degradation of nascent chains and/or pro-
teins either in situ or during the processing procedure did
not bias our observations.

oyt
1

Recovered cpms (%)

buffer mix buffer mix

RNC protein

Figure 3. Newly synthesized proteins display identical stabilities
in endoplasmic reticulum and cytosol fractions. HeLa cells were
pulse labeled with [**S]Met/Cys for 10 min in methionine-deficient
media. Isotopically labeled cyt and MB fractions were mixed with
cell equivalent quantities (volume) of either the reciprocal cellular
fraction isolated from unlabeled cells or buffer alone and incubated
for 20 min on ice. Aliquots were removed for total isotopic protein
determinations, and the RNC fraction was isolated by ultracentrif-
ugation. Isotope incorporation was determined by liquid scintilla-
tion of the TCA-insoluble, alkaline-insensitive material. Mean val-
ues of replicate (n = 3) labeling experiments = SE are displayed.
Recovered radioactivity was normalized to buffer alone.
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Figure 4. Protein synthesis is kinetically favored on the endoplasmic reticulum. HeLa cells were pulse labeled with [**S]Met/Cys (A and
D) for 12 min or [*H]Leu (C and F) for 15 min. (B and E) HeLa cells were pulse labeled with [**S]Met/Cys for 10 min and chased in normal
growth media supplemented with 1 mM methionine for 12 min. (A-F) Cycloheximide was added at the indicated times (closed squares and
triangles) during the pulse (A, C, D, and F) or chase procedures (B and E). Aliquots were removed for total protein (D-F), and RNC fractions
were subsequently isolated by ultracentrifugation (A-C). (A-F) Isotope incorporation was determined by liquid scintillation of the
TCA-insoluble, alkaline-insensitive material. Mean values of replicate (n = 3) labeling experiments * SE are displayed. The cyt is depicted
as the solid line; MB fractions are the dotted lines. Background labeling, which was assessed by cycloheximide addition at time 0 of the pulse,

was subtracted from all time points.

To further characterize the differences in relative protein
synthesis activities of the cytosol and ER membrane, de-
tailed time course studies of (isotopic) amino acid incorpo-
ration into completed protein and RNCs were performed.
Cycloheximide treatment was used to halt protein synthesis
at varying times of the pulse-chase procedure. In the exper-
iments presented in Figure 4, A and D and C and F, HelLa
cells were pulse labeled with [*>S][Met/Cys or [*H]Leu, re-
spectively, for 12 min. The time points reflect addition of
cycloheximide (0.2 mM) to individual cell aliquots (n = 3) at
the indicated times of the pulse labeling. In Figure 4, A
([®°S]Met/Cys) and C ([°*H]Leu), comparisons of in situ
pulse-labeling kinetics of subcellular RNC fractions identi-
fied significantly higher rates and magnitudes of protein
synthesis activity on the ER membrane, consistent with data
presented in Figure 1. In addition, the appearance of newly
synthesized proteins was comparable in rate and magnitude
between the two compartments (Figure 4, D and F); no
statistical difference in the level of isotope incorporation into
proteins was observed between the two compartments by
using either amino acid tracer. Notably, the differences in
RNC incorporation were independent of labeling conditions
used (i.e., amino acid-deficient vs. enriched culture media;
Figure 4, A and D, and Supplemental Figure S2, B and C) or
radiolabeled amino acid (methionine vs. leucine; Figure 4, A
and D vs. C and F). Potentially, our observations could result
from delayed released kinetics of nascent chains from mem-
brane-bound ribosomes. To evaluate this possibility, we ex-
amined the turnover kinetics (i.e., release) of nascent chains
by using a pulse-chase procedure (Figure 4, B and E). In
these experiments, cells were pulse labeled for 10 min and
chased with excess unlabeled amino acid for 12 min. Here,
cycloheximide (0.2 mM) was added to cell aliquots (n = 3) at
varying times of the chase, analogous to the procedure
described above used for pulse labeling. As shown in Figure
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4B, both compartments exhibited rapid decay (release) ki-
netics of ribosome-bound nascent chains, demonstrating
that delayed termination (i.e., nascent chain release) did not
make a substantial contribution to the greater magnitude of
membrane-bound RNC labeling.

To provide additional experimental evidence that the
analyses described above indeed corresponded to polyribo-
somes, the cytosol and membrane-bound fractions of pulse-
radiolabeled HeLa cells were resolved by sucrose gradient
velocity sedimentation, and the radiolabeled polypeptide
composition of gradient fractions was analyzed. As shown
in Figure 5, the gradient sedimentation procedure resolved
the ribosomal subunits (18S and 28S rRNA), the 80S mono-
some (downward arrow) and large polyribosome-contain-
ing fractions. As assessed by UV absorbance values (260
nm), approximately equal quantities of polyribosomes were
recovered from both subcellular fractions. To assess amino
acid incorporation into ribosome-bound nascent chains, gra-
dient fractions were acid precipitated, resolved by SDS-
PAGE, and the incorporated radioactivity was determined
by phosphorimager analyses (Figure 5, C and D). Consistent
with the data depicted in Figures 1 and 2 and Supplemental
Figure S2, when polyribosome-bound radiolabeled nascent
polypeptide levels were evaluated, the membrane-derived
fraction displayed considerably higher radioisotope incor-
poration, and the enhanced incorporation was present
throughout the polyribosome profile. Summation of the total
radioactivity present in the peak polyribosome-containing
fractions indicated that the membrane-bound nascent chains
had approximately fivefold greater isotope levels than the
cytosol fraction. As an additional component of this exper-
iment, we also evaluated the levels of isotopically charged
(aminoacylated)-tRNA between the two compartments. For
this analysis, total RNA was isolated from individual gradi-
ent fractions, resolved by denaturing agarose gel, trans-
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cent radioactivity of the total [*°S]Met/Cys-
tRNA signal per gradient. (C and D) Total
radioactivity (dotted line) of individual gradi-
ent fractions was determined by liquid scintil-
lation. Proteins were resolved by SDS-PAGE,
and radioisotope incorporation was deter-
mined by phosphorimager analysis.

ferred, and radioactivity corresponding to the tRNA deter-
mined by phosphorimager analysis. Here, we observed
approximately equivalent levels of [3S]Met/Cys-tRNA in
the polyribosome fractions from the two subcellular (cytosol
and ER) compartments.

To determine whether the differences in the steady-state
rates of protein synthesis in the cytosol and ER compart-
ments reflected global synthesis rates, rather than variations
in the translation rates of discrete subsets of mRNAs, we
evaluated the synthesis rate of a reporter protein whose
mRNA was targeted to either the ER or the cytosol. For these
experiments, myc-tagged globin protein, expressed from the
genomic rabbit B-globin sequence, was used as a common
reporter. To direct globin (Gbn) mRNA to the ER, an en-
coded N-terminal signal sequence derived from the immu-
noglobulin (Ig) k chain was appended 5’ to the globin open
reading frame (=ssGbn). To validate the activity of the
signal peptide in directing the partitioning of the globin
mRNA to the ER, Northern blot analyses of the cytosol and
membrane fractions of reporter-transfected cells were per-
formed. As shown in Figure 6, A and B, globin mRNA (Gbn)
strongly copurified (=80%) with the cytosol fraction,
whereas addition of a signal sequence localized globin
mRNA to the ER.

Using the two globin reporter constructs, the translation
rates of the two cellular compartments were compared. Cos?7
cells transfected with equivalent levels of plasmid DNA
encoding either wild-type (Gbn) or signal sequence globin
(ssGbn) displayed similar mRNA expression levels (Figure
6C; three independent transfection experiments are de-
picted). To assay protein synthesis levels, transfected cells
(n = 3) were pulse labeled, and newly synthesized globin
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and GRP94 (loading control) proteins were isolated by im-
munoprecipitation. As shown in Figure 6D with quantifica-
tion in Figure 6E, phosphorimager analysis of newly syn-
thesized globin protein demonstrated that 3.5-fold more
globin protein was produced when globin mRNA was trans-
lated on ER-bound ribosomes (ssGbn) compared with globin
protein produced on cytosolic ribosomes (Gbn). These data
recapitulate the observations obtained in biochemically frac-
tionated cells (Figures 1-3 and Supplemental Figure S2), and
they are consistent with a model of enhanced protein syn-
thesis on the ER membrane.

As noted above, the observation that the protein synthesis
rates on the ER compartment were substantially higher than
the cytosol, yet approximately similar quantities of com-
pleted proteins were recovered from the two fractions, sug-
gests a net flux of protein from the site of synthesis on the ER
to the site of residence, the cytosol. To directly test for the
existence of such a pathway, the signal sequence of an
abundant, resident ER chaperone protein, GRP9%4, was de-
leted and the mRNA /protein expression patterns of myc
epitope-tagged versions of control (wild type; WT), and
signal sequence-deleted (ASS) GRP94 was determined (Sup-
plemental Figure S3, B-F). A schematic illustration of these
constructs is shown in Supplemental Figure S3A. As de-
picted in Supplemental Figure S3, B and C, the mRNAs
encoding the WT and ASS GRP94 and the protein products
were expressed at near identical levels. Immunoblot analysis
of the compartmental distribution of the two proteins dem-
onstrated efficient partitioning of the WT form to the ER and
the ASS form to the cytosol (Supplemental Figure S3D). As
additional controls for the subcellular fractionation, paired
immunoblots for the cytosolic protein 90-kDa heat-shock
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Figure 6. Targeting globin mRNA to the ER
membrane yields enhanced globin protein ex-
pression. Cos?7 cells were either mock trans-
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protein and the ER-resident protein TRAP« confirmed that
the two fractions were highly enriched in their respective
proteins. Unexpectedly, deletion of the signal sequence did
not substantially alter GRP94 mRNA localization to ER, with
nearly 100% of the WT mRNA and 90% of the ASS mRNA
copurifying with the ER fraction of HeLa (Supplemental
Figure S3E) and Cos7 cells (Supplemental Figure S3F). For
comparison, the mRNAs encoding the resident ER lumenal
proteins BiP and calreticulin and the cytosolic/nucleoplas-
mic protein histone H3.3 displayed the expected enrichment
in the ER and cytosol fractions, respectively (Supplemental
Figure S3, E and F). The observation that deletion of the
signal sequence of a resident ER lumenal protein does not
substantially alter its mRNA partitioning pattern is further
developed in a recent communication from this laboratory
(Pyhtila et al., 2008). The data presented in Supplemental
Figure S3 demonstrate that in the absence of a signal se-
quence, ER-directed translation of ASS GRP94-encoding mRINAs
results in complete recovery of GRP94 protein in the cytosol,
thus directly demonstrating an ER-to-cytosol pathway of
protein synthesis and residence. It should also be mentioned
that previous investigations have observed a related phe-
nomenon for the signal sequence-bearing proteins calreticu-
lin and PAI-2, where both ER lumenal and cytosolic forms of
the proteins are observed as the result of inefficient translo-
cation (Belin et al., 1989; Levine et al., 2005).

The precise mechanism(s) contributing to the observed
kinetic advantage for protein synthesis on the ER is under
investigation. From simple topological considerations, cyto-
solic and ER-bound ribosomes would be expected to use
common pools of protein synthesis initiation, elongation,
and termination factors, aminoacyl-tRNAs, and nucleotides,
and so it is not clear how divergent regulation of protein
synthesis in the cytosol and ER could be established. Poten-
tially, localizing the complex reactions of protein synthesis
to the two-dimensional plane of the ER membrane would
alone be expected to provide a substantial kinetic advantage
(Berry, 2002). Of related interest, it has been reported that in
detergent-permeabilized tissue culture cells lacking cytosol,
aminoacyl-tRNAs can be used by the protein synthesis ma-
chinery and subsequently recharged without undergoing
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free exchange with a soluble pool (Negrutskii and Deut-
scher, 1991, 1992; Stapulionis and Deutscher, 1995). This
phenomenon, termed tRNA channeling, would be expected
to significantly enhance protein synthesis rates (Negrutskii
and Deutscher, 1991; Stapulionis and Deutscher, 1995). Ex-
tending from these findings, we sought to determine
whether the cycle of tRNA aminoacylation and deacylation
in the cytosol and on the ER are under common or distinct
regulation in intact cells. To examine this, we first deter-
mined the relative distribution of total and newly charged
(aminoacylated) tRNA from cytosol and membrane-bound
fractions of HeLa and Cos7 cells. Total tRNA levels were
quantified from ethidium bromide fluorescence; newly
charged [*°S]Met/Cys-tRNA levels were determined by
phosphorimager analysis. As depicted in Figure 2, the dis-
tribution of newly charged [*°S]Met/Cys-tRNA between the
cytosol and ER compartments of HeLa and Cos7 cells was
approximately equal, and it mirrored the ribosome (rRNA)
distribution (Figure 2). Total tRNA, in contrast, was highly
enriched in the cytosol fraction, comprising 70-90% of the
cellular pool (Figure 2). Expressed relative to the total tRNA,
these data identify a substantial enrichment of newly
charged tRNA on the ER. Assays of the subcellular parti-
tioning of methionyl-/cysteinyl-tRNA synthetase activities
indicated that the enrichment of newly charged tRNAs on
the ER could not be attributed to the subcellular distribution
of tRNA synthetase activity, which favored the cytosol (Sup-
plemental Figure S4).

The subcellular regulation of the tRNA acylation/deacy-
lation cycle was further examined in studies of the discharge
kinetics (deacylation) of aminoacylated-tRNA in the context
of the protein synthesis reaction. In these experiments, cells
were either pulse labeled for 10 min or pulse labeled for 5
min and chased for 10 min, and the radioactivity present in
tRNA was determined by phosphorimager analysis as
stated above for Figure 5. In this system, the deacylation
reaction can be monitored as either the discharge and sub-
sequent recharging (aminoacylation) of tRNA (pulse label-
ing) or directly as the immediate discharge of isotopically
labeled tRNA, via a pulse-chase experiment. To determine
the contribution of protein synthesis to aminoacyl-tRNA
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turnover, paired experiments were performed in the pres-
ence of cycloheximide (0.2 mM). Importantly, cycloheximide
was added to individual cell aliquots in concert with addi-
tion of isotope (i.e., beginning of the pulse) for pulse labeling
(Figure 7, C and D) or addition of excess unlabeled amino
acid (i.e., beginning of chase) for pulse-chase experiments
(Figure 7, A, B, E, and F). Thus, in this assay, the time points
reflect the total time of labeling (Figure 7, C and D) or chase
(Figure 7, A, B, C, and F).

In the absence of cycloheximide (untreated [UT]), the
kinetics of tRNA deacylation (chase) was similar in the
cytosol and membrane-bound compartments. Using either
[*°S]Met/Cys (Figure 7, A and B) or [*H]Leu (Figure 7, E and
F), charged tRNA was almost completely deacylated in 2
min (chase). Correspondingly, tRNA was (re)-aminoacy-
lated (pulse) in ~2 and 4 min in HelLa and Cos7 cells,
respectively (Figure 7, C and D; data not shown). Pulse and
pulse-chase experiments performed in concert with the in-
hibition of translation elongation (cycloheximide; identical
results obtained with emetine) revealed marked differences
in aminoacyl-tRNA turnover in the cytosol and ER compart-
ments. In the cytosol, the inhibition of protein synthesis only
modestly affected tRNA discharge rates (chase) (Figure 7, A
and E); similarly the cytosolic aminoacylation reaction
(pulse) was only slightly delayed by cycloheximide, suggest-
ing that tRNA discharge can occur independent of the pro-
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tein synthesis reaction (Figure 7C). In contrast, aminoacyl-
tRNA deacylation on the ER membrane was tightly coupled
to protein synthesis; in the presence of cycloheximide, the
rate of aminoacyl-tRNA discharge and subsequent (re)-acy-
lation were dramatically suppressed, as demonstrated for
both [**S]Met/Cys- and [*H]leucyl-tRNA (Figure 7, B, D,
and F). These results indicate that in the cytosol, aminoacyl-
tRNAs are accessible to an as yet unidentified tRNA hydrolase
activity and thus may participate in futile aminoacylation/
deacylation cycles. On the ER membrane, in contrast, tRNA
discharge is efficiently coupled to protein synthesis. These data
identify a complex subcellular organization of the metabolic
processes associated with tRNA aminoacylation and deacyla-
tion. The findings that aminoacyl tRNA use is tightly coupled
to protein synthesis on the ER, relative to the cytosol, suggests
that compartmental regulation of the tRNA aminoacylation
cycle contributes to enhanced rates of protein synthesis on
the ER.

DISCUSSION

In this study, we report three primary findings: 1) steady-
state protein synthesis rates on the endoplasmic reticulum
are 2.5- to 4-fold higher than in the cytosol. This was evident
at both a global level, by evaluating amino acid incorpora-
tion kinetics into ribosome/nascent chain complexes, and at
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a message-specific level, by using globin reporter mRNAs
displaying opposing subcellular localizations; 2) a substan-
tial fraction of proteins undergo synthesis on ER-bound
ribosomes, yet reside in the cytosol compartment. Although
this conclusion was deduced by comparing the relative lev-
els of amino acid incorporation into nascent polypeptides
versus completed newly synthesized proteins in the cytosol
and ER, and so is inferred, a direct demonstration of this
pathway by using a signal sequence deletion mutant of the
ER chaperone GRP94 confirmed that such a pathway can
operate in mammalian cells (Pyhtila et al., 2008); 3) the tRNA
aminoacylation/deacylation cycle is subject to divergent
regulation between the cytosol and ER compartments of
higher eukaryotic cells. In the cytosol, aminoacyl-tRNAs are
discharged via two pathways: protein synthesis and an as
yet poorly understood aminoacyl-tRNA hydrolase function.
Conversely, tRNA deacylation on the ER is tightly coupled
to protein synthesis. Together, these studies implicate the ER
membrane as the primary site of cellular protein synthesis,
and in this context it may be a critical site for regulating
posttranscriptional gene expression.

Whereas it is generally accepted that the ER compartment
functions uniquely in the biogenesis of secretory and inte-
gral membrane proteins, the data presented here suggest
that the ER membrane also contributes a substantial portion
of newly synthesized proteins to the cytosol. This proposal is
consistent with the established patterns of mRNA partition-
ing between the cytosol and ER compartments, where sub-
sets of mRNAs encoding cytosolic/nucleoplasmic proteins
are partitioned to and translated on ER-bound ribosomes
(Mechler and Rabbitts, 1981; Mueckler and Pitot, 1982; Ko-
pczynski et al., 1998; Diehn et al., 2000, 2006; Lerner ef al.,
2003; Stephens et al., 2005). For example, the mRNAs encod-
ing the key stress response transcription factors ATF4 and
XBP-1, which are translationally silent under normal growth
conditions, are highly enriched in ER-bound small polyribo-
somes after activation of the UPR (Stephens et al., 2005).
Extending from the data in this report, ER-directed protein
synthesis may afford the cell the most efficient platform for
the biogenesis of key stress response proteins during a cel-
lular crisis. In addition, it may be anticipated that nucleo-
plasmic regulatory proteins and transcription factors, may
be synthesized on the ER/outer nuclear envelope. Indeed,
messages encoding the mitogenic proteins cyclins-B3 and
-E2 have also been reported to be enriched on membrane-
bound fractions; however, the biological function of such
events has yet to be determined (Diehn et al., 2006).

In studying the mechanism(s) responsible for the ob-
served differences in ER and cytosolic steady-state protein
synthesis, similar global termination rates were observed in
the two compartments, indicating that the kinetic advantage
displayed by the ER must reflect enhanced rates of initiation
and/or elongation. Potentially, restriction of the complex,
multistage reactions of protein synthesis to the two-dimen-
sional plane of the ER could yield significant kinetic en-
hancements (Berry, 2002). However, the magnitude of this
effect is difficult to predict. In part, direct coupling of the
tRNA deacylation reaction and protein synthesis may con-
tribute to this relative increase in translation rate. These
observations are strongly reminiscent of previous reports
demonstrating tRNA channeling in detergent-permeabilized
cells (Negrutskii and Deutscher, 1991; Stapulionis and Deut-
scher, 1995). In these prior studies, it was observed that
aminoacyl tRNA deacylation/reacylation was coupled to
protein synthesis and that it occurred without requisite
transfer of the deacylated tRNA to the soluble phase (Ne-
grutskii and Deutscher, 1991; Stapulionis and Deutscher,
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1995). Under the experimental conditions described in these
prior studies, the cytosol fraction was not assayed, and thus
the cytosolic aminoacyl tRNA hydrolysis pathway reported
here would not have been observed. With regard to the
phenomenon of tRNA channeling, several reports have
demonstrated that the release of aminoacyl-tRNA from its
cognate tRNA synthetase and the subsequent association
with elongation factor complexes are concerted events
(Dang et al., 1983; Reed et al., 1994; Reed and Yang, 1994;
Yang et al., 2006). Extending from data presented here, this
process may be strongly favored on the ER membrane al-
lowing for ER ribosomes to maintain a kinetic advantage in
the protein synthesis reaction.

In summary, protein synthesis is a highly organized pro-
cess that likely occurs in discrete subcellular locales in which
the assembly of translation complexes can be efficiently reg-
ulated. In this report, we have identified the ER membrane
as such a locale, and we suggest that the previously ob-
served and highly complex patterns of mRNA partitioning
between the cytosol and ER are a reflection of this organi-
zation. In this view, mRNA partitioning between the cytosol
and ER serves as a novel form of posttranscriptional gene
regulation, of particular relevance to cell activation, and cell
stress and recovery. Given the magnitude of the differences
in the steady-state mRNA translation rates of the cytosol and
ER compartments reported herein, relatively modest alter-
ations in cytosol/ER mRNA partitioning ratios would be
predicted to yield substantial differences in steady state
protein levels. The identification of the mechanisms govern-
ing the compartmental regulation of mRNA partitioning
and the tRNA aminoacylation/deacylation cycle will pro-
vide needed insight into the supramolecular organization of
cellular protein synthesis.
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