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ABSTRACT

This review covers research findings reported over the past decade concerning the ability of low complexity (LC) domains
to self-associate in a manner leading to their phase separation from aqueous solution. We focus our message upon the re-
ductionist use of two forms of phase separation as biochemical assays to study how LC domains might function in living
cells. Cells and their varied compartments represent extreme examples of material condensates. Over the past half cen-
tury, biochemists, structural biologists, and molecular biologists have resolved the mechanisms driving innumerable forms
of macromolecular condensation. In contrast, we remain largely ignorant as to how 10%-20% of our proteins actually work
to assist in cell organization. This enigmatic 10%-20% of the proteome corresponds to gibberish-like LC sequences. We
contend that many of these LC sequences move in and out of a structurally ordered, self-associated state as a means of
offering a combination of organizational specificity and dynamic pliability to living cells. Finally, we speculate that ancient

proteins may have behaved similarly, helping to condense, organize, and protect RNA early during evolution.
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INTRODUCTION

We have focused this review upon the thesis that certain
protein domains of low sequence complexity function by
adopting labile and reversible structural order. The path-
way by which we stumbled over this controversial discov-
ery has been guided by serendipity. Our journey began
with the discovery of a chemical that selectively binds LC
domains only upon crystallization, and has profited sub-
stantially from the unanticipated finding that purified LC
domains become phase separated into liquid-like droplet
and hydrogel states upon incubation at high concentra-
tions. Prior to the observation of LC domain phase separa-
tion, we lacked functional assays for biochemical studies of
these enigmatic proteins. Over the past decade, we have
used two related assays of phase separation to perform re-
ductionist, test tube experiments on LC domains.

We do not delve into the broad topic of phase separa-
tion in the context of cell biology—recent issues of
Nature Reviews Molecular Cell Biology contained no less
than 44 such articles. Test tube examples of phase separa-
tion have now been observed for RNA in isolation (Jain and
Vale 2017), folded proteins (Li et al. 2012), and innumera-
ble other examples of biological macromolecules. We in-
stead restrict the focus of this review to studies of LC
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domain self-association performed both in vitro and in
vivo. Our sole concern is to ask whether what we are learn-
ing from test tube biochemical experiments is relevant to
the manner in which LC domains function in living cells.

LOW COMPLEXITY SEQUENCES WERE FIRST
RECOGNIZED AS THE ACTIVATION DOMAINS
OF TRANSCRIPTION FACTORS

The earliest descriptions of eukaryotic transcription factors
were reported three to four decades ago. These gene-spe-
cific transcription factors were prototypically composed of
two domains. One domain allowed for avid recognition of
specific DNA sequences representing cis-regulatory sites
required for selective gene activation or repression.
Biochemical and structural studies revealed how these
DNA binding domains, including homeoboxes, zinc fin-
gers and leucine zippers, achieve binding selectivity
(Pabo and Sauer 1992). A second, unanticipated domain
associated with gene-specific transcription factors was dis-
covered as being required for transcriptional activation.
When studied in living cells, removal of activation domains
abrogated the regulatory function of gene-specific tran-
scription factors.

Unlike DNA binding domains that fold into specific,
three-dimensional shapes, activation domains appeared
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to function in the absence of molecular structure. This sur-
prising and enigmatic fact was concordant with the chem-
ical nature of activation domains. Instead of deploying the
20 amino acids normally required for proteins to adopt a
specific, three-dimensional shape, activation domains
were of low sequence complexity. The activation domain
characterized by Robert Tjian and colleagues in their stud-
ies of the SP1 transcription factor was composed almost
exclusively of glutamine residues (Courey et al. 1989).
Other activation domains, including that of the yeast
Gal4 protein studied by Mark Ptashne, were also of low se-
quence complexity—the Gal4 activation domain was en-
riched in acidic residues (Ma and Ptashne 1987). A
similar enrichment in acidic amino acids also characterized
the VP16 protein studied in the McKnight laboratory
(Triezenberg et al. 1988), and the Hap4 activation domain
studied by Leonard Guarente (Forsburg and Guarente
1989). Despite intense interest and three decades of re-
search, little has been learned as to how activation do-
mains function in a mechanistic sense. If a protein
assumes no form of molecular structure, it is inordinately
difficult to understand how it performs its biological task.

LOW COMPLEXITY DOMAINS ARE UBIQUITOUS
CONSTITUENTS OF EUKARYOTIC PROTEOMES

Whereas first uncovered in studies of gene-specific tran-
scription factors, it is now recognized that eukaryotic cells
are composed of thousands of different low complexity
domains. LC domains are present on the vast majority of
RNA binding proteins. They also sit at either end of the
o-helical, coiled-coil rod domains of our 75 intermediate
filament proteins. They fill the permeability gate of nucle-
opores. They decorate the exterior surface of neuronal ves-
icles. They elaborate membrane-bound proteins of the
Golgi apparatus and mitochondria. Low complexity do-
mains are deployed liberally in all aspects of cell biology.
An entire field has emerged dedicated to the study of
low complexity domains, which are also termed intrinsical-
ly disordered proteins. Biomedical interest in these pro-
teins has been prompted by the fact that mutations in
coding sequences for low complexity domains often cause
neurological disease. Such mutations sometimes expand
the length of low complexity domains, whereas others
are simple missense mutations. If we are to properly
understand neurological and neurodegenerative disease
pathophysiology, we must first develop a mechanistic un-
derstanding of how low complexity domains function.

LOW COMPLEXITY DOMAINS CAN PHASE
SEPARATE IN THE FORM OF HYDROGELS

Fifteen years ago, the laboratory of Dirk Gérlich reported
the inspired discovery that the low complexity domains
of certain nucleoporin proteins can form translucent hydro-
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gels (Frey and Gérlich 2007; Frey et al. 2006; ). The relevant
domain required for gel formation coincided with the phe-
nylalanine:glycine (FG) repeats that fill the permeability
channel of the nucleopore. Evidence favoring the biologi-
cal validity of FG hydrogels came from binding assays us-
ing the P-importin nuclear transport protein. When
applied to FG hydrogels, B-importin selectively penetrated
FG hydrogels relative to control protein samples by a fac-
tor of 1000. The Gérlich discoveries represented a huge
step forward for studies of low complexity domains. First,
they showed that FG repeats must be capable of self-asso-
ciating to elicit gel formation. Second, they allowed bio-
chemical reconstitution of the activity of an LC domain.
Not only did FG hydrogels selectively bind B-importin,
but they facilitated the efficiency of importin-mediated
cargo influx by more than 20,000-fold.

The chemical basis of FG domain self-association in hy-
drogels has yet to be established. Solid state NMR studies
of FG hydrogels gave clear evidence of amyloid-like cross-
B interactions (Ader et al. 2010), yet the favored interpreta-
tion of FG domain self-association was that of extended
polypeptides forming a mesh-like matrix. Phenylalanine
residues were hypothesized to reside at the nexus of poly-
peptide contacts. Thus, despite evidence of cross-p inter-
actions within FG domain hydrogels, this mode of self-
association was dismissed.

Some five to six years after the groundbreaking studies
of Gérlich and colleagues, the McKnight laboratory report-
ed a second example of a hydrogel-forming low complex-
ity domain. This domain was specified by the amino-
terminal 214 residues of the fused in sarcoma (FUS) RNA
binding protein (Han et al. 2012; Kato et al. 2012). Unlike
the phenylalanine:glycine-rich LC domain of nucleoporins,
the LC domain of FUS contains triplet repeats (27) of the
sequence G/S-Y-G/S. For all intents and purposes, the se-
quence of the FUS LC domain can be considered a series
of YG repeats in place of the nucleoporin FG repeats—FUS
simply replaces phenylalanine side chains with another ar-
omatic side chain (that of tyrosine).

Not unlike Gérlich’s FG domain hydrogels, those made
from the FUS LC domain become phase separated upon
some form of self-association. Studies of FUS hydrogels re-
vealed amyloid-like polymers as deduced by electron
microscopy and X-ray diffraction. Surprisingly, unlike path-
ogenic amyloid polymers, those formed from the FUS LC
domain were found to be labile to disassembly. A molecu-
lar structure of the cross-p core of FUS polymers has been
resolved by solid state NMR spectroscopy (Murray et al.
2017). Of the 214 residue LC domain of FUS, self-associa-
tion was mapped to a region between residues 37 and 95
that we designate as the amino-terminal cross- core.

The molecular structure FUS LC domain polymers re-
vealed two differences from pathogenic amyloids that
are inordinately stable, such as a-synuclein and AB poly-
mers found in the brain tissue of Alzheimer's patients.
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First, FUS polymers are monomorphic—the same structure
is repeatedly formed from the FUS LC domain. In contrast,
a-synuclein and AB polymers form a variety of structures.
Second, the latter polymers contain between 20 and 30
hydrophobic residues per protomer at the polymer inter-
face. FUS polymers contain but a single hydrophobic
side chain, that of proline residue 72, within the entire
polymer interface. The lability of FUS cross-p interactions
is likely attributable to this paucity of hydrophobic residues
at the subunit interface. Structural studies of FUS hydro-
gels show unequivocally that in this form of phase separa-
tion, protein self-association is dictated by structurally
specific cross-B interactions (Murray et al. 2017).

As with the Gérlich demonstration of reconstituted activ-
ity of FG domains in his hydrogel preparations, including
selective B-importin binding and the dramatic enhance-
ment of importin-mediated cargo penetration, studies of
FUS hydrogels also revealed evidence of biological rele-
vance. When linked to the DNA binding domain of any
of a number of gene-specific transcription factors, the
FUS LC domain functions as a potent transcriptional activa-
tion domain. Capture assays using FUS hydrogels revealed
binding of the largest subunit of RNA polymerase II. This
binding was traced to the carboxy-terminal domain
(CTD) of RNA polymerase Il, and could be reconstituted
using purified components. CTD binding was also ob-
served for hydrogels prepared from the LC domains of
the Ewing sarcoma (EWS) and TAF15 proteins that repre-
sent paralogs of FUS. The CTD was released from FUS,
EWS or TAF15 hydrogels upon exposure of the prepara-
tions to ATP and either of the two related cyclin-depen-
dent kinase enzymes known to phosphorylate the CTD.
The Supplemental Movie S1 shows phosphorylation-me-
diated release of the CTD from TAF15 hydrogels.

Perhaps importantly, or perhaps coincidentally, unbi-
ased mutagenesis of the FUS LC domain led to the discov-
ery of a dual serine substitution that enhanced CTD
binding to FUS hydrogels and simultaneously enhanced
the capacity of the FUS LC domain to activate transcription
in living cells (Kwon et al. 2013). These findings argue that
the self-associated state of the FUS LC domain existing
within phase separated hydrogels may be biologically val-
id, and have been independently repeated (Janke et al.
2018; Guo et al. 2019). Importantly, evidence of direct in-
teraction between FUS and the CTD of RNA polymerase ||
was contemporaneously and independently discovered by
Schwartz et al. (2012, 2013).

LIQUID-LIKE DROPLETS COALESCE PRIOR
TO FORMATION OF HYDROGELS

Eight papers were published in 2015 showing that the low
complexity domains of a variety of different RNA binding
proteins, upon incubation at high concentration, become
phase separated in the form of liquid-like droplets.

These included the LC domain of FUS (Altmeyer et al.
2015; Burke et al. 2015; Patel et al. 2015), the LC domain
of hnRNPA2 (Lin et al. 2015; Molliex et al. 2015; Xiang
et al. 2015), the LC domain of an RNA helicase enzyme
(Nott et al. 2015), and the LC domain of the LAF-1 P-gran-
ule protein (Elbaum-Garfinkle et al. 2015). Several of these
papers further reported that upon prolonged incubation,
liquid-like droplets formed from the LC domains of various
RNA binding proteins transitioned into hydrogels. Figure 1
offers schematic representations of liquid-like droplets and
hydrogels.

Seven of these eight papers came to the conclusion that
self-association of the FUS, hnRNPA2, LAF-1,and DDX4 LC
domains does not involve the formation of labile, cross-B
structure (Altmeyer et al. 2015; Burke et al. 2015; Elbaum-
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FIGURE 1. Schematic representation of low complexity domain self-
association in liquid-like droplets and hydrogels. Top leftimage shows
schematic diagram of a liquid-like droplet wherein LC domains are
self-associated via labile cross-p interactions. Top right image shows
diagram of liquid-like droplets assembled via structurally disordered
polypeptides adhered by either mn or cation:m interactions. Both
types of droplets mature with time to a hydrogel state composed of
elongated cross-p polymers. Bottom diagram shows chemical basis
of cross-B self-association as described 70 years ago by Pauling and
Corey (1951).
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Garfinkle et al. 2015; Lin et al. 2015; Molliex et al. 2015;
Nottetal. 2015; Patel etal. 2015). It was instead concluded
thatin the absence of any form of protein structure, extend-
ed polypeptide chains coalesce via side chain-mediated m:
n, cation:r, electrostatic and other forms of transiently at-
tractive interaction. The proposed interactions viewed the
main polypeptide chain as an inert noodle, and described
self-association in a “stickers-and-spacers” model amena-
ble to the concepts of polymer theory. This structure-inde-
pendent view of LC domain phase separation has been
reviewed recently by field-leading scientists including
Rohit Pappu, Paul Taylor, Julie Forman-Kay, Simon
Alberti, Amy Gladfelter, Tanja Mittag, Anthony Hyman,
Mike Rosen, and Clifford Brangwynne (Alberti et al. 2019;
Mathieu et al. 2020; Tsang et al. 2020; Alberti and
Hyman 2021; Lafontaine et al. 2021; Lyon et al. 2021).

One of the eight 2015 papers describing liquid-like
droplets formed from an LC domain came to a different
conclusion, instead contending that the forces responsible
for liquid-like droplet formation by the hnRNPA2 LC
domain were structure-dependent (Xiang et al. 2015).
The structure was argued to be specified by cross-p inter-
actions indistinguishable from those responsible for forma-
tion of hnRNPA2 hydrogels.

This hypothesis was supported by two lines of investiga-
tion. First, each of the 25 tyrosine and phenylalanine resi-
dues of the hnRNPA2 LC domain was individually
replaced with serine. All 25 variants were tested for incor-
poration into either hydrogels formed from the hnRNPA2
LC domain, which are composed of monomorphic cross-
B polymers, or liquid-like droplets formed from the
domain. Whereas the mechanistic effects of the 25 substi-
tutions were variable, closely matching patterns were ob-
served in the two-phase separation assays. We thus
concluded that the same chemical forces facilitate self-as-
sociation of the protein in the two settings. The location of
the cross-B core of the hnRNPA2 LC domain is now known
from both solid-state NMR and cryo-EM studies of labile
polymers (Murray et al. 2018; Lu et al. 2020). Not surpris-
ingly, the tyrosine-to-serine and phenylalanine-to-serine
variants that most severely impeded both hydrogel bind-
ing and partitioning into liquid-like droplets map directly
upon the cross-p core of the hnRNPA2 LC domain.

The second means of comparing the basis for hnRNPA2
LC domain self-association in the settings of hydrogels and
liquid-like droplets involved a method of chemical foot-
printing. N-acetylimidazole (NAl) is a simple, water-soluble
chemical capable of acetylating serine, tyrosine, lysine,
threonine, arginine and asparagine side chains (Riordan
et al. 1965; Timasheff and Gorbunoff 1967). When ex-
posed to denatured protein, NAI acetylates these six
side chains indiscriminately. In contrast, its application to
folded proteins leads to preferential acetylation of sur-
face-exposed residues. Relative to surface-exposed amino
acids, NAl acetylation of residues buried within folded pro-
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teins is reduced. By use of mass spectrometry, the differ-
ence pattern of NAI acetylation in a denatured protein
sample relative to a folded sample allowed visualization
of a chemical “footprint” of the folded state. The utility
of the NAI method of structure footprinting was validated
using two proteins of known structure, glutathione S-trans-
ferase and poly-ADP-ribose polymerase (Xiang et al.
2015).

In hydrogel preparations of the protein, the LC domain
of the hnRNPAZ2 protein exists in the folded state as mono-
morphic cross-p polymers. Knowing this, the authors es-
tablished a footprint of this folded state for the hnRNPA2
LC domain relative to the denatured, unfolded protein. It
was then possible to use the same methods to probe the
structural state of the hnRNPA2 LC domain in liquid-like
droplets. When assayed immediately upon formation of
liquid-like droplets, the same NAI footprint was observed
as seen in hydrogel polymers. The intensity of the
hnRNPA2 NAI footprint became enhanced as a function
of droplet maturation to the hydrogel state, presumably
due to elongation of polymer length. These findings, cou-
pled with the aforementioned serine substitution experi-
ments, were interpreted to reflect the fact that hnRNPA2
self-association causative of phase separation of liquid-
like droplets is driven by cross-p interactions that are labile,
structurally specific and monomorphic.

Several years subsequent to characterization of this NAI
footprint (Xiang et al. 2015), the organization of hnRNPA2
LC domain polymers was revealed both by solid state NMR
methods (Murray et al. 2018) and cryo-electron microsco-
py (Lu et al. 2020). It was satisfying to observe that the lo-
cation of the NAI footprint coincides precisely with the
structural core responsible for forming hnRNPA2 cross-B
polymers.

The NAlfootprinting method was extended to probe the
structural state of the hnRNPA2 LC domain within nuclei of
living, mammalian cells (Xiang et al. 2015). Importantly, the
protein being probed in these studies was produced at the
normal level from the endogenous hnRNPAZ2 gene. That
the in vivo footprinting assay yields the same NAI footprint
for a biologically relevant sample of the hnRNPA2 protein
as had been observed in both hydrogels and liquid-like
droplets offers validation to test tube, phase separation as-
says. Laterin this review we will return to a second example
of in vivo footprinting that has been used to probe LC
domain structure in living cells. To our knowledge, other
than studies of pathogenic prions, these two studies repre-
sent the sole examples of scientific inquiry into the struc-
tural state of LC domains in living cells.

THOUGHTS ON THE PAPER VERSUS PLASTIC
CONTROVERSY

Not withstanding valuable help from David Eisenberg,
Robert Tycko, Dylan Murray, Glen Liszczak, Ben Tu, and
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Sina Ghaemmaghami, the McKnight laboratory has largely
been isolated in its belief that LC domain self-association is
driven by bona fide structural interactions. Our thesis is
simple. We believe that LC domains self-associate via
the formation of labile cross- interactions that are structur-
ally specific. Our thoughts rest equally on the shoulders of
Linus Pauling, who taught us the chemistry of hydrogen
bonding and its driving role in the formation of B-strand
secondary structure in proteins (Pauling and Corey 1951),
and Max Perutz, one of the fathers of modern structural
biology. Just as we are now experiencing disbelief from
the phase separation community that LC domains might
function by folding into biologically relevant structural
states, protein chemists initially rejected Perutz's conten-
tion that hemoglobin proteins work in the discretely folded
state (Perutz et al. 1998). Itis also notable that late in his ca-
reer, Perutz devoted considerable focus to self-association
of glutamine homopolymers (Perutz 1994). As such, we will
designate our concept of LC domain self-association as the
paper model in honor of Linus Pauling (pa) and Max Perutz
(pen. The sole difference in our thinking about LC domain
self-association and conventionally structured proteins is
that the folding of LC domains is dynamic and reversible.

A different model for LC domain self-association has
been embraced by most other scientists actively engaged
in the phase separation field. This alternative model es-
chews protein structure and ignores any participation of
the polypeptide main chain, including the network of
Pauling hydrogen bonding absolutely central to our paper
model. The model broadly favored by the phase separa-
tion field views LC domains in the way chemists and phys-
icists have long viewed hydrocarbon polymers for
successful exploitation by the plastics industry. Over the
same six to seven decade span during which scientists
sorted out how polymers work in biology, industrial chem-
ists and physicists were equally successful in figuring out
the emergent properties of their own polymers. Artificial
polymers could be predictably engineered into teflon, silly
putty, and an endless variety of plastics.

The essential tenets of how the plastics industry profited
so remarkably are to be found in the concepts embraced
by the leaders of the phase separation field. LC domains
are composed of “stickers and spacers.” The stickers of
LC domains represent amino acid side chains allowing
for favorable protein:protein interaction, including the
phenylalanine residues shown by Gérlich to be critical for
phase separation of FG repeats (Frey et al. 2006), and
the tyrosine residues shown by the McKnight laboratory
to be critical for phase separation of FUS (Han et al.
2012; Kato etal. 2012). The spacersin LC domains are inert
regions between stickers, including the main chain of the
polypeptide itself. The contention of those favoring the
plastic model is simple. Evolution has deposited the prop-
er distribution of stickers across LC domains to enable
structure-free interactions. Two aspects of this model are

particularly appealing. First, it is entirely novel to biological
systems. Second, it gives promise that biology may be
probed and tamed in the same manner that soft matter
physicists and polymer chemists have successfully ruled
the plastics industry since the 1940’s and 1950's.

We emphasize that our paper model of LC domain self-
association embraces the importance of side chain interac-
tions. The transient structures formed by self-associated
cross-B interactions would have no opportunity for speci-
ficity without side chain interactions. We further appreciate
that the aromatic phenylalanine residues critical for self-as-
sociation of nucleoporin FG repeats, and tyrosine residues
critical for self-association of the FUS and hnRNP LC do-
mains, likely facilitate events of intermolecular collision
helpful along the pathway toward formation of transient
cross-B structures. We equate m:x, cation:n and favorable
electrostatic interactions to intermediate events in protein
folding. Furthermore, we consider these weak interactions
as being useful for intramolecular interactions that allow
lone LC domains to collapse upon themselves in the unli-
ganded state. Indeed, we offer that published evidence of
these interactions from numerous laboratories are likely to
reflect intramolecular side chain contacts.

Whereas we do not seek to resolve the paper versus
plastics controversy in this review, we end this discussion
with several thoughts. First, is there any need for specificity
in the self-association of LC domains? If so, the paper con-
cept will likely prevail. If not, the plastics model may offer
numerous advantages. Second, can either model prove
to be superior in helping us understand human genetic
studies that have pinpointed scores of mutations in LC
domains?

What, at this point, can be said of disease-causing muta-
tions in LC domains? Such mutations are biased toward the
cause of neurological or neurodegenerative disease, and
they tend to be autosomal dominant, as if the mutations
are yielding a gain-of-function activity. Paradoxically, the
locations and nature of these mutations tend to be surpris-
ingly idiosyncratic. Over and over again they change the
exact same amino acid within an LC domain, such as the
P8 and P22 mutations within the neurofilament light
chain polypeptide (Jordanova et al. 2003; Shin et al.
2008), the P301 mutation in Tau (Rizu et al. 2000), the
P298 mutation in hnRNPA2 (Qi et al. 2017), or replace-
ments of evolutionarily conserved aspartic acid residues
within the LC domains of hnRNPA1, hnRNPA2 or
hnRNPDL (Kim et al. 2013; Vieira et al. 2014). We anticipate
that further research on these mutated LC domains will
eventually yield knowledge that comports far better with
either the paper or plastic model.

We have little doubt that one of these two models will
prevail in relatively short order. The phase separation field
is highly active and much is at stake—the concepts being
probed are relevant to many aspects of modern biomedi-
cal science. Cryo-EM methods are accelerating the pace of
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structural resolution of labile cross-p polymers (Gui et al.
2019; Lee et al. 2020b; Lu et al. 2020; Li et al. 2021). It
took the Tycko/McKnight laboratories five years to solve
the atomic structure of FUS polymers by solid state NMR
methods. The same end can now be accomplished in a
matter of months by cryo-electron microscopy.

We are also encouraged that machine learning methods
developed for protein structure prediction (AlphaFold) can
already be mined for confident prediction of B-strand
structure within the LC domains located on the carboxy-
terminal sides of the coiled-coil rod domains of the des-
min, vimentin, peripherin, GFAP and keratin intermediate
filament proteins (Jumper et al. 2021). With somewhat
less confidence, AlphaFold has also predicted the pres-
ence of B-strands within all six of the intermediate filament
head domains that we have experimentally shown to form
labile cross-p polymers (Lin etal. 2016; Zhou et al. 2021). It
is encouraging to anticipate that as databases become
populated by an increasing number of experimentally val-
idated structures of labile LC domain polymers, the impact
of the AlphaFold machine learning methods will flourish.

Finally, we have no problem in facing skepticism from
the plastics faction that currently dominates the phase sep-
aration field. Controversy is inherently useful as any new
field probes the scientific unknown, its absence is reflec-
tive of either well-trodden ground or a lack of vitality and
excitement.

METHIONINES INSTEAD OF AROMATIC SIDE
CHAINS

Can our concept of labile structural order for LC domain
self-association open new perspectives to otherwise mys-
terious facets of biology? We offer that an affirmative an-
swer to this question derives from recent studies of a
methionine-rich LC domain found within a baker's yeast
protein called ataxin-2.

First, a bit of background. Yeast cells execute a funda-
mental change in metabolism upon shifting from growth
on rich to nutrient-poor culture medium. Instead of free
provision of glucose and amino acids, nutrient-deprived
yeast cells must undertake the de novo synthesis of com-
plex metabolites on their own. Ben Tu and colleagues
have identified a signal produced in mitochondria—reac-
tive oxygen species—that prevents yeast cells from activat-
ing autophagy under conditions of nutritional stress. They
have used traditional forward genetic methods to identify
genes essential for activation of autophagy under condi-
tions of starvation. One such gene is the yeast ortholog
of the mammalian ataxin-2 protein (Yang et al. 2019). In
the absence of ataxin-2, yeast cells are unable to sense
the mitochondrial signal and properly regulate autophagy
upon changes in the supply of growth nutrients.

Ben Tu and his students proceeded to discover a low
complexity domain located within the carboxy-terminal
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150 residues of the yeast ataxin-2 protein. Variants of the
protein lacking this LC domain are incapable of activating
autophagy. Owing to proximity between the Tu and
McKnight laboratories, we teamed up to demonstrate
phase separation by the yeast ataxin-2 LC domain. Like
the LC domains of FUS, hnRNP, and numerous intermedi-
ate filament head domains studied in the McKnight labora-
tory over the past decade, the yeast ataxin-2 LC domain
rapidly formed liquid-like droplets upon incubation at
high concentration in the purified state. The ataxin-2 drop-
lets matured into hydrogels composed of uniform, amy-
loid-like polymers that were labile to disassembly.

Inspection of the yeast ataxin-2 LC domain revealed a
striking enrichment in methionine residues. Twenty-four
evolutionarily conserved methionines are housed within
the terminal 150 residues of the protein, qualifying ataxin-
2 as one of the three most methionine-rich members of
the yeast proteome. Recognizing the chemical liability of
methionine to oxidation, we exposed yeast ataxin-2 lig-
uid-like droplets to hydrogen peroxide (H,O,). The oxidant
melted the droplets in a manner fully reversed by the two
methionine sulfoxide reductase (MSR) enzymes beautifully
characterized decades ago by Earl Stadtman (Moskovitz
et al. 1995, 1997). The Supplemental Movie S2 shows the
melting of ataxin-2 liquid-like droplets upon exposure to
H,O;, followed by droplet reformation subsequent to expo-
sure of the melted material to a combination of the
Stadtman MSR enzymes, thioredoxin, thioredoxin reduc-
tase, and NADPH (Kato et al. 2019). Liquid-like droplets
made from mutated variants of yeast ataxin-2 bearing me-
thionine-to-tyrosine or methionine-to-phenylalanine substi-
tutions were resistant to HyO,-mediated melting. Finally,
and perhaps most importantly, when the latter variants
were used to replace the endogenous ataxin-2 gene, yeast
cells failed to respond to the mitochondrion-generated sig-
nal normally used to regulate autophagy (Yang et al. 2019).

The Tu/Kato experiments give evidence of an expanded
utility of LC domains. That LC domain self-association can
be regulated by phosphorylation has been documented
for FUS (Murray et al. 2017), and the head domains of
the neurofilament light (NFL) and desmin intermediate fil-
ament proteins (Zhou et al. 2021). We have also found that
interaction between the CTD of RNA polymerase Il and
self-associated FUS can be reversed by cyclin-dependent
kinase-mediated phosphorylation (Kwon et al. 2013). The
Tu/Kato studies of yeast ataxin-2 demonstrate methionine
oxidation as an additional means of regulating LC domain
self-association. Future structural studies promise to re-
solve the chemical basis as to how methionine oxidation
can weaken self-association of the ataxin-2 LC domain, al-
lowing us to understand how a mitochondrion-specified
chemical signal can be transduced to a fundamental
change in cellular metabolism.

Inspired by Ben Tu's work on yeast ataxin-2, the
McKnight laboratory recognized the LC domain of
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TDP43 to be methionine rich. TDP43 is an RNA binding
protein frequently aggregated in the brain tissue of pa-
tients suffering from neurodegenerative disease
(Neumann et al. 2006). Human genetic studies have re-
vealed scores of missense mutations causative of neuro-
degenerative disease in the TDP43 LC domain (Buratti
2015). Following the Tu/Kato playbook, we quickly ob-
served liquid-like droplets made from the TDP43 LC
domain to be melted by H,O, and reformed following ex-
posure to the Stadtman methionine sulfoxide reductase
enzymes, thioredoxin, thioredoxin reductase, and
NADPH (Lin et al. 2020). It was likewise observed by trans-
mission electron microscopy that labile, cross-p polymers
composed of the TDP43 LC domain were dissolved in re-
sponse to H,O,, as contrasted with no such effects on
polymers composed of the LC domains of either FUS or
hnRNPA2.

Not having the benefit of understanding the regulatory
pathway controlled by TDP43, we have yet to resolve the
biological utility of methionine oxidation of its LC domain
in a manner commensurate to what Ben Tu and colleagues
have accomplished with the yeast ataxin-2 protein. In con-
trast, we did have access to David Eisenberg’s molecular
structures of the polymerized TDP43 LC domain (Cao
etal. 2019). To this end, we proceeded to generate a struc-
ture-based footprint useful for asking whether the TDP43
LC domain self-associates in living cells.

In the case of TDP43, we lightly treated either denatured
or polymeric samples of the TDP43 LC domain with H,O».
The samples were then trypsinized and evaluated by mass
spectrometry by Sina Ghaemmaghami in search of methi-
onine residues that might be protected from oxidation in
the structurally ordered state. These efforts yielded a foot-
print characterized by structure-dependent protection
from oxidation for methionine residues 322, 323, 336,
337, and 339. All five of these methionine residues reside
within a structurally ordered region according to two inde-
pendent cryo-EM studies of TDP43 LC domain polymers
(Cao et al. 2019; Li et al. 2021).

The same footprint was observed in hydrogel polymers
made from the TDP43 LC domain, liquid-like droplets and
living cells (Lin et al. 2020). Our in vivo studies of TDP43
were carried out on cells bearing normal levels of the pro-
tein expressed from the endogenous gene. These experi-
ments confirm that the LC domain of TDP43 is capable of
self-associating in a structurally specific manner in living
cells. We hypothesize that this form of oxidation-sensitive
self-association is of biological utility and reflective of the
fact that in the 500M years of evolutionary divergence be-
tween fish and humans, there has not been a single se-
quence alteration within the 25 residue, structure-
forming region of the TDP43 LC domain. What remains
of distinct intrigue is why evolution has crafted redox-sen-
sitivity into the labile, cross-f structure formed by the
TDP43 LC domain.

PRIMITIVE PROTEINS

Profound changes in concepts of the origin of life came
upon recognition that RNA polymers can fold in a manner
yielding enzymes endowed with discrete, catalytic activi-
ties (Doudna and Cech 2002). These discoveries, coupled
with Harry Noller’s astounding prediction that the peptidyl
transferase activity of ribosomes is primarily driven by ribo-
somal RNA rather than ribosomal proteins (Noller et al.
1992), prompted conceptualization of an “RNA world” in
which RNA polymers preceded protein polymers to form
the earliest living organisms (Gilbert 1986).

If evolving subsequent to their “RNA masters,” in what
way might the earliest of protein polymers have helped ad-
vance evolution? We parsimoniously speculate that the
most primitive proteins were either homopolymeric or
modestly heteropolymeric. If so, what might have been
the earliest amino acid side chains composing these poly-
mers? Given the acidic nature of nucleic acid polymers, at
least those of present-day life held together by phospho-
diester bonds, we imagine that the earliest proteins may
have used basic amino acid side chains.

It is impossible to know whether the earliest proteins
used side chains represented in extant proteins. Whereas
evolutionarily primitive proteins may have utilized amino
acids chemically distinct from the modern set of 20 amino
acids, for the purpose of simplicity we start by considering
homopolymers composed exclusively of arginine, histi-
dine or lysine side chains. We imagine that strings of basic
amino acids may have interacted with RNA to bring about
condensation of granules reminiscent of present-day intra-
cellular structures found in the form of P-bodies, Cajal bod-
ies, nuclear speckles, neuronal granules, histone locus
bodies (Fig. 2) and any of a number of other cytoplasmic
and nuclear puncta enriched in both RNA and protein.

The present-day RNA bodies were first described over a
century ago by Ramon VY. Cajal. Dozens of these RNA-en-
riched subcellular puncta have been intensively studied
over the past two to three decades by Ruth Lehmann,
Anne Ephrussi, Joe Gall, Roy Parker, Geraldine Seydoux,
Paul Taylor, and many other scientists. RNA granules are
not surrounded by lipid membranes, but instead orga-
nized via the interaction of RNA binding proteins and res-
ident RNA. As first shown by the experiments of Joe Gallin
his studies of RNA granules within the germinal vesicles of
amphibian oocytes, these structures are not static deposits
within cells, but instead allow for rapid exchange of their
constituent materials (Gall 2000). The beautiful live cell im-
aging experiments of Brangwynne and Hyman revealing
the ease of deformability of RNA granules (Brangwynne
etal. 2009) are satisfyingly consistent with Joe Gall’'s mech-
anistic evidence favoring the rapid flux of materials in and
out of RNA granules. Despite lacking the organizational
utility of investing membranes, and despite being both dy-
namic and deformable, RNA granules are not structurally
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amorphic. They instead display clear evidence of morpho-
logical order. This aspect, bordering upon crystallinity, is
revealed in Joe Gall's transmission electron micrograph
of Figure 2 showing the image of a histone locus body
fused with two nuclear speckles.

The organization of extant RNA granules is co-reliant
upon both RNA and protein constituents. In certain cases,
removal of a single RNA binding protein can eliminate the
granule in which it resides (Ephrussi et al. 1991; Marlow
and Mullins 2008; Lee et al. 2020a; Yang et al. 2020).
The domain architecture of prototypic RNA binding pro-
teins is similar to that of gene-specific transcription factors.
In place of homeobox, leucine zipper, or zinc finger DNA
binding domains, RNA binding proteins use folded RNA
recognition motifs (RRMs), KH domains or pumilio do-
mains to facilitate direct interaction with RNA. Like gene-
specific transcription factors, RNA binding proteins are
also endowed with low complexity domains. Granule for-
mation is understood to result from a combination of mul-
tivalent interaction reflective of the coating of RNA by RNA
binding proteins, and the self-associative properties of LC
domains. As will be articulated in the final section of this re-
view, chemical agents that selectively impede LC domain
self-association also melt RNA granules. As such, conden-
sation of RNA granules is understood to be driven both by
molecular forces that are largely understood (the interac-
tion of RNA binding domains with RNA), as well as forces
that remain controversial (self-association of LC domains).

If the earliest proteins in evolution were indeed RNA
binding proteins, we can be confident that they were
not endowed with structured RNA binding domains.
Assuming that ancient proteins used basic amino acid
side chains to interact with electrostatically acidic RNA,
how might they have assisted in the formation of con-
densed, protective granules? We speculate that evolution-
arily primitive proteins utilized Pauling-like hydrogen

Histone
locus
body

Nuclear
speckle

FIGURE 2. Transmission electron micrograph of two types of RNA
granules within germinal vesicles of amphibian oocytes. Larger, cen-
tral structure represents a histone locus body. Smaller granules fused
at 5 and 9 o'clock positions upon the central histone locus body rep-
resent nuclear speckles. Scale bar=2 pm. Photograph reproduced
from Gall (2000).
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bonding mediated through the chemistry of the peptide
backbone to facilitate condensation (Fig. 1).

This concept is reminiscent of how we envision the pa-
per model of phase separation. One side of the earliest
proteins was endowed with chemical properties having
an electrostatic complementarity to RNA. The other side,
we speculate was equally complex in a chemical sense,
and optimally crafted for self-association. If these mole-
cules and interactions preceded the advent of lipid mem-
branes, they may have played a pivotal role in evolution,
helping condense and protect the RNA genetic material
from an otherwise harsh environment. Even if their tempo-
ral advent was subsequent to the evolution of protective
lipid membranes, it is not hard to imagine the organiza-
tional benefit of RNA binding proteins that allowed con-
densation of life's earliest genetic material.

The persistence of LC domains through evolution is
enigmatic. Our best guess as to the modern utility of LC
domains is reflective of the inherent weakness of their pro-
pensity to self-associate. If they constantly move in and out
of the folded state, virtually every amino acid within an LC
domain is at some point labile to chemical modification via
phosphorylation, oxidation, methylation, acetylation or
any form of post-translational modification. This property
differs radically from the majority of modern proteins that
fold stably, thus masking buried amino acid side chains
from chemical modification. We offer that the weakness
and reversibility of LC domain folding/self-association
may be at the heart of many dynamic aspects of cell orga-
nization. Simply put, weakness may sometimes be virtuous
in the complexity of biology.

A TALE OF TWO CHEMICALS

The concluding section of this review is focused on two
enigmatic chemicals, 1,6-hexanediol (1,6-HD) and a bioti-
nylated isoxazole (b-isox). Both of these chemicals have
played central roles in conceptualization of our paper
model of LC domain function.

The experimental utility of aliphatic alcohols was first
discovered according to their ability to weaken the perme-
ability barrier of nucleopores (Ribbeck and Gérlich 2002;
Patel et al. 2007; Updike et al. 2011). Knowing that the
constituent proteins of both nuclear pores and RNA gran-
ules contain domains of low sequence complexity, the
McKnight laboratory performed correlative studies mea-
suring the capacities of a series of aliphatic alcohols to
melt hydrogel polymers, liquid-like droplets and cellular
structures enriched in LC domains (Lin et al. 2016). Our
study investigated 1,6-HD, 1,5-pentanediol (1,5-PD), 2,5-
hexanediol (2,5-HD) and 1,4-butanediol (1,4-BD). Two of
these aliphatic alcohols, 1,6-HD and 1,5-PD, melted hy-
drogels composed of FUS polymers, and two did not
(2,5-HD and 1,4-BD). This same pattern of melting was ob-
served for suspension preparations of FUS LC domain
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polymers, as well as liquid-like droplets formed from the
LC domains of FUS and hnRNPA2. Turning to living cells,
the same hierarchical pattern of effects was observed for
the melting of cytoplasmic RNA granules containing the
TIAT RNA binding protein, as well as nuclear speckles
and Cajal bodies.

These experiments were interpreted to reflect the in-
volvement of labile cross-B interactions present within hy-
drogels, liquid-like droplets, and three different forms of
intracellular puncta believed to commonly rely on LC
domain self-association. When self-associated, the many
LC domains within various intracellular puncta are inter-
preted to exist in a cross-p conformation. Upon exposure
to 1,6-HD, either in vitro or in vivo, LC domain self-asso-
ciation is theorized to dissolve. This simple idea assigns
a detergent-like effect to 1,6-HD, postulating that the
chemical might loosely adhere to the free polypeptide
chain in a manner impeding formation of cross-p
interactions.

Recognizing the blunt nature of these aliphatic alcohols,
we asked whether they might simply represent generic hy-
drophobic denaturants. To this end, we treated cells with
the same four chemicals at the same concentrations re-
quired for the melting of RNA granules (6%-8%). None of
the fouraliphatic alcohols affected the integrity of either ac-
tin or tubulin polymers within cells. Much to our surprise,
however, both 1,6-HD and 1,5-PD led to the collapse of in-
termediate filaments, including vimentin, desmin, keratin,
and a number of other members of this class of cytoskeletal
proteins. The two aliphatic alcohols that failed to melt RNA
granules, 2,5-HD and 1,4-BD, also failed to affect the as-
sembly state of intermediate filaments. Supplemental
Movies S3 and S4 show cultured mammalian cells express-
ing a GFP-tagged form of vimentin (Gan et al. 2016) follow-
ing exposure to 8% levels of either 1,6-HD (Supplemental
Movie S3) or 2,5-HD (Supplemental Movie S4). The former
aliphatic alcohol rapidly melted vimentin intermediate fila-
ments, whereas the latter did not.

McKnight should have anticipated these observations
due to advice he received years ago from Vann Bennett,
a longtime friend from Duke Medical School. After hearing
a McKnight seminar at Duke, Bennett told McKnight that
the phenomena of phase separation we were observing
for the LC domains of RNA binding proteins should also
hold for the LC domains located on either end of the
coiled-coil rod domains of intermediate filament (IF) pro-
teins. Whereas IF proteins can form both dimers and tetra-
mers via their isolated coiled coil domains, assembly of
mature, cylindrical filaments is reliant on flanking LC do-
mains (Godsel et al. 2008; Kornreich et al. 2015). We test-
ed the Bennett prediction and quickly came to realize that
the head domains of at least six different IF proteins were
functionally indistinguishable from the LC domains of FUS,
EWS, TAF15, hnRNPA2, and TDP43. Upon incubation at
high concentration, these IF head domains phase separat-

ed into hydrogels that were melted by 1,6-HD and 1,5-PD,
but not 2,5-HD and 1,4-BD.

These serendipitous observations on IF proteins
launched what we consider to be our most incisive exper-
iments conducted over the past three to four years. In col-
laboration with Dylan Murray and Rob Tycko, we obtained
solid state NMR spectra on labile, cross-p polymers formed
from the functionally essential head domains of the desmin
and neurofilament light chain (NFL) proteins, as well as the
functionally essential tail domain of the TM1-I/C IF protein
of fruit flies. By use of intein chemistry, we then ligated the
13C/"°N-labeled head domains of desmin and NFL onto
the isotopically normal bodies of the proteins. Similarly,
we ligated the isotopically labeled tail domain of TM1-I/
C onto its unlabeled body.

These methods allowed execution of what we hoped
might be a definitive experiment. After assembling the
segmentally labeled proteins into properly organized in-
termediate filaments, we packed them into NMR rotors
and collected spectra. Three outcomes were envisioned,
two of which would have been inconsistent with our paper
concept of LC domain function. To wit, the properly as-
sembled IF proteins might reveal spectra diagnostic of
no molecular order whatsoever, or spectra diagnostic of
a distinctly different structural state. Alternatively, the
spectra of the segmentally labeled proteins might corre-
spond to the spectra observed for cross-p polymers of
the isolated head and tail domains, thus bolstering the bi-
ological validity and functional utility of these interactions.
Much to our delight, the spectra of the desmin and NFL
head domains overlapped beautifully when evaluated in
either the hydrogel polymer state or that of properly as-
sembled intermediate filaments (Zhou et al. 2021).
Likewise, the spectrum of the TM1-I/C tail domain was in-
distinguishable upon comparison of the two states (Sysoev
et al. 2020). Together with the footprints’ diagnostic of
cross-B structure of the hnRNPA2 and TDP43 LC domains
in vivo, these studies of IF head and tail domains represent
our strongest evidence that self-association of LC domains
indeed involves the formation of bona fide structural order.

Returning to the aliphatic alcohols that melt B-strands,
how might they work in a mechanistic sense? All four alco-
hols evaluated in our studies contain two chemical features
—an aliphatic body flanked by hydroxyl groups. As shown
in Figure 3, we envision that the aliphatic body of 1,6-HD
and 1,5-PD may interact with hydrophobic aspects of the
polypeptide main chain, with flanking hydroxyl groups do-
nating hydrogen bonds to carbonyl oxygen atoms of the
polypeptide backbone normally used for Pauling hydro-
gen bonding. Whereas the two hydroxyl groups are
predicted to be acceptably disposed in 1,6-HD and 1,5-
PD, we simplistically theorize that they are too closely
disposed in both 2,5-HD and 1,4-PD for concomitant hy-
drogen bonding to adjacent carbonyl oxygen atoms.
Importantly, whereas hydrophobicity of the aliphatic chain
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FIGURE 3. Schematized conceptualization of the mode by which al-
iphatic alcohols might bind disordered polypeptides and impede for-
mation of cross-B structural interactions. Panel A shows chemical
structures of four aliphatic alcohols, 1,6-hexanediol (1,6-HD), 1,5-pen-
tanediol (1,5-PD), 1,4-butanediol (1,4-BD), and 2,5-hexanediol (2,5-
HD). Panel B shows hypothetical interaction between 1,6-HD and an
extended polypeptide chain. Panel C shows hypothetical basis for
the melting of cross-B structures by active aliphatic alcohols (1,6-HD
and 1,5-PD) but not by inactive alcohols (1,4-BD and 2,5-HD). The dis-
played distances between hydroxyl groups (orange) of each aliphatic
alcohol represent the extreme width of separation. Flexibility of the al-
iphatic chains allows the prediction that the hydroxyl groups of each
molecule are, on average, slightly closer together than distances

displayed.

is likely critical for the detergent-like properties of these al-
iphatic alcohols, hydrophobicity is alone insufficient to
describe their activity. 1,5-PD is less hydrophobic than
2,5-HD, yet melts cross-p interactions at concentrations
where 2,5-HD is inactive.

Our interpretation of how aliphatic alcohols melt labile
cross-B structures predicts that any cellular structure melt-
ed by 1,6-HD, but not by the regioisomeric 2,5-HD chem-
ical, will use LC domain self-association as described
according to our paper concept. This thesis is speculative.
At best we are biochemists practicing without a chemistry
license. If transferred to the hands of properly trained pro-
tein chemists, our ideas should be easily validated or
refuted.

The second chemical useful to elaboration of our con-
cept of structure-based LC domain self-association is the
biotinylated isoxazole shown in Figure 4A. Upon suspen-
sion into cold aqueous buffer the biotinylated isoxazole
(b-isox) crystallizes. When incubated with cellular lysates,
b-isox crystals coprecipitate a distribution of proteins virtu-
ally identical to the complete parts list of RNA granules
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(Kato et al. 2012). Simple molecular biology experiments
quickly showed that the determinants of RNA binding pro-
teins critical for b-isox coprecipitation were their LC do-
mains. When the LC domain of an RNA binding protein
was removed, b-isox precipitation was neutralized. When
fused to GFP, any of a number of isolated LC domains
were sufficient for b-isox precipitation.

How do b-isox crystals work their magic? An X-ray struc-
ture of the crystals resolved at 0.9 A resolution offers a pos-
sible answer to this question (Kato et al. 2012). The surface
of the crystals contains longitudinal arrays of mounds and
troughs (Fig. 4B). The troughs are 4.7 A in width, a size
matching the width of the polypeptide chain in an extend-
ed, B conformation. Even more fortuitously, the two sides
of the troughs display an iterative array of inward-pointing
hydrogen bond donors and acceptors disposed with near-
ly perfect fit to the carbonyl oxygen and peptide nitrogen
atoms displayed by extended B strands as taught to us 70
years ago by Linus Pauling. Figure 4C models an extended
B strand into the 4.7 A trough of b-isox crystals, showing
the putative hydrogen bonding network between the
sides of the crystal troughs and the peptide backbone.

Our interpretations as to how aliphatic alcohols melt
self-associated LC domains, and how b-isox crystals selec-
tively precipitate LC domains from cell lysates, are specu-
lative. If correct, these ideas align favorably with our belief
that LC domain self-association involves the formation of
weak structural order. Minimally, however, both 1,6-HD
and the b-isox chemical have played important, serendip-
itous roles in almost all topics considered in this review. If

B
t
¢
oy

Biotinylated
isoxazole

- / A OW/VV Modeled

{\r"'w""’\"“’\ wv*m**—v‘«f)ﬂ

chemical
B-strand

7

FIGURE 4. Morphological and structural properties of microcrystals
formed from biotinylated isoxazole chemical. Panel A shows light mi-
croscopic image of biotinylated isoxazole microcrystals formed upon
dilution of the chemical into cold aqueous buffer. Panel B shows side
view of molecular lattice of biotinylated isoxazole crystals as deduced
from an X-ray diffraction structure solved at 0.9 A resolution (Kato et al.
2012). Crystalline surface is depicted by waves of alternative peaks
and troughs 4.7 A in width. Panel C shows magnified, top-down
view of biotinylated isoxazole crystalline surface. An extended B-
strand is modeled into the central trough, including proposed hydro-
gen bonds (dashed lines) between the polypeptide main chain and ni-
trogen and oxygen atoms of the biotinylated isoxazole chemical.
Figure adapted from Kato and McKnight (2018).
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better interpretations of the modes of action of these
chemicals can be advanced, we are all ears.

CONCLUDING COMMENTS

The science described in this review has been conducted
over the past decade by Masato Kato and Steve McKnight
with help from many trainees, two wonderful technicians—
Leeju Wu and Lillian Sutherland—and a handful of signifi-
cant collaborators including Betsy Goldsmith, David Eisen-
berg, Dylan Murray, Robert Tycko, Joe Gall, Glen Lisczcak,
Ben Tu, and Sina Ghaemmaghami. Given that our findings
have largely been dismissed by the phase separation field,
readers should understand that few of our experiments
have been repeated by other scientists. Other than the
spectacular work reported by Dirk Gérlich on FG domain
hydrogels, the science covered in this review derives al-
most exclusively from our own experiments. Throughout
the past decade we have enjoyed valuable intellectual
and emotional support from Deepak Nijhawan, Glen Liscz-
cak, Joe Goldstein, Mike Brown, Rich Losick, Bruce Alberts,
Art Horwich, David Eisenberg, Peter St. George-Hyslop,
Peter Walter, Roger Kornberg, and Stan Prusiner. Without
our friends, trainees, and collaborators, this scientific story
would have withered long ago.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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