eLIFE

elifesciences.org

*For correspondence:
daniel-weeks@uiowa.edu

Competing interests: The
authors declare that no
competing interests exist.

Funding: See page 21

Received: 19 January 2018
Accepted: 01 July 2018
Published: 17 July 2018

Reviewing editor: Anthony A
Hyman, Max Planck Institute of
Molecular Cell Biology and
Genetics, Germany

(©) Copyright Hayes et al. This
article is distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

RESEARCH ARTICLE a @

Dual roles for ATP in the regulation of
phase separated protein aggregates in
Xenopus oocyte nucleoli

Michael H Hayes’, Elizabeth H Peuchen?, Norman J Dovichi?, Daniel L Weeks'**

"Molecular Medicine Doctoral Program, University of lowa Carver College of
Medicine, lowa City, United States; “Department of Chemistry and Biochemistry,
University of Notre Dame, Notre Dame, United States; *Department of
Biochemistry, University of lowa Carver College of Medicine, lowa City, United
States

Abstract For many proteins, aggregation is one part of a structural equilibrium that can occur.
Balancing productive aggregation versus pathogenic aggregation that leads to toxicity is critical
and known to involve adenosine triphosphate (ATP) dependent action of chaperones and
disaggregases. Recently a second activity of ATP was identified, that of a hydrotrope which,
independent of hydrolysis, was sufficient to solubilize aggregated proteins in vitro. This novel
function of ATP was postulated to help regulate proteostasis in vivo. We tested this hypothesis on
aggregates found in Xenopus oocyte nucleoli. Our results indicate that ATP has dual roles in the
maintenance of protein solubility. We provide evidence of endogenous hydrotropic action of ATP
but show that hydrotropic solubilization of nucleolar aggregates is preceded by a destabilizing
event. Destabilization is accomplished through an energy dependent process, reliant upon ATP and
one or more soluble nuclear factors, or by disruption of a co-aggregate like RNA.

DOI: https://doi.org/10.7554/eLife.35224.001

Introduction

Maintenance of protein solubility is crucial for proteostasis. Dysfunction can lead to the aggregation
of functional soluble proteins into pathologic self-templating complexes called amyloid. Amyloid
aggregates underlie the cytotoxicity seen in Alzheimer’s disease, type |l diabetes, amyotrophic lat-
eral sclerosis, and many other pathologic conditions (Knowles et al., 2014). However, the coales-
cence of proteins into macromolecular complexes, which undergo liquid-liquid phase separation
(LLPS) (Banani et al., 2016, Berry et al., 2018; Courchaine et al., 2016; Lee et al., 2013) or self-
assemble into amyloid fibrils, is vital to a diverse set of cellular processes. These aggregated pro-
teins contribute to activities such as hormone storage, formation of non-membrane bound organ-
elles, and long-term memory (Courchaine et al., 2016, Boke et al., 2016, Heinrich and Lindquist,
2011; Maiji et al., 2009; Majumdar et al., 2012). Many proteins naturally aggregate. For example,
some proteins with RNA binding or low complexity domains exist in both soluble and aggregated
states. Switching from one state to the another can be controlled by concentration, environment, or
presence of a co-aggregate. In other instances, the switch is an energy dependent process
(Phair and Misteli, 2000; Shorter and Lindquist, 2004).

Depletion of adenosine triphosphate (ATP) has been shown to influence the balance between sol-
uble and aggregated states for proteins in yeast and metazoans, suggesting normal proteostasis is
maintained by energy dependent chaperones and disaggregases (Lee et al, 2013;
Brangwynne et al., 2011; Feric et al., 2016, Hyman et al., 2014; Kroschwald et al., 2015;
Saad et al., 2017). These enzymes, such as yeast Hsp104 or the Hsp70 co-chaperone complex in
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metazoans, rely on ATP hydrolysis to maintain the dynamic nature of functionally aggregated pro-
teins and reverse pathological aggregation (Kroschwald et al., 2015, Saad et al., 2017,
Nillegoda et al., 2015; Shorter, 2011; Vacher et al., 2005).

ATP, best known as the energy currency of the cell, has recently been shown to act as a hydro-
trope to destabilize aggregated proteins (Patel et al., 2017). Hydrotropes are co-solvents capable
of bringing poorly soluble or insoluble compounds into solution (Eastoe et al., 2011). Hydrotropic
solubilization is concentration dependent requiring that the minimum hydrotropic concentration of
the hydrotrope be reached before they act as a co-solvent (Eastoe et al., 2011, Schreier et al.,
2000). Above the minimum hydrotropic concentration, hydrotropes promote solubilization by
decreasing the interfacial tension between solute and solvent. Some hydrotropes seem to assume
micellular structures while others facilitate solubilization through the formation of more open, planar
structures (Schreier et al., 2000). Meyer and Voigt, (Meyer and Voigt, 2017) in discussing the pos-
sible role of ATP as a hydrotrope, point out that ATP would not be expected to form micelles but
does have the chemical features needed to serve as a hydrotrope. ATP is able to function as a
hydrotrope because it is an amphiphile, a compound with hydrophilic and hydrophobic properties.
For ATP, the adenosine ring contributes a hydrophobic moiety while the 5’ triphosphate contributes
the hydrophilic component.

Using recombinant protein in vitro, Patel and colleagues demonstrated that the hydrotropic activ-
ity of ATP was sufficient to solubilize LLPS droplets made from purified protein at concentrations
approaching ATP’s maximum physiologic level (4-8 mM). In contrast, lower yet still physiologic, con-
centrations of ATP (1-2 mM) had a limited effect on protein solubility. Patel et al. (Patel et al.,
2017) postulated that high intracellular concentration of ATP contributes to maintenance of protein
solubility and inhibits pathologic protein aggregation in an energy independent manner
(Patel et al., 2017). How interactions with other proteins, post translational modification, or the
presence of co-aggregates, like RNA or poly-ADP ribose, may influence an endogenous aggregate’s
susceptibility to hydrotropic action was not investigated (Saad et al., 2017, Andersen et al., 2005;
Boamah et al., 2012; Ellis et al., 2010; Kar et al., 2011; Tollervey and Kiss, 1997). Among the cel-
lular structures that feature aggregated proteins are non-membrane bound organelles. For example,
nucleoli are formed by the coalescence of proteins into functional aggregates, some of which dem-
onstrate liquid-like behavior, yet contain an amyloid-like component (Brangwynne et al., 2011,
Feric et al., 2016; Hayes and Weeks, 2016). These features make nucleoli an ideal tissue to test
the ability of ATP to act as hydrotrope on aggregates of proteins in vivo.

Nucleoli are centers for rRNA synthesis, processing, modification, and ribosome-subunit assem-
bly. They have 100s of proteins, and multiple classes of RNA, including rRNA precursors, mature
rRNA species and many small nucleolar RNAs (snoRNAs). RNA metabolism plays a central role in
nucleolar formation, maintenance, and retention of nucleolar components (Hayes and Weeks, 2016;
Franke et al., 1981; Verheggen et al., 2000). De novo nucleolar formation is dependent upon the
coalescence of RNA binding proteins, such as fibrillarin (Fbl), nucleolin, and nucleophosmin (Npm1),
around pre-made 40S rRNAs (Verheggen et al., 2000). For at least two of these proteins, Fbl and
Npm1, rRNA helps to mediate protein aggregation and LLPS in vitro (Feric et al., 2016). The nucle-
olus is composed of three subregions, whose separation and immiscibility is believed to be the result
of differing surface tension values between subregions (Feric et al., 2016). The subregions are the
granular component, which is the site of ribosome assembly, the dense fibrillar component where
rRNA processing and modification occurs, and the fibrillar core, which is the site of rRNA transcrip-
tion. Each subregion is readily identified by specific markers. Npm1 is found within the granular com-
ponent, while Fbl marks the dense fibrillar component, and the fibrillar core can be identified by the
presence of rDNA repeats or RNA polymerase | (Feric et al., 2016).

The contents of the vertebrate nucleus, including proteome and pool size of various compounds
including ATP, has been reported (Wiihr et al., 2015; Andersen et al., 2005; Gall et al., 2004;
Kiseleva et al., 2004). Most cells have one or a few nucleoli. Xenopus oocyte nuclei contain hun-
dreds of functional nucleoli, some of which are larger than entire eukaryotic cells (Gall et al., 2004).
Their large size is amenable to visual assays, and there is specific information regarding proteins that
participate or interact with aggregated nucleolar proteins (Brangwynne et al., 2011; Feric et al.,
2016). Using Xenopus oocyte nuclei, we developed a novel system to investigate the capacity of
ATP to act as a hydrotrope on endogenous aggregates. We assembled a roster of proteins that
form or are tightly associated with aggregates in the nucleus and nucleolus. Next, we identified
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conditions where the nuclear environment can be manipulated to vary ATP concentration and alter
the relationship between soluble and aggregated proteins. This allowed us to ask specific questions
using naturally occurring aggregates in their endogenous, or near endogenous, environment. Under
some conditions ATP and a non-hydrolysable analog, 5'-(B,y-imido)triphosphate (AMP-PNP) behave
similarly, supporting an energy independent role for ATP in solubilization of aggregated nucleolar
proteins. However, this process requires a sensitization step, such as aggregate destabilization by
RNA depletion or an energy dependent process that requires one or more soluble factors. These
results support a two-step model of in vivo solubilization of poteins that coalesce to make aggre-
gates. We propose that ATP initially acts as an energy source for a destabilizing step conferring sus-
ceptibility to solubilization, and is supported by the energy independent action of ATP as a
biological hydrotrope.

Results

Aggregated proteins are selectively retained in isolated nuclei

We previously demonstrated that freshly isolated Xenopus oocyte nuclei contain ordered protein
aggregates within many sub-nuclear organelles (Hayes and Weeks, 2016). In contrast to soluble
proteins, these aggregates were held in place by the gelled nuclear actin meshwork that forms fol-
lowing isolation in aqueous buffer (Wiihr et al., 2015; Kiseleva et al., 2004; Paine et al., 1992). To
compare the retention of soluble and insoluble nuclear components, we injected mRNA encoding
dTomato with a nuclear localization signal into stage V-VI oocytes (Figure 1A).

Following overnight incubation nuclei were manually isolated in OR2 buffer (Figure 1B), immedi-
ately stained with the amyloid dye thioflavin T, and imaged at 15 min intervals for 1 hr (Figure 1C).
Robust dTomato fluorescence and thioflavin T staining was observed immediately post isolation.
However, consistent with reports by others, dTomato fluorescence rapidly decreased and was at our
limit of visual detection by 30 minutes (Wiihr et al., 2015, Paine et al., 1992). In contrast, thioflavin
T staining remains throughout this time course, indicating that aggregated proteins are retained
even as soluble nuclear components diffuse away. The fate of small molecules, like ATP
(MW = 507.18), was tested by injecting a fluorescent surrogate, Lucifer Yellow (MW = 521.57), into
nuclei of stage VI oocytes. Nuclei were rapidly isolated in OR2 and imaged at 1 min intervals. The
majority of Lucifer Yellow was lost by 5 min post isolation (Figure 1G), indicating small molecules
rapidly equilibrate between isolated nuclei and their surrounding buffer. From an experimental
design point of view, this allows for manipulation of the concentration of small molecules, like ATP,
through supplementation of the isolation buffer. The concentration of small molecules in the nucleus
will match the concentration in aqueous isolation buffer.

The endogenous protein content of isolated nuclei was analyzed via SDS-PAGE. Nuclei were col-
lected and analyzed at 15 min intervals post isolation. Protein loss was easily apparent at 15 min,
and near completion 45 min post isolation (Figure 1D-E). The retained protein pool is distinct from
the initial protein pool (arrows, Figure 1E), and revealed enrichment of actin when compared to
total protein (arrowhead, Figure 1E-F). Consistent with previous reports, densitometric analysis
revealed that approximately 10% of the initial nuclear protein pool was retained after 1 hr of soluble
protein depletion (Figure 1E-F) (Paine et al., 1992). This analysis demonstrates that most endoge-
nous proteins are lost on the same timescale as soluble dTomato, indicating they too are soluble,
and that incubation of nuclei for 1 hr provides a simple method to enrich for endogenously aggre-
gated nuclear proteins.

To identify components of the retained protein pool, we isolated stage V-VI Xenopus oocyte
nuclei in bulk, depleted them of soluble proteins and analyzed them by tandem mass spectrometry
(MS/MS) (Peuchen et al., 2016; Scalenghe et al., 1978). This analysis identified over 120 proteins
that are retained in soluble protein depleted nuclei (FDR = 0.01). Gene ontology analysis (GO::Term-
Finder) revealed that many of the retained proteins are involved in ribonucleoprotein complex bio-
genesis, DNA replication, RNA processing and DNA-templated transcription (representative
proteins are shown in Table 1, the full listing is in Table 1—source data 1 and a key to all data sets
is in Table 1—source data 2) (Boyle et al., 2004). Among the nucleolar proteins enriched in the
retained aggregate enriched proteome were Nucleophosmin and Fibrillarin.
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Figure 1. Protein aggregates are selectively retained in isolated oocyte nuclei. (A) Synthetic mRNA encoding nuclear localized dTomato was injected
into stage V-VI Xenopus laevis oocytes 1 day prior to isolation. Following isolation nuclei were incubated in OR2 buffer for the indicated times then
assayed. (B) Stage VI oocyte with incision site (arrowhead) and manually isolated nucleus (dashed circle). (C) 1 hr time-lapse images of aqueously
isolated and Thioflavin T (Thio T, green) stained nuclei from dTomato-NLS (red) expressing stage VI oocytes demonstrates loss of soluble dTomato, but
retention of Thioflavin T positive aggregates. (D-F) Nuclei were isolated from un-manipulated oocytes, incubated in OR2, collected at 15 min intervals,
and analyzed by SDS-PAGE (D). Coomassie staining (E) with quantitation (F) of soluble protein depleted nuclei demonstrates rapid loss of soluble
endogenous proteins and retention of aggregate associated proteins. The number of nuclear equivalents per lane is indicated at the bottom of (E).
Arrows highlight the subset of proteins enriched following depletion of soluble proteins. Arrowhead highlights 42 kDa actin, which is enriched following
soluble protein depletion (F). (G) Time-lapse images of an isolated stage VI oocyte nucleus immediately following nuclear injection of Lucifer Yellow, a
fluorescent ATP surrogate. Images in (C) and (G) are representative from two independent experiments encompassing at least six nuclei. Data in (F)
contains three biological replicates (3-10 nuclei per replicate) representing material from two separate frogs.

DOI: https://doi.org/10.7554/elife.35224.002

Nucleophosmin (Npm1), localizes to the nucleolar granular component and Fibrillarin (Fbl) is
found within the nucleolar dense fibrillar component (Figure 2A). Both proteins can form aggre-
gates, and have been highlighted as proteins that coalesce into phase separated liquid droplets
(Feric et al., 2016). We verified their retention by injecting GFP-Npm1 and RFP-Fbl encoding mRNA
into stage V-VI oocytes (Figure 2B). After allowing fluorescent proteins to accumulate overnight, we
manually isolated nuclei and examined GFP-Npm1 and RFP-Fbl localization using fluorescent micros-
copy (Figure 2C). Retention of these proteins was confirmed and quantified via western blot analysis
of oocytes injected with GFP labeled Npm1 or Fbl, along with nuclear localized GFP as an internal
soluble protein control. 20.8% + 8.7 of GFP-Fbl and 24.9% + 11.2 of GFP-Npm1 (Figure 2D and Fig-
ure 2—figure supplement 1) were retained after 1 hr of soluble protein depletion.

Compared to total nuclear protein, Nom1 and Fbl were enriched (8.60 + 5.72 fold enrichment of
Fbl and 7.79 + 2.45 of Npm1, Figure 2E and and Figure 2—figure supplement 1) in the retained
pool. Like dTomato (Figure 1), nuclear localized GFP behaves like other soluble proteins and was
present when nuclei were isolated and assayed within 15 minues. However, following soluble protein
depletion roughly 1.0% of control GFP was retained, representing a 0.09 + 0.03 fold enrichment
compared to a total nuclear protein. This is consistent with previous reports investigating the
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Table 1. Representative listing of aggregate and aggregate associated proteins in oocyt nuclei.

Process Gene name

Function (summarized from www.genecards.org)

DNA Replication

TOP2A Topoisomerase Il Alpha, DNA topoisomerase
MCM2 Minichromosome Maintenance Complex Component 2, involved in replication initiation
POLE DNA Polymerase Epsilon, Contributes to DNA repair and replication
WRN Werner Syndrome RecQ Like Helicase, DEAH 5’ to 3' DNA with 3' to 5' exonuclease activity
PRIM2 Primase Subunit 2, DNA directed RNA polymerase that generates lagging
RNA Processing
GTF2H2 General Transcription Factor IIH Subunit 2, member of RNA pol Il transcription initiation factor IIH complex
SRRM1 Serine and Arginine Repetitive Matrix 1, Part of pre- and post-splicing multiprotein mRNP complexes
XAB2 XPA Binding Protein 2, participates in mRNA splicing and nucleotide excision repair
NOLC1 Nucleolar and Coiled-Body Phosphoprotein, heavily modified regulator of RNA pol |
SRSF5 Serine Arginine Rich Splicing Factor 5, spliceosome component with an RRM and RS domains

Transcription, DNA-templated

POLR1C RNA Pol | subunit C, component of RNA Pol | and lll complexes

HSPAS8 Heat Shock Protein Family A Member 8, constitutively expressed member of HSP70 family
NCL Nucleolin, binds histone H1 to decondense DNA

POLRTA RNA pol | subunit A, catalytic and largest subunit or RNA Pol | complex

POLR2E RNA Pol Il subunit E, subunit shared between RNA Pol |, Il, and IlI

Ribonucleoprotein Complex Biogenesis

PES1 pescadillo, member of PeBoW complex and contributes to ribosome biogenesis, binds BRCA1
BOP1 Block of Proliferation 1, participates in rRNA processing and is a member of PeBoW complex
NPM1 Nucleophosmin, multi-functional nucleolar phosphoprotein

DDX21 DEAD-Box Helicase 21, facilitates processing or RNA Pol | and Il transcripts

FBL Fibrillarin, rRNA and protein methyltransferase

DOI: https://doi.org/10.7554/eLife.35224.003

The following source data available for Table 1:

Source data 1. Retained proteins following depletion of soluble nuclear components.
DOV https://doi.org/10.7554/eLife.35224.004

Source data 2. Key with brief descriptions of the data sets.
DOI: https://doi.org/10.7554/eLife.35224.005

dynamics of Npm1 and Fbl which showed they exist in both soluble and aggregated states
(Boke et al., 2016).

With these observations, we established the conditions used to examine isolated Xenopus oocyte
nuclei as a simple model system for studying endogenous nuclear aggregates in vitro (after 1 hr of
soluble protein depletion), in situ (freshly isolated and immediately assayed while soluble proteins
are still present though small molecule concentrations equilibrated to match buffer conditions), or ex
vivo (isolated under oil, allowing both nuclear proteins and small molecules to be retained
[Handwerger et al., 2005; Lund and Paine, 1990]).

Aggregated nucleolar proteins are resistant to ATP mediated
hyc?rotropic solubilization

Patel and colleagues demonstrated that ATP and its non-hydrolysable analogue adenosine 5'-(,y-
imido)triphosphate (AMP-PNP) could act as hydrotropes to solubilize recombinant liquid-liquid
phase separated protein droplets (Patel et al., 2017). Our initial assays were carried out using 8 mM
ATP because it is similar to the amphibian nuclear concentration of 6.2 + 0.7 mM (Miller and
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Figure 2. Nucleoli are resistant to ATP mediated hydrotropic solubilization. (A) Schematic diagram of tri-laminar nucleolar architecture, with granular
component in green, dense fibrillar component in red, and fibrillar core in blue. Nucleolar vacuoles are unlabeled and will appear black. (B) Synthetic
mRNA encoding GFP-NLS or fluorescently labeled Npm1 and/or Fbl were injected into stage V/VI oocytes. Following overnight incubation nuclei were
isolated, depleted of soluble proteins for 1 hr in OR2, then analyzed by fluorescent microscopy (C) or anti-GFP immunoblotting (D-E). (C) Npm1 (green)
or Fbl (red) are retained (top) and resistant to solubilization by 8 mM ATP (bottom). (D-E and Figure 2—figure supplement 1) Nuclei from GFP-Fbl/
GFP-NLS or GFP-Npm1/GFP-NLS co-expressing oocytes were isolated and depleted of soluble proteins (retained) and compared to GFP-Fbl or GFP-
Npm1 levels in immediately harvested (input) nuclei (D) or total protein (E). Labeled proteins were analyzed via anti-GFP Western Blot, and total protein
was determined via REVERT protein staining (LI-Cor). Schematic of methodology and representative raw data for (D-E) can be found in Figure 2—
figure supplement 1. Images in (C) are representative optical sections captured with an Apotome equipped Zeiss Axioplan2 microscope, and do not
have identical exposure times. Data in (D-E) is derived from 4 (GFP-Npm1 and GFP-FBL), or 6 (GFP) biological replicates (groups of 2-20 nuclei).

DOI: https://doi.org/10.7554/eLife.35224.006

The following figure supplement is available for figure 2:

Figure supplement 1. GFP-Fbl and GFP-Npm1, but not GFP-NLS, are Retained Following Soluble Protein Depletion.
DOI: https://doi.org/10.7554/eLife.35224.007

Horowitz, 1986), within the reported physiologic range of other eukaryote nuclei, and sufficient to
solubilize recombinant LLPS droplets in vitro (Patel et al., 2017, Miller and Horowitz, 1986,
Traut, 1994). Oocytes injected with mRNA encoding GFP-Npm1 and RFP-Fbl were used as a source
of nuclei. Nuclei were isolated in OR2, depleted of small molecules and soluble proteins for 1 hr,
then transferred into in situ buffer (ISB, which compared with OR2 provides better osmotic support,
buffering to stabilize pH when adding nucleotides and potassium rather than sodium to better align
with cellular ion concentrations) supplemented with 8 mM ATP or AMP-PNP for 15 min prior to
imaging. Fluorescently labeled proteins were retained following this treatment (bottom row,
Figure 2C).

Following the same treatment, no changes in thioflavin T staining, used to detect aggregates
with amyloid content, were noted (Fig 5B). These findings demonstrate that, although effective on
purified protein aggregates in vitro, restoring physiologic levels of ATP alone was not sufficient to
solubilize naturally aggregated proteins. Nucleolar proteins are known to cycle between the nucleo-
plasm and nucleolus (Chen and Huang, 2001) so we considered whether soluble protein depletion
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resulted in irreversible aggregate modification, conferring resistance to solubilization. Specifically,
we sought to determine if both Npm1 and Fbl were still capable of exchanging between soluble and
aggregated pools, represented by maintenance of the ability to transfer from one nucleolus to
another. This assay takes advantage of the ability to fuse oocyte nuclei, isolated
using conditions that deplete or retain soluble nuclear proteins, with one another. Once prepared,
nuclei are fused under oil (Figure 3A).

We determined that proteins were exchanged between nucleoli originating from oil isolated
nuclei singly expressing either Npm1 or Fbl reporters. These nuclei should have a full complement of
soluble protein and native levels of ATP and other small molecules. When two oil isolated nuclei
were fused together, proteins exchange between nucleoli as soon as the samples were placed on
the microscope (Figure 3C), demonstrating how dynamic both Npm1 and Fbl leaving and rejoining
their respective nucleolar aggregates can be. Subsequently, soluble protein depleted nuclei, from
dually labeled oocytes, were transferred into light mineral oil and merged with unlabeled nuclei iso-
lated under oil (Figure 3A-B). Within 15 min it was evident that aggregated Npm1 and Fib present

B Fibrillarin
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Figure 3. Aggregated nucleolar proteins retain intrinsic capacity for dynamic proteins exchange, but that capacity is enhanced by soluble nuclear
components. (A) Donor nuclei were isolated from oocytes co-expressing GFP-Npm1 and RFP-Fbl, while acceptor nuclei were isolated from un-injected
oocytes. (B) Top, soluble protein depleted (SPD) donor nucleus was mixed with oil isolated acceptor nucleus, demonstrating soluble protein depletion
does not irreversibly alter nucleoli, and suggests that a soluble nuclear factor(s) is responsible for the dynamic nature of nucleoli. Middle, transfer of
labeled protein from oil isolated donor to soluble protein depleted acceptor indicates that soluble protein depletion does not prevent recruitment nor
aggregation of soluble proteins. Bottom, aggregated proteins exchange between soluble protein depleted nucleoli. Exposure was adjusted in bottom
images to account for decreased signal, and donor nucleolus was included in top inset for comparison. Brightness and contrast were adjusted in
dashed inset to aid in RFP-Fbl visualization. Asterisks indicates the acceptor nucleolus. (C) Exchange of fluorescently labeled proteins from oil isolated
and merged nuclei singly expressing GFP-Npm1 or RFP-Fbl. (D) Trans-nucleolar fusion following mixing of soluble protein depleted RFP-Fbl expressing
donor (red) and oil isolated GFP-Npm1 (green) under oil demonstrates rescue more normal rounded phenotype. (E) Exchange of GFP-Npm1 and RFP-
Fbl is diffusion limited. As distance from donor ‘D’ increases fluorescence intensity of acceptor decreases. Images in (B-C) are representative of 3
independent experiments and at least nine biological replicates (merged nuclei). Images acquisition began 15 min after trans nuclear mixing. The fusion
event depicted in (D) is the most complete event we observed. Partial fusions (e.g. middle panel B) are commonly observed.

DOI: https://doi.org/10.7554/eLife.35224.008
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in soluble protein depleted nucleoli could be found in their oil isolated counterparts. This observa-
tion indicates that soluble protein depletion does not result in irreversible aggregation as they still
could serve as exchange donors. Next, we asked if soluble protein depleted nucleoli were still capa-
ble of receiving additional protein. To this end, we merged unlabeled soluble protein depleted
nuclei with dually labeled oil isolated nuclei. Depleted nucleoli readily accumulated labeled proteins.
This observation indicates that soluble protein depletion does not irreversibly alter the ability of
nucleoli to accumulate additional proteins in their aggregates (Figure 3B).

In the first two rows of Figure 3B the fusion of soluble protein depleted nuclei with oil isolated
nuclei tested transfer in the presence of approximately half the normal concentration of both soluble
protein and ATP. The last row of Figure 3B tests whether fusion of two soluble protein depleted
nuclei would behave the same way. We mixed labeled and unlabeled soluble protein depleted
nuclei. Surprisingly, we could detect a faint exchange of GFP-NPM1 between soluble protein
depleted nuclei. RFP-Fbl also exchanged between soluble protein depleted nucleoli, but transfer
was even lower than that seen for GFP-Npm1 (bottom, Figure 3B). Thus, the large reduction of solu-
ble nuclear proteins and small molecules, including ATP, compromised but did not eliminate protein
exchange between nucleolar aggregates. The results show qualitatively that exchange is occurring.
A quantitative approach would need to control or know the concentration of both the fluorescent
reporter proteins and their endogenous pools, the distance from particle to particle(Figure 3E)and
differences in the viscosity of the shared environment of the nuclei after fusion.

We noticed in the experiments described in Figure 2 that if nucleoli were undergoing fusion at
the time of aqueous isolation and soluble protein depletion that they fail to resolve into their normal
spherical shape (Figure 2C). Ex vivo, others have reported a similar stiffened nucleolar phenotype
upon ATP depletion (Brangwynne et al., 2011). Readdition of physiologic levels of ATP failed to
rescue this phenotype (Figure 2C). However, fusion of a soluble protein depleted nuclei into an
intact oil isolated nucleus rescued the ability of nucleoli to undergo fusion and return to a spherical
shape (Figure 3D). This suggests that partial restoration of normal soluble nuclear factor(s) and ATP
levels promotes a more normal rounded fusion product.

Mixing of soluble protein depleted and oil isolated nuclei revealed that soluble protein depletion
does not irreversibly confer resistance to disaggregation, abolish the ability for resolution of stalled
nucleolar fusion events, or prevent exchange between pre-existing aggregates.

Nuclear protein aggregate disassembly is enhanced by ATP and a
diffusible factor

The experiments above suggests that soluble nuclear proteins are needed for normal maintenance
of nucleolar aggregates. Work by Wuhr et al. (Wiihr et al., 2015) and our own data (Figure 1) dem-
onstrate that Xenopus oocyte nuclei contain a full complement of proteins and other components
immediately after isolation. If a diffusible factor is required for ATP dependent solubilization, protein
aggregates might respond to ATP if nuclei are isolated and tested immediately.

We isolated nuclei from GFP-Npm1 and RFP-Fbl expressing stage V-VI oocytes and immediately
transferred them to ISB supplemented with 8 mM ATP. This allowed us to assay aggregate solubili-
zation by beginning the assay with at least a partial complement of nuclear components. During the
assay soluble nuclear proteins, as well as Npom1 and Fbl that leave their coalesced state, are prone
to dilution by equilibration with the surrounding buffer. Fluorescent microscopy of isolated nuclei 15
min after treatment revealed compartment specific changes in aggregated nucleolar proteins not
observed in assays using soluble protein depleted nuclei. Specifically, aggregated GFP-Npm1 was
absent or limited to a thin layer surrounding the visably intact RFP-Fbl containing dense fibrillar com-
ponent (middle, Figure 4A). We also note that treatment with AMP-PNP alone has limited effect on
either aggregated Npm1-GFP or Fbl-RFP (bottom, Figure 4A), indicating it cannot replace hydrolyz-
able ATP in this assay.

We next performed a dilution series to monitor ATP mediated aggregate solubilization
(Figure 4B). Treatment with 8 mM ATP resulted in near complete granular component solubilization,
indicated by the dispersion of GFP-Npm1 (Figure 4B-C). In contrast, RFP-Fbl positive particles from
2 to 6 mM ATP treated nuclei were enveloped with a thin layer of GFP-Npm1 (middle, Figure 4A),
generally absent following 8 mM ATP treatment. Loss of RFP-Fbl was also observed following treat-
ment with 2-8 mM ATP. However, this loss was not as complete as that observed with GFP-Npm1.
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treated RFP-Fbl foci. Data in (C-D) is from a single experiment with at least 25 nucleoli per data point.
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Additionally, aggregated RFP-Fbl foci from nuclei treated with higher levels of ATP appeared
larger than those treated with lower levels (Figure 4C). The diameter of untreated and 8 mM ATP
treated RFP-Fbl foci were measured; this analysis revealed an increased diameter of aggregated
RFP-Fbl loci following 8 mM ATP treatment. This observation is consistent with gravity dependent
spreading of a liquid droplet on top of a glass slide, demonstrating the droplet like nature of the Fbl
aggregate is maintained following ATP treatment (Figure 4C).

In vitro trials using purified protein aggregates indicated that ATP, GTP and AMP-PNP were simi-
larly effective as hydrotropes. (Patel et al., 2017) When soluble protein depleted nuclei (identified
by phalloidin staining in Figure 5) and freshly isolated nuclei were added to the same reaction cham-
ber containing ISB supplemented with 8 mM ATP or 8 mM GTP we examined whether nuclear
aggregates were present by adding thioflavin T (an amyloid aggregate stain) to the chamber. Both
nucleotides mediate the loss of thioflavin T positive aggregates in freshly isolated nuclei while nei-
ther changed thioflavin T aggregate staining in soluble protein depleted nuclei (Figure 5A-C).

These findings indicate that a diffusible factor or factors are critical for rapid solubilization of
aggregated nucleolar components in combination with a hydrolysable ATP or GTP. Non-hydrolys-
able AMP-PNP was not sufficient in these assays. The response of the two protein reporters was not
identical, with Npm1 easier to visualize as having left the coalesced state. At intermediate ATP con-
centration we observed retention of a thin layer of granular component surrounding an more ATP
resistant dense fibrillar component core. This arrangement of the monitored LLPS protens is reminis-
cent of what Ferric and colleagues demonstrated highlighting the role of surface tension in driving

the separation and arrangement of nucleolar compartments. (Feric et al., 2016) This observation is
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consistent with there being heterogeneity within nucleolar compartments that differ in response to
the presence of hydrolyzable ATP.

In situ and ex vivo nucleolar aggregate responses to ATP, AMP-PNP

We tested if an artificially high level of ATP or AMP-PNP might reveal hydrotropic solubilization of
nucleolar aggregates. Nuclei from GFP-Npm7land RFP-Fbl co-expressing oocytes were isolated
under mineral oil to retain soluble protein and nuclear contents. Nuclei were then injected with 9.2
nL (an approximately equal volume) of 50 mM ATP or AMP-PNP, to yield a final nucleotide concen-
tration of 25 mM. 25 mM is more than a 4-fold increase over the physiologic ATP concentration and
nearly six times the minimum hydrotropic concentration of both ATP and AMP-PNP reported in vitro
(Patel et al., 2017; Miller and Horowitz, 1986).

Nucleoli from AMP-PNP injected nuclei remained grossly unchanged (middle compared to top,
Figure 6B). In contrast, ATP supplementation resulted in rapid loss of aggregated GFP-Npm1 (bot-
tom, Figure 6B and Figure 6C). Nucleoli commonly contain multiple RFP-Fbl positive foci that are
part of the dense fibrillar component (Figure 2A). Following in vivo ATP supplementation, this
arrangement was rarely observed. Instead, RFP-Fbl positive foci dispersed into individual particles
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(arrowheads, Figure 6C). Some of these particles were surrounded by a thin veil of GFP-Npm1,
reprising the stable interaction observed ex vivo (middle, Figure 4A). In this assay, ATP can partici-
pate as both an energy source and hydrotrope to promote solubilization of aggregated proteins. In
contrast, AMP-PNP supplementation will likely have an inhibitory effect on energy dependent reac-
tions that use ATP while maintaining the potential for hydrotropic solubilization. Even at high con-
centrations AMP-PNP did not mimick ATP, suggesting hydrotropic properties of the molecule in
vivo is not sufficient.

Even dilute concentrations of soluble GFP-Npm1 and RFP-Fbl are capable of being recruited into
pre-existing aggregates (Figure 3B) under conditions of sub physiologic ATP levels. Others have
documented this dynamic exchange in physiologic or near physiologic ATP concentration
(Brangwynne et al., 2011; Feric et al., 2016) in nuclei isolated under oil to preserve a pro-aggrega-
tion environment. However, supplementation with 25 mM ATP inhibits re-aggregation of GFP-
NPM1. This is consistent with the need to overcome the hydrotropic action of ATP to establish the
normal equilibrium status of protein recruitment into ribonucleoprotein aggregates such as nucleoli.

AMP-PNP supplementation of a Sub-Minimum hydrotropic
concentration of ATP promotes aggregate solubilization

Treatment of freshly isolated nuclei with 2 mM ATP replicated many of the changes seen with higher
concentrations of ATP (Figure 4B-D). When we added only 1 mM ATP our results were similar to
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Figure 7. Hydrotropic Solubilization Contributes to Nucleolar Protein Dynamics. (A) Oocyte nuclei were isolated from RFP-Fbl and GFP-Npm1
expressing oocytes and immediately transferred into ISB alone (top) or ISB supplemented with ATP, AMP-PNP, or both nucleotides and imaged. (B)

When compared to untreated controls, maximum fluorescence intensity measurements for GFP-Npm1 and C) RFP-Fbl reveals loss of signal intensity

after 1 mM ATP + 3 mM AMP-PNP or 4 mM ATP supplementation. Images in (A) are representative of 3 independent experiments in which maximum
fluorescence intensity of GFP-Npm1 (B) and RFP-Fbl (C) from 155 to 264 nucleoli was quantified, pooled, and analyzed.

DOI: https://doi.org/10.7554/eLife.35224.012

that we observed using 4 mM AMP-PNP(Figure 7). The reported Ky atp of protein and lipid kinases
is rarely over 1 mM and the reported Ky atp of members of the yeast Hsp70 family of chaperones is
less than 300 uM (Knight and Shokat, 2005; Lopez-Buesa et al., 1998), so we wondered whether
at least a portion of the observed solubilization in earlier studies might be attributed to the hydro-
tropic action of ATP. We tested this premise by supplementation with another hydrotrope, non-
hydrolysable AMP-PNP. We treated freshly isolated nuclei with 1 mM ATP, 1 mM ATP supplemented
with 3 mM AMP-PNP, 4 mM ATP, and 4 mM AMP-PNP (Figure 7A).

In this assay treatment with 4 mM AMP-PNP or 1 mM ATP had a very modest effect on aggre-
gated GFP-Npm1, and no decernible effect on aggregated RFP-Fbl. In contrast, and similar to our
previous results (Figure 4B-D), incubation in 4 mM ATP resulted in solubilization of the granular
component and partial solubilization of the dense fibrillar component. Supplementation of 1 mM
ATP with 3 mM AMP-PNP demonstrated a synergistic effect (Figure 7B-C).

The ability of AMP-PNP to partially solubilize aggregated GFP-NPM1 and act synergistically with
1 mM ATP to partially solubilize aggregated RFP-Fbl demonstrates that it can act a hydrotrope in
situ when the system is appropriately primed. More importantly, these observations indicate ATP
may have more than one role in the regulation of endogenous protein aggregates. They support a
model of nucleolar solubilization, wherein an energy dependent process may sensitize aggregated
proteins to energy independent solubilization via a biological hydrotrope such as ATP.
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Sensitization of nucleolar compartments to the hydrotropic action of
ATP using RNase A

RNA is an essential nucleolar component. It is required for LLPS of recombinant nucleolar proteins
and for maintenance of nucleolar contents ex vivo (Feric et al., 2016; Hayes and Weeks, 2016). We
have previously shown that maintenance of amyloid-like nucleolar organization and localization of
proteins, like nucleolin, to nucleoli are sensitive to RNA depletion (Hayes and Weeks, 2016).

We tested the effect of RNA depletion on the sensitivity of Npm1 and Fbl to the hydrotropic
action of ATP and AMP-PNP by pretreating with RNase A. Soluble protein depleted nuclei labeled
with GFP-Npm1 and RFP-Fbl were prepared in buffer alone, or buffer supplemented with 1 mg/mL
RNase A. These nuclei were subsequently transferred into ISB or ISB supplemented with 8 mM ATP
or 8 mM AMP-PNP (Figure 8A).

Consistent with our previous results, RNase A treatment alone resulted in a decrease in the maxi-
mum fluorescent intensity of GFP-Npm1 (Hayes and Weeks, 2016). There was further loss of GFP-
Npm1 when RNA depleted nuclei were treated with 8 mM ATP or AMP-PNP (Figure 8C). Treatment
of RNA depleted nuclei with either compound induced mixing of previously phase separated nucleo-
lar compartments (Figure 8B). This is consistent with the findings of Ferric et al. (Feric et al., 2016)
demonstrating the RNA binding domains of each protein help to establish separate subcompart-
ments in the nucleoli. After RNase A treatment either 8 mM ATP or AMP-PNP alone resulted in
moderate loss of GFP-Npm1 (Figure 8C).
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Figure 8. RNase Treatment Sensitizes Nucleoli to Hydrotropic Solubilization. (A) Nuclei from GFP-Npm1 and RFP-Fbl expressing oocytes were isolated,
transferred into OR2 or OR2 supplemented with 1 mg/mL RNase A, and incubated for 1 hr prior to nucleotide treatment. (B) Optical sections through
soluble protein depletion and RNase A treated soluble protein depleted nuclei left untreated (left), treated with 8 mM ATP (middle), or 8 mM AMP-PNP
(right). (C-D) Intensity of GFP-Npm1 and RFP-Fbl. Data in (B-D) is representative of three independent experiments and three independent frogs. (C-D)
represent a single experiment containing 3-6 biological replicates per treatment group and 129-205 individual nucleoli.

DOI: https://doi.org/10.7554/eLife.35224.013
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In contrast, the stability of RFP-Fbl is more variable following the same treatments. RNA deple-
tion followed by treatment with ATP or AMP-PNP were the only treatments which reliably resulted
in loss of RFP-Fbl (Figure 8D).

The observation that ATP and AMP-PNP can solubilize aggregated nucleolar proteins, and induce
mixing of distinct phase separated compartments, indicates that ATP can act as a hydrotrope to sol-
ubilize naturally aggregated proteins. Furthermore, RNA is also implicated as a mediator of nucleolar
stabilization that confers resistance to ATP mediated hydrotropic solubilization.

Discussion

Conditions that promote formation of protein aggregates have been the focus of innumerable stud-
ies, identifying contributions by amino acid sequence, protein concentration and modification and
co-aggregates. Biological aggregates are in equilibrium with pools of non-aggregated protein, but
are conditionally solubilized in response to environment, cell cycle, and other influences. Thus, the
solubilization of protein aggregates is an essential process. Aggregate deconstruction has classically
been attributed to energy dependent enzymatic reactions involving chaperones, such as Hsp70, and
disaggregases like Hsp104. In in vitro studies using purified proteins, Patel and colleagues
(Patel et al., 2017) reported that ATP can function as a hydrotrope to prevent or reverse protein
aggregation. However, the ability of ATP to act as a hydrotrope in the context of endogenous pro-
tein aggregates was not investigated. Using isolated Xenopus oocyte nuclei, we dissected the ability
of ATP to act as a hydrotrope to non-specifically solubilize endogenous protein aggregates or as an
energy source to power enzymatic disaggregation.

The rapid loss of soluble proteins from nuclei isolated in aqueous buffer has been problematic for
experiments requiring an intact nucleoplasm or full complement of nuclear factors (Wiihr et al.,
2015; Carroll and Lehman, 1991; Gardner et al., 2012). We took advantage of this phenomenon
to identify proteins which are stably associated with endogenous nuclear aggregates. Mass spectro-
metric analysis of retained complexes revealed ~120 proteins, accounting for ~10% of the total
nuclear protein mass. Within this selective proteome are proteins that are part of non-membrane
bound nuclear structures, RNA binding proteins, and proteins that are capable of forming aggre-
gates (Kato et al., 2012). While our study focuses on the dynamics of aggregated nucleolar pro-
teins, the aggregate enriched nuclear proteome generated provides a starting point for an
expanded analysis of other nuclear structures.

The nucleolus is a non-membrane bound sub-nuclear organelle with verified protein aggregates.
The nucleolus has well characterized domains and signature proteins within each domain have been
shown to form LLPS aggregates (Feric et al., 2016). Of these, the best characterized are Nucleo-
phosmin (Npm1) and Fibrillarin (Fbl), both of which were identified within our proteomic analysis.

We used fluorescently labeled variants GFP-Npm1 and RFP-Fbl (Feric et al., 2016), to investigate
the role ATP plays during endogenous aggregate solubilization. We took advantage of being able
to isolate nuclei in three distinct states. (1) Isolation of nuclei in OR2 buffer followed by one hour
incubation in OR2 creates nuclei that have lost 90% of total nuclear proteins but retain aggregated
proteins. We refer to these nuclei as soluble protein depleted. These nuclei will rapidly equilibrate
small molecules, like ATP, to match the small molecule concentration of the assay buffer. (2) Isolation
in OR2, and immediate placement in ISB supplemented with the desired concentration of nucleotide
and immediately assayed. These nuclei will have at least a partial complement of soluble nuclear pro-
teins in addition to aggregated complexes as long as they are assayed quickly (typically within 15
min of isolation). The more rapid exchange of small molecules like ATP allow manipulation of their
concentration by addition to ISB. We refer to these as in situ nuclei. (3) Nuclei can be isolated under
oil. Oil isolated nuclei retain endogenous levels of soluble proteins, aggregated proteins and small
molecules. We refer to these nuclei as oil isolated or ex vivo.

Npm1 and Fbl nucleolar aggregates assayed in nuclei that were depleted of soluble nuclear pro-
teins remain stable when treated with 8 mM ATP or AMP-PNP. Although 8 mM is slightly higher
than the reported in vivo concentration of frog oocyte ATP (6.2 = 0.7 mM) (Miller and Horowitz,
1986), 8 mM ATP, GTP or AMP-PNP was effective when used by Patel et al. (Patel et al., 2017) for
hydrotropic solubilization of purified protein aggregates in vitro. The failure to respond to hydrotro-
pic conditions lead to testing for conditions that would lead to changes in the Npm1 and Fbl coa-
lesced in nucleoli.
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The nucleolar Npm1 and Fbl had not been rendered permanently aggregated. Fusion of soluble
protein depleted nuclei with oil isolated nuclei showed that nucleoli from soluble protein depleted
nuclei can act as both donor and acceptor of aggregation prone proteins such as Npm1 and Fbl.
The exchange of proteins between nuceloli has been noted by others and is a reminder that partici-
pation in an aggregate is not necessarily a static state (Phair and Misteli, 2000). The fusion of two
soluble protein depleted nuclei had low but decernible exchange of Nom1 and Fbl. Exchange activ-
ity was enhanced in the presence of soluble nuclear proteins and approximately half normal nuclear
levels of ATP provided when oil isolated nuclei were fused with soluble protein depleted nuclei. We
note that in these assays Npm1 seemed to be more active in exchange than Fbl. This is consistent
with previous work emphasizing that aggregated protein complexes may exhibit different properties
(Feric et al., 2016; Kato et al., 2012; Schwartz et al., 2013).

Banini and colleagues (Banani et al., 2016), proposed a model where client proteins aggregate
around a more stable scaffold. In this context, Nom1 likely falls into the client category. The relative
resistance of RFP-Fbl to solubilization suggests that it may contribute to nucleolar structure as a scaf-
fold. Fbl is an RNA binding protein that demonstrates viscoelastic properties following phase sepa-
ration in vitro, indicating Fbl may assume LLPS droplet and polymer structure. (Feric et al., 2016)
Consistent with our previous work, this observation suggests that at least a subset of phase-sepa-
rated Fbl may exist within an amyloid fiber conformation that could contribute to maintenance of a
nucleolar scaffold.

The nuclear fusion experiment indicated that even half the levels of soluble nuclear proteins and
small molecules allowed enhanced ability of proteins to join and leave their aggregated state. Using
in situ conditions, by immediately assaying after isolation, we were able to show that 8 mM ATP or
GTP, but not AMP-PNP leads to disruption of aggregates. We note that although GTP works in this
assay, the cellular concentration of GTP is estimated to be between one quarter to one tenth that of
ATP. It is also important to note that many enzymes, for example Hsp70 (Abravaya et al., 1992),
are able to use GTP as a substitute for ATP, although, based on cellular concentration, the normal
substrate for these enzymes would be ATP. Immediately treating isolated nuclei with 8 mM ATP
revealed distinct domain specific responses. Aggregated Npm1 is largely dispersed, however, a thin
veil of ATP resistant Npm1 was often observed surrounding RFP-Fbl foci.This observation is consis-
tent with a strong interaction of coalesced Npm1 at the granular component: dense fibrillar compo-
nent interface. Feric et al. examined the physical properties of purified Fbl and Npm1 in an aqueous
environment (Feric et al., 2016) and found that the interfacial tension between phases drives Npm1
to engulf Fbl. A phenomenon we also note here.

Although the fluorescence intensity from aggregated RFP-Fbl foci was decreased, we noted
expansion of RFP-Fbl aggregates that settled to the bottom of the depression slide used for imag-
ing. The decrease in fluorescent signal was consistent with RFP-Fbl leaving the aggregated state,
while the spreading of the remaining signal was reminiscent of the liquid droplet properties
described by others (Brangwynne et al., 2011; Feric et al., 2016).

When Npm1 and Fbl aggregates were assayed using in situ conditions 2-8 mM ATP supplemen-
tation effectively changes aggregate appearrance. A similar assay using 1 mM ATP showed little
effect, however, a mix of 1 mM ATP with 3 mM AMP-PNP mimics the effect on Npm1 aggregates
seen with 4 mM ATP. We interpret this as evidence that the process depends upon both a hydrolyz-
able form of ATP needed by soluble nuclear proteins and a hydrotropic effect that can be provided
by the non-hydrolyzable analog AMP-PNP.

RNA has previously been shown to induce aggregate formation or contribute to aggregate main-
tenance (Banani et al., 2016; Boke et al., 2016; Feric et al., 2016, Hayes and Weeks, 2016;
Kato et al., 2012; Schwartz et al., 2013). We investigated the contribution of RNA to maintenance
of aggregate stability of Npm1 and Fbl in nucleoli by treating isolated nuclei with RNase A. We
found that RNA depletion sensitized nucleoli to solubilization by ATP and the non-hydrolysable ana-
log AMP-PNP thus removing the requirement for ATP hydrolysis. We suggest that RNase A treat-
ment may mimic or substitute for the destabilization step provided by ATP hydrolysis. These
findings implicate ATP dependent remodeling enzymes, such as chaperones, disaggregases, and
RNA helicases, as possible mediators of aggregated protein turnover. Furthermore, our results sug-
gest that differences between our observations and those made Patel et al. in vitro may be in part
due to differences in the RNA content of the examined LLPS aggregates (Patel et al., 2017).
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We propose a 2-step model for the in vivo solubilization of nucleolar aggregates that takes into
account our experimental observations and suggest that this model may be relevant for many func-
tional aggregates (Figure 9).

In the proposed model, an initial sensitization requires concentrations of ATP 1 mM or less and is
mediated by a soluble factor (Figures 2-6) or detabilzation of a co-aggregate like RNA. We suggest
a second step, aggregate solubilization, can be mediated by the energy independent hydrotropic
activity of ATP (Figures 7-8), but requires a relatively high (2 mM or more) concentration. Assembly
of nuclear aggregates could be a simple reversal of this model, where a stabilizing interaction, such
as RNA binding or protein modification exceeds the capacity of ATP to maintain protein solubility in
the absence of hydrolysis. Stabilization promotes the coalescence of proteins and other components
inducing liquid-like phase separation. Once phase separated, particles can mature into a more stable
form through limited formation of amyloid fibers, whose maintenance is dependent on continuous
interaction with a stabilizing factor.

Invoking the ability of ATP to behave as a hydrotrope raises the interesting possibility that the
equilibrium between the aggregated and free pool of aggregate forming proteins is affected by pro-
tein sequence, co-aggregates, or post-translational modification; but also by cellular compartment
and local concentration of ATP. There are differences in published values, both for intracellular ATP
levels and total ATP levels (Patel et al., 2017, Miller and Horowitz, 1986; Traut, 1994;
Harper et al., 1998; Imamura et al., 2009; Miyoshi et al., 2006; Wright et al., 2016; Ytting et al.,
2012). In the conditions tested here the concentration of ATP in the nucleus may favor solubilization
unless a stabilizer is present or proteins are altered to promote aggregation. Alternatively, the 4 or
5-fold lower concentration reported in the cytosol may require proteins, once aggregated, to
undergo active regulation to take them apart.

The ability to measure and observe temporospatial variability of ATP concentrations is becoming
more feasible. New tools have been developed to document changes in ATP concentration in
response to metabolic conditions within single cells, and regional changes to intracellular ATP con-
centrations in response to cellular morphology (Imamura et al., 2009; Ytting et al., 2012,
Yaginuma et al., 2014, Suzuki et al., 2015). These changes ranged from a 10% decrease to an over
three-fold increase in local concentration and can be transient or long lived. Another factor that may
influence the local concentration of ATP is the aggregation of proteins themselves. Patel et al.
(Patel et al., 2017) note that FUS aggregates formed in a solution containing fluorescently labeled
ATP were enriched in ATP by fourfold over the solution concentration. Thus, local cellular environ-
ment, age, metabolic changes in ATP turnover, or free intracellular ATP likely play an underappreci-
ated role in the biology of protein aggregation.

Proposed Model
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Figure 9. Two-Step Model of Nucleolar Aggregation and Disaggregation. Monomeric proteins self-associate driving phase separation. RNA binding
stabilizes and matures aggregates, conferring resistance to hydrotropic solubilization. In contrast, ribonucleoprotein particles are destabilized by a
diffusible ATPase or RNA depletion, sensitizing them to ATP mediated hydrotropic solubilization.
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Our observations add to the deliberation on the contribution ATP makes to the maintenance of
protein solubility, functional protein aggregation and the regulation of non-membrane bound organ-
elles. By showing that the hydrotropic properties of ATP can affect naturally occurring aggregates,
we highlight the need to view endogenous levels of ATP within cellular compartments as more than
a source of energy.

Our work also emphasizes the need to control for, or acknowledge, the influence of local concen-
trations when designing or interpreting experiments. This is readily apparent when looking at func-
tional protein aggregation, where the average cellular contents or concentration of a molecule does
not accurately reflect cellular conditions or the local protein environment. The local changes may
also play an underappreciated role in the etiology of aggregate associated diseases, such as Alz-
heimer’s and Parkinson’s disease (Harper et al., 1998; Miyoshi et al., 2006).

Materials and methods

Oocyte isolation

J-strain Xenopus laevis frogs were obtained from the National Xenopus Resource at the Marine Bio-
logical Laboratory (RRID:SCR_013731) Woods Hole, MA). Ovarian tissue was aseptically removed 15
min following induction of anesthesia (ice bath supplemented with 0.1% Tricaine), placed into
Oocyte Ringers ((OR2, 82.5 mM NaCl, 2.5 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 1 mM NayHPO,, 5
mM HEPES and NaOH to pH 7.8), and stored at 13°C. All protocols were approved by the University
of lowa Office of Animal Resources and Institutional Animal Care and Use Committee.

In vitro transcription

Synthetic mMRNAs were generated using a mMMESSAGE mMACHINE kit (Ambion), following the man-
ufacturer’s instructions. Transcription templates were PCR amplified from RN3P (GFP-NLS) (Zer-
nicka-Goetz et al., 1996); p3-dTomato (Love et al., 2011) (European Xenopus Resource Centre;
Portsmouth, England); and pCPB055 (GFP:Npm1), pCPB057 (GFP-Fbl), and pCPB300 (RFP:Fbl)
(Knowles et al., 2014; Banani et al., 2016). The primers used to generate templates for transcrip-
tion reactions were: SP6 forward:

CATACATAGCATTTAGGTGACACTATAG;

M13 reverse:

CACACAGGAAACAGCTATGACC;

T3 Kozak.dTom: AAAAAAAATTAACCCTCAATAAAGGAGAGCCGCCACCATGGTGAGCAAGGC-
GAG; dTom.NLS; TTTTTTTTAGGGGTCTTCTACCTTTCTCTTCTTTTTTGGCTTGTACAGCTCGCCA
TGCC; RN3P.NLS TTTTTTTTTTTTTTAATCCAACTTCTTCTTCTTGGCGGCCGGTTTGTATAGTTCA
TCCATG; NLSpAss;

TTTTTTTTTITTITT T TITTIT I T I T T T TITTITITITTITTTITTTITTITTITTTTTTTITITAATCC. Transcription tem-
plates for fluorescently labeled Npm1 an Fbl were kindly provided by Cliff Brangwynne (Princeton,
NJ).

Microinjection

Stage V-VI oocytes were manually defolliculated with watchmaker’s forceps prior to injection of 1 ng
of synthetic mRNAs in 10 nL using a glass needle paired with a Singer MK-1 (Somerset, England)
micromanipulator and Inject+Matic injector (Geneva, Switzerland). Injection of 9.2 nL of solution into
oil isolated nuclei ex vivo was performed using a MM33 micromanipulator mounted Nanoject |l
(Drummond). 10 nL of a 16 mM solution of Lucifer Yellow (Molecular Probes) was injected directly
into oocyte nuclei for studies that examined movement of small molecules out of isolated nuclei.

Endogenous aggregate enrichment and analysis

Nuclei from dTomato-NLS mRNA injected oocytes were harvested in OR2 and immediately trans-
ferred to a depression slide with 250 puL of OR2 supplemented with Thioflavin T (Sigma) to 50 uM.
Lucifer Yellow experiments were performed in identical conditions without thioflavin T. For SDS-
PAGE analysis, soluble proteins were depleted from isolated nuclei via incubation in ~5 mL of OR2
for the indicated times.
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Bulk nuclear isolation

Bulk nuclei were isolated using the method of Scalenghe et al., with slight modification. Briefly, ovar-
ian tissue was enzymatically defolliculated (Collagenase A, Roche) and extensively washed in OR2.
Stage V-VI oocytes were manually sorted and subsequently treated with 10 mg/mL Pronase (Sigma)
for 30 min on ice with gentle agitation, then extensively washed in OR2 supplemented with 20 mg/
mL BSA. Oocytes were lysed in a 60 mL syringe containing L-15 media supplemented with 0.2% NP-
40 (three parts lysis medium to one part oocytes). With gentle agitation, intact nuclei float to the top
of the syringe and are transferred into a 5 mL syringe using a three-way valve. Nuclei were purified
form contaminating yolk and cytosolic content by sedimentation through L-15 containing 0.1M
sucrose on ice. Nuclei were collected and transferred to 60 mM dishes containing 5 mL of OR2,
where their envelopes were manually removed and soluble proteins were depleted. Samples were
then processed for proteomic analysis.

Proteomic analysis

Details on proteomic experiments are provided below and were based on protocols used in the
Dovichi lab (Peuchen et al., 2016; Wisniewski et al., 2009). Each sample of treated GV's was lysed
and the proteome was extracted with an optimized buffer system of 6% SDS in Tris-HCL and prote-
ase inhibitor, followed by proteome cleanup and digestion with a filter aided sample preparation
(FASP) method. The resulting digest was desalted and analyzed by nano-RPLC-ESI-MS/MS (90 min
RPLC gradient, Q-Exactive mass spectrometer), followed by peptide and protein identification with
MaxQuant software (RRID:SCR_014485) based on MS/MS spectra and label free quantification (LFQ)
(Cox et al., 2014; Cox and Mann, 2008; Cox et al., 2011). All Proteomic data was deposited at
MassIVE as noted below.

SDS-PAGE, Western Blotting, and Antibodies

Protein samples were mixed with 2x Laemmli Sample Buffer (Bio Rad) supplemented with 2% B-mer-
captoethanol (Amresco) and heated to 95°C for 10 min. Proteins were resolved on 10% Tris-Glycine
gels (Bio Rad), and transferred to a nitrocellulose membrane (Bio Rad) where appropriate. Total pro-
tein was stained with Coomassie brilliant blue in gel, or Revert Total Protein stain (LI-cor) on mem-
brane. Membranes were blocked in TBST (20 mM Tris, 137 mM NaCl, and 0.1% Tween 20)
supplemented with 5% non-fat powdered milk, incubated with primary antibody (anti-GFP, 1:2000
dilution of ab6é556, Abcam RRID:AB_305564) in blocking buffer overnight at 4°C with agitation,
briefly washed with TBST, then transferred into blocking buffer containing HRP conjugated second-
ary antibody (ab97051, Abcam RRID:AB_10679369) for 1-2 hr at room temperature, and washed
with TBST. Washed membranes were briefly incubated in Supersignal West Pico or Dura substrate
(ThermoFisher) prior to imaging. Images were acquired with an Odyssey FC and quantified using
Image Studio software (LI-Cor).

Microscopy

Nuclei were mounted within a petrolatum (Vaseline) well containing the indicated buffer or a depres-
sion slide as noted previously. Images were acquired with an AxioPlan or ApoTome fluorescent
microscope running Axio Vision software (RRID:SCR _002677)and an AxioCam MRm or AxioCam
MrC5 camera (Zeiss). Images were pseudocolored and processed with FlJI (National Institutes of
Health RRID:SCR_002285) or Photoshop (Adobe Systems Inc. RRID:SCR_014199)

Nucleotides

ATP (Roche) was resuspended to a final concentration of 100 mM in 25 mM Tris and brought to pH
seven with NaOH. AMP-PMP (Sigma) was diluted to 94 mM in OR2 and brought to a pH of 7. Both
AMP-PNP and ATP were further diluted directly into in situ buffer (ISB) (20 mM HEPES, 100 mM KClI,
0.2 mM EDTA, 0.5 mM DTT, 20% Glycerol pH 7.4) or 25 mM Tris for ex vivo injection.

Statistical analysis

Statistical analysis was performed with GraphPad Prism (GraphPad Software, USA RRID:SCR_
002798). Where applicable, outlying data points were removed via ROUT analysis, and significance
between treatment groups was determined by unpaired t-test.
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Proteome methods

Reagents and materials

Bovine pancreas TPCK-treated trypsin, urea, ammonium bicarbonate (NH4HCO3), dithiothreitol
(DTT), iodoacetamide (IAA), sodium dodecyl sulfated (SDS), and Tris buffer were purchased from
Sigma—Aldrich (St. Louis, MO). Acetonitrile (ACN) and formic acid (FA) were purchased from Fisher
Scientific (Pittsburgh, PA). Water was purchased from Honeywell Burdick and Jackson (Wicklow, Ire-
land). Complete, mini protease inhibitor cocktail (provided in EASYpacks) was purchased from Roche
(Indianapolis, IN). The Microcon 30 kDA MWCO centrifugal filter units with regenerated cellulose
membrane were purchased from Merck (Darmstadt, Germany).

Proteome extraction and preparation
Each sample of nuclei was suspended in 750 uL of lysis buffer (6% SDS in Tris-HCI buffer) containing
protease inhibitor, followed by cell lysis via sonication with a Branson Sonifier 250 (VWR Scientific,
Batavia, IL) for 10 min on ice. Then, the lysate was centrifuged at 15,000 g for 10 min, and the super-
natant was collected into a new Eppendorf tube. Next, 100 ug protein from each sample was dena-
tured at 90°C for 30 min, reduced with DTT at 60°C for 1 hr, and then alkylated with IAA at room
temperature for 30 min. A 30 kDa membrane was moistened using 100 uL of 100 mM NH4HCO;
and centrifuged for 15 min at 13,000 g. The alkylated sample was placed on the membrane and cen-
trifuged for 40 min at 14,000 g. The membrane was washed three times with 200 puL of 8 M urea and
centrifuged at 18,000 g for 25 min each time. A final wash with 100 uL of 20 mM NH4HCO3 was cen-
trifuged for 10 min at 16,000 g. A tryptic digest of 1:25 trypsin:protein was completed by vortexing
the samples for 10 min, followed by incubating at 37°C for 12 hr. FA was used to quench the digest.
After protein digestion, the peptides were collected via centrifuge. In order to improve the pep-
tide recovery, we used 40 puL twice of 20 mM NH4HCO; to wash the membrane again in order to
collect the residual peptides on the membrane. Peptides from those two step collections were com-
bined and lyophilized. After that, the peptide sample was redissolved to 1 ug/uL of 1% (v/v) FA,
lyophilized per manufacturer instructions using SPE columns. The desalted same was again reconsti-
tuted to 1 pg/uL of 1% (v/v) FA for reversed-phase liquid chromatography (RPLC)-electrospray ioni-
zation (ESI)-tandem mass spectrometry (MS/MS) analysis.

RPLC-ESI-MS/MS

A nanoACQUITY UltraPerformance LC (UPLC) system (Waters, Milford, MA, USA) was used for pep-
tide separation. Buffer A (0.1% FA in water) and buffer B (0.1% FA in ACN) were used as mobile
phases for gradient separation. The flow rate was 1 uL/min. Peptides were automatically loaded
onto a commercial C18 reversed phase column (Waters, 100 um x 100 mm, 1.7 um particle,
BEH130C18, column temperature 40°C) with 2% buffer B for 10 min, followed by 3-step gradient
separation, 1 min from 2% to 8% B, 60 min to 30% B, 1 min to 80% B, and maintained at 80% B for
6 min. The column was equilibrated for 11 min with 2% B before analysis of the next sample. The
eluted peptides from the C18 column were pumped through a capillary tip for electrospray, and
analyzed by a Q-Exactive mass spectrometer (Thermo Fisher Scientific). The electrospray voltage
was set at 1.8 kV. The ion transfer tube temperature was 300°C. Full MS scans were acquired from
350 to 1800 m/z in the Orbitrap mass analyzer at a resolution of 70,000 (at 200 m/z). The AGC target
value was 3.00E + 06. The maximum injection time was 60 ms. Two microscan was used. The twelve
most intense peaks with charge state >2 were isolated in the quadrupole with isolation window of
2.0 m/z units, NCE was set at 28%, and further analyzed in the Orbitrap mass analyzer with 35,000
resolution (at 200 m/z), 1.0E + 06 AGC target value, and 120 ms maximum injection time. The inten-
sity threshold was 1.0E + 05 for triggering the peptide fragmentation. Dynamic exclusion was 40 s.
Isotopes were excluded. For each RPLC-MS/MS run, 2 uL of the peptide sample from each blasto-
mere was loaded onto the RPLC column for analysis.

Data analysis

All the raw MS files were analyzed by MaxQuant version 1.5.3.30. MS/MS spectra were searched
against the protein reference database from Xenopus laevis genome 9.1 (Cox et al., 2014,
2011). The analysis included an initial search with a precursor mass tolerance of 20 ppm, main search
precursor mass tolerance of 4.5 ppm and fragment mass tolerance of 20 ppm. The search included
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enzyme was trypsin, variable modifications of oxidation (M), acetylation (protein N-terminal) and
deamidation (NQ), and fixed modification of carbamidomethyl cysteine. Minimal peptide length was
set to six amino acids and the maximum number of missed cleavages allowed was two. The false dis-
covery rate (FDR) was set to 0.01 for both peptide and protein identifications. All proteins identified
by the same sets of peptides were grouped, and reported as one protein group. Protein groups
identified with at least one unique peptide were considered as positive hits. The protein group table
was filtered to remove the identifications from the reverse database and common contaminants.
‘Second peptides’ and ‘Match between runs’ functions with default settings were employed for data-
base searching. ‘Label free quantification’ function in the MaxQuant software was used with default
settings.

Data sets deposition
Proteomic data sets generated for this study are deposited at MassIVE data ftp://massive.ucsd.edu/
MSV000081690/.

It is important to note that data sets for both effective and ineffective protocols for identification
of aggregate and aggregate associated proteins are deposited. The data set obtained using the
protocol indicated and designated ‘Purple’ included proteins we verified as retained and aggre-
gated using both microscopy and western blot analysis. Other preparations identified fewer proteins
and failed to identify known aggregates.

Rapid isolation and collection of manually dissected Xenopus oocyte nuclei has been used to
describe the nuclear proteome of a vertebrate. Like those studies, we found that soluble proteins
are easily depleted from manually isolated nuclei by simple extending the time between dissection
and collection (Figure 1). Our initial attempts to characterize the aggregated nuclear proteome
used the limited amount of material we were able to manually harvest in a reasonable amount of
time. We next investigated the use of two different bulk nuclear isolation protocols. Date sets from
these trials and the dataset used for the analysis in this manuscript are all deposited at MassIVE.

Our initial attempts at bulk nuclear isolation were modeled off the protocol described by
Lehman and Carroll (1993). Retained proteins from nuclei isolated in this manner did not replicate
the pattern seen following soluble protein depletion of manually isolated nuclei. Therefore, we
attempted further enrich for aggregate associated proteins by washing ‘Carroll’ isolated nuclei with
OR2. In parallel experiments, we wanted to identify RNA dependent aggregate associated proteins.
To do so, we washed bulk isolated nuclei with 10 mg/mL RNase A supplemented OR2 for 1 hr.
These additional manipulations also failed to replicate the results of manually isolated and soluble
protein depleted nuclei.

We next performed bulk nuclear isolation based on the protocol described by Scalenghe et al.
(Scalenghe et al., 1978) SDS PAGE analysis of these samples (designated ‘purple’ in the deposited)
more closely resembled the results of our manually isolated and soluble protein depleted nuclei.
Therefore, we proceeded with this protocol, with two modifications. Following isolation, we incu-
bated nuclei in OR2 for 1 hr, to more closely replicate our manual isolation protocol, and we manu-
ally removed nuclear envelopes to limit our analysis to intra nuclear aggregates. Nuclear envelopes
were collected and included as a separate sample in our proteomic analysis.

In the deposited data sets samples designated IGS represent proteins recovered from fresh
nuclei, nuclei depleted of soluble proteins are in data sets: Wash N3-10-1,Wash N3-10-2,Wash N63-
10,0R2 and Purple Wash. Background controls are found in datasets Unknown Blank, SN1, SNé and
SN3.

We have included data sets from initial trials with four biological replicates examined either in
duplicate or triplicate. Samples designations were ‘Fresh’ for whole nuclei, Pellet for retained pro-
teins (including envelope proteins) and SN for proteins that left the nucleus during equilibration in
OR2. In addition, a single biological replicate, analyzed in triplicate, of nuclei treated with RNaseA
and of isolated nuclear envelope protein is included as part of the sample coded ‘Purple’. They are
deposited as part of the full analysis made on this biological replicate but await biological replicates
prior to full analysis. A key with brief descriptions of the data sets can be found in Table 1—source
data 2.

Hayes et al. eLife 2018;7:35224. DOI: https://doi.org/10.7554/eLife.35224 20 of 24


ftp://massive.ucsd.edu/MSV000081690/
ftp://massive.ucsd.edu/MSV000081690/
https://doi.org/10.7554/eLife.35224

LI FE Research article Cell Biology | Developmental Biology

Acknowledgements

The authors acknowledge the generosity of Dr. C Brangwynne (Princeton University) for plasmids
encoding fluorescent proteins used in this study. Drs. J Fassler and B Phillips (University of lowa) pro-
vided insight during the completion of this work. MH is a trainee in the Medical Scientist Training
Program at the University of lowa and the work is partial fulfillment of the requirements for his doc-
toral degree. Partial funding for these studies was from the Internal Research Funding Initiative at
the University of lowa to DW. NJD acknowledges support from the National Institute of Health
(RO1GMO096767 and ROTHD084399). EHP is funded by the National Science Foundation Graduate
Research Fellowship (2015-2018).

Additional information

Funding

Funder Grant reference number  Author

National Institute of General ~ Medical Scientist Training ~ Michael H Hayes

Medical Sciences Program

National Science Foundation  Pre-doctoral Fellowship Elizabeth H Peuchen
2015-2018

National Institute of General =~ RO1GMO096767 Norman J Dovichi

Medical Sciences

National Institute of General ROTHD084399 Norman J Dovichi
Medical Sciences

University of lowa Internal Funding Initiative Daniel L Weeks

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Michael H Hayes, Conceptualization, Data curation, Formal analysis, Validation, Investigation, Visuali-
zation, Methodology, Writing—original draft, Writing—review and editing; Elizabeth H Peuchen,
Data curation, Formal analysis, Validation, Investigation, Methodology, Writing—review and editing;
Norman J Dovichi, Resources, Data curation, Supervision, Funding acquisition, Writing—review and
editing; Daniel L Weeks, Conceptualization, Resources, Supervision, Funding acquisition, Validation,
Investigation, Visualization, Methodology, Writing—original draft, Project administration, Writing—
review and editing

Author ORCIDs
Daniel L Weeks () http://orcid.org/0000-0002-4977-2410

Ethics

Animal experimentation: This study was performed in accordance with the the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. All protocols were approved by
the University of lowa Office of Animal Resources and Institutional Animal Care and Use Committee
(Animal Protocol #5041363-003 ) to minimize any animal suffering.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.35224.019
Author response https://doi.org/10.7554/elife.35224.020

Additional files

Supplementary files
« Transparent reporting form

Hayes et al. eLife 2018;7:€35224. DOI: https://doi.org/10.7554/eLife.35224 21 of 24


http://orcid.org/0000-0002-4977-2410
https://doi.org/10.7554/eLife.35224.019
https://doi.org/10.7554/eLife.35224.020
https://doi.org/10.7554/eLife.35224

e LI FE Research article

Cell Biology | Developmental Biology

DOI: https://doi.org/10.7554/eLife.35224.015

Data availability
Proteomic Data set access directions are in the Supplemental text: "Proteomic data sets generated
for this study are deposited at MassIVE data ftp://massive.ucsd.edu/MSV000081690/."

The following dataset was generated:

Database, license,
and accessibility
Author(s) Year Dataset title Dataset URL information

N Dovichei, E Peu- 2017 Collaboration between lowa and  ftp://massive.ucsd.edu/  Publicly available at
chen Notre Dame. Proteomic data run at  MSV0000816%0/ MassIVE data.
Notre Dame

References

Abravaya K, Myers MP, Murphy SP, Morimoto RI. 1992. The human heat shock protein hsp70 interacts with HSF,
the transcription factor that regulates heat shock gene expression. Genes & Development 6:1153-1164.
DOI: https://doi.org/10.1101/gad.6.7.1153, PMID: 1628823

Andersen JS, Lam YW, Leung AK, Ong SE, Lyon CE, Lamond Al, Mann M. 2005. Nucleolar proteome dynamics.
Nature 433:77-83. DOI: https://doi.org/10.1038/nature03207, PMID: 15635413

Banani SF, Rice AM, Peeples WB, Lin Y, Jain S, Parker R, Rosen MK. 2016. Compositional control of Phase-
Separated cellular bodies. Cell 166:651-663. DOI: https://doi.org/10.1016/j.cell.2016.06.010, PMID: 27374333

Berry J, Brangwynne CP, Haataja M. 2018. Physical principles of intracellular organization via active and passive
phase transitions. Reports on Progress in Physics 81:046601. DOI: https://doi.org/10.1088/1361-6633/aaab e,
PMID: 29313527

Boamah EK, Kotova E, Garabedian M, Jarnik M, Tulin AV. 2012. Poly(ADP-Ribose) polymerase 1 (PARP-1)
regulates ribosomal biogenesis in Drosophila nucleoli. PLoS Genetics 8:€1002442. DOI: https://doi.org/10.
1371/journal.pgen.1002442, PMID: 22242017

Boke E, Ruer M, Wiihr M, Coughlin M, Lemaitre R, Gygi SP, Alberti S, Drechsel D, Hyman AA, Mitchison TJ.
2016. Amyloid-like Self-Assembly of a cellular compartment. Cell 166:637-650. DOI: https://doi.org/10.1016/].
cell.2016.06.051, PMID: 27471966

Boyle El, Weng S, Gollub J, Jin H, Botstein D, Cherry JM, Sherlock G. 2004. GO::TermFinder—open source
software for accessing gene ontology information and finding significantly enriched gene ontology terms
associated with a list of genes. Bioinformatics 20:3710-3715. DOI: https://doi.org/10.1093/bioinformatics/
bth456, PMID: 15297299

Brangwynne CP, Mitchison TJ, Hyman AA. 2011. Active liquid-like behavior of nucleoli determines their size and
shape in Xenopus laevis oocytes. PNAS 108:4334-4339. DOI: https://doi.org/10.1073/pnas. 1017150108,
PMID: 21368180

Carroll D, Lehman CW. 1991. DNA recombination and repair in oocytes, eggs, and extracts. Methods in Cell
Biology 36:467-486. DOI: https://doi.org/10.1016/S0091-679X(08)60292-7, PMID: 1811148

Chen D, Huang S. 2001. Nucleolar components involved in ribosome biogenesis cycle between the nucleolus and
nucleoplasm in interphase cells. The Journal of Cell Biology 153:169-176. DOI: https://doi.org/10.1083/jcb.
153.1.169, PMID: 11285283

Courchaine EM, Lu A, Neugebauer KM. 2016. Droplet organelles? The EMBO Journal 35:1603-1612.
DOI: https://doi.org/10.15252/embj.201593517, PMID: 27357569

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. 2014. Accurate proteome-wide label-free quantification
by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ. Molecular & Cellular
Proteomics 13:2513-2526. DOI: https://doi.org/10.1074/mcp.M113.031591, PMID: 24942700

Cox J, Mann M. 2008. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nature Biotechnology 26:1367-1372. DOI: https://doi.
org/10.1038/nbt.1511, PMID: 19029910

Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M. 2011. Andromeda: a peptide search engine
integrated into the MaxQuant environment. Journal of Proteome Research 10:1794-1805. DOI: https://doi.org/
10.1021/pr101065j, PMID: 21254760

Eastoe J, Hatzopoulos MH, Dowding PJ. 2011. Action of hydrotropes and alkyl-hydrotropes. Soft Matter 7:5917.
DOI: https://doi.org/10.1039/c1sm05138e

Ellis JC, Brown DD, Brown JW. 2010. The small nucleolar ribonucleoprotein (snoRNP) database. RNA 16:664—
666. DOI: https://doi.org/10.1261/rna.1871310, PMID: 20197376

Feric M, Vaidya N, Harmon TS, Mitrea DM, Zhu L, Richardson TM, Kriwacki RW, Pappu RV, Brangwynne CP.
2016. Coexisting liquid phases underlie nucleolar subcompartments. Cell 165:1686—1697. DOI: https://doi.org/
10.1016/j.cell.2016.04.047, PMID: 27212236

Franke WW, Kleinschmidt JA, Spring H, Krohne G, Grund C, Trendelenburg MF, Stoehr M, Scheer U. 1981. A
nucleolar skeleton of protein filaments demonstrated in amplified nucleoli of Xenopus laevis. The Journal of
Cell Biology 90:289-299. DOI: https://doi.org/10.1083/jcb.90.2.289, PMID: 6169728

Hayes et al. eLife 2018;7:€35224. DOI: https://doi.org/10.7554/eLife.35224 22 of 24


https://doi.org/10.7554/eLife.35224.015
ftp://massive.ucsd.edu/MSV000081690/
ftp://massive.ucsd.edu/MSV000081690/
https://doi.org/10.1101/gad.6.7.1153
http://www.ncbi.nlm.nih.gov/pubmed/1628823
https://doi.org/10.1038/nature03207
http://www.ncbi.nlm.nih.gov/pubmed/15635413
https://doi.org/10.1016/j.cell.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27374333
https://doi.org/10.1088/1361-6633/aaa61e
http://www.ncbi.nlm.nih.gov/pubmed/29313527
https://doi.org/10.1371/journal.pgen.1002442
https://doi.org/10.1371/journal.pgen.1002442
http://www.ncbi.nlm.nih.gov/pubmed/22242017
https://doi.org/10.1016/j.cell.2016.06.051
https://doi.org/10.1016/j.cell.2016.06.051
http://www.ncbi.nlm.nih.gov/pubmed/27471966
https://doi.org/10.1093/bioinformatics/bth456
https://doi.org/10.1093/bioinformatics/bth456
http://www.ncbi.nlm.nih.gov/pubmed/15297299
https://doi.org/10.1073/pnas.1017150108
http://www.ncbi.nlm.nih.gov/pubmed/21368180
https://doi.org/10.1016/S0091-679X(08)60292-7
http://www.ncbi.nlm.nih.gov/pubmed/1811148
https://doi.org/10.1083/jcb.153.1.169
https://doi.org/10.1083/jcb.153.1.169
http://www.ncbi.nlm.nih.gov/pubmed/11285283
https://doi.org/10.15252/embj.201593517
http://www.ncbi.nlm.nih.gov/pubmed/27357569
https://doi.org/10.1074/mcp.M113.031591
http://www.ncbi.nlm.nih.gov/pubmed/24942700
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
https://doi.org/10.1021/pr101065j
https://doi.org/10.1021/pr101065j
http://www.ncbi.nlm.nih.gov/pubmed/21254760
https://doi.org/10.1039/c1sm05138e
https://doi.org/10.1261/rna.1871310
http://www.ncbi.nlm.nih.gov/pubmed/20197376
https://doi.org/10.1016/j.cell.2016.04.047
https://doi.org/10.1016/j.cell.2016.04.047
http://www.ncbi.nlm.nih.gov/pubmed/27212236
https://doi.org/10.1083/jcb.90.2.289
http://www.ncbi.nlm.nih.gov/pubmed/6169728
https://doi.org/10.7554/eLife.35224

e LI FE Research article

Cell Biology | Developmental Biology

Gall JG, Wu Z, Murphy C, Gao H. 2004. Structure in the amphibian germinal vesicle. Experimental Cell Research
296:28-34. DOI: https://doi.org/10.1016/j.yexcr.2004.03.017, PMID: 15120990

Gardner EJ, Nizami ZF, Talbot CC, Gall JG. 2012. Stable intronic sequence RNA (sisRNA), a new class of
noncoding RNA from the oocyte nucleus of Xenopus tropicalis. Genes & Development 26:2550-2559.
DOI: https://doi.org/10.1101/gad.202184.112, PMID: 23154985

Handwerger KE, Cordero JA, Gall JG. 2005. Cajal bodies, nucleoli, and speckles in the Xenopus oocyte nucleus
have a low-density, sponge-like structure. Molecular Biology of the Cell 16:202-211. DOI: https://doi.org/10.
1091/mbc.e04-08-0742, PMID: 15509651

Harper ME, Monemdjou S, Ramsey JJ, Weindruch R. 1998. Age-related increase in mitochondrial proton leak
and decrease in ATP turnover reactions in mouse hepatocytes. American Journal of Physiology-Endocrinology
and Metabolism 275:E197-E206. DOI: https://doi.org/10.1152/ajpendo.1998.275.2.E197, PMID: 9688619

Hayes MH, Weeks DL. 2016. Amyloids assemble as part of recognizable structures during oogenesis in Xenopus.
Biology Open 5:801-806. DOI: https://doi.org/10.1242/bio.017384, PMID: 27215327

Heinrich SU, Lindquist S. 2011. Protein-only mechanism induces self-perpetuating changes in the activity of
neuronal Aplysia cytoplasmic polyadenylation element binding protein (CPEB). PNAS 108:2999-3004.
DOI: https://doi.org/10.1073/pnas.1019368108, PMID: 21270333

Hyman AA, Weber CA, Jilicher F. 2014. Liquid-liquid phase separation in biology. Annual Review of Cell and
Developmental Biology 30:39-58. DOI: https://doi.org/10.1146/annurev-cellbio-100913-013325, PMID: 252
88112

Imamura H, Nhat KP, Togawa H, Saito K, lino R, Kato-Yamada Y, Nagai T, Noji H. 2009. Visualization of ATP
levels inside single living cells with fluorescence resonance energy transfer-based genetically encoded
indicators. PNAS 106:15651-15656. DOI: https://doi.org/10.1073/pnas.0904764106, PMID: 19720993

Kar B, Liu B, Zhou Z, Lam YW. 2011. Quantitative nucleolar proteomics reveals nuclear re-organization during
stress- induced senescence in mouse fibroblast. BMC Cell Biology 12:33. DOI: https://doi.org/10.1186/1471-
2121-12-33, PMID: 21835027

Kato M, Han TW, Xie S, Shi K, Du X, Wu LC, Mirzaei H, Goldsmith EJ, Longgood J, Pei J, Grishin NV, Frantz DE,
Schneider JW, Chen S, Li L, Sawaya MR, Eisenberg D, Tycko R, McKnight SL. 2012. Cell-free formation of RNA
granules: low complexity sequence domains form dynamic fibers within hydrogels. Cell 149:753-767.
DOI: https://doi.org/10.1016/j.cell.2012.04.017, PMID: 22579281

Kiseleva E, Drummond SP, Goldberg MW, Rutherford SA, Allen TD, Wilson KL. 2004. Actin- and protein-4.1-
containing filaments link nuclear pore complexes to subnuclear organelles in Xenopus oocyte nuclei. Journal of
Cell Science 117:2481-2490. DOI: https://doi.org/10.1242/jcs.01098, PMID: 15128868

Knight ZA, Shokat KM. 2005. Features of selective kinase inhibitors. Chemistry & Biology 12:621-637.
DOI: https://doi.org/10.1016/j.chembiol.2005.04.011, PMID: 15975507

Knowles TP, Vendruscolo M, Dobson CM. 2014. The amyloid state and its association with protein misfolding
diseases. Nature Reviews Molecular Cell Biology 15:384-396. DOI: https://doi.org/10.1038/nrm3810, PMID: 24
854788

Kroschwald S, Maharana S, Mateju D, Malinovska L, Niske E, Poser |, Richter D, Alberti S. 2015. Promiscuous
interactions and protein disaggregases determine the material state of stress-inducible RNP granules. eLife 4:
€06807. DOI: https://doi.org/10.7554/eLife.06807, PMID: 26238190

Lee CF, Brangwynne CP, Gharakhani J, Hyman AA, Jilicher F. 2013. Spatial organization of the cell cytoplasm by
position-dependent phase separation. Physical Review Letters 111:088101. DOI: https://doi.org/10.1103/
PhysRevLett.111.088101, PMID: 24010479

Lehman CW, Carroll D. 1993. Isolation of large quantities of functional, cytoplasm-free Xenopus laevis oocyte
nuclei. Analytical Biochemistry 211:311-319. DOI: https://doi.org/10.1006/abio.1993.1275, PMID: 8391226

Lopez-Buesa P, Pfund C, Craig EA. 1998. The biochemical properties of the ATPase activity of a 70-kDa heat
shock protein (Hsp70) are governed by the C-terminal domains. PNAS 95:15253-15258. DOI: https://doi.org/
10.1073/pnas.95.26.15253, PMID: 9860955

Love NR, Thuret R, Chen'Y, Ishibashi S, Sabherwal N, Paredes R, Alves-Silva J, Dorey K, Noble AM, Guille MJ,
Sasai Y, Papalopulu N, Amaya E. 2011. pTransgenesis: a cross-species, modular transgenesis resource.
Development 138:5451-5458. DOI: https://doi.org/10.1242/dev.066498, PMID: 22110059

Lund E, Paine PL. 1990. Nonaqueous isolation of transcriptionally active nuclei from xenopus oocytes. Methods in
Enzymology 181:36-43. DOI: https://doi.org/10.1016/0076-6879(90)81110-G, PMID: 1696347

Maiji SK, Perrin MH, Sawaya MR, Jessberger S, Vadodaria K, Rissman RA, Singru PS, Nilsson KP, Simon R,
Schubert D, Eisenberg D, Rivier J, Sawchenko P, Vale W, Riek R. 2009. Functional amyloids as natural storage
of peptide hormones in pituitary secretory granules. Science 325:328-332. DOI: https://doi.org/10.1126/
science.1173155, PMID: 19541956

Majumdar A, Cesario WC, White-Grindley E, Jiang H, Ren F, Khan MR, Li L, Choi EM, Kannan K, Guo F, Unruh J,
Slaughter B, Si K. 2012. Critical role of amyloid-like oligomers of Drosophila Orb2 in the persistence of
memory. Cell 148:515-529. DOI: https://doi.org/10.1016/j.cell.2012.01.004, PMID: 22284910

Meyer T, Voigt N. 2017. In search for novel functions of adenosine 5'-triphosphate (ATP) in the heart.
Cardiovascular Research 113:59-e60. DOI: https://doi.org/10.1093/cvr/cvx207, PMID: 29186438

Miller DS, Horowitz SB. 1986. Intracellular compartmentalization of adenosine triphosphate. The Journal of
Biological Chemistry 261:13911-13915. PMID: 3490471

Miyoshi N, Oubrahim H, Chock PB, Stadtman ER. 2006. Age-dependent cell death and the role of ATP in
hydrogen peroxide-induced apoptosis and necrosis. Proceedings of the National Academy of Sciences 103:
1727-1731. DOI: https://doi.org/10.1073/pnas.0510346103

Hayes et al. eLife 2018;7:€35224. DOI: https://doi.org/10.7554/eLife.35224 23 of 24


https://doi.org/10.1016/j.yexcr.2004.03.017
http://www.ncbi.nlm.nih.gov/pubmed/15120990
https://doi.org/10.1101/gad.202184.112
http://www.ncbi.nlm.nih.gov/pubmed/23154985
https://doi.org/10.1091/mbc.e04-08-0742
https://doi.org/10.1091/mbc.e04-08-0742
http://www.ncbi.nlm.nih.gov/pubmed/15509651
https://doi.org/10.1152/ajpendo.1998.275.2.E197
http://www.ncbi.nlm.nih.gov/pubmed/9688619
https://doi.org/10.1242/bio.017384
http://www.ncbi.nlm.nih.gov/pubmed/27215327
https://doi.org/10.1073/pnas.1019368108
http://www.ncbi.nlm.nih.gov/pubmed/21270333
https://doi.org/10.1146/annurev-cellbio-100913-013325
http://www.ncbi.nlm.nih.gov/pubmed/25288112
http://www.ncbi.nlm.nih.gov/pubmed/25288112
https://doi.org/10.1073/pnas.0904764106
http://www.ncbi.nlm.nih.gov/pubmed/19720993
https://doi.org/10.1186/1471-2121-12-33
https://doi.org/10.1186/1471-2121-12-33
http://www.ncbi.nlm.nih.gov/pubmed/21835027
https://doi.org/10.1016/j.cell.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22579281
https://doi.org/10.1242/jcs.01098
http://www.ncbi.nlm.nih.gov/pubmed/15128868
https://doi.org/10.1016/j.chembiol.2005.04.011
http://www.ncbi.nlm.nih.gov/pubmed/15975507
https://doi.org/10.1038/nrm3810
http://www.ncbi.nlm.nih.gov/pubmed/24854788
http://www.ncbi.nlm.nih.gov/pubmed/24854788
https://doi.org/10.7554/eLife.06807
http://www.ncbi.nlm.nih.gov/pubmed/26238190
https://doi.org/10.1103/PhysRevLett.111.088101
https://doi.org/10.1103/PhysRevLett.111.088101
http://www.ncbi.nlm.nih.gov/pubmed/24010479
https://doi.org/10.1006/abio.1993.1275
http://www.ncbi.nlm.nih.gov/pubmed/8391226
https://doi.org/10.1073/pnas.95.26.15253
https://doi.org/10.1073/pnas.95.26.15253
http://www.ncbi.nlm.nih.gov/pubmed/9860955
https://doi.org/10.1242/dev.066498
http://www.ncbi.nlm.nih.gov/pubmed/22110059
https://doi.org/10.1016/0076-6879(90)81110-G
http://www.ncbi.nlm.nih.gov/pubmed/1696347
https://doi.org/10.1126/science.1173155
https://doi.org/10.1126/science.1173155
http://www.ncbi.nlm.nih.gov/pubmed/19541956
https://doi.org/10.1016/j.cell.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22284910
https://doi.org/10.1093/cvr/cvx207
http://www.ncbi.nlm.nih.gov/pubmed/29186438
http://www.ncbi.nlm.nih.gov/pubmed/3490471
https://doi.org/10.1073/pnas.0510346103
https://doi.org/10.7554/eLife.35224

e LI FE Research article

Cell Biology | Developmental Biology

Nillegoda NB, Kirstein J, Szlachcic A, Berynskyy M, Stank A, Stengel F, Arnsburg K, Gao X, Scior A, Aebersold R,
Guilbride DL, Wade RC, Morimoto RI, Mayer MP, Bukau B. 2015. Crucial HSP70 co-chaperone complex unlocks
metazoan protein disaggregation. Nature 524:247-251. DOI: https://doi.org/10.1038/nature 14884,

PMID: 26245380

Paine PL, Johnson ME, Lau YT, Tluczek LJ, Miller DS. 1992. The oocyte nucleus isolated in oil retains in vivo
structure and functions. BioTechniques 13:238-246. PMID: 1382465

Patel A, Malinovska L, Saha S, Wang J, Alberti S, Krishnan Y, Hyman AA. 2017. ATP as a biological hydrotrope.
Science 356:753-756. DOI: https://doi.org/10.1126/science.aaf6846, PMID: 28522535

Peuchen EH, Sun L, Dovichi NJ. 2016. Optimization and comparison of bottom-up proteomic sample preparation
for early-stage Xenopus laevis embryos. Analytical and Bioanalytical Chemistry 408:4743-4749. DOI: https://
doi.org/10.1007/s00216-016-9564-2, PMID: 27137514

Phair RD, Misteli T. 2000. High mobility of proteins in the mammalian cell nucleus. Nature 404:604-609.

DOI: https://doi.org/10.1038/35007077, PMID: 10766243

Saad S, Cereghetti G, Feng Y, Picotti P, Peter M, Dechant R. 2017. Reversible protein aggregation is a protective
mechanism to ensure cell cycle restart after stress. Nature Cell Biology 19:1202-1213. DOI: https://doi.org/10.
1038/ncb3600, PMID: 28846094

Scalenghe F, Buscaglia M, Steinheil C, Crippa M. 1978. Large scale isolation of nuclei and nucleoli from
vitellogenic oocytes of Xenopus laevis. Chromosoma 66:299-308. DOI: https://doi.org/10.1007/BF00328531,
PMID: 657930

Schreier S, Malheiros SVP, de Paula E. 2000. Surface active drugs: self-association and interaction with
membranes and surfactants. Physicochemical and biological aspects. Biochimica Et Biophysica Acta (BBA) -
Biomembranes 1508:210-234. DOI: https://doi.org/10.1016/50304-4157(00)00012-5

Schwartz JC, Wang X, Podell ER, Cech TR. 2013. RNA seeds higher-order assembly of FUS protein. Cell Reports
5:918-925. DOI: https://doi.org/10.1016/j.celrep.2013.11.017, PMID: 24268778

Shorter J, Lindquist S. 2004. Hsp104 catalyzes formation and elimination of self-replicating Sup35 prion
conformers. Science 304:1793-1797. DOI: https://doi.org/10.1126/science.1098007, PMID: 15155912

Shorter J. 2011. The mammalian disaggregase machinery: hsp110 synergizes with Hsp70 and Hsp40 to catalyze
protein disaggregation and reactivation in a cell-free system. PLoS ONE 6:€26319. DOI: https://doi.org/10.
1371/journal.pone.0026319, PMID: 22022600

Suzuki R, Hotta K, Oka K. 2015. Spatiotemporal quantification of subcellular ATP levels in a single Hela cell
during changes in morphology. Scientific Reports 5:16874. DOI: https://doi.org/10.1038/srep 16874,

PMID: 26575097

Tollervey D, Kiss T. 1997. Function and synthesis of small nucleolar RNAs. Current Opinion in Cell Biology 9:337-
342. DOI: https://doi.org/10.1016/S0955-0674(97)80005-1, PMID: 9159079

Traut TW. 1994. Physiological concentrations of purines and pyrimidines. Molecular and Cellular Biochemistry
140:1-22. DOI: https://doi.org/10.1007/BF00928361, PMID: 7877593

Vacher C, Garcia-Oroz L, Rubinsztein DC. 2005. Overexpression of yeast hsp104 reduces polyglutamine
aggregation and prolongs survival of a transgenic mouse model of Huntington’s disease. Human Molecular
Genetics 14:3425-3433. DOI: https://doi.org/10.1093/hmg/ddi372, PMID: 16204350

Verheggen C, Almouzni G, Hernandez-Verdun D. 2000. The ribosomal RNA processing machinery is recruited to
the nucleolar domain before RNA polymerase | during Xenopus laevis development. The Journal of Cell
Biology 149:293-306. DOI: https://doi.org/10.1083/jcb.149.2.293, PMID: 10769023

Wisniewski JR, Zougman A, Nagaraj N, Mann M. 2009. Universal sample preparation method for proteome
analysis. Nature Methods 6:359-362. DOI: https://doi.org/10.1038/nmeth.1322, PMID: 19377485

Wright RH, Lioutas A, Le Dily F, Soronellas D, Pohl A, Bonet J, Nacht AS, Samino S, Font-Mateu J, Vicent GP,
Wierer M, Trabado MA, Schelhorn C, Carolis C, Macias MJ, Yanes O, Oliva B, Beato M. 2016. ADP-ribose-
derived nuclear ATP synthesis by NUDIX5 is required for chromatin remodeling. Science 352:1221-1225.

DOI: https://doi.org/10.1126/science.aad?335, PMID: 27257257

Wiihr M, Gittler T, Peshkin L, McAlister GC, Sonnett M, Ishihara K, Groen AC, Presler M, Erickson BK, Mitchison
TJ, Kirschner MW, Gygi SP. 2015. The nuclear proteome of a vertebrate. Current Biology 25:2663-2671.

DOI: https://doi.org/10.1016/j.cub.2015.08.047, PMID: 26441354

Yaginuma H, Kawai S, Tabata KV, Tomiyama K, Kakizuka A, Komatsuzaki T, Noji H, Imamura H. 2014. Diversity in
ATP concentrations in a single bacterial cell population revealed by quantitative single-cell imaging. Scientific
Reports 4:6522. DOI: https://doi.org/10.1038/srep06522, PMID: 25283467

Ytting CK, Fuglsang AT, Kalervo Hiltunen J, Kastaniotis AJ, Ozalp VC, Nielsen LJ, Olsen LF. 2012. Measurements
of intracellularATP provide new insight into the regulation of glycolysis in the yeast Saccharomyces cerevisiae.
Integr. Biol. 4:99-107. DOI: https://doi.org/10.1039/C1I1BO0108F

Zernicka-Goetz M, Pines J, Ryan K, Siemering KR, Haseloff J, Evans MJ, Gurdon JB. 1996. An indelible lineage
marker for Xenopus using a mutated green fluorescent protein. Development 122:3719-3724. PMID: 9012493

Hayes et al. eLife 2018;7:€35224. DOI: https://doi.org/10.7554/eLife.35224 24 of 24


https://doi.org/10.1038/nature14884
http://www.ncbi.nlm.nih.gov/pubmed/26245380
http://www.ncbi.nlm.nih.gov/pubmed/1382465
https://doi.org/10.1126/science.aaf6846
http://www.ncbi.nlm.nih.gov/pubmed/28522535
https://doi.org/10.1007/s00216-016-9564-2
https://doi.org/10.1007/s00216-016-9564-2
http://www.ncbi.nlm.nih.gov/pubmed/27137514
https://doi.org/10.1038/35007077
http://www.ncbi.nlm.nih.gov/pubmed/10766243
https://doi.org/10.1038/ncb3600
https://doi.org/10.1038/ncb3600
http://www.ncbi.nlm.nih.gov/pubmed/28846094
https://doi.org/10.1007/BF00328531
http://www.ncbi.nlm.nih.gov/pubmed/657930
https://doi.org/10.1016/S0304-4157(00)00012-5
https://doi.org/10.1016/j.celrep.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24268778
https://doi.org/10.1126/science.1098007
http://www.ncbi.nlm.nih.gov/pubmed/15155912
https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1371/journal.pone.0026319
http://www.ncbi.nlm.nih.gov/pubmed/22022600
https://doi.org/10.1038/srep16874
http://www.ncbi.nlm.nih.gov/pubmed/26575097
https://doi.org/10.1016/S0955-0674(97)80005-1
http://www.ncbi.nlm.nih.gov/pubmed/9159079
https://doi.org/10.1007/BF00928361
http://www.ncbi.nlm.nih.gov/pubmed/7877593
https://doi.org/10.1093/hmg/ddi372
http://www.ncbi.nlm.nih.gov/pubmed/16204350
https://doi.org/10.1083/jcb.149.2.293
http://www.ncbi.nlm.nih.gov/pubmed/10769023
https://doi.org/10.1038/nmeth.1322
http://www.ncbi.nlm.nih.gov/pubmed/19377485
https://doi.org/10.1126/science.aad9335
http://www.ncbi.nlm.nih.gov/pubmed/27257257
https://doi.org/10.1016/j.cub.2015.08.047
http://www.ncbi.nlm.nih.gov/pubmed/26441354
https://doi.org/10.1038/srep06522
http://www.ncbi.nlm.nih.gov/pubmed/25283467
https://doi.org/10.1039/C1IB00108F
http://www.ncbi.nlm.nih.gov/pubmed/9012493
https://doi.org/10.7554/eLife.35224

