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Abstract

The Processing-body is a conserved membraneless organelle that has been implicated in the storage and/or decay of mRNAs. Although
Processing-bodies have been shown to be induced by a variety of conditions, the mechanisms controlling their assembly and their precise
physiological roles in eukaryotic cells are still being worked out. In this study, we find that a distinct subtype of Processing-body is induced
in response to conditions that disrupt microtubule integrity in the budding yeast, Saccharomyces cerevisiae. For example, treatment with
the microtubule-destabilizing agent, benomyl, led to the induction of these novel ribonucleoprotein granules. A link to microtubules had
been noted previously and the observations here extend our understanding by demonstrating that the induced foci differ from traditional
P-bodies in a number of significant ways. These include differences in overall granule morphology, protein composition, and the manner in
which their induction is regulated. Of particular note, several key Processing-body constituents are absent from these benomyl-induced
granules, including the Pat1 protein that is normally required for efficient Processing-body assembly. However, these novel ribonucleopro-
tein structures still contain many known Processing-body proteins and exhibit similar hallmarks of a liquid-like compartment. In all, the data
suggest that the disruption of microtubule integrity leads to the formation of a novel type of Processing-body granule that may have dis-
tinct biological activities in the cell. Future work will aim to identify the biological activities of these benomyl-induced granules and to deter-
mine, in turn, whether these Processing-body-like granules have any role in the regulation of microtubule dynamics.
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Introduction
The interior of the eukaryotic cell is divided into functionally dis-
tinct areas by the presence of both membrane-bound and mem-
braneless compartments. Although many of the latter have only
been recognized recently, several including the nucleolus have
been studied for decades (Ho et al. 2002; Boisvert et al. 2007;
Brangwynne et al. 2011; Hyman et al. 2014). These membraneless
structures are known by a variety of names including biomolecu-
lar condensates and membraneless organelles (Hyman et al.
2014; Toretsky and Wright 2014; Banani et al. 2017; Boeynaems
et al. 2018). These condensates lack a limiting membrane and are
typically dynamic entities that can assemble rapidly in response
to the appropriate cues. Many of these compartments have been
shown to exhibit liquid-like behavior and are thought to form as
a result of a phase transition known as liquid-liquid phase sepa-
ration (Li et al. 2012; Hyman et al. 2014; Alberti 2017; Banani et al.
2017; Boeynaems et al. 2018). Recent work indicates that conden-
sate formation is important for many fundamental processes in
the cell, including RNA polymerase II transcription (Boehning
et al. 2018; Leblanc et al. 2021; Rippe and Papantonis 2022).

Understanding how the assembly and function of these struc-
tures are regulated is therefore key for a complete description of
eukaryotic biology.

One family of biomolecular condensates is made up of a col-
lection of cytoplasmic granules that contain distinct sets of pro-
teins and mRNAs. The Processing-body, or P-body, is one such
ribonucleoprotein (RNP) granule that has been conserved from
yeasts to mammals (Eulalio et al. 2007; Parker and Sheth 2007;
Franks and Lykke-Andersen 2008; Anderson and Kedersha 2009).
The P-body was originally identified as an RNP structure that
contains proteins involved in the processing and decay of mRNAs
(Bashkirov et al. 1997; Ingelfinger et al. 2002; van Dijk et al. 2002;
Eystathioy et al. 2003; Sheth and Parker 2003; Cougot et al. 2004;
Xing et al. 2020). These proteins include the Xrn1 exonuclease
and the Dcp1/Dcp2 decapping complex. As a result, it was ini-
tially proposed that P-body foci were sites of active mRNA decay
in the cytoplasm (Stoecklin et al. 2006; Eulalio et al. 2007;
Balagopal and Parker 2009). However, more recent data indicate
that mRNAs may be stored long term in P-bodies and that mRNA
decay might even be suppressed within these granules (Arribere
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et al. 2011; Zid and O’Shea 2014; Hubstenberger et al. 2017; Huch
and Nissan 2017; Standart and Weil 2018). Ongoing efforts aim to
determine how these decay enzymes are regulated within the P-
body and to identify the precise physiological roles of this RNP
granule. Some insight into the latter has been provided by studies
demonstrating that P-bodies contain proteins involved in other
aspects of cell physiology, including signal transduction (Shah
et al. 2014). These and other studies in yeast have identified criti-
cal roles for P-bodies during the early stages of meiosis, in re-
sponse to replicative and cell wall stresses, and for the long-term
survival of quiescent cells (Ramachandran et al. 2011; Shah et al.
2013; Zhang et al. 2016; Loll-Krippleber and Brown 2017; Zhang
et al. 2018; Garc�ıa et al. 2019). However, it is not yet clear whether
these effects are due to an influence on mRNA stability and/or
other activities that may be associated with these RNP granules.

The maintenance of proper protein homeostasis, or proteosta-
sis, is necessary for essentially all physiological processes in the
cell. Proteostasis involves an extensive network of components
that ensure that proteins are present at their appropriate confor-
mation, concentration, and cellular location. Proteins that fail to
fold properly will interact with this network and will be either re-
folded, degraded or sequestered at particular sites within the cell
(Hartl et al. 2011; Sontag et al. 2017). Proteins that assist in the
folding process are referred to as chaperones and eukaryotic cells
contain a significant variety of such activities. A particular fold-
ing pathway of note for this study involves the prefoldin and Cct/
chaperonin complexes (Mart�ın-Benito et al. 2002; Gestaut et al.
2019). Prefoldin is an ATP-independent chaperone that functions
in part by delivering unfolded protein substrates to the Cct/chap-
eronin complex (Vainberg et al. 1998; Gestaut et al. 2019). The lat-
ter is a conserved, 8-subunit complex that utilizes ATP hydrolysis
to promote proper protein folding (Thirumalai and Lorimer 2001).
Although prefoldin has many substrates, two of the best charac-
terized are the a- and b-tubulin monomers used to construct the
cellular microtubule networks (Vainberg et al. 1998; Mart�ın-
Benito et al. 2002). Following their release from the Cct/chapero-
nin complex, these tubulin monomers are acted upon by a series
of additional tubulin-specific chaperones that facilitate the for-
mation of the a/b heterodimer (Lewis et al. 1997; Lopez-Fanarraga
et al. 2001; Szymanski 2002). This final heterodimer can then be
incorporated into the existing microtubule polymers present in
the cell.

Studies with the budding yeast, Saccharomyces cerevisiae, have
identified several proteins, including Pat1, that are critical for the
formation of the P-body (Teixeira and Parker 2007; Pilkington and
Parker 2008; Braun et al. 2010; Marnef and Standart 2010). Pat1 is
a conserved core constituent of these granules and a key target of
control during the assembly process. For example, the phosphor-
ylation of Pat1 by the cAMP-dependent kinase (PKA) inhibits P-
body formation perhaps by preventing specific interactions with
other granule components (Ramachandran et al. 2011; Sachdev
et al. 2019). Yeast cells lacking Pat1 exhibit a significant defect in
P-body assembly. Here, we used a genetic approach to gain in-
sight into the P-body assembly process by identifying second-site
suppressors of this pat1D defect. Interestingly, mutations disrupt-
ing the prefoldin-Cct/chaperonin pathway were found to restore
P-body formation in pat1D mutants. The data further indicate
that this suppression is likely due to effects on the microtubule
network and that the disruption of this network results in the for-
mation of P-body-like granules even in wild-type cells. Previous
work has suggested a connection between P-bodies and microtu-
bules and the studies here extend these observations by demon-
strating that the granules formed differ significantly from the

traditional P-bodies induced by other stress conditions, like glu-

cose deprivation (Sweet et al. 2007). The significance of these dif-

ferences for P-body assembly and function are discussed.

Materials and methods
Yeast strains and growth conditions
All yeast strains used in this study were generated using standard

methods and are listed in Supplementary Table 1. Unless other-

wise noted, the wild-type (wt) strain for the experiments pre-

sented was BY4741. The prefoldin (PFD) and tubulin folding

cofactor (TFC) deletion strains were obtained from the yeast

knockout collection (Open Biosystems). Strains expressing GFP-

protein fusion constructs were obtained from the yeast GFP col-

lection (Invitrogen). The pfdD pat1D and tfcD pat1D double

mutants were generated by replacing the coding sequences of the

PAT1 locus with the LEU2 gene. The edc3D lsm4DC strain was gen-

erated by replacing the 30-end of the LSM4 gene that encodes the

C-terminal half of the Lsm4 protein with the LEU2 gene, as de-

scribed previously (Decker et al. 2007). The pfd1D edc3D lsm4DC

strain was generated by replacing the coding sequence of PFD1

with the URA3 gene. C-terminal fluorescent protein fusion con-

structs with the different P-body proteins were generated with a

PCR-based recombination strategy as described previously (Huh

et al. 2003). The temperature-sensitive cct4-1 and cct6-18 strains

from the Charles Boone ts strain collection were generously pro-

vided by Dr. Anita Hopper (Li et al. 2011).
Standard Escherichia coli and yeast culture methods were

employed throughout this study. Yeast strains were cultivated in

yeast extract–peptone–adenine–dextrose (YPAD) or synthetic

complete drop-out media lacking the appropriate amino acids

and supplemented with 2% dextrose (SCD) at 30�C. Yeast trans-

formations were accomplished with a standard lithium acetate/

polyethylene-glycol protocol (Gietz and Schiestl 2007).

Plasmid construction
The plasmids used in this study are listed in Supplementary

Table 2. All genes, unless explicitly stated to the contrary, are

expressed from their endogenous promoters.

Drug treatment of yeast cultures
Benomyl treatment
A 10 mg/ml stock solution of benomyl [methyl 1-(butylcarba-

moyl)-2-benzimidazolecarbamate, Sigma-Aldrich] was prepared

in DMSO and sterilized by passage through a 0.2-mm syringe filter.

Media containing benomyl were prepared fresh on the day of the

experiment. The benomyl stock solution was added dropwise to

prewarmed culture media with continuous stirring to ensure

complete dissolution. Cell cultures were grown to mid-log phase

in the appropriate medium, collected by centrifugation, and

resuspended in fresh medium containing benomyl (or DMSO) at

the concentration indicated for each experiment.

Latrunculin A treatment
A 2 mM stock solution of latrunculin A (Sigma-Aldrich) was pre-

pared in DMSO and sterilized by passage through a 0.2-mm sy-

ringe filter. Cell cultures were grown to mid-log phase in SCD

medium, collected by centrifugation, and resuspended in fresh

medium containing 200 mM latrunculin A for 30 min to disrupt

the actin cytoskeleton (Sahin et al. 2008).
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1,6-Hexanediol treatment
A 50% stock solution of 1,6-hexanediol (Sigma-Aldrich) was pre-
pared by dissolving 1,6-hexanediol crystals in water and sterilized

by passage through a 0.2-lm filter. The appropriate yeast cells
were grown to mid-log phase and subjected to either glucose star-
vation for 30 min or treatment with benomyl to induce foci for-

mation. Following this induction, 1,6-hexanediol was added to a
final concentration of 10% (v/v) for 10 min.

Fluorescent microscopy and image quantification
Cells expressing fluorescently labeled fusion protein constructs
were grown as indicated, collected by centrifugation, and spotted

onto agarose pads affixed to microscope slides as described previ-
ously (Shah et al. 2013; Zhang et al. 2016). Cells were imaged with
a �100/1.45 numerical aperture Plan-Apo objective lens on a

Nikon Eclipse Ti inverted microscope (Nikon) with an Andor Zyla
sCMOS 4.2 MP digital camera. Appropriate Nikon HC filter sets

were used for each fluorescent channel. For each experiment,
identical exposure times and acquisition conditions were utilized

to permit direct comparison of pixel intensities between images
acquired both within the same experiment and for the same fluo-
rescent reporter construct. The scale bar depicted in the bottom

right-most image in each figure represents 5 lm. Image postpro-
cessing was performed using the Fiji ImageJ (NIH) software pack-

age. All images within a given experiment and for a given
fluorescent reporter construct were subjected to an identical

postprocessing regimen with respect to brightness and contrast
adjustments. Where indicated, a maximum intensity z-projec-
tion was generated from a z-stack of serial images acquired for

the same field-of-view using a slice interval of 0.2 mm.
When quantifying the percentage of cells containing foci, the

data presented in this study represent a minimum of 2 indepen-

dent experimental replicates with >100 cells examined for each
condition in each replicate. Where provided, the percentage of

cells containing foci represent the average for a particular experi-
mental condition across all experimental replicates. Due to the

morphological differences between benomyl-induced granules
(BIGs) and glucose starvation-induced P-bodies, a fluorescent in-
tensity thresholding method was applied to increase objectivity

in defining a bona fide focus. First, the LUT histograms for all
images acquired for the same fluorescent reporter construct

within the same experiment were normalized. Second, a baseline
intensity threshold, defined as the intensity at which only pixels

containing foci were observable, was assessed individually for
each fluorescent reporter construct during mid-log phase growth
(the control growth condition). This baseline intensity threshold

was then applied to the images acquired for cells subjected to the
various experimental conditions outlined in this study. In doing

so, only cells that contained foci of equal or greater intensity to
that of the control, the mid-log phase condition, were counted as

“foci containing cells.”
Evaluation of colocalization between fluorescent reporter con-

structs was conducted with two methodologies. First, the per-
centage of colocalization between two fluorescent reporters was

calculated by scoring the proportion of foci which demonstrated
coincidence between the two fluorescent channels only in those

cells possessing at least one focus for both reporters.
Consequently, cells which possessed foci for only one reporter

were excluded. Second, the Pearson’s, Mander’s, and Li’s colocali-
zation coefficients were assessed for the indicated fluorescent re-
porter constructs using the Fiji Plugin JACoP (Just Another

Colocalization Plugin) (Manders et al. 1992; Li et al. 2004; Bolte and
Cordelières 2006).

A two-proportion Z-test was used to assess the statistical sig-
nificance of the relevant data in this report. The resultant P-val-
ues for all the pair-wise comparisons made are included in
Supplementary Table 3. The raw data for these analyses are
available upon request.

Protein analysis
Protein samples were prepared for western blotting using a glass
bead lysis method (Budovskaya et al. 2002; DeCaprio and Kohl
2020). A Bradford assay was performed to quantify the total pro-
tein in the lysates and equivalent quantities of protein were
loaded per gel well. Protein samples were resolved on an 8% SDS-
polyacrylamide gel, transferred to a nitrocellulose membrane,
and probed with the appropriate primary and secondary antibod-
ies. The results were then visualized using fluorescent detection
with the LiCOR Odyssey Imaging System. The primary antibodies
used were mouse anti-Myc-Tag (1:2,000 dilution, # 2276S; Cell
Signaling Technologies), mouse anti-GFP (1:2,000 dilution, # MA5-
15256; Invitrogen), and rabbit anti-Pgk1 (1:20,000 dilution, kindly
provided to our lab by Dr. Jeremy Thorner). The secondary anti-
bodies used were IRDye-680RD donkey anti-rabbit (1:10,000 dilu-
tion, # 926-68073; Li-COR), IRDye-800CW goat anti-rat (1:10,000
dilution, # 926-32219; Li-COR), and IRDye-800CW goat anti-
mouse (1:10,000 dilution, # 926-32210; Li-COR).

Extracts for the coimmunoprecipitation studies were prepared
by resuspending cells in lysis buffer (25 mM Tris-HCl, pH 7.4,
140 mM NaCl, 0.05% Tween-20, 1 mM PMSF) and then agitating
with glass beads, as described (Deminoff et al. 2009; Zhang et al.
2016). TAP-tagged proteins were immunoprecipitated with
Protein A Dynabeads (# 10001D; Invitrogen). Protease and phos-
phatase inhibitors were present at all steps. The extent of inter-
action was then assessed by western blotting with the rabbit
anti-Tap antibody (1:2,000 dilution, # CAB1001; Invitrogen) and
rat anti-Tubulin antibody (1:4,000 dilution, # ab6161; Abcam).

Assessing relative PKA levels with the Cki1
reporter construct
The Cki1 reporter (CUP1pro-6X Myc-Cki11-200) was expressed from
the plasmid, pPHY2328, and used to assess the relative level of
in vivo PKA activity as described previously (Deminoff et al. 2006;
Ramachandran and Herman 2011). Strains harboring the Cki1 re-
porter construct were grown to an OD600 of 0.3 units/ml in SCD
medium. CuSO4 was added to a final concentration of 100 lM,
and the strains were incubated for an additional 2 h to induce ex-
pression of the reporter construct. After induction, strains were
subjected to either a glucose starvation or benomyl treatment for
1 h. The cells were then collected by centrifugation and protein
extracts were prepared for western blotting as described above.
Quantification of the ratio of phosphorylated to nonphosphory-
lated Cki1 (Cki1-P*/Cki1) was performed using the LiCOR
ImageStudio software package.

Spotting assay to assess benomyl sensitivity
Yeast strains were grown to mid-log phase and cells were col-
lected by centrifugation. All strains were then resuspended in wa-
ter at a final concentration of 5 OD600 equivalents/ml. Five-fold
serial dilutions were prepared from this suspension and 5 ll of
each dilution were spotted in succession onto plates containing
the appropriate growth media, with and without benomyl at the
concentration(s) indicated. The plates were photographed after
incubation at 30�C for 2–3 days.
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Characterization of the Tub1- and Tub3-GFP
fusion constructs
Genomic DNA was extracted from both the Tub1-GFP and Tub3-
GFP strains obtained from the GFP collection (Invitrogen). A geno-
typing PCR was performed to amplify the relevant chromosom-
ally integrated GFP fusion constructs from the gDNA templates.
The forward primers were specific to sequences within the 50-
UTRs of the TUB1 and TUB3 loci, respectively, and the reverse pri-
mers to sequences within the GFP coding region. While no ampli-
con resulted from the Tub1-GFP-specific primer set in either
strain, an amplicon resulting from the Tub3-GFP-specific primer
set was observed in both strains. These amplicons were subse-
quently sequenced (OSU Genomic CORE) using primers flanking
the TUB1 and TUB3 coding sequences. Sequence alignment to the
TUB3 coding sequence indicated that the “Tub1-GFP” strain
encoded an unusual variant of Tub3 fused to GFP. This fusion
most likely resulted from the recombination of a fragment con-
taining homology to the 30-end of TUB1 at the corresponding end
of the TUB3 gene. This resulted in the formation of a Tub3D-
Tub1C-term-GFP hybrid construct (see Supplementary Fig. 6a).
Further sequencing confirmed that in this “Tub1-GFP” strain, the
GFP::hisMX3 cassette with TUB1 homology was not successfully
recombined into the TUB1 locus.

Results
P-body-like granules were present in cells
defective for prefoldin function
Yeast cells lacking the Pat1 protein are defective for P-body as-
sembly (Fig. 1a) (Coller and Parker 2005; Pilkington and Parker
2008; Ramachandran et al. 2011). We found that this defect was
partially suppressed by the loss of the PFD1 gene that encodes
one of the subunits of the heterohexameric prefoldin complex
(Geissler et al. 1998; Mart�ın-Benito et al. 2002). The fraction of cells
containing a P-body focus was higher in the pfd1D pat1D double
mutant than in the pat1D strain (Fig. 1a and Supplementary Fig.
1). P-body formation was assessed by examining the localization
of Dcp2, Edc3 and Dhh1, three core constituents of P-body gran-
ules, after a period of glucose deprivation. Although prefoldin is
thought to act primarily in protein quality control, there are
reports suggesting that noncanonical subcomplexes of prefoldin
subunits have different functions in the cell (Millán-Zambrano
et al. 2013; Millán-Zambrano and Chávez 2014; Liang et al. 2020).
Therefore, we tested whether the suppression of the pat1D defect
was observed with strains containing single deletions of the
remaining five PFD genes. Previous work has demonstrated that
prefoldin function is largely lost in cells lacking any of the six
subunits (Miyazawa et al. 2011). We found that the pat1D defect
was suppressed to a similar extent by the deletion of any one of
the six PFD genes (Fig. 1b). The fraction of cells containing a
higher intensity focus was typically 5- to 8-times greater in the
pfdD pat1D double mutants relative to the pat1D strain
(Supplementary Fig. 2, a and b). Altogether, these data suggested
that the suppression of the pat1D defect was due to the loss of
prefoldin chaperone activity.

We also tested whether the loss of prefoldin function would
restore P-bodies in a second mutant defective for granule forma-
tion. This edc3D lsm4DC strain has alterations at two loci, EDC3
and LSM4. Edc3 is a component of P-bodies that has been shown
to act as an enhancer of mRNA decapping (Kshirsagar and Parker
2004; Nissan et al. 2010). Lsm4 is an essential protein that is a
constituent of the Lsm1–7 and Lsm2–8 heptameric protein

complexes. The former is required for the 50-to-30 degradation of
mRNAs and is found in the cytoplasm and within P-body gran-
ules (Bouveret et al. 2000; Ingelfinger et al. 2002; Beggs 2005). The
latter is localized to the nucleus and is involved in mRNA splicing
(Séraphin 1995; Beggs 2005; Novotny et al. 2012). The lsm4DC allele
encodes a truncated protein that lacks a C-terminal domain pre-
dicted to be intrinsically disordered (Decker et al. 2007; Reijns
et al. 2008; Oishi et al. 2013; Huch et al. 2016). Cells with both the
edc3D and lsm4DC mutations exhibit a significant defect in P-body
formation (Fig. 1c) (Decker et al. 2007; Reijns et al. 2008). However,
deletion of the PFD genes did not suppress this P-body assembly
defect; results for the pfd1D edc3D lsm4DC mutant are shown in
Fig. 1c. Moreover, we did not observe any suppression of the
pat1D defect with the other chaperone gene deletions examined,
including hsp26D, hsp42D, and hsp104D (data not shown). Thus,
the suppression by the pfdD mutations was specific for the P-body
defect conferred by the loss of the PAT1 locus.

While examining the pfd1D strain, we noted that Dcp2- and
Edc3-containing foci were also present in glucose-replete condi-
tions (Fig. 2a). Similar results were obtained for both reporters
with the other pfdD mutants (Fig. 2, b and c). Upon glucose depri-
vation, the number of pfdD cells containing P-body foci increased
to a value that was similar or slightly less than that observed
with the wild-type control (Fig. 2, b and c). Therefore, P-body-like
granules were present constitutively in strains lacking prefoldin
function.

As prefoldin acts in concert with the Cct/chaperonin complex,
we also tested whether P-body-like granules were present in cells
lacking this latter chaperone activity. Since the Cct/chaperonin
complex is essential for S. cerevisiae viability, conditional alleles
of the CCT4 and CCT6 genes were used for these studies (Ursic
and Culbertson 1991; Grantham et al. 2006). Both alleles, cct4-1
and cct6-18, encode temperature-sensitive products that are inac-
tivated upon a shift to 37�C (Li et al. 2011). We found that a short
exposure to this elevated temperature in glucose-replete condi-
tions led to an increase in both Dcp2- and Edc3-containing foci in
these mutant strains (Fig. 2d). The results with Pat1 will be dis-
cussed below. Thus, the loss of Cct/chaperonin activity also
resulted in elevated granule formation. It should be noted that el-
evated levels of foci were constitutively present when these cctts

strains were grown at the semi-permissive temperature of 30�C.
This effect was most pronounced for the Edc3 reporter (Fig. 2d).
The permissive temperature for these experiments was 25�C.
This result was similar to what was seen with the pfdD mutants
where P-body-like foci were also present constitutively.
Altogether, these data suggested that the P-body induction de-
scribed here was due to the misfolding of specific targets of the
prefoldin-Cct/chaperonin pathway.

Tubulin monomers are the likely prefoldin
substrates responsible for the elevated formation
of P-body-like foci
Previous work indicates that there are many substrates for the
prefoldin complex in vivo (Geissler et al. 1998; Vainberg et al.
1998). Perhaps the best characterized of these are the actin and
tubulin monomers that make up two of the key cytoskeletal sys-
tems in the eukaryotic cell (Simons et al. 2004). Here, we tested
whether disruption of either of these networks would also sup-
press the P-body assembly defect of the pat1D mutant. The drugs,
latrunculin A and benomyl, were used to disrupt the actin and
microtubule networks, respectively (Machin et al. 1995; Richards
et al. 2000; Cox et al. 2004; Sahin et al. 2008). The growth of pfdD

mutants has been shown to be sensitive to both of these
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inhibitors (Vainberg et al. 1998). It is important to note that the

loss of any of the six PFD genes resulted in a similar sensitivity to

benomyl (Supplementary Fig. 3a). This result conflicts with an

earlier report suggesting that the pfd1D mutant did not exhibit

this sensitivity (Millán-Zambrano et al. 2013). Here, we found that

the pat1D defect was suppressed by the presence of benomyl but

not latrunculin A (Fig. 3a and Supplementary Fig. 3b). For these

studies, pat1D cells were transferred to a medium lacking glucose

and containing the appropriate drug. The level of suppression

with benomyl was similar to that observed with the pfdD muta-

tions. This effect was again largely specific for the pat1D strain as

there was little suppression by benomyl noted with the edc3D

lsm4DC mutant (Fig. 3b). Therefore, the pfdD-mediated suppres-

sion of the pat1D defect may be due to effects on the microtubule

system.
A potential connection between P-bodies and microtubules

has been reported previously. Studies with both yeast and mam-

malian cells have found that P-body numbers can increase in re-

sponse to treatments that disrupt microtubules (Sweet et al. 2007;

Aizer et al. 2008). It has also been reported that P-body granules

may move along microtubule networks in mammalian cells

(Aizer et al. 2008). Here, we set out to confirm and extend these

observations. We first tested whether the addition of benomyl

would trigger P-body formation in log-phase cultures of wild-type

yeast cells. Such a result would be consistent with the constitu-

tive presence of P-body-like granules in the pfdD strains. Indeed,

we found that P-body-like foci were induced following a 60-min

treatment with benomyl (Fig. 3c). The benomyl concentration

used, 15 mg/ml, did not have a significant effect on the growth of

wild-type cells (Supplementary Fig. 3a). Multiple P-body reporters

were found within these granules, including Dcp1, Dcp2, Edc3,

Lsm1, and Xrn1 (Fig. 3c). This induction was specific for P-bodies

as the presence of benomyl did not lead to the formation of a sec-

ond RNP granule, known as the stress granule (Supplementary

Fig. 3c). Stress granule formation was assessed by the visualiza-

tion of the Pab1, Pbp1, and Pub1 reporters (Swisher and Parker

2010; Kozubowski et al. 2011; Kroschwald et al. 2018). Finally, the

addition of latrunculin A to wild-type cells did not result in the

Fig. 1. The loss of prefoldin chaperone activity suppressed the P-body assembly defect associated with the pat1D mutant. a, b) Deletion of any of the six
PFD genes resulted in the suppression of the pat1D P-body formation defect. Cells expressing the indicated P-body reporters were grown to mid-log
phase and then transferred to a medium lacking glucose for 30 min. The cells were examined by fluorescence microscopy both before (Log) and after
the period of glucose deprivation (�Glc). The fraction of cells with a visible focus is indicated. Scale bar, 5 mm. c) Deletion of PFD1 did not suppress the P-
body formation defect of the edc3D lsm4DC mutant. Cells expressing the indicated P-body reporters were analyzed as described in (a). The observed
differences in foci formation were determined to be statistically significant with a two-proportion Z-test where the resultant P-values were all less than
7 � 10�7. The P-values for all relevant comparisons are provided in Supplementary Table 3.
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formation of these P-body-like granules (Supplementary Fig. 3d).
Thus, disruption of the microtubule network appeared to lead to
a specific induction of P-body-like foci.

We further examined the effects of perturbing microtubule in-
tegrity by assessing P-body formation in strains defective for a set
of tubulin-specific chaperones. Following their release from the
Cct/chaperonin complex, a- and b-tubulins interact with addi-
tional chaperone proteins that facilitate folding and heterodimer
formation (Lopez-Fanarraga et al. 2001). These chaperones are
collectively referred to as the TFCs and a schematic depicting this

folding pathway is shown in Fig. 4a (Lewis et al. 1997; Szymanski
2002). This pathway has two separate arms involving chaperones
specific for the a- and b-tubulins. The formation of the hetero-
dimer is then mediated by a pair of shared cofactors that together
help form the functional a/b heterodimer. Here, we found that P-
bodies were present in log phase cultures of mutants lacking any
of these TFC activities (Fig. 4b). Although there was substantial
induction in all these mutants, the fraction of cells containing
foci was highest for those strains defective for the two a-specific
TFCs, Alf1 and Pac2. We also assessed P-body formation in pat1D

Fig. 2. The loss of prefoldin or Cct/chaperonin activity resulted in the constitutive induction of P-body-like foci. a–c) Deletion of any of the six PFD genes
resulted in the presence of P-body-like foci during log phase growth. Cells expressing either the Dcp2- or Edc3-mCh reporter were grown to mid-log
phase and then transferred to a medium lacking glucose for 30 min. The cells were examined by fluorescence microscopy both before (Log) and after
the period of glucose deprivation (�Glc). The fraction of cells with a visible focus is indicated. d) The loss of Cct/chaperonin activity led to the induction
of P-body-like granules. Strains harboring the temperature-sensitive alleles, cct4-1 and cct6-18, were examined by fluorescence microscopy after growth
at 25�C (permissive temperature), 30�C (semipermissive) or following a temperature shift from 25�C to 37�C (nonpermissive) for 30 or 60 min. The
fraction of cells with a visible focus is indicated for each condition. Scale bar, 5 mm. The observed differences in foci formation were determined to be
statistically significant with a two-proportion Z-test where the resultant P-values were typically less than 2 � 10�6. The P-values for all relevant
comparisons are provided in Supplementary Table 3.
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cells and found that this defect was partially suppressed by the
loss of most TFC activities (Fig. 4c). However, this suppression
was typically more modest than that observed with the pfdD

mutations but was again the strongest with the pac2D mutant.
Thus, these data provided additional support for a model positing
that the disruption of microtubule-related activities was respon-
sible for the foci induction observed here. All of the conditions or
mutations that resulted in foci formation are known to have an
influence on tubulin monomer folding and/or the integrity of the
cellular microtubule network.

The BIGs were morphologically distinct from P-
bodies but still exhibited hallmarks of a liquid
phase compartment
In S. cerevisiae, an exposure to stresses like glucose deprivation
typically results in the formation of one, or perhaps two, large,
bright P-body foci per cell (Fig. 5a). These granules tend to persist
for as long as the inducing condition is imposed (Teixeira and
Parker 2007; Shah et al. 2013). Here, we examined the granules
that form in response to benomyl and found that they were mor-
phologically distinct from these previous P-body examples.
Following a treatment with benomyl, wild-type cells were found
to have multiple (2–6) smaller foci of a more moderate intensity
(Fig. 5a; see Materials and Methods for imaging details). To assess
the persistence of these foci, a time-course was performed with
cells expressing either a Dcp2- or Edc3-GFP reporter. The cells

were treated with 50 mg/ml benomyl and followed by fluorescence
microscopy for up to 3 h. In both cases, benomyl-induced foci
were observed to form within 15 min and to persist throughout
the 3-h incubation period (Fig. 5, b and c). However, although the
Edc3 numbers remained relatively constant throughout the incu-
bation period, there was a drop and subsequent rise in the num-
ber of cells containing Dcp2 foci following the 90-min timepoint.
The significance of these Dcp2 fluctuations is not yet clear.

Despite these differences, both types of granules were found
to exhibit characteristics of liquid-like condensates. For example,
both were observed to be spherical, a shape that is associated
with liquid structures so as to reduce surface tension (Fig. 5a)
(Hyman et al. 2014). A second hallmark of these types of conden-
sates is that they are sensitive to the aliphatic alcohol, 1,6-hexa-
nediol. This reagent has been shown to disrupt condensates
formed in both in vivo and in vitro settings (Kroschwald et al.
2017; Alberti et al. 2019). For example, P-bodies have been found
to rapidly disperse when cells are treated with 1,6-hexanediol
(Fig. 6a) (Kroschwald et al. 2017). We found that the benomyl-
induced foci described here were similarly sensitive to this alco-
hol (Fig. 6a). For these studies, cells were exposed to benomyl to
induce the P-body-like foci and 1,6-hexanediol was then added to
a final concentration of 10% (v/v). The foci present were found to
dissipate within 10 min at 30�C. A similar sensitivity to 1,6-hexa-
nediol was also observed for the Dcp2-containing foci detected in
pfd1D and pac2D cells (Fig. 6b). This sensitivity to 1,6-hexanediol

Fig. 3. Benomyl-mediated disruption of the microtubule network suppressed the pat1D P-body assembly defect. a, b) The effects of the microtubule
depolymerizing drug, benomyl, on P-body assembly in the pat1D and edc3D lsm4DC mutants. Cells expressing the indicated P-body reporters were grown
to mid-log phase (Log) and then transferred to a medium lacking glucose for 30 min (�Glc). Benomyl was added to a final concentration of 50 mg/ml to
cells in each of these conditions, mid-log and glucose starved, and fluorescence microscopy was performed after a 60-min incubation. The fraction of
cells containing a P-body-like focus is indicated for each condition. Data are shown for the pat1D strain in (a) and edc3D lsm4DC in (b). Note that benomyl
specifically suppressed the P-body defect in the pat1D mutant. Scale bar, 5mm. c) Benomyl treatment induced P-body-like foci in wild-type cells. Wild-
type cells expressing the indicated P-body reporters were grown to mid-log phase and then treated with benomyl (15mg/ml) for 60 min. Fluorescence
microscopy was performed both before (Log) and after the benomyl treatment (þBen). The fraction of cells containing a P-body-like focus is indicated.
The observed differences in foci formation were determined to be statistically significant with a two-proportion Z-test where the resultant P-values
were all less than 8 � 10�9. The P-values for all relevant comparisons are provided in Supplementary Table 3.
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suggests that the granules described here are not irreversible
aggregates of the tagged reporter proteins.

Finally, we asked whether the different P-body reporters ex-
amined here were located within the same foci following an ex-
posure to benomyl. For this analysis, the degree of colocalization
between Edc3, Dcp2, and Xrn1 was assessed in cells that had
been either treated with benomyl or deprived of glucose. In both
instances, we found that the level of colocalization between these
reporters was greater than 85% (Fig. 6, c and d and
Supplementary Fig. 4, a and b). These data therefore indicated
that these P-body proteins were found within the same granules
in benomyl-treated cells.

Several known P-body constituents were absent
from the BIGs
To further define the foci induced by benomyl, we tested whether
known P-body constituents were all present in these granules.
Although most were associated with these structures (Fig. 3c),
there were three notable exceptions, Pat1, Hrr25 and Dhh1. As in-
dicated above, Pat1 is a conserved core constituent of P-body
granules. However, we found that Pat1 was not associated to a
significant degree with the foci that were induced by benomyl in
wild-type cells after 15 or 30 min (Fig. 7a). There were some foci

detected after 60 min, but these were typically much less intense
than what was observed with other reporters, like Edc3 (see
Fig. 5a). Pat1 was also absent from the cytoplasmic foci that were
detected in the pfd1D, pac2D and cctts mutants (Figs. 2d and 7a).
These latter mutants are all known to have defects in tubulin
monomer folding (Lewis et al. 1997; Lopez-Fanarraga et al. 2001;
Grantham et al. 2006; Gestaut et al. 2019). This lack of association
with the benomyl-induced foci was interesting as these struc-
tures still appeared to require Pat1 for their formation. For exam-
ple, pat1D cells formed significantly fewer foci in response to a
benomyl treatment than the wild-type control (Fig. 3a). Thus, the
Pat1 protein appears to have a role in the formation of BIGs, even
though it is not a stable resident of these structures.

The second protein absent from BIGs was Hrr25, the yeast
ortholog of the d/e isoform of the mammalian CK1 protein kinase
(Fig. 7a) (DeMaggio et al. 1992; Fish et al. 1995). Hrr25 has been
shown to be a constituent of the P-bodies induced by all condi-
tions tested previously (Shah et al. 2013; Zhang et al. 2016). This
association with the P-body protects Hrr25 from degradation by
the proteasome and is essential for the normal completion of
meiosis (Zhang et al. 2016, 2018). However, we found that Hrr25
was not associated with the foci induced by benomyl in wild-type
cells nor with those detected in log phase cultures of the pfd1D

Fig. 4. Loss of TFC activity causes constitutive induction of P-body-like foci. a) A schematic depicting the folding pathway for tubulin monomers. Newly
synthesized a/b-tubulin is bound by the prefoldin complex and escorted to Cct/chaperonin for ATP-dependent folding. Following release from the Cct/
chaperonin complex, a/b-tubulin folding is mediated by isoform-specific folding cofactors. Subsequently, a Pac2–Cin2–Cin1 complex is formed which
facilitates folding of a functional tubulin heterodimer. It has been proposed that Cin4 (analogous to human ARL2) may further participate in tubulin
folding either through inhibiting the GAP-activity and/or preventing Cin1 interactions with b-tubulin (Bhamidipati et al. 2000). b) Mutants lacking TFC
activities exhibited constitutive formation of P-body-like foci. tfcD mutants expressing the indicated P-body reporters were analyzed by fluorescence
microscopy in the mid-log phase of growth (Log) and after 30 min of glucose deprivation (�Glc). The fraction of cells with a visible focus is indicated.
The images shown are maximum intensity Z-projections (see Materials and Methods for more details). Scale bar, 5 mm. c) The loss of TFC activities
suppressed the P-body assembly defect associated with the pat1D mutant. tfcD pat1D double mutants were analyzed by fluorescence microscopy as
described in (b). The observed differences in foci formation were determined to be statistically significant with a two-proportion Z-test where the
resultant P-values were all less than 5 � 10�8 (for b) or 4 � 10�2 (c). The P-values for all relevant comparisons are provided in Supplementary Table 3.
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and pac2D mutants (Fig. 7a). In contrast, this protein kinase was
detected within the foci that form in cells that were subjected
concurrently to both a benomyl treatment and glucose depriva-
tion (Fig. 7, b and c). This latter association was observed in wild-
type and pat1D cells. In both strains, these latter Hrr25 foci were
also found to contain the P-body constituents, Dcp2 and Edc3;
the colocalization observed was found to approach 100% in all
instances (Fig. 7, b and c). These results suggested that the pres-
ence of Hrr25 in P-body-like foci may be regulated by glucose
availability. However, the key point here is that Hrr25 was not
present within the P-body-like granules that were induced by
conditions, like benomyl, that disrupt microtubule integrity and/
or function.

The third protein of note is another conserved constituent of
P-body granules, the RNA helicase, Dhh1 (Coller et al. 2001; Cheng
et al. 2005; Xing et al. 2020). In this case, the association with BIGs
was found to be dependent upon the benomyl concentration
used. Although Dhh1 was not associated with the foci induced by
15 mg/ml benomyl, it was detected within the granules produced

in response to higher concentrations of this drug, like 50 mg/ml
(Fig. 7a and Supplementary Fig. 5). However, in this latter case,
the recruitment to foci was significantly delayed relative to that
of other reporters, like Dcp2 and Edc3 (Figs. 5a and 7a). This delay
in recruitment for Dhh1 has not been observed for the P-bodies
induced by glucose deprivation. Notably, Dhh1 was also absent
from the foci that were constitutively present in the pfd1D and
pac2D strains (Fig. 7a). In all, these data indicated that there were
compositional differences between the benomyl-induced foci ob-
served here and the more traditional P-bodies described previ-
ously.

The a-tubulin, Tub3, was not associated with the
benomyl-induced foci
We also asked whether a-tubulin was associated with the BIGs
described here. This possibility was suggested by previous work
that found a Tub1-GFP fusion protein in the P-body-like foci in-
duced by benomyl (Sweet et al. 2007). S. cerevisiae has two a-tubu-

lins, a major isoform, Tub1, and a more minor form, Tub3

Fig. 5. The morphology and persistence of the BIGs. a) The foci induced by benomyl were morphologically distinct from P-bodies forming in response to
glucose deprivation. Wild-type cells expressing the indicated P-body reporters were analyzed by fluorescence microscopy after 0, 15, 30, and 60 min of
treatment with benomyl (50 mg/ml). The foci forming in response to glucose deprivation (30 min) are shown for comparison purposes. The images
presented are maximum intensity Z-projections. The P-body reporters examined were Dcp1, Dcp2, Edc3, Lsm1, and Xrn1. Scale bar, 5 mm. b, c) A time-
course of foci induction with benomyl. Wild-type cells expressing the indicated P-body reporters were incubated with benomyl (50 mg/ml) for the times
shown and then examined by fluorescence microscopy. A graph showing the quantification of the data collected is presented in (c). For this experiment,
the fraction of cells containing foci was evaluated with an intensity thresholding method described in the Materials and Methods. The observed
differences in foci formation were determined to be statistically significant with a two-proportion Z-test where the resultant P-values were all less than
2 � 10�13. The P-values for all relevant comparisons are provided in Supplementary Table 3.
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Fig. 6. The P-body-like foci induced by microtubule perturbations contain multiple P-body reporters and exhibit hallmarks of liquid-like condensates. a)
BIGs are dispersed by treatment with the aliphatic alcohol, 1,6-hexanediol. Wild-type cells containing granules induced by either glucose deprivation or
a benomyl treatment were incubated with 1,6-hexanediol (10% v/v) for 10 min and then examined by fluorescence microscopy. The granules were
marked by the GFP-tagged reporters, Dcp1, Dcp2, Edc3, and Xrn1. The fraction of cells with a visible focus is indicated. Scale bar, 5 mm. b) The
constitutive P-body-like foci in the tfcD mutants, cin2D and pac2D, were also sensitive to 1,6-hexanediol treatment. The granules present in either mid-
log phase (Log) or glucose-deprived (�Glc) cells were visualized by fluorescence microscopy both before and after the cells were treated with 1,6-
hexanediol. The fraction of cells with a visible Dcp2-mCh focus is indicated. c, d) The BIGs contain multiple P-body reporters. The colocalization
between the P-body reporters, Dcp2, Edc3, and Xrn1, was assessed for the granules induced by either glucose deprivation (�Glc) or benomyl treatment.
Colocalization was evaluated by fluorescent microscopy. The fraction of cells containing a focus for each P-body reporter (white) and the percentage of
colocalization between the P-body reporters (yellow, Merge) are indicated. The % colocalization was calculated as described in the Materials and Methods.
The bottom row shows an enlarged view of the indicated cells for each condition. Scale bar, 5 mm. The observed differences in foci presence were
determined to be statistically significant with a two-proportion Z-test where the resultant P-values were all less than 2.2 � 10�16. The P-values for all
relevant comparisons are provided in Supplementary Table 3.
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(Richards et al. 2000). The Tub1 fusion used in this prior study
was obtained from a commercially available collection of strains
that express GFP fusion proteins. However, our sequence analysis
indicated that this Tub1-GFP construct was not correct and that
this strain was instead expressing an unnatural variant of Tub3.
Specifically, this strain expressed a Tub3 protein that had 2 addi-
tional glutamic acid residues inserted before the terminal phenyl-
alanine (Supplementary Fig. 6a; see Materials and Methods for

more details). Thus, to test whether an a-tubulin was present in
the foci observed here, we used strains expressing a Tub3-GFP re-
porter that was verified by a sequence analysis (Supplementary
Fig. 6a). For these studies, we assessed the colocalization between
Tub3 and 3 P-body reporters, Dcp2, Edc3, and Xrn1, in cells that
had been treated with 50 mg/ml benomyl. In all cases, we found
no significant colocalization between Tub3 and the P-body re-
porter (Fig. 8, a–c). We also found no colocalization between Tub3

Fig. 7. Key P-body constituents were absent from the granules induced by disruption of the microtubule network. a) The differential localization of
Dhh1, Hrr25, and Pat1 in P-bodies and BIGs. Wild-type cells (wt) expressing the Dhh1-, Hrr25-, and Pat1-GFP reporters were examined by fluorescence
microscopy during log phase growth (Log), after glucose deprivation (�Glc) or following treatment with benomyl (50 mg/ml) for the indicated times. Log
phase and glucose-deprived cultures of the pfd1D and pac2D mutants expressing these same P-body reporters were also analyzed by fluorescence
microscopy. The fraction of cells containing a focus is indicated for each condition. Scale bar, 5 mm. b, c) Hrr25 was not localized to the granules
induced by benomyl treatment alone. The colocalization of Hrr25-mEGFP with either Dcp2- or Edc3-mCh was assessed by fluorescence microscopy in
wild-type (wt) and pat1D cells under the indicated conditions. The cells were examined during log phase growth (Log), after a 60-min benomyl
treatment (Log, þBen), after a 60-min period of glucose deprivation (�Glc) and after both glucose deprivation and benomyl treatment (�Glc, þBen). The
fraction of cells containing a focus for each P-body reporter and the percentage of colocalization between the P-body reporters (Merge) are indicated.
The % colocalization was calculated as described in the Materials and Methods. Note that Hrr25 as only recruited to granules in those cells that had been
deprived of glucose. Scale bar, 5 mm.
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and these reporters in cells that had been deprived of glucose so
as to trigger the induction of traditional P-body granules (Fig. 8,
a–c). Dcp2 also failed to colocalize with a GFP-tagged version of
Tub4, the c-tubulin analog in S. cerevisiae (Fig. 8d). Consistent
with the microscopy data, we found that the a-tubulin proteins
were not present in Dcp2 immunoprecipitates isolated from cells
that had been treated with benomyl (Supplementary Fig. 6b).
Thus, we found no evidence for the presence of a-tubulin in ei-
ther the BIGs described here or the more traditional P-body foci
that form in response to glucose deprivation.

The benomyl-induced foci were not regulated by
the PKA signaling pathway
Given the above differences, we were interested in whether the
assembly of BIGs might be regulated differently than traditional
P-bodies. Of particular interest was the role played by the PKA
signaling pathway. PKA has been shown to inhibit P-body forma-
tion in S. cerevisiae via the direct phosphorylation of Pat1

(Ramachandran et al. 2011). A reduction in PKA activity is thus
generally required for efficient P-body assembly. For example,
PKA activity diminishes rapidly upon glucose deprivation and
this decrease is necessary for the ensuing induction of P-body
foci (Ramachandran et al. 2011; Shah et al. 2013). Here, we tested
whether PKA levels were affected by the presence of benomyl.
For this analysis, we used a PKA biosensor that contains an N-ter-
minal fragment of the choline kinase, Cki1 (Fig. 9a) (Deminoff
et al. 2006). This fragment has two documented PKA sites, and
when phosphorylated this reporter migrates more slowly in SDS-
polyacrylamide gels. The ratio of the phosphorylated and non-
phosphorylated forms of the reporter serves as a relative mea-
sure of the in vivo levels of PKA activity (Deminoff et al. 2006;
Ramachandran and Herman 2011). We examined this biosensor
by western blotting with extracts prepared from wild-type cells
both before and after a benomyl treatment. This analysis indi-
cated that neither the total level nor the ratio of the two forms of
this biosensor were significantly affected by the presence of this

Fig. 8. The P-body-like granules induced by benomyl did not contain the a-tubulin isoform, Tub3. a–c) Wild-type cells expressing Tub3-GFP and the
indicated mCh-tagged P-body reporters were examined by fluorescence microscopy during log phase growth (Log), after a period of glucose deprivation
(�Glc) and following a 60-min treatment with 50 mg/ml benomyl (þBen). The fraction of cells containing a focus for each P-body reporter (white) and
percentage of colocalization between Tub3 and the different P-body reporters (yellow) are indicated. The % colocalization between Tub3 and each P-
body reporter was assessed as described in the Materials and Methods. d) The Tub4 c-tubulin was not localized to the P-body-like granules induced by
either benomyl or a glucose deprivation. Wild-type cells expressing Tub4-GFP and the indicated P-body reporters were examined by fluorescence
microscopy under the same conditions as described for (a)–(c).
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drug (Fig. 9, b and d). In contrast, the level of the phosphorylated

form of this biosensor decreased dramatically upon glucose dep-

rivation (Fig. 9, b–d). The relative levels of this biosensor were

also unaffected in the pfd1D and pac2D mutant strains that had

elevated levels of P-body-like foci (Fig. 9, c and d). Altogether,

these results indicated that PKA signaling activity was not af-

fected by the presence of benomyl and that the BIGs described

here must be responding to some other regulatory signals.

Discussion
This study found that P-body-like granules form in response to

conditions that disrupt microtubule integrity in the budding

yeast, S. cerevisiae. The P-body is a cytoplasmic membraneless or-

ganelle that has been implicated in the decay and/or storage of

mRNAs. The initial finding here was that the P-body assembly de-

fect in pat1D mutants was suppressed by mutations that inacti-

vate the prefoldin-Cct/chaperonin folding pathway. The Pat1

protein is a conserved constituent of P-bodies that is required for

efficient granule formation (Teixeira and Parker 2007; Pilkington

and Parker 2008). Subsequent work indicated that this suppres-

sion was likely due to a failure to properly fold tubulin monomers

in these mutants. For example, similar P-body-like granules were

detected in mutants defective for any of the tubulin-specific

chaperones, known as the TFCs, and in wild-type cells that were

treated with the drug, benomyl. Benomyl binds to b-tubulin and

disrupts the integrity of microtubules in S. cerevisiae (Hochwagen

et al. 2005; Vela-Corc�ıa et al. 2018). The granules identified were

found to contain known P-body markers and to exhibit traits con-

sistent with condensates that form by liquid-liquid phase separa-

tion. In all, these data indicated that perturbations of the

microtubule network trigger the induction of cytoplasmic gran-
ules that resemble the previously described P-body.

Further work indicated that these BIGs differ from traditional
P-bodies in a number of interesting ways. The differences in-
cluded aspects of protein composition, granule morphology, and
the manner in which induction was regulated. With respect to
the former, we found that several key P-body constituents were
absent from BIGs. These included the aforementioned Pat1 and
the CK1 protein kinase homolog, Hrr25. Both of these proteins
have been found to be associated with the P-bodies induced by all
conditions described to date. The Dhh1 RNA helicase was also ei-
ther absent from BIGs or recruited to these foci only after an ex-
tended delay. The absence of Pat1 is particularly interesting as
this protein was still required for the efficient formation of BIGs.
Thus, Pat1 appears to have a role in granule formation, even
though it is not a stable resident of this structure. Finally, the
data here suggest that the formation of BIGs is not regulated by
PKA signaling activity. P-body formation was shown previously to
be inhibited by PKA via the direct phosphorylation of the Pat1
protein (Ramachandran et al. 2011; Shah et al. 2013). Thus, BIG in-
duction must be regulated by some other means independent of
this signaling pathway.

Altogether, these data suggest that BIGs exhibit features that
distinguish them from the P-bodies that are induced by stress
conditions like glucose deprivation. Although the significance of
these differences is not yet clear, it is possible that BIGs represent
a particular subtype of P-body with distinct physiological roles in
cells. For example, previous work has implicated P-bodies in two
competing aspects of mRNA metabolism, decay and storage
(Eulalio et al. 2007; Balagopal and Parker 2009; Arribere et al. 2011;
Zid and O’Shea 2014; Hubstenberger et al. 2017; Standart and
Weil 2018). The BIGs described here could be associated with one

Fig. 9. PKA signaling activity was not affected by benomyl treatment or in cells lacking prefoldin or TFC activities. a) A schematic of the Cki1 reporter
used for these studies is shown indicating the two sites of PKA phosphorylation, Ser30 and Ser85 (Deminoff et al. 2006). b) PKA activity in wild-type cells
was not affected by the presence of benomyl. Protein extracts were prepared from wild-type cells expressing this Cki1 reporter during log phase growth
(Log), after glucose deprivation (�Glc) or following treatment with the indicated concentrations of benomyl (per ml) for 60 min. Western blots were
performed with an anti-Myc epitope antibody to assess the relative levels of the phosphorylated (Cki1-P) and nonphosphorylated (Cki1) forms of this
reporter under each condition. Pgk1 was used as a loading control for this experiment. c) PKA activity was not altered in mutants defective for prefoldin
(pfd1D) or TFC (pac2D) activities. Protein extracts were prepared from wild-type, pfd1D and pac2D cells expressing this Cki1 reporter during log phase
growth (Log) and after glucose deprivation (�Glc). Western blots were then performed as described above in (b). d) Quantification of the data presented
in (b) and (c). The graph indicates the log2 fold change of the Cki1-P to Cki1 ratio for the indicated strains and treatment conditions. As previously
reported, glucose deprivation resulted in a significant reduction of PKA activity. The asterisks indicate those values that vary from the wild-type log
phase control in a statistically significant manner with P-values determined by a paired t-test to be less than 3.2 � 10�2.
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of these activities and the ultimate choice between the two could

be controlled by the inclusion (or not) of specific P-body constitu-

ents in the granules. The presence of different functional classes

of a membraneless organelle that are distinguished by protein

composition is something that has been suggested previously

(Mitrea and Kriwacki 2016; Boeynaems et al. 2018; Gomes and

Shorter 2019; Zhang and Herman 2020). In this light, it will be in-

teresting to determine whether any of the P-body-like granules

identified recently might differ in similar ways from those in-

duced by stresses like glucose deprivation (Loll-Krippleber and

Brown 2017; Garc�ıa et al. 2019). Additional work is clearly needed

to test these types of possibilities and to ultimately determine the

physiological role of BIGs in eukaryotic cells.
The final point here concerns the relationship between BIGs

and microtubules. More precisely, how does the disruption of mi-

crotubule integrity and/or function trigger the formation of these

granules? A possibility that was suggested previously is that P-

body proteins could be associated with microtubules and that

this association would restrict protein movement (Sweet et al.

2007; Aizer et al. 2008). The disruption of the microtubule network

would then free up these proteins and allow them to assemble

into the observed granules. However, there is little evidence to

date of any such association between P-body proteins and micro-

tubule polymers. Alternatively, the release of tubulin monomers

(or dimers) could be responsible for the stimulation of granule

formation. Although we did not detect any a-tubulin association

with BIGs, these effects could be indirect or involve microtubule-

associated components other than the tubulin monomers them-

selves. Another intriguing possibility is that the formation of

these granules could occur as a consequence of a tubulin-related

regulatory phenomenon like the autoregulation that has been de-

scribed in animal cells (Gay et al. 1987; Katz et al. 1990; Gasic and

Mitchison 2019). In this process, tubulin mRNAs are targeted for

degradation by an unknown mechanism when microtubule in-

tegrity is breached (Gasic and Mitchison 2019). However, it should

be noted that there is no evidence for this regulatory paradigm in

S. cerevisiae and several studies have suggested that this process

does not occur in this budding yeast (Katz et al. 1990; Weinstein

and Solomon 1990; Theodorakis 1994). In any case, it will be im-

portant to understand why P-body-like granules form in response

to microtubule disruption and to determine whether these gran-

ules have any role in the regulation of microtubule dynamics.
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