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Stress granules are aggregates of small ribosomal subunits,
mRNA, and numerous associated RNA-binding proteins that
include several translation initiation factors. Stress granule
assembly occurs in the cytoplasm of higher eukaryotic cells
under a wide variety of stress conditions, including heat
shock, UV irradiation, hypoxia, and exposure to arsenite.
Thus far, a unifying principle of eukaryotic initiation factor
2a phosphorylation prior to stress granule formation has
been observed from the majority of experimental evidence.
Pateamine A, a natural product isolated from marine sponge,
was recently reported to inhibit eukaryotic translation initi-
ation and induce the formation of stress granules. In this
report, the protein composition and fundamental progres-
sion of stress granule formation and disassembly induced by
pateamine A was found to be similar to that for arsenite.
However, pateamine A-induced stress granules were more
stable and less prone to disassembly than those formed in the
presence of arsenite. Most significantly, pateamine A induced
stress granules independent of eukaryotic initiation factor 2«
phosphorylation, suggesting an alternative mechanism of
formation from that previously described for other cellular
stresses. Taking into account the known inhibitory effect of
pateamine A on eukaryotic translation initiation, a model is
proposed to account for the induction of stress granules by
pateamine A as well as other stress conditions through per-
turbation of any steps prior to the rejoining of the 60S ribo-
somal subunit during the entire translation initiation
process.
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Stress granules (SGs)? were first observed as cellular bodies
visible by microscopy in tomato cells subjected to heat shock
(1-3). Subsequently, SGs were identified in mammalian cells
exposed to a variety of stress conditions, including oxidative
stress, energy depletion, UV irradiation, and hypoxia (4). SG
assembly is part of an adaptive response that recruits selected
mRNAs and associated proteins for storage or triage to proc-
essing bodies (PBs) (5) that are sites of mRNA decay, allowing
survival under adverse conditions. Sequestration of these com-
ponents may help cells to recover post-stress by replenishing
the cellular pool of mRNA without the need for new transcrip-
tion. The physiological relevance of SGs is underscored by the
presence of SGs in tissues of animals under stress (4), and SGs
have been implicated in radioresistance of tumor cells (6) and
tumor necrosis factor « signaling (7). The study of SGs, their
mechanism of formation, and biological role is a relatively new
field in cell biology. Thus, a deeper understanding of the mech-
anism of SG formation and cellular functions may be clinically
relevant.

A critical step in SG formation shared by most stress condi-
tions is phosphorylation of the « subunit of eukaryotic initia-
tion factor 2 (elF2) (8), which is a component of the e[F2-GTP-
tRNAiM®* ternary complex. The ternary complex is part of the
43S complex (40S particle, elF3, and ternary complex) that is
recruited to mRNA by the eIlF4F complex (eIF4E, elF4G, and
elF4A) during cap-dependent translation. The tRNAi™** of the
ternary complex recognizes the AUG start codon prior to 60S
subunit joining and 80S formation. Joining of 60S and release of
initiation factors consumes two molecules of GTP, one of
which is hydrolyzed by the ternary complex to generate elF2-
GDP (9). Phosphorylation of elF2a increases the affinity of
elF2B (an elF2 GTP/GDP exchange factor) for e[F2-GDP by
~150-fold, sequestering the two proteins and inhibiting trans-
lation initiation (10). Ser-51 is the primary site of eIF2a phos-

2 The abbreviations used are: SG, stress granule; PatA, pateamine A; B-PatA,
biotin-PatA; CHX, cycloheximide; DMDA-PatA, desmethyl, desamino PatA;
Me,SO, dimethyl sulfoxide; EMCV, encephalomyocarditis virus; IRES, inter-
nal ribosome entry site; PB, processing body; MEF, mouse embryonic fibro-
blast; elF, eukaryotic initiation factor; PBS, phosphate-buffered saline; DTT,
dithiothreitol; TIA-1, T cell intracellular antigen-1; TIAR, TIA-1 related; SH3,
Src homology 3.
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phorylation, which can be phosphorylated by several kinases,
including the heme-regulated elF2« kinase, double-stranded
RNA-activated protein kinase, the endoplasmic reticulum-lo-
calized elF2«a kinase, and GCN2 under different stress condi-
tions (4). The generally accepted model is that phosphorylation
of elF2a is necessary and sufficient for SG assembly (11), which
is supported by several lines of evidence that include: 1) Over-
expression of an elF2a (S51A) mutant blocked SG assembly
(12); 2) Expression of a phosphomimetic elF2« (§51D) mutant
was sufficient to induce SG formation (12); and 3) e[F2a/S51A
knock-in MEFs were not able to assemble SGs upon exposure
to arsenite, heat shock, or carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone, but elF2a/S51A mutant cells overex-
pressing elF2a/S51D were capable of SG assembly under the
same conditions (11, 13). Aside from elF2q, several other pro-
tein factors have been shown to regulate SG assembly down-
stream of elF2w, including T cell intracellular antigen-1
(TIA-1) (14, 15) and Ras-GAP-SH3-binding protein (G3BP)
(16).

We and others have recently reported that the marine sponge
natural product, pateamine A (PatA), can inhibit translation
initiation through interaction with eIF4A (17, 18). Although the
binding of PatA to elF4A stimulates its intrinsic ATPase and
RNA helicase activity, the underlying cause of inhibition of
translation initiation is likely due to the disruption of the eIF4F
complex (18). A closely related analog of slightly lower potency,
desmethyl, desamino PatA (DMDA-PatA) acts by a similar
mechanism, and a precursory investigation suggested that both
compounds were capable of inducing SGs (18). In this study, we
have demonstrated that the cellular bodies observed under
PatA (or DMDA-PatA) treatment are similar to the SGs
induced by arsenite in terms of composition and dynamic
assembly. However, PatA induces SGs independent of elF2«a
phosphorylation, in contrast to other SG-inducing stress con-
ditions or agents characterized thus far. Additionally, unlike
arsenite, PatA was unable to induce the formation of PBs, which
are sites of mRNA decay (5).

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—PatA, DMDA-PatA, and Biotin-
PatA were synthesized as previously reported (18, 19). Sodium
arsenite, cycloheximide (CHX), and 5'-guanylyl-imidodiphos-
phate were purchased from Sigma-Aldrich. Antibodies were
purchased from commercial sources: antibodies against eIF4AI
(sc-14221, goat), elF4E (sc-9976, mouse), FXR1 (sc-10544),
elF3p116 (sc-16377, goat), ribosome L28 (sc-14151, goat),
TIA-1 (sc-1751, goat), TIAR (sc-1749, goat), elF5 (sc-282, rab-
bit), PABP (sc-32318, mouse), and horseradish peroxidase-con-
jugated secondary antibodies (Santa Cruz), anti-FLAG (Sigma-
Aldrich), antibodies against elF2q, (9722, rabbit) eIF4B (3592,
rabbit), and ribosome S6 and phospho-S6 (Cell Signaling Tech-
nology), anti-eI[F4G (BD Transduction), anti-phospho-elF2«
(StressGen Biotechnologies Corp.), human autoantisera
against ribosomal PO antigen (ImmunoVision, Springdale, AR),
Cy2-, Cy3-, and Cy5-conjugated secondary antibodies (ML
grade for multiple labeling; Jackson Immunoresearch).
Alex488-conjugated streptavidin was from Invitrogen. TIA-1
and TIAR oligo small interference RNA was generated as pre-
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viously reported (20, 21). Other reagents were generously pro-
vided by Dr. Jens Lykke-Anderson (hDcpla antibody) and Dr.
David Ron (elF2« and mutants, which were subcloned into the
pCMVTag2B vector; Stratagene). HeLa cells and U2-OS cells
were cultured in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum at 5% CO,. eIF2a mutant (S51A) and wild-
type MEF cell lines were generated as previously reported (22).

Immunofluorescence—Immunofluorescence was performed
using antibodies according to the manufacturer’s instructions
or as described previously (12, 23). Briefly, cells were plated on
coverslips and allowed to recover for 16 —24 h. In Fig. 3B, cells
were transfected with indicated plasmids or oligo small inter-
ference RNA and treated as indicated for 48 h. Cells were fixed
with 4% p-formaldehyde for 15 min. The cells were washed in
PBS, permeabilized by 0.5% Triton X-100 or —20 °C methanol,
and blocked with 10% donkey serum in PBS prior to 1 h of
incubation with combinations of primary antibodies raised in
different host species as indicated in the figure legends. Cells
were incubated in three changes of PBS for 5 min each and then
incubated in secondary antibody cocktails (e.g. a mixture of
donkey anti-goat Cy2 at 1/200, donkey anti-mouse Cy3 at
1/2000, and donkey anti-rabbit Cy5 at 1/200) containing 4’,6-
diamidino-2-phenylindole made in blocking buffer and incu-
bated for 1 h. Cells were then washed three times in PBS for 5
min, mounted, viewed, and photographed. Mounting was per-
formed using Vectashield mounting medium (Vector Labora-
tories), and images were captured using either a Zeiss LSM510
confocal microscope (Figs. 2 and 3B and supplemental Figs. S1
and S3) or a Nikon Eclipse E800 microscope and photographed
using a National Diagnostics CCD-SPOT RT camera. (Figs. 1,
3C, and 4 and supplemental Fig. S2). Merged images were com-
piled using LSM5 Image Examiner or Adobe Photoshop CS.
Data obtained from the green/Cy2 channel are shown green, the
red/Cy3 data are shown red, and data from the far-red/Cy5
channel are shown in blue.

In Vitro Transcription and Translation—Dual luciferase
plasmids containing hepatitis C virus or encephalomyocarditis
virus (EMCV) internal ribosome entry sites (IRES) (24) were
linearized by BamHI and transcribed using T7 polymerase
(Promega). Translation was performed using the Flexi® rabbit
reticulocyte lysate (RRL) system (Promega). Briefly, 200 ng of
RNA was combined in 20-ul reactions containing 10 ul of rab-
bit reticulocyte lysate, 0.2 ul each of —Met and —Leu amino
acid mixtures, 70 mm KCl, 2 mm DTT, and 10 units of RNasin
(Promega) with the indicated concentration of arsenite. Reac-
tion mixtures were incubated at 30 °C for 1.5 h. A 5-ul aliquot
was assayed for luciferase activity according to the instructions
of the manufacturer (Dual-Luciferase® reporter assay system;
Promega).

Sucrose Gradient Density Centrifugation—200 ng of radiola-
beled, capped B-globin RNA was combined with 25 ul of rabbit
reticulocyte lysate, 0.4 ul each of —Met and —Leu amino acid
mixtures (Promega), 10 units of RNasin, 70 mm KCl, and 2 mm
DTT in a total volume of 40 ul. The resultant mixtures were
incubated at 30 °C for 15 min, diluted with 160 ul of gradient
buffer (20 mm HEPES, pH 7.4, 150 mm KC,H;0,, 5 mm MgCl,
and 1 mMm DTT), and overlaid onto 15-35% (w/v) linear sucrose
gradients that were subjected to ultracentrifugation at 50,000
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rpm in a Beckman SW55i rotor at4 °C for 1 h. Fractions (200 wl)
were manually collected from the top of the gradient, and the
amount of radiolabeled RNA in each fraction was determined
by scintillation counting.

Cellular Polysome Profiles— elF2a/S51A mutant and wild-
type cells were treated as indicated for 60 min. Cells were
washed twice with ice-cold PBS and lysed in 500 ul of chilled
TMK100 buffer (20 mm Tris-HCIL, pH 7.4, 5 mm MgCl, 100 mm
KCl, 2 mm DTT, 1% Triton X-100, 100 units/ml RNasin (Pro-
mega), and protease inhibitors (Roche Diagnostics) in diethyl
pyro-carbonate-treated water. After clearing at 10,000 X g (10
min) at 4 °C, the supernatants (S10) were layered onto 10-ml,
15-45% linear sucrose gradients containing 20 mm HEPES,
pH 7.4, 100 mm KCI, 5 mm MgCl, and 2 mm DTT. Ultracen-
trifugation at 40,000 rpm for 2 h at 4 °C was performed in a
SW41Tirotor (Beckman). Gradient profiles were monitored
at 254 nm from the top of the gradient by injection of Fluri-
nert FC-40 from the bottom of the centrifuge tube.

RESULTS

SGs Induced by DMDA-PatA and Arsenite Are Similar in
Composition—To date, a number of core protein components
of SGs have been identified using immunofluorescence (2—4,
12). To validate that the cellular bodies formed by PatA treat-
ment are bona fide SGs, cells were treated with either the clas-
sical SG inducer arsenite or with DMDA-PatA and then pro-
cessed for immunofluorescence using a panel of antibodies
directed against SG marker proteins (Fig. 14). Known SG
markers elF4E, Fragile X-related protein 1 (FXR1), poly(A)-
binding protein 1 (PABP1), small ribosomal subunit protein S6
protein, elF4A, and elF4B were all localized to SGs upon treat-
ment of U2-OS cells with either DMDA-PatA or arsenite. Con-
versely, SGs induced by either stimulus did not contain the
large ribosome subunit protein PO (Fig. 1A, panels E and F, blue)
and L28 (supplemental Fig. S1) or elF5 (Fig. 1A, panels Band C,
green). This analysis indicates that arsenite and PatA induce
SGs of similar composition.

DMDA-PatA Does Not Induce PBs—To determine whether
PatA treatment induces PBs in addition to SGs, U2-OS cells
were treated with DMDA-PatA and compared with cells
treated with arsenite, which has been shown to induce both SGs
and PBs, which are frequently juxtaposed (23). SGs were
detected using antibodies against elF3b (Fig. 1B, top row, green)
or TIA-1 (bottom row, green), while both SGs and PBs were
visualized using antibodies against their common protein eIlF4E
(Fig. 1B, red). Two independent PB markers, the decapping pro-
tein DCP1a (top row, blue) and p54/RCK (bottom row, blue),
were used to assess PB formation. As expected, arsenite treat-
ment (middle panels) induced both SG (green) and PB forma-
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tion (blue), causing a 5-fold increase in PBs, which appear pur-
ple in the merged views, some of which are indicated by white
arrows in the insets. However, a comparison arsenite treatment
(middle panels) to DMDA-PatA treatment (right panels)
revealed that only arsenite induced PB formation, whereas
DMDA-PatA treatment caused no increase in PBs despite its
ability to induce SG assembly.

Dynamic SG Formation and Localization of PatA within
SGs—The formation of SGs is highly dynamic, and SGs are fully
reversible upon removal of stress conditions, with many com-
ponents including mRNA shuttling between SGs, polysomes,
and other RNA granules such as PBs (11, 23). When HeLa cells
were treated with arsenite, PatA, or DMDA-PatA, SGs were
observed within 30 min (Fig. 24, row I). For cells that were
washed with PBS and allowed to recover in complete growth
medium, SGs were no longer detectable in arsenite-treated cells
but remained visible in both DMDA-PatA and PatA-treated
cells (Fig. 24, row 2). Elongation inhibitors emetine and CHX
stabilize polysomes by inhibiting elongating ribosomes and
inhibit SG assembly (14). By allowing cells to recover in the
presence of CHX, SGs were disassembled in cells treated with
PatA or DMDA-PatA, similar to arsenite (Fig. 24, row 3), and
pretreatment of cells with CHX for 30 min completely blocked
SG formation in response to stimulation by all compounds (Fig.
24, row 4).

We have previously shown that PatA binds to elF4AI(Il),
promoting the formation of the complex between elF4AI(II)
and elF4B (18). As both eIF4AI(II) and elF4B also localize into
SGs under PatA treatment, we determined whether PatA is also
incorporated into SGs. The availability of a biotin-conjugated
PatA (B-PatA) (18) allows for indirect immunofluorescence
detection of B-PatA using streptavidin conjugated to Alexa 488.
B-PatA was able to induce SGs similar to DMDA-PatA, as
judged by immunofluorescence detection of the SG marker
TIA-1, and importantly, B-PatA was concentrated within SGs
as determined by co-localization with TIA-1 (Fig. 2B).
Together, these results indicate that formation of PatA-in-
duced SGs is dynamic and that PatA (and likely its analogs) is
incorporated into SGs.

elF2a Phosphorylation Is Not Required for PatA-induced
SGs—The phosphorylation of elF2« at Ser-51 has been shown
to play a critical role in the inhibition of protein synthesis and
induction of SG formation by arsenite (4). The phosphorylation
status of elF2«a was determined by immunoblotting of lysates
from HeLa cells treated with DMDA-PatA, arsenite, or Me,SO
(mock) (Fig. 3A). Arsenite dramatically induced the phospho-
rylation of elF2a as previously reported (12). In contrast,

FIGURE 1. DMDA-PatA treatment induces stress granules with similar composition as those induced by arsenite but does not induce processing
bodies. A, U2-0S cells were untreated (A, D, G), exposed to 500 um arsenite for 45 min (B, E, H) or 50 nm DMDA-PatA for 45 min (C, F, ), and then fixed and probed
with indicated antibodies. A-C, cells stained for elF5 (rabbit polyclonal, green), elF4E (mouse monoclonal, red), and FXR1 (goat polyclonal, blue). D-F, cells
stained for PABP-1 (mouse monoclonal, green), ribosomal protein S6 (rabbit polyclonal, red), and large ribosomal protein PO (human autoantisera, blue). G-I,
cells stained for elF4A (goat polyclonal, green), elF4B (rabbit polyclonal, red), and elF4E (mouse monoclonal, blue). Enlarged views of the boxed regions are shown
as separate grayscale panels and as a merged image at the bottom of each panel. B, U2-OS were treated as in panel A and then fixed and stained as indicated.
Top row, elF3b, (goat polyclonal, green), elF4E (mouse monoclonal, red), and DCP1a (rabbit polyclonal, red). Bottom row, TIA-1 (goat polyclonal, green), elF4AE
(mouse monoclonal, red), and p54/RCK (rabbit polyclonal, blue). Enlarged views of the boxed regions showing separate and merged views are shown at the
bottom of each corresponding panel. Bar, 10 um. The arrows indicate the position of PBs, which are not stained by all antibodies (e/F3, TIA-1) and do not appear

in all panels.
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FIGURE 2. PatA-induced SGs are dynamic, and B-PatA is incorporated into SGs. Hela cells were treated
with drugs as indicated and stained with TIA-1-specific antibody. A, Hela cells were treated with arsenite (500
um), DMDA-PatA (50 nm), or PatA (50 nm) for 30 min (row 1), followed by washing with PBS (indicated by W). The
cells were then cultured in complete growth medium in the presence or absence of CHX (100 ug/ml) for 1 h
(rows 2 and 3). Cells were pretreated with 100 wg/ml CHX for 30 min, followed by treatment with either arsenite,
DMDA-PatA, or PatA for 1 h (row 4). B, Hela cells were treated with B-PatA (200 nm) for 3 h and stained with
antibody against TIA-1 (red) or streptavidin-Alexa 488 (green).

DMDA-PatA did not induce phosphorylation of e[F2« in com-

parison with control.

The overexpression of a S51A mutation of elF2«a has been
demonstrated to inhibit SG formation induced by arsenite (8),
and SG assembly does not occur when MEFs that harbora S51A
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knock-in mutation in the elF2a
gene are exposed to arsenite (8, 11).
It was found that overexpression of
the S51A elF2a mutant had no
effect on SG formation in the pres-
ence of DMDA-PatA, even though
it prevented SG formation caused
by arsenite (Fig. 3B). To further con-
firm the independence of DMDA-
PatA-induced SG formation from
elF2a phosphorylation, we exam-
ined SG induction in elF2a/S51A
mutant and wild-type MEFs. Treat-
ment of wild-type cells with either
arsenite or DMDA-PatA resulted in
the formation of SGs (Fig. 3C or
supplemental Fig. S2). In the elF2a/
S51A mutant cells, arsenite was
unable to induce SG formation as
previously described (11). However,
DMDA-PatA treatment induced
the formation of SGs in the elF2a/
S51A mutant MEFs similar to wild-
type cells. Another noticeable dif-
ference between DMDA-PatA and
arsenite was that in wild-type MEFs,
arsenite-induced SGs did not con-
tain elF2a, whereas el[F2a was local-
ized to SGs induced by DMDA-
PatA in both wild-type and elF2a/
S51A mutant cells (Fig. 3C). These
results unambiguously demonstrate
that SG formation induced by
DMDA-PatA is independent of
elF2a phosphorylation.

TIA-1/R Response Downstream of
Stalled Initiation Is Similar between
PatA and Arsenite—TIA-1/R act
downstream of phospho-elF2a to
potentiate SG assembly through
self-aggregation (8). When each
protein was individually knocked
down with oligo small interference
RNA in HeLa cells, there was no
effect on SG assembly induced by
either DMDA-PatA or arsenite
(supplemental Fig. S3). Further-
more, no differences between the
two compounds were observed in
TIA-1 or TIAR knock-out MEFs
(Fig. 4). Loss of TIA-1 or TIAR indi-
vidually did not prevent SG forma-
tion, likely due to compensation of

function by the other protein. While stalled 48S complexes are

the core units of SGs, the size and stability of SGs likely also

depend on the abundance and activity of the many self-aggre-
gating mRNA-binding proteins known to facilitate SG assem-
bly, eg TIA-1, TIAR, TTP, and G3BP (4). However, TIA-1
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FIGURE 3. Stress granule induction by DMDA-PatA is independent of
elF2a phosphorylation. A, Hela cells were treated with either Me,SO (mock),
300 uM arsenite, 50 nm DMDA-PatA, or 1 um DMDA-PatA for 1 h, and elF2«
phosphorylation status was determined by immunoblotting using phospo-
elF2a and elF2a-specific antibodies. B, plasmid encoding FLAG-elF2aS51A
was transiently transfected into Hela cells as indicated. After 48 h, cells
were treated with arsenite (300 um) or DMDA-PatA (50 nm) for 1.5 h before
they were fixed and stained with TIA-1 and FLAG tag-specific antibodies
for immunoflourescence detection. C, wild-type or elF2a S51A mutant
MEFs were treated with Me,SO (top row), 500 um arsenite (middle row), or
50 nm DMDA-PatA (bottom row) for 45 min. The cells were fixed and
stained for FXR1 (goat polyclonal, green), elF2a (rabbit polyclonal, red),
and HuR (mouse monoclonal, blue). Insets are enlarged views showing
separate and merged color channels. The arrows indicate the position of
an SG.
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knock-out MEFs evinced a muted SG response to both arsenite
and DMDA-PatA by assembly of smaller SGs, whereas TIAR
knock-out MEFs readily assembled larger SGs in response to
both compounds (Fig. 4). We previously reported that arsenite-
induced SGs are smaller in TIA-1 knock-out MEFs, whereas
TIAR knock-out MEFs exhibit enhanced SG assembly (15) sim-
ilar to those observed for DMDA-PatA (Fig. 4).

In Vitro Inhibition of Translation Initiation by Arsenite Is
Distinct from PatA—As arsenite inhibits translation and
induces SGs in vivo (8), we examined the effect of arsenite on
translation initiation in vitro using bicistronic luciferase (Firefly
and Renilla) reporter vectors, where the first cistron was trans-
lated by cap-dependent initiation and the second cistron was
controlled by either the EMCYV or the hepatitis C virus IRES
(24). As shown in Fig. 54, all cap-dependent translation and
translation initiated from both IRES elements were inhibited by
arsenite. Furthermore, sucrose gradient analysis of translation
initiation complexes with radiolabeled B-globin RNA (25)
revealed that arsenite caused a slight accumulation of 48S com-
plexes as compared with control, although significant amounts
of 80S particles bound to RNA were also detected (Fig. 5B).
Co-treatment with CHX did not affect the arsenite profile.
However, co-treatment with 5'-guanylyl-imidodiphosphate
caused the disappearance of the 80S peak and an enhanced 48S
peak, a profile similar to 5'-guanylyl-imidodiphosphate alone
(Fig. 5B). This in vitro effect of arsenite is similar to that for
PatA (18). However, the lack of discrimination between hepa-
titis C virus and EMCV IRES-mediated translation initiation
distinguishes arsenite from PatA, which only inhibited EMCV
IRES (18).

In vivo polysome profiles have been useful in describing
arsenite effects and observing changes in polysome content
(11). For wild-type MEFs, both arsenite and DMDA-PatA
caused the depletion of polysomes and the appearance of a large
peak at the “80S” position as previously observed. For elF2a/
S51A mutant MEFs, arsenite treatment caused a significant
perturbation of the polysome region. However, some poly-
somes, albeit fewer, still remained. In contrast, DMDA-PatA
caused nearly complete depletion of polysomes and the appear-
ance of the apparent “80S” peak in the elF2a/S51A mutant
MEFs. The inability of arsenite to completely deplete the poly-
some profile of elF2a/S51A mutant MEFs and the essentially
identical results for both elF2a/S51A mutant and wild-type
MEFs for PatA corroborate the earlier observation that elF2«
phosphorylation is required for SG induction by arsenite, but
not by PatA.

DISCUSSION

In this study, we employed the natural product PatA and its
analogs, DMDA-PatA and B-PatA, which were recently shown
to induce SGs (18), as probes to investigate the mechanism of
SG assembly. Arsenite induces SGs through activation of heme-
regulated elF2« kinase, which phosphorylates elF2« at Ser-51
(11). Using arsenite as a control compound we have effectively
demonstrated that the induction of SGs by PatA is not depend-
ent on the phosphorylation of eIF2«. To date, the only reported
cases where SG formation has not been clearly linked with
elF2a phosphorylation involves acute energy starvation
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fixed and stained for the SG marker protein elF3b.

induced by glucose deprivation, treatment with the mitochon-
drial poison carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone in DU145 cells (12), or treatment with the hexokinase
inhibitor clotrimazole (11). However, none of these stimuli
induces SGs in elF2a/S51A mutant MEFs, suggesting that a
basal level of eIF2a phosphorylation is required (11). Accord-
ingly, previous models all suggested that eIF2a phosphoryla-
tion was an essential prerequisite to SG formation (4). Our
results presented here clearly demonstrate an instance where
SG assembly is not dependent on eIlF2a phosphorylation, shed-
ding new light on the mechanism of SG formation.

The fact that the majority of data accumulated to date have
implicated the phosphorylation of e[F2« as a necessary step for
SG formation raises the question of whether the granules
induced by PatA and its analogs are indeed true SGs. Other
notable differences between PatA and arsenite included a
delayed rate of disassembly, eIF2 localization within SGs, and
lack of PB induction for PatA. The inability of cells to recover
from PatA or DMDA-PatA treatment by simple washing of
cells and recovery in complete growth medium would indicate
that SGs induced by PatA are more stable than those induced by
arsenite. However, the demonstration of identical core compo-
nents examined and the dynamic assembly-disassembly of SGs
induced by PatA, albeit with a slower rate of disassembly than
that observed for arsenite-induced SGs, suggest that SGs
formed in the presence of PatA are still fundamentally similar
to SGs described for other stresses. Furthermore, the identical
responses to TIA-1/R knock down and responses of the TIA-
1/R knock-out MEFs to both DMDA-PatA and arsenite would

32876 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 4. SGs induced by DMDA-PatA in TIA-1 and TIAR knock-out MEFs. Cells were treated with either
Me,SO (top row), 500 um arsenite (middle row), or 50 nm DMDA-PatA (bottom row) for 45 min before they were

TIAR KO also indicate that PatA-induced SGs
are likely bona fide SGs. The differ-
ential localization of eIF2 (excluded
from SGs for arsenite and included
in SGs for PatA) is consistent with
arsenite-induced SGs being de-
pendent on elF2« phosphorylation.
For arsenite, phosphorylation of
elF2a reduces the availability of the
ternary complex, thereby inhibiting
translation initiation (8). SGs are
aggregates of stalled initiation com-
plexes; thus, the lack of ternary
complex formation would exclude
elF2 from the stalled initiation com-
plexes, causing their absence from
SGs. However, incorporation of
elF2a into PatA-induced SGs sug-
gests that ternary complexes are
formed, are part of the 43S complex,
and thus become incorporated into
SGs. The differences in PB forma-
tion may be unrelated to the general
mechanism of SG assembly and may
be arsenite specific, as clotrimazole
and heat shock also do not induce
PBs (23). Thus, PatA-induced SGs
are very similar in composition to
SGs induced by arsenite, even
though their mechanisms of formation differ.

In vitro, PatA inhibits translation initiation by perturbing
elF4F function. However, a discrepancy exists in the reported
experimental evidence. In one study (17), PatA prevented the
formation of 48S complexes by blocking the association of 43S
with RNA. In our previous work (18), PatA did not perturb 43S
joining to RNA but caused the stalling of the 48S complex with
severely delayed 80S formation. Direct incorporation of B-PatA
into SGs, likely through eIF4A interaction, may account for the
greater stability of PatA-SGs and the inability to recover cells by
washing with PBS. The presence of B-PatA within SGs also
suggests that, in vivo, PatA and its analogs are incorporated into
stalled 48S complexes. SG assembly appears to occur in two
distinct phases, the abortive initiation event leading to accumu-
lation of 48S complexes and the aggregation of these complexes
into SGs that cycle through an assembly-disassembly process.
Furthermore, we have previously proposed an offshoot path-
way that re-routes selected mRNA for degradation (PB forma-
tion) under arsenite treatment (23). The lack of PB induction by
PatA may suggest that this pathway is either blocked or not
induced for SGs formed in the presence of PatA. Thus, the
effects upstream of SG assembly, i.e. elF2a phosphorylation
status, and the downstream effects, PB assembly, differ for PatA
and arsenite, but the core assembly-disassembly process for
SGs remains consistent.

The recruitment of the ternary complex to the 40S ribosomal
subunit is not the site of PatA action, which directly disrupts the
elF4F complex. Arsenite has several cellular effects such as pro-
tein misfolding (26), impairment of the ubiquitin-proteasome
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FIGURE 5. Arsenite inhibits translation at the initiation step. /n vitro protein translation was quantified by determination of luciferase activity translated from
bicistronic reporter RNAs, with the first cistron encoding Firefly luciferase and the second cistron encoding Renilla luciferase. A, solid bars represent cap-de-
pendent (1st cistron) activity, and clear bars represent respective IRES (2nd cistron) activity. Readings were taken in triplicate, and error bars represent +1 S.D.
Right, cap-dependent versus hepatitis C virus IRES-dependent translation under arsenite treatment. Left, cap-dependent versus EMCV IRES-dependent trans-
lation under arsenite treatment. B, 48S and 80S particles bound to radiolabeled capped B-globin in the presence of arsenite alone (10 mm) or in combination
with CHX (0.75 mm) or 5’-guanylyl-imidodiphosphate (1.25 mm) were resolved by sucrose density gradient centrifugation followed by fractionation and
scintillation counting. C, polyribosome profiles determined from elF2a/S51A mutant and wild-type cells after 1 h of treatment with 100 wg/ml CHX, 300 um

arsenite, or 50 nm DMDA-PatA.

pathway (27), oxidative stress, and impairment of several sig-
naling pathways (28 -30), with downstream heme-regulated
elF2a kinase activation leading to elF2a phosphorylation. As
such, it is not surprising that PatA is able to induce SG forma-
tion without phosphorylating elF2a. Accordingly, we surmise
that any factor or incident that prevents 40S, and its associated
factors, from forming a translationally competent 80S particle
can induce SGs. The observation that edeine, a drug that pre-
vents 60S binding to the 48S complex, induces SGs (31) also
supports this proposition. SGs may be a product of a transla-
tional “checkpoint” that exists to monitor the integrity of this
process. Once formed, the translation machinery remains

OCTOBER 27, 2006 +VOLUME 281+NUMBER 43

dynamically associated with SGs until the checkpoint signal is
removed, i.e. disappearance of stress.

In addition to proteins involved in protein translation and
RNA metabolism, SGs have been shown to sequester proteins
in various important cellular processes. For example, stressed
cells quickly sequester TRAF2 into SGs through interaction
with elF4G, which perturbs the signaling pathway from tumor
necrosis factor a to NF-«B (7). The junctional plaque protein
plakophilin 3 (PKP3), an architectural component of desmo-
somes, is associated with SGs under stress conditions (32). Dif-
ferent regions of the rat hippocampus have different recover-
ability of SGs during reperfusion, and this correlates with
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inhibition of translation initiation (33). These reports suggest
that SGs may play diverse and important roles in different phys-
iological or environmental stresses. The ability of arsenite to
inhibit protein translation and cause SG formation, which
eventually leads to the induction of apoptosis, has been
exploited for the treatment of acute promyelocytic leukemia for
decades (34). The finding that B-PatA localized within SGs
accentuates the utility of small molecule natural products as
tools to study biological phenomena. Not only will PatA and its
analogs be useful tools for the study of cellular stress, they may
also prove useful clinically.
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