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Abstract. 

 

Mammalian stress granules (SGs) harbor un-
translated mRNAs that accumulate in cells exposed to
environmental stress. Drugs that stabilize polysomes
(emetine) inhibit the assembly of SGs, whereas drugs
that destabilize polysomes (puromycin) promote the
assembly of SGs. Moreover, emetine dissolves pre-
formed SGs as it promotes the assembly of polysomes,
suggesting that these mRNP species (i.e., SGs and poly-

 

somes) exist in equilibrium. We used green floures-
cent protein–tagged SG-associated RNA-binding pro-
teins (specifically, TIA-1 and poly[A] binding protein
[PABP-I]) to monitor SG assembly, disassembly, and
turnover in live cells. Fluorescence recovery after pho-
tobleaching shows that both TIA-1 and PABP-I rapidly
and continuously shuttle in and out of SGs, indicating

that the assembly of SGs is a highly dynamic process.
This unexpected result leads us to propose that mam-
malian SGs are sites at which untranslated mRNAs are
sorted and processed for either reinitiation, degrada-
tion, or packaging into stable nonpolysomal mRNP
complexes. A truncation mutant of TIA-1 (TIA-

 

1

 

D

 

RRM), which acts as a transdominant inhibitor of
SG assembly, promotes the expression of cotransfected
reporter genes in COS transfectants, suggesting that
this process of mRNA triage might, directly or indi-
rectly, influence protein expression.
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Introduction

 

Stress granules (SGs)

 

1

 

 are phase dense particles that ap-
pear in the cytoplasm of plant and animal cells subjected
to environmental stress (Nover et al., 1983, 1989; Scharf et
al., 1998; Kedersha et al., 1999). In both plant and animal
cells, SGs harbor untranslated mRNAs that accumulate as
a consequence of stress-induced translational arrest. In
mammalian cells, the assembly of SGs is initiated by the

 

phosphorylation of eukaryotic initiation factor (eIF)-2

 

a

 

(Kedersha et al., 1999), an essential component of a het-
erotrimeric translational regulatory complex that loads the
initiator tRNA (Met-tRNA

 

Met

 

) onto the 40S ribosomal
subunit (Berlanga et al., 1998; Gray and Wickens, 1998).
Phosphorylation of eIF-2

 

a

 

 inhibits translational initiation
(Srivastava et al., 1998), allowing elongating ribosomes to
run off their mRNA transcripts, which then accumulate at

SGs (Kedersha et al., 1999). In cells allowed to recover
from stress, SG-associated mRNAs rapidly move to poly-
ribosomes (Nover et al., 1989). If mRNAs sequestered at
SGs are unavailable for translational reinitiation, then the
assembly and disassembly of these structures could influ-
ence the duration of stress-induced translational arrest
(Kedersha et al., 1999).

Assembly of SGs in response to the phosphorylation of
eIF-2

 

a

 

 is dependent on the related RNA-binding proteins
TIA-1 and TIAR (Kedersha et al., 1999). These proteins
possess three RNA recognition motifs (RRMs) at their
NH

 

2

 

 termini and a glutamine-rich, prion-related domain
(PrD) at their COOH termini (Tian et al., 1991; Ka-
wakami et al., 1992). These structural domains confer
the functions required for the assembly of SGs: RNA
binding and self-aggregation. In vitro, RRM1 is devoid of
RNA-binding activity, RRM2 binds with high affinity to
uridine-rich sequences found in selected mRNAs, and
RRM3 binds RNA without known sequence specificity
(Dember et al., 1996). These properties allow full-length
TIA-1 and TIAR to bind to heterogeneous mRNAs with-
out apparent sequence specificity (Dember et al., 1996).
At the same time, both proteins bind to uridine-rich se-
quences with high affinity and specificity (Dember et al.,
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1996). Although sequence nonspecific binding could allow
these proteins to recruit untranslated mRNAs to SGs, se-
quence-specific binding allows these proteins to regulate
the translation of specific transcripts, including TNF-

 

a

 

mRNA (Piecyk et al., 2000). The PrD is capable of self-
aggregation (Kedersha et al., 1999) and is essential for the
assembly of SGs (Kedersha, N., and P. Anderson, manu-
script in preparation). Overexpression of a truncation mu-
tant encoding the isolated PrD but lacking the RNA-bind-
ing domains (TIA-1

 

D

 

RRM) prevents arsenite-induced
assembly of SGs in COS transfectants (Kedersha et al.,
1999). TIA-1

 

D

 

RRM forms cytoplasmic aggregates that se-
quester endogenous TIA-1 and TIAR (Kedersha et al.,
1999). In cells transfected with this mutant, mRNA does
not accumulate at SGs (Kedersha et al., 1999).

A major unanswered question is whether SGs actively
participate in stress-induced translational arrest by seques-
tering selected mRNAs away from the translational ma-
chinery, as has been proposed for plant heat shock gran-
ules (Nover et al., 1989). Consistent with this possibility,
we show here that TIA-1

 

D

 

RRM enhances the expression
of cotransfected reporter genes as it prevents the assembly
of SGs. Interestingly, the opposing effects of translational
inhibitors that stabilize or destabilize polysomes suggest
that SGs are in a dynamic equilibrium with polysomes.
Surprisingly, photobleaching studies indicate that the ma-
jor protein components of SGs (TIA-1 and poly[A]

 

1 

 

bind-
ing protein

 

 

 

I [PABP-1]) are in constant and extremely
rapid flux, despite the relatively stable appearance of indi-
vidual SGs visualized using time lapse photomicroscopy.
These observations indicate that mammalian SGs do not
passively sequester mRNA from the translational machin-
ery but are highly active cytoplasmic sorting sites for
mRNPs. We conclude that SGs are dynamic microdomains
that influence the fate of the untranslated mRNAs that ac-
cumulate in stressed cells.

 

Materials and Methods

 

Cells and Antibodies

 

DU-145 prostate cancer cells and COS7 cells were obtained from Ameri-
can Type Culture Collection. Goat anti–TIA-1 polyclonal antibody was
obtained from Santa Cruz Biotechnology, Inc., and anti-hemagglutinin
(HA) was obtained from BAbCo. Antiluciferase polyclonal antibody was
obtained from Cortex Biochem, anti–phosphorylated eIF-2

 

a

 

 was obtained
from Research Genetics, and anti–

 

b

 

-galactosidase was obtained from
Promega. Anti–eIF-2

 

a

 

 mAb was a kind gift from Dr. Richard Panniers
(National Institutes of Health, Bethesda, MD). The anti–PABP antibody
10E10 was a kind gift from Dr. Gideon Dreyfuss (University of Pennsylva-
nia, School of Medicine, Philadelphia, PA). Antibodies against the small
ribosomal proteins S3 and S19 were a kind gift from Dr. Joachim Stahl
(Max Delbruck Centre for Molecular Medicine, Berlin, Germany). Sec-
ondary antibodies (all ML grade, both fluorochrome-tagged and HRP-
tagged) were obtained from Jackson ImmunoResearch Laboratories.

 

COS Cell Transfections

 

COS7 cells were transfected using SuperFect (QIAGEN) according to the
manufacturer’s instructions. Cells plated in 6-well plates (2 

 

3

 

 10

 

5

 

 cells/well
plated 20 h before transfection) were transfected for 2–4 h, then
trypsinized and replated into parallel plates for both immunofluorescence
(24-well plates containing 11-mm coverslips) and Western blotting or im-
munoprecipitation (12-well plates). This allowed us to ascertain by immu-
nofluorescence that similar transfection efficiencies were obtained with
different constructs (i.e., 

 

,

 

20% variation within individual experiments),
in order to confirm that differences in protein expression seen by Western
blot were not due to differences in transfection efficiency.

 

Western Blot Analysis

 

Cells were lysed in SDS sample buffer, boiled, and sonicated to shear
DNA. Proteins were resolved on 4–20% gradient gels (Invitrogen) using
SDS-PAGE. Proteins were transferred to nitrocellulose, and the protein
loading was assessed by Ponceau red staining. Blots were then blocked in
5% milk or 5% horse serum and probed using standard procedures. Pro-
teins were detected using HRP-conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories), chemiluminescence (Far Western;
Pierce Chemical Co.), and BioMax MR film (Eastman Kodak Co.).

 

Inhibition of Protein Synthesis

 

Cells were washed with HBSS and incubated in cysteine/methionine-free
media (DME containing 5% dialyzed FBS) for 30 min. During this time,
cells were exposed to the drugs at concentrations indicated in the figure
legends. Immediately after the 30-min drug treatment period, one set of
cells was metabolically labeled by the addition of 

 

35

 

S Trans-label (NEN
Life Science Products) for 30 min, harvested by trypsinization, and lysed
in SDS-PAGE sample buffer. After sonication, aliquots of cell lysates
were separated using SDS-PAGE and stained to insure equal protein re-
covery from each sample. Aliquots of each sample were precipitated using
60% acetone, washed, resuspended in 1% SDS, then counted in Hydro-
fluor (National Diagnostics) using a liquid scintillation counter. A parallel
set of cells was preincubated with either emetine, puromycin, or no drugs
for 30 min, at which point SGs were induced by the addition of arsenite
(0.5 mM) to the media, and the incubation was continued for 30 min. Cells
were then processed for immunofluorescence staining using anti–TIA-1 as
described below, and the percentage of cells with SGs was determined mi-
croscopically. To assess the ability of different drugs to reverse SGs, cells
were exposed to arsenite for 30 min, various concentrations of emetine,
puromycin, or media alone were added, and the cells were incubated for
an additional 1 h before fixation and staining. Results shown are typical of
three independent experiments.

 

Sucrose Gradient Analysis

 

Cells were plated and used 48 h after plating. Cells were treated with vari-
ous agents as indicated in the figure legends for the times indicated.
Monolayers were washed with cold HBSS, incubated in cold HBSS con-
taining 10 

 

m

 

g/ml cycloheximide for 10 min, and scrape harvested and cen-
trifuged. Cell pellets were lysed in 1.0 ml of ice-cold lysis buffer (140 mM
KCl, 1 mM DTT, 20 mM Tris, pH 8.5, mM MgCl

 

2

 

, 0.5% NP-40, 0.5 U/ml
RNAsin [Promega], 10 mM cycloheximide, 1 mM PMSF, 5 

 

m

 

M leupeptin,
5 mM benzamidine, 5 

 

m

 

g/ml aprotinin) and mechanically disrupted using
12 strokes of a teflon–glass homogenizer at low speed. Nuclei and debris
were removed by microfuge centrifugation at 1,000 

 

g

 

 for 10 min, and the
postnuclear supernatant was then centrifuged at 15,000 

 

g

 

 for 20 min. The
final supernatants were layered onto preformed 11-ml 20–47% linear su-
crose gradients (containing a 60% sucrose cushion) made up in 140 mM
KCl, 1 mM DTT, 20 mM Tris, pH 7.8, 1.5 mM MgCl

 

2.

 

 Centrifugation was
performed at 40,000 rpm for 2 h 45 min using a Beckman Coulter SW40Ti
rotor. Fractions were eluted from the top of the gradient using an ISCO
gradient elution system, 

 

z

 

1-ml fractions were collected, and OD was mea-
sured at 260 nm to obtain the polysome profile. Aliquots of individual
fractions were acetone-precipitated to remove sucrose and to concentrate
the proteins, which were resuspended in reducing SDS sample buffer, and
processed for Western blot analysis.

 

Plasmid Constructs

 

pMT2-TIA-1 and pMT2-TIA-1

 

D

 

RRM have been described previously
(Tian et al., 1991). The coding regions of TIA-1 and PABP (a kind gift
from R. Pictet, Institut Jacques Monod, University of Paris, Paris, France)
were cloned into pSR

 

a

 

–HA-GFP (a kind gift from Michel Streuli, Dana
Farber Cancer Institute, Boston, MA), using a PCR strategy to produce
the fusion proteins HA-GFP–TIA-1 and HA-GFP–PABP. In brief, TIA-1
was amplified from pMT2–TIA-1 for 25 cycles (94

 

8

 

C for 1 min, 50

 

8

 

C for 1
min, and 74

 

8

 

C for 1 min) using Tli polymerase (Promega) and primers
with EcoRI and XbaI cloning sites (CCGGAATTCATGGAGGAC-
GAGATGCCCA and GCTCTAGATTCACTGGGTTTCATACCC-
TGC, respectively). PABP was similarly amplified from pMA-PABP
using primers with XbaI and KpnI cloning sites (CTAGTCTAGAA-
TGAACCCCAGTGCCCCC and CGGGGTACCTTAAACAGTTG-
GAACACC, respectively). The inserts were cut with EcoRI and XbaI or
XbaI and KpnI, respectively, and cloned in-frame with a fusion HA-GFP
tag in pSR

 

a

 

–HA-GFP that was similarly cut. The final clones were veri-
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fied by sequencing. pcDNA3–

 

b

 

-galactosidase was obtained from Invitro-
gen. Plasmids encoding luciferase followed by the TNF-

 

a

 

 3

 

9 

 

untranslated
region, either with or without its AU-rich element (ARE), were a kind gift
from Veronique Kruys (Université Libre de Bruxelles, Brussels, Belgium).

 

Fluorescence Microscopy

 

Cells were grown, fixed, and stained as described previously (Kedersha et
al., 1999), with minor modifications as follows. Normal horse serum was
used as a blocking agent in lieu of normal goat serum, and secondary anti-
bodies were raised in donkey (ML grade; Jackson ImmunoResearch Lab-
oratories). Cy3-conjugated antibodies were used instead of Texas red con-
jugates. In situ hybridization was performed as described previously
(Kedersha et al., 1999). Cells were viewed using a Nikon Eclipse 800 mi-
croscope, and images were digitally captured using a CCD-SPOT RT digi-
tal camera and compiled using Adobe Photoshop

 

®

 

 software (v5.5).

 

Video Fluorescence Microscopy

 

Epifluorescence video microscopy was used to obtain digitized fluores-
cence images of live COS cells transfected with plasmids encoding GFP–
TIA-1, GFP-PABP, or GFP only. Cells were treated as indicated in the
figure legends, placed on a temperature-controlled microscope stage
(37 

 

6 

 

0.5

 

8

 

C), and observed using a ZEISS Axioskop microscope. The illu-
mination source was a 100-W mercury arc lamp. Illuminating light was
passed through heat and dichroic filters and focused on the sample
through a 25

 

3

 

/0.8 NA oil immersion objective. Fluorescence emission was
imaged using a cooled CCD camera (Roper Scientific) and processed for
pseudocolor by a Metamorph image processor (Universal Imaging Corp.).
Background intensity was subtracted from each image. The final images
were compiled using Adobe Photoshop

 

®

 

 (v5.5).

 

FRAP

 

COS cells were transiently transfected as described above, stimulated with
arsenite for 30 min at 37

 

8

 

C, and viewed using a 40

 

3

 

/0.85 NA oil objective.
FRAP experiments (Axelrod et al., 1976) were performed at room tem-
perature using an Ultima interactive laser cytometer (Meridian Instru-
ments). The Gaussian beam radius was 1 

 

m

 

m and excitation and emission
wavelengths were 488 nm and 510 

 

6 

 

5 nm, respectively. Photobleaching
power at the sample was

 

 z

 

0.5 mW, and the bleaching time was 1 s. The
photobleaching beam was positioned directly over each SG. The frac-
tional recovery (i.e., the fraction of GFP-conjugated protein that was ca-
pable of diffusion into the bleached SG) was obtained by using nonlinear
least squares analysis of fluorescence recovery curves (Golan et al., 1986).

 

Online Supplemental Material

 

Digitized images were captured every 2 min as described above (Video
Fluorescence Microscopy), and pseudocolored using Metamorph software.
Images were overlaid using Adobe Photoshop

 

®

 

 (v5.5) and animated using
Adobe ImageReady™ (v2.0) software, using a 0.1-s delay between frames

taken 2 min apart. Intensity scale is the same as shown in Fig. 6. Videos
containing animated versions of the data also shown in Figs. 5 and 6 are
available at http://www.jcb.org/cgi/content/full/151/6/1257/DC1.

 

Results

 

Components of Polysomes and SGs Are in Equilibrium

 

In tomato cells, mRNA moves from polysomes to SGs in
cells exposed to heat shock and from SGs to polysomes in
cells allowed to recover from heat shock (Nover et al.,
1989). In mammalian cells subjected to graded doses of ar-
senite-induced oxidative stress, translation is inhibited at
concentrations of arsenite that are insufficient to induce
the assembly of SGs (Fig. 1 A; black bars monitor protein
synthesis, gray bars monitor SG assembly of parallel sam-
ples). This suggests that mRNA must be liberated from
polysomes before it can be recruited to SGs. Consistent
with this hypothesis, inhibitors of protein synthesis that
stabilize polysomes by freezing ribosomes on translat-
ing mRNAs (e.g., emetine and cycloheximide [Ballestra,
1991]) inhibit the arsenite-induced assembly of SGs (Fig. 1
B). Similar results were obtained using cycloheximide
(data not shown). In contrast, puromycin, an inhibitor of
protein synthesis that destabilizes polysomes by pro-
moting premature termination (Ballestra, 1991), fails to
inhibit and, at some concentrations, enhances the arsenite-
induced assembly of SGs (Fig. 1 C). These results suggest
that nonpolysomal mRNA could be a rate-limiting deter-
minant of SG assembly.

The accumulation of untranslated mRNA at SGs could
be static or dynamic. If it is static, mRNA (and associated
proteins) will move into SGs during stress and out of SGs
during recovery. In this case, addition of emetine to
stressed cells should prevent further growth of preformed
SGs. If it is dynamic, mRNA and associated proteins
will continuously shuttle in and out of SGs during both
stress and recovery. In this case, addition of emetine to
stressed cells might disassemble preformed SGs by trap-
ping mRNA at polysomes. As shown in Fig. 2, emetine
dissolves preformed TIA-1

 

1

 

 SGs in the continued pres-
ence of stress. Although TIA-1 and TIAR are concen-
trated in the nucleus of DU-145 cells under control condi-

Figure 1. Differential effects
of drugs that stabilize or de-
stabilize polysomes on the ar-
senite-induced assembly of
SGs. (A) Arsenite inhib-
its protein synthesis and in-
duces the assembly of SGs in
a dose-dependent manner.
DU-145 cells were treated
with the indicated concentra-
tion of arsenite for 30 min be-
fore measuring incorporation
of [35S]methionine during an
additional 30-min labeling

period, expressed as a percentage of control incorporation (black bars), or processing for immunofluorescence microscopy to quantitate
the percentage of cells containing TIA-11 SGs (gray bars). (B and C) DU-145 cells were subjected to arsenite-induced stress (0.5 mM,
1 h) in the absence or presence of the indicated concentrations of emetine (B) or puromycin (C). Samples were processed for immuno-
fluorescence microscopy to quantitate the percentage of cells with TIA-11 SGs. Parallel cultures were pulsed with [35S]methionine for 30
min immediately after the drug treatment to quantitate incorporation into acetone-precipitable proteins as described in Materials and
Methods. Gray bars indicate the percentage of cells containing SGs, black bars indicate 35S incorporation as a percentage of control.
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tions (Fig. 2 A), these proteins move to cytoplasmic SGs in
response to arsenite (Fig. 2 B; 0.5 mM, 30 min). In con-
trast, treatment with emetine at 10 

 

m

 

g/ml, which com-
pletely abrogates protein synthesis (see Fig. 1), increases
the amount of cytoplasmic TIA-1/R but does not induce
its aggregation into SGs (Fig. 2 C). The addition of eme-
tine to arsenite-stressed cells (0.5 mM arsenite for 30 min,
followed by the addition of 10 

 

m

 

g/ml emetine for an addi-
tional 60 min) dissolves preformed SGs in the continued
presence of arsenite (Fig. 2 D; similar results were ob-
tained using cycloheximide, data not shown). In contrast,
addition of puromycin (20 

 

m

 

g/ml, a concentration that in-
hibits protein synthesis to a similar extent as 10 

 

m

 

g/ml
emetine, see Fig. 1) to arsenite-stressed cells causes SGs to
increase in size (Fig. 2 F). Puromycin alone induces the as-
sembly of SGs in rare cells (Fig. 2 E, arrow), the percent-
age of which increases with time (data not shown).

To confirm that poly(A)

 

1

 

 RNA is also recruited to SGs,
we used in situ hybridization to monitor the subcellular lo-
calization of poly(A)

 

1

 

 RNA under these same conditions.
As shown in Fig. 3, emetine dissolves preformed poly(A)
RNA

 

1

 

 SGs despite the continued presence of stress (com-
pare Fig. 3, B with D). In contrast, puromycin causes arse-
nite-induced poly(A) RNA

 

1

 

 SGs to increase in size (Fig.
3 F). Although emetine alone does not affect the subcellu-
lar localization of poly(A)

 

1

 

 RNA (Fig. 3 C), puromycin
alone induces the formation of poly(A) RNA

 

1

 

 SGs in rare
cells (Fig. 3 E, arrow). The differential effects of drugs that

 

stabilize or destabilize polysomes on the accumulation of
poly(A)

 

1

 

RNA at SGs suggest that mRNA may be in a dy-
namic equilibrium between SGs and polysomes.

Phosphorylation of eIF-2

 

a

 

 is necessary and sufficient to
induce the assembly of SGs (Kedersha et al., 1999). Thus,
the ability of emetine to dissolve SGs could result from de-
phosphorylation of eIF-2

 

a

 

. Therefore, we measured the
phosphorylation of eIF-2

 

a

 

 in DU-145 cells subjected to ar-
senite-induced oxidative stress in the absence or presence
of emetine. As shown in Fig. 4 A, immunoblots of total
cell extracts probed with antibodies against phosphory-
lated eIF-2

 

a

 

 or total eIF-2

 

a

 

 reveal that eIF-2

 

a

 

 is not sig-
nificantly phosphorylated in untreated cells (Fig. 4 A, lane
C). Arsenite (0.5 mM) induces a time-dependent phosphor-
ylation of eIF-2

 

a

 

 (A30, 30-min treatment; A90, 90-min
treatment). Addition of emetine to cells pretreated with
arsenite for 30 min does not reduce the phosphorylation of
eIF-2

 

a

 

 (Fig. 4 A, lane A

 

1

 

E) and, instead, appears to in-
crease it. Neither emetine (Fig. 4 A, lane E) nor puromy-
cin (Fig. 4 A, lane P) significantly induces the phosphory-
lation of eIF-2

 

a

 

 in the absence of arsenite. These data
indicate that emetine does not dissolve preformed SGs by
promoting eIF-2

 

a

 

 dephosphorylation, nor does puromycin
enhance the assembly of SGs by promoting eIF-2

 

a

 

 phos-
phorylation.

Further evidence for a dynamic equilibrium between
SGs and polysomes was obtained by comparing polysome
profiles in arsenite-stressed cells in the absence or pres-

Figure 2. Emetine (but not puro-
mycin) dissolves TIA-11 SGs in the
continued presence of stress. DU-
145 cells were untreated (A),
treated with 0.5 mM arsenite for 30
min (B), treated with emetine (10
mg/ml) for 1 h (C), treated with arse-
nite for 90 min with addition of 10
mg/ml emetine after 30 min (D),
treated with puromycin (20 mg/ml)
for 1 h (E), or treated with arsenite
for 90 min with addition of 10 mg/ml
puromycin after 30 min (F). Cells
were then processed for immuno-
fluorescence using antibodies spe-
cific for TIA-1. 
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ence of emetine. DU-145 cells were treated as described
above before separating cytosolic extracts on sucrose gra-
dients (Fig. 4 B). The absorbance of individual fractions
clearly distinguishes 80S monosomes (fractions 2–5) from
polysomes (fractions 7–11) in untreated DU-145 cells (Fig.
4 B, black open squares). The location of monosomes and
polysomes was confirmed by blotting individual fractions
for ribosomal proteins S3 and S19 (Fig. 4 C). Emetine
treatment alone (10 

 

m

 

g/ml, 1 h) does not significantly
change the polysome profile (Fig. 4 B, blue squares). As
expected, 30 min of arsenite treatment (0.5 mM) results in
the disassembly of polysomes (Fig. 4 B, blue diamonds),
whereas 90 min of arsenite treatment (Fig. 4 B, red
squares) also disassembles polysomes and appears to shift
the monosome peak even further to the top of the gradi-
ent, perhaps indicating the accumulation of ribosomal sub-
units. The addition of emetine to arsenite-stressed cells
(0.5 mM arsenite for 30 min followed by 10 

 

m

 

g/ml emetine
for an additional 1 h) promotes the assembly of low den-
sity polysomes (fractions 8–10, green diamonds), even
though arsenite is present throughout the entire 90-min in-
cubation (compare green diamonds with red squares).
These results indicate that SG-associated mRNA can
move to polysomes during stress, despite the continued
phosphorylation of eIF-2

 

a

 

.

Individual fractions from the sucrose gradients were
subjected to immunoblotting analysis to localize TIA-1
and PABP-I, the major protein components of SGs (Ke-
dersha et al., 1999) in these same gradients. As shown in
Fig. 4 C, panel 1), PABP-I is found in both monosome-
containing (fractions 2–5) and polysome-containing (frac-
tions 7–12) fractions in unstressed control cells, but is ex-
cluded from fraction 1 of the gradient, indicating that all of
the PABP-I in these cells associates with sedimentable
complexes. In response to arsenite-induced translational
arrest, polysome disassembly shifts PABP-I away from
large polysomes into the monosome region of the gradient
(Fig. 4 C, panels 2 and 3). The addition of emetine to ar-
senite-stressed cells causes PABP-I to shift to higher den-
sity fractions that contain polysomes (Fig. 4 C, panel 4),
suggesting that some translational initiation is still occur-
ring in the arsenite-treated cells and that emetine is trap-
ping the newly assembled polysomes. The distribution of
ribosomal proteins S2 and S19 parallels that of PABP-I
(Fig. 4 C, panels 1–4), which verifies that the OD

 

260

 

 pro-
files accurately reflect the distribution of monosomes and
polysomes within the gradient.

In contrast to PABP-I, the bulk of TIA-1 (Fig 4 C, all
panels) and TIAR (data not shown) is concentrated at the
top of the gradient (i.e., fractions 1–4) under all condi-

Figure 3. Emetine (but not
puromycin) dissolves poly(A)
RNA1 SGs in the continued
presence of stress. DU-145 cells
were subjected to the same con-
ditions described in the legend
to Fig. 2 before processing for
in situ hybridization using an
oligo-dT probe to monitor the
subcellular localization of
poly(A)1 RNA.
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tions, indicating that most TIA-1 protein is present in solu-
ble and low density complexes. The distribution of TIA-1
is not altered in cells treated with arsenite (Fig. 4 C, panels
2 and 3) nor in cells treated with arsenite and emetine (Fig.
4 D). Significant amounts of TIA-1 migrate with the 80S
peak, with trace amounts barely detectable in the poly-
some region. These results suggest that TIA-1 associates
with translationally inactive mRNA rather than polysomal
mRNA, consistent with data from our lab (Piecyk et al.,
2000) and others (Gueydan et al., 1999), indicating that
TIA-1 functions as a translational silencer. It is not clear
from these data whether SGs migrate as discrete particles
in sucrose gradients. Equilibrium banding of tomato heat
shock granules required prior fixation (Nover et al., 1989),
suggesting that these cytoplasmic microdomains may not
remain intact in sucrose gradients.

 

Real Time Imaging of TIA-1

 

1

 

/PABP-I

 

1

 

 SGs

 

We monitored the assembly and disassembly of SGs in real
time in live cells, using cDNA constructs encoding GFP
alone, GFP–TIA-1, and GFP–PABP-I. COS cells were
transiently transfected with GFP–TIA-1 and cultured for

 

24 h. The subcellular localization of GFP–TIA-1 was then
monitored using fluorescence microscopy. Like the endog-
enous protein, GFP–TIA-1 is concentrated in the nuclei of
transfected COS cells (Fig. 5, time

 

 

 

0). In cells subjected to
arsenite-induced oxidative stress, GFP–TIA-1 moves from
the nucleus to the cytoplasm in a time-dependent manner
(Fig. 5). At early times (i.e., 6 min), GFP–TIA-1 is dif-
fusely distributed throughout the cytoplasm. At later times
(

 

$

 

14 min), cytoplasmic GFP–TIA-1 accumulates at dis-
crete foci that enlarge and coalesce in the continued pres-
ence of stress (time lapse video available at http://www.
jcb.org/cgi/content/full/151/6/1257/DC1). Endogenous TIA-1
accumulates at SGs in COS cells with similar kinetics
(Kedersha et al., 1999), whereas GFP alone does not asso-
ciate with SGs upon arsenite treatment. This result con-
firms that TIA-1 is a constituent of the SG and defines the
kinetics of SG assembly in real time.

We also monitored the disassembly of GFP–TIA-1

 

1

 

 SGs
that had formed in response to a sublethal dose of arsenite
(0.5 mM for 30 min). In cells allowed to recover in the ab-
sence of arsenite, GFP–TIA-1

 

1

 

 SGs are disassembled
within 60–90 min (Fig. 6). Although small SGs are dis-

Figure 4. SG dissolution by emetine is due to polysome stabilization and occurs downstream of eIF-2a phosphorylation. (A) DU-145
cells were cultured in media alone (lane C), 0.5 mM arsenite for 30 min (A30), 0.5 mM arsenite for 90 min (A90), 0.5 mM arsenite for 90
min with addition of 10 mg/ml emetine after 30 min (A1E), 10 mg/ml emetine for 60 min (E), or 20 mg/ml puromycin for 60 min (P).
Whole cell lysates were then separated by SDS-PAGE, transferred to nitrocellulose, and probed using antibodies specific for eIF-2a
(bottom) or phosphorylated eIF-2a (top, p-eIF-2a). (B) Polysome profiles of control and treated cells. DU-145 cells were untreated
(black open squares), or treated as described in A and subjected to sucrose gradient analysis as described in Results. A30, blue dia-
monds; A90 treatment, red squares; A1E treatment, green squares; E alone, blue squares. Polysome profiles were obtained by measur-
ing the absorbance at 260 nm of individual fractions. Monosomes are found in fractions 2–5, and polysomes are found in fractions 7–12
(the top of the gradient is fraction 1). (C) Western blots of individual fractions. Fractions obtained from the gradients were subjected to
PAGE in SDS and immunoblotting for PABP-I, TIA-1, and ribosomal subunit (Rib) proteins S3 and S19 as indicated. The lightest frac-
tions are at the left, and the 80S and polysomal regions are indicated. 1, control; 2, arsenite treatment for 30 min; 3, arsenite treatment
for 90 min; and 4, arsenite treatment for 90 min with emetine added during the last 60 min.
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solved faster than large SGs, the rate of dissolution appears
to be similar regardless of the initial size. During the disas-
sembly process, GFP–TIA-11 SGs slowly dissolve while
maintaining their position in the cytoplasm. GFP–TIA-11

SGs that are adjacent to the nucleus appear to move to-
wards the nuclear envelope as they slowly disperse. A time
lapse video of this process is available at http://www.jcb.org/
cgi/content/full/151/6/1257/DC1. As expected, cyclohexim-
ide enhances the disassembly rate of GFP–TIA-11 SGs in
COS transfectants allowed to recover from a sublethal dose
of arsenite (data not shown). Similar results were obtained
using GFP–PABP-I (data not shown), another invariant
marker of SGs (Kedersha et al., 1999).

FRAP

We used FRAP analysis to determine whether GFP–TIA-1
and GFP–PABP-I shuttle in and out of SGs. COS cells ex-
pressing either GFP–TIA-1 or GFP–PABP-I were sub-
jected to arsenite-induced oxidative stress to induce the
assembly of SGs. Confocal microscopy was used to select
SGs for FRAP analysis (Fig. 7, right, arrows point to tar-
geted SGs). Graphical representations of fluorescence
intensity were obtained by scanning an argon beam in
a linear pattern across the selected field (Fig. 7, left).
COS (GFP–TIA-1) transfectants were arsenite-treated and

then fixed with paraformaldehyde and postfixed with
methanol (Fig. 7 A). These cells exhibit diffuse cytoplas-
mic fluorescence of 400–600 arbitrary units with peaks that
correspond to SGs (Fig. 7 A, the scanned field includes the
targeted SG and two adjacent SGs). Before photobleach-
ing, fluorescence from the targeted SG peaks at 2,200 arbi-
trary units (Fig. 7 A, red). Photobleaching (achieved by ir-
radiating the targeted peak for 1 s using a 1-mm-diameter
argon laser beam at 488 nm) eliminates both diffuse cyto-
plasmic and SG-associated fluorescence (i.e., the fluores-
cence intensity dips below the background), as revealed by
a scan taken 0.65 s after photobleaching (Fig. 7 A, purple).
A second scan taken 22 s after photobleaching is similar to
the initial postphotobleaching scan (Fig. 7 A, blue), as is
the scanned image (Fig. 7 A, right) taken 6 min later, indi-
cating that unirradiated GFP–TIA-1 does not reconstitute
the SG in fixed cells. In live COS (GFP–TIA-1) transfec-
tants treated with arsenite, fluorescence from the targeted
SG peaks at 800 arbitrary units (Fig. 7 B, red). Although
the photobleaching treatment eliminates most (72%) of
the SG-associated fluorescence as revealed by a scan
taken 0.65 s after irradiation (Fig. 7 B, purple), a second
scan taken 22 s after photobleaching reveals that the fluo-
rescence intensity has recovered to that of the prepho-
tobleached SG (Fig. 7 B, blue). This recovery of fluores-

Figure 5. Assembly of GFP–TIA-11 SGs. COS cells were transfected with GFP–TIA-1 and cultured for 24 h; arsenite (0.5 mM) was
then added to initiate the stress response. Cellular fluorescence was viewed and photographed using digital capture, pseudocolored us-
ing Meridian software, and compiled using Adobe Photoshop®. The relative fluorescence intensity is indicated by the scale at the left in
which green is the lowest and blue is the highest intensity. Times after addition of arsenite are indicated in each panel. A time lapse
video of this process is available at http://www.jcb.org/cgi/content/full/151/6/1257/DC1.
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cence must be due to the recruitment of unbleached GFP–
TIA-1 from outside of the photobleached field. Similar re-
sults are observed using GFP–PABP-I (Fig. 7 C) (before
bleaching, red; 0.65 s after bleaching, purple; 22 s after
bleaching, blue). The kinetics of fluorescence recovery in
fixed and unfixed cells are compared in Fig. 8. The recov-
ery of GFP–TIA-1 and GFP–PABP-I is biphasic, with a
rapid early phase (t1/2 z 1 s) and a slower late phase (t1/2 z
5 s). During the early phase, GFP–TIA-1 returns to the SG
faster than GFP–PABP-I. During the late phase, the rates
at which GFP–TIA-1 and GFP–PABP-I recover are simi-
lar. Overall recovery of GFP–TIA-1 is greater than that of
GFP–PABP-I (99 vs. 61%). These results are representa-
tive of data obtained from photobleaching of 10 GFP–
TIA-11 SGs and 8 GFP–PABP-I1 SGs.

TIA-1DRRM Promotes the Expression of Cotransfected 
Reporter Genes

A TIA-1 truncation mutant lacking its RNA-binding do-
mains (TIA-1DRRM) prevents the arsenite-induced as-
sembly of SGs and forms cytoplasmic microaggregates

that sequester endogenous TIA-1 and TIAR (Kedersha et
al., 1999). A map indicating the coding sequences of the
full-length and the TIA-1DRRM truncation is shown in
Fig. 9 A. COS cells were transfected with plasmids en-
coding full-length recombinant TIA-1, TIA-1DRRM, or
empty vector, and expression of the recombinant proteins
was confirmed by immunoblotting analysis (Fig. 9 B, panel
d). The TIA–1DRRM cDNA construct produces two
peptides, a consequence of translational initiation at me-
thionines 219 and 230 (Fig. 9 A). The effect of these re-
combinant proteins on the expression of co-transfected
b-galactosidase (Fig. 9 B, panel a) or luciferase (Fig. 9 B,
panels b and c) was determined by blotting the same filters
with antibodies specific for the reporter proteins. The rela-
tive expression of the reporter proteins, determined by
densitometric scanning, revealed that TIA-1DRRM in-
creases the expression of b-galactosidase (4.2 6 4–fold,
n 5 5) compared with the vector control. In contrast, full-
length TIA-1 slightly reduces the expression of b-galac-
tosidase (0.9 6 0.5–fold, n 5 5) compared with the vector
control. Metabolic labeling and immunoprecipitation ex-
periments (data not shown) give similar results. Because

Figure 6. Disassembly of GFP–TIA-11 SGs. COS cells were transfected with GFP–TIA-1 and cultured for 24 h before the addition of
arsenite (0.5 mM, 30 min). Cells were then washed and cultured in the absence of arsenite. At the indicated times, fluorescence images
from a field including live transfectants were recorded, pseudocolored, and compiled as described in the legend to Fig. 5. The relative
fluorescence intensity is indicated by the scale at the left in which green is the lowest and blue is the highest intensity. A time lapse video
of this process is available at http://www.jcb.org/cgi/content/full/151/6/1257/DC1.
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TIA-1 binds to AREs in the 39 untranslated region of
TNF-a transcripts (Piecyk et al., 2000), we compared the
expression of luciferase reporters linked to the 39 untrans-
lated region of TNF-a with or without the ARE (Fig. 9 B,
compare panels b and c). The presence of the ARE does
not significantly affect luciferase expression in COS (TIA-
1DRRM) transfectants. In contrast, the ARE may en-
hance the repressive effect of full-length TIA-1 (Fig. 9 B,
compare panel b with c). These results suggest that TIA-1
normally functions to dampen protein expression, consis-
tent with previous results showing that TIA-1 represses
TNF-a expression in macrophages (Piecyk et al., 2000). It

remains to be determined whether SG assembly is re-
quired for this functional effect.

Discussion
Stress-induced translational arrest is initiated by the
phosphorylation of eIF-2a, a subunit of the eIF2:GTP:
Met-tRNAi ternary complex that is required at the first
step of protein synthesis (Gray and Wickens, 1998). Phos-
phorylated eIF-2a (eIF2[aP]) forms an active ternary
complex that can initiate a single round of translation
(Trachsel and Staehelin, 1978). During this event, GTP is

Figure 7. Fluorescence recovery after photobleaching. Fluorescence microscopy of arsenite-treated (0.5 mM, 30 min) COS cells ex-
pressing GFP–TIA-1 (A and B) or GFP–PABP-I (C). Formaldehyde-fixed cells are viewed in A. Live cells are viewed in B and C. (left)
Fluorescence intensity across a linear scan centered on the individual SG identified in the fluorescence micrograph shown in the right
panel. Red, intensity before photobleach treatment; violet, 0.65 s after photobleach; blue, 22 s after photobleach. (right) Pseudocolor
photomicrographs of COS transfectants before and 6 min after photobleaching. Arrows indicate the targeted SGs.
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hydrolyzed to produce eIF2(aP):GDP, a competitive in-
hibitor of the guanine nucleotide exchange factor (eIF2B)
that normally regenerates eIF2:GTP (Kimball et al., 1998).
Inactivation of eIF2B reduces the availability of eIF2:
GTP:Met-tRNAi, reducing the rate of translational initia-
tion. Residual eIF2:GTP:Met-tRNAi is selectively avail-
able to newly synthesized mRNAs encoding heat shock
proteins, which are actively translated during stress. The
selective expression of heat shock proteins has been pro-
posed to result from the eIF2(aP)-induced assembly of
SGs (Kedersha et al., 1999), which are sites at which
“housekeeping” mRNAs but not heat shock mRNAs ac-
cumulate in heat shocked plant cells (Nover et al., 1989).
By sequestering selected mRNAs from the translational
apparatus, SGs could determine which mRNAs (e.g., heat
shock versus non-heat shock) are available to the limited
pool of initiation factors that are present in stressed cells.

The sequestration model of translational control implies
that SGs are stable depots of untranslated mRNPs; how-
ever, the different effects of emetine and puromycin on the
assembly of SGs are not consistent with this simple model.
Emetine is an elongation inhibitor that freezes ribosomes
on their translating mRNA (Ballestra, 1991). In arsenite-
stressed cells, emetine dissolves SGs and concurrently
promotes the assembly of polysomes, despite the persis-
tent phosphorylation of eIF-2a. These data indicate that
mRNA can shuttle between SGs and polysomes during
stress. Emetine reveals this dynamic equilibrium by acting
as a polysome trap and verifies that arsenite-induced phos-
phorylation of eIF-2a (which is not dephosphorylated in
response to emetine) reduces (Figs. 1 A and 4 B) but does
not eliminate translational initiation. Unlike emetine,
puromycin is an aminoacyl tRNA analogue that desta-
bilizes polysomes by promoting premature termination
(Ballestra, 1991). By disassembling polysomes and liberat-

ing untranslated mRNAs, puromycin promotes the assem-
bly of SGs. Thus, the effects of these drugs on polysome
stability may be sufficient to explain their ability to pro-
mote and inhibit the assembly of SGs. It should be noted,
however, that emetine and puromycin also differentially
affect translational termination. Emetine prevents ribo-
somes from reaching the termination codon, whereas puro-
mycin actively promotes translational termination. If the
termination machinery participates in the assembly of SGs,
the different effects of emetine and puromycin could be re-

Figure 8. Kinetics of fluorescence recovery. After photobleach-
ing, fluorescence measurements were taken at the peak of the
targeted SG (identified by the y axis) at the indicated times. The
percent recovery relative to the initial prebleach values is shown
as a function of time. The earliest point measured is 0.65 s after
photobleaching, at which time some recovery has already oc-
curred in the live cells.

Figure 9. TIA-1DRRM enhances the expression of cotransfected
reporter genes. (A) Map represents the sequence of full-length
TIA-1 and of two related protein products encoded by the TIA-
1DRRM construct. The TIA-1DRRM DNA begins at the site
marked T4T8 on the map of TIA-1. The truncated construct ex-
pressed in COS cells results in two protein products initiated at
methiones 219 and 230, which are resolved as a doublet (B, lane
3). (B) COS cells were transiently transfected with empty pMT-2
vector control, pMT2 full-length TIA-1, or pMT2-TIA-1DRRM.
In each case, cells were cotransfected with plasmids encoding
b-galactosidase (a), luciferase linked to the TNF-a ARE (b), or
luciferase lacking the TNF-a ARE (c). After 48 h, cells were sol-
ubilized in SDS sample buffer and subjected to SDS-PAGE. After
transfer to nitrocellulose, blots were probed with antibodies spe-
cific for b-galactosidase (a), luciferase (b and c), or TIA-1/R (d).
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lated to their effects on translational termination. The rela-
tive contribution of these two mechanisms to the assembly
of SGs remains to be determined. Regardless of the mech-
anism, the different effects of emetine and puromycin sug-
gest that SGs are not simply depots of mRNPs. The ability
of mRNA to move between SGs and polysomes suggests
that SGs may be dynamic microdomains at which mRNA
and associated proteins transiently accumulate as they
move between functional domains within the cell.

To address this issue, we used time lapse microscopy
and FRAP analysis to monitor the recruitment of GFP-
tagged TIA-1 (and PABP-I) to SGs. These experiments
reveal that GFP–TIA-1 and GFP–PABP-I slowly accumu-
late at SGs in response to arsenite. The kinetics of SG as-
sembly must be determined by the rate at which proteins
enter (the “in-rate”) and leave (the “out-rate”) individual
SGs. If SGs are static (i.e., the out-rate is zero in stressed
cells), the growth of SGs will be determined by the in-rate.
If SGs are dynamic (i.e., components continuously shuttle
in and out), the growth of SGs will be determined by the
difference between the in-rate and the out-rate. FRAP
analysis shows that photobleached GFP–TIA-11 SGs are
.70% reconstituted very rapidly—within 4 s. Thus the in-
rate (t1/2 z 2 s) is two to three orders of magnitude faster
than the rate of SG assembly (t1/2 z 15–30 min). This result
indicates that the accumulation of GFP–TIA-1 at SGs is
not a simple function of the in-rate. Rather, the slow accu-
mulation of GFP–TIA-1 at SGs indicates that the rapid in-
rate is balanced by a slightly less rapid out-rate. Thus, al-
though TIA-1 is necessary for SG assembly, as indicated
by the ability of TIA-1DRRM to block SG formation,
TIA-1 is not a stable component of SGs themselves. Simi-
larly, PABP-I is not a stable component of SGs, although
its turnover within the SG appears less rapid and less com-
plete than that of TIA-1.

Recovery of GFP–TIA-1 and GFP–PABP-I fluores-
cence in photobleached SGs is biphasic. During the early
phase (,2 s), the net accumulation of GFP–TIA-1 is sig-
nificantly greater than that of GFP–PABP-I. During the
late phase, the rates at which GFP–TIA-1 and GFP–
PABP-I accumulate in SGs are similar. These results sug-
gest that TIA-1 and PABP-I are not components of the
same RNP complex during the early phase of reconstitu-
tion. PABP-I associates with mRNA in translated (i.e.,
polysomes) and untranslated (i.e., SGs) mRNP complexes.
In contrast, sucrose gradient analysis reveals that TIA-1 is
largely excluded from polysomes in unstressed cells, al-
though a very small fraction of cytoplasmic TIA-1/R can
be found in high density, polysome-containing fractions in
sucrose gradients. It is therefore possible that TIA-1/R
participate in stress-induced translational termination,
polysome disassembly and/or delivery of nonpolysomal
mRNA to SGs. In the latter case, the later phase of recon-
stitution of both GFP–TIA-1 and GFP–PABP-I could oc-
cur in association with mRNA.

Our data reveal that SGs are highly dynamic structures
despite their apparent stability in time lapse videos. In this
respect, SGs resemble several nuclear RNA–containing
structures (e.g., speckles, coiled bodies, Gemini of coiled
bodies, and nucleoli) that are sites of active RNA metabo-
lism (Zeng et al., 1997; Gall et al., 1999; Mattern et al.,
1999; Mintz and Spector, 2000). At the microscopic level,

these metabolic domains appear to be stable structures
that maintain a distinct morphology. Despite their stable
appearance, many of the molecular components of these
nuclear substructures are in constant flux (Sleeman and
Lamond, 1999). SGs form when the rate of translational
termination exceeds the rate of translational initiation,
which results in the release of ribosomes from translating
mRNAs. Thus, SGs may be sites of mRNA triage at which
untranslated mRNAs accumulate during stress before be-
ing directed to sites of degradation, reinitiation, or repack-
aging as mRNPs. When the accumulation of nonpolyso-
mal mRNA exceeds the capacity for triage, untranslated
mRNA transiently accumulates at the SG. Under these
conditions, mRNA (and associated proteins) will rapidly
move in and out of SGs, consistent with the results ob-
tained using FRAP analysis. The RNA-stabilizing protein
HuR has been shown to accumulate at SGs in response to
heat shock (Gallouzi et al., 2000), suggesting that the pro-
teins that regulate transcript stability might determine
whether transcripts that arrive at the SG are translated or
degraded. Although mRNA moves in and out of SGs in
arsenite-treated cells, the rate of mRNA shuttling may be
significantly slower than the rate of protein shuttling. If
this is true, sequestration of mRNA at SGs could partici-
pate in translational regulation, as proposed previously
(Nover et al., 1989). In this case, the observed shuttling of
TIA-1 and PABP-I might reflect the recruitment of multi-
ple mRNA transcripts to the SG.

Previously, we described a truncation mutant of TIA-1
(TIA-1DRRM) that lacks the ability to bind RNA (Dem-
ber et al., 1996), forms cytoplasmic microaggregates that
sequester endogenous TIA-1 and TIAR (Kedersha et al.,
1999), and prevents the accumulation of mRNA at SGs.
We now report that overexpression of this dominant nega-
tive mutant also promotes the expression of cotransfected
reporter genes in COS transfectants. These results suggest
that TIA-1 normally functions to dampen protein expres-
sion, which is consistent with the ability of TIA-1 to repress
the expression of TNF-a in LPS-stimulated macrophages
(Piecyk et al., 2000). Although COS transfectants were cul-
tured in the absence of exogenous stress, transfection with
foreign DNA can activate double-stranded RNA–depen-
dent kinase (PKR), which phosphorylates eIF-2a and in-
duces the assembly of SGs (Kaufman, 1997; Kedersha et
al., 1999). Therefore, it remains to be determined whether
TIA-1 (and/or the assembly of TIA-11 SGs) can dampen
protein expression in the absence of stress. In either case,
the inverse correlation between SG assembly and protein
expression suggests that the proposed mRNA triage mech-
anism might influence protein expression.

In conclusion, the data presented indicate that SGs are
dynamic microdomains containing translationally inactive
mRNA into which TIA-1 and PABP-I rapidly shuttle and
which are in equilibrium with polysomes. As TIA-1 is a
translational silencer and PABP-I a translational enhancer,
we favor the view that SGs constitute mRNA triage do-
mains where mRNAs are converted to silenced mRNPs by
the addition of TIA-1. Although the molecular details of
this process await further investigation, our data establish
that SGs are highly dynamic domains within which mRNA
processing, sorting, and/or remodeling events are likely to
regulate the expression of specific mRNA transcripts.
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