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Abstract

Stress granules are dynamic, conserved RNA-protein (RNP) assemblies that form when translation
is limiting; and are related to pathological aggregates in degenerative disease. Mammalian stress
granules are comprised of two structures — an unstable shell and more stable cores. Herein we
describe methodology for isolation of stress granule cores from both yeast and mammalian cells.
The protocol consists of first enriching for stress granule cores using centrifugation and then
further purifying stress granule cores using immunoprecipitation. The stress granule core isolation
protocol provides a starting point for assisting future endeavors aimed at discovering conserved
RNA regulatory mechanisms and potential links between RNP aggregation and degenerative
disease.
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1. Description of theoretical basis and framework for the technique

Stress granules are conserved RNA-protein (RNP) assemblies that form when translation
initiation is impaired [3]. Mammalian and yeast stress granules are comprised of both RNA
and protein, with approximately half of proteins that localize to stress granules containing
RNA-binding activity [6]. The presence of RNA is thought to be a critical stress granule
scaffold as trapping mRNA in translation elongation impairs stress granule formation
[2,3,7]. In addition, some proteins which localize to stress granules contain intrinsically
disordered regions (IDR) which could promote physical protein-protein interactions and
contribute to stress granule assembly [5,7,8,9,10,11,13]. Stress granules are comprised of a
dense network of physical interactions and stress granule composition can change in
response to different stressors [1,4,6]. Therefore, a broader understanding of stress granule
composition is likely provide insights into RNP granule formation and RNA regulation.

Stress granules are dynamic structures which readily exchange components with the
surrounding cytosol [3,8]. Mammalian stress granules are comprised of at least two phases:
a dynamic phase separated shell that readily exchanges with the surrounding cytosol, and
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more stable RNP cores [6]. In contrast, yeast stress granules are largely comprised of a core
RNP assembly, possibly with a proportionally smaller phase separated shell [6]. In both
yeast and mammalian cells, stress granule cores form early during stress granule assembly
suggesting these core complexes may provide the specific set of interactions necessary for
seeding formation of a higher order liquid-like stress granule shell [12].

Purification of stress granules has been a major challenge in the field due to the dynamic and
transient nature of stress granule shells. Recently, we established a protocol aimed at
isolating the more stable stress granule core from both yeast and mammalian cells [6].
Consistent with these complexes being related to stress granules, we observe both yeast and
mammalian stress granule cores are only observed under stress conditions and contain
known stress granule components. Isolation of stable stress granule cores allowed for the
identification of several novel members of the yeast and mammalian stress granule
proteome.

Here, we provide a detailed description of the stress granule core isolation protocol for both
yeast and mammalian cells. A critical step in this protocol is to first enrich for large
complexes prior to affinity purification. Although, components of stress granules enrich into
stress granules, the majority of these proteins remain freely distributed throughout the
cytosol during stress. For example, we estimate only 18% of G3BP1 is enriched into stress
granules in U-2 OS cells during arsenite stress (Fig. 1A). Similarly, we estimate the partition
coefficient of PABPCL1 into stress granules is ~3X lower than that of G3BP (as assessed by
SIM analysis (Fig. 1B). Since we have found free stress granule components are more
efficiently selected in immunopurifications (data not shown), to avoid this free pool and
purify stress granules, larger stress granule assemblies must first be enriched.

In brief, the approach used is that stress granules are first isolated from stressed cultures and
enriched using centrifugation. Stress granules are further purified using immunoprecipitation
with antibodies against known stress granule components. Together, this protocol provides a
purified population of stress granule cores, which could be used for proteomic,
transcriptomic, or biochemical experiments.

2. Yeast stress granule isolation protocol (cartooned in Fig. 2)

1 Grow 1.2 L culture to log phase. Typically, we use a strain with a GFP
labeled component of stress granules allowing the detection of stress
granules at various steps along the protocol.

2 Apply stress. Stresses that induce stress granules in yeast include sodium
azide, glucose deprivation, Vanillin, or heat shock [4,6].

3 Pellet cells 4000g, 1 min at room temperature in 50 mL falcons & freeze
pellet in liquid N».
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a Stopping point: Pellets can be stored at =80 °C. We routinely freeze
down multiple cell pellets in advance of starting the stress granule
core isolation protocol.

4 For each Falcon tube, re-suspend pellet in 500 pL lysis
buffer on ice and transfer to 2 mL microcentrifuge tube
and add glass beads (approx. 300-500 pL of glass beads).
We recommend use of acid-washed glass beads (425-600
um).

5 Lyse by vortexing tubes containing cell pellet mixed with
glass beads for 2 min at 4 °C using a cell disruptor genie.
Recover for 2 min on ice between vortexing cycles.

6 Repeat step 5 two additional times.

7 Poke hole in bottom of 2 mL microcentrifuge tube using a
18G %2 needle, heated to white hot over a flame. Place the
microcentrifuge tube in a 15 mL Falcon tube and spin at
2000g, 2 min to collect lysate.

b We recommend that the lysate be microscopically inspected for the
presence of GFP-tagged stress granule cores to assess lysis
efficiency (see note in Section 4).

8 Transfer supernatant from 15 mL tube to a new 1.5 mL
microcentrifuge tube.

9 Spin 1.5 mL microcentrifuge tube at 18,000g, 10 min at
4 °C. Following spin, discard supernatant.

10 Re-suspend pellet in 1 mL of stress granule lysis buffer.

11 Spin 1.5 mL microcentrifuge tube at 14,000g, 10 min at
4 °C. Following spin, discard supernatant.

12 Re-suspend pellet in 50 pL stress granule lysis buffer per
1.5 mL microcentrifuge tube. To increase stress granule
core yield, multiple preparations can be combined
together into a new 1.5 mL microcentrifuge tube (see
Section 5).

13 Spin 850¢g, 2 min at 4 °C. Transfer supernatant to new 1.5
mL microcentrifuge tube. The supernatant represents the
yeast stress granule core enriched fraction.

c We recommend to microscopically inspect GFP-tagged stress
granule core enriched fraction. We recommend following
microscopic inspection to increase the volume of the stress granule
enriched faction to 470 pL stress granule lysis buffer per 1.5 mL
microcentrifuge tube.
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14 Add RNaselN at 1:100 final dilution.
15 Equilibrate Dynabeads (procedure outlined in Section 4).
16 Mix 30 pL Dynabeads and solution from Step 14 (stress
granule core enriched fraction) and rotate on nutator at
room temperature for 15 min to pre-clear the stress
granule enriched fraction prior to immunoprecipitation.
17 Remove Dynabeads using magnetic and transfer
supernatant to a new 1.5 mL microcentrifuge tube.
18 Repeat step 17 to ensure all Dynabeads are removed prior
to addition of antibody.
19 Add 20 pL of anti-GFP antibody and rotate on nutator at
room temperature for 60 min.
d Stopping point: antibody incubation can be performed overnight

with nutating at 4 °C.

20

21

22

23

Spin at 14,000¢g for 15 min at 4 °C. This step is to remove
unbound, excess antibody. Prior to spinning, more stress
granule lysis buffer can be added if the volume being spun
is too little. This will ensure that all antibody can be
effectively removed without loosing stress granules.

Discard supernatant, re-suspend pellet in 500 pL lysis
buffer and add 5 pL of RNaselN (1:100 final dilution).

Add equilibrated 60 L Dynabeads and mix with solution
in step 21.

Bind by rotating on a nutator at room temperature for 15
min. Wash Dynabeads, 5 min per wash in lysis buffer at
4 °C. Repeat three times.

e We recommend to microscopically inspect binding efficiency of
GFP-tagged stress granules on Dynabeads following wash steps.

24 Wash 5 min in Wash Buffer 1 at 4 °C.
25 Wash 2 min in Wash Buffer 2 at 4 °C.
26 Wash 5 min in Lysis buffer at 4 °C. Repeat twice and
transfer to new tube
f We recommend to microscopically inspect immunoprecipitation

efficiency of GFP-tagged stress granules on Dynabeads.

3. Mammalian stress granule isolation protocol (cartooned in Fig. 3)
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Plate U-2 OS expressing G3BP1-GFP at desired volume/density and grow
overnight. Traditionally, we recommend isolating stress granule cores from
cells that are 80-90% confluent on the day of harvest. Further, culturing
cells in 15 cm tissue-culture dishes is recommended as this makes
harvesting of cells more efficient (see note in Section 5).

Exchange media 1 h before stress with fresh media. We have found this step
improves reproducibility in stress induction.

Apply stress. Stresses that induce stress granules in mammalian cells
include but are not limited to sodium arsenite, glucose deprivation, ER-
stress, osmotic stress, proteasome inhibition, heat shock [3].

Aspirate media, wash with fresh media, and add 5 mL of complete media.
We recommend avoiding washing in PBS as PBS can induce stress granule
formation if left on harvested cells for prolonged periods (see note in
Section 5).

Scrape cells and collect into a 50 mL Falcon tube.

Pellet cells at 1500g, 3 min at room temperature. Note, all washing and
pelleting steps should be performed in less than 10 min to avoid formation
of visible stress granule cores.

Aspirate media and flash freeze pellet with liquid N,. Pellets can be stored
at —80 °C. Of note, for mammalian cells, we routinely combine and snap
freeze 5 x 15 cm plates for a single pellet.

Stopping point: We recommend growing and harvesting cells in
advance of starting the stress granule core isolation protocol.

8 Thaw pellet on ice for 5 min.
9 Re-suspend in 1 mL of stress granule lysis buffer.

10 Syringe lysis with 25G 5/8 needle on ice. 5 passages
through needle are normally sufficient to lyse cells.

We recommend to microscopically inspect for presence of GFP-
tagged stress granule cores to assess lysis efficiency (see note in
Section 4).

11 After lysis, spin at 1000g, 5 min at 4 °C to pellet cell
debris. Discard pellet and transfer supernatant to 1.5 mL
microcentrifuge tube.

12 Spin 18,000g, 20 min at 4 °C. Discard supernatant.

13 Re-suspend pellet in 1 mL of stress granule lysis buffer,
spin 18,000¢, 20 min at 4 °C. Discard supernatant.

14 Re-suspend pellet in 300 pL stress granule lysis buffer.
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15 Spin 850¢, 2 min at 4 °C. Transfer supernatant to new 1.5
mL microcentrifuge tube. The supernatant represents the
yeast stress granule core enriched fraction.

c We recommend to microscopically inspect GFP-tagged stress
granule core enriched fraction.

16 Pre-clear stress granule enriched fraction by adding
equilibrated 30 UL Dynabeads and rotating on nutator at
4 °C for 30 min. Bring volume up to 500 L total in stress
granule lysis buffer. Dynabead equilibration procedure is
outlined in Section 4.

17 Remove Dynabeads using a magnetic and transfer
supernatant to a new 1.5 mL microcentrifuge tube

18 Repeat step 17 to ensure all Dynabeads are removed prior
to addition of antibody.

19 Add 20 pL of anti-GFP antibody and rotate on nutator at
4 °C for 1hr.

d Stopping point: antibody incubation can be performed overnight
with nutating at 4 °C.

20 Spin 14,000 RPM, 20 min at 4 °C. Discard supernatant to
remove any unbound antibody. Prior to spinning, more
stress granule lysis buffer can be added if the volume
being spun is too little to ensure all antibody can be
effectively removed without loosing stress granules.

21 Re-suspend pellet in 500 pL of stress granule lysis buffer
and add RNaselN at final dilution of 1:100.

22 Add 60 pL equilibrated Dynabeads to solution in step 21.

23 Bind for 3 h at 4 °C by rotating on nutator. Wash
Dynabeads 5 min in stress granule lysis buffer. Repeat 3
times.

e We recommend to microscopically inspect binding efficiency of
GFP-tagged stress granules on Dynabeads following initial set of
washes.

24 Wash 2 min in wash buffer 1 at 4 °C.
25 Wash 5 min in wash buffer 2 at 4 °C.

26 Wash 5 min in stress granule lysis buffer at 4 °C. Repeat
wash twice and then transfer to new tube.

f We recommend to microscopically inspect immunoprecipitation
efficiency of GFP-tagged stress granules on Dynabeads.
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For both yeast and mammalian preparations, we recommend examining isolation efficiency
and levels of background using a combination of methods including microscopic
visualization, detection of proteins on SDS-PAGE gel using Sypro Ruby, and mass
spectrometry (Fig. 4).

4. Discussion of equipment

4.1. Buffers

Table 1 provides details for recommended select reagents and equipment required for stress
granule core isolation.

4.1.1. Stress granule lysis buffer—50 mM Tris HCI pH 7.4, 100 mM Potassium
acetate, 2 mM Magnesium acetate, 0.5 mM DTT, 50 ug/mL Heparin, 0.5% NP40, 1:5000
Antifoam B, 1 complete mini EDTA free protease inhibitor tablet 50/mL of lysis buffer.
*Add RnaselN 1 U/uL right before lysis.

4.1.2. Wash buffer 1—Stress granule lysis buffer + 2 M Urea.

4.1.3. Wash buffer 2—Stress granule lysis buffer + 300 mM Potassium acetate.

4.2. Microscopic visualization of yeast and mammalian stress granule cores

We recommend microscopic inspection at steps indicated above during stress granule core
isolation to assure the preparation is proceeding well. Microscopic inspection of stress
granule cores is performed at room temperature. Representative images for yeast and
mammalian stress granule core enriched fractions are provided in Figs. 2 and 3 respectively.
Of note, when visualizing GFP-positive stress granule cores on Dynabeads, Dynabeads can
be weakly autofluorescent in the GFP channel (Fig. 4A).

4.2.1. Protocol

1 Remove 4 pL stress granule prep at steps outlined above.

2. Spot 4 pL onto a glass slide and apply a microscope cover slip.

3. Invert microscope slide and allow stress granule cores to settle onto cover slip
(2-3 min).

4, Using an oil-objective lens (we recommend use of 100x), visualize GFP-positive

stress granule cores using cover slip to establish focal plane.

4.3. Equilibrating and DEPC treating Dynabeads

We recommend DEPC treating Protein A Dynabeads as we have empirically determined
Protein A Dyanbeads can harbor RNases.

4.3.1. Protocol

1 Transfer required volume of Dynabeads for stress granule isolation to 1.5 mL
microcentrifuge tube.
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Aspirate storage solution from Dynabeads using magnet.
Re-suspend Dynabeads in 1 mL PBS containing 1 uL DEPC.
Mix for 1 h at room temperature with nutator.

Separate beads from solution using magnets again

© ua ~ wW DN

Wash with 1 mL PBS, 0.05% NP40 for 5 min at 4 °C. We have found addition of
0.05% NP40 helps prevent Dynabeads sticking to the sides of microcentrifuge
tubes. Sticking of Dynabeads to the side of microcentrifuge tubes can result in
diminished Dynabead yield and insufficient washing.

7. Equilibrate Dynabeads to stress granule lysis buffer by washing with 1 mL stress
granule lysis buffer. Repeat 3 times.

8. Re-suspend with stress granule lysis buffer + 4 pL RnaselN

5. Troubleshooting hints

5.1. Insufficient yield of stress granule cores following isolation

5.1.1. Possible solution: Increasing starting materials—Increasing the starting
amount of cells can improve yield downstream of stress granule core isolation. To increase
starting material, we recommend preparing and freezing down multiple cell pellets for either
yeast or mammalian cells. We recommend performing cell lysis independently and
combining at stress granule core enriched fraction step before immunoprecipitation steps.

5.1.2. Possible solution: Inefficient antibody binding—We have also observed some
antibodies to stress granule components are not efficient at immunoprecipitation (data not
shown). A simple way to test if the epitope for a given antibody is accessible on stress
granule cores is to image cores incubated with antibodies and a fluorescent secondary
antibody. We recommend performing this step on stress granule enriched fractions.
Including a secondary only control is useful for determining specificity of primary antibody
binding.

5.2. Absence of detectable stress granule cores

5.2.1. Potential problem: Incomplete lysis—We have observed incomplete cell lysis
can negatively impact stress granule core yields by “trapping” stress granules cores in poorly
lysed cell debris. This is particularly true for mammalian stress granule core isolation. We
have observed improved lysis without impairing stress granule core integrity using the
following approaches:

1 Repeated freeze thaw: mammalian cell pellets are repeatedly snap frozen in
liquid N5 and thawed at room temperature followed by pelleting of cell debris at
1000g, 5 min. Additional syringe lysis can improve lysis under these conditions.

2. Serial sonication: mammalian cell pellets are re-suspended in 5 mL stress
granule lysis buffer. Pellets are sonicated on ice using 10-s pulses followed by 20
s of recovery. This is repeated twice. Following cells are recovered for 10 min on
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ice. The disadvantage of this approach is the user now has to use a larger volume
when concentrating heavy complexes by ultracentrifugation.

Of note, for yeast, cells grown to high OD cells may require increasing buffer to cell ratio at
the stage of the lysis to ensure complete lysis and removal of large cell debris.

5.2.2. Potential problem: Loss of GFP signal from cell line—As we use GFP-
tagged versions of stress granule components (e.g. GFP-G3BP) to track and
immunoprecipitated stress granule cores during the purification procedure, low expression of
these constructs can negatively impact stress granule core isolation. We recommend
checking GFP-expression of your respective cell line prior to starting the stress granule core
isolation protocol. If low expression is observed (defined as less than 60% of the cells
expressing your respective construct), we recommend reselecting or sorting your cell
population.

5.2.3. Potential problem: Inadequate detection by microscopy—Inadequately
detecting stress granule cores by microscopy can erroneously give the impression of a poor
stress granule core preparation. We recommend the use of oil-objectives on either confocal
or widefield microscopes and following the procedure outlined in Section 4. Also, the
addition of inert beads can assist in finding the appropriate focal plane on coverslips.

5.3. Presence of stress granule cores in unstressed preparations

5.3.1. Potential problem: PBS-induced stress granule induction—In some
experiments we observe prolonged incubation in PBS following cell scrapping is sufficient
to induce stress granule formation. To avoid the induction of stress granules in control
samples, we recommend washing cells in complete media instead of PBS and keeping
washing/pelleting steps to less than 10 total minutes. Similarly, we observe fixation using
1% formaldehyde induces small stress granule induction. As most fixation protocols
recommend fixing for greater than 10 min at room temperature, fixation protocols may need
to be adjusted or the inclusion of additional controls or more stringent analysis may be
necessitated. For example, for proteomics of granules isolated from fixed cells, we rely on
increased detection (defined as greater than twofold spectral counts) of stress granule
proteins to define a protein as being “‘enriched’ into a stress granule.

It is important to note, similar to mammalian cells, unstressed yeast can also be stressed
during harvesting and pelleting. Prolonged sample preparation time can induce granules in
unstressed cells. Therefore, we recommend rapid isolation of unstressed cells during the
harvesting procedure to avoid stress granule induction.
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Fig. 1.
Quantification of percentage of G3BP and PABPC1 in granules. (A) Example of the

quantification of percent of G3BP in granules taken from multiple U-2 OS cells expressing
G3BP-GFP. Yellow line represents cytoplasm boundary. Red line represents boundary of the
nucleus. Green lines represent stress granule boundary. Fraction of total intensity of GFP
(G3BP) in stress granules was determined by comparing total intensity of all granules in
image to total intensity within cell boundaries using ImageJ. (B) SIM image of the same
granule imaged for G3BP (top) am PABPCL1. Cytoplasm and stress granule (SG) are labeled.
Graph shown alongside shows normalized quantification of intensity (left to right) along
with white line shown in the image. Intensity is normalized to background subtracted
average intensity in the cytoplasm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Isolation of yeast stress granule cores. Scheme for preparation of stress granule core
enriched fraction from crude cell lysate from yeast cells. Image shows stress granule core
enriched fraction from cells carrying Pab1-GFP.
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Fig. 4.
Expected results for mammalian stress granule core isolation. A) Representative images of

Dynabeads following immunoprecipitation of G3BP-GFP using anti-GFP antibody. B)
SYPRO Ruby staining following affinity purification of G3BP-GFP stress granule cores.
Quantification is normalized to input and corrected for background using ImagelJ. C) Mass
spectrometry results of G3BP-GFP stress granule cores. Scale bars represent 2 pm.
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