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INTRODUCTION 
 
Tuberous sclerosis complex (TSC) is an autosomal dominant disease characterized by benign tumors in 
various tissues.  The genes mutated in this disease, TSC1 and TSC2, encode tumor suppressors that are 
associated in a complex.  The TSC1/2 complex, through its Rheb-GAP activity, is a critical negative regulator 
of mTORC1 under physiological conditions.  Activation of mTORC1 positively stimulates cap-dependent mRNA 
translation via its downstream substrates S6K and 4E-BP.  In our previous study, we demonstrated that TSC-
mTORC1 signaling regulates the balance between cap-dependent and cap-independent translation.  In this 
project, we aim to elucidate cis-regulatory elements and trans-acting factors in TSC-mTOR pathway-mediated 
translational regulation.   
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BODY 
 
Task 1.  Define TSC-mediated translational regulation using genome-wide ribosome profiling  

1a. Elucidate the ribosome dynamics in response to TSC-mTOR pathway  

• Determine the pattern of ribosome pausing in TSC2 KO cells  A reliable measure of the translation 
of cellular mRNA is the degree of its association with ribosomes.  Actively translated mRNAs are typically 
bound by several ribosomes (polysome) and can be separated from individual 40S and 60S ribosomal subunits 
and 80S monosomes by centrifugation through a linear sucrose gradient.  Ribosome profiling, based on deep 
sequencing of ribosome-protected mRNA fragments (RPF), has proven to be powerful in defining ribosome 
positions on the entire transcriptome [1, 2].  To investigate the ribosome dynamics during mRNA translation, 
we have established a modified ribosome profiling technique (Ribo-seq) adapted from the previously published 
protocol.  Direct comparison of RPFs from both monosome and polysome fractions afforded us an opportunity 
to dissect the transition between initiation and elongation. 
 

1b. Determine the selection of translation initiation sites in response to TSC-mTOR pathway 
• Established the global mapping of translation initiation sites A recent study used an initiation-

specific translation inhibitor harringtonine to deplete elongating ribosomes from mRNAs, thereby halting 
ribosomes at the initiation codons [9].  This approach uncovered an unexpected abundance of alternative TIS 
codons, in particular non-AUG codons in the 5’UTR.  However, these data was “noisy” and required a 
machine-learning algorithm to identify TIS codons.  We 
develop global translation initiation sequencing (GTI-seq) 
by utilizing two related but distinct translation inhibitors to 
effectively differentiate ribosome initiation from elongation.  
While cycloheximide (CHX) freezes all translating 
ribosomes, the translation inhibitor lactimidomycin (LTM) 
preferentially acts on the initiating ribosome but not the 
elongating ribosome (Fig. 1).  LTM bears several 
advantages over harringtonine in achieving the high 
resolution mapping of global TIS positions.  First, LTM 
binds to the 80S ribosome already assembled at the 
initiation codon and permits the first peptide bond 
formation [10].  Thus, the LTM-associated RPF more likely 
represents physiological TIS positions.  Second, LTM 
occupies the empty E-site of initiating ribosomes and thus 
completely blocks the translocation.  This feature allows 
the TIS identification at single nucleotide resolution.  
Third, owing to the similar structure and the same 
binding site in the ribosome [10], LTM and CHX can be 
applied side-by-side to achieve simultaneous 
assessment of both initiation and elongation for the 
same transcript.  With the high signal/noise ratio, GTI-
seq offers a direct TIS identification approach with a 
minimal computational aid. 

• Characterize alternative translation From 4,000 transcripts with detectable TIS peaks, we identified a 
total of 16,231 TIS sites.  Codon composition analysis revealed that more than half of the TIS codons used 
AUG as the translation initiator.  GTI-seq also identified a significant proportion of TIS codons employing near-
cognate codons that differ from AUG by a single nucleotide, in particular CUG (16%).  Remarkably, nearly half 
of the transcripts (42%) contained multiple TIS sites, suggesting that alternative translation prevails even under 
physiological conditions.  In addition to validating initiation at the annotated start codon (aTIS), GTI-seq 
revealed 39% of the transcripts containing downstream initiation sites (dTIS) and 54% of transcripts bearing 
upstream TIS positions (uTIS).  While dTIS codons use the conventional AUG as the main initiator, a 
significant fraction of uTIS codons are non-AUG with the CUG as the most frequent one.  We experimentally 
validated different translational products initiated from alternative start codons, including non-AUG (data not 
shown). 

 

 

Fig. 1. Experimental Strategy of GTI-seq Using Ribosome 
E-site Translation Inhibitors 
Pretreatment of HEK293 cells with either 100 µM CHX, or 50 
µM LTM resulted in different patterns of RPFs as revealed by 
metagene analysis.  CHX-associated RPFs are mainly 
located in the body of coding region.  Remarkably, LTM-
associated RPFs are enriched at the annotated start codon.   
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Task 2.  Define the impacts of TSC-mTOR pathway in protein quality and quantity control  
2a. Determine how TSC-mTOR pathway the quality of newly synthesized proteins 

To investigate how nutrient signaling affects the folding of nascent chains, we used firefly luciferase (Luc) as a 
reporter because of its high chaperone dependency and stress sensitivity [11, 12].  Cells lacking tuberous 
sclerosis complex 2 (TSC2) exhibit constitutively active mTORC1 signaling [13, 14].  In spite of the increased 
protein synthesis, we observed a much lower Luc activity in TSC2 KO cells than in wild type cells (Fig. 2A).  
Proteasome inhibition by MG132 treatment caused a significant accumulation of Luc (Fig. 2B), indicating the 
reduced stability of Luc in cells with hyperactive mTORC1 signaling.  Remarkably, reducing mTORC1 signaling 
by specific inhibitor rapamycin was able to rescue the steady-state levels of Luc (Fig. 2B).  The reduced 
protein quality in TSC2 KO cells was not limited to Luc.  A significant amount of polyubiquitinated species were 
also accumulated in these cells after proteasome inhibition as compared to the wild type cells (Fig. 2C).  These 
results strongly suggest that hyperactive mTORC1 signaling increases the yield of protein synthesis at the 
expense of folding quality. 

2b. Determine how TSC-mTOR pathway affects translation fidelity 

Translation fidelity can be thought of a competition between the cognate and near-cognate tRNAs for a given 
codon.  It is conceivable that the increased translation speed under hyperactive mTORC1 signaling generates 
more error proteins via misreading of genetic codons.  We analyzed two different aspects of translation fidelity: 
nonsense suppression and aa-tRNA selection.  To evaluate nonsense suppression we constructed a pGL3-
Luc vector with a stop codon at the coding region of Luc (Fig. 3).  To evaluate the aa-tRNA selection we made 
a vector in which the AGA codon of Luc at aa218 was 
mutated to the near-cognate AGC codon.  The R218 residue 
is a critical amino acid for Luc activity and this mutation 
potently reduces the luciferase activity.  Measuring the Luc 
activity level of R218A mutant allows us to evaluate the rate 
of amino acid misincorporation at this position [15].  As 
expected, both Fluc(Stop) and Fluc(R218A) mutants 
showed less than 1% of enzymatic activities of  the wild type 
Fluc.  Despite such low expression levels, TSC2 KO cells 
showed an increase in Fluc activity for both Fluc(Stop) and 
Fluc(R218A) when compared to the wild type cells (2 fold 
and 1.5 fold increase, respectively) (Fig. 3).  These results 
suggest that the ribosomes in cells with hyperactive 
mTORC1 signaling have a higher rate of altered aa-tRNA 
selection. 

 

 
Fig 2. Hyperactive mTORC1 signaling reduces the quality of newly synthesized proteins.  (A) TSC2 WT and TSC2 KO 
cells were transfected with either Luc plasmid or mRNA.  Real time Luc activity was recorded immediately after transfection.  
(B) Luc-transfected TSC2 WT and TSC2 KO cells were treated with MG132 or DMSO followed by immunoblotting analysis 
using antibodies indicated.  (C) Whole cell lysates of TSC2 WT and TSC2 KO cells were immunoblotted to detect ubiquin-
conjugated species.   

 
Fig 3. TSC2 WT (left panel) and KO cells (right panel) 
were transfected with plasmids encoding Fluc mutants as 
in (C).  After 24 hr of transfection, cells were treated with 
20nM rapamycin for 15 hr followed by measurement of 
Fluc activities.  Relative Fluc activities were normalized 
using wild type Fluc (mean ± SEM; n=2). 
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KEY RESEARCH ACCOMPLISHMENTS 
 

• Genome-wide ribosome profiling reveals regulated post-initiation pausing 

• Role of TOP sequence in post-initiation pausing  

• Global mapping of alternative translation initiation using GTI-Seq  

• GTI-seq reveals prevailing alternative translation   

• TSC-mTORC1 increases the yield of protein synthesis at the expense of protein quality  

• TSC-mTORC1 controls translational fidelity  
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CONCLUSIONS 

The observations described in this study have several implications.  First, the critical role of TSC in ribosome 
dynamics and translation quality extends the molecular linkage between mTORC1 and protein homeostasis.  
Second, we find distinct roles for mTORC1 downstream targets in maintaining protein homeostasis.  Loss of 
S6 kinases, but not 4E-BP family proteins, diminishes the effects of rapamycin on the quality of translational 
products.  Third, the finding that an increase in protein synthesis is accompanied by a decrease in protein 
quality provides a plausible mechanism for how persistent mTORC1 signaling favors the development of age-
related pathologies.  With the most common feature of aging being an accumulation of misfolded proteins 
derived from erroneous biosynthesis and post-synthetic modification, protein homeostasis is an important 
mediator of rapamycin in longevity. 

So this study expands our knowledge about the role of TSC-mTOR signaling in translational control of gene 
expression.  The distinct roles for mTORC1 downstream targets in maintaining protein homeostasis reveal a 
mechanistic connection between mTORC1 and protein homeostasis. 
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How the ribosome-bound nascent chain folds to assume its
functional tertiary structure remains a central puzzle in biology.
In contrast to refolding of a denatured protein, cotranslational
folding is complicated by the vectorial nature of nascent chains,
the frequent ribosome pausing, and the cellular crowdedness.
Here, we present a strategy called folding-associated cotransla-
tional sequencing that enables monitoring of the folding compe-
tency of nascent chains during elongation at codon resolution. By
using an engineered multidomain fusion protein, we demonstrate
an efficient cotranslational folding immediately after the emer-
gence of the full domain sequence. We also apply folding-
associated cotranslational sequencing to track cotranslational
folding of hemagglutinin in influenza A virus-infected cells. In
contrast to sequential formation of distinct epitopes, the receptor
binding domain of hemagglutinin follows a global folding route
by displaying two epitopes simultaneously when the full sequence
is available. Our results provide direct evidence of domain-wise
global folding that occurs cotranslationally in mammalian cells.

deep sequencing | ribosome profiling | protein quality

It is currently believed that protein folding generally begins
during translation on the ribosome (1, 2). In mammalian cells,

the rate of protein synthesis is approximately five residues per
second, whereas folding is typically occurring on the microsec-
ond scale (3, 4). Thus, many details of cotranslational folding
pathway remain elusive. For example, what types of the struc-
tures and/or intermediates are formed in the nascent chain
during cotranslational folding? How early in translation are
these structures formed? In contrast to the in vitro refolding of
full-length polypeptides, the cotranslational folding of emerging
polypeptides is influenced by their sequential exposure from the
ribosome exit tunnel to the cytosol (5). Cotranslational folding is
further complicated by frequent ribosome pausing (6), as well as
interactions with cellular binding partners (7).
Traditional methods of detecting cotranslational folding rely

on monitoring of the enzymatic activity of model proteins syn-
thesized in vitro (1, 2). These assays are impractical when applied
to cells under physiological conditions. A few in vivo experiments
supporting cotranslational folding were based on pulse-chase
metabolic labeling coupled with folding-dependent cleavage
analysis (8). A limitation of this approach is low resolution.
Fluorescence-based techniques, such as FRET, allow detection
of cotranslational folding and interactions of nascent chains with
high resolution (9). However, FRET measurements require in-
corporation of modified amino acids and are limited to cell-free
systems. None of these methods can be used for simultaneous
monitoring of cotranslational folding of nascent chains with
varied lengths in vivo. We developed an approach called folding-
associated cotranslational sequencing (FactSeq) that overcomes
many of these deficiencies. By harnessing the power of the ri-
bosome profiling technique (10), FactSeq allows us to dissect at
what point during translation the nascent chain acquires a spe-
cific conformation.

Results and Discussion
During translation elongation, the positions of ribosomes on
a given mRNA, and hence the length of the synthesized poly-
peptide chain, can be determined by deep sequencing of the ri-
bosome-protected mRNA fragments (RPFs) (10, 11). FactSeq is
based on enriching ribosomes bearing nascent chains with rec-
ognizable structural features, followed by sequencing of the as-
sociated RPFs. Direct comparison of RPF distribution before
and after ribosome enrichment provides sequence-specific struc-
tural information associated with the nascent chain. To pilot this
technique, we generated a HEK293 cell line stably expressing the
multidomain fusion protein Flag-FRB-GFP, in which the well-
characterized FKBP12-rapamycin binding domain (FRB) was
fused to the NH2 terminus of GFP (Fig. 1). After collecting the
ribosome fractions from the whole-cell lysates by using sucrose
gradient sedimentation, we converted polysomes to single ribo-
somes by RNase I treatment to digest mRNAs not protected by
the ribosome. We first enriched ribosomes bearing the NH2-
terminal Flag-tagged nascent chain by immunoprecipitation (IP)
using anti-Flag mAb-coated beads. After extracting Flag tag-as-
sociated RPFs as well as total RPFs from the same sample, we
constructed a cDNA library suitable for Illumina high-through-
put sequencing (Fig. 1).
The sequencing results of RPFs obtained with or without Flag IP

were of similar quality (Fig. S1). As expected, the majority of RPFs
were approximately 30 nt in length. The 5′ end positions of RPF
showed a strong 3-nt periodicity, confirming that the RPF accu-
rately captures the ribosome movement along mRNAs. By using
RPFs derived from the entire transcriptome, we built a ribosome
density map on the Flag-FRB-GFP transcript (Fig. 2A). Consis-
tent with the nonuniform rates of translation elongation, the
transcript was punctuated with multiple ribosome pausing sites
with a skewed number of reads located at the start codon region.
Notably, the linker region between FRB and GFP showed the
least RPF reads, possibly because of our selection of commonly
used codons in creating the construct. Over four independent
RPF deep-sequencing replicates, the ribosome distribution pat-
tern on individual transcripts was highly reproducible (Fig. S2).
As the NH2-terminal Flag tag is present at the start of the

nascent chain, the Flag mAb-associated RPFs should capture
nearly all the ribosome footprints during elongation. Alignment
of RPF reads on Flag-FRB-GFP transcript before and after Flag
IP revealed a nearly identical pattern of ribosome density except
the first 50 codon region (Fig. 2A, Lower). As ∼40 aa of the
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growing polypeptide chain are buried within the ribosome exit
tunnel, this corresponds well to the minimal length of 10 aa re-
quired for antibody binding (i.e., the full length of Flag tag).
Notably, there was little reduction of Flag IP-associated RPF
reads relative to total RPFs along the remaining part of the
transcript, indicating that the Flag tag remains intact during the
synthesis of Flag-FRB-GFP. This argues that cotranslational
degradation is minimal in this multidomain fusion protein. Thus,
the FactSeq approach allows tracking of the behavior of nascent
chains with high accuracy and sensitivity.
We next extended the FactSeq approach to evaluate cotrans-

lational folding of the FRB domain before the complete syn-
thesis of GFP. To probe the folding status of FRB domain, we
took advantage of its binding partner FKBP (FK506 binding
protein). The dimerization of FKBP and FRB relies on their 3D
structures and the presence of rapamycin or rapalog (12, 13)

(Fig. 1). As expected, recombinant FKBP synthesized in
Escherichia coli specifically pull down the Flag-FRB-GFP fusion
protein in a rapalog-dependent manner (Fig. S3). Thus, FKBP-
rapalog can be used as a bait to probe the folding status of FRB
before the full-length fusion protein is released from the ribo-
some. Consistent with the high specificity of rapalog-mediated
FRB–FKBP interaction, very few RPF reads were recovered in
the absence of rapalog (Fig. 2B). By contrast, adding rapalog
selectively restored a significant number of RPFs starting at the
150 codon position of the Flag-FRB-GFP transcript. Given 10 aa
from the Flag tag and 40 aa buried in the ribosome tunnel, the
appearance of RPF reads after 150 codon position corresponds
to the minimal length of 100 aa at which the FRB domain starts
to create the rapalog binding site and associate with FKBP.
Thus, FRB domain is able to fold when the corresponding amino
acid sequence immediately emerges from the ribosome.

Fig. 1. Schematic for FactSeq approach. The polysomes from HEK293/Flag-FRB-GFP are converted into monosome by RNase I treatment, followed by IP using
anti-Flag or recombinant FKBP in the presence or absence of rapalog. The RPFs are extracted and mixed with spike-in control before cDNA library con-
struction. The deep sequencing results of RPFs are analyzed by transcriptome mapping. (Inset) Circle depicts structure of FKBP (blue, PDB 1A7X) and FRB (red,
PDB 1AUE) dimerization in the presence of rapamycin (green).

Fig. 2. Monitoring cotranslational behavior of Flag-FRB-GFP polypeptide in mammalian cells. (A) Comparison of RPF distribution on Flag-FRB-GFP transcript
before and after anti-Flag IP. Both the total and Flag IP-associated RPFs are aligned based on the sequence position of Flag-FRB-GFP. Lower: Pattern analysis
using single codon peak ratio (dot plot) and significance (P value) of RPF density vs. background in a 10-codon sliding window (field plot). The line plot
represents the LOESS-smoothed trend line for single codon peak ratio (sampling proportion, 0.2). The colored areas represent regions of nascent chains that
inaccessible to anti-Flag antibody. Cutoff line was set at P = 0.001 (green dashed line). (B) Comparison of RPF distribution on Flag-FRB-GFP transcript before
and after FKBP affinity purification. (Upper) Alignment of RPFs associated with total and FKBP binding in the presence or absence of rapalog. Lower: Pattern
analysis using single codon peak ratio (dot plot) and significance (P value) of RPF density vs. background in a 10-codon sliding window (field plot). The line
plot represents the LOESS-smoothed trend line for single codon peak ratio (sampling proportion, 0.2). The colored areas represent regions of nascent chains
inaccessible to FKBP. Cutoff line was set at P = 0.001 (green dashed line).
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Fig. 3. Monitoring cotranslational folding of HA in influenza A-infected cells. (A) Epitope sites on the RBD domain of HA. The structure of monomeric HA is
shown as a ball-and-stick model with HA1 in light brown and HA2 in light blue (PDB 1RU7). The Sa site recognized by Y8-10C2 is shown in red, whereas the Sb
site by H28-E23 is dark blue. The RBD domain is identified from R53 to E276. (B) Comparison of RPF distribution on HA transcript derived from PR8 H1N1
influenza A before and after IP. Polysome fractions were prepared from influenza A-infected HeLa cells. IP was performed by using a panel of antibodies,
followed by deep sequence of RPFs. Lower: Pattern analysis after IP with Y8-10C2 (red) and H28-E23 (blue) using single codon peak ratio (dot plot) and sig-
nificance (P value) of RPF density vs. background in a 10-codon sliding window (field plot). The line plot represents the LOESS-smoothed trend line for single
codon peak ratio (sampling proportion, 0.2). The colored areas represent regions of nascent chains inaccessible to antibodies. Cutoff line was set at P = 0.001
(green dashed line). (C) Comparison of RPF distribution on HA transcript derived from CV1 mutant that escapes the Y8-10C2 recognition. (Lower) Pattern
analysis after IP with H28-E23 (blue) using single codon peak ratio (dot plot) and significance (P value) of RPF density vs. background in a 10-codon sliding
window (field plot). The line plot represents the LOESS smoothed trend line for single codon peak ratio (sampling proportion, 0.2). Cutoff line was set at
P = 0.001 (green dashed line). (D) A model of domain-wise global folding of the HA nascent chain attached to the ribosome. Rapid cotranslational folding
occurs only after the full RBD domain sequence is available. The blue ovals represent possible binding partners of nascent chains, such as molecular chaperones.
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Intriguingly, there was a significant reduction of FKBP-asso-
ciated RPF reads after 200 codon position of the Flag-FRB-GFP
transcript relative to total RPFs (P = 6.256 × 10−5; Fig. 2B,
Lower). We cannot attribute this to cotranslational degradation,
because the NH2-terminal Flag tag was continuously present
(Fig. 2A). Rather, the appearance of GFP polypeptide could
partially prevent folded FRB from interacting with FKBP, pos-
sibly by associating molecular chaperones or other binding
partners (5).
Having successfully monitored the cotranslational folding of

FRB domain, we next applied FactSeq to evaluate the cotrans-
lational folding process of influenza A hemagglutinin (HA). In-
fluenza presents a serious public health challenge, and HA is
a prime candidate for vaccine design and drug development (14).
HA is a type I transmembrane glycoprotein with multiple folding
domains. The protein is cotranslationally glycosylated in the
endoplasmic reticulum. After posttransaltional trimerization, the
HA trimer then traffics to the cell surface. The crystal structure
of HA reveals a globular ectodomain sitting atop an extended
stalk (Fig. 3A). The HA mediates attachment to cells via its re-
ceptor binding site in the ectodomain [i.e., receptor-binding
domain (RBD)], which also contains most of the epitopes for
neutralizing antibody recognition (15). All known neutralizing
anti-HA mAbs recognize conformational determinants, i.e., their
epitopes are formed by folding of the primary sequences. For
instance, the Y8-10C2 mAb recognizes an epitope on the HA
comprising residues from E158 to Y168 [Puerto Rico/8/34
(PR8)], whereas the H28-E23 epitope is principally formed by
residues from N187 to E198 (16) (Fig. 3A). As these mAbs are
capable of binding HA monomers based on local folding of their
respective domains, we used them to probe cotranslational for-
mation of distinct epitopes during the biosynthesis of HA. As
a negative control, we used the H17-L2 mAb, whose binding is
dependent on trimerization, as its epitope is formed by residues
on each side of the trimer interface (17).
We purified ribosomes 5 h after viral infection of HeLa cells

with PR8 (Fig. S4). The ribosome fractions were then immuno-
precipitated using each of the mAbs followed by deep sequenc-
ing of RPFs. Total RPF reads aligned to the full length of HA
transcript exhibited typical pausing sites (Fig. 3B). Trimer-spe-
cific H17-L2 set the background level of reads. In contrast, both
Y8-10C2 and H28-E23 recovered a large number of RPFs over
background. Thus, FactSeq could be used to investigate the
cotranslational folding of endoplasmic reticulum proteins. In-
triguingly, Y8-10C2 exhibited an almost 110-codon delay in the
appearance of RPFs relative to the emergence of its epitope
ending at residue Y168 from the ribosome exit tunnel (Fig. 3B).
H28-E23 also had a lag of approximately 70 codons after the
residue E198 emerged from the ribosome. Notably, both mAbs
initiated simultaneous binding with the emergence of the entire
globular RBD domain, which ends at residue E276 (Fig. 3A).
These results indicate that Y8-10C2 and H28-E23 epitopes are
not formed sequentially. Although we could not exclude the
possibility of mAb binding-induced nascent chain folding, our
previous study suggests that it is unlikely for such an event to
contribute to the specific RPFs revealed by FactSeq (15). First,
refolding of denatured HA by antibody binding occurs over days,
not within 1 h. Second, mAb binding-induced HA folding, if
rapid, would lead to continuous enrichment of mAb-associated
RPFs along with elongation. However, similar to cotranslational
folding of the FRB domain, the HA exhibited reduced accessi-
bility of Y8-10C2 after its initial epitope formation. The dis-
continuous antibody accessibility to the continuously elongated
nascent chain could represent a previously unrecognized feature
of cotranslational folding pathway. Thus, the coappearance of
distinct epitopes after the full ectodomain is available is consis-
tent with a model of global folding pathway that occurs rapidly

when the RBD sequence has emerged from the ribosome
(Fig. 3D).
To validate the cotranslational folding propensity of HA

revealed by FactSeq, we performed [35S]methionine pulse-chase
of influenza A virus-infected cells coupled with IP. Pulse-chase
was performed at 20 °C to slow down elongation and trimeri-
zation of HA polypeptides. Y8-10C2 recovers HA fragments in
addition to the full-length polypeptide. In contrast, HA trimer-
specific antibody H17-L2 recovers only full-length HA. Y8-
10C2–binding fragments completely resolve during the chase
into full-length HA, demonstrating a precursor–product re-
lationship and indicative of the ability of HA fragments to gen-
erate the Y8-10C2 conformational epitope (Fig. S5A). Remark-
ably, the pattern of HA fragments matches well with that
revealed by FactSeq (Fig. S5B). For instance, the smallest frag-
ment from each assay was approximately 30 kDa. Despite rela-
tively low resolution, pulse labeling analysis confirms the
discontinuous nature of mAb binding during elongation. These
data support the conclusion that the high resolution pattern of-
fered by FactSeq represents the true behavior of nascent
chain synthesis.
We next asked how mutation of an epitope affects the default

folding pathway of the HA globular domain. To this end, we
chose a PR8 escape mutant CV1, whose single K165E sub-
stitution reduces Y8-10C2 avidity more than 100-fold (18) (Fig.
S6). Only background levels of RPF reads were recovered by Y8-
10C2 from CV1, providing an important confirmation of the
specificity of the FactSeq method (Fig. 3C). Interestingly,
whereas CV1 maintained the similar codon lag as WT HA in the
generation of H28-E23 epitope, the full extent of epitope for-
mation was delayed, indicating that the single K165E sub-
stitution alters the kinetics of the cotranslational folding of HA
(Fig. 3 C and D).

Conclusion
It is widely believed that cotranslational folding is a universal
feature of newly synthesized polypeptides (1, 2). However,
monitoring this dynamic process is challenging, in particular in-
side mammalian cells. By harnessing the power of the ribosome
profiling technique with the folding-sensitive affinity reagents,
FactSeq provides a unique view of the folding competency of the
nascent chain during its elongation. The acquisition of the
functional FRB and the HA RBD immediately after their se-
quences emerge from the ribosome exit tunnel strongly favors a
domain-wise global folding pathway. Despite the limitations of
FactSeq in providing real-time kinetics of folding pathway, the
snapshot taken by FactSeq consists of continuous frames of
ribosomes with varied length of nascent chains. FactSeq also
requires folding-sensitive affinity reagents to capture specific
folding status of ribosome-attached nascent chains. With the
increasing number of available conformation-specific antibodies
or binding factors for various gene products (19), FactSeq is
readily applicable to endogenous proteins thanks to the high
throughput of deep sequencing that covers the entire tran-
scriptome. In addition, taking advantage of the intrabodies that
are designed to be expressed intracellularly (20, 21), FactSeq has
the potential to capture cotranslational folding in live cells be-
fore cell lysis. Beyond cotranslating folding, the prototype of
FactSeq can also be applied to other cotranslational events. For
instance, by using an NH2-terminal tag, the same concept can be
adapted to investigate cotranslational degradation by comparing
the loss, rather than the gain, of RPFs. Finally, FactSeq can also
be expanded to study cotranslational chaperone interaction with
nascent chains (7, 22). The applicability of FactSeq is not limited
to studying cotranslational events. The basic principle can be
used to design in vivo folding reporter to investigate cellular
factors influencing cotranslational folding. We envision that this
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approach will provide novel insights into protein triage decisions
under physiological as well as pathological conditions.

Materials and Methods
Cells and Reagents. HEK293 cells stably expressing Flag-FRB-GFP were main-
tained in DMEM with 10% (vol/vol) FBS. Rapalog AP21967 was provided by
Ariad. Anti-Flag and anti-HA antibodies were purchased from Sigma, and pro-
tein A/G beads from Santa Cruz. TRIzol reagent was purchased from Invitrogen.

Influenza A Infection. HeLa cells were infected with Influenza A/PR8 strain at
a multiplicity of 20 pfu/cell in AIM medium, pH 6.6. After adsorption at 37 °C
for 1 h, infected monolayers were overlaid with DMEM containing 7.5% FBS,
and incubated for an additional 5 h.

Ribosome Profiling. Sucrose solutions were prepared in polysome gradient
buffer [10 mM Hepes, pH 7.4, 100 mM KCl, 5 mM MgCl2, 100 µg/mL cyclo-
heximide, 5 mM DTT, and 20 U/mL SUPERase_In (Ambion)]. Sucrose density
gradients [15–45% (wt/vol)] were freshly made in SW41 ultracentrifuge
tubes (Fisher) using a BioComp Gradient Master (BioComp) according to the
manufacturer’s instructions. HEK293/Flag-FRB-GFP cells were plated to four
10-cm dishes before ribosome profiling. Cells were first treated with cyclo-
heximide (100 µg/mL) for 3 min at 37 °C to freeze the translating ribosomes,
followed by ice-cold PBS solution wash. Cells were then harvested by ice-cold
polysome lysis buffer [10 mM Hepes, pH 7.4, 100 mM KCl, 5 mM MgCl2,
100 µg/mL cycloheximide, 5 mM DTT, 20 U/mL SUPERase_In, and 2% (vol/vol)
Triton X-100]. After centrifugation at 4 °C and 10,000 × g for 10 min, ap-
proximately 650 µL supernatant was loaded onto sucrose gradients, fol-
lowed by centrifugation for 100 min at 38,000 rpm, 4 °C, in an SW41 rotor.
Separated samples were fractionated at 0.375 mL/min by using a fraction-
ation system (Isco) that continually monitored OD254 values. Fractions were
collected into tubes at 1-min intervals.

Ribosome Purification. To convert the polysome into monosome, E. coli RNase
I (Ambion) was added into the pooled polysome samples (750 U per 100
A260 units) and incubated at 4 °C for 1 h. Preclearance was conducted by
incubating the ribosome samples with 30 µL protein A/G beads coated with
4% BSA for 1 h at room temperature. For IP using mAbs, 30 µL protein A/G
beads were first incubated with 5 µg mAbs for 1 h at room temperature
followed by blocking with 4% BSA for 1 h. The mAb-coated beads were then
incubated with the precleared ribosome samples at 4 °C for 1 h, followed by
washing with polysome lysis buffer for three times. For FKBP binding assay,
20 µg recombinant HA-FKBP proteins purified from E. coli (BL21) were first
immobilized on protein A/G beads using anti-HA antibody. After blocking
with 4% BSA for 1 h, the beads were then incubated with the precleared
ribosome samples at 4 °C for 1 h in the absence or presence of 1 µM rapalog.
After washing with polysome lysis buffer three times, total RNA extraction
was performed by using TRIzol reagent.

cDNA Library Construction of Ribosome-Protected mRNA Fragments. Purified
RNA samples were first mixed with 1 nM of synthetic 28-nt random RNA (5′-
AUGUACACGGAGUCGACCCGCAACGCGA-3′) as the spike-in control. The
mixed RNA samples were then dephosphorylated in a 15 µL reaction con-
taining 1× T4 polynucleotide kinase buffer, 10 U SUPERase_In, and 20 U T4
polynucleotide kinase (NEB). Dephosphorylation was carried out for 1 h at
37 °C, and the enzyme was then heat-inactivated for 20 min at 65 °C.
Dephosphorylated samples were mixed with 2× Novex TBE-Urea sample
buffer (Invitrogen) and loaded on a Novex denaturing 15% polyacrylamide
TBE-urea gel (Invitrogen). The gel was stained with SYBR Gold (Invitrogen)
to visualize the RNA fragments. Gel bands containing RNA species corre-
sponding to 28 nt were excised and physically disrupted by using centrifu-
gation through the holes of the tube. RNA fragments were dissolved by
soaking overnight in gel elution buffer (300 mM NaOAc, pH 5.5, 1 mM EDTA,
0.1 U/mL SUPERase_In). The gel debris was removed using a Spin-X column
(Corning) and RNA was purified by using ethanol precipitation.

Purified RNA fragments were resuspended in 10 mM Tris (pH 8) and
denatured briefly at 65 °C for 30 s Poly-(A) tailing reaction was performed in
a 8 µL with 1 × poly-(A) polymerase buffer, 1 mM ATP, 0.75 U/µL SUPER-
ase_In, and 3 U E. coli poly-(A) polymerase (NEB). Tailing was carried out for
45 min at 37 °C. For reverse transcription, the following oligos containing
barcodes were synthesized:

MCA02, 5′-pCAGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATAC-
GATTTTTTTTTTTTTTTTTTTTVN-3′; LGT03, 5′-pGTGATCGTCGGACTGTAGAA-
CTCTCAAGCAGAAGACGGCATACGATT TTTTTTTTTTTTTTTTTTVN-3′; YAG04,
5′-pAGGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT TTTT-

TTTTTTTTTTTTTTVN-3′; HTC05, 5′-pTCGATCGTCGGACTGTAGAACTCTCAAG-
CAGAAGACGGCATACGATT TTTTTTTTTTTTTTTTTTVN-3′.

In brief, the tailed RNA product was mixed with 0.5 mM dNTP and 2.5 mM
synthesized primer and incubated at 65 °C for 5 min, followed by incubation
on ice for 5 min. The reaction mix was then added with 20 mM Tris (pH 8.4),
50 mM KCl, 5 mM MgCl, 10 mM DTT, 40 U RNaseOUT, and 200 U SuperScript
III (Invitrogen). RT reaction was performed according to the manufacturer’s
instructions. RNA was eliminated from cDNA by adding 1.8 µL 1 M NaOH and
incubating at 98 °C for 20 min. The reaction was then neutralized with1.8 µL
1 M HCl. Reverse transcription products were separated on a 10% poly-
acrylamide TBE-urea gel as described earlier. The extended first-strand
product band was expected to be approximately 100 nt, and the corre-
sponding region was excised. The cDNA was recovered by using DNA gel
elution buffer (300 mM NaCl, 1 mM EDTA).

First-strand cDNA was circularized in 20 µL of reaction containing 1× Cir-
cLigase buffer, 2.5 mMMnCl2, 1 M Betaine, and 100 U CircLigase II (Epicentre).
Circularization was performed at 60 °C for 1 h, and the reaction was heat-
inactivated at 80 °C for 10 min. Circular single-strand DNA was relinearized
with 20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium ac-
etate, 1 mM DTT, and 7.5 U APE 1 (NEB). The reaction was carried out at 37 °C
for 1 h. The linearized single-strand DNA was separated on a Novex 10%
polyacrylamide TBE-urea gel (Invitrogen) as described earlier. The expected
100-nt product bands were excised and recovered as described earlier.

Deep Sequencing. Single-stranded templatewas amplified by PCR by using the
Phusion High-Fidelity enzyme (NEB) according to the manufacturer’s
instructions. The oligonucleotide primers qNTI200 (5′-CAAGCAGAAGACGG-
CATA-3′) and qNTI201 (5′-AATGATACGGCGACCACCG ACAGGTTCAGAG-
TTCTACAGTCCGACG-3′) were used to create DNA suitable for sequencing,
i.e., DNA with Illumina cluster generation sequences on each end and a se-
quencing primer binding site. The PCR contains 1× HF buffer, 0.2 mM dNTP,
0.5 μM oligonucleotide primers, and 0.5 U Phusion polymerase. PCR was
carried out with an initial 30 s denaturation at 98 °C, followed by 12 cycles of
10 s denaturation at 98 °C, 20 s annealing at 60 °C, and 10 s extension at
72 °C. PCR products were separated on a nondenaturing 8% polyacrylamide
TBE gel as described earlier. Expected DNA at 120 bp was excised and re-
covered as described earlier. After quantification by Agilent BioAnalyzer DNA
1000 assay, equal amount of barcoded samples were pooled into one sample.
Approximately 3–5 pM mixed DNA samples were used for cluster generation
followed by sequencing by using sequencing primer 5′-CGACAGGTTCA-
GAGTTC TACAGTCCGACGATC-3′ (Illumina Genome Analyzer 2 or HiSeq).

Data Analysis. The deep sequencing data of ribosome footprints was pro-
cessed and analyzed by using a collection of custom Perl scripts. The barcoded
multiplex sequencing output files were separated into individual sample
datasets according to the first 2-nt barcodes. Second, the 3′ polyA tails
allowing one mismatch were identified and removed. After that, the high-
quality reads of length ranging from 25 to 35 nt were retained whereas
other reads were excluded from the downstream analysis. The sequences of
the longest transcript isoform for each human gene were downloaded from
the Ensembl database to construct a human transcriptome reference. In
addition, the sequence of HA (NC_002017) from the National Center for
Biotechnology Information database and the plasmid sequence of Flag-FRB-
GFP were used as the reference. The trimmed reads were aligned to the
corresponding reference transcripts by SOAP 2.0, allowing as many as two
mismatches, and only unique mapping hits were retained. Last, the 5′ end
positions of aligned reads were mapped into the coding frame and the
number of reads was counted at each codon ranging from −20 codon 5′ UTR
to the stop codon for the downstream analysis.

The reproducibility of the RPF distribution on individual transcripts was
evaluated by Pearson correlation. The replicates were clustered by Cluster 3.0,
and heat maps were produced by Treeview. To compare the RPF distribution
on transcript before and after the affinity purification, the reads in the first
30-codon window were considered as the background because the poly-
peptides are still buried within the ribosome exit tunnel and cannot be
accessed by binding partners. The significance (i.e., P value) of the RPF
density vs. background within a 10-codon sliding window in the pull-down
sample was calculated by Fisher exact test across the transcripts compared
with the total sample. The first position at which the P value was less than
0.001 was considered as the folding start point. Based on the number of
reads after the folding start point, the total and pull-down data were nor-
malized to the same scale. To decrease the counting error, only the positions
with reads above the mean reads density in the total sample were treated as
comparable sites. Subsequently, the single codon peak ratio was calculated
by dividing the normalized reads of pull-down sample to those of total
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sample at the same codon. The trend line of the single codon peak ratio was
determined by locally estimated scatterplot smoothing (LOESS)by using
SigmaPlot 11.0 (Systat).
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Understanding translational control in gene expression relies on
precise and comprehensive determination of translation initiation
sites (TIS) across the entire transcriptome. The recently developed
ribosome-profiling technique enables global translation analysis,
providing a wealth of information about both the position and
the density of ribosomes on mRNAs. Here we present an approach,
global translation initiation sequencing, applying in parallel the
ribosome E-site translation inhibitors lactimidomycin and cyclo-
heximide to achieve simultaneous detection of both initiation and
elongation events on a genome-wide scale. This approach provides
a view of alternative translation initiation in mammalian cells with
single-nucleotide resolution. Systemic analysis of TIS positions sup-
ports the ribosome linear-scanning mechanism in TIS selection. The
alternative TIS positions and the associatedORFs identifiedbyglobal
translation initiation sequencing are conserved between human and
mouse cells, implying physiological significance of alternative trans-
lation. Our study establishes a practical platform for uncovering the
hidden coding potential of the transcriptome and offers a greater
understanding of the complexity of translation initiation.

genome wide | high throughput | leaky scanning | start codon

Protein synthesis is the final step in the flow of genetic in-
formation and lies at the heart of cellular metabolism. Trans-

lation is regulated principally at the initiation stage, and during the
last decade significant progress has been made in dissecting the
role of initiation factors (eIFs) in the assembly of elongation-
competent 80S ribosomes (1–3).However,mechanisms underlying
start codon recognition are not fully understood. Proper selection
of the translation initiation site (TIS) on mRNAs is crucial for the
production of desired protein products. A fundamental and long-
sought goal in understanding translational regulation is the precise
determination of TIS codons across the entire transcriptome.
In eukaryotes, ribosomal scanning is a well-accepted model for

start codon selection (4). During cap-dependent translation initi-
ation, the small ribosome subunit (40S) is recruited to the 5′ end of
mRNA (the m7G cap) in the form of a 43S preinitiation complex
(PIC). The PIC is thought to scan along the message in search of
the start codon. It is commonly assumed that the first AUG codon
that the scanning PIC encounters serves as the start site for
translation. However, many factors influence the start codon se-
lection. For instance, the initiator AUG triplet usually is in an
optimal context, with a purine at position −3 and a guanine at
position +4 (5). The presence of an mRNA secondary structure at
or near the TIS position also influences the efficiency of recogni-
tion (6). In addition to these cis sequence elements, the stringency
of TIS selection also is subject to regulation by trans- acting factors
such as eIF1 and eIF1A (7, 8). Inefficient recognition of an initi-
ator codon results in a portion of 43S PIC continuing to scan and
initiating translation at a downstream site, a process known as
“leaky scanning” (4). However, little is known about the frequency
of leaky scanning events at the transcriptome level.
Many recent studies have uncovered a surprising variety of po-

tential translation start sites upstream of the annotated coding se-
quence (CDS) (9, 10). It has been estimated that about 50% of
mammalian transcripts contain at least one upstream ORF

(uORF) (11, 12). Intriguingly, many non-AUG triplets have been
reported to act as alternative start codons for initiating uORF
translation (13). Because there is no reliable way to predict non-
AUG codons as potential initiators from in silico sequence analysis,
there is an urgent need to develop experimental approaches for
genome-wide TIS identification.
Ribosome profiling, based on deep sequencing of ribosome-

protected mRNA fragments (RPF), has proven to be powerful in
defining ribosome positions on the entire transcriptome (14, 15).
However, the standard ribosome profiling is not suitable for iden-
tifying TIS. Elevated ribosome density near the beginning of CDS
is not sufficient for unambiguous identification of alternative TIS
positions, in particular the TIS positions associated with over-
lapping ORFs. To overcome this problem, a recent study used an
initiation-specific translation inhibitor, harringtonine, to deplete
elongating ribosomes frommRNAs (16). This approach uncovered
an unexpected abundance of alternative TIS codons, in particular
non-AUG codons in the 5′ UTR. However, because the inhibitory
mechanism of harringtonine on the initiating ribosome is unclear,
whether the harringtonine-marked TIS codons truly represent
physiological TIS remains to be confirmed.
We developed a technique, global translation initiation se-

quencing (GTI-seq), that uses two related but distinct translation
inhibitors to differentiate ribosome initiation from elongation ef-
fectively. GTI-seq has the potential to reveal a comprehensive and
unambiguous set of TIS codons at nearly single-nucleotide reso-
lution. The resulting TIS maps provide a remarkable display of
alternative translation initiators that vividly delineates the variation
in start codon selection. This technique allows a more complete
assessment of the underlying principles that specify start codon use
in vivo.

Results
Experimental Design. Cycloheximide (CHX) has been widely used
in ribosome profiling of eukaryotic cells because of its potency in
stabilizing ribosomes on mRNAs. Both biochemical (17) and
structural studies (18) revealed that CHX binds to the exit (E)-

Author contributions: Sooncheol Lee, B.L., and S.-B.Q. designed research; Sooncheol Lee
and B.L. performed research; S.-X.H. and B.S. contributed new reagents/analytic tools;
Sooncheol Lee, Soohyun Lee, and S.-B.Q. analyzed data; and Soohyun Lee and S.-B.Q.
wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

Freely available online through the PNAS open access option.

Data deposition: The sequences reported in this work have been deposited in the Se-
quence Read Archive database (accession no. SRA056377).
1Sooncheol Lee, B.L., and Soohyun Lee contributed equally to this work.
2Present address: Cancer Center, Massachusetts General Hospital, Harvard Medical School,
Boston, MA 02115.

3Present address: Center for Biomedical Informatics, Harvard Medical School, Boston,
MA 02115.

4To whom correspondence should be addressed. E-mail: sq38@cornell.edu.

See Author Summary on page 14728 (volume 109, number 37).

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1207846109/-/DCSupplemental.

E2424–E2432 | PNAS | Published online August 27, 2012 www.pnas.org/cgi/doi/10.1073/pnas.1207846109

http://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRA056377
mailto:sq38@cornell.edu
http://www.pnas.org/content/109/37/E2424/1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207846109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207846109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1207846109


site of the large ribosomal subunit, close to the position where
the 3′ hydroxyl group of the deacylated transfer RNA (tRNA)
normally binds. CHX thus prevents the release of deacylated
tRNA from the E-site and blocks subsequent ribosomal trans-
location (Fig. 1A, Left). Recently, a family of CHX-like natural
products isolated from Streptomyces was characterized, including
lactimidomycin (LTM) (19, 20). Acting as a potent protein
synthesis inhibitor, LTM uses a mechanism similar but not
identical to that used by CHX (17). With its 12-member mac-
rocycle, LTM is significantly larger in size than CHX (Fig. 1A).
As a result, LTM cannot bind to the E-site when a deacylated
tRNA is present. Only during the initiation step, in which the
initiator tRNA enters the peptidyl (P)-site directly (21), is the
empty E-site accessible to LTM. Thus, LTM acts preferentially
on the initiating ribosome but not on the elongating ribosome.
We reasoned that ribosome profiling using LTM in a side-by-side
comparison with CHX should allow a complete segregation of
the ribosome stalled at the start codon from the one in active
elongation (Fig. 1B).
We designed an integrated GTI-seq approach and performed

the ribosome profiling in HEK293 cells pretreated with either
LTM or CHX. Although CHX stabilized the polysomes slightly
compared with the no-drug treatment (DMSO), 30 min of LTM
treatment led to a large increase in monosomes accompanied by
a depletion of polysomes (Fig. S1). This result is in agreement
with the notion that LTM halts translation initiation while
allowing elongating ribosomes to run off (17). After RNase I
digestion of the ribosome fractions, the purified RPFs were
subjected to deep sequencing. As expected, CHX treatment
resulted in an excess of RPFs at the beginning of ORFs in ad-
dition to the body of the CDS (Fig. 1C). Remarkably, LTM
treatment led to a pronounced single peak located at the −12-nt
position relative to the annotated start codon. This position
corresponds to the ribosome P-site at the AUG codon when an
offset of 12 nt is considered (14, 15). LTM treatment also

eliminated the excess of ribosomes seen at the stop codon in
untreated cells or in the presence of CHX. Therefore, LTM
efficiently stalls the 80S ribosome at the start codons.
During the course of our study, Ingolia et al. (16) reported

a similar TIS mapping approach using harringtonine, a different
translation initiation inhibitor. One key difference between har-
ringtonine and LTM is that the former drug binds to free 60S
subunits (22), whereas LTM binds to the 80S complexes already
assembled at the start codon (17). We compared the pattern of
RPF density surrounding the annotated start codon in the pub-
lished datasets (16) and the LTM results (Fig. S2). It appears that
a considerable amount of harringtonine-associated RPFs are not
located exactly at the annotated start codon. To compare the ac-
curacy of TIS mapping accuracy by LTM and harringtonine di-
rectly, we performed ribosome profiling in HEK293 cells treated
with harringtonine using the same protocol as in LTM treatment.
As in the previous study, harringtonine treatment caused a sub-
stantial fraction of RPFs to accumulate in regions downstream of
the start codon (Fig. 1D). The relaxed positioning of harringto-
nine-associated RPFs after prolonged treatment leaves un-
certainty in TIS mapping. In contrast, GTI-seq using LTM largely
overcomes this deficiency and offers high precision in global TIS
mapping with single-nucleotide resolution (Fig. 1D).

Global TIS Identification by GTI-seq. One of the advantages of GTI-
seq is its ability to analyze LTM data in parallel with CHX. Be-
cause of the structural similarity between these two translation
inhibitors, the LTM background reads resembled the pattern of
CHX-associated RPFs (Fig. 2A). This feature allows us to reduce
the background noise of LTM-associated RPFs further by sub-
tracting the normalized density of CHX reads at every nucleotide
position from the density of LTM reads at that position. A TIS
peak then is called at a position in which the adjusted LTM reads
density is well above the background (red asterisk in Fig. 2A; see
Materials and Methods for details). From ∼10,000 transcripts with

Fig. 1. Experimental strategy of GTI-seq using ribosome E-site translation inhibitors. (A) Schematic diagram of the experimental design for GTI-seq.
Translation inhibitors CHX and LTM bind to the ribosome E-site, resulting in inhibition of translocation. CHX binds to all translating ribosomes (Left), but LTM
preferentially incorporates into the initiating ribosomes when the E-site is free of tRNA (Right). (B) Ribosome profiling using CHX and LTM side by side allows
the initiating ribosome to be distinguished from the elongating one. (C) HEK293 cells were treated with DMSO, 100 μM CHX, or 50 μM LTM for 30 min before
ribosome profiling. Normalized RPF reads are averaged across the entire transcriptome, aligned at either their start site or stop codon from the 5′ end of RPFs.
(D) Metagene analysis of RPFs obtained from HEK293 cells treated with harringtonine (Left) or LTM (Right). All mapped reads are aligned at the annotated
start codon AUG, and the density of reads at each nucleotide position is averaged using the P-site of RPFs.
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detectable TIS peaks, we identified a total of 16,863 TIS sites
(Dataset S1). Codon composition analysis revealed that more
than half the TIS codons used AUG as the translation initiator
(Fig. 2B). GTI-seq also identified a significant proportion of TIS
codons using near-cognate codons that differ from AUG by
a single nucleotide, in particular CUG (16%). Remarkably, nearly
half the transcripts (49.6%) contained multiple TIS sites (Fig.
2C), suggesting that alternative translation prevails even under
physiological conditions. Surprisingly, over a third of the tran-
scripts (42.3%) showed no TIS peaks at the annotated TIS posi-
tion (aTIS) despite clear evidence of translation (Dataset S1).
Although some could be false negatives resulting from the strin-
gent threshold cutoff for TIS identification (Fig. S3), others were
attributed to alternative translation initiation (see below). How-
ever, it is possible that some cases represent misannotation. For
instance, the translation of CLK3 clearly starts from the second
AUG, although the first AUGwas annotated as the initiator in the
current database (Fig. 2D). We found 50 transcripts that have
possible misannotation in their start codons (Dataset S2). How-
ever, some mRNAs might have alternative transcript processing.
In addition, we could not exclude the possibility that some of these
genes might have tissue-specific TIS.

Characterization of Downstream Initiators. In addition to validating
initiation at the annotated start codon, GTI-seq revealed clear
evidence of downstream initiation on 27% of the analyzed tran-
scripts with TIS peaks (Dataset S1). As a typical example, AIMP1
showed three TIS peaks exactly at the first three AUG codons in
the same reading frame (Fig. 3A). Thus, the same transcript gen-
erates three isoforms of AIMP1 with varied NH2 termini, a finding
that is consistent with the previous report (23). Of the total TIS
positions identified by GTI-seq, 22% (3,741/16,863) were located
downstream of aTIS codons; we termed these positions “dTIS.”

Nearly half of the identified dTIS codons used AUG as the initi-
ator (Fig. 3B).
What are the possible factors influencing downstream start co-

don selection? We classified genes with multiple TIS codons into
three groups based on the Kozak consensus sequence of the first
AUG. The relative leakiness of the first AUGcodonwas estimated
by measuring the fraction of LTM reads at the first AUG over the
total reads recovered on and after this position. The AUG codon
with a strong Kozak sequence context showed higher initiation
efficiency (or lower leakiness) than a codon with a weak or no
consensus sequence (P = 1.12 × 10−142) (Fig. 3C). These results
indicate the critical role of sequence context in start codon rec-
ognition. To substantiate this conclusion further, we performed
a reciprocal analysis by grouping genes according to whether an
initiation peak was identified at the aTIS or dTIS positions on their
transcripts (Fig. 3D). A survey of the sequences flanking the aTIS
revealed a clear preference of Kozak sequence context for dif-
ferent gene groups. We observed the strongest Kozak consensus
sequence in the gene group with aTIS initiation but no detectable
dTIS, (Fig. 3D, Bottom). This sequence context was largely absent
in the group of genes lacking detectable translation initiation at the
aTIS (Fig. 3D, Top). Thus, ribosome leaky scanning tends to occur
when the context for an aTIS is suboptimal.
Cells use the leaky scanning mechanism to generate protein

isoforms with changed subcellular localizations or altered func-
tionality from the same transcript (24). GTI-seq revealed many
more genes that produce protein isoforms via leaky scanning than
had been previously reported (Dataset S1). For independent val-
idation of the dTIS positions identified by GTI-seq, we cloned the
gene CCDC124 whose transcript showed several initiation peaks
above the background (Fig. 3E). One dTIS is in the same reading
frame as the aTIS, allowing us to use a COOH-terminal tag to
detect different translational products in transfected cells. Im-
munoblotting of transfectedHEK293 cells showed two clear bands

Fig. 2. Global identification of TIS by GTI-seq. (A) TIS identification on the PYCR1 transcript. LTM and CHX reads are plotted as gray bar graphs. TIS iden-
tification is based on normalized density of LTM reads minus the density of CHX reads. The three reading frames are separated and presented as distinct
colors. The identified TIS position is marked by a red asterisk and highlighted by a vertical line color-coded by the corresponding reading frame. The an-
notated coding region is indicated by a green triangle (start codon) and a black triangle (stop codon). (B) Codon composition of all TIS codons identified by
GTI-seq (Left) is shown in comparison with the overall codon distribution over the entire transcriptome (Right). (C) Histogram showing the overall distribution
of TIS numbers identified on each transcript. (D) Misannotation of the start codon on the CLK3 transcript. The annotated coding region is indicated by the
green (start codon) and black (stop codon) triangles. AUG codons on the body of the coding region are also shown as open triangles. For clarity, only one
reading frame is shown.
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whose molecular masses correspond to full-length CCDC124
(28.9 kDa) and the NH2-terminally truncated isoform (23.7 kDa),
respectively. Intriguingly, the relative abundance of both isoforms
matched well to the density of corresponding LTM reads, sug-
gesting that GTI-seq might provide quantitative assessment of
translation initiation.

Characterization of Upstream Initiators. Sequence-based computa-
tional analyses predicted that about 50% of mammalian tran-
scripts contain at least one uORF (11, 12). In agreement with this
notion, GTI-seq revealed that 54% of transcripts bear one ormore
TIS positions upstream of the annotated start codon (Dataset S1).
These upstream TIS (uTIS) codons, when outside the aTIS
reading frame, often are associated with short ORFs. A classic
example isATF4, whose translation is controlled predominantly by
several uORFs (25–27). This feature was clearly captured by GTI-
seq (Fig. 4A). As expected, the presence of these uORFs efficiently
repressed the initiation at the aTIS, as evidenced by few CHX
reads along the CDS of ATF4.
Nearly half of the total TIS positions identified by GTI-seq were

uTIS (7,936/16,863). In contrast to the dTIS, which used AUG as
the primary start codon (Fig. 3B), the majority of uTIS (74.4%)
were non-AUG codons (Fig. 4B). CUGwas themost prominent of

these AUG variants, with a frequency even higher than that of
AUG (30.3% vs. 25.6%). In a few well-documented examples, the
CUG triplet was reported to serve as an alternative initiator (13).
To confirm experimentally the alternative initiators identified by
GTI-seq, we cloned the gene RND3 that showed a clear initiation
peak at a CUG codon in addition to the aTIS (Fig. 4C). The two
initiators are in the same reading frame without a stop codon
between them, thus permitting us to detect different translational
products using an antibody against the fused COOH-terminal tag.
Immunoblotting of transfected HEK293 cells showed two protein
bands corresponding to the CUG-initiated long isoform (34 kDa)
and the main product (31 kDa) (Fig. 4C). Once again, the levels of
both isoforms were in accordance with the relative densities of
LTM reads, further supporting the quantitative feature ofGTI-seq
in TIS mapping.

Global Impacts of uORFs on Translational Efficiency. Initiation from
an uTIS and the subsequent translation of the short uORF nega-
tively influence themainORF translation (10, 11). To find possible
factors governing the alternative TIS selection in the 5′ UTR, we
categorized uTIS-bearing transcripts into two groups according to
whether initiation occurs at the aTIS and compared the sequence
context of uTIS codons (Fig. 5A). For transcripts with initiation at

Fig. 3. Characterization of dTIS. (A) Identification of multiple TIS codons on the AIMP1 transcript. For clarity, only one reading frame is shown. (B) Codon
composition of total dTIS codons identified by GTI-seq. (C) Relative efficiency of initiation at the first AUG codon with different Kozak sequence contexts
(one-tailed Wilcoxon rank sum test: strong vs. weak: P = 7.92 × 10−24; weak vs. no Kozak context: P = 1.34 × 10−75). (D) Genes are grouped according to the
identified initiation at an aTIS, at a dTIS, or at both. The sequence context surrounding the aTIS is shown as sequence logos. χ2 test, P = 2.57 × 10−100 for the −3
position and P = 3.95 × 10−18 for the +4 position. (E) Identification of multiple TIS codons on the CCDC124 transcript. (F) Validation of CCDC124 TIS codons by
immunoblotting. The DNA fragment encompassing both the 5′ UTR and the CDS of CCDC124was cloned and transfected into HEK 293 cells. Whole-cell lysates
were immunoblotted using c-myc antibody.
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both uTIS and aTIS positions [aTIS(Y)], the uTIS codons were
preferentially composed of nonoptimal AUG variants. In contrast,
the uTIS codons identified on transcripts with repressed aTIS
initiation [aTIS(N)] showed a higher percentage of AUG with
Kozak consensus sequences (P = 1.74 × 10−80). These results are
in agreement with the notion that the accessibility of an aTIS to the
ribosome for initiation depends on the context of uTIS codons.
Recent work showed a correlation between secondary structure

stability of local mRNA sequences near the start codon and the
efficiency of mRNA translation (28–30). To examine whether the
uTIS initiation also is influenced by local mRNA structures, we
computed the free energy associated with secondary structures
from regions surrounding the uTIS position (Fig. 5B). We ob-
served an increased folding stability of the region shortly after the
uTIS in transcripts with repressed aTIS initiation (Fig. 5B, blue
line). In particular, more stable mRNA secondary structures were
present on transcripts with less optimal uTIS codons (Fig. 5B,
Center and Right). Therefore, when the consensus sequence is
absent from the start codon, the local mRNA secondary structure
has a stronger correlation with the TIS selection.
Depending on the uTIS positions, the associated uORF can be

separated from or overlap the main ORF. These different types of
uORF could use different mechanisms to control the main ORF
translation. For instance, when the uORF is short and separated
from themainORF, the 40S subunit can remain associated with the
mRNA after termination at the uORF stop codon and can resume
scanning, a process called “reinitiation” (2). When the uORF
overlaps themainORF, the aTIS initiation relies solely on the leaky

scanning mechanism. We sought to dissect the respective con-
tributions of reinitiation and leaky scanning to the regulation of
aTIS initiation. Interestingly, we found a higher percentage of
separated uORFs in aTIS(N) transcripts (Fig. 5C,P=3.52× 10−41).
This result suggests that the reinitiation generally is less efficient
than leaky scanning and is consistent with the negative role of
uORFs in translation of main ORFs.

Cross-Species Conservation of Alternative Translation Initiators. The
prevalence of alternative translation reshapes the proteome
landscape by increasing the protein diversity or by modulating
translation efficiency. The biological significance of alternative
initiators could be preserved across species if they are of potential
fitness benefit. We applied GTI-seq to a mouse embryonic fibro-
blast (MEF) cell line and identified TIS positions, including uTIS
and dTIS, across themouse transcriptome (Dataset S3).MEF cells
showed remarkable similarity to HEK293 cells in overall TIS
features (Fig. S4). For example, uTIS codons used non-AUG,
especially CUG, as the dominant initiator. Additionally, about half
the transcripts inMEF cells exhibited multiple initiators. Thus, the
general features of alternative translation are well conserved be-
tween human and mouse cells.
To analyze the conservation of individual alternative TIS posi-

tion on each transcript, we chose a total of 12,949 human/mouse
orthologous mRNA pairs. We analyzed the 5′ UTR and CDS
regions separately to measure the conservation of uTIS and dTIS
positions, respectively (Fig. 6A). Each groupwas classified into two
subgroups based on their sequence similarity. For genes with high

Fig. 4. Characterization of uTIS. (A) Identification of multiple TIS codons on the ATF4 transcript. Inset shows a region of frame 0 with the y axis enlarged 10-
fold, showing the LTM peak at the annotated start codon AUG. Different ORFs are shown in boxes color-coded for the different reading frames. (B) Codon
composition of total uTIS codons identified by GTI-seq. (C) Identification of multiple TIS codons on the RND3 transcript. (D) Validation of RND3 TIS codons by
immunoblotting. The DNA fragment encompassing both the 5′ UTR and the CDS of RND3 was cloned and transfected into HEK 293 cells. Whole-cell lysates
were immunoblotted using c-myc antibody.
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sequence similarity, 85% of the uTIS and 60% of dTIS positions
were conserved between human and mouse cells. Some of these
alternative TIS codons were located at the same positions on the
aligned sequences (Fig. S5). For example,RNF10 in HEK293 cells
showed three uTIS positions, which also were found at the iden-
tical positions on the aligned 5′ UTR sequence of the mouse ho-
molog in MEF cells (Fig. 6B). Remarkably, genes with low
sequence similarity also displayed high TIS conservation across the
two species (Fig. 6A). For instance, the 5′UTR of the CTTN gene
has low sequence identity between human and mouse homologs
(alignment score = 40.3) (Fig. 6C). However, a clear uTIS was
identified at the same position on the aligned region in both cells.
Notably, the majority of alternative ORFs conserved between
human and mouse cells were of the same type, i.e., either sepa-
rated from or overlapping the main ORF (Fig. 6A and Fig. S5).
The evolutionary conservation of those TIS positions and the as-
sociated ORFs is a strong indication of the functional significance
of alternative translation in regulating gene expression.

Characterization of Non-Protein Coding RNA Translation. The mam-
malian transcriptome contains many non–protein-coding RNAs
(ncRNAs) (31). ncRNAs have gained much attention recently
because of increasing recognition of their role in a variety of cel-
lular processes, including embryogenesis and development (32).
Motivated by the recent report of the possible translation of large
intergenic ncRNAs (16), we sought to explore the possible trans-
lation, or at least ribosome association, of ncRNAs in HEK293
cells. We selected RPFs uniquely mapped to ncRNA sequences to
exclude the possibility of spurious mapping of reads originated
frommRNAs.Of 5,763 ncRNAs annotated inRefSeq (http://www.
ncbi.nlm.nih.gov/RefSeq/), we identified 228 ncRNAs (about 4%)
that were associated with RPFs marked by both CHX and LTM
(Fig. 6D andDataset S4). Compared with protein-codingmRNAs,

most ORFs recovered from ncRNAs were very short, with a me-
dian length of 54 nt (Fig. 6E). Several ncRNAs also showed al-
ternative initiation at non-AUG start codons, as exemplified by
LOC100506233 (Fig. 6F).
Comparative genomics reveals that the coding regions often are

evolutionarily conserved elements (33). We retrieved the Phast-
Cons scores (http://genome.ucsc.edu) for both coding and non-
coding regions of ncRNAs and found that the ORF regions
identified by GTI-seq indeed showed a higher conservation (Fig.
6G). Some ncRNAs showed a clear enrichment of highly con-
served bases within the ORFs marked by both LTM and CHX
reads (Fig. S6). Despite the apparent engagement by the protein
synthesis machinery, the physiological functions of the coding ca-
pacity of these ncRNAs remain to be determined.

Discussion
The mechanisms of eukaryotic translation initiation have received
increasing attention because of their central importance in diverse
biological processes (1). The use of multiple initiation codons in
a single mRNA contributes to protein diversity by expressing
several protein isoforms from a single transcript. Distinct ORFs
defined by alternative TIS codons also could serve as regulatory
elements in controlling the translation of the main ORF (10, 11).
Although we have some understanding of how ribosomes de-
termine where and when to start initiation, our knowledge is far
from complete. GTI-seq provides a comprehensive and high-res-
olution view of TIS positions across the entire transcriptome. The
precise TIS mapping offers insights into the mechanisms of start
codon recognition.

Global TIS Mapping at Single-Nucleotide Resolution by GTI-seq.
Traditional toeprinting analysis showed heavy ribosome pausing
at both the initiation and the termination codons of mRNAs (34,

Fig. 5. Impact of uORF features on translational regulation. (A) The sequence composition of uTIS codons for genes with [aTIS(Y)] or without [aTIS(N)] aTIS
initiation. Genes are classified into two groups based on aTIS initiation, and the uTIS sequence composition is categorized based on the consensus features
shown on the right. (B) The contribution of mRNA secondary structure to TIS selection. Genes are grouped based on uTIS codon features listed in A. For each
group, the transcripts with (red line) or without (blue line) aTIS initiation are analyzed for the averaged Gibbs free energy (ΔG) value in regions surrounding
the identified uTIS codons. (C) The composition of uORFs in gene groups with or without aTIS initiation on their transcripts. Different ORF features are shown
on the right.

Lee et al. PNAS | Published online August 27, 2012 | E2429

BI
O
CH

EM
IS
TR

Y
PN

A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207846109/-/DCSupplemental/pnas.201207846SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207846109/-/DCSupplemental/pnas.201207846SI.pdf?targetid=nameddest=SF5
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207846109/-/DCSupplemental/sd04.xlsx
http://genome.ucsc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207846109/-/DCSupplemental/pnas.201207846SI.pdf?targetid=nameddest=SF6


35). Consistently, deep sequencing-based ribosome profiling also
revealed higher RPF density at both the start and the stop codons
(14, 15). Although this feature enables approximate determination
of decoded mRNA regions, it does not allow unambiguous iden-
tification of TIS positions, especially when multiple initiators are
used. Translation inhibitors acting specifically on the first round of
peptide bond formation allow the run-off of elongating ribosomes,
thereby specifically halting ribosomes at the initiation codon. In-
deed, harringtonine treatment caused a profound accumulation of
RPFs in the beginning of CDS (16). A caveat regarding the use of
harringtonine is that this drug binds to free 60S subunits, and the
inhibitory mechanism is unclear. In particular, it is not known
whether harringtonine completely blocks the initiation step. We
observed that a significant fraction of ribosomes still passed over
the start codon in the presence of harringtonine.
The translation inhibitor LTM has several features that con-

tribute to the high resolution of global TIS identification. First,
LTM binds to the 80S ribosome already assembled at the initiation
codon and permits the formation of the first peptide bond (17).
Thus, the LTM-associated RPF more likely represents physio-
logical TIS positions. Second, LTM occupies the empty E-site of
initiating ribosomes and thus completely blocks the translocation.

This feature allows TIS identification at single-nucleotide resolu-
tion. With this precision, different reading frames become un-
ambiguous, thereby revealing different types of ORFs within each
transcript. Third, because of their similar structure and the use of
the same binding site in the ribosome, LTM and CHX can be
applied side by side to achieve simultaneous assessment of both
initiation and elongation for the same transcript. With the high
signal/noise ratio, GTI-seq offers a direct approach to TIS iden-
tification with minimal computational aid. From our analysis, the
uncovering of alternative initiators allows us to explore the
mechanisms of TIS selection. We also experimentally validated
different translational products initiated from alternative start
codons, including non-AUG codons. Further confirming the ac-
curacy of GTI-seq, a sizable fraction of alternative start codons
identified by GTI-seq exhibited high conservation across species.
The evolutionary conservation strongly suggests a physiological
significance of alternative translation in gene expression.

Diversity and Complexity of Alternative Start Codons. GTI-seq
revealed that the majority of identified TIS positions belong to
alternative start codons. The prevailing alternative translation
was corroborated by the finding that nearly half the transcripts

Fig. 6. Cross-species conservation of alternative TIS positions and identification of translated ncRNA. (A) Evolutionary conservation of alternative TIS
positions identified by GTI-seq in HEK293 and MEF cells. Alternative uTIS and dTIS positions identified on human-mouse ortholog mRNA pairs are each
classified into two subsets according to the alignment score of relevant sequences (5′ UTR for uTIS and CDS for dTIS). Each subset is divided further based on
types of alternative ORFs. Percentage values are presented in the table. (B) Conservation of uTIS positions on the RNF10 transcript with high 5′ UTR sequence
similarity between HEK293 and MEF cells. Red regions indicate matched sequences, black regions indicate mismatched sequences, and gray regions indicate
sequence gaps. Identified uTIS positions are indicated by triangles. (C) Conservation of uTIS positions on the CTTN transcript with low sequence similarity of 5′
UTR between HEK293 and MEF cells. (D) Pie chart showing the relative percentage of mRNA, ncRNA and translated ncRNA identified by GTI-seq. (E) His-
togram showing the overall length distribution of ORFs identified in ncRNAs. (F) Identification of multiple TIS positions on the ncRNA LOC100506233. (G)
Evolutionary conservation of the ORF region on ncRNAs identified by GTI-seq. PhastCons scores are retrieved from the primate genome sequence alignment.
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contained multiple TIS codons. Although dTIS codons use the
conventional AUG as the main initiator, a significant fraction of
uTIS codons are non-AUG, with CUG being the most frequent
one. In a few well-documented cases, including FGF2 (36),
VEGF (37), and Myc (38), the CUG triplet was reported to serve
as the non-AUG start codon. With the high-resolution TIS map
across the entire transcriptome, GTI-seq greatly expanded the
list of mRNAs with hidden coding potential not visible by se-
quence-based in silico analysis.
By what mechanisms are alternative start codons selected?

GTI-seq revealed several lines of evidence supporting the linear-
scanning mechanism for start codon selection. First, the uTIS
context, such as the Kozak consensus sequence and the sec-
ondary structure, largely influenced the frequency of aTIS initi-
ation. Second, the stringency of an aTIS codon negatively
regulated the dTIS efficiency. Third, the leaky potential at the
first AUG was inversely correlated with the strength of its se-
quence context. Because it is less likely that a preinitiation
complex will bypass a strong initiator to select a suboptimal one
downstream, it is not surprising that most uTIS codons are not
canonical, whereas the dTIS codons are mostly conventional
AUG. In addition to the leaky scanning mechanism for alter-
native translation initiation, ribosomes could translate a short
uORF and reinitiate at downstream ORFs (2). After termination
of a uORF is completed, it was assumed that some translation
factors remain associated with the ribosome, facilitating the
reinitiation process (39). However, this mechanism is widely
considered to be inefficient. From the GTI-seq data set, about
half the uORFs were separated from the main ORFs. Compared
with transcripts with overlapping uORFs that must rely on leaky
scanning to mediate the downstream translation, we observed
repressed aTIS initiation in transcripts containing separated
uORFs. It is likely that the ribosome reinitiation mechanism
plays a more important role in selective translation under stress
conditions (27).

Biological Impacts of Alternative Translation Initiation.One expected
consequence of alternative translation initiation is an expanded
proteome diversity that has not been and could not be predicted by
in silico analysis of AUG-mediated main ORFs. Indeed, many
eukaryotic proteins exhibit a feature of NH2-terminal heterogeneity
presumably caused by alternative translation. Protein isoforms lo-
calized in different cellular compartments are typical examples,
because most localization signals are within the NH2-terminal
segment (40, 41). Alternative TIS selection also could produce
functionally distinct protein isoforms. One well-established exam-
ple is C/EBP, a family of transcription factors that regulate the
expression of tissue-specific genes during differentiation (42).
When an alternative TIS codon is not in the same frame as the

aTIS, it is conceivable that the same mRNA will generate un-
related proteins. This production could be particularly important
for the function of uORFs, which often are separated from the
main ORF and encode short polypeptides. Some of these uORF
peptide products control ribosome behavior directly, thereby
regulating the translation of the main ORF. For instance, the
translation of S-adenosylmethionine decarboxylase is subject to

regulation by the six-amino acid product of its uORF (43). The
alternative translational products also could function as bi-
ologically active peptides. A striking example is the discovery of
short ORFs in noncoding RNAs of Drosophila that produce
functional small peptides during development (44). However,
both computational prediction and experimental validation of
peptide-encoding short ORFs within the genome are challenging.
Our study using GTI-seq represents a potential addition to the
expanding ORF catalog by including ORFs from ncRNAs.

Perspective. The enormous biological breadth of translational
regulation has led to an enhanced appreciation of its complex-
ities. However, current endeavors aiming to understand protein
translation have been hindered by technological limitations.
Comprehensive cataloging of global TIS and the associated
ORFs is just the beginning step in unveiling the role of trans-
lational control in gene expression. More focused studies will be
needed to decipher the function and regulatory mechanism of
novel ORFs individually. A systematic, high-throughput method
like GTI-seq offers a top-down approach, in which one can
identify a set of candidate genes for intensive study. GTI-seq is
readily applicable to broad fields of fundamental biology. For
instance, applications of GTI-seq in different tissues will facili-
tate the elucidation of the tissue-specific translational control.
The illustration of altered TIS selection under different growth
conditions will set the stage for future investigation of trans-
lational reprogramming during organismal development as well
as in human diseases.

Materials and Methods
HEK293 or MEF cells were treated with 100 μM CHX, 50 μM LTM, 2 μg/mL
harringtonine, or DMSO at 37 °C for 30 min. Cells were lysed in polysome
buffer, and cleared lysates were separated by sedimentation through su-
crose gradients. Collected polysome fractions were digested with RNase I,
and the RPF fragments were size selected and purified by gel extraction.
After the construction of the sequencing library from these fragments, deep
sequencing was performed using Illumina HiSEQ. The trimmed RPF reads
with final lengths of 26–29 nt were aligned to the RefSeq transcript
sequences by Bowtie-0.12.7, allowing one mismatch. A TIS position on an
individual transcript was called if the normalized density of LTM reads at the
every nucleotide position minus the density of CHX reads at that position
was well above the background. In the analysis of noncoding RNA, only
reads unique to single ncRNA were used. To validate the identified TIS
codons experimentally, specific genes encompassing both the 5′ UTR and the
CDS were amplified by RT-PCR from total cellular RNAs extracted from
HEK293 cells. The resultant cDNAs were cloned into pcDNA3.1 containing
a c-myc tag at the COOH terminus. After transfection into HEK293 cells,
whole-cell lysates were used for immunoblotting using anti-myc antibody.
Full methods are available in SI Materials and Methods.
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SUMMARY

Translational control permits cells to respond swiftly
to a changing environment. Rapid attenuation of
global protein synthesis under stress conditions
has been largely ascribed to the inhibition of transla-
tion initiation. Here we report that intracellular pro-
teotoxic stress reduces global protein synthesis by
halting ribosomes on transcripts during elongation.
Deep sequencing of ribosome-protected messenger
RNA (mRNA) fragments reveals an early elongation
pausing, roughly at the site where nascent polypep-
tide chains emerge from the ribosomal exit tunnel.
Inhibiting endogenous chaperone molecules by a
dominant-negative mutant or chemical inhibitors
recapitulates the early elongation pausing, sug-
gesting a dual role of molecular chaperones in
facilitating polypeptide elongation and cotransla-
tional folding. Our results further support the chap-
erone ‘‘trapping’’ mechanism in promoting the
passage of nascent chains. Our study reveals that
translating ribosomes fine tune the elongation rate
by sensing the intracellular folding environment.
The early elongation pausing represents a cotransla-
tional stress response to maintain the intracellular
protein homeostasis.

INTRODUCTION

Protein misfolding imposes a major risk to the health of cells and

organisms. An elaborate protein quality control (PQC) system

has been laid down during evolution to maintain protein homeo-

stasis—a delicate balance between protein synthesis, folding,

and degradation (Bukau et al., 2006; Frydman, 2001; Hartl

et al., 2011). Molecular chaperones are ‘‘cellular lifeguards’’

that govern the integrity of the proteome. By interacting with

different cochaperones and cofactors, Hsp70 family proteins

actively participate in protein triage decisions from folding and

degradation to aggregation (McClellan et al., 2005; Zhang and

Qian, 2011). Most recent studies highlighted the robust network
Mo
of chaperones acting cotranslationally on nascent chains in

eukaryotic (del Alamo et al., 2011) as well as prokaryotic cells

(Oh et al., 2011). Interestingly, prokaryotes and eukaryotes

have evolved distinct ribosome-associated chaperone systems

(Kramer et al., 2009). In S. cerevisiae, two ribosome-associated

systems interact with newly synthesized polypeptides, the

nascent chain-associated complex (NAC) and the Hsp70-based

Ssb/Ssz/Zuo triad system (Kampinga and Craig, 2010). Both

systems are physically located in close proximity at the peptide

exit tunnel of ribosomes. The ribosome-associated chaperone

system also exists in mammals, although its functionality is not

fully understood (Jaiswal et al., 2011). Despite the wide appreci-

ation of the impact that this chaperone system may have on

cotranslational folding, little is known about how the ribosome-

associated chaperone system regulates the process of transla-

tion per se.

Messenger RNA (mRNA) translation can be divided into three

stages: initiation, elongation, and termination. Regulation of

translation occurs predominantly during the initiation phase

(Sonenberg and Hinnebusch, 2009; Spriggs et al., 2010). The

initiation is a complex multistep process governed by a large

number of protein factors and involves mRNA 50-cap recogni-

tion, scanning, and start codon recognition (Gray and Wickens,

1998; Jackson et al., 2010). Much attention has been focused

on the role of translation initiation factors (eIFs) in the assembly

of elongation-competent ribosome complexes. However, after

the commitment of polypeptide synthesis, the regulatory steps

during elongation remain poorly understood.

Given the fact that translation consumes a lion’s share of

energy, cells often reduce global protein synthesis under

most, if not all, types of adverse conditions. The global repres-

sion of protein synthesis not only saves the cellular energy but

also relieves the burden of the PQC system due to the

decreased protein production (Holcik and Sonenberg, 2005).

Current models for the mechanism governing this translational

attenuation are largely limited to the initiation stage. For

instance, eIF4F-complex-mediated cap recognition and eIF2-

controlled ternary complex formation are key initiation targets

in controlling global mRNA translation (Ma and Blenis, 2009;

Ron and Walter, 2007). In response to stresses, the shutdown

of protein synthesis is, in general, mediated by the inhibition of

43S complex loading to the 50 end cap and/or reducing the

amount of ternary complex that is available. Despite the
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Figure 1. Proteotoxic Stress Attenuates Protein Synthesis by Affecting Translation Elongation

(A) Global protein synthesis in HEK293 cells treated with 10 mM AZC, 20 mM MG132, or both. [35S] radioactivity of trichloroacetic acid (TCA)-insoluble material

was measured at given times. Means ± SEM of four experiments are shown.

(B) Polysome profiles were determined using sucrose gradient sedimentation. HEK293 cells were pre-treated with 10 mMAZC, 20 mMMG132, or both for 60 min

followed by polysome preparation. p:m ratio was calculated by comparing areas under the polysome and 80S peak.

(C) HEK293 cells were treated with increasing doses of AZC (from 0 to 25mMwith 5-fold dilution) in the presence of 20 mMMG132 for 60min, or increasing doses

of NaAsO2 (from 0 to 1 mMwith 2-fold dilution) for 60 min (left two panels), followed by immunoblotting using antibodies as indicated. The right two panels show

the immunoblotting results of cells treated with 10 mM AZC and 20 mM MG132 or 500 mM NaAsO2 for various times (0, 10, 30, 60, 120, and 180 min).

(D) The ribosomal half-transit time was determined in the absence or presence of 10mMAZC and 20 mMMG132. Fitting lines of [35S] incorporation into total (filled

circle) and completed (open triangle) protein synthesis were obtained by linear regression. Means ± SEM of three experiments are shown.

(E) Schematic for nascent chain immunoprecipitation assay to differentiate elongation defect from initiation deficiency (left panel). HEK293 cells expressing Flag-

GFP were pretreated with 10 mM AZC and 20 mM MG132 or 500 mM NaAsO2 for various times (0, 10, 30, 60, 120, and 180 min). Immunoprecipitation was

performed using anti-Flag-antibody-coated beads followed by immunoblotting with anti-RpS6 antibody. The 0 time point serves as the control condition without

any drug treatment. See also Figure S1.
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well-documented role of these initiation regulators, it remains

surprisingly obscure whether the 80S ribosome, once assem-

bled on the mRNA, maintains the responsiveness to protein mis-

folding during elongation.

Here we report that proteotoxic stress triggers ribosomal

pausing during elongation. Remarkably, the pausing occurs

primarily near the site where nascent polypeptide chains emerge

from the ribosomal exit tunnel. We demonstrate that the early

elongation pausing is induced by the sequestration of chaperone

molecules by misfolded proteins. Our results expand the critical

role of chaperonemolecules from cotranslational folding to poly-

peptide elongation. The early elongation pausing of ribosomes

thus represents a mechanism of cotranslational stress response

to maintain intracellular protein homeostasis.
454 Molecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc
RESULTS

Proteotoxic Stress Attenuates Global Protein Synthesis
Intracellular accumulation of misfolded proteins is a common

feature of a variety of stress conditions. To induce mis-

folding of newly synthesized polypeptides without massively

perturbing cellular functions, we used an amino acid analog,

L-azetidine-2-carboxylic acid (AZC), that competes with proline

during amino acid incorporation (Goldberg and Dice, 1974).

Once incorporated into proteins in place of proline, AZC

potently induces protein misfolding and degradation (Qian

et al., 2010; Trotter et al., 2002). Pre-exposure of HEK293 cells

to 10 mM AZC resulted in a marked reduction of [35S] incorpora-

tion (Figure 1A). In agreement with the enhanced degradation
.
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of AZC-incorporated polypeptides, pulse-chase analysis

showed an increased turnover of [35S] labeled proteins in the

presence of AZC (Figure S1A). We asked whether proteasome

inhibition would prevent the loss of [35S] incorporation by

blocking the degradation. To our surprise, adding proteasome

inhibitor MG132 further decreased the total amount of [35S]

incorporation (Figure 1A). This was not due to the side effects

of MG132 because adding this inhibitor alone only partially

reduced the level of [35S] incorporation. Since the AZC-induced

misfolded polypeptides progressively accumulate under protea-

some inhibition, it appears that the intracellular proteotoxic

stress triggers a rapid attenuation of translation. To substantiate

this finding further, we analyzed the polysome profiles by velocity

sedimentation of lysates in sucrose gradients. Treatment with

either AZC or MG132 alone had minor effects on the polysome

formation (Figure 1B). In contrast, the presence of both AZC

and MG132 markedly disassembled the polysomes with an

approximately 5-fold decrease in the polysome/monosome

(p:m) ratio.

Proteotoxic Stress Affects Primarily Translation
Elongation
To investigate the mechanisms underlying the proteotoxic

stress-induced translational attenuation, we examined the phos-

phorylation status of eIF2a, a prominent initiation regulator in the

unfolded protein response (Ron and Walter, 2007). In contrast to

sodium arsenite (NaAsO2), a known inducer of eIF2a phosphor-

ylation, treating cells with both AZC and MG132 at increasing

doses and for extended times had little effect on eIF2a phos-

phorylation (Figure 1C). Additionally, we observed no change in

the phosphorylation of S6 and its kinase S6K1, one of the down-

stream targets of mammalian target of rapamycin complex 1

(mTORC1) (Jackson et al., 2010; Ma and Blenis, 2009) (Fig-

ure S1B). Thus, the intracellular proteotoxic stress does not

primarily affect the translation initiation regulators, at least in

the early stage.

We next examined whether proteotoxic stress inhibits protein

synthesis by interfering with postinitiation events, such as elon-

gation. One way to distinguish elongation from initiation is the

formation of stress granules (SGs). Inhibiting translation initiation

triggers SG formation, whereas blocking translation elongation

prevents this process (Buchan and Parker, 2009; Kedersha

et al., 2000). Unlike sodium arsenite treatment, which induced

an evident SG formation, adding both AZC and MG132 to cells

failed to induce any discernible SG formation (Figure S1C).

Thus proteotoxic stress probably affects translation elongation

rather than initiation. To assess independently whether the

reduced protein synthesis under proteotoxic stresswas primarily

due to defective elongation, we determined ribosomal transit

times in these cells. The ribosomal transit time refers to the

time required for a ribosome, after initiation, to traverse an

average-sized mRNA and release the completed polypeptide

chain (Nielsen and McConkey, 1980). The estimated half-transit

time (t1/2) in the presence of both AZC and MG132 (44 s) was

�1.6-fold longer than that in control cells (27 s) (Figure 1D), con-

firming that proteotoxic stress significantly reduced the elonga-

tion rate of polypeptide synthesis. Additionally, we conducted an

elongation chase experiment using a synthesized firefly lucif-
Mo
erase (Fluc) mRNA in lysates programmed from cells with or

without proteotoxic stress. Compared to the control, the

stressed cell lysates showed a delayed accumulation of Fluc

activity (Figure S1D), further indicating a slowdown of elongation

process under proteotoxic stress.

To examine whether the stalled ribosome during elongation

was still associated with the newly synthesized polypeptide,

we performed nascent chain immunoprecipitation followed by

detection of ribosomal small subunit S6 (RpS6). We established

a HEK293 cell line stably expressing a green fluorescent protein

(GFP) reporter with an NH2-terminal Flag-tag (Figure 1E). We

enriched the ribosome complexes bearing the partially synthe-

sized GFP by anti-Flag immunoprecipitation. Arsenite treatment

led to a progressive loss of the associated RpS6 in a time-

course-dependent manner (Figure 1E, right top panel), which is

consistent with the inhibition of translation initiation. Remark-

ably, treating cells with both AZC and MG132 resulted in an

accumulation of RpS6 in the anti-Flag precipitates, clear

evidence of paused ribosomes on the mRNA during elongation.

The prolonged ribosome association with the nascent chain

persists in the polysome fractions of these cells (Figures S1E

and S1F). Taken together, our results strongly indicate that pro-

teotoxic stress acts at the level of translation elongation to

suppress protein synthesis.

Proteotoxic Stress Triggers Early Elongation Pausing
of Ribosomes
A defective translation elongation should result in slower ribo-

some run-off and the retention of polysomes (Saini et al.,

2009). It is surprising to find that the polysomes were largely dis-

assembled in cells treatedwith both AZCandMG132 (Figure 1B).

We considered the possibility that proteotoxic stress primarily

induced ribosomal pausing at the early stage of elongation,

thereby creating a road block for following ribosomes. To pro-

vide a definitive assessment of ribosome positions on mRNAs

under proteotoxic stress, we isolated the ribosome-protected

mRNA fragments (RPFs) and performed deep sequencing using

methods reported previously (Ingolia et al., 2009). RPF reads ob-

tained from cells with or without proteotoxic stress were of equal

quality as evidenced by the similar size distribution and strong

3nt periodicity after alignment. Notably, AZC and MG132 treat-

ment did not result in global variation in overall ribosome density

along each transcript (r = 0.9825) (Figure 2A). To directly visualize

the pattern of RPF distribution on individual transcripts, we built

a ribosome density map across the entire transcriptome (Fig-

ure 2B). Compared to control cells, the presence of both AZC

and MG132 led to a clear enrichment of RPF density at the 50

end of coding sequences (CDSs) on the vast majority of mRNAs.

Metagene analysis revealed a pronounced accumulation of RPF

reads within the first 50 codon region of transcripts in cells

treated with both AZC and MG132 (Figure 2C). We defined the

ribosome pausing index (PI) of individual transcripts by calcu-

lating the normalized ribosome density within a 50 codon

window from the start codon (50 PI) or stop codon (30 PI), respec-
tively. In cells under proteotoxic stress, the median 50 PI showed

more than a 2-fold increase as compared to control cells (Fig-

ure 2D). Intriguingly, proteotoxic stress also caused an elevation

of RPF density in the 50 untranslated region (50 UTR) (Figure 2C),
lecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc. 455



Figure 2. Intracellular proteotoxic stress triggers early elongation pausing of ribosomes.

(A) HEK293cells were treated with 10 mM AZC and 20 mMMG132 for 60 min before ribosome profiling. Ribosome densities of cells with or without treatment are

plotted for comparison. The density in reads per kilobase of coding sequence per million mapped reads (rpkM) is a measure of overall translation along each

transcript.

(B) Ribosome density heat-maps of cells with or without treatment. The entire transcriptome is sorted based on total RPF reads and the top 15,000 transcripts are

aligned in row. Both the first and last 160 codon regions of CDS are shown, together with flanking 40 codon untranslated regions. Read density is represented in

blue. White indicates regions without reads, whereas yellow indicates regions without sequence. A short 50 UTR has yellow region before the AUG, whereas

a short 30 UTR has yellow region after the stop codon.

(C) Metagene analysis of early ribosome pausing of cells with or without treatment. Normalized RPF reads are averaged across the entire transcriptome, aligned

at either their start (left panel) or stop (right panel) codon, and plotted as smoothed lines.

(D) Ribosome pausing index (PI) is determined in a 50 codon window at the beginning (50 end) and end (30 end) of CDS, respectively. Both the 50 and 30 PI of each
transcript in cells with or without treatment are shown in box plots with single dots as 5th and 95th percentile.

(E) Distribution of 50PI changes in cells with proteotoxic stress. The log2 change of 5
0PI after AZC andMG132 treatment is plotted, with the increase shown in gray

bar and the decrease in black.

(F) Changes of 50PI and 30PI after AZC and MG132 treatment. The log2 change is computed across the entire transcriptome, and presented as a scatter plot with

green dots for genes encoding ribosome subunits (RP) and red dots for mitochondria-encoded genes (Mito).

(G) A typical example of early elongation pausing under proteotoxic stress. RPF reads density is shown on the CDS of RPS5 with or without AZC and MG132

treatment. See also Figure S2–S4.
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an indication of wide-spread alternative initiation under stress

conditions.

A large portion of mRNAs showed an increased 50 PI in

response to proteotoxic stress (Figure 2E, gray bar). However,

a small group of transcripts showed less change or even

decreased 50 PI (Figure 2E, black bar). At the transcriptome level,

neither the CDS length nor the overall translation had any strong

correlation with the changes of 50 PI (Figures S2A and S2B).

Gene ontology (GO) analysis revealed that genes involving ATP

synthesis (e.g., mitochondria-encoded genes) were enriched in

the group with decreased 50 PI in response to proteotoxic stress
456 Molecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc
(Figures S2C, S2D, and 2F). In contrast, genes with increased 50

PI were involved in cellular processes like RNA metabolism and

translation (e.g., ribosomal proteins). As a typical example, pro-

teotoxic stress led to a clear ribosome accumulation near the

beginning of the RPS5 CDS region (Figure 2G).

Through an independent biological replicate, we confirmed

the early elongation pausing of ribosomes in response to proteo-

toxic stress (Figure S3). The global RPF distribution was highly

reproducible across the replicates (Figure S3E). Notably, treat-

ment with either AZC orMG132 alone had little effect on the ribo-

some dynamics (Figures S4A and S4B). In particular, we saw no
.



Figure 3. Disrupting Endogenous Hsc70 Recapitulates the Effects of Proteotoxic Stress on Early Elongation Pausing

(A) Sucrose cushion analysis of ribosome-associated Hsc70 along with AZC andMG132 treatment. Both the total and ribosome pellet were immunoblotted using

antibodies as indicated.

(B) Global protein synthesis was analyzed in HeLa-tTA cells infected with adenoviruses expressing Hsc70(WT) and Hsc70(K71M). Transgene expression was

induced by 12 hr Dox removal. [35S] radioactivity of TCA-insoluble material was measured at given times. Means ± SEM of three experiments are shown.

(C) Polysome profiles were determined from cells as in (B) using sucrose gradient sedimentation.

(D) Metagene analysis for early elongation pausing in cells with or without Hsc70(K71M) expression. Normalized RPF reads are averaged across the entire

transcriptome, aligned at either their start (left panel) or stop (right panel) codon.

(E) Both the 50 and 30 PI of each transcript in cells with or without Hsc70(K71M) expression are shown in box plots.

(F) Changes of 50 PI and 30 PI after Hsc70(K71M) expression. The log2 change is computed across the entire transcriptome and presented as a scatter plot with

green dots for genes encoding ribosome subunits and red dots for mitochondria-encoded genes. See also Figure S5.
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unique pausing sites at individual codons in the presence of AZC

(Figure S4C). These results argue that the presence of AZC-

charged transfer RNA (tRNA) neither perturbs the intracellular

pool of amino acids nor alters the behavior of translating ribo-

somes. Therefore, it is the accumulation of misfolded proteins

that triggers the early elongation pausing.

A Dominant-Negative Hsc70 Mutant Induces Early
Elongation Pausing of Ribosomes
The approximate 50 codon region where the elongation pausing

occurs under proteotoxic stress corresponds remarkably well to

the length of polypeptide needed to fill the exit tunnel of the ribo-

some (approximately 30–40 amino acids in extended conforma-

tion) (Kramer et al., 2009). This raises an intriguing possibility that

the changing environment of nascent polypeptides from the

ribosome tunnel to the cytosol might influence the dynamics of

translating ribosomes. Within the cellular environment, the

emerging nascent chains interact with molecular chaperones

that guide their folding process. At the forefront is Hsc/Hsp70,

which transiently associates with a large fraction of nascent

chains (Frydman, 2001; Hansen et al., 1999; Kampinga and

Craig, 2010). This led us to hypothesize that the accumulated

misfolded proteins titrate out the intracellular chaperone pool

and the lack of chaperone association might prevent nascent
Mo
chains from protruding out of the ribosome exit tunnel. The elon-

gation slowdown at this position probably causes ribosomes to

pile up over the first 50 codon region. Supporting the notion

that proteotoxic stress sequesters intracellular chaperone mole-

cules, we observed a progressive loss of ribosome-associated

Hsc70 along with AZC and MG132 treatment (Figure 3A). To

test the hypothesis that reduced chaperone availability leads

to an early elongation pausing, we first used a dominant-nega-

tive mutant Hsc70 (K71M), which sequesters and inactivates

the endogenous Hsc70 molecules (Newmyer and Schmid,

2001). The integrated ‘‘tet-off’’ system allows a rapid induction

of the transgene expression in HeLa-tTA cells after removal of

doxycycline (Dox) (Figure S5A). After 12 hr of transgene induction

by removal of Dox, [35S] metabolic labeling revealed an �40%

decrease of the global protein synthesis (Figure 3B). Similar to

cells treated with both AZC and MG132, Hsc70(K71M) expres-

sion caused disassembly of polysomes with a concomitant

increase of 80S peak (Figure 3C).

To evaluate whether Hsc70(K71M) expression leads to an

early elongation pausing, we performed deep sequencing of

RPFs extracted from the polysomes of HeLa-tTA cells with or

without transgene induction. Metagene analysis revealed a

modest excess (�1.6-fold) in density over the initial 50 codons

after Hsc70(K71M) expression (Figure 3D and 3E). This is similar
lecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc. 457



Figure 4. Direct Hsc/Hsp70 Inhibition Induces Early Elongation Pausing of Ribosomes
(A) Schematic for chaperone targets of small-molecule inhibitors. VER inhibits Hsc70, Hsp70, andGrp78 (not shown) and PES selectively inhibits Hsp70, whereas

GA is a specific inhibitor of Hsp90.

(B) Global protein synthesis was analyzed in HEK293 cells treated with 100 mM VER, 50 mM PES, or 1 mM GA for 60 min. [35S] radioactivity of TCA-insoluble

material was measured at given times. Means ± SEM of three experiments are shown.

(C) Polysome profiles were determined from cells treated with chaperone inhibitors as in (B) using sucrose gradient sedimentation.

(D) Immunoblotting of whole-cell lysates from cells treated with chaperone inhibitors as in (B).

(E) Metagene analysis for early elongation pausing in cells treated with chaperone inhibitors as in (B). Normalized RPF reads are averaged across the entire

transcriptome, aligned at their start codon.

(F) The 50 PI of each transcript in cells treated with chaperone inhibitors as in (B) are shown in box plots. See also Figure S6.
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in pattern to, but of smaller magnitude than, the early elongation

pausing seen in cells treated with both AZC and MG132 (Fig-

ure 2B). We repeated the experiment and obtained the similar

extent of elongation pausing in the presence of Hsc70(K71M)

(Figure S5). Similar to AZC and MG132 treatment, there was an

evident separation between genes encoding ribosome subunits

and mitochondria proteins in response to the Hsc70(K71M)

expression (Figure 3F). The 50 PI changes also showed a good

correlation between the two conditions (r = 0.65), although

different cell lines were used (Figure S5F). Thus, interfering

with endogenous Hsc70 recapitulates the effects of the proteo-

toxic stress in triggering early elongation pausing.

Direct Hsc/Hsp70 Inhibition Induces Early Elongation
Pausing of Ribosomes
The dominant-negative Hsc70(K71M) mutant induced a rather

weak elongation pausing when compared to AZC and MG132

treatment. It was probably due to an adaptive stress response

under 12 hr of Hsc70(K71M) expression, in which the subse-

quent induction of Hsp70 compromised the early elongation

pausing (Figure S5A). In contrast, 60 min of AZC and MG132
458 Molecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc
treatment did not yet trigger Hsp70 expression due to the time

lag. Additionally, the continuous presence of the analog prevents

the production of functional chaperones, if any. To address

whether chaperones play a direct role in translation elongation,

we applied several specific chaperone inhibitors to HEK293 cells

and monitored global protein synthesis (Figure 4A). VER-155008

(VER) is a potent inhibitor of the Hsp70 family chaperones (Mas-

sey et al., 2010), whereas 2-phenylethyenesulfo-namide (PES)

acts as a direct inhibitor of stress-inducible Hsp70 (Leu et al.,

2011). We also included a specific Hsp90 inhibitor geldanamycin

(GA) to examine the role of different chaperones in ribosome

behavior. To minimize the compensatory stress response, we

only treated cells with these inhibitors for 60min. This short treat-

ment allows us to capture direct effects of chaperone inhibition

without inducing massive accumulation of misfolded proteins.

Metabolic radiolabeling analysis revealed that both VER and

PES potently inhibited [35S] incorporation, whereas the Hsp90

inhibitor GA slightly reduced the level of global protein synthesis

(Figure 4B). The extent of translation repression was also re-

flected in the pattern of polysome profile, in which the inhibitors

of Hsp70 family protein, but not Hsp90, disassembled the
.
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polysome (Figure 4C). Despite the most severe inhibition of

protein synthesis, 60 min treatment of VER resulted in little

accumulationof ubiquitin-conjugated species in cells (Figure 4D).

In addition, the steady-state chaperone levels remained un-

changed in the presence of these inhibitors (Figure S6), suggest-

ing that the stress response after 60 min of chaperone inhibition

was minimal. We next performed deep sequencing of RPFs

derived from the cells treated with these chaperone inhibitors.

Metagene analysis revealed a prominent excess of ribosome

density over the first 50 codon region in cells treated with either

VER or PES (Figures 4E and 4F). Only a minor effect was

observed after GA-mediated Hsp90 inhibition. Collectively,

these results indicate that direct inhibition of Hsp70 family

proteins triggers early elongation pausing of ribosomes.

Cotranslational Interaction of Nascent Chains
Influences Elongation Rate
Hsp70 family proteins, including BiP of the endoplasmic retic-

ulum (ER) and mtHsp70 of the mitochondrion, are essential for

protein translocation across the membrane via unidirectional

pulling (Jensen and Johnson, 1999). It is likely that the cytosol

Hsc/Hsp70 uses the similar mechanism to pull the emerging

polypeptide out of the ribosome exit tunnel. Two models have

been proposed to describe how Hsp70 can generate such

driving force: ‘‘trapping’’ and ‘‘power stroking’’ (Goloubinoff

and De Los Rios, 2007). While both models rely on direct interac-

tions, the latter requires ATP hydrolysis. We hypothesize that the

Hsc/Hsp70 ‘‘trapping’’ might be sufficient to exert an entropy

pulling force because most nascent chains emerging the exit

tunnel are unfolded. To investigate whether cotranslational

protein interaction would generate the ‘‘pulling’’ force for the

ribosome-bound nascent chain, we utilized the heterodimeriza-

tion property of FKBP12-rapamycin binding domain (FRB) and

FK506 binding protein (FKBP), whose high-affinity binding can

be induced by the small molecule rapamycin (Choi et al., 1996;

Qian et al., 2009). We constructed a fusion protein, FRB-GFP,

in order to evaluate whether the association of the NH2-terminal

FRB domain with the added FKBP protein during translation

would affect the elongation rate of the carboxyl terminal GFP.

In an in vitro translation system based on rabbit reticulocyte

lysate (RRL), we compared the translation efficiency of FRB-

GFP after supplementation with the recombinant FKBP protein.

Remarkably, upon addition of 1 mM rapamycin to the RRL, the

kinetics of FRB-GFP completion showed a significant accelera-

tion (Figure 5A, left panel). We observed similar effects after

swapping the FRB and FKBP domains (Figure 5A, right panel).

Thus, cotranslational interaction between nascent chains and

specific binding partners promotes the elongation of emerging

polypeptides.

In order to extend these findings from RRL to mammalian

cells, we utilized a well-characterized rapamycin analog

AP21967 (rapalog) and a mutant FRB domain (FRB*) to avoid

interfering with the endogenous mTOR function (Klemm et al.,

1998). A HEK293 cell line stably expressing FRB*-GFP was

transfected with plasmid-borne FKBP. After 60 min of pre-incu-

bation with rapalog, polysome fractions were isolated followed

by deep sequencing of RPFs. Notably, the presence of rapalog

had little effect on the pattern of RPFs across the entire transcrip-
Mo
tome (Figure S7). However, the FRB*-GFP transcript exhibited

an altered distribution of RPF reads after rapalog treatment (Fig-

ure 5B). When the total reads mapped to the FRB* domain were

normalized to be equal, rapalog treatment resulted in a 34%

decrease of the average RPF density in the coding region of

GFP (Figure 5B, bottom panel). Single-codon comparison re-

vealed that the reduction of RPF reads mainly occurred at the

ribosome pausing sites of GFP. Since the RPF density on a given

codon is proportional to the average ribosome dwell time there,

the reduced ribosome density after cotranslational interaction

between FRB* and FKBP suggests an accelerated elongation

for the remaining polypeptide.

Increasing Chaperone Availability Restores Translation
Efficiency
The functional connection between chaperone availability and

translation elongation underscores the central role of chaper-

ones in protein homeostasis. Based on our results, we expected

that chaperone overexpression might prevent the translation

inhibition under proteotoxic stress. However, it is inherently diffi-

cult to alter the chaperone levels in cells because the chaperone

concentration is controlled closely by the heat shock transcrip-

tion factor 1 (HSF1) (Morimoto, 2008). Overexpression of exoge-

nous chaperone genes inevitably suppresses the endogenous

chaperone expression. To circumvent this limitation, we estab-

lished an in vitro translation system programmed from cells

with or without proteotoxic stress (Figure 5C, left panel). We first

examined the translation efficiency using a synthesized bicis-

tronic mRNA containing the polio internal ribosome entry site

(IRES) between Renilla luciferase (Rluc) and Fluc. While the

synthesis of Fluc is cap dependent, translation of Rluc is driven

by IRES via a cap-independent mechanism (Sun et al., 2011).

In lysates derived from stressed cells, the synthesis of both

Rluc and Fluc was equally reduced in comparison with the

control cell lysates (Figure 5C, right panel). This result further

supports the notion that proteotoxic stress does not primarily

inhibit cap-dependent initiation.

Next we monitored the translation efficiency of a synthesized

FlucmRNA in cell lysates supplemented with recombinant chap-

erone molecules. Adding recombinant Hsc70, but not bovine

serum albumin, increased the Fluc activities in a dose-depen-

dent manner (Figure 5D). Cotranslational folding of Fluc has

been shown to be quite efficient (Kolb et al., 2000), so the trans-

lation rate is likely to be the major determinant of luciferase

activity in the in vitro translation system. Notably, the chap-

erone-mediated rescue effect was more dramatic in the system

derived from the stressed cells than the control. Therefore,

increasing chaperone availability restores the translation

efficiency.

DISCUSSION

The journey of a nascent polypeptide starts in the pepetidyl

transferase center of the ribosome, from where it then traverses

the peptide exit tunnel. Once the nascent chain begins to emerge

from the exit tunnel, it faces a drastic environmental change.

Surprisingly, most recent ribosome profiling data did not show

any specific pausing sites corresponding to this turning point
lecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc. 459



Figure 5. Cotranslational Interaction of Nascent Chains Facilitates the Elongation of Polypeptides

(A) Effects of FKBP (blue ball) on the in vitro translation of FRB-GFP (red ball) in the absence or presence of 1 mM rapamycin (left panel). The right panel shows the

effects of FRB (red ball) on the in vitro translation of FKBP-GFP (blue ball) in the absence or presence of 1 mM rapamycin. Autoradiography of full-length GFP

fusion protein is quantitated and plotted as a function of time.

(B) HEK293-expressing FRB*-GFP was transfected with the plasmid encoding FKBP. Cells were pretreated with 1 mM rapalog for 60 min before polysome

profiling. The RPF density profiles are shown for the transgene FRB*-GFP with and without rapalog treatment. The RPF reads density is normalized based on the

FRB* domain. The average change of RPF density over the entire GFP region (blue dot line) and single-codon change (green line) are plotted together (Wilcoxon

signed-rank test, p = 3 3 10�4). See also Figure S7.

(C) Schematic of experimental design using recombinant Hsc70 protein to restore translation efficiency using an in vitro translation system programmed from

cells with or without proteotoxic stress. The right panel shows the relative translation efficiency of a synthesized bicistronicmRNA containing a polio IRES element

between Rluc and Fluc. Error bar: SEM. **p < 0.001.

(D) The in vitro translation systemas (C)wasused to translateasynthesizedFlucmRNA in theabsenceorpresenceof recombinantHsc70. Error bar:SEM. **p<0.01.
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(Guo et al., 2010; Ingolia et al., 2011). The smooth transition from

the inside of the tunnel to the outside ribosome surface is prob-

ably due to the presence of ribosome-associated chaperone

systems (Kramer et al., 2009). Our study provides strong

evidence that the Hsc/Hsp70 family protein plays a crucial role

in the passage of nascent chains upon emerging from the ribo-

some exit tunnel. Reducing chaperone availability by proteotoxic

stress or chemical inhibitors unequivocally caused a pileup of

ribosomes on the first 50 codon region of transcripts. Notably,

we did not observe any specific RPF spikes at specific codon

positions, suggesting that the lack of chaperone association

slows down rather than stops the elongation. The feature of ribo-

some stacking at the 50 end of the CDS further indicates that the

stress-induced elongation pausing precedes the suppression of

translation initiation.

mRNA translation proceeds not at a constant rate but rather in

a stop-and-go traffic manner (Fredrick and Ibba, 2010). Varia-
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tions of elongation speed may result from local stable mRNA

structure (Gray andHentze, 1994) or the presence of rare codons

(Elf et al., 2003; Lavner and Kotlar, 2005). Interestingly, nascent

chains could also induce translational pausing in a sequence-

specific manner (Kramer et al., 2009). Our results uncover an

additional layer of elongation regulation mediated by the ribo-

some-associated chaperone system. The Hsc/Hsp70 family

protein, like the ER and mitochondrion counterparts, not only

assists cotranslational folding but also accelerates the elonga-

tion of nascent polypeptides primarily at the site where the

nascent polypeptide emerges from the ribosome exit tunnel.

Early studies in S. cerevisiae reported a similar function for

Ssb, although identifying the elongation pausing sites was

beyond the technical ability at that time (Nelson et al., 1992).

Since multiple factors constitute the chaperone network linked

to protein synthesis (Albanèse et al., 2006), it will be intriguing

to determine whether interfering specific chaperone or
.



Figure 6. A Model for Cotranslational Stress Response via Early

Ribosome Pausing

The cytosolic chaperone molecules, such as Hsc70 (green), not only assist the

cotranslational folding, but also facilitate the elongation of emerging poly-

peptides (red). Under the condition of proteotoxic stress, the accumulation of

misfolded proteins titrates out molecular chaperones. The lack of cotransla-

tional interaction of chaperone molecules leads to early elongation pausing

and rapid suppression of global protein synthesis.
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cochaperone molecules cause selective elongation pausing on

a subset of transcripts.

Despite the apparent abundance of chaperone molecules

in cells, their concentration is titrated closely to the folding

requirements within a specific cell type (Morimoto, 2008). Cells

exploit chaperone availability as a sensing mechanism to

induce stress response. At the level of transcription, reduced

chaperone availability triggers the activation of HSF1 (Mori-

moto, 1998). As a result, more chaperone molecules will be

produced to restore the protein homeostasis. The functional

connection between chaperone availability and translation elon-

gation offers an intriguing mode of regulation in response to

stress conditions (Figure 6). Intracellular accumulation of

misfolded proteins, a common feature of a variety of stress

conditions, sequesters molecular chaperones, and the lack of

chaperone association with the ribosome delays nascent

chains from emerging. Our data suggest that the ribosome

fine tunes the elongation rate based on the chaperone avail-

ability to match protein production with the intracellular folding

capacity. This level of control allows a rapid change in the

complement of proteins prior to transcriptional regulation. The

early elongation pausing under proteotoxic stress thus repre-

sents the very first line of protective response for cells to main-

tain intracellular protein homeostasis.

EXPERIMENTAL PROCEDURES

Ribosome Profiling and Data Analysis

Ribosome profiling was performed based on the reported protocol (Ingolia

et al., 2009) with minor modifications. Cells were lysed in polysome lysis

buffer (10 mM HEPES, 100 mM KCl, 5 mM MgCl2, 100 mg/ml cycloheximide,
Mo
and 2% Triton X-100 [pH 7.4]) and cleared lysates were separated by sedi-

mentation through sucrose gradients. Separated samples were fractionated

and OD254 values were continually monitored. Collected polysome fractions

were digested with ribonuclease I and the RPF fragments were size-selected

and purified by gel extraction. After the library construction, deep se-

quencing was performed using Illumina HiSEQ2000. The trimmed RPF

reads were aligned to Ensembl human transcriptome reference by SOAP

2.0 allowing two mismatches. The metagene analysis was carried out by

calculating the normalized mean reads density at each codon position. The

ribosome pausing index (50 PI) was defined as the ratio between the read

density in the first 50 codon window and the immediate following 100 codon

region. Additional details are available in Supplemental Experimental

Procedures.

[35S] Pulse Assay and Ribosomal Half-Transit Time

After the treatment as indicated, cells were metabolically labeled in pulsing

medium containing 10 mCi [35S] mix (Perkin Elmer). An aliquot of cells was with-

drawn at each time point and mixed with stop medium. Cells were lysed with

polysome lysis buffer and lysates were cleared by centrifugation. For the

measurement of ribosomal half-transit time, 100 ml lysates was mixed with

350 ml polysome buffer and 450 ml 0.14M sucrose in polysome buffer. A

400 ml mixture was saved for measurement of total [35S] incorporation. Ribo-

somes were pelleted from the remaining 500 ml mixture by centrifugation at

60,000 rpm for 15 min at 4�C using a Beckman TLA-100.4 rotor. Four hundred

micro liters of supernatant was taken to measure the [35S] incorporation into

the completed polypeptide. Proteins were precipitated with 10% Trichloro-

acetic acid (Sigma). The precipitates were collected on GF/C filter membrane

(Watman) and the [35S] incorporation was measured by scintillation counting

(Beckman).

Immunoprecipitation

Cells were pretreated with 100 mg/ml cycloheximide at 37�C for 3 min to stabi-

lize the ribosome-nascent chain complex and then scraped extensively in

polysome lysis buffer supplementedwith EDTA-free cocktail protease inhibitor

(Roche). After clearance by centrifugation, the supernatant was collected and

incubated with anti-Flag M2 affinity gel (Sigma) at 4�C for 60 min. The beads

were extensively washed three times with polysome lysis buffer, and the

associated proteins were eluted by heating for 10 min in the sample buffer.

In Vitro Translation

Fluc mRNA was synthesized through in vitro transcription using mMESSAGE

mMACHINE T7 ULTRA Kit (Ambion). Programmed in vitro translation was per-

formed following the published protocol (Rakotondrafara and Hentze, 2011).

Cell extracts were prepared from HEK293 cells with or without 60 min treat-

ment of 10 mM AZC and 20 mM MG132. Control and stressed cell lysates

were adjusted to be equal based on protein concentration. In vitro translation

was incubated at 37�C for 2 hr, and luciferase substrate (Promega) was added

to measure the Fluc activity by luminometry. For in vitro translation of FRB or

FKBP assay, TNT Quick Coupled Translation /Transcription system (Promega)

was used. pcDNA3 plasmid encoding FRB-GFP or FKBP-GFPwasmixed with

RRL supplemented with [35S] L-methionine and recombinant proteins as indi-

cated. In vitro translation was performed in the presence or absence of 1 mM

rapamycin. The products at different time points were collected and resolved

on SDS-PAGE. The gel was dried and viewed by phosphor imaging screen (HE

healthcare) and the band intensity was quantified using ImageQuant 5.2.

ACCESSION NUMBERS

Sequencing data were deposited in the SRA database with the accession

number SRA061778.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
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lecular Cell 49, 453–463, February 7, 2013 ª2013 Elsevier Inc. 461

http://dx.doi.org/10.1016/j.molcel.2012.12.001
http://dx.doi.org/10.1016/j.molcel.2012.12.001


Molecular Cell

Ribosome Pausing in Response to Proteotoxic Stress
ACKNOWLEDGMENTS

Wewould like to thank Qian lab members for helpful discussion and Drs. Patsy

Brannon and William Brown for critical reading of the manuscript. We also

thank Jonathan Yewdell (NIH) for providing adenoviruses expressing

Hsc70(WT) and Hsc70(K71M), as well as Cornell University Life Sciences

Core Laboratory Center for performing deep sequencing. This work was sup-

ported by grants to S.-B.Q. from National Institutes of Health (1 DP2

OD006449-01), Ellison Medical Foundation (AG-NS-0605-09), and DOD

Exploration-Hypothesis Development Award (TS10078).

Received: April 5, 2012

Revised: June 25, 2012

Accepted: November 30, 2012

Published: January 3, 2013

REFERENCES
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Nutrient Signaling in Protein Homeostasis: An
Increase in Quantity at the Expense of Quality
Crystal S. Conn1 and Shu-Bing Qian1,2*
D
ow

nlo
The discovery that rapamycin extends the life span of diverse organisms has triggered many studies
aimed at identifying the underlying molecular mechanisms. Mammalian target of rapamycin complex
1 (mTORC1) regulates cell growth and may regulate organismal aging by controlling mRNA translation.
However, how inhibiting mTORC1 and decreasing protein synthesis can extend life span remains an
unresolved issue. We showed that constitutively active mTORC1 signaling increased general protein
synthesis but unexpectedly reduced the quality of newly synthesized polypeptides. We demonstrated
that constitutively active mTORC1 decreased translation fidelity by increasing the speed of ribosomal
elongation. Conversely, rapamycin treatment restored the quality of newly synthesized polypeptides
mainly by slowing the rate of ribosomal elongation. We also found distinct roles for mTORC1
downstream targets in maintaining protein homeostasis. Loss of S6 kinases, but not 4E-BP family pro-
teins, which are both involved in regulation of translation, attenuated the effects of rapamycin on the
quality of newly translated proteins. Our results reveal a mechanistic connection between mTORC1
and protein quality, highlighting the central role of nutrient signaling in growth and aging.
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INTRODUCTION

The mammalian target of rapamycin (mTOR) is a highly conserved serine/
threonine kinase that is named for its inhibition by the drug rapamycin
(1, 2). mTOR assembles into two functionally and structurally distinct
complexes in the cytoplasm: mTORC1 (mTOR complex 1) and mTORC2.
As a major hub that integrates multiple signaling pathways, mTORC1 is a
master regulator of protein synthesis that couples nutrient signaling to cell
growth and proliferation (3, 4). In mammalian cells, mTORC1 is positioned
downstream of the tumor suppressors tuberous sclerosis complex 1 (TSC1)
and TSC2. The TSC1/2 complex inhibits mTORC1 by acting as a guano-
sine triphosphatase (GTPase)–activating enzyme (GAP) for Ras homolog
enriched in brain (Rheb), which binds to and activates mTORC1 (5, 6).
Cells lacking functional TSC exhibit constitutive activation of mTORC1
signaling, resulting in increased protein synthesis and cell size (7). The phe-
notypes associated with Tsc deficiency can be rescued by rapamycin treat-
ment (8). In further support of the critical role of mTORC1 in cell growth
and proliferation, dysregulation of mTORC1 has been implicated in many
disease states including cancer, metabolic disorders, and aging (9).

The role of mTORC1 in aging has received increasing attention owing
to its mechanistic connection with other pathways in longevity studies. In
many model organisms, longevity is regulated by the conserved insulin
and insulin-like growth factor 1 (IGF-1) signaling pathway (10). Reducing
the activity of phosphoinositide 3-kinase (PI3K), an upstream signaling of
mTORC1, promotes longevity (11). In addition, caloric restriction in-
creases life span in various organisms and is proposed to function by
inhibiting mTORC1 (12). Direct inhibition of mTORC1 signaling also in-
creases life span (13–15), and administration of rapamycin to adult mice
substantially extends life span (16). A consequence of mTORC1 suppres-
sion is the general attenuation of protein synthesis. Indeed, partially
inhibiting the translation machinery also increases life span in various or-
ganisms (17–19). Thus, reduced mRNA translation might be a com-
1Graduate Field of Genetics, Genomics and Development, Cornell University,
Ithaca, NY 14853, USA. 2Division of Nutritional Sciences, Cornell University,
Ithaca, NY 14853, USA.
*Corresponding author. E-mail: sq38@cornell.edu
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mon mechanism to extend life span in multiple species under different
conditions.

How can reducing protein synthesis extend life span? Protein ho-
meostasis refers to a delicate equilibrium between synthesizing proteins,
maintaining protein conformations, and removing damaged proteins
from cells (20) and has been postulated to play a critical role in growth
and aging (21). This balance is maintained by molecular chaperones, the
ubiquitin-proteasome system, and the autophagy pathway (22). A robust
stress response is often associated with life span extension, which supports
a critical role for protein homeostasis in growth and aging. We previously
reported that constitutively active mTORC1 attenuates the expression of
genes encoding chaperones at the translational level during stress condi-
tions (23). However, how mTORC1-controlled mRNA translation influences
the quality of translational products is not fully understood.

mTORC1 stimulates protein synthesis by phosphorylating several
translational regulators. Two well-characterized downstream targets are
the eukaryotic initiation factor 4E binding proteins (4E-BPs) and the
p70 ribosomal S6 kinases (S6Ks) (3, 24). The nonphosphorylated 4E-
BPs bind and sequester eIF4E, a key rate-limiting factor for cap-dependent
mRNA translation initiation. mTORC1 phosphorylates 4E-BPs, thereby
derepressing eIF4E and promoting formation of the translation initiation
complex. mTORC1-mediated phosphorylation of S6K promotes protein
synthesis through multiple substrates, including the translation initiation
factor eIF4B and the elongation regulator eEF2K (25, 26). Ribosome pro-
filing analysis indicates that 4E-BPs are the master effectors of mTORC1
in controlling translation of mRNAs containing 5′ terminal oligopyrimidine
tract (TOP) and TOP-like sequences (27, 28). This finding raises the ques-
tion regarding the role of S6Ks in mTORC1-mediated translational regula-
tion. Notably, the phosphorylation of S6Ks is rapamycin-sensitive, whereas
mTORC1-mediated phosphorylation of 4E-BPs is largely rapamycin-
resistant (29). This finding suggests that the antiaging effects of rapamycin
might be mediated by the target of S6Ks rather than 4E-BPs. Supporting this
notion, deletion of S6K1 in mice leads to increased life span and resistance
to age-related pathologies (30). However, the differential effects of mTORC1
downstream targets on mRNA translation remain poorly understood.

Here, we sought to dissect the role of mTORC1 in various aspects of
protein homeostasis. We found that persistent activation of mTORC1
ww.SCIENCESIGNALING.org 16 April 2013 Vol 6 Issue 271 ra24 1
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signaling led to less functional proteins. The defective ribosome products
were mainly due to reduced translation fidelity as a result of increased
elongation speed. Rapamycin treatment largely restored protein homeosta-
sis in these cells. The differential effects of mTORC1 downstream targets
on translation fidelity further support the critical role of elongation in the
quality of translational products. Our results provide mechanistic insights
into the molecular connection between nutrient signaling and protein ho-
meostasis and may offer new opportunities for treating age-related diseases.
D
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RESULTS

Constitutively active mTORC1 signaling reduces the
stability of synthesized polypeptides
To monitor the quality of translational products, we used firefly luciferase
(Fluc) as a reporter, whose activity can be measured by a luminescence-
based assay with exquisite sensitivity. Fluc folds rapidly upon translation
on eukaryotic ribosomes and does not require posttranslational modifica-
tion for its activity (31). Its sensitivity to various stress conditions makes it
an ideal molecule to evaluate intracellular protein homeostasis (32). To
monitor the biosynthesis of synthesized Fluc in cells with altered mTORC1
 on A
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signaling, we used a real-time luminometer that allows contin-
uous measurement of Fluc activity in live cells (23). Shortly
after transfection with plasmids encoding Fluc, luciferase activ-
ity progressively accumulated in a mouse embryonic fibroblast
(MEF) cell line (Fig. 1A). Unexpectedly, MEFs lacking TSC2
showed less Fluc activity with about 50% reduction by 15 hours
after transfection. This was not due to a difference in transfec-
tion and transcription efficiency because Fluc mRNA abun-
dance was comparable between these two sets of MEFs (fig.
S1). To further exclude the possibility of altered transcription,
we synthesized Fluc mRNA and performed mRNA transfec-
tion. Consistent with the plasmid transfection, TSC2 null cells
showed lower Fluc activity than wild-type cells (Fig. 1B). Thus,
constitutively active mTORC1 signaling reduces the functional-
ity of synthesized Fluc.

Because mTORC1 is believed to promote protein synthe-
sis, it was surprising to find reduced Fluc activity in TSC2
knockout cells. Immunoblotting of whole-cell lysates re-
vealed that the steady-state amounts of Fluc were significant-
ly lower in TSC2 knockout cells than in wild-type MEFs
(Fig. 1C), which is consistent with the reduced Fluc activity
measured in live cells. We then treated the transfected cells
with the proteasome inhibitor MG132 to examine whether
the reduced Fluc quantity was due to increased degradation.
Proteasome inhibition by MG132 had minimal effects on
translation initiation factors such as eIF2a (fig. S2). In com-
parison to wild-type cells, TSC2 knockout cells showed
increased Fluc abundance after MG132 treatment with the
majority recovered in the insoluble fraction (Fig. 1C). This
result suggests that a substantial proportion of synthesized
Fluc is short-lived in cells with increased mTORC1 signaling.

To examine the feature of other proteins under constitu-
tively active mTORC1 signaling, we expressed green fluores-
cent protein (GFP), which is relatively stable in cells. Similar
to Fluc, GFP also showed decreased steady-state amounts in
TSC2 knockout cells with an increased accumulation after
MG132 treatment (fig. S3). Proteasome inhibition leads to
an accumulation of endogenous substrates in the form of
polyubiquitin conjugates (33). We measured the abundance
w

of polyubiquitinated species after MG132 treatment in cells with un-
restrained mTORC1 signaling. Compared to wild-type cells, TSC2
knockout cells demonstrated a substantial increase of polyubiquitin signals
with MG132 treatment (Fig. 1D). Together, these results suggest that
mTORC1 signaling disrupts the stability of synthesized polypeptides.

Rheb overexpression reduces the stability of
synthesized polypeptides
To independently confirm that uncontrolled mTORC1 signaling con-
tributes to the reduced stability of translational products, we transfected
human embryonic kidney (HEK) 293 cells with plasmids encoding Rheb,
a direct activator of mTORC1. Rheb overexpression enhanced mTORC1
signaling in a dose-dependent manner as evidenced by increased RpS6
phosphorylation (Fig. 2). Consistent with TSC2 null cells, Rheb overex-
pression also resulted in a decrease of Fluc steady-state amounts in trans-
fected HEK293 cells. MG132 treatment largely rescued the loss of Fluc,
indicating a higher turnover of synthesized Fluc under Rheb overexpres-
sion. These cells also showed a higher accumulation of polyubiquitinated
species in the presence of MG132 (Fig. 2, bottom panel). Thus, an in-
crease in mTORC1 activity by Rheb overexpression also reduces the sta-
bility of synthesized polypeptides.
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Fig. 1. Constitutively active mTORC1 reduces the stability of synthesized polypeptides.
(A) Wild-type (WT) and TSC2 knockout (KO) cells were transfected with Fluc plasmids,
and the Fluc activity was monitored continuously (means ± SEM; n = 6 independent
experiments). (B) Similar to (A) except that the cells were transfected with Fluc mRNA
(means ± SEM; n = 3 independent experiments). (C) WT and TSC2 KO cells transfected
with Fluc plasmids were treated with MG132. Whole-cell lysates were separated into
soluble and insoluble fractions followed by immunoblotting using antibodies as in-
dicated. Bottom panel shows quantification of Fluc amounts (means ± SEM; n = 3
independent experiments; *P < 0.05, **P < 0.01, ratio paired t test). (D) MG132-treated
WT and TSC2 KO cells were immunoblotted with the indicated antibodies. Right panel
shows quantification (means ± SEM; n = 3 independent experiments; *P = 0.014, ratio
paired t test).
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Suppressing mTORC1 restores the stability of
synthesized polypeptides
Having found that an increase in mTORC1 signaling re-
duced the stability of translational products, we next asked
whether suppressing mTORC1 signaling by rapamycin
could restore the stability of synthesized polypeptides. Al-
though treating wild-type cells with rapamycin slightly
reduced Fluc expression, the presence of rapamycin in-
creased the steady-state Fluc amounts in TSC2 knockout
cells (Fig. 3A). This was not due to an increased translation
rate in the presence of rapamycin because the abundance of
synthesized Fluc under proteasome inhibition remained
consistent after rapamycin treatment (Fig. 3A). The presence
of rapamycin also substantially decreased the amount of
polyubiquitinated species accumulated after proteasome in-
hibition byMG132 (Fig. 3B). Therefore, suppressing mTORC1
signaling decreases protein synthesis but increases the stabil-
ity of synthesized polypeptides.

mTORC1 does not primarily affect chaperone
and proteasome activities
The reduced stability of translational products under con-
stitutively active mTORC1 signaling suggests a lower qual-
ity of newly synthesized polypeptides, or saturation of the
protein quality control system in cells. Molecular chaperones
and the ubiquitin-proteasome system are two major mecha-
 on A
pril 17, 2013 
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nisms that maintain intracellular protein ho-
meostasis (20, 34, 35). We previously
demonstrated that mTORC1 inhibited the
cap-independent Hsp70 translation induced
by heat shock stress (23). However, it re-
mains unknown whether the chaperone
network is adversely affected by persistent
mTORC1 signaling under a nonstressed
condition. To directly measure the chap-
erone activity in wild-type and TSC2 knock-
out cells, we used whole-cell lysates to
refold heat-denatured Fluc. This in vitro re-
folding assay revealed that the chaperone
activities in both cells were comparable
(Fig. 4A). Furthermore, Rheb overexpres-
sion in HEK293 cells also had no apprecia-
ble effects on cellular chaperone activities
(fig. S4A).

The ubiquitin-proteasome system is
the main pathway for elimination of dam-
aged proteins in eukaryotes, and its in-
creased activity might contribute to lower
steady-state protein abundance in cells with
constitutively active mTORC1 signaling. To
compare the proteasome activity between
wild-type and TSC2 knockout cells, we
used a cell-based proteasome assay in
which the chymotrypsin-like activity of the
proteasome can be directly measured using
a luminogenic substrate (Proteasome-Glo).
We observed similar chymotrypsin-like ac-
tivity in both cell types (Fig. 4B). Consist-
ently, Rheb overexpression in HEK293 cells
also did not affect the proteasome activity
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Fig. 2. Rheb overexpression reduces the stability of synthesized polypeptides. MG132-
treated HEK293 cells cotransfected with plasmids encoding Fluc and Rheb, supple-
mented with GFP, were immunoblotted with the indicated antibodies (left panel). Fluc
and polyubiquitinated species were quantified after normalizing to b-actin abundance
(right panels). Phosphorylated RpS6 was normalized to total RpS6 protein abundance
(means ± SEM; n = 3 independent experiments).
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Fig. 3. Suppressing mTORC1 restores the stabil-
ity of synthesized polypeptides. (A) WT and TSC2
KO cells transfected with Fluc were treated with
rapamycin in the absence or presence ofMG132
followed by immunoblotting with indicated anti-

bodies. Middle panels show quantification of Fluc protein normalized to b-actin before and after rapa-
www.SCIENCESIGNALING
mycin treatment. Lower panel is the quantification of phosphorylated RpS6 normalized to total RpS6
protein abundance (means ± SEM; n = 3 independent experiments; *P < 0.05, ratio paired t test). (B)
Cells in (A) were immunoblotted using antibody against polyubiquitinated species. Lower panel shows
quantitation of ubiquitin before and after rapamycin treatment normalized to b-actin (means ± SEM; n = 4
independent experiments; *P < 0.05, mixed model with random blots and fixed treatment using normal-
ized values; P values are adjusted with a Bonferroni correction).
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(fig. S4B). Thus, mTORC1 does not primarily affect the intracellular pro-
teasome system.

mTORC1 decreases translation fidelity
With no apparent influence on either chaperone or proteasome function in
cells, how does constitutively activemTORC1 signaling decrease the stabil-
ity of synthesized proteins? Nascent chains are synthesized during elonga-
tion, and folding generally begins during translation on the ribosome (36, 37).
Thus, the efficiency of cotranslational folding is influenced by translation
fidelity during elongation (38). We reasoned that dysregulated mTORC1
signaling might decrease translation fidelity and increase the generation
of defective ribosomal products. To test this hypothesis, we generated
two Fluc reporters to assess translational fidelity. One reporter, Fluc(Stop),
has leucine at position 210 replaced with a stop codon, which leads to the
synthesis of a truncated and enzymatically inactive protein product. This
reporter has previously been used to assess readthrough errors occurring
during translation (39). To evaluate the potential of misincorporation dur-
ing translation, we mutated the arginine at the active-site position 218 into
serine, which renders the resultant Fluc(R218S)mutant devoid of enzymatic
activity. As expected, both Fluc(Stop) and Fluc(R218S) mutants showed
w

less than 1% of the enzymatic activity of the wild-type Fluc; however,
TSC2 knockout cells showed a significant increase in Fluc activity for both
Fluc(Stop) andFluc(R218S)when compared towild-type cells (2- and 1.5-fold
increase, respectively) (Fig. 4C). Again, this relative increasewas not due to a
difference in transfection efficiency between these two cells, because quan-
titative polymerase chain reaction (qPCR) revealed comparable amounts of
Fluc mRNA (fig. S5). Consistent with the findings in TSC2 knockout cells,
overexpressing Rheb in HEK293 cells also led to a higher rate of readthrough
and misincorporation errors during translation of Fluc mutants (fig. S6).

Because rapamycin treatment increases the stability of synthesized pro-
teins, we examined whether repressing mTORC1 signaling would restore
translation fidelity. Indeed, rapamycin treatment decreased the functional-
ity of Fluc mutants in both wild-type and TSC2 knockout cells (Fig. 4D).
The effect of rapamycin on promoting translation fidelity in TSC2 knockout
cells is an underestimate because wild-type Fluc in these cells showed in-
creased activity in the presence of rapamycin (Fig. 4D). This is consistent with
the finding that rapamycin rescues the stability of Fluc under persistent
mTORC1 signaling (Fig. 3A). Therefore, repressing mTORC1 signaling in-
creases the stability of newly synthesized polypeptides by promoting accurate
mRNA translation.
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mTORC1 downstream targets
exhibit distinct roles in
translation fidelity
Twowell-established mTORC1 downstream
targets are 4E-BPs and S6Ks. Although 4E-
BP family proteins are the master effectors
of mTORC1 in controlling translation of
TOP and TOP-like mRNAs (27, 28), the
phosphorylation of 4E-BPs is resistant to
rapamycin treatment. Because rapamycin
effectively abolishes phosphorylation of
S6Ks, we suspected that rapamycin might
act through S6Ks to restore translation fidel-
ity. Indeed, enzymatic activities of trans-
fected Fluc(Stop) and Fluc(R218S) mutants
were significantly reduced in S6K1 and
S6K2 double-knockout MEFs when com-
pared to wild-type cells (Fig. 5A). This result
indicates increased translation fidelity in the
absence of S6Ks. In contrast, MEFs lacking
both 4E-BP1 and 4E-BP2 showed compara-
ble activity for both Fluc mutants (Fig. 5B).
Considering that 4E-BPs mainly act on
translation initiation, the critical role of
S6Ks in translation fidelity supports the no-
tion that ribosomal elongation may be re-
sponsible for the quality of translational
products.

To substantiate the finding that rapamycin
acts through S6Ks in restoring translational
fidelity, we examined how rapamycin in-
fluences the translation of Fluc mutants in
MEFs lacking either S6Ks or 4E-BPs.
Rapamycin treatment significantly reduced
the activity of transfected Fluc mutants in
wild-type cells but showed no effects in
S6K double-knockout cells (Fig. 5C). In con-
trast, the presence of rapamycin equally
restored the translation fidelity in both
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4E-BP wild-type and double-knockout MEFs as evidenced by the sup-
pressed activity of Fluc mutants, in particular Fluc(Stop) (Fig. 5D). These
results confirm the distinct roles of mTORC1 downstream targets in
controlling the quality of translational products.

mTORC1 increases ribosome speed during
translation elongation
Translation fidelity is influenced by multiple factors. For instance, defec-
tive ribosome biogenesis reduces the accuracy of amino acid incorporation
(40). However, both TSC2 wild-type and knockout cells showed a similar
ratio of 28S to 18S ribosomal RNAs (rRNAs) (fig. S7). The accuracy of
codon-anticodon recognition is also susceptible to ribosome dynamics
during elongation. In addition to translation initiation, mTORC1 promotes
elongation through S6K-mediated eEF2K phosphorylation (26). We hy-
pothesize that constitutively active mTORC1 signaling might potentially
compromise the fidelity of the decoding process by increasing the speed
of elongation. To evaluate the ribosome dynamics in both TSC2 wild-type
and knockout cells, we performed ribosome sedimentation analysis. Con-
sistent with an increase in cap-dependent mRNA translation, TSC2 null
cells exhibited higher polysome formation than wild-type cells, and the
monosome peak was correspondingly reduced (Fig. 6A). Although this
feature is consistent with more efficient translation initiation in cells with
increased mTORC1 signaling, the snapshot of polysome profiles does not
offer insight into ribosome dynamics during elongation.

The translation inhibitor harringtonine stalls initiating ribosomes at the
start codon while allowing elongating ribosomes to run off the transcript
(41). The time required for polysome depletion correlates with the global
translation elongation speed. By treating cells with harringtonine for var-
ious times, we evaluated the average elongation speed (fig. S8). Compared
towild-type cells, TSC2 knockout cells showed an earlier polysome runoff,
indicating faster ribosome movement during elongation (Fig. 6B).
w

Because rapamycin treatment essentially restored translation fidelity in
TSC2 knockout cells, we examined the effect of rapamycin on ribosome
dynamics. As a specific mTORC1 inhibitor, rapamycin suppresses trans-
lation initiation. Supporting this notion, the monosome peak was in-
creased after rapamycin treatment (Fig. 6A). Intriguingly, we observed
a slight increase rather than a decrease of polysome formation in TSC2
knockout cells in the presence of rapamycin. Under this condition, the
retained polysome is a strong indication of ribosome slowing down dur-
ing elongation. Indeed, application of harringtonine showed delayed de-
pletion of polysomes in the presence of rapamycin (Fig. 6C). These
results support the interpretation that mTORC1 decreases translation
fidelity by increasing ribosome speed.

mTORC1 controls cellular susceptibility to
proteotoxic stress
mTORC1 signaling adversely affected the quality of newly synthesized
proteins; therefore, we reasoned that cells with persistent mTORC1 sig-
naling might be sensitive to proteotoxic stress. To test this possibility,
we treated cells with MG132 to induce proteotoxic stress and compared
the cell viability between wild-type and TSC2 knockout cells. MG132
treatment significantly reduced cell growth and caused about 10% cell
death in wild-type cells (Fig. 7A). In contrast, more than 20% of cell
death occurred in TSC2 knockout cells after the same treatment. Because
proteotoxic stress triggers apoptosis, we analyzed molecular markers of
apoptosis in these cells and detected increased caspase-3 cleavage in
TSC2 knockout cells (Fig. 7B).

Adding rapamycin together with MG132 restored the cell viability of
TSC2 null cells (Fig. 7, A B). Accordingly, there was a decrease in the
proportion of cells undergoing apoptosis (Fig. 7B). These protective
effects of rapamycin in response to proteotoxic stress might be attributed
to the involvement of multiple pathways including macroautophagy (42).
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Nevertheless, our results extend the bene-
fits of rapamycin by showing that it allevi-
ates proteotoxic stress by increasing the
quality of newly synthesized proteins.

DISCUSSION

Studies conducted in rodents over the past
70 years have shown that life span is
extended by caloric restriction (43). Similar
to caloric restriction, mTORC1 inhibition
also extends life span in various model or-
ganisms (14, 15, 44), and administration
of rapamycin to adult mice is sufficient
to extend life span considerably (16). How-
ever, how mTORC1 inhibition increases
longevity in mammals remains an unresolved
issue. Protein synthesis–dependent and
protein synthesis–independent mechanisms
have been proposed, and several models
have been suggested to explain the po-
tential benefits of reducing protein synthe-
sis. First, a decrease of overall translational
products could lower the cellular burden
of erroneously synthesized polypeptides.
This situation results in “spare” proteolytic
and chaperone function in cells, which may
contribute to the observed increase in orga-
nism stress resistance and life span (45).
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Second, global suppression of protein synthesis may allow selective
translation of a subset of mRNAs that exert a protective function (46).
Here, we report that a global decrease in mRNA translation improves
the fidelity of protein synthesis. Our observations not only extend the
functional connection between mTORC1 and protein homeostasis (Fig.
8) but also suggest a molecular basis for how constitutively active
www.SCIENCESIGNALING.org
mTORC1 signaling favors the develop-
ment of age-related pathologies by disrupt-
ing protein homeostasis.

mTORC1 regulates mRNA translation
at multiple stages. The regulatory mech-
anisms impinging on the initiation stage
have received considerable attention, but
accumulating evidence points to the elon-
gation phase as another target of transla-
tional control (47). We monitored ribosome
dynamics in cells with altered mTORC1
signaling using the translation inhibitor
harringtonine. Consistent with the positive
role of mTORC1 in regulating eEF2 activ-
ity (26), TSC2 knockout cells exhibit faster
ribosome runoff than the wild-type cells.
Despite the wide belief that rapamycin
suppresses general protein synthesis by
acting primarily on translation initiation,
we found that rapamycin does not dis-
assemble the polysome, at least in the early
stage. Thus, it is conceivable that rapamy-
cin exerts additional impacts on elonga-
tion. Supporting this notion, rapamycin
treatment reduces the elongation rate of ri-
bosomes in both wild-type and TSC2
knockout cells.

One unanticipated finding in this study
is the distinct roles of mTORC1 down-
stream targets in translation fidelity. It
appears that S6Ks, but not 4E-BPs, influ-
ence the quality of translational products,
presumably through the regulation of elongation. This is in agreement
with the finding that mice lacking S6K1 showed increased life span
and resistance to age-related pathologies (30). In contrast, deleting 4E-
BPs mainly affected cell proliferation, but not cell growth (48). In addi-
tion, only the phosphorylation of S6Ks, but not 4E-BPs, is sensitive to
rapamycin treatment (29). The differential effects of rapamycin on
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mTORC1 downstream targets support the notion that the antiaging benefits
of rapamycin occur through the elongation stage by S6Ks (Fig. 8).

Howdoes an increased elongation rate affect translation fidelity?mRNA
translation is an error-prone step in gene expression with about 1 in every
103 to 104 codons mistranslated (49). Amino acid incorporation is a
competitive process between the cognate and the near-cognate transfer
RNAs (tRNAs) for a given codon. The increased elongation rate could po-
tentially compromise the translational fidelity by promoting misincorpora-
tion of amino acids. Reduced elongation speed, on the other hand, allows for
a relatively longer dwell time of the ribosome in its search for correct tRNA
pairing. It is thus conceivable that an increased translation speed, such as that
under constitutively active mTOR signaling, generates more aberrant
translational products. In addition, variations of elongation speed may
coordinate cotranslational folding of emerging polypeptides (37). The local
discontinuous translation (ribosome pausing) temporally separates the
translation of segments of the peptide chain and actively coordinates their
cotranslational folding (50). Supporting this notion, a study in Escherichia
coli has demonstrated that slowing translation speed enhances protein
folding efficiency (51). The faster translation speed may eliminate the ribo-
some pausing necessary for cotranslational events. Supporting this notion,
we observed an inverse correlation between elongation speed and the qual-
ity of nascent polypeptides in mammalian cells.

Ribosome biogenesis is largely controlled by mTORC1 at the level of
translation because ribosomal subunits are encoded by TOP mRNAs
(28, 52). The reduced translation fidelity under constitutively active
mTORC1 signaling could create errors in synthesized ribosomal proteins,
which may cause an error catastrophe due to dysfunctional translation ma-
chinery. This catastrophe would create additional errors of newly synthe-
sized polypeptides. We cannot exclude the possibility that this may
account for the reduced quality of synthesized proteins. It remains to be in-
w

vestigated whether cells with unrestrained mTORC1 signaling contain de-
fective ribosome subunits.

The observations described in this study have several implications.
First, the critical role of mTORC1 in ribosome dynamics and translation
quality extends the molecular linkage between mTORC1 and protein ho-
meostasis. Second, the finding that an increase in protein synthesis is ac-
companied by a decrease in protein quality provides a plausible
mechanism for how persistent mTORC1 signaling favors the development
of age-related pathologies. With the most common feature of aging being
an accumulation of misfolded proteins derived from erroneous bio-
synthesis and postsynthetic modification, protein homeostasis is an impor-
tant mediator of rapamycin in longevity.
MATERIALS AND METHODS

Cell lines and reagents
TSC2 wild-type and knockout MEFs were provided by D. J. Kwiatkowski
(Harvard Medical School). 4E-BP wild-type and double-knockout MEFs
were provided by N. Sonenberg (McGill University), and S6K wild-type
and double-knockout MEFs by G. Thomas (University of Cincinnati). All
cell lines were maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum grown at 37°C with 5% CO2. Cycloheximide,
rapamycin, and MG132 were purchased from Sigma, and harringtonine
from LKT Laboratories. Dual-Luciferase Assay System, Luciferase Assay
System, and Proteasome-Glo kit were purchased from Promega. D-Luciferin
was purchased from Registech. Antibodies against phosphorylated and
total S6 and caspase-3 were purchased from Cell Signaling Technology;
b-actin from Sigma-Aldrich; myc from Santa Cruz; and polyubiquitin
from Assay Designs. Anti-Fluc was purchased from Novus Biologicals.

Plasmids and transfection
The Fluc gene was directly removed from pGL3 vector (Promega) with
Hind III and Xba I sites and then cloned into pcDNA3.1 (Invitrogen). Fluc
mutants for fidelity assays were created from pGL3 vector with PCR Mu-
tagenesis Kit (Agilent Technologies) with the following primers: Fluc(Stop),
5′-GGTCTGCCTAAAGGTGTCGCTTAGCCTCATAGAACTGCC-3′;
Fluc(R218S), 5′-GCCTCATAGAACTGCCTGCGTGTCTTTCTCGC-
ATGCCAGAGATCC-3′. Plasmids encoding Rheb-myc were provided
by K.-L. Guan (University of California, San Diego). Transfection was per-
formed with Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions.

mRNA in vitro transcription
mRNA with a m7G-cap was synthesized with the mMessage mMachine
T7 Ultra Kit (Ambion), followed by purification with the MEGAclear Kit
(Ambion), according to the manufacturer’s instructions. mRNA transfec-
tions were performed with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

Luciferase assay
For real-time measurement of Fluc activity, cells were plated on 35-mm
dishes and transfected with plasmid or mRNA containing the Fluc gene.
Immediately after transfection, 1 mM luciferase substrate D-luciferin was
added into the culture medium, and the Fluc activity was recorded at 37°C
with 5% CO2 using Kronos Dio Luminometer (ATTO). For luciferase as-
say with cell lysates, Fluc activity was measured with a luciferase reporter
assay (Promega) on a Synergy HT Multi-detection Microplate Reader
(BioTek Instruments). For the fidelity assay, Fluc activity from Fluc mu-
tants was normalized to Fluc activity derived from pGL3.
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Fig. 8. Model for functional connection between mTORC1 and protein ho-
meostasis. mTORC1 regulates protein synthesis at multiple stages through

different downstream targets. Whereas 4E-BPs control the initiation step,
S6Ks mainly promote the elongation stage. The altered ribosome dynamics
when mTORC1 signaling is deregulated results in protein dyshomeostasis
and disruption of the protein quality control (PQC) network. Rapamycin
restores protein homeostasis by enhancing translation fidelity through
the S6Ks.
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In vitro refolding assay
QuantiLum Recombinant Fluc (Promega) was diluted in lysis buffer at a
concentration of 50 mg/ml and then split into two individual Eppendorf
tubes. One tube was placed at 42°C for 15 min to denature Fluc, whereas
the other was kept at room temperature. The denatured or nondenatured
Fluc protein was then added to cell lysates for a final concentration of
16.5 mg/ml. Refolding was conducted at room temperature, and the Fluc
activity was monitored every 15 min with the Promega Luciferase Assay
System. Fluc activity in lysis buffer alone was measured in parallel to ex-
clude spontaneous refolding of denatured Fluc. The nondenatured Fluc
activity was used to normalize the denatured Fluc activity after cell lysate–
mediated refolding.

Immunoblotting
Cells were lysed on ice in tris-buffered saline (TBS) buffer [50 mM tris-
HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA] containing protease inhibitor
cocktail tablet (Roche) and 2% Triton X-100. After incubating on ice for
30 min with interval vortexing, the lysates were centrifuged for 5 min at
12,500 rpm, and an aliquot was removed for quantification by Bradford
assay (Bio-Rad). Samples were adjusted to 1 mg/ml and heated for 5 min
in SDS–polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
[50 mM tris-HCl (pH 6.8), 100 mM dithiothreitol (DTT), 2% SDS, 0.1%
bromophenol blue, 10% glycerol]. For fractionation analysis, the Triton
X-100–soluble and Triton X-100–insoluble fractions were dissolved in-
dividually in SDS-PAGE sample buffer. Proteins were resolved on SDS-
PAGE and transferred to Immobilon-Pmembranes (Millipore).Membranes
were blocked for 30 min in TBS containing 5% blotting milk, followed by
incubation with primary antibodies overnight. After several washes with
TBS containing 0.1% Tween 20, the membrane was incubated with
horseradish peroxidase–coupled secondary antibodies. Immunoblots were
developed with enhanced chemiluminescence (ECL Plus, GE Healthcare).
Individual Western experiments were quantified with ImageJ software and
normalized to either b-actin or total protein of phosphorylated target as a
loading control.

Reverse transcription PCR and qPCR
Total RNA was extracted from whole-cell lysates with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. RNA quality was
validated by NanoVue Spectrophotometer (GE Healthcare) and run on an
agarose gel for integrity examination. Reverse transcription was performed
with SuperScript III kit (Invitrogen) followed by PCR. The primers for the
Fluc gene are 5′-ATTTATCGGAGTTGCAGTTGCGCC-3′ (forward) and
5′-CCAGCAGCGCACTTTGAATCTTGT-3′ (reverse), and the primers
for 18S are 5′-CTTGGATGTGGTAGCCGTTT-3′ (forward) and 5′-
TATGGTTCCTTTGGCGCTC-3′ (reverse). For qPCR, reverse transcription
was performed with High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems). qPCR was then conducted with Power SYBR Green
PCR Master Mix (Applied Biosystems) according to the manufacturer’s
protocols. PCR was performed on a LightCycler 480 Real-Time PCR Sys-
tem (Roche Applied Science) with three technical replicates per sample
per run. The primers for the Fluc gene are 5′-ATCCGGAAGCGAC-
CAACGCC-3′ (forward) and 5′-GTCGGGAAGACCTGCCACGC -3′
(reverse), and the primers for b-actin are 5′-TTGCTGACAGGATGCA-
GAAG-3′ (forward) and 5′-ACTCCTGCTTGCTGATCCACAT-3′ (reverse).

Polysome profiling
A sucrose solution was prepared in polysome buffer [10 mM Hepes (pH
7.4), 100 mM KCl, 5 mM MgCl2, cycloheximide (100 mg/ml), 5 mM
DTT]. A 15 to 45% sucrose density gradient was prepared in SW41 ultra-
centrifuge tubes (Fisher) with a Gradient Master (BioComp Instruments).
w

Cells were treated with cycloheximide (100 mg/ml) for 3 min at 37°C in
culture media followed by lysis in ice-cold polysome buffer containing
2% Triton X-100. Lysate was centrifuged for 10 min at 12,500 rpm, and
500 ml of supernatant was loaded onto sucrose gradient and centrifuged
for 100 min at 38,000g at 4°C in a SW40 rotor. Gradients were fractioned
at 0.75 ml/min with an automated fractionation system (ISCO), which
continually monitors absorbance values at 254 nm. For rescue experi-
ments, rapamycin was used at 20 nM for 3 hours before the addition
of cycloheximide. For the ribosome runoff assay, cells were pretreated
with harringtonine (1 mg/ml) with or without 20 nM rapamycin for up
to 5 min before the addition of cycloheximide.

Proteotoxic stress and viability assay
TSC2 wild-type and knockout MEFs were treated with 10 mM MG132
overnight with or without 10 nM rapamycin. Multiple fields were selected
for examination by a Nikon Eclipse Ti-S inverted microscope. Cells were
then collected and counted with trypan blue staining. Four counts were
made per sample and averaged for viability assay.

Statistics
For each analysis, raw values were used when possible or raw values were
normalized to an internal control from at least three biologically in-
dependent experiments. The data are expressed as means ± SEM. For each
comparison, the relevant comparisons were chosen on the basis of the as-
say. A Bonferroni correction was used to adjust the P values for multiple
comparisons within Fig. 3B. Statistical significance is denoted by *P <
0.05 and **P < 0.01. Microsoft Excel, GraphPad Prism 6, and JMP
software were used for statistical analyses.
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