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Abstract
The transition of soluble proteins into insoluble aggregates underlies many neurodegenerative
disorders. While disorders vary with respect to age of onset, disease phenotype, prognosis and the
identity of the involved proteins, the irreversible transition to a thermodynamically stable amyloid
state has been strongly implicated in all of them. Amyloids have been studied for over 160 years
and much work has gone into the study of amyloid morphology and assembly. Despite extensive
experimentation, information regarding the structures of amyloid nuclei, and therefore the initiation
of amyloid formation and therefore the defining event underlying many neurodegenerative
diseases, has eluded researchers. Biophysical models show that, in fact, the direct visualization of
the high-energy, transient amyloid nucleus would be predicted to be incredibly difficult if not
impossible. Additionally, due to the lack of sequence complexity in many of these peptides,
bioinformatic prediction of amyloidogenic proteins or regions is exceedingly error prone. At the
extreme of this lack of sequence complexity is the polyglutamine expansion underlying
Huntingtin’s Disease (HD). We utilized a high-throughput cytometric platform for the analysis of
amyloid nucleation barriers in living cells to systematically dissect the nucleus of polyglutamine
expansions. We probed how geometry relating to the primary structure of the polypeptide could
affect the transition of these disordered regions by introducing amino acids at regular
spacings. Using rational mutagenesis, we found that simple rules relating to glutamine spacing had
predictable results on amyloid nucleation. These results supported molecular dynamics free
energy simulations of rationally designed nuclei. These results provide more context for the
prediction of potential amyloidogenic proteins which could be implicated in disease.
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Chapter 1

Historical Study of Amyloids and the
Necessity for a New Assay to Study In
Vivo Nucleation
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1.1

Historical Study of Amyloids

In the mid 1800’s, during post-mortem observations of deceased individuals, waxy, fibrous
deposits were found in the liver, kidney and pancreas(Dickinson, 1867; Stewart, 1861). Initial
testing of these deposits showed that they had a strong color-changing reaction with iodine; a
reaction shared with the carbohydrate starch. This observation and the fibrous nature of the
deposits resulted in them being identified as a type of starch. What would end up being a
misidentification is still highly relevant as the assigned named of these deposits- amyloid- comes
from the Latin amylum. Later studies showed that the degradation of these starch-like deposits
contained large amounts of nitrogen and therefore were not purely carbohydrate-rich starches at all
but, instead proteinaceous (Budd, 1879). Thus, from these initial observations has sprung over 150
years of subsequent research of amyloids and their associated pathologies, structures, and
associated behaviors. In addition to the study of their physiological effects related to disease,
amyloids have also been studied for their structure and properties (Bonar, Cohen, & Skinner, 1969;
Graether, Slupsky, & Sykes, 2003; Kenney, Knight, Wise, & Vollrath, 2002; Peralta et al., 2015;
Tycko & Wickner, 2013), their ability to pass on phenotypic information (Prusiner, 1982).
While the initial description of organ-associated amyloid deposits was mainly related the
historical Bright’s disease, which would now be classified as either acute of chronic nephritis
(swelling in the kidney), subsequent research has shown that, while kidney amyloidosis is one of
the most common forms, many different proteins have been associated with numerous human
diseases including neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, frontotemporal dementia, Kuru, CreutzfeldJakob disease as well as many organ specific and systemic forms of amyloidosis (Chiti & Dobson,
2017). The study of amyloids has historically progressed along three major paths: phenotypic,
structural, and in vitro kinetics assays.

1.2

Phenotypic study of amyloids.

From the first studies of amyloids, phenotypic descriptions have been at the forefront of research
surrounding amyloids. Since the identification of amyloids based on visual appearance and dye17

interaction with iodine, there have been numerous descriptions of amyloid plaques and inclusions
both in vivo and in vitro.
In addition to iodine, thioflavin S (ThS) and thioflavin T (ThT) have been used to stain some
amyloid fibrils(Sulatskaya, Kuznetsova, & Turoverov, 2011; Vassar & Culling, 1959; C. Xue, Lin,
Chang, & Guo, 2017). Additionally, another dye, Congo Red, has been show to become
birefringent upon binding to ß-sheets (Benditt, Eriksen, & Berglund, 1970; Wolman & Bubis,
1965).
With the advent of fluorescence microscopy and the increased usage of fluorescent proteins,
amyloid fibers were able to be visualized within live cells (Alberti, Halfmann, King, Kapila, &
Lindquist, 2009; Ganusova et al., 2006; Taneja, Maddelein, Talarek, Saupe, & Liebman, 2007;
Tyedmers, 2012). Specifically, upon visualization of overexpressed peptides within yeast cells,
many peptides that formed amyloids were found to be phenotypically distinct, forming either large
or small asymmetric puncta or thin ribbon-shaped fibers. While not specific to amyloid formation,
these large polymeric assemblies provided some evidence for the formation of intracellular
amyloid fibers and plaques.
In addition to this visual evidence, further evidence relied on the stability of these assemblies when
exposed to extremely harsh conditions. While many proteinaceous assemblies formed as a result of
charge-charge interactions or disulfide bridges are extremely sensitive to changes in the solvent,
amyloids had originally been described as being relatively more resistant to pH, heat and detergent.
The increase in detergent resistance was used by treating amyloid containing samples with the
detergence sarkosyl and sodium dodecyl sulfate (SDS). Upon treatment with the detergent and
electrophoresis, instead of disassembling into discrete n-mers, the amyloids would instead form
large smears consisting of non-discrete oligomeric lengths. Because of the limited ability of
denaturation of the amyloid, this assay became known as Semi-denaturing Detergent-agarose gel
electrophoresis (Drozdova et al., 2020; Halfmann & Lindquist, 2008; D. S. Kryndushkin,
Alexandrov, Ter-Avanesyan, & Kushnirov, 2003)

18

1.3

Structural Determination of Amyloids

The earliest descriptions of amyloids utilizing X-ray diffraction pointed to the assemblies being socalled cross-ß form whereby the peptide chains were found to be parallel in register but
perpendicular to the axis of polymer assembly (Astbury, Dickinson, & Bailey, 1935). This cross-ß
structure would become the diagnostic structural feature of amyloids.
With the advent of transmission electron microscopy (TEM), individual fibers and their constituent
protofibers were able to be visualized. This allowed for the nanometer scale description of the fine
ultrastructure of amyloid fibers to be better described. At this level of resolution, measurements
could be taken regarding the linearity, branching and twisting of the individual fibers(Cohen &
Calkins, 1959; Shirahama & Cohen, 1965). Additionally, measurements derived from tilted-beam
electron microscopy have been able to further elucidate the structure of the repetitive structures by
quantifying the mass per length of fibers. This quantification allows for the elucidation of the
molecular weight of the species within the structural repeat and further helps to define the sequence
within the ß-sheet (B. Chen, Thurber, Shewmaker, Wickner, & Tycko, 2009).
In addition to the use of transmission electron microscopy (TEM) as a method to generate
nanometer-resolution images, the creation of scanning tunneling microscopy (STM) and the
associated atomic force microscope (AFM) allowed for even better resolution. By measuring the
deformation of a ultrasoft spring attached to a small tip which is moved along a sample, the surface
of a material can be probed and mapped(Binnig, Quate, & Gerber, 1986). AFM has subsequently
been used not only to generate quantitative measurements of the surface shape and size of fibers
(Lutter, Serpell, Tuite, Serpell, & Xue, 2020; Visser & Pretorius, 2019; W.-F. Xue, Homans, &
Radford, 2009) but also to make measurements of the torsional strength of the fibers (Knowles,
Smith, Craig, Dobson, & Welland, 2006).
The use of nuclear magnetic resonance (NMR) has provided numerous breakthroughs regarding the
structure of the amyloid fiber core structure. In hydrogen-deuterium exchange NMR (HDXNMR),
the ability of hydrogen and its stable isotope deuterium to freely exchange within a molecule is
leveraged to quantify the solvent accessibility of hydrogens. Because of the hydrogen bonding
19

which occurs between hydrogens and nitrogens within the backbones of adjacent peptides in an
amyloid, the rate of hydrogen-deuterium exchange will be lower than expected. Therefore, by
looking at each of the peaks, the NMR spectrum can show residue specific stability within the core
of the amyloid (Whittemore et al., 2005).
Another technology that has been utilized to gather structural insight regarding amyloid fibers is
cryo-EM. Fiber-containing samples are first embedded in ice before being imaged via electron
microscopy. Historically, one of the main issues with cryo-EM has been that, because the sample
is embedded in ice, there is generally a very low signal to noise ratio that creates poor-resolution
images. Recent advances in image analysis have allowed for angstrom-resolution composite
images to be generated from the aggregation of many low resolution component images (Faruqi &
McMullan, 2011; X. Li et al., 2013; Milazzo et al., 2011). These advancements have allowed for
the description of several different fiber structures and the identification of polymorphisms that
exist for different fiber-forming peptides(Cendrowska et al., 2020; A. W. P. Fitzpatrick et al., 2017;
A. W. Fitzpatrick & Saibil, 2019; Gallagher-Jones et al., 2018; Hervas et al., 2020; Swuec et al.,
2018).
While many of these procedures rely on purified samples in order to minimize noise, recent
developments in sample preparation and computational techniques have allowed for the in situ
visualization of amyloid fibers within a cellular environment. Cryo electron tomography allows for
cellular, tissue or even organismal samples to be flash frozen and then imaged in order to study
amyloid fibers in the cellular milieu(Doerr, 2016; A. W. Fitzpatrick & Saibil, 2019; GalazMontoya, Shahmoradian, Shen, Frydman, & Chiu, 2021).
Apart from structural analyses on physical samples, in silico modeling of structures has yielded
valuable information about the role of individual amino acid residues in creating amyloid cores
(Man, Roland, & Sagui, 2015; Sagui & Darden, 1999; Y. Zhang, Man, Roland, & Sagui, 2016).

1.4

In Vitro Assembly Kinetics
The striking thing for all these diseases is that, in contrast to diseases caused by bacteria,

fungi and viruses which are external agents, the proteins implicated in these illnesses are
20

endogenous. While some of these diseases have hereditary forms with early age of onset, in many
cases diseases appear sporadically correlated with increased age. Due to the seeming stochasticity
of onset of many amyloid-related neurodegenerative diseases, the kinetics of amyloid formation
represents an incredibly important thing to understand. Traditionally, working in model organisms
has posed a few important obstacles. Firstly, the onset time of many of these diseases can be many
years which precludes facile testing in most in vivo systems. While expression of these proteins in
certain tissues and cell lines has been shown to model the disease progression in some organisms,
the normative assembly kinetics will necessarily be obscured (Brignull, Morley, Garcia, &
Morimoto, 2006; Rowland, Hooper, & Kellett, 2018). This elapsed time could either be indicative
of some stochastic triggering event (Fox, Harvey, & Rossor, 1996) and/or a loss of proteostatic
control(Koga, Kaushik, & Cuervo, 2011; Powers, Morimoto, Dillin, Kelly, & Balch, 2009).
The early study of the kinetics of amyloid assembly provided strong evidence to rare,
stochastic events being the limiting event for formation of fiber formation (Gajdusek, 1991; Jarrett
& Lansbury, 1992). In these tests, samples of a fixed protein concentration were assayed by
measuring sample turbidity as a readout of polymer assembly. Following a well-defined lag time,
assembly would begin and transition through a growth phase until a steady state turbidity was
reached. Instead, if a complementary fiber is added to the solution, the lag phase would be
completely abrogated leading to immediate assembly. This behavior could be a nucleated phase
transition whereby a solute exists in a dissolved state at the same concentration where free energy
would favor an assembled state(Walton, 1965). But this has remained untested for proteins and in
biological context. If true, a large kinetic barrier would preclude the assembly of the solute at
concentrations above the critical concentration, resulting in the monomer being meta-stable in a
supersaturated solution.
In vitro kinetics assays provide another way to model the nucleation-dependent amyloid formation
of different peptides (Bolder, Sagis, Venema, & van der Linden, 2007). By incubating a peptide of
interest in its monomer form at a certain concentration, the nucleation of the amyloid form can be
modeled by watching for either solution turbidity or ThT fluorescence. Within the test tube, the
monomer protein will persist for a very well-defined lag time before assembly begins. Following a
21

growth phase, a steady state of fluorescence will exist with the monomer existing at equilibrium at
its saturating concentration. This well behaved and non-stochastic lag time resulting from
traditional in vitro assays stands in direct conflict with the seeming randomness of traditional
nucleation.
Recent work has shown that by limiting volume down to at least the nanoliter scale by suspending
the protein in small nanodroplets, one can begin to recapitulate the stochasticity of nucleated selfassembly found in human disease (Michaels et al., 2016; Michaels, Dear, & Knowles, 2018).

1.5

Amyloid formation via nucleation.

Much of the in vitro work done on amyloid-forming peptides has led to the understanding that
amyloid formation occurs due to process known as nucleation-dependent polymerizing reaction.
That is to say, that polymerization of the amyloid crystal fiber relies on a single determinative step:
the formation of a nucleus(Chatani & Yamamoto, 2018; Ghosh, Vaidya, Kumar, & Rangachari,
2016; Dimo Kashchiev & Auer, 2010; Powers & Powers, 2006).
The identification of this nucleus, with respect to proteins containing intrinsically disordered
regions is incredibly complex due to the temporal nature of the highly unstable nucleus. For
multimeric nucleation, a stacking of interactions must occur to stabilize the amyloid core. In
general, this necessitates increasing oligomerization and a resulting decrease in stability. However,
once the oligomer has reached the critical nucleus size, elongation is able to proceed at a much
faster rate.
Nucleus formation within a fiber only occurs once, so work on determining the structure and size
of the nucleus must be done theoretically using mathematical modeling based on reaction rates.
Importantly, all of the previous methods described in this introduction do not allow for the direct
study of the amyloid nucleus.

1.6

Many assays for different things but they all have strengths and weaknesses

While all these assays can give specific data about a specific characteristic (phenotype, structure,
kinetics), all of them exist in a sort of Heisenberg uncertainty principle-like relationship with other
22

relevant metrics, such that increasing your confidence in one metric will cause a decreased
confidence in other metrics [Fig1.2]. Thus, as you probe kinetics in an in vitro system, you lose the
ability to measure the effect of cellular factors that may affect the assembly of the protein.
Additionally, the cellular environment is incredibly hard to mimic in an in vitro sample so it is
impossible to know whether the amyloid formed in the kinetic assay will be the correct isoform.
In the same manner, as one increases structural certainty by utilizing biologically created samples
and probing them with EM, AFM or NMR, they will lose resolution on both functionality of the
assembled protein as well as its assembly kinetics.
The ideal assay would allow for the in vivo detection of differential assemblies and some readout
of the time and concentration-dependent nucleation phenomenon. In this dissertation, we describe
a cytometric assay based on the photophysical property of Forster Resonance Energy Transfer
(FRET) in yeast cells.

1.7

Increasing the throughput of assays using flow-cytometry.

Fluorescence-based flow cytometry allows for the rapid measurement and analysis of large
numbers of cells expressing various fluorophores. By utilizing a living, distinct cell as a reaction
vessel, one can monitor and measure intracellular processes and phenotypes. Measurement is
accomplished by suspending the cells to be measured in a liquid media and then, using microfluidic
tubing, flowing the sample through a column whereby fluorophores can be excited by laser and
their emissions calculated(McKinnon, 2018; Nagy, Vereb, Damjanovich, Mátyus, & Szöllõsi,
2006). This approach allows for the assay of tens of thousands of cells within only seconds. Recent
technology has allowed for images to be taken of each cell as they flow through the column. These
images allow for non-fluorescence-based measurements of cell size, morphology and
health(Barteneva, Fasler-Kan, & Vorobjev, 2012).
One of the main benefits of flow cytometry is that it relies entirely on liquid media. Technological
developments leading to higher throughput fluid handling robotics have allowed for flowcytometric assays to be immensely scalable. In order to fully utilize the capabilities of flow
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cytometry we used both traditional and imaging flow cytometry to characterize the nucleation
profile of a large number of proteins from a diverse range of species.
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Chapter 2

Creation of an in vivo, Cytometric Assay
to Investigate Nucleation Barriers of
Low Complexity Sequences in
Saccharomyces cerevisiae.

Work in this chapter is found in Khan T, Kandola TS, Wu J, et al. Quantifying Nucleation In Vivo
Reveals the Physical Basis of Prion-like Phase Behavior. Mol Cell. 2018;71(1):155-168.e7.
doi:10.1016/j.molcel.2018.06.016
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2.1

Introduction

Prior to assembly, proteins that form prions exist in a diffuse state. The transition into the
thermodynamically favored polymeric state is controlled by the presence of large kinetic barriers
(Glover et al., 1997; D Kashchiev, 1995; Tanaka, Collins, Toyama, & Weissman, 2006). Upon
assembly, the proteins orient themselves into an exquisitely ordered quasi-two-dimensional
polymer known as amyloids (Eisenberg & Sawaya, 2017; Tycko & Wickner, 2013).
Under normal conditions, prions occur very rarely; however, their transformation can be
‘‘induced’’ by transient overexpression of the protein. Once assembled, they are capable of
templating monomeric molecules of the protein to convert them into the prion state (Prusiner et al.,
1983; T R Serio et al., 2000). Therefore, if a fragment of the prion assembly enters a naive pool of
the protein within another cell or organism, it can convert all of the protein in that pool to the prion
form as well. This capability grants prions properties otherwise found only in nucleic acids—the
ability to transmit phenotypes between organisms and across generations. However, unlike nucleic
acids, prion propagation through generations is regarded as non-Mendelian whereby the prion state
is dominant over the native state. The many molecular degrees of freedom that must be lost upon
ordered self-assembly de novo can render that event, known as nucleation, inherently probabilistic
on the molecular scale. The ‘‘nucleation barrier’’ describes the extent of that improbability.
Nucleation thus remains the limiting event to the formation of generation-spanning, recalcitrant
protein self-assemblies like the amyloid.
Although nucleation barriers have been well described in theory (Kashchiev, 2015; Michaels et al.,
2017; Vekilov, 2012), their relevance to complex biological phenomena stands underexplored. The
ability to assay and quantify extremely low-probability nucleation events in cellular conditions is
crucial to answering this question; however, it would necessitate probing millions of reaction
vessels of microscopic volumes. Existing assays for protein self-assembly rely on the formation of
visible puncta or the inactivation of fusion partners (Alberti et al., 2009; Morell et al., 2011;
Narayanaswamy et al., 2009; Newby et al., 2017; Noree et al., 2010; Pereira et al., 2018; Ramdzan
et al., 2012; Waldo et al., 1999; Zhao et al., 2016). They require restrictive subcellular localization
(Sivanathan and Hochschild, 2013) and/or necessitate expression from dual constructs (Arslan et
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al., 2015; Blakeley et al., 2012; Cabantous et al., 2013; Holmes et al., 2014; Shyu and Hu, 2008).
None of these directly inform about nucleation barriers, let alone, quantify it.
We developed a facile approach—Distributed Amphifluoric Forster Resonance Energy Transfer
(DAmFRET)—to do just that. DAmFRET measures the frequency of nucleation as a function of
protein concentration in living cells. Applying it to diverse proteins, we reveal that sequenceencoded nucleation barriers relate to the structures and functions of self-assemblies.

2.2

Design and Creation of the Cytometry-based Assay

To detect the extremely rare event of nucleation, we devised an assay that would allow us to easily
parse hundreds of thousands of independent biological systems with a wide range of
concentrations. While in vitro, microfluidic assays (Ildefonso et al., 2012; Michaels, Liu, Meisl, &
Knowles, 2017; Peters, 2011) with ever decreasing volumes have been used to probe nucleation,
we chose to utilize Saccharomyces cerevisiae. The use of this model organism allowed for us to
easily express a peptide of interest at a wide range of concentrations in a system that would still
maintain many if not all native cellular factors.
The use of imaging flow cytometry allows us to use individual yeast cells as independent biological
vessels within which we can use fluorescence intensities and, when combined with estimated
cytoplasmic volumes, as a readout of overall protein concentration. Pairing this with a
singlephotoconvertible fluorophore mEos3.1 allows us to simultaneously measure not only protein
expression but protein self-assembly. The mEos3.1 fluorophore will irreversibly switch from a
GFP-like green fluorophore to an RFP-like red fluorophore stochastically upon excitation with
405nm light (M. Zhang et al., 2012). By limiting the time spent with 405nm illumination we are
able to create a stable ratio of green and red fluorescent proteins that can be used as a robust,
reproducible FRET pair. In this system, FRET will be present in samples where the fluorophore are
located within 10nm of eachother (Jares-Erijman & Jovin, 2003). Due to the FRET measurement
being done on two different forms of the same protein, we quantify the ratio of FRET signal to total
FRET acceptor signal as Amphifluoric FRET or AmFRET. We constructed a 2u plasmid which
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would allow us to drive the protein of interest tagged with mEos3.1 at either the C or N terminus
by switching the cells to media containing the sugar galactose [Fig 1].

Figure 1- Diagram of DAmFRET
(A) Proteins of interest were tagged to mEos3.1, which is photoconvertible by violet light and in a highly controlled and
reproducible manner.
(B) The 2μ-origin of the plasmid, along with strong selection enables variable and high copy numbers in a population of
cells. The Gal promoter ensures high concentrations of protein in an inducible manner.
(C) Cells were genetically engineered to undergo cell cycle arrest upon Gal induction, thereby eliminating propagation
via cell division and ensuring each nucleation event is an independent one in a de facto closed reaction vessel. Noncollinearity of the 488 nm (in blue) and 561 nm (in green) lasers in the ImageStream®x MkII ensures that direct and
sensitized emission (FRET) of the red molecules can be distinguished.

Because the nature of many of these nucleated assemblies allow them to propagate for many
generations, it was necessary to utilize a system where, upon GAL1-induction of the peptide of
interest, the cell cycle would be halted and therefore the assemblies would not be able to be passed
onto the next generation. To arrest cells, yeast strains used were first modified by integrating a
cassette containing the GAL1 promoter driving expression of the protein WHI5 into a cln3knockout background (Schmoller, Turner, Kõivomägi, & Skotheim, 2015). Prior to induction, the
GAL1 promoter is inhibited by the presence of glucose in the growth media(Johnston, Flick, &
Pexton, 1994). In cells with a deleted G1 Cyclin (Cln3) and an inserted galactose-inducible copy
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of the transcriptional inhibitor Whi5, robust expression of Whi5 will take place in media containing
only galactose (e.g. Synthetic media containing 2% galactose). The combination of increased
Whi5 concentration and the lack of Cln3 causes the blocking of the cell cycle at the G1 checkpoint.
As a result, horizontal transmission of amyloids is prevented due to the cessation of the cell cycle.
In short, this system allows for the facile transformation of a plasmid expressing a peptide of
interest into a target yeast strain. Upon turning on the expression of the peptide of interest, the cell
cycle is halted which stops all vertical transmission of the assemblies and guarantees that each cell
with assemblies is the result of a de novo nucleation event.

2.3

Validation of DAmFRET

2.3.1

DAmFRET captures the metastability of known functional human prion and

characterizes its nucleation barrier.
We first validated the system using the well-characterized human signaling protein ASC, which
nucleates into a triple helix and allows for an all or none response to inflammatory stimuli (Cai &
Chen, 2014; A. Lu et al., 2014). When we imaged cells expressing the ASC-mEos3.1 construct,
we found that cells with low concentrations of the protein contained diffuse fluorescence. At high
concentrations, however, we found that there was a robust FRET signal indicating self-assembly of
the proteins and the appearance. At median concentrations, we were able to find that at the same
concentration the protein was able to exist in either the AmFRET-negative monomeric state or the
AmFRET-positive assembled state leading to a bimodal distribution of states. These data are
indicative of a protein that is metastable at a certain concentration range and which does not
assemble simply with an increase in concentration. In stark contrast to the cells expressing the
ASC-mEos3.1 construct, cells expressing only mEos3.1 did not exhibit FRET at any measurable
concentration [Fig 2].
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Figure 2-DAmFRET Plots and Profiles of Hs PYCARD and monomeric mEos3.1
(A) DAmFRET plot of human PYCARD. The dashed line approximates the mean AmFRET value of cells expressing fully
monomeric protein.
(B)The blue curve to the right represents the fit of the DAmFRET plot to a Weibull distribution (see Method Details). The
parameter δ relates to the sharpness of the transition and describes the persistence of the low population with respect to
concentration. The green and red curves represent hypothetical distributions with values of δ that are lower or higher,
respectively, than that of the blue curve.
(C) DAmFRET plot of monomeric mEos3.1 showing no increase in FRET with concentration and no second population
of assembled cells as in PYCARD

Because of the stochasticity and rarity of forming a nucleus, if ASC polymerization, as measured
by DAmFRET is indeed nucleation-limited, cells should, absent fragmentation, only have a single
punctum. We therefore looked at the cells in the population containing FRET-positive assemblies
and there did tend to be only a single punctum in each cell [Fig 3].

Figure.3- Timelapse Images of Human PYCARD Nucleation
Montage of cells expressing ASC protein, showing switch-like acquisition of puncta. Images represent sum projection of
confocal slices.

Within the region of bimodality, we noticed that there were very few cells found that existed in the
transition from the low to high FRET state indicating that this transition state must be exceptionally
short-lived and/or rare. We therefore collected time-lapse images every five minutes of individual
yeast cells expressing the ASC-mEos3.1 construct using fluorescence microscopy. Cells were
found to gradually increase in their cytosolic concentrations of the protein over several hours and
then, in a stochastic manner, switch into a single punctum within two frames, likely much lesser
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than five minutes. Remarkably, when we observed a field of such cells, we noted that there were
cells that expressed much higher proteins than other and yet had them diffuse – a clear indication
that the protein assembly is not concentration-dependent and that there is an overlap in the range of
concentration of the protein wherein it can exist in either disperse or assembled phase, known as
supersaturation.
To quantify the population of cells expressing the ASC-mEos3.1 construct, we first gated the
population into AmFRET negative and AmFRET-positive populations which represent the
monomeric and assembled form of the peptide, respectively. We then plotted the graph as the ratio
of AmFRET-positive cells to the total population in small concentration windows. This produced a
series of points which were then fit to a Weibull distribution which is a simple model that has been
used to describe nucleation probability as a function of supersaturation. In this distribution, the
steepness of the transition from the unassembled to the assembled state was dependent on the
concentration range at which the populations overlapped. We therefore used the reciprocal of the
dimensionless Weibull shape variable which denotes the steepness of the transition to denote a
nucleation barrier with respect to concentration(Rinne, 2008; Sear, 2016)[Fig 2]. Populations with
very little overlap will be very steep and therefore have very low δ values whereas populations
where there exists a great deal of metastability will show very high δ values. We therefore use the
value δ as a measure of detectible nucleation barriers.

2.3.2

Nucleation Barriers Govern the Prion Behavior of Yeast Prion Domains

Prions are proteins that can pass a thermodynamically stable structure down through many
generations at non-mendelian rates. That is to say that the assembled species propagates through
vertical and horizontal transmission between cells. Amyloid formation by yeast prions has been
studied using microscopy, biochemistry, and in vitro techniques(Alberti et al., 2009). However,
not all amyloid-forming proteins have been shown to be prions.
We therefore wanted to see if DAmFRET would elucidate “prion-ness” amongst a set of proteins
that have previously been shown to have differential prion propagation rates. This set included
prion domains (PrDs) from the yeast prion proteins: Sup 35, Ure2, Rnq1, Swi1, Mot3, and Cyc8, as
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well as the prion-like regions (PrL) of the yeast proteins Ngr1 and Sla1(Holmes, Lancaster,
Lindquist, & Halfmann, 2013; Liebman & Chernoff, 2012; Patel, Gavin-Smyth, & Liebman, 2009;
Sun, Leong, Wong, & Drubin, 2015). While Ngr1 and Sla1 share sequence similarities with the
other PrDs, they have previously been determined using cytologic, biochemical, and genetic assays
to form either non-prion amyloid (Ngr1) or non-amyloid (Sla1) aggregates in yeast (Alberti et al.,
2009; Khan et al., 2018).
Interestingly, the degree of metastability differed amongst all the peptides assayed. While the
Mot3 PrD, nucleated at extremely low concentrations despite still maintaining a stable monomeric
population, at the other extreme, we were able to detect the amyloid form of the Ure2 PrD only at
extremely high concentrations. Notably, of all the PrDs and PrLs tested, only the PrDs showed
robust overlap of the assembled and monomeric states. Ngr1, which forms an amyloid but is not
heritable, transitions from a monomer to an amyloid within a very narrow range and Sla1, which
forms assemblies which are neither amyloid nor heritable, transitions from a monomeric to an
assembled state without any regions of metastability. Both the transition of Ngr1 and Sla1
therefore result in δ values at or near 0.
Interestingly, not only did the known prions domains have a wide range of δ values, but these
values recapitulated their known prion-forming tendencies. Rnq1 and Mot3, which frequently
spontaneously form prions were much less resistant to concentration perturbations than Cyc8 or
Ure2. Therefore, we concluded that the δ parameter resulting from DAmFRET is the best
descriptor of prion behavior at the cellular level [Fig 4].
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Figure 4- DAmFRET Profiles of Several Known Yeast Prions
Fits of DAmFRET of known amyloid-forming yeast polypeptides that exhibit bimodal distributions. The inset shows δ ±
error. All fits are of [PIN+] cells, except for Rnq1.
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One other finding was that of the crossseeding between amyloids. Sup35 and
Ure2 prions are fully dependent on the
presence of a pre-existing amyloid,
namely [PIN+] the prion form of Rnq1.
These results agree with previous
literature showing that Sup35 and Ure2
prion formation relies on the existence
of pre-existing amyloid
templates(Alberti et al., 2009; Irina L
Derkatch et al., 2004; Yi Jiang, Li, Zhu,
Zhou, & Perrett, 2004; C. D. Ross,
McCarty, Hamilton, Ben-Hur, & Ross,
2009). Upon assay with DAmFRET,
we found that neither the Sup35 PrD
nor the Ure2 PrD and Swi1 PrD formed
any detectable assemblies in the
absence of [PIN+]. The Mot3 PrD and
Rnq1 PrDs were able to nucleate as
expected in the absence of [PIN+]
however we did detect that there was a
much greater concentration dependence
needed for formation of the amyloid.
The two PrDs with extremely low δ
values, Ngr1 and Sla1, on the other

Figure 5- DAmFRET Plots of Yeast Prion Domains in the presence and absence of a
pre-existing amyloid Seed [PIN+]
DAmFRET plots of several different yeast prion domains shows the dependence of a
pre-existing amyloid seed on the nucleation barrier to form an amyloid.

hand, did not show any change with respect to the presence of [PIN+] indicating that prions alone
are able to be templated by [PIN+] [Fig 5].
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2.4

Amyloid Structure Determines the Persistence of the Nucleation Barrier with

Respect to Concentration
We next endeavored to determine the extent to which DAmFRET was able to measure changes to
nucleation barriers related to differences in the pre-existing amyloid found within the cells. To do
this, we utilized the well-characterized Sup35 PrD which is largely disordered in its monomeric
form(Mukhopadhyay, Krishnan, Lemke, Lindquist, & Deniz, 2007), but which adapts a variety of
different amyloid isoforms with cores that contain different lengths of residue stretches giving them
different physical properties (Tanaka, Chien, Naber, Cooke, & Weissman, 2004). At one extreme,
we had already found that consistent with literature, we could not detect amyloids in cells
completely lacking a pre-existing template. However, we hypothesized that, due the increasing
core-length contained within the resulting amyloid structure, the nucleation barrier and as a result,
δ should increase from short, medium, and long ordered cores resulting, respectively from
[PIN+high], [PIN+medium], [PIN+low]. To test this, we expressed the Sup35-mEos3.1 construct in cells
containing [PIN+] amyloids of different strengths, so called by their ability to increase or decrease
the de novo nucleation of the Sup35 prion ([PSI+])(Bradley, Edskes, Hong, Wickner, & Liebman,
2002; Tanaka et al., 2004; Westergard & True, 2014).
Consistent with the hypothesis, we found that the Sup35 PrD construct nucleated most efficiently
in cells containing the [PIN+high] amyloid seed, followed by medium and low varieties.
Additionally, the increasing degree of metastability of the construct as a result of increased
monomer stability caused δ values to also increase as expected [Fig 6].

2.5

A Large Nucleation Barrier Allows the Archetypal Prion Protein, Sup35 PrD

to Partition into Physiological mRNP Condensates
Though transient overexpression of the Sup35 PrD in the presence of a pre-existing amyloid causes
the domain to readily transition to an amyloid state, most wild yeast cells do not contain the [PIN+]
amyloid(Halfmann et al., 2012). Additionally, the function of this protein is as a transcription
termination factor relies on its monomeric state (Lindquist, Krobitsch, Li, & Sondheimer, 2001).
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Therefore, it is likely that the amyloid state is not the biologically relevant state. We therefore
looked closer at the DAmFRET plot of Sup35 in the [pin-] cells.

2.5.1

Detection of an AmFRET positive population by DAmFRET

Despite the lack of a discernible nucleated population, overexpression of the Sup35 PrD-mEos3.1
construct did cause a slight, concentration-dependent increase in AmFRET with

Figure 6- DAmFRET Distinguishes Differential Nucleation Barriers Resulting from a Variety of Amyloid Seeds.
(A) Weibull fits of DAmFRET of Sup35 PrD in cells with different amyloid isoforms of endogenous Rnq1: [PIN+high],
[PIN+medium], and [PIN+low]. The inset shows δ ± error.
(B) DAmFRET plots of Sup35 PrD in the presence of different amyloid seeds showing differential kinetic barriers to
nucleation.

respect to a fully monomeric mEos3.1 control [Fig 7]. The AmFRET increase was much less than
that of the true Sup35 amyloid population. Due to the definition of AmFRET as total FRET signal
vs total acceptor signal, it was either that the cells contained large amyloid puncta where the
fluorophores were farther apart or that there was much less fluorophore that was in a structure that
was FRET positive.

2.5.2

Detection and Physiological Property Determination by Confocal Microscopy

By visualizing cells expressing the Sup35 PrD-mEos3.1 construct using confocal imaging, we were
able to detect spherical smooth-edged puncta within the highest expressing cells. These puncta
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were visibly distinct from the crystalline, amorphous puncta found in [PIN+] cells. Additionally,
the puncta were found against a background of diffuse fluorescence [Fig 8].

Figure 7- Sup35 in the Absence of a Pre-existing Amyloid Seed Forms a Different, Lower FRET-positive Population
(A) Box-Whisker plot showing mean AmFRET of Sup35 PrD. The box is the SD of the mean, and the whiskers are the 5th
and 95th percentiles of AmFRET values, for more than 2000 cells expressing between 80 and 200 μM of either unfused
mEos3.1 (black) or Sup35 PrD in [pin−] (red) or [PIN+] cells (blue).

Figure 8- Confocal Microscopy Shows Assemblies with Different Phenotypes in the presence and absence of [PIN+]
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Representative confocal images of Sup35 PrD puncta in [pin−] (left) or [PIN+] cells (right).

Taken together, we suspected that the spherical shape was due to the liquid-like properties of the
assemblies. Therefore, we performed half-FRAP measurements to probe the internal dynamics
within the puncta. Upon bleaching of half of the punctum, fluorescence recovery curves fit well to
a two-component exponential with recovery times of 0.275 ± 0.110 and 1.710 ± 0.197 s for fast and
slow components respectively [Fig 9]. While the slow component approached the value for full
FRAP analysis (entirely cytoplasmic/puncta exchange), the fast component mirrored that of
diffuse fluorophore FRAP recovery in the liquid cytosol.
Additionally, we visualized the dynamics of these puncta within dividing cells and found that the
puncta were highly mobile. We were able to observe two discrete puncta within a single cell
coalescing into a larger punctum with a total fluorescence intensity that precisely equaled that of its
precursor [Fig 10]. Because the two individual puncta were larger than the resolution of the
microscope (410 and 500nm), a non-liquid assembly of the two puncta would result in an elongated
puncta of length 900nm. Instead, following coalescence, the
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Figure 9- Fluorescence Recovery After Photobleaching (FRAP) reveals liquid like behavior of [pin-] assemblies of
Sup35 PrD.
Fluorescence recovery timescales of Sup35 PrD puncta in [pin−] cells as measured by FRAP. Error bars represent SD.

puncta formed a spherical punctum with aspect ratio of 1.04 and diameter of 490nm. During the
entirety of the assay, this punctum did not separate again. Therefore, we determined that Sup35 can
partition into liquid droplets within cells which do not contain pre-existing [PIN+] or [PSI+]
amyloids.
Therefore, DAmFRET is not only capable of finding large, amyloid assemblies in the absence of a
cytoplasmic pool; it is also capable of detecting assemblies composed of even transiently
interacting proteins within a relatively more concentrated liquid droplet.

41

Figure 10- Small Sup35 PrD Droplets will Coalesce to Form Larger Droplets
(A) Time-lapse microscopy showing coalescence of Sup35 PrD puncta. Single confocal slice of a [pin−] cell expressing
Sup35 PrD, showing two puncta (white arrows from 0–5 min) coalesce into one larger punctum (single arrow from 10
min)
(B) Intensity (arbitrary units) of the two puncta indicated by arrows in Fig 2.10A immediately before (red and blue bar)
and after (purple bar) coalescing with each other.

2.6

Sup35 PrD Mutants Illuminate Nucleation Mechanisms In Vivo

The Sup35 PrD has been widely studied as a model of prion behavior. The deep literature had
allowed for the identification of several point mutations and sequence scrambles that had been
found to modulate prion formation. Two double mutations (Y46K, Q47K and Q61,62K) wherein
either glutamine or tyrosine residues were replaced by lysine residues had previously been shown
to decrease amyloid nucleation due to their incompatibility with several isoforms (Bondarev,
Shchepachev, Kajava, & Zhouravleva, 2013). We reasoned that this loss of conformational
flexibility would cause an increase in concentration dependence, a more limited metastability range
and therefore a lower δ value. When these mutations were tested, we found that all these
hypotheses were borne out in the data [Fig 11]. Additionally, we found that this increased
concentration dependence could be caused
by a lessened self-affinity for the proteins due to a much less pronounced liquid droplet-associated
population in [pin-] cells.
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Figure 11- DAmFRET Distinguishes Differences in Point Mutations of the Sup35 PrD
DAmFRET plots of Sup35 and 2 double mutants in [PIN+] and [pin−] cells show sensitivity of DAmFRET to detect
small changes in nucleation barriers resulting from point mutations.

Previous work had also shown that glutamine and asparagine residues within the low complexity
sequence had profoundly different effects on the amyloid formation despite their relative similarity
from a biochemical standpoint. We therefore utilized Sup35 PrD mutants wherein either all
glutamine (Q) residues were mutated to asparagine (N) residues (Sup35 PrDN) or all asparagine
residues were mutated to glutamine residues (Sup35 PrDQ)(Halfmann et al., 2011). Consistent with
previous literature, the mutation of residues to asparagine residues greatly increased both the
propensity of the peptide to nucleate and to form liquid droplets as evidenced by increased
AmFRET in [pin-] cells [Fig 12]. Mutation of all asparagine residues to glutamines on the other
hand both completely removed any effect of the [PIN+] amyloid and prevented the de novo
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nucleation of the peptide into an amyloid. Further, mutation of the asparagines to glutamines

AmFRET

prevented amyloid nucleation for all but the [PSI+Strong] endogenous seed.

Concentration (µM)

Figure 12- Glutamines and Asparagines in the Sup35 PrD Have Different Effects on the Nucleation of the Prion
DAmFRET plots of Sup35 mutants wherein all amide-containing residues have been mutated to either glutamine Sup35
PrDQ or asparagine Sup35 PrDN in [PIN+] and [pin−] cells.

While the bulk mutation of entire populations of specific residues to biochemically similar residues
represents a major change in the overall sequence makeup, we utilized another set of mutants
where the WT residues are not mutated but instead scrambled to create different low complexity
regions with differential prion behavior (E. D. Ross, Edskes, Terry, & Wickner, 2005). Because
these peptides are made up of the same amino acids, prion prediction, which is based off of
similarity to previously known amino acids (including the Sup35 PrD) (Alberti et al., 2009;
Lancaster, Nutter-Upham, Lindquist, & King, 2014) cannot discern any differences between the
different constructs [Fig 13, 14].
While all the variants of the Sup35 PrD we tested (#21, #24, #25, #26) have been found to form
amyloids when overexpressed in the presence of [PIN+] amyloid, #25 specifically was found to be
less heritable between generations(E. D. Ross et al., 2005). This reduction in prion propensity has
been linked to the increased thermodynamic stability of the amyloid isoform formed. We
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reasoned that, to form such a thermodynamically stable structure, an extremely large kinetic barrier
relating to the structural order must exist with respect to not only the wild-type peptide but also the
other scrambles. Sup35 PrD scrambles #21 and #26 had DAmFRET profiles that were nearly
identical to the wild type Sup35 PrD. Scramble #25, as predicted, only very rarely formed
amyloids indicating the presence of a very high kinetic barrier; this barrier, though is not due as
was the case for the
lysine mutants to a lessened self-affinity as the low FRET population recapitulated the wild type
PrD’s ability to form the putative condensate (increased AmFRET) state [Fig 2.15].
Finally, scramble #24 formed not one but two different metastable AmFRET-positive populations
that exist with respect to the monomer population. One of these populations is entirely [PIN+]
dependent and corresponds to a similar AmFRET value as the wild type PrD’s amyloid population.
The other population exists at an intermediate AmFRET range and more closely resembles the
FRET reading of the liquid droplets in [pin-] cells. Therefore, we visualized these puncta using
confocal imaging. Instead of the small spherical droplets found with the wild type PrD in [pin-]
cells, assemblies of #24 formed large aggregates with FRAP recovery times that are much slower
than the liquid droplets [Fig 2.16].
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Figure 13- Sup35 and Scrambles Show Similar Overall Prion Prediction ResultsPLAAC profiles of different sequence scrambles of the prion domain of the yeast protein Sup35 show identical profiles
due to the identical sequence makeup of each of the scrambles. However, because they are looking at only the amino
acid content and not the specific arrangement these bioinformatic predictions are unable to show changes that exist in
the amyloid formation of each peptide.
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Figure 14- Sup35 and Scrambles Show Similar Overall Prion Prediction Results (continued)
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Figure 15- Amino Acid Sequence Dramatically Affects Nucleation of Low Complexity Sequences
DAmFRET plots of scrambled sequence variants (of overall identical amino acid composition) of Sup35 PrD in [PIN+]
and [pin−] cells. Boxes in the plots for #25 designate the region considered prion-positive, with the percentage of total
cells indicated. The red and black arrows indicate the “intermediate” and “low” AmFRET populations, respectively,
that were sorted for FRAP analyses (Fig 2.14).
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Figure 16- Sup35 PrD Scramble #24 forms a Relatively Viscous Assembly
Quantification of fluorescence recovery times after half-puncta photobleaching for low (n = 28 cells) and intermediate
AmFRET (n = 18 cells) states of [pin−] cells expressing Sup35 PrD #24. Boxes cover the SE, while the square inside the
box shows the mean and the line shows the median. Whiskers delineate the 5th and 95th percentiles.

2.7

Summary

Protein nucleation has traditionally been studied using in vitro techniques where deterministic
volumes give rise to well behaved, repeatable kinetics. ThT curves for proteins such as Amyloidß
and Huntingtin have been well studied. Only recently have nano droplets allowed for the direct
visualization of the stochasticity of nucleation. Even then, the volumes of these droplets are still 3
orders of magnitude higher than in cells and thus limit the degree of specificity by which we can
measure the kinetic barrier for nucleation.
However, all these techniques are notably divorced from intracellular factors that can have
profound effects on the in vivo nucleation behavior of a peptide.
We therefore created DAmFRET to provide a tool for the facile study and comparison of the
kinetic barriers controlling the formation of amyloids in vivo. By utilizing the yeast S. cerevisiae,
we can create many “biological test tubes” containing a peptide of interest at a wide range of
concentrations. Simple genetic manipulations allow for the transformation of plasmids expressing
large numbers of peptides of interest representing either proteins for the novel detection of
nucleation or for further comparison of low complexity sequence variants.
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Our insights from DAmFRET reveals that not only is nucleation barrier a function of
concentration, but also of the extent of conformational ordering between the non-assembled and the
self-assembled phases. This nucleation barrier provides for a kinetically controlled mechanism by
which proteins at a concentration at which the amyloid form is thermodynamically more stable will
instead exist in a metastable soluble state known as supersaturation. Additionally, while we are not
able to detect the lower threshold of concentrations for amyloid formation of most yeast proteins
due to their extremely low critical concentration, we have subsequently found that many proteins
related to innate immunity do have measurable critical concentrations that are visible by
DAmFRET (Rodríguez Gama, Miller, & Halfmann, 2021). Despite the lack of a quantifiable
critical concentration, DAmFRET does provide for the easy visualization of bistability of proteins
at the same concentration in both monomeric and assembled states.
All the yeast proteins tested consist of so-called low complexity sequences, many of which contain
large numbers of the amide-containing residues glutamine and asparagine. The study of the many
mutants and scrambles of the Sup35 PrD indicate that, within these regions of low complexity,
there is a great deal of sequence specificity and information that governs the kinetic barriers and
therefore the nucleation behavior of the peptides.
While this work allowed for the assay of between several dozen and 96 samples per day,
throughput issues created by the speed of the imaging flow cytometer and the size of the resultant
data represented a distinct limit on the number of sequence perturbations that could be looked at
with a reasonable amount of effort. Even though these peptides sometimes very short, the creation
of a faster, automated, and more high-throughput workflow and analysis athway is necessary to
begin to explore the total sequence space to understand how small changes in the ordering of
residues control kinetic barriers in low complexity sequences.

2.8

Methods and Materials

2.8.1

Yeast Genetic Manipulations

Yeast strains were transformed with a standard lithium-acetate protocol (Gietz et al.,1992). The
primary DAmFRET strain, rhy1713, was constructed from Y7092 (Tong and Boone, 2007). PCR50

based mutagenesis (Goldstein and McCusker, 1999) was used to replace CLN3 in its entirety with
a purpose-built cassette that expresses WHI5 from the inducible GAL1 promoter. The strain
rhy1852 was constructed by passaging rhy1713 four times on YPD plates containing 3 mM
GdHCl, a prion-curing agent (Ferreira et al., 2001).

2.8.2

Preparing Cells for DAmFRET

Standard yeast media and growth conditions were used. Single transformant colonies were
inoculated to 200 mL of glucose-containing selection medium per well in a round bottom
microplate, then incubated on a Heidolph Titramax vibrating platform shaker at 30oC, 1350 RPM
overnight, to allow for the prevalence of a range of copy numbers of plasmid in the population and
to obtain a turbid culture. Cells were then washed twice with sterile distilled water to remove
residual glucose before being resuspended in 200 ml of galactose-containing induction medium and
returned to the incubating shaker for approximately 16 hr. Microplates were then illuminated with
an OmniCure S1000 fitted with a 320-500 nm (violet) filter and a beam collimator (Exfo),
positioned 45 cm above the plate, for a duration of 25 min, which was found to produce maximum
sensitized emission of the acceptor. Violet light induces cleavage in the mEos3.1 peptide backbone
adjacent to the chromophore (Wiedenmann et al., 2004; Zhang et al., 2012), converting it from a
green form (emission peak at 516 nm) to a red form (emission peak at 581 nm). The beam power at
the plate was 11.25 mW/cm2 , giving a total photon dose of 17000 mJ/cm2 . Microplates were
shaken at 800 RPM on a microplate shaker during photoconversion to prevent cell settling.

2.8.3

Imaging Flow Cytometry for DAmFRET Analysis

All the AmFRET data were acquired on an ImageStreamx MkII imaging cytometer (Amnis) at 60X
magnification with low flow rate and high sensitivity using INSPIRE software. INSPIRE software
directed the instrument to acquire as follows: channel 04 (brightfield in camera one), channel 10
(brightfield in camera two), channel 02 (donor fluorescence), channel 03 (sensitized emission
FRET), channel 07 (blue fluorescence, a proxy for dead/dying cells as validated by staining with
Sytox Far Red; see Figure 15) and channel 09 (acceptor fluorescence). Magnification at 60X
provided a pixel size of 0.3 mm2. All samples were loaded from the microtiter plate using the
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ImageStreamx MkII autosampler. Channels 02 and 03 captured emission from 488 nm excitation,
with 528/65 and 577/35 nm filters, respectively.
Channel 07 captured emission from 405 nm excitation, with a 457/45 nm filter. Channel 09
captured emission from 561 nm excitation, using a 582/25 nm filter.
Brightfield-based gates were assigned in INSPIRE: first for focused events, determined by gradient
root mean squared, and second for single cells, determined by area and aspect ratio (ratio of the
lengths of the long and short axes through the cell). These focused, single-cell

Figure 17- Determination of Live and Dead Cells
Autofluorescence accurately distinguishes live from dead cells. Yeast cells expressing mEos3.1 (not photoconverted)
were stained with Sytox Far Red. A histogram of Sytox intensity for single cells is shown on the left, and the Sytoxpositive population (“dead”) is colored red in the dot plot of blue autofluorescence (405 nm excitation, 457/45 nm
emission) vs. mEos3.1 (donor) intensity on the right. Based on this relationship, DAmFRET experiments excluded the
population with blue autofluorescence and lacking detectable mEos3.1 fluorescence.

events were counted for donor and acceptor fluorescence positivity. For each sample, a minimum
of 20,000 double positive events or maximum of between 5 and 10 min collection time were
counted before proceeding to the next sample.
Although only putative target events were counted, all unsaturated events were acquired and saved.
Compensation of the data collected was performed by using the built-in wizard of IDEAS 6.2 on
single color controls: cells expressing non-photoconverted mEos3.1 and those with dsRed2 (as a
proxy for the red form of mEos3.1).
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2.8.4 DAmFRET Data Analysis
Data were processed using IDEAS 6.2 (Amnis) software and batched using FCS Express Plus
6.04.0015 software (De Novo). IDEAS yields standard parameters, such as integrated intensity of
acquired channels, as well as user-derived features, such as AmFRET (FRET intensity/acceptor
intensity). To measure cell area from brightfield, we created a feature for area calculated by the
adaptive erode mask, with an adaptive erosion coefficient set at a threshold of 70%, which both
visually aligns with the cell boundary and corresponded to mean cell area from a culture
simultaneously measured by microscopy. All integrated intensity values reported or intensity
derived features (e.g., cytosolic concentration) exclusively represent intensity within this
brightfield mask.
AmFRET positive population fractions were determined by dividing cytometry histograms into 64
bins logarithmically spaced from 1 to 1000 mM. For each protein, the threshold for the AmFRET
positive population was measured as the point halfway between the two population centers as
determined by a multi-Gaussian fit of the AmFRET distribution. For strains where only the positive
or negative population are observed, the threshold value was determined by a closely related
protein showing both populations. For each bin, the fraction of cells in the AmFRET positive
population was determined. Bins at the low and high extremes of concentration were excluded
when their fractions deviated above and below, respectively, neighboring bins due to low event
number and autofluorescence. These curves were then fit to a Weibull function of the following
form, using non-linear least-squares optimization via the Levenberg-Marquardt method (Bevington
and Robinson, 2003):

where c is the concentration and EC50 is the concentration at which the AmFRET positive
population is equal to 50%. The shape parameter or ‘‘Weibull slope,’’ 1/δ, describes the sharpness
of the transition. We therefore use its reciprocal (δ) to report the observed persistence of the
nucleation barrier with respect to concentration. A two-parameter Weibull function was previously
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used to phenomenologically describe nucleation as a function of supersaturation (Sear, 2016).
Since we do not know the saturating concentrations of each self-assembly a priori, we included a
third parameter, cmin, to allow Fpos to go to 0 as required for phase behavior as a function of raw
concentration rather than degree of supersaturation. Errors were obtained by the Monte Carlo
method, employing random noise added to the best-fit curve with a standard deviation equal to the
fit residuals standard deviation. Hundred such randomized curves were fit to obtain standard errors
in the fit parameters.
DAmFRET is highly analogous to isothermal metastable zone width (MZW) measurements used to
describe the range of supersaturating concentrations under which crystallization can be induced.
MZWs are determined empirically and the precise value depends on the rate of supersaturation
(Asherie, 2004; Bhamidi et al., 2017). They can be used to approximate phase diagrams provided
crystal nucleation occurs rapidly within disordered clusters (Asherie et al., 1996). Our cellular
system does not offer the level of experimental control (for example, constant supersaturation rates
in all vessels), or the level of precision in determining saturating concentrations, that would be
required to confidently link DAmFRET with MZWs. Moreover, because amyloid nucleation (in
contrast to crystallization of well-behaved globular proteins) can be rate-limited by conformational
fluctuations even within condensates, the metastable zone (usually defined as the region between
the liquidus and binodal) will have limited relevance to amyloid nucleation barriers.

2.8.5

Confocal Imaging, time-lapse and FRAP Analysis

Confocal images were acquired on an Ultraview Vox Spinning Disc (Perkin Elmer). The green
form of mEos3.1 was excited using a 488 nm laser through either an alpha Plan Apochromat 100x
1.46NA objective (Zeiss) or a Plan Apochromat 63x 1.4NA objective (Zeiss). Emission was
collected with an EMCCD (Hamamatsu, C1900-23B) and was filtered with a 525-50 nm bandpass
filter.
Movies were acquired with cells trapped in a CellASIC Onix2 microfluidic device (Millipore) with
either single confocal slices or z stacks. The z step spacing for movies was set to between 0.3 and 1
mm. The timescale between images varied. FRAP was acquired on the same system in FRAP
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preview mode, with 5 pre-bleach images and an appropriate time-lapse and length for recovery
(every 60 ms for 10 s for half and full FRAP of liquid droplets). Images were expanded with
bilinear interpolation for optimal visualization.
For half FRAP analysis, each recovery curve was collected, then normalized to minimum and
maximum. Then a group of at least 19 curves were averaged together and fit with a two-component
exponential recovery function. Five replicates of this process yielded five sets of fit components
that were then averaged together (n = 141 total) to yield the results. For full FRAP, each curve was
fit with a one component exponential recovery function. All fits were averaged together to yield the
final results (n = 28). Monomer control FRAP was treated the same way as full FRAP (n = 70).
Sphericity analyses were limited to thresholded puncta with sizes > 350 nm. The aspect ratio is the
ratio of the lengths of the long axis and short axis.
ThT localization assays were performed on an LSM 780 microscope in photon counting lambda
mode with a 100x alpha Plan-Apochromat (NA = 1.46) objective. Excitation of ThT and mEos3.1
was achieved at 405 nm. Spectra for ThT and mEos3.1 were obtained empirically from the data
and used to linearly unmix the images. Unmixed images were then smoothed with a 1.5-pixel
standard deviation Gaussian blur, cropped, and the contrast was adjusted for optimal viewing of the
signal in the punctate regions.

2.8.6

Materials

2.8.6.1 Plasmids
Table 1 Plasmids Used in Chapter 2
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Table 2 Plasmids Used in Chapter 2 (continued)
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Table 3- Plasmids Used in Chapter 2 (continued)

2.8.6.2 Strains
Table 4- Yeast Strains Used in Chapter 2
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Chapter 3

Creation and Validation of HighThroughput DAmFRET (HtDAmFRET)

The work in this chapter is found in:
Venkatesan, S., Kandola, T. S., Rodríguez-Gama, A., Box, A., & Halfmann, R. (2019). Detecting and
characterizing protein self-assembly in vivo by flow cytometry. JoVE (Journal of Visualized
Experiments), (149), e59577. doi: 10.3791/59577
Posey, A. E., Ruff, K. M., Lalmansingh, J. M., Kandola, T. S., Lange, J. J., Halfmann, R., & Pappu, R. V.
(2021). Mechanistic inferences from analysis of measurements of protein phase transitions in live
cells. Journal of molecular biology, 166848. doi: 10.1016/j.jmb.2021.166848
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3.1

Introduction

The development of DAmFRET allowed for the quantification and comparison of nucleation
barriers of numerous yeast prion domains. These PrDs were originally identified bioinformatically
by comparing them to known prion and thus were found to be rich in the amide-containing amino
acids asparagine (N) and glutamine (Q). However, previous work has shown that asparagines and
glutamines have differential effects on the nucleation and resulting properties of amyloids
(Halfmann et al., 2011; Y. Zhang et al., 2016). Indeed, by DAmFRET, we were able to see how a
low complexity sequence like the Sup35 PrD still held quite a bit of information due to either
mutations of one amide to another or the complete scrambling of the peptide sequence.
Due to these differential effects, we sought to understand how specific ordering of the glutamines
and asparagines could change the nucleation barriers for these PrDs. While advances in molecular
biology techniques have allowed for the facile creation of both novel peptide sequences and point
mutations of existing sequences, the sequence space of even the shortest peptide chains still creates
many potential sequences. For instance, for the 42-residue form of Aß, the generation of a full
cadre of single point mutations would give a total of 779 constructs (given that the start codon is
locked as a methionine). At the extreme, to explore the full sequence space of a 42-residue
polypeptide, one would need to parse 2042 constructs (a nonsensically large number).
DAmFRET, as originally developed, was limited by several factors including the speed of sample
collection and the size and complexity of imaging-based cytometry data. A single well of data
would take 5 minutes and generate a data file many megabytes to gigabytes in size containing
many hundreds of thousands of images. After data collection, analysis of these files would take
many hours for even a small run. Therefore, we endeavored to switch to a more traditional flow
cytometric assay wherein data-rich images were traded for simple fluorescence intensity
measurements for each cell. This allowed sample collection to take approximately 5 seconds, a
98.33% improvement and a file size of approximately 5MB, a 99% improvement. Additionally,
the gating, and export of this data could be autonomously done using existing Linux-based scripts.
We then adapted our previously developed DAmFRET quantification to run off the exported files
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and created an analysis pipeline for the gating, fitting, quantification, and parameter export of large
data sets (MANIOC).
While the change to non-image-based flow cytometry allowed us to significantly increase the
throughput, this did not come without a tradeoff. Without an image to utilize, we were unable to
measure volume and thus unable to calculate protein concentration. This lack of specific cellular
concentration disallowed any direct measurement of specific phase boundaries. However,
detection of supersaturation and the resultant analysis of DAmFRET plots still allowed for the
quantification of DAmFRET profiles.
MANIOC analysis of these data sets showed that, over the period of 4 hours, we could repeatably
and reliably assay nearly 1600 samples. In addition to MANIOC, we were also able to use HtDAmFRET to assist in the development of an automated analysis pipeline designed to determine
whether DAmFRET profiles were either indicative of phase behavior or not and further identify
whether that phase behavior was continuous (condensation) or discontinuous (amyloid nucleation)
in nature(Posey et al., 2021).
We then designed many rationally designed mutations of the lowest sequence complexity amyloid
forming peptide, Q60, to determine what components of a peptides primary structure effected its
nucleation barrier. The increased throughput of Ht-DAmFRET and analysis power of MANIOC
and allowed for the identification and comparison of many peptides that showed differential
nucleation barriers. Additionally, Ht-DAmFRET found numerous peptides that showed
multimodal DAmFRET plots indicating that the protein underwent transitions to several different
nucleated states at the same concentration range.

3.2

Transition to non-imaging Flow Cytometry and Development of High

Throughput DAmFRET (Ht-DAmFRET)
Following creation of DAmFRET, the question remained regarding what the effect of individual
amino acids is on the nucleation barrier of a given peptide. However, the large sequence space
necessary to assay to understand how sequences govern nucleation barriers precludes the use of
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DAmFRET in its original form. For example, the Sup35 PrD assayed as a part of the original
method development contained a total of 135 amino acids.
Therefore, while the use of DAmFRET utilizing imaging flow cytometry is incredibly accurate for
determining concentration-dependent nucleation barriers, it is incapable of the throughput
necessary to answer questions pertaining to such a diverse sample set.
The use of normal flow cytometric techniques poses a potential solution with one large caveat.
Without the image of each individual cell, one is unable determine the cytoplasmic volume.
Without this cytoplasmic volume, we are unable to accurately determine cytoplasmic
concentration. To test whether we would still be able to discern the concentration dependent
behavior of nucleation-limited phase transitions, we tested the lowest sequence complexity
sequence known to form amyloids, poly-glutamine, in parallel using both imaging and traditional
flow cytometry [Fig 18].
While we are unable to determine exact concentrations, we are however able to detect a similar
population distribution. Additionally, since sample collection using traditional flow cytometry is
much faster than imaging flow cytometry, we were able to collect over 100,000 cells in less than 10
seconds. Analysis time was also reduced as conventional flow cytometry does not require
extensive calculations to convert images to numerical data. Instead, we can simply utilize existing
flow cytometry packages such as De Novo FCS Express or the R-based FlowCore to transform
hours of analysis into seconds.
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Figure 18- Original and High-Throughput DAmFRET Show Similar DAmFRET Profiles Allowing for Faster Assay
Imaging Flow Cytometry (left) and Fluorescence Signal Flow Cytometry (right) show similar DAmFRET plot for the Q60
peptide. X-axis denotes cytosolic concentration for imaging flow cytometry (left) and protein expression (afu) for high
throughput flow cytometry (right).

3.3

Creation of Analysis Pipeline (MANIOC) for the Autonomous Gating,

Model-Fitting and Analysis of High Throughput DAmFRET data
To facilitate the analysis of large sets of flow cytometry data, we employed a multi-step process for
the gating, analysis, and classification of DAmFRET plots [Fig 19]. We developed a process that
would allow for metadata related to the samples to be carried through from the design of the
experiment to the analysis and quantification of data.
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Figure 19- Schematic of Manioc Analysis
Schematic of MANIOC Data Analysis Pipeline showing sequential steps wherein metadata is imported into the cytometry
controlling document during the experimental design. This metadata is then included into the .fcs files resulting from the
cytometry run. Manioc uses these metadata files to parse and call strain and plasmid information from a database. The
.fcs files are then gated and exported using R-based FlowCore software to include only live and expressing cells. These
cells are then plotted as a DAmFRET plot and fed into a JAVA-based fitting program. The plots are then divided into a
number of logarithmically equal windows and data points are marked as either FRET positive (1) or negative (0). The
values in each window are then averaged and the resulting values are fit to a Weibull function for quantification of
statistics. These statistics, with the quantification of gating strategies and the meta data and corresponding
strain/plasmid information are all aligned as a single .csv file for data visualization.

Generally, we designed a series of steps whereby a user would first create a comma-separated
value (.csv) form containing relevant data from the experiment (eg. strain, expression clone,
treatment, etc.). Utilizing the automation software of the cytometer, we were able to attach these
metadata to the resulting fcs files. The workflow then takes raw fcs files through an R-based
gating to create .fcs files containing only single, live, fluorophore-expressing cells. These .fcs files
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were then used for a JAVA-based quantification based on the manual quantification done during
the initial development of DAmFRET. This quantification involved first utilizing a defined
negative sample to define a gate with which to separate the assayed cells into assembly positive
and negative events.
The resulting quantification of parameters related to the gating (number of total events, number of
live cells, number of expressing cells) and those from the quantification (δ, EC50, mean Acceptor
Concentration, etc.) are then concatenated with the initial metadata by registration utilizing a
standardized file structure.
These separate steps were then automated by utilizing a unix-based make file (MANIOC) to call
the individual processes. The creation of this modular system allows for the flexible addition or
subtraction of different parameters and strategies as new ideas and questions are elucidated by the
research.
The resulting .csv file containing all metadata, parameterization and standardized file structure was
then loaded into TIBCO Spotfire to provide for an easily searchable, sortable visualization of
parametric correlations between samples [Fig 20]. This functionality allowed for samples to be
easily identified and compared either quantitatively using different metrics or qualitatively by
comparing images of DAmFRET profiles. For instance detection of peptides which homotypically
assemble well could be assayed by looking at and selecting from a plot of fgate (fraction of cells
containing positive FRET) by expression clone (see Fig. 3.3). Within the displayed screen of
nearly 5,000 samples, we can easily detect that 2762 samples contain robust (>10%) FRETpositive cells.
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Figure 20- Spotfire Visualization of Manioc-Analysis Allows for Easy Identification of Target Peptides from a Screen

3.4.1

High Throughput DAmFRET Generates Consistent Data Across a 384-well Plate

over a Period of 4 hours.
With the creation of MANIOC, we then wanted to test whether we could translate the original
protocol for 96 well plates to higher throughput 384-well plates to minimize the time for
photoconversion. To test this, we cultured 150mL of both monomer mEos3.1 and PYCARDmEos3.1 to test across a plate over the span of a 4-hour assay. This would allow us to assay 1536
samples per day.
Samples were loaded onto a 384-well plate and photoconverted in the same method as with 96-well
plates. Over the course of 4 hours, we saw no appreciable change in the population distribution of
the monomer mEos3.1 and very little change in the distribution of PYCARD-mEos3.1 with the
only difference being a slightly increased number of nucleation positive cells in each well
correlating with a change in time [Fig 21].
These data are to be expected both because samples had slightly higher overall protein expression
levels with more induction time and due to stochastic nucleation having a higher chance to occur
with more time.
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While photoconversion rates did differ slightly across the plate as measured by average acceptor vs
average donor per sample, we did not see any correlated change in DAmFRET calculated
parameters. Instead, these results show that, even though the sensitivity of the assay is great
enough to show the luminance patterning of the UV lamp, the resulting DAmFRET parameters are
robust enough to allow for small changes across a plate [Fig 22].

3.5

Classification of Continuous and Discontinuous Ht-DamFRET Distributions

Shows Multiple Different Types of Phase Transitions
3.5.1

Ht-DAmFRET Distinguishes Phase Behavior of Numerous Peptides and allows for

the Facile Characterization of Potential Prion Domains
To validate that the high-throughput assay generated data that would allow for the easy comparison
of different proteins, we first tested the nucleation behavior of a set of bioinformatically predicted
prion domains (Alberti et al., 2009; Posey et al., 2021) [Fig 23]. Following assay and MANIOC
analysis, we were able to easily separate proteins that formed assembled states by utilizing
parameters such as percentage of cells with assembled protein (f_gate) or by utilizing the error of
the Weibull fit. The latter was used as an anticorrelation as a low error would result only from
cells with a robust population of cells containing assembled proteins.
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Figure 21- Ht-DAmFRET Provides Robust Data Over 4 Hours of Assay
Plot showing percentage of nucleation positive cells expressing either monomeric mEos3.1 (top) or ASC PyD (bottom)
per well over 4 hours. Note that while monomeric mEos3.1 nucleation remains constant over the entire assay, there is a
continual increase in fgate over time.
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Figure 22- Photoconversion of mEos3.1 is Reproducible and Robust Across 384-well Plates.
DAmFRET captures small changes in the photoconversion efficiency in different wells due to the illumination pattern of
the photoconversion lamp. Mean acceptor (red mEos3.1 species) values were calculated using all live cells in the well.
Data shown for monomer mEos3.1-expressing cells. Each cell on the plate was re-arrayed from a common homogeneous
sample immediately prior to photoconversion.

However, other than manual qualitative assessment, there was not an easy way to determine
whether the transition to an assembled state was either continuous (ie. strictly concentration-based)
or discontinuous (resulting from robust supersaturation). To overcome this shortcoming, we
initiated a collaboration with the Pappu lab at Washington University at St. Louis to develop a
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supervised training method that would allow for the classification of plots into different groups
based on the shape of their distributions and the biophysical processes underlying them(Posey et
al., 2021).
We began by creating synthetic data sets based on qualitative descriptions of real data from
DAmFRET profiles, several tests were created to robustly classify DAmFRET populations into one
of five categories determined to be experimentally possible [Fig. 23].
One-state – no transition: Across the concentration range interrogated by DAmFRET experiments,
AmFRET does not change its value. If AmFRET is low across the concentration range, then this is
a manifestation of one-state behavior without assembly.
One-state – assembled: AmFRET is uniformly high across the concentration range probed by the
experiment.
Two-state discontinuous transitions: These are characterized by the existence of a threshold
expression value, such that above this value AmFRET changes in a stepwise fashion from low to
high values. Accordingly, cells fall into one of two categories defined by the presence or absence
of dense, ordered assemblies.
Two-state continuous transitions: Here, AmFRET increases continuously once the
expression level crosses a threshold value. Unlike two-state discontinuous transitions, the two-state
continuous transitions are best modeled using a smooth function that interpolates between low and
high AmFRET values. Continuous transitions likely reflect the formation of a distribution of lowaffinity oligomers or mesophases whereby the sizes and/or numbers of assemblies increase as
concentration increases. This would result in a continuous increase in FRET intensity, since FRET
intensity is also proportional to the numbers of complexes of specific sizes.
Three- or multistate transitions: Here, the transitions proceed through multiple states characterized
by intermediate values of AmFRET. These intermediate values of AmFRET could either be
indicative of non-equilibrium steady states or long-lived transients.
71

Figure 23- Development of DAmFRET Classifier using Synthetic Data
(a) Row one shows representative synthetic DAmFRET histograms for the five different classes we aim to classify. (b)
Each synthetic DAmFRET histogram is sliced into expression level windows and the corresponding 1-dimensional
AmFRET histograms are fit to a sum of two Gaussians where the position of the first peak is set to AmFRET = 0 and the
position of the second peak is set to the maximum mean AmFRET across all expression slices after removal of AmFRET
values around zero. Here, example fits are shown for the expression level slice of 6–6.5. For the other expression slices
see Figure S1. (c) The fits are used to extract the fraction of cells that undergo assembly in each expression slice by
taking the area under the curve of the second peak and dividing it by the total area under both curves. If the change in
fraction assembled from the last expression slice minus the minimum fraction assembled is less than 0.1, then the profile
is classified as one state and the mean AmFRET across all expression slices determines whether the protein is in the no
assembly versus all assembled class. (d) For all profiles that are not classified as one-state, we use the R2 values of the
fit to the sum of two Gaussians across the expression slices to rule out histograms that do not show two-state
discontinuous behavior. Profiles that show a minimum in R2 values around log10(c50) are classified as two-state
continuous and profiles that show a continuous decrease in R2 values across expression slices are classified as threestate discontinuous. All other profiles pass the test of the null hypothesis and are thus classified as two-state
discontinuous.

We then attempted to apply the “damfret_classifier” tool to our assayed set of proteins. [Fig 24]
Upon testing, out of the 84 peptides that were assayed, 35 peptides did not form any assembled
species at any expression level, 9 showed infrequent transitions, 23 showed two-state behavior, and
2 showed assemblies at all expression levels. 15 peptides showed mixed classification between
replicates that was mostly related to a low population of cells transitioning to a FRET-positive state
and therefore having a mixture of either fully monomeric or infrequent transition classifications.
72

Further it was found that the peptides classified as having discontinuous transitions correlated with
the results from the original prion screen showing them to form both SDS-resistant and Thioflavin
T staining positive assemblies, both well-proven markers of amyloids(Alberti et al., 2009; Posey et
al., 2021).

Figure 24- Ckassification of PrDs previously predicted to form amyloids
Figure 24- Classification of PrDs previously predicted to form Amyloids- (a) Number of cPrDs in each type of phase
transition class. (B)–(D) List of cPrDs that were classified as two-state (b), mixed classification - having replicates
belonging to multiple classes (c), assembled at all expression values (d-black), undergoing an infrequent transition (dyellow), and showing no assembly at all expression values (d-blue). For the checkboard plots, each square represents an
experimental replicate, and the color of the square denotes the classification. The darker the shade the more confident
the method is in the The PAPA prion score for each cPrD is listed in parentheses. The cPrDs classified as undergoing a
two-state transition are sorted by the degree of discontinuity of the transition. The cPrDs for all other classes are sorted
by their PAPA prion score (e) Representative DAmFRET histograms of cPrDs that were classified as undergoing a twostate transition. The color corresponding to each histogram denotes the degree of discontinuity in the transition
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3.5.2

Ht-DAmFRET Allows for the In-Depth Survey and Classification of a Diverse

Group of Yeast Proteins
Following the validation of the high-throughput assay and the analysis and classification pipeline,
we then sought to assay 192 rationally designed peptides relating to our questions about sequence
specificity and determination of amyloid nucleation in cells that were both [PIN+] and [pin-] to test
their ability to form amyloids and to differentiate any kinetic barriers that may exist [Table 24].

3.6

Summary

Utilizing flow cytometry to measure and classify different protein self-assemblies represents an
important and powerful tool for the facile study of the biophysical results of changes to a protein’s
primary structure. The large amino acid sequence space demands that any proposed analysis
pipeline be capable of quickly and effectively assaying, analyzing and classifying data ultimately
providing clear data in a time-efficient manner.
The change of DAmFRET from an imaging to a standard flow cytometer allows for the assay and
analysis of thousands of samples in a single day. While some information regarding the size and
therefore the concentration of protein in the cell is lost, we find that the protein expression provides
a robust alternative to cytosolic concentration for the overall characterization of the DAmFRET
profile.
The increase in assay throughput opens the door for numerous different types of assays that would
be impossible at smaller scales.

3.7

Methods

3.7.1

Meta-data Entry

Metadata relating to the experimental design and sample identification was entered into a
standardized .csv file containing fixed columns relating to sample identification such as plate
barcode and number, well number, yeast strain number, expression clone number and optional
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columns relating to experimental conditions (genetic deletion information, drug treatment,
induction time, etc.) Plate barcodes were utilized to create a standardized file structure for data
storage so that resulting .fcs files can be registered with the initial metadata.
These metadata files were then attached to fcs files via integration with the Ascent automation
software running coincidentally with the ZE5 assay.

3.7.2

Autonomous Gating and Export of DAmFRET Data

FCS 3.1 files resulting from assay were gated using and automated R-script running in flowCore.
Prior to gating, the forward scatter (FS00.A, FS00.W, FS00.H), side scatter (SS02.A), donor
fluorescence (FL03.A) and autofluorescence (FL17.A) channels were transformed using a logicle
transform in R. Gating was then done using flowCore by sequentially gating for cells using FS00.A
vs SS02.A then selecting for single cells using FS00.H vs FS00.W and finally selecting for
expressing cells using FL03.A vs FL17.A.
Gating for cells was done using a rectangular gate with values of Xmin = 2.7, Xmax = 4.8, Ymin = 2.7,
Ymax = 4.7). Gating for single cells was done using a rectangular gate with values of Xmin = 4.45,
Xmax = 4.58, Ymin = 2.5, Ymax = 4.4. Gating of expressing cells was done using a polygon gate with
x/y vertices of (1,0.1), (1.8, 2), (5, 2), (5,0.1). Cells falling within all of these gates were then
exported as FCS3.0 files for further analysis.

3.7.3

Autonomous Curve Generation and Data Analysis

The FCS files resulting from the autonomous gating in Step 1 were then utilized for the JAVAbased quantification of a curve similar to the analysis found in the original assay (Khan et al 2018).
The quantification procedure first divides a defined negative control DamFRET histogram into 64
logarithmically spaced bins across a pre-determined range large enough to accommodate all
potential data sets. Then upper gate values were determined for each bin as the 99th percentile of
the DamFRET distribution in that bin. For bins at very low and very high acceptor intensities,
there are not enough cells to accurately calculate this gate value. As a result, for bins above the 99
th

acceptor percentile and bins below 2 million acceptor intensity units, the upper gate value was set
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to the value of the nearest valid bin. The upper gate profile was then smoothed by boxcar
smoothing with a width of 5 bins and shifted upwards by 0.028 DamFRET units to ensure that the
negative control signal lies completely with in the negative FRET gate. The lower gate values for
all bins were set equal to -0.2 DamFRET units.
This gate is then applied to all DAmFRET plots to define cells containing proteins that are either
positive (assembled) or negative (monomeric). In each of the 64 gates, the fraction of cells in the
assembled population were plotted as a ratio to total cells in the gate. These values were then fit to
a Weibull function from which values of EC50, δ and cmin and their respective errors can be
extracted.

One parameter was added following the initial assay designed was a metric for bimodality. This
metric was calculated as follows for data in which a significant fraction of cells show positive
FRET and a valid Weibull function was fit to the data to determine the EC50 value. The bimodal
metric was calculated over half of the width covered by a tangential line to the Weibull fit at the
EC50 value. Over this width, a distribution of amFRET values was calculated with 64 linearly
spaced bins. This distribution was fit via non-linear least squares to a Gaussian function initialized
to the maximum point of the distribution and the full width half maximum surrounding that point.
If the data is truly unimodal, this fit will be good with low residuals while if the data is bimodal the
fit will be poor with high residuals. The bimodal metric is then the maximum absolute value of
these residuals outside of the window described by two standard deviations of fit centered on the
peak value.
Other parameters derived from the data were also quantified and exported as a part of the analysis
as explained below:
fgate- % of cells found in the assembled (positive) gate with respect to the total cell count
acceptor- mean acceptor value of all cells in the DAmFRET profile
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nfaccmean- mean acceptor value of the monomeric (negative) population
faccmean- mean acceptor value of the assembled (positive) population
fretmean- mean AmFRET value of the assembled (positive) population

3.7.6

Automatic Classification of DAmFRET histograms

The R2 value around the expression slice that corresponds to log10(c50) yields information on how
well a sum of two Gaussians can capture the 1-dimensional AmFRET histogram at the transition.
Thus, we sort the cPrDs by their mean minimum R2 in the region that corresponds to the expression
level slices within the window of log10(c50) ±1, min(R2w), to order them by the degree of
discontinuity in the transition. To color the data in plots [Appendix 2], we take advantage of the
fact that one of the criteria for classification of DAmFRET data into the two-state continuous class
is that min(R2w) must be less than 0.6. Thus, any cPrD that has a mean min(R2w) of less than 0.6 is
colored red (two-state continuous) and any cPrD that has a mean min(R2w) of greater than 0.6 is
colored green (two-state discontinuous). Then, the alpha color for each of the two-state cPrDs/cPrD
replicates is based on how far the <min(R2w)>/min(R2w) is from the threshold of 0.6. For those
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cPrDs classified as two-state discontinuous the alpha color is set to α = (min(R2w) − 0.6)/(1–0.6).
For those cPrDs classified as two-state discontinuous the alpha color is set to
α = min(1,(0.6 − min(Rw2))/(0.6–0.3)). A lower limit of 0.3 rather than 0.0 is used in the latter case
given that R2 values rarely ever drop below 0.3.

3.7.7

Data Visualization

Images of DAmFRET profiles and plots created as part of JAVA analysis of the cytometry data
was called by TIBCO Spotfire for data analysis. By utilizing metadata carried forward by
MANIOC, path names were used to create a custom column for display of the DAmFRET
overview image. This image is concatenated with all information regarding the yeast strain and
plasmid utilized for each sample as well as with all calculated parameters resulting from
DAmFRET analysis.
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Chapter 4

Structure of a pathologic amyloid
nucleus determined by rational genetic
deconstruction of an intracellular
nucleation barrier

Work in this chapter has been submitted as:
Kandola, T., Zhang, J., Venkatesan, S., Lerbakken, B., Blanck, J. F., Wu, J., ... & Halfmann, R. (2021). The
polyglutamine amyloid nucleus in living cells is monomeric and has competing dimensions of order. bioRxiv.
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4.1

Abstract

A long-standing goal of the study of amyloids has been to characterize the structural basis of the
rate-determining nucleating event. However, the ephemeral nature of that event has made it
inaccessible to classical biochemistry, structural biology, and computational approaches. Here, we
addressed that limitation by using Distributed Amphifluoric FRET to measure the dependence of
amyloid formation on concentration and conformational templates in living cells, whose volumes
are sufficiently small to resolve the outcomes of independent nucleation events. We characterized
numerous rationally designed sequence variants of polyglutamine (polyQ), a polypeptide that
precipitates Huntington’s and other amyloid-associated neurodegenerative diseases when its length
exceeds a characteristic threshold. This effort uncovered a pattern of approximately twelve Qs,
only for polypeptides exceeding the clinical length threshold, that allow for amyloid nucleation to
occur spontaneously within single polypeptides. Nucleation was inhibited by intermolecular phase
separation. Using atomistic molecular dynamics simulations, we found that the pattern encodes a
minimal steric zipper of interdigitated side chains. Lateral growth of the steric zipper competed
with axial growth to produce “pre-amyloid” oligomers. By illuminating the structural mechanism
of polyQ amyloid formation in cells, our findings reveal a potential molecular etiology for polyQ
diseases, and may provide a roadmap for the design of new therapies.

4.2

Introduction

Amyloids are highly ordered protein aggregates. They are widely associated with aging and
neurodegenerative diseases (Chiti & Dobson, 2017; Huang et al., 2019), but also have functional
roles in programmed cell death and subcellular compartmentalization (Boke et al., 2016; Hervas et
al., 2020; Maji et al., 2009; Majumdar et al., 2012; O’Carroll et al., 2020; Rodríguez Gama et al.,
2021; Vogler et al., 2018). These activities derive from an inherent tendency of amyloids to
catalyze their own formation, a phenomenon driven by supersaturation resulting from sequenceencoded kinetic barriers to nucleation. The structural basis of nucleation remains mysterious
despite decades of intense research.
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Polyglutamine (polyQ) is an amyloid-forming module common to eukaryotic proteomes (Mier,
Elena-Real, Urbanek, Bernadó, & Andrade-Navarro, 2020). In humans, it is responsible for nine
invariably fatal neurodegenerative diseases, the most prevalent of which is Huntington’s Disease.
A remarkable feature of polyQ pathology -- found equally in Huntington’s disease patients, cell
culture, organotypic brain slices, and animal models -- is that neuronal loss occurs with a constant
frequency over time, implying that death happens independently and stochastically in each cell
(Clarke et al., 2000; Linsley et al., 2019). Two consistent observations suggest that this feature
emerges directly from the nucleation barrier. First, the kinetics of polyQ aggregation in vitro, in
cells, and in organismal models is consistent with primary nucleation as the rate-limiting step
(Songming Chen, Ferrone, & Wetzel, 2002; Colby, Cassady, Lin, Ingram, & Wittrup, 2006;
Kakkar et al., 2016; Sinnige et al., 2021). Second, polyQ diseases result almost exclusively from an
intramolecular change, specifically, an expansion in the number of sequential glutamines beyond a
protein-specific threshold centered around 38 residues (Lieberman, Shakkottai, & Albin, 2019). In
contrast to other amyloid diseases, which are frequently brought on by gene duplication,
misplicing, and post-translational processing (Book et al., 2018; G. Kim, Gautier, TassoniTsuchida, Ma, & Gitler, 2020; Selkoe & Hardy, 2016), polyQ diseases have relatively few
intermolecular modifiers (Lee et al., 2019; Wexler et al., 1987). Hence, more so than for any other
proteopathy, progress against polyQ diseases awaits detailed knowledge of the amyloid nucleus
itself.
Despite its extraordinary relevance to both basic biology and human health, no empirically
determined structure of an amyloid nucleus yet exists. This is because nuclei cannot be observed
directly by any existing experimental approach. Unlike mature amyloid fibrils, which are stable and
amenable to structural biology, nuclei are by definition unstable. Their structures do not necessarily
persist into the mature amyloids that arise from them (Auer, Meersman, Dobson, & Vendruscolo,
2008; Buell, 2017; Hsieh, Liang, Mehta, Lynn, & Grover, 2017; Levin et al., 2014; J. Li,
Browning, Mahal, Oelschlegel, & Weissmann, 2010; Liang, Hsieh, Li, & Lynn, 2018; Sil, Sahoo,
Bera, & Garai, 2018; Yamaguchi, Takahashi, Kawai, Naiki, & Goto, 2005; Zanjani et al., 2020).
Nucleation occurs far too infrequently, and involves far too many degrees of freedom, to simulate
computationally from a naive state (Barrera et al., 2021; Kar et al., 2011; Strodel, 2021). Unlike for
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phase separation, whose nucleation concerns primarily a loss of intermolecular entropy, amyloid
nucleation also involves a major loss of intramolecular entropy (Fig. S1A), i.e. selects for a
specific combination of backbone and side chain torsion angles (Khan et al., 2018; Vitalis &
Pappu, 2011; L. Zhang & Schmit, 2016). As a consequence of the latter requirement, amyloidforming proteins can accumulate to supersaturating concentrations while still remaining soluble,
thereby storing potential energy that will subsequently drive their aggregation following a
stochastic nucleation event (Buell, 2017; Khan et al., 2018). Once a nucleus does form, additional
molecules join with relative ease, depleting the soluble level of the protein and changing its activity
throughout the cell or organism. It is for this reason that amyloid phenomena tend to progress
toward predetermined fates, such as programmed cell death (Majumdar et al., 2012; Rodríguez
Gama et al., 2021), neurodegeneration and aging (Chiti & Dobson, 2017; Huang et al., 2019).
Due to the improbability of critical fluctuations occurring simultaneously in both density and
conformation (i.e. homogeneous nucleation), amyloid nucleation tends to involve heterogeneities,
or metastable intermediates of varying stoichiometry and conformation (Auer et al., 2008; Buell,
2017; Hsieh et al., 2017; Levin et al., 2014; J. Li et al., 2010; Liang et al., 2018; T R Serio et al.,
2000; Sil et al., 2018; Vitalis & Pappu, 2011; Yamaguchi et al., 2005; Zanjani et al., 2020). These
heterogeneities erode the barrier to nucleation. The occurrence of heterogeneities in the nucleation
pathway also implies that the nature of the rate-limiting structure for a given amyloid will depend
both on the protein’s concentration (Fig. S1B) and the existence of other cellular factors that
influence the protein’s conformation (Fig. S1C) (Bradley et al., 2002; Buell, 2017; Collinge and
Clarke, 2007; Sanders et al., 2014; Törnquist et al., 2018).
In principle, however, the sequence-encoded structural features of an amyloid nucleus may be
deduced by studying the effects on nucleation of iterative rational mutations made to the nucleating
polypeptide. Mutations that raise or lower the barrier independently of concentration provide
information by which to discriminate the possible structural models. With enough constraints, the
conformation representing the saddle point of the lowest energy path over the nucleation barrier,
will emerge. In practice, this approach would require an assay capable of distinguishing kinetic
from equilibrium effects on amyloid formation for a large number of mutations. Classic assays of
83

in vitro amyloid assembly kinetics cannot achieve this goal, both because of their limited
throughput, and because experimentally tractable reaction volumes are far too large for nucleation
to be rate-limiting for biologically relevant amyloids (Michaels et al., 2017).
We recently developed an assay to circumvent these limitations (Khan et al., 2018; Posey et al.,
2021; Venkatesan, Kandola, Rodríguez-Gama, Box, & Halfmann, 2019). Distributed Amphifluoric
FRET (DAmFRET) uses a photoconvertible fusion tag and high throughput flow cytometry to treat
living cells as femtoliter-volume test tubes, thereby providing the large numbers of independent
reaction vessels of exceptionally small volume that are required to discriminate independent
nucleation events under physiological conditions (Fig. 1A). Compared to conventional reaction
volumes for protein self-assembly assays, the budding yeast cells employed in DAmFRET increase
the dependence of amyloid formation on nucleation by nine orders of magnitude (the difference in
volumes). DAmFRET employs a high-variance expression system to induce a hundred-fold range
of concentrations of the protein of interest. By taking a single snapshot of the protein’s extent of
self-association in each cell, at each concentration, at a single time point appropriate for the
timescale of amyloid formation (hours), we probe the magnitudes of critical fluctuations in both
density and conformation that govern nucleation.
The yeast system additionally allows for orthogonal experimental control over the critical
conformational fluctuation. This is because yeast cells normally contain exactly one cytosolic
amyloid species -- a prion state formed by the low abundance Q- and N-rich endogenous protein,
Rnq1 (D. Kryndushkin, Pripuzova, Burnett, & Shewmaker, 2013; Nizhnikov et al., 2014). The
prion state can be gained or eliminated experimentally to produce cells whose sole difference is
whether the Rnq1 protein does ([PIN ]) or does not ([pin ]) exist in an amyloid state (I L Derkatch,
-

+

Bradley, Hong, & Liebman, 2001). [PIN ] serves as an imperfect template that stabilizes amyloid
+

conformations in compositionally similar proteins. Known as cross-seeding, this phenomenon is
believed to be analogous to, but much less efficient than, homotypic amyloid elongation (Keefer,
Stein, & True, 2017; Khan et al., 2018; Tricia R Serio, 2018). By evaluating nucleation frequencies
as a function of concentration in both [pin ] and [PIN ] cells, we uncouple the two components of
-

+

the nucleation barrier and thereby relate specific sequence features to the nucleating conformation.
84

Thus equipped, we sought to deduce the structure of the polyQ amyloid nucleus. Fortunately,
polyQ may be an ideal model to elucidate nucleus structure. It has zero sequence complexity,
which profoundly simplifies the design and interpretation of sequence variants. Additionally,
unlike other pathogenic protein amyloids, which are notoriously polymorphic at a structural level,
polyQ amyloids have an invariant core structure even under different assembly conditions and with
different flanking domains (Boatz et al., 2020; Galaz-Montoya et al., 2021; Lin et al., 2017). This
means that amyloid nucleation, and pathogenesis, of polyQ emerges directly from its ability to
spontaneously acquire a specific nucleating conformation, and any variant that decelerates
nucleation can be interpreted with respect to its effect on that conformation.

4.3

Results

4.3.1

A cryptic pattern of glutamines governs amyloid nucleation

We used our DAmFRET approach to quantify polyQ nucleation events among approximately one
hundred thousand cells, per experiment, as a function of two variables that separately govern the
density and conformational components of the nucleation barrier -- concentration and Rnq1
amyloid status.
In [pin ] cells, we found that cells expressing polyQ partitioned into two discontinuous populations:
-

one containing only monomers, as indicated by an absence of AmFRET (Fig. 1B), and the other
containing self-assemblies of the protein, as indicated by high AmFRET (Fig. 1B). The two
populations occurred in overlapping windows of expression (~10 -10 AFU, Fig. 2B left), with very
7

8

few cells at intermediate AmFRET levels. This pronounced discontinuity in the relationship
between self-assembly and concentration is characteristic for prion-like amyloids, and confirms the
existence of a rate-limiting conformational fluctuation. Once nucleation occurs, however, the
protein rapidly polymerizes to a steady state level (Buell, 2017; Khan et al., 2018).
The tendency of Q/N-rich proteins to form amyloid increases with their length (Alberti et al.,
2009). That polyQ nucleated robustly even at the relatively short length of 60 distinguishes it from
dozens of physicochemically similar (Q-rich) amyloids now characterized by DAmFRET (Khan et
al., 2018; Posey et al., 2021) and unpublished. This suggests that nucleation is promoted either by
the exceptionally low sequence complexity of pure polyQ and/or by an emergent property of Q side
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chains, specifically. To discriminate between these possibilities, we tested an equivalent length
homopolymer of asparagine, whose side chain is one methylene shorter but otherwise identical to
that of glutamine. Remarkably, the protein failed to acquire AmFRET even at the highest level of
expression (Fig. S2A, 60:N, [pin ]) -- approximately 200 µM (Khan et al., 2018). To determine if
-

this can be attributed to a larger conformational nucleation barrier than that of polyQ, we expressed
both proteins in cells harboring the heterogeneous conformational template, [PIN ]. Indeed, polyN
+

now nucleated with a comparable frequency and concentration-dependence to well-characterized
Q/N-rich prion-forming proteins (compare Fig. S2A, 60:N, [PIN ] with plots in Posey et al. 2021).
+

Interestingly, for polyQ, the overlapping expression range between monomer- and amyloidcontaining cell populations was eliminated by [PIN ], indicating that polyQ is exceptionally
+

susceptible to this entity (Fig. 1B, 60:Q, [PIN ]). We conclude that the polyQ amyloid nucleus
+

contains a conformational element that is stabilized by cooperative interactions unique to Q side
chains.
The surprising inability of N to form this nucleating element, despite its being the most
physicochemically similar residue to Q, led us to consider whether a genetic screen of Nsubstituted polyQ variants might reveal patterns that uniquely encode the structure of the nucleus.
We reasoned that a random screen of such sequences would be unlikely to yield informative
patterns, however, given that the universe of Q/N sequences, even if limited to just 40 residues
(slightly above the pathogenic length threshold for Huntington’s Disease), exceeds one trillion.
We therefore employed a systematic approach to rationally sample Q/N sequence space. Each
sequence in the resulting series comprises a tandem repeat of a Qs separated by b Ns for a total
length of L residues (L:Q N , where a and/or b = 1). We characterized the self-assembly of each
a

b

86

Figure 25- Figure 1 A cryptic pattern of glutamines governs amyloid nucleation.
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Figure 1. A cryptic pattern of glutamines governs amyloid nucleation.
A.
Volumes of reaction vessels influence the kinetics of amyloid formation. The
concentrations of amyloid nuclei are so low that amyloid formation is rate-limited by nucleation in
the femtoliter volumes of individual yeast cells (right) but not in the microliter volumes of
conventional in vitro kinetic assays (left).
B.
DAmFRET provides a snapshot of the progress of amyloid formation as a function of
expression level in each of several thousand cells at a single time point. DAmFRET profiles,
showing the extent of self-assembly (AmFRET) as a function of protein expression level (AFU,
arbitrary fluorescence units) of polyglutamine (60:Q) in the absence ([pin ]) and presence ([PIN ])
of endogenous amyloids of a different Q/N-rich protein. PolyQ has a large nucleation barrier in
[pin ] cells, as evidenced by the window of concentration with a bimodal distribution of AmFRET
values, wherein cells either lack (no AmFRET) or contain (high AmFRET) amyloid. [PIN ]
eliminates the nucleation barrier, as evidenced by all cells shifting to the high AmFRET
population. Insets show histograms of AmFRET values.
C.
Scatter plot of the fraction of [pin ] cells with amyloid versus the fraction of glutamines in
the protein’s sequence. Red dots denote repeats with an even number of glutamines followed by an
asparagine. Shown are means +/- SD of biological quadruplicates (independent yeast
transformants).
D.
Bar plot of the fraction of [pin ] cells with amyloid for Q X, Q X, and Q X sequences where
X = N, G, A, S, or H. Shown are means +/- SD of biological quadruplicates. *Length of the QxH
sequences is 75; all others are 60.
-
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Figure 26- Figure S1
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Figure S1. Anatomy of an amyloid nucleation barrier.
A.
Reaction coordinate diagram schematizing the energy barrier for forming a hypothetical
homogeneous amyloid nucleus (blue circle with red square). Because amyloid involves a transition
from disordered monomer (left) to ordered multimer (right), the nucleation barrier (purple) is a
combination of high energy fluctuations in both density (blue) and conformation (red).
B.
Increased local concentrations of the protein make the critical fluctuation in density,
specifically, more favorable (gray arrows indicate reduction in ΔG), increasing the frequency of
nucleation while making it more dependent on conformational fluctuations.
C.
Conformational templates, such as amyloids of a different protein ([PIN ]), make the
critical fluctuations in conformation, specifically, more favorable, increasing the frequency of
nucleation while making it more dependent on density fluctuations.
+
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sequence via DAmFRET in both [pin ] and [PIN ] cells. The resulting dataset revealed three
+

-

sequence determinants of amyloid nucleation.
First, repeats that were at least ⅓ Ns (i.e. for a ≤ 2) resembled polyN rather than polyQ: they
nucleated in a highly concentration-dependent fashion, and only in [PIN ] cells (Fig. S2A). This
+

type of amyloid is clearly distinct from that of polyQ, perhaps reflecting the preference of polyN
for parallel rather than antiparallel arrangements (Y. Zhang et al., 2016). We did not characterize it
further here. Second, de novo nucleation only occurred for repeats with at least 50% Qs (i.e. for b =
1). Third, and quite unexpectedly, [pin ] nucleation just above this compositional threshold only
-

occured for the subset of repeats where a is an odd value (60:Q N , 60:Q N , 60:Q N ), and not for
1

1

3

1

5

1

those where a is an even value (60:Q N , 60:Q N ) (Fig. 1C and see boxed region in S2B). In other
2

1

4

1

words, while nucleation increases with Q density, there exists a rule related to the spacing of Qs in
the sequence.
To determine if this rule concerns the glutamine side chains themselves, rather than their
interaction with asparagines, we uniformly substituted Ns with alternative residues (i.e. L:Q X ,
a

1

with the subscript “1” omitted hereafter) of diverse physicochemistry -- either glycine, alanine,
serine, or histidine. In all cases, the even/odd dependence persisted. That is, de novo nucleation
was much more frequent for repeats of Q X and Q X (hereafter, Q X) than for Q X (Fig. 1D, S2C).
3

5

(3,5)

4

The difference was, however, less pronounced in the case of S, all three repeat variants of which
nucleated more robustly than for other identities of X. Unlike Q N and Q G, the Q S and to a lesser
4

4

4

extent Q A and Q H variants did detectably nucleate de novo, albeit in a concentration-dependent
4

4

manner resembling that of longer even-numbered variants (Q N). The trends persisted, with Q X
(6+)

nucleating better than Q X, even in the presence of a heterogeneous conformational template,
4

[PIN ] (S2D).
+
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(3,5)

Figure 27- Figure S2
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Figure 28- Figure S2 (cont)
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Figure 26- Figure S2 (cont.)

Figure S2.
A.
DAmFRET plots of [pin ] and [PIN ] cells expressing sequence variants with greater than
50% N, showing negligible nucleation in the absence of a conformational template. Shown are
representative plots from the same experiment.
B.
DAmFRET plots of [pin ] and [PIN ] cells expressing polypeptides composed of tandem
repeats of a Qs separated by an N for a total length of 60 residues. Shown are representative plots
from the same experiment.The plots surrounded by a purple dashed box illustrate the striking
sequence parity of de novo nucleation potential.
C.
DAmFRET plots of [pin ] cells expressing Q X, Q X, and Q X sequences where X = N, G,
A, S, or H. H-containing repeat sequences are length 75; all others are length 60. Shown are
representative plots from the same experiment.
D.
DAmFRET plots of [PIN ] cells expressing Q X, Q X, and Q X sequences where X = N, G,
A, S, or H. H-containing repeat sequences are length 75; all others are length 60. Shown are
representative plots from the same experiment
-
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4.3.2

Unilaterally contiguous glutamines encode an exclusive zipper structure

As a starting point to uncover possible physical explanations for the dependence on even/odd
spacing, we analyzed representative sequences -- 60:Q N, 60:Q N, 60:Q N, 60:Q, 60:N -- with
3

4

5

state-of-the-art amyloid predictors (Charoenkwan et al., 2021; Keresztes et al., 2021; Prabakaran et
al., 2021). Using their respective default parameters, we found that most predictors failed entirely
to detect amyloid propensity among these sequences. Remarkably, none of the predictors
distinguished 60:Q N relative to 60:Q N (Data not Shown), despite their completely dissimilar
4

(3,5)

amyloid propensities. Apparently, the amyloid propensity of polyQ is exceptional among the
known amyloid-forming sequences on which these predictors were trained and validated, hinting at
a very specific nucleation mechanism.
Most pathogenic amyloids feature residues that are hydrophobic and/or have a high propensity for
beta strands. Glutamine is neither (Fujiwara, Toda, & Ikeguchi, 2012; Nacar, 2020; Simm, Einloft,
Mirus, & Schleiff, 2016). We reasoned that nucleation therefore corresponds to the formation of a
specific tertiary structure unique to Q residues. Structural investigations of predominantly Qcontaining amyloid cores reveal an exquisitely ordered tertiary motif wherein columns of Q side
chains from each sheet fully extend and interdigitate with those of the opposing sheet, to form a socalled steric zipper (Hervas et al., 2020; Hoop et al., 2016; Schneider et al., 2011; Sikorski &
Atkins, 2005). The resulting structural element exhibits extraordinary shape complementarity and
an outsized role for very weak (van der Waals) interactions that cumulatively stabilize the
structure. Additionally, the terminal amide of each Q side chain in the all-Q steric zipper forms a
hydrogen bond to the opposing main chain amide. To minimize confusion while referring to the
distinguishing features of all-Q steric zippers, rather than similarly packed but less ordered steric
zippers of non-Q residues that lack regular side chain-to-main chain H bonds (Eisenberg &
Sawaya, 2017; Sawaya et al., 2007), we will henceforth refer to them as “Q zippers” (Fig. 2A).
The high entropic cost of forming an exquisitely ordered Q zipper from the disordered ensemble of
polyQ (S Chen, Berthelier, Yang, & Wetzel, 2001; Moradi, Babin, Roland, & Sagui, 2012;
Newcombe et al., 2018; Vitalis, Wang, & Pappu, 2007; X. Wang, Vitalis, Wyczalkowski, & Pappu,
2006) stands to be the major contributor to the nucleation barrier. If so, the spacing dependence we
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identified could be explained by the fact that a single Q zipper would involve only one of the two
faces of each beta sheet composed of unbroken beta strands. Because the orientation of successive
side chains alternates by 180° along a beta strand, a single Q zipper can be encoded entirely from
every other residue in sequence, with the intervening residues having no direct role. Therefore, for
short-repeat polypeptides, a Q zipper will be possible only when non-Q side chains occur
exclusively after odd-lengthed Q tracts. In contrast, substitutions after even-lengthed tracts would
place non-Q side chains on both sides of all potential beta strands and thereby preclude zipper
formation (Fig. 2B). For both Q X and Q X repeats, steric zippers cannot be formed without
2

4

including non-glutamine residues. In contrast, even the most substituted odd repeat (Q X) can form
1

a continuous zipper of Qs (Fig. 2C).
To determine if the dependence on even/odd spacing and the resulting insertion/exclusion of
substituted residues into a Q zipper indeed results from an inability of the zipper to accommodate
non-Q side chains, we carried out fully atomistic molecular dynamics simulations with explicit
solvent and state-of-the-art force fields to probe the structural stability and conformational
dynamics of model polyQ steric zippers. PolyQ amyloids feature antiparallel rather than parallel
beta sheets (Matlahov & van der Wel, 2019), and this preference consistently manifests in
molecular simulations (Man et al., 2015; Punihaole, Workman, Hong, Madura, & Asher, 2016; Y.
Zhang et al., 2016). The simulated amyloid core of polyQ (but not polyN) recapitulates the fully
extended, side chain-to-main chain H-bonded steric zipper (Man et al., 2015; Y. Zhang et al., 2016)
deduced by structural measurements. We therefore started most simulations as a zipped pair of
two-stranded antiparallel β-sheets of 7:Q peptides (model 2O10 (Y. Zhang et al., 2016)). We
substituted Q residues in different positions with either asparagine or serine residues, and allowed
the structures to evolve for up to 400 ns.
The Q zipper proved to be highly intolerant of non-Q side chains. Substituting any proximal pair of
inward pointing Qs led to its dissolution, whereas the structure remained stable when any number
of outward-pointing Q residues were substituted (Fig. 2D, S3A). We also ran simulations from
parallel beta sheet models that we previously found to be marginally stable for larger sheets (Man
et al., 2015; Y. Zhang et al., 2016), but were unable to find any configuration of parallel strands
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that tolerated substitutions either inside or outside the Q zipper (Fig. S3B), indicating that the
nucleating Q zipper cannot be composed of parallel beta-sheets.
Notably, all of the simulated S-containing structures remained intact for longer than the
corresponding N-containing structures (not shown), in agreement with the DAmFRET results
showing less disruption of nucleation by the former. To gain additional insight into the nucleating
structure, we therefore explored potential explanations for the instability imparted by N side chains.
As for Q, but not for S, N side chains can simultaneously donate and accept H-bonds. A recent subångström-resolution amyloid microcrystal structure revealed that N side chains can form a pair of
H-bonds (termed a “polar clasp”) with adjacent Q side chains on the same side of the strand (i.e. i +
2) (Gallagher-Jones et al., 2018). Because this structure is incompatible with interdigitation by
opposing Q side chains (Fig. S3C), we reasoned that its formation could prevent zipper formation.
In order to test this, we quantified the frequencies and durations of side chain-side chain H-bonds
in simulated singly N-substituted polyQ strands in explicit solvent, both in the presence and
absence of restraints locking the backbone into a beta strand. In short, we found no evidence that Q
side chains preferentially H-bond adjacent N side chains (Fig. S3D,E), ruling out the possibility of
disruptive polar clasps.
The simulations nevertheless did reveal the nature of the destabilizing effect of N side chains. In a
perfect Q zipper, the Q side chains form hydrogen bonds both with adjacent side chains and with
the backbone of the opposing sheet (Fig. 2A,E). When an N side chain falls inside the Q zipper,
because it is one methyl group shorter, it cannot make this side chain-to-main chain H-bond.
Instead, the side chain of N disrupts the packing of the opposing Q side chains in two steps. First,
its terminal amide competes with the adjacent backbone amides for H-bonding with the terminal
amide of an opposing Q side-chain, blocking that side chain from fully extending as required for Q
zipper stability (Fig. 2F). Second, the change in conformation for the detached Q side chain results
in steric collisions with adjacent Q side chains. This destabilization propagates through the network
of side chains like falling dominos, ultimately unzipping the zipper (Fig. S3F).
The side chain of S is shorter than that of N and its terminal group less bulky. Hence it does not
intercept H-bonds from the side chains of opposing Q residues (Fig. S3G). As a result, the ordering
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of Q side chains is maintained, and the structure can form, so long as multiple S side chains do not
occur in close proximity inside the zipper. Additionally, the shorter side chain of S lessens the
entropic barrier to ordered assembly. We suspect this may account for the comparable nucleation
frequency of Q S constructs relative to pure polyQ (Fig. 1B, S2C-D). In sum, our simulations
a

confirm that Q N repeats fail to nucleate de novo because the highly ordered structure of Q
(2,4)

zippers cannot internally accommodate non-Q side chains in general, and N side chains in
particular. Therefore, the conformational nucleus for “polyQ” amyloids is a Q zipper that can only
be formed by segments of sequence with unilaterally contiguous Qs.
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Figure 27- Figure 2 Unilaterally contiguous glutamines encode an exclusive steric zipper structure.
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Figure 2. Unilaterally contiguous glutamines encode an exclusive steric zipper structure.
A.
A view down the axis of a local segment of all-glutamine steric zipper, or “Q zipper”,
between two antiparallel two-stranded sheets. Only the top four internally facing side-chains are
shown, to emphasize interdigitation and H-bonding between the terminal amides and the opposing
backbone.
B.
Schema showing side chain arrangements along a continuous beta strand for sequences
composed of tandem repeats of Qs (blue) interrupted by single non-Q residues (X, red). Shading
indicates contiguous stretches of Qs on one (blue) or both (yellow) sides of the strand. Note that
bilateral contiguity is bounded by X on either side of the strand. Note also that the illustrated
strands will not necessarily be continuous in the context of the nucleus; i.e. parts of the sequence in
the 60 residue-long polypeptide must form loops that interconnect strand elements.
C.
Schema of the tertiary contacts between two beta strands, as in a steric zipper. The zipper
can be formed only from Q residues for repeats that have an odd number of Qs (e.g. Q X), but not
for repeats with an even number of Qs (e.g. Q X).
D.
Molecular simulations of model Q zippers formed by a pair of two-stranded antiparallel
beta sheets, wherein non-Q residues (in red) face either inward or outward. The schema are
oriented so the viewer is looking down the axis between two sheets. The zipper is stable for pure
polyQ (QQQQQQQ, top simulation), or when substitutions face outward (QQQNQQQ, second
simulation; and QNQNQNQ, fourth simulation), but not when substitutions face inward
(QQQNQQQ, third simulation).
E.
Snapshot from the uninterrupted Q zipper simulation, showing H-bonds (black arrows)
between internal extended Q side chains and the opposing backbones.
F.
Snapshot from the internally interrupted Q zipper simulation, illustrating that the side chain
of N is too short to H-bond the opposing backbone. However, the N side chain is long enough to Hbond the opposing Q side chain (red arrow), thereby intercepting the side chain-backbone H-bond
that would otherwise occur (dashed arrow) between that Q side chain and the backbone amide
adjacent to the N. This leads to dissolution of the zipper.
1

2
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Figure 28- Figure S3
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Figure 29- Figure S3 (cont)
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Figure 30- Figure S3 (cont)

Figure S3.
A.
Molecular simulations of model Q zippers formed by a pair of two-stranded antiparallel
beta sheets, containing a single serine residue (QQQSQQQ) per strand. The structure is unstable
when the S side chains face inward (top), but not when the S side chains face outward (bottom).
B.
Simulations of model steric zippers formed by a pair of four-stranded parallel beta sheets,
containing various numbers and orientations of non-Q residues. From top to bottom: one
asparagine inside, one serine inside, multiple asparagines outside, multiple serines outside. The
structures proved unstable in all cases, indicating that amyloid fibers formed by Q X repeat
polypeptides are unlikely to have a parallel beta sheet arrangement.
C.
Schematic demonstrating how a polar clasp (red dashed line) would preclude Q zipper
formation.
D.
Schema and frequencies of polar clasps occurring between two unilaterally adjacent Q side
chains (left) or a unilaterally adjacent N and Q side chain (right) within a QQQNQQQ peptide,
simulated either with (top) or without (bottom) the backbone restrained in a beta conformation. The
bar graphs show that polar clasps between Q and N occur less frequently than between Q and Q,
indicating that the mechanism of Q zipper destabilization by N side chains cannot be attributed to
polar clasps.
E.
Schema and lifetimes of H-bonds between exterior stacked (axially adjacent) Q side chains
(top) or N and Q side chains (bottom) in the Q zipper simulated in Fig. 2D, showing no difference
in stabilities between axial H-bonds between Q and Q/N side chains.
F.
As a consequence of the N side chain’s interception of the opposing Q side chain’s Hbond, the Q is no longer anchored in the outstretched configuration and sterically interferes with
the ordering of adjacent Qs. This effect propagates through the zipper, resulting in its dissolution.
G.
As for N, the side chain of S is too short to H-bond with the opposing main chain. Unlike
for N, however, the S side chain is also too short to intercept the opposing Q side chain’s H-bond,
allowing the Q to H-bond (black arrow) the backbone amide adjacent to the S. Therefore, whereas
Q zippers cannot accommodate internal N residues, they can accommodate sparse internal S
residues.
(<8)
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4.3.3

Bilaterally contiguous glutamines encode shorter, laminated zippers

We observed that the dependence on spacing for amyloid formation declined sharply beyond 5
consecutive Qs. Above this apparent threshold, nucleation occurred de novo irrespective of the
spacing of non-Q residues (Fig. 3A, S2B), suggesting the onset of an alternative nucleating
structure composed of strands extending approximately six residues. The fraction of cells
transitioning to the high-FRET state increased both with the expression level and consecutive Q
length above this threshold (Fig. 3A, Fig. S2B).
Because steric zipper ordering on one side of a beta strand configures the backbone for steric
zipper ordering on the other side of the strand, provided both sides have contiguous Qs, the
acquisition of an alternative amyloid structure with increased density by Q

(4,6+)

repeats could be

explained by the formation of short Q zippers on both sides of the beta strands. This would result in
a laminated architecture, with multiple layers of beta sheets bonded by Q zippers (Fig. 3B).
Consistent with this interpretation, we observed that cells containing Q amyloids reached higher
(6+)

AmFRET than those containing Q amyloids (Fig. 3C, Fig. S2B-D), suggesting that the former
(3,5)

amyloids have a higher density (number of subunits in cross-section) than those of the latter.
As a more direct probe of structural differences between the two classes of Q zipper amyloids, we
exploited the resistance of amyloids to denaturation in strong detergents (Nielsen, Andersen,
Westh, & Otzen, 2007; Villali et al., 2020), to compare their distributions of lengths using semidenaturing detergent-agarose gel electrophoresis (SDD-AGE) (Halfmann & Lindquist, 2008; D. S.
Kryndushkin et al., 2003). We observed a dramatic and consistent dependence of amyloid lengths
on Q contiguity (Fig. 3D, S4A). Specifically, Q amyloids ran the lowest, followed by Q . Q
3

5

(4,6+)

repeats ran the highest. These differences cannot be explained by different elongation rates of the
corresponding amyloids, because amyloid formation by the former achieves steady state more
rapidly than the latter. Nor are they consistent with different primary nucleation rates (Knowles et
al., 2009), given the extended region of bimodal DAmFRET for the former, which implies a greater
barrier to primary nucleation. Therefore, the length differences must be attributed to a secondary
process(es) such as fragmentation. Based on established relationships of fragmentation to structure
(Tanaka et al., 2006; Verges, Smith, Toyama, & Weissman, 2011), the much shorter lengths of Q

(3,5)
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amyloids suggest a thinner, more fragile architecture than those of Q , consistent with lamination
(4,6+)

of the latter.
To investigate the lengths of continuously ordered beta strands in each type of zipper, we designed
variants of 60:Q N and 60:Q N with differing lengths of unilateral or contralateral contiguity,
3

4

respectively. We found that in the absence of contralateral Qs, de novo amyloid formation retained
a low concentration-dependence only for six or more unilaterally contiguous Qs (Fig. 3E, S4B). In
contrast, only three unilaterally contiguous Qs were required in the presence of contralateral Qs
(Fig. 3F, S2B, S4C). These findings imply that the beta strands in the single Q zipper nucleus
extend for 11-12 residues, while those in the laminated Q zipper nucleus extend for only 6 residues.
This latter number is consistent with the ideal lengths of antiparallel strands (Stanger et al., 2001),
and is remarkably close to the critical strand length of 7 that had been deduced for apparently
monomeric nucleation in vitro (Thakur & Wetzel, 2002). The slightly longer threshold in vitro can
be attributed to charge repulsion from the lysine pair that had been appended to both ends of the
polyQ tract (Walters & Murphy, 2009). Our constructs lack this element, as do endogenous
pathologic polyQ tracts.
The different strand lengths required to form single or laminated Q zipper nuclei explain why
60:Q N cannot form either type of nucleus. This is illustrated by comparing the three polypeptides
4

with identical length, composition, and unilateral contiguity (60; 48 Qs, 12 Ns; and 4, respectively).
In the case where contralateral zipper-forming frames were maximally offset (60:Q N), amyloid did
4

not form. Shifting the registry by one position (60:QNQ NQ) allowed for very sporadic amyloid
6

formation only at very high concentrations, and shifting the registry by one more position (60:Q N )
8

2

-- to maximize overlap between contralateral zippers -- further increased amyloid formation (Fig.
3F, S2B,S4C). We conclude that the extraordinary resilience of Q N against amyloid formation can
4

be attributed to its being the highest possible density of Qs that still lacks sufficient contiguity both
unilaterally and bilaterally.
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Figure 31- Figure 3 Bilaterally contiguous glutamines encode shorter, laminated zippers.
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Figure 3. Bilaterally contiguous glutamines encode shorter, laminated zippers.
A.
Scatter plot of the fraction of [pin ] cells with amyloid versus the fraction of glutamines in
60:Q N proteins, showing that for even values of a (red dots), nucleation only occurs for a ≥ 6.
Shown are means +/- SD of quadruplicates.
B.
Schematic of single Q zipper and laminated Q zipper architectures.
C.
AmFRET values of [pin ] cells containing amyloids of the indicated sequence variants.
Shown are means +/- SD of the median AmFRET values of quadruplicates. *** p < 0.001, t-test.
D.
SDD-AGE characterizing amyloid length distributions for mEos3.1-tagged 60:Q A, Q A
and Q A polypeptides. Note that the lower boundary of the amyloid smear is lower for Q A and
Q A relative to Q A and Sup35 PrD, a typical Q/N-rich amyloid. Data are representative of multiple
experiments.
E.
Fraction of [PIN ] cells with amyloid for 60:Q N-derived sequences. Sequences are frameshifted to give unilaterally contiguous lengths of 4, 6 or 8 Qs. Inset shows side-chain arrangements
as in 3A. Shown are means +/- SD of quadruplicates.
F.
Fraction of [PIN ] or [pin ] cells with amyloid for 60:Q N-derived sequences. Sequences are
frame-shifted to give bilaterally contiguous lengths of 2, 3, or 4 Qs (i.e. on both sides of the beta
strand). Inset shows side-chain arrangements as in 3A. Shown are means +/- SD of quadruplicates.
-
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4

Figure 32- Figure S4

Figure S4.
A.
SDD-AGE of the indicated mEos3.1-tagged proteins expressed in both [PIN ] and [pin ]
cells. Lysates were normalized by fluorescence to within 50% of each other prior to loading.
Sample buffer was added to a final concentration of 2% either SDS (top) or sarkosyl (bottom).
Sarkosyl is a milder detergent that allows for detection of amyloids that are denatured by SDS.
B.
DAmFRET plots of [pin ] cells expressing unilateral contiguity variants of the 60:Q N base
sequence, showing that at least six unilaterally contiguous glutamines (see schematic) are required
for de novo nucleation of single long Q zipper amyloid with low concentration-dependence.
C.
DAmFRET plots of contralateral contiguity variants of the 60:Q N base sequence, showing
that at least six bilaterally contiguous Qs are required for robust amyloid formation.
+

-

-
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4

108

4.3.4

Q zipper nucleation occurs within monomers

Another intriguing difference between unilaterally and bilaterally contiguous sequences is that the
former nucleated with a greater efficiency at low concentrations (Fig. 4A). For example, the
fraction of [pin ] cells in which 60:Q N formed amyloid rose sharply with expression up to 10
-

7

5

AFU, where it plateaued at approximately 25%. In contrast, the fraction of cells in which 60:Q N
(6+)

formed amyloid rose steadily with expression even beyond 10 AFU. We were able to envision
8

two, not mutually exclusive mechanisms whereby nucleation could be compromised at high
concentrations. First, there may exist within the cell a limiting amount of some nucleationpromoting factor, such as a molecular chaperone. As the concentration of the protein of interest
increases, this factor becomes saturated. Second, the protein may partition into “off-pathway”
oligomers or condensates at high concentration, within which the nucleating conformation is
disfavored.
PolyQ has been observed to form non-amyloid oligomers and condensates, which has led to the
prevailing paradigm that phase separation precedes and facilitates the nucleation of conformational
order (Borcherds, Bremer, Borgia, & Mittag, 2021; Camino, Gracia, & Cremades, 2021; Crick,
Jayaraman, Frieden, Wetzel, & Pappu, 2006; Crick, Ruff, Garai, Frieden, & Pappu, 2013; Dignon,
Best, & Mittal, 2020; Fisher, Jimenez, Soto, Kalev, & Elbaum-Garfinkle, 2021; Halfmann et al.,
2011; Peskett et al., 2018; Posey et al., 2018; Vitalis & Pappu, 2011; Yang & Yang, 2020). The
second explanation above would seem to contradict this paradigm. To investigate whether phase
separation may be occurring in our system, we inspected the subcellular localization of
representative proteins in different regions of their respective DAmFRET plots in both [pin ] and
-

[PIN ] cells. Using imaging flow cytometry, we found that all high AmFRET cells contained large
+

round or stellate puncta, as expected for amyloid deposition, whereas virtually all cells with low or
no AmFRET contained entirely diffuse protein, even at high expression in a bimodal regime (Fig.
S5A). Next, we used confocal fluorescence microscopy to compare total cytosolic concentrations
of 60:Q expressed in [pin ] cells that either lacked or contained puncta, and found that the
-

distributions of concentrations overlapped (Fig. 4B), suggesting the protein remained dispersed
prior to amyloid formation even when deeply supersaturated. We conclude that polyQ, even when
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expressed to high micromolar concentrations, does not visibly phase separate (as detectable by
fluorescence microscopy) prior to amyloid formation in living cells.
We next probed the role of oligomerization in amyloid formation, by relaxing the dependence of
oligomerization on protein expression level. To do so, we lowered solubility by expressing select
proteins as fusions to a well-characterized modular moiety, µNS, that forms coiled coil-mediated
multimers at low concentration and does not itself form amyloid (Brandariz-Nuñez et al., 2010;
Kroschwald et al., 2015; Schmitz et al., 2009). As a control for an oligomeric nucleus, we used the
human inflammasome scaffold protein, ASC. The pyrin domain of ASC self-associates via
electrostatic interfaces into a monomorphic three-stranded polymer (A. Lu et al., 2014) that is
physiologically rate limited by nucleation (Cai et al., 2014; Khan et al., 2018). We found that
genetically fusing µNS to ASC pyrin drove it to nucleate in every [pin ] cell, as expected (Fig. 4C,
-

S5B). Note that amyloid formation by µNS-fused proteins results in a higher AmFRET value than
that of µNS condensates themselves, and the latter does not depend on fusion partner (Fig. S5B-C,
and other data not shown). Note also that amyloids of fusion proteins tend to have lower AmFRET
than that of the corresponding non-fused proteins; we attribute this to the fact that larger proteins
occupy more volume per fluorophore unit. We next asked how µNS-driven condensation
influenced nucleation for Q zipper amyloids. In striking contrast to ASC pyrin, representative Q X
a

proteins fused to µNS nucleated de novo at reduced frequencies to their unfused counterparts (Fig.
4C, S5B). This effect was limited to the nucleation step, as the µNS-fusions went on to populate a
uniform high-FRET state in every cell that contained [PIN ]. That is, fusion-mediated
+

oligomerization appears to have driven to amyloid the kinetically arrested species that had
previously populated the low arm of the sigmoid. To confirm that the reduction in nucleation
resulted from the protein’s local condensation rather than a specific effect of µNS, we also
performed experiments with a separate fusion partner, human ferritin heavy chain, which forms
discrete 24-mer homo-oligomers (Bracha et al., 2018). Again, nucleation was reduced in [pin ],
-

specifically, relative to non-fused proteins (not shown). These results reveal that oligomerization of
disordered polyQ impairs the rate-limiting conformational fluctuation required for it to acquire a
minimal Q zipper. Once that zipper has nucleated, however, oligomerization drives it toward
110

amyloid. In other words, the sequence-encoded homogeneous nucleus contains an exclusively
intramolecular Q zipper.

Figure 33- Figure 4 Oligomerization inhibits Q zipper nucleation

Figure 4. Oligomerization inhibits Q zipper nucleation
A.
Fraction of cells AmFRET-positive as a function of expression level, for [pin ] cells
expressing 60:Q (left) or 60:Q (right). Note the plateau in 60:Q profiles suggestive of
inhibitory oligomerization.
B.
Distribution of cytosolic concentrations (AFU/μm ) of 60:Q-mEos3.1 expressed in [pin ]
cells either lacking or containing puncta, showing that the protein remains diffuse even when
supersaturated relative to amyloid. Representative diffuse or punctate cells (N = 31 and 26,
respectively) of equivalent total concentration are shown. Scale bar: 5 μm.
C.
Fraction of cells with amyloid for the indicated proteins expressed with or without genetic
fusion to µNS. Artificial condensation sufficed to drive nucleation for all cells expressing ASC
PyD, which has an oligomeric nucleus. It likewise did so for 60:Q, 60:Q N, and 60:Q N specifically
in [PIN ] cells, whereas it inhibited their nucleation in [pin ] cells. Shown are means +/- SD of
triplicates. *** p < 0.001, **** p < 0.0001; t-test.
-
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4.3.5

Lamination competes with Q zipper lengthening

Q repeats also recapitulated the susceptibility of pure polyQ to a conformational template.
(6+)

Whereas [PIN ] cells expressing Q polypeptides populated both high- and low-AmFRET values
+

(3,5)

over a large window of expression, those expressing Q populated a much narrower range of
(6+)

AmFRET values for a given expression level (Fig. S2B-D). These data suggest that lamination
specifically reduces a critical density fluctuation, which is more limiting in the presence of [PIN ].
+

In other words, lamination stabilizes oligomers with relatively unstable Q zippers, and this
compensates for imperfections in the Q zipper that must occur at the interface of polyQ and the
[PIN ] amyloid template. It also explains why lamination lowers the strand length requirement. In
+

support of this interpretation, we observed that Q transitioned from low- to high-AmFRET in a
(6+)

continuous, sigmoidal fashion, indicating that elongation or maturation of the nascent amyloids,
rather than nucleation per se, had become limiting. Continuous DAmFRET transitions can be
interpreted as the formation of a distribution of multimers wherein the extent of assembly, in terms
of both amount and order, increases with expression level (Posey et al., 2021). To identify trends
between AmFRET distributions that lack bimodal regimes, we plotted the mean of AmFRET
values in serial bins of protein expression level (Fig. 5A). The lower arms of the resulting curves
represent cells with low but non-negligible levels of AmFRET. We observed that, as the
consecutive Q length increased, the midpoint of the distribution shifted to lower expression levels
(Fig. 5A).
Despite the reduced nucleation barrier for Q , the level of AmFRET achieved at low expression
(6+)

(e.g. < 10 AFU for 60:Q N and < 10 AFU for Q:60), was reduced relative to Q amyloids (Fig.
8

6

7

(3,5)

5A, S2B-D), suggesting that the laminated oligomers are both off-pathway to, and preclude the
formation of, long Q zipper species. That their formation is nucleation-limited means that this
inhibitory activity cannot be attributed simply to a depletion of naive monomers. Rather, they must
share a critical intermediate with long Q zipper amyloid. This intermediate is presumably the
structural element common to both of them, namely, a single short Q zipper. This short zipper,
once formed, can either extend to form amyloids, or laminate to stabilize “pre-amyloid” oligomers.
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To explore this notion, we destabilized oligomers by expressing proteins as fusions to a wellestablished solubilizing moiety -- maltose binding protein (MBP). MBP does not interfere with the
folding of its fusion partner but, due to its bulk, sterically limits its access to other protein
molecules (Raran-Kurussi & Waugh, 2012). Fusion to MBP should therefore amplify the density
component of nucleation barriers, rendering nucleation more concentration-dependent. It will also
restrict the dimensions of self-assemblies, resulting in lower AmFRET. Finally and most
importantly, it should bias amyloid conformers toward longer Q zippers.
To validate the approach, we compared DAmFRET statistics for nucleation by ASC, without and
with fusion to MBP. The C statistic theoretically corresponds to the phase boundary; the EC
min

50

statistic represents the concentration at which nucleation has occurred in half the cells, and the ẟ
(delta) statistic describes the independence of nucleation on concentration, where
conformationally-limited nucleation has higher ẟ values (Khan et al., 2018). As expected, we found
that MBP increased both C and EC , but did not change ẟ (Fig. S6A). It also reduced AmFRET
min

50

levels by approximately 30%. We then tested the effect of MBP on 60:Q as well as Q S
3

polypeptides below or above the length threshold (32 and 60, as determined below) for
intramolecular Q zipper nucleation. We found that MBP completely eliminated detectable
assemblies for 60:Q and 32:Q S. In contrast, MBP-60:Q S retained a bimodal distribution, albeit
3

3

with increased concentration-dependence and reduced AmFRET of the nucleated assemblies (Fig.
5B, S6B). To minimize any confounding effect of MBP on oligomerization post nucleation that
may preclude a detectable increase in AmFRET, we also performed DAmFRET on an unmodified
60:Q N expressed in trans, to report on nucleation occurring in non-fluorescent versions of the
3

above MBP fusions. As expected, MBP-60:Q S, but not MBP-32:Q S nor MBP-60:Q, promoted
3

3

60:Q N amyloid formation (Fig. S6C). Together, these results confirm that lamination competes
3

with Q zipper lengthening en route to mature polyQ amyloid, and that oligomerization relaxes that
competition.
Finally, we probed the effect of MBP on the switch between single and laminated Q zipper
preferences that occurs at Q N. This sequence represents the minimal consecutive Q length with
7

continuous unilateral contiguity that nevertheless exhibited the continuous sigmoidal DAmFRET
113

of laminated Q zipper-forming sequences. That 60:Q N fails to nucleate single zipper amyloids
7

suggests that the alternative, laminated Q zipper has a lower nucleation barrier and therefore
involves a less extreme conformational fluctuation. If so, the ability of Q N to nucleate a single
7

zipper amyloid should be exposed either by selectively rewarding conformational fluctuations -- by
expressing it in the presence of orthogonal long zipper amyloids. We therefore expressed 60:Q N in
7

[PIN ] cells that also expressed nonfluorescent MBP fusions of 32:Q S or 60:Q S in trans. MBP+

3

3

32:Q S had no effect on 60:Q N. In contrast, MBP-60:Q S allowed the cells to populate both the
3

7

3

intermediate- and high-AmFRET states (Fig. 5C, S6C), indicative of single and laminated Q zipper
amyloids, respectively. Importantly, low expression of 60:Q N favored the former, while high
7

expression favored the latter, consistent with their relative dependencies on oligomerization. We
conclude that the MBP-60:Q S seeds unmasked a latent ability of 60:Q N to self-assemble (once
3

7

nucleated) into amyloid with a single Q zipper structure. This result confirms that 60:Q N can form
7

either type of amyloid, but is kinetically prevented from nucleating long Q zippers de novo due to
the relative ease with which short Q zippers are stabilized through lamination.
Altogether, our experiments to manipulate critical fluctuations in density and conformation reveal
the existence of a bifurcated pathway from polyQ monomer to amyloid. Specifically, the critical
conformational fluctuation occurs within a disordered monomer to produce a minimal
intramolecular Q zipper, which can then either laminate or lengthen in a manner governed by the
presence or absence, respectively, of contralateral Qs (Fig. 6A). Low concentrations and
solubilization favor assemblies with longer strands and fewer sheets, while high concentrations and
condensation favor assemblies with shorter strands and more sheets (Fig. 6B). The former manifest
with reduced AmFRET levels and polymer lengths, relative to the latter. [PIN ] accelerates the rate+

limiting monomer nucleation step and thereby amplifies these differences at the population level.
The proposed pathway explains multiple features of our DAmFRET and SDD-AGE data not yet
discussed: while Q X polypeptides nucleated the predominant lower-AmFRET form at low
(3,5)

concentrations, a higher AmFRET form consistent with laminated amyloid emerged at high
concentrations (for example, compare expression levels greater than, versus less than, 10 AFU for
8

60:Q N and 60:Q S in Fig. S2B and S2C, respectively). [PIN ] inhibited this transition (Fig. S2B5

3

+

D), and reduced the lengths of SDS-resistant species (Fig. S4A).
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Figure 34- Figure 5 Q zipper nucleation occurs within monomers

Figure 5. Q zipper nucleation occurs within monomers
A.
Graph of spline fits of AmFRET values for 60:Q N and the upper and lower populations
of 60:Q N, in [PIN ] cells, showing that Q N but not Q N have appreciable AmFRET at low
expression, that the Q N AmFRET level is lower than that of the upper Q N population at low
expression, and higher than that of the upper Q N population at high expression. The red dashed
line denotes that the upper and lower traces of 60:Q N represent subpopulations of the same
samples. Shown are means +/- SD of quadruplicates.
B.
Fraction of [pin ] cells with amyloid for the indicated variants either lacking or containing a
genetic fusion to MBP.
C.
Histograms of AmFRET values of 60:Q N at low expression (<2x10 AFU) showing the
appearance of a mid-FRET population, indicative of single Q zipper amyloids, only when seeded
by MBP-60:Q S
(6+)
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Figure 35- Figure S5
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Figure S5.
A.
DAmFRET plots of 60:Q N and 60:Q N acquired using imaging flow cytometry, showing
gates at high expression for both high- or low-AmFRET populations. Insets show from left to right
the distribution of donor, FRET, and acceptor fluorescence, respectively, in representative cells
from each gate.
B.
DAmFRET plots of [pin ] cells expressing the indicated proteins with and without genetic
fusion to µNS.
C.
DAmFRET plots of [PIN ] cells expressing the indicated proteins with and without genetic
fusion to µNS.
5

8

-

-
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Figure 36- Figure 6 Reaction coordinate Diagrams for bifurcated amyloid nucleation pathway.

Figure 6. Reaction coordinate diagrams for a bifurcated amyloid nucleation pathway
118

A.
Reaction coordinate diagrams for heterogeneous amyloid nucleation, whereby the
disordered monomer acquires a minimal Q zipper (red rectangle), whose subsequent
oligomerization extends the Q zipper either by lamination or lengthening, to produce short zipper
amyloid-like oligomers or long zipper amyloids. The former transition is promoted by density
fluctuations and contralateral Qs. Providing a conformational template, in the form of [PIN ]
(bottom row), accelerates Q zipper nucleation and consequently amplifies these preferences.
B.
Decreasing solubility by genetic fusion to μNS, does not accelerate Q zipper nucleation
(top left), but does accelerate the maturation of a pre-existing Q zipper to amyloid, analogous to
nucleation in [PIN ] cells (bottom left). Increasing solubility by genetic fusion to MBP decelerates
Q zipper lamination (top right), and this effect is most pronounced in [PIN ] cells (bottom right).
+

+

+
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Figure 37- Figure S6

120

Figure S6.
A.
DAmFRET plots of [PIN ] cells expressing ASC, with or without fusion to MBP. Right
plot shows the fraction of cells FRET-positive and the corresponding Weibull fits for triplicates,
with inset reporting statistics of the Weibull fits +/- error. MBP specifically increased the C and
EC values.
B.
DAmFRET plots of [pin ] and [PIN ] cells expressing the indicated sequences, with or
without fusion to MBP.
C.
DAmFRET plots of 60:Q N (top) or 60:Q N (bottom) in [PIN ] cells either lacking or
expressing non-fluorescent MBP-32:Q S or MBP-60:Q S in trans. 60:Q N nucleates at lower
concentration specifically when seeded by MBP-60:Q S. Black arrow shows the appearance of a
mid-FRET population for 60:Q N, indicative of single Q zipper amyloids, only when seeded by
MBP-60Q S. Dashed boxes correspond to the histograms in Fig. 6D.
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4.3.6

The Q zipper nucleus exhibits the pathologic length threshold

If the rate-limiting Q zipper indeed occurs within a single polypeptide, nucleation will become
sharply more concentration-dependent for sequences that are too short to form that element (Fig.
7A). To evaluate potential length thresholds for single Q zipper nuclei, we generated a series of
length variants for Q S (S was chosen for its relatively modest nucleation defect that afforded a
3

wider window of informative length variants) and, for each, we evaluated the dependence of
nucleation on concentration by comparing the EC and ẟ statistics derived from DAmFRET. We
50

observed a positive linear relationship between ẟ and EC , as expected, as the length of the
50

polypeptide fell from 40 to 36 (Fig. 7B, S7A). The relationship became negative below 36,
implying an increasing dependence of nucleation on intermolecular interactions. We interpret this
value as an approximation of the minimum length of polypeptide, in the absence of other
interacting domains, required for a Q zipper to form within a single polypeptide.
We next explored the length-dependence for amyloid formation by uninterrupted polyQ. We found
that amyloid failed to form below 35:Q, formed to an almost imperceptible extent at 35:Q, and
formed robustly at 40:Q and above (Fig. 7C, S7B-D). The sigmoidal transition from low to high
AmFRET in [PIN ] cells shifted to lower concentrations with increasing polypeptide length. Given
+

the inclination of polyQ toward metastable intermediates, this relationship suggests an accelerated
progression of laminated zippers to amyloid by longer polyQ. Note, however, that the continuous
nature of the transition from low to high AmFRET in this case means that these results cannot be
interpreted with respect to a threshold length for the nucleus itself. In other words, we cannot
exclude from this experiment that nucleation may occur below 35:Q and simply fail to elongate
sufficiently over the accessible concentration range to produce detectable AmFRET.
Therefore, to directly interrogate the length threshold for the polyQ amyloid nucleus itself, we
needed to eliminate the concentration-dependence of laminated Q zipper maturation. To do so, we
pre-condensed the polyQ length variants to high local concentration by expressing them as fusions
to µNS in [PIN ] cells (Fig. 7D). By partitioning the proteins into a condensate, this fusion
+

minimizes any contribution of polyQ length to density heterogeneities. We found that polyQ
nucleated in almost all cells at lengths 38 and above, but in a decreasing fraction of cells at lengths
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36 and below (Fig. 7E, S7E). These data suggest that Q zipper formation is compromised when the
continuous chain length falls below 36, which provides a lower bound on the length threshold of an
intramolecular Q zipper.
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Figure 38- Figure 7 The Q zipper nucleus exhibits the pathologic length threshold
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Figure 7. The Q zipper nucleus exhibits the pathologic length threshold
A.
Reaction coordinate diagram schematizing the relationship of polypeptide length to
heterogeneous amyloid nucleation barriers. As length decreases below that required to nucleate
intramolecularly, the nucleation barrier will increase because the limiting conformational
fluctuation now becomes dependent on a density fluctuation.
B.
Scatter plot of the concentration-dependence of nucleation (delta) versus the concentration
at which the protein has nucleated in half of the cells (EC ), obtained from Weibull fits of
DAmFRET profiles of different length variants of Q S expressed in [PIN ] cells. Shown are means
+/- SD of quadruplicates.
C.
Spline fits of DAmFRET data for polyQ length variants 35 and longer expressed in [PIN ]
cells.
D.
Reaction coordinate diagram schematizing the relationship of polyQ length to the
nucleating conformational fluctuation. The proteins are fused to μNS to eliminate density
fluctuations from the nucleation barrier, and expressed in [PIN ] cells to achieve detectable
nucleation frequencies. The conformational energy barrier increases, and acquires a darker shade of
red, with shorter lengths of polyQ.
E.
Fraction of [PIN ] cells with amyloid for the indicated polyQ length variants fused to µNS.
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Figure 39- Figure S7
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Figure 40- Figure S7
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Figure 41 Figure S7 (cont)
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Figure 42- Figure S7 (cont)

Figure S7.
A.
DAmFRET plots (left) and corresponding output from automated Weibull fitting (middle
and right) of the indicated Q S length variants expressed in [PIN ] cells. Note that the Weibull fits
in this case assume monomeric nucleation, i.e. the C parameter was constrained to 0, in order to
tighten the confidence intervals for the other two parameters. The region outlined in yellow in the
middle plots designates the non-FRET population used to distinguish whether nucleation has
(outside) or has not (inside) occurred in each cell. The black trace in the right plots shows the
fraction of cells nucleated in different concentration windows, and the blue trace shows the
corresponding Weibull fit.
B.
DAmFRET plots of polyQ length variants in [PIN ] cells.
C.
DAmFRET plots of polyQ length variants in [pin ] cells.
D.
Spline fits of DAmFRET data for polyQ lengths 8-35 expressed in [PIN ] and [pin ] cells.
Only at 35:Q does AmFRET significantly increase relative to 8:Q (p < 0.000001; t-test), and only
in [PIN ] cells.
E.
DAmFRET plots of µNS-fused polyQ length variants.
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4.3.7

Structural model of the polyQ amyloid nucleus

Collectively, our data constitute an empirical survey of relevant points on the energy landscape of
polyQ amyloid formation, which we illustrate in Fig. 8. Excursions from naive disordered
monomers, represented by the basin at bottom left, are described in terms of intermolecular density
and intramolecular order. Mature amyloids featuring lengthened and laminated Q zippers lie in a
deep well in the opposite corner from the disordered monomers. A rare conformational fluctuation
within a monomer (dashed red arrow) creates an embryonic Q zipper.
Do the constraints identified here offer a glimpse of the embryonic Q zipper structure? Our data
indicate that the critical Q zipper can be accessed by polypeptides as short as approximately 36
residues and has strands of length 6. Allowing for connecting turns and arcs of two to four residues
each (Chou & Fasman, 1977; Hennetin, Jullian, Steven, & Kajava, 2006), it can contain no more
than four β-strands. If we further grant from pioneering in vitro experiments (Bhattacharyya,
Thakur, & Wetzel, 2005; Buchanan et al., 2014; Songming Chen et al., 2002; Kar et al., 2013; Kar,
Jayaraman, Sahoo, Kodali, & Wetzel, 2011; Sikorski & Atkins, 2005) that the formation of a
hairpin -- and not an arch -- is rate-limiting, then the four strands are connected by a single turn and
two arcs. This allows for only two possible non-equivalent Q zipper configurations. One has the
first and fourth strands unpaired and flanking either side of the central hairpin. We simulated this
configuration and found it to be extremely unstable (Fig. S8A) and therefore discarded it from
further consideration. The other configuration has the first and fourth strands paired and flanking
one side of the central hairpin (Fig. S8B). This hypothetical fold of polyQ, along with the
alternative configuration having two hairpins and one arch, had previously been simulated by
multiple groups and found to be more stable than any single sheet or parallel stranded zipper
configuration (Man et al., 2015; Miettinen, Knecht, Monticelli, & Ignatova, 2012). We therefore
conclude that the nucleating monomer most likely comprises a pair of two-stranded antiparallel
sheets in a super-secondary topology of β-(arch, hairpin, arch), and will be hereafter referred to as
“AHA”.
Our observations suggest that the AHA monomer does not appreciably polymerize, and so is not
yet “amyloid”. We suspect the axial surface is too short or unstable to serve as an intermolecular
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template for converting the conformations of new subunits, a process that for polyQ takes
considerably longer than the rate of naive molecules encountering the surface (Bhattacharyya et al.,
2005). Our results imply that the emergence of an amyloid axis of polymerization requires that the
Q zipper first grow in either of two orthogonal directions to produce a larger and more stable
templating surface. This occurs via oligomerization coupled to either lamination (Fig. 8, dashed
blue arrow), or lengthening (Fig. 8, dashed fuschia arrow). The latter is associated with a larger
nucleation barrier and is therefore a more extreme conformational fluctuation. Consequently, early
Q zipper growth proceeds through lamination, resulting in an accumulation of amyloid-like
oligomers. Subsequent iterations of subunit addition present new opportunities for the Q zipper to
lengthen and reinforce the axis of polymerization. Consequently, our model predicts a directional
progression during polymerization (dashed purple arrows) toward multiply laminated fibers with
fully extended hairpins, consistent with the latest models for mature polyQ amyloids (Boatz et al.,
2020).
To understand the nature of the second energy barrier associated with Q zipper lengthening, we
used the constraints derived herein to create a structural model for the minimal hypothetical subunit
of long zipper amyloid. Our data imply that this species can be accessed by polypeptides as short as
approximately 36 residues and has unilaterally contiguous strands of length 11. It therefore
contains three beta strands connected by a single turn and arc. We performed molecular simulations
to investigate the stability of this structure as an isolated monomer and found that it fell apart
within 200 ns (Fig. S8C). Together with the above simulation, this result reveals that a Q zipper
cannot be maintained by just three strands even when those strands are the length required for long
Q zipper amyloid. We then asked if it persisted for longer when joined to a second such conformer
across the hypothetical axial interface. Indeed, the resulting homodimer not only persisted, but
became slightly more ordered over the duration of the simulation (Fig S8D), consistent with the
onset of energetically downhill polymerization.
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Figure 43- Figure 8- Structural model of the polyQ amyloid nucleus.

Figure 8. Structural model of the polyQ amyloid nucleus.
The hypothetical surface of free energy in the plane of intramolecular (Q zipper length, red axis)
and intermolecular order (density, blue axis) in a supersaturated solution of polyQ molecules.
Qualitative topological features of the landscape, but not absolute heights and positions, are as
deduced herein. Naive monomers exist in a local energy minimum at maximum disorder, while
mature amyloid exists in a global energy minimum with long laminated Q zippers (image from
Boatz et al. 2020, with permission). The route from monomer to amyloid proceeds through either
of two horizontal basins. The lower basin represents short Q zippers and features the nucleating
AHA monomer at the shallow end. The basin descends gradually toward amyloid via laminationdriven oligomerization. The upper basin represents long Q zippers, and descends more steeply
toward amyloid due to the increased intermolecular connectivity of long zippers. Transitions from
the lower to upper basin involve high-energy lengthening of short Q zippers.
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Figure 44- Figure S8

Figure S8. Minimal Q zipper conformers of polyQ compatible with our experimental data. Left
columns contain a side view of the structures after equilibration, and a scheme of the topology of
the beta strands as seen from the left end (cross, strand into the plane; dot, strand coming out of the
plane). Vertical dashed lines represent rows of hydrogen bonds within sheets (H-bonds involving
side chains are not shown). Right columns show the time evolution of the structures, initial
configurations are shown after energy minimization and equilibration. In all cases, the fibril axes
are in the direction of the hydrogen bonds (vertical dashed lines).
A.
One of the hypothetical folds consistent with all constraints identified for the polyQ
amyloid nucleus. This fold differs from B in having the first and fourth strands unpaired and
flanking either side of the central hairpin. The initial conformer in this simulation had 11 residues
per strand. Note that the visualization package does not plot unpaired strands as ribbons.
B.
Another hypothetical fold consistent with all constraints identified for the polyQ amyloid
nucleus. This fold, dubbed AHA, differs from A in having the first and fourth strands paired and
flanking only one side of the central hairpin. The initial conformer in this simulation had 8 residues
per strand; the stable conformer (run for 1 𝜇𝜇s) had 6 residues per strand.
C.
Minimal monomeric subunit of single Q zipper amyloid. It comprises a beta hairpin and a
flanking third extended strand. The initial conformer in this simulation had 11 residues per strand.
D.
Axial homodimer of C, representing the smallest hypothetically possible Q zipper amyloid
dimer.
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4.4

Discussion

4.4.1

PolyQ amyloid begins within a molecule

The initiating molecular event leading to pathogenic aggregates is the most important yet unknown
and difficult to study step in the progression of age-associated neurodegenerative diseases
including polyglutaminopathies such as Huntington’s Disease. Here we used our recently
developed assay to identify sequence features that govern the dependence of nucleation frequency
on concentration and conformational templates, to deduce that amyloid formation by pathologically
expanded polyQ begins with the formation of a minimal Q zipper within a single polypeptide
molecule.
Kinetic studies performed both with synthetic peptides in vitro (Bhattacharyya et al., 2005;
Songming Chen et al., 2002; Kar et al., 2011) and recombinant protein in animals (Sinnige et al.,
2021) and neuronal cell culture (Colby et al., 2006) have found that polyQ aggregates with a
reaction order of approximately one. This has been interpreted as evidence that pathogenic
nucleation occurs within a monomer (Bhattacharyya et al., 2005; Songming Chen et al., 2002; Kar
et al., 2011). However, this interpretation assumes homogeneous nucleation, which is invalidated
by observations of non-amyloid multimers prior to amyloids in vitro (Crick et al., 2006; Vitalis &
Pappu, 2011). We found that even when accounting for heterogeneous nucleation, the original
conclusion of Chen et al. holds. Specifically, the rate-limiting step for amyloid formation from
soluble monomers does occur within a monomer, and the relevant multimeric heterogeneities
follow rather than precede that event. Because they interact via the defining secondary and tertiary
elements of “amyloid” conformation, these “pre-amyloid” oligomers are not condensates in the
sense of first order phase separation. Rather, they are equivalent to extremely early amyloid
polymorphisms that have not yet achieved a dominant axis of polymerization.
Given that monomers can nucleate, and that there are thousands of nucleation-competent
monomers in each neuron of a patient’s brain, why does aggregation and disease onset still take
years? The reason lies in the peculiar properties of polyglutamine. Glutamine residues lack a strong
preference for any particular secondary structure and strongly solvate the polypeptide backbone.
Hence, polyglutamine populates a collapsed ensemble of disordered states (Crick et al., 2006; Kang
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et al., 2017; Walters & Murphy, 2009). The Q zipper is plausibly the only stable structure that can
be formed by polyQ, as it satisfies the side chain H-bonding potential without disrupting backbone
H-bonding. Critically, the strong tendency toward disorder for polyQ persists even when the
entropic penalties for beta structure have been prepaid (Vitalis & Pappu, 2011), suggesting that it is
the formation of the defining tertiary element of polyQ amyloid, i.e. the Q zipper, rather than the
beta sheets themselves, that imposes the entropic bottleneck narrow enough to delay nucleation
over the timescales of human lifespan.
Pioneering studies revealed that the nucleation event involves the formation of a beta hairpin
(Bhattacharyya et al., 2005; Songming Chen et al., 2002; Kar et al., 2013, 2011; Sikorski & Atkins,
2005). In our model, and consistent with early proposals by Wetzel and colleagues (Kar et al.,
2011), the termini of the hairpin fold back toward the beta turn. Unlike other models for the polyQ
nucleus (M. Chen, Tsai, Zheng, & Wolynes, 2016; M. Chen & Wolynes, 2017; Miettinen,
Monticelli, Nedumpully-Govindan, Knecht, & Ignatova, 2014; T. T. M. Phan & Schmit, 2020), the
AHA monomer contains an embryo of exquisitely ordered Q zipper structure necessary for the
entropic bottleneck. We note that the AHA conformer is one of a small number of configurations
for a minimal tertiary motif known as a beta-arcade, which was previously proposed to serve as an
amyloid nucleus based on its favorable energetics and characteristic occurrence in amyloid fibrils
(Kajava, Baxa, & Steven, 2010).
While our model may be impossible to confirm unequivocally -- as nuclei cannot be observed
directly -- it nevertheless makes testable predictions. For example, it suggests that individual
protofilaments can be as narrow as two or three zippered sheets -- approximately 1.6 or 2.4 nm,
respectively. It also predicts spatial and temporal heterogeneities within polyQ aggregates, as a
direct consequence of structural evolution, from short Q zippers with abundant connecting loops, to
relatively long zippers with few loops. Specifically, at sufficiently high concentrations, spherulitetype aggregates can be expected with relatively disordered, soft interiors and ordered, hard
exteriors. At sufficiently low concentrations, incipient protofilaments can be expected to grow in a
unidirectional fashion. Some of these predictions have been borne out while this paper was in
preparation. A cryoEM tomography study revealed a slab-like architecture of 51:Q amyloids in
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cells, with occasional restrictions to an apparent protofilament width of approximately 2 nm
(Galaz-Montoya et al., 2021). Fluorescence microscopy studies of aging C. elegans neurons
expressing Q:128, fused to the oligomerizing N-terminus of huntingtin and C-terminal CFP,
revealed spherical aggregates with an apparently soft core and hard shell (Fisher et al., 2021).
That polyQ amyloid has a rate-limiting monomeric nucleus that is inhibited by oligomerization has
important implications for disease etiology. First, it provides a rationale for why the age of onset
for polyQ diseases appears not to depend on expression level nor copy number of the expanded
polyQ allele. Second, it explains why the diseases instead depend on the length of the polyQ tract.
Length thresholds for polyglutaminopathies tend to be in the 35–45 range (Matlahov & van der
Wel, 2019). In agreement, we find that intramolecular nucleation occurs only for polyQ exceeding
approximately 36 residues, corresponding to the length required to form a minimal intramolecular
Q zipper.

4.4.2

Interplay of Q zipper structure and surface tension may drive the accumulation of

pre-amyloid oligomers
Soluble oligomers accumulate during the aggregation of pathologic length polyQ and/or Htt in
vitro (Auer et al., 2008; Hsieh et al., 2017; Levin et al., 2014; J. Li et al., 2010; Liang et al., 2018;
Sil et al., 2018; Vitalis & Pappu, 2011; Yamaguchi et al., 2005; Zanjani et al., 2020), in cultured
cells (Olshina et al., 2010; Takahashi et al., 2008), and in the brains of patients (Legleiter et al.,
2010; Sathasivam et al., 2010), and are likely culprits of proteotoxicity (Y. E. Kim et al., 2016;
Leitman, Ulrich Hartl, & Lederkremer, 2013; B. Lu & Palacino, 2013; Matlahov & van der Wel,
2019; Takahashi et al., 2008; Wetzel, 2020).
We found that Q zipper nucleation precedes the accumulation of soluble oligomers, rather than the
other way around. These appeared to increase in size and order with the expression level of the
protein, implying an evolution of the Q zipper structure toward mature amyloid. This progression
rationalizes why polyQ diseases are rate-limited by primary nucleation despite amyloids -- the
ultimate product of nucleation -- having benign or even protective roles (Y. E. Kim et al., 2016;
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Leitman et al., 2013; B. Lu & Palacino, 2013; Matlahov & van der Wel, 2019; Takahashi et al.,
2008; Wetzel, 2020).
As lamination maintains a lower aspect ratio than lengthening, the preference for polyQ, in a
manner dependent on contralateral Qs, to oligomerize rather than elongate at low concentrations is
plausibly mediated by the surface tension inherent to polyQ’s self-solvating property (Crick et al.,
2006; Kang et al., 2017; Walters & Murphy, 2009). We speculate that this is a consequence of the
fact that the opposition of surface tension to anisotropic growth falls above a critical curvature of
the surface (Williamson, Vitalis, Crick, & Pappu, 2010). Hence, by inhibiting growth in one
dimension, the removal of contralateral Qs increases the aspect ratio of Q zipper propagation and
accelerates its escape from the surface tension-dominated regime. Flanking domains are likely to
influence this balance (Crick et al., 2013; Williamson et al., 2010), and this presents an intriguing
avenue for further research.

4.4.3

A specific role for phase separation

Much recent work has revealed a tendency of amyloid-forming proteins, including those with Qrich low complexity sequences, to undergo liquid-liquid phase separation under permissive
conditions (Babinchak & Surewicz, 2020; Camino et al., 2021). PolyQ itself lacks both
hydrophobic and charged residues that would confer the requisite affinity for phase separation in
cellular milieu, which is rife with solubilizing competing interactors (Boncella et al., 2020; Gao et
al., 2018; J. Wang et al., 2018; Xing, Muhlrad, Parker, & Rosen, 2018). The physiological
concentration of huntingtin in the human brain, estimated to be low nanomolar (Macdonald et al.,
2014), is likely too low for liquid-liquid phase separation in the presence of even one binding
partner at its physiological concentration (Posey et al., 2018). Notwithstanding limited reports to
the contrary (Fisher et al., 2021; Peskett et al., 2018; Wan, Mouton, Veenhoff, & Boersma, 2021) -which we respectfully attribute to known effects of flanking domain interactions and partitioning
into pre-existing protein compartments (Duennwald, Jagadish, Giorgini, Muchowski, & Lindquist,
2006; Duennwald, Jagadish, Muchowski, & Lindquist, 2006; Yuwei Jiang, Di Gregorio,
Duennwald, & Lajoie, 2017) -- our findings corroborate prior demonstrations that polyQ does not
phase separate prior to amyloid formation, whether expressed in human neuronal cells (Colby et
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al., 2006; Kakkar et al., 2016), C. elegans body wall muscle cells (Sinnige et al., 2021), or [pin ]
-

yeast cells (Duennwald, Jagadish, Giorgini, et al., 2006; Duennwald, Jagadish, Muchowski, et al.,
2006; Yuwei Jiang et al., 2017).
Counter to the prevailing paradigm, we found that oligomerization of naive polypeptides, whether
from high concentration or fusion to a self-associating moiety, actually decelerated the rate-limiting
step in amyloid formation -- nucleation of an incipient Q zipper. This likely relates to the fact that
polyQ solvates itself better than water and consequently is already condensed intramolecularly
(Crick et al., 2006; Walters & Murphy, 2009). That coalescence of those monomers into larger
globules inhibited nucleation suggests that surface tension amplifies conformational fluctuations or
even biases the conformational ensemble toward Q zippers. Prior molecular simulation studies
reveal evidence of such effects. For example, polyQ polypeptides relax to a more expanded state
within globules, with fewer reversals of chain direction, as a consequence of their becoming
solvated by identical amides from other molecules rather than their own (Vitalis, Lyle, & Pappu,
2009). Additionally, the side chains of Qs at the surface of polyQ globules are more dynamic and
tend to orient toward the interior (Kang et al., 2017). Whether these changes correspond to
backbone and side chain configurations that are more permissive to Q zipper formation remain to
be determined.
We did find, however, that once an incipient Q zipper formed, phase separation strongly promoted
its maturation to amyloid. This is consistent with lamination producing a multi-subunit templating
surface; with the fact that increasing concentrations stabilize short beta strand interactions (T. M.
Phan & Schmit, 2020); and with observations that polyQ amyloid elongation can occur without full
consolidation to the fibril structure (Walters, Jacobson, Pedersen, & Murphy, 2012). To the extent
that amyloid-associated soluble polyQ species drive disease, condensation would be more likely to
ameliorate than exacerbate proteotoxicity.

4.5

Concluding remarks

The etiology of polyQ pathology has been elusive. Tedious decades-long efforts by many labs have
revealed precise measurements of polyQ aggregation kinetics, atomistic details of the amyloid
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structure, a catalogue of proteotoxic candidates, and snapshots of the conformational preferences of
disordered polyQ. What those efforts notably have not led to, are treatments. Here, we synthesized
those insights to recognize that pathogenesis likely begins with a very specific, and exceptionally
rare, conformational fluctuation, and that our relative ignorance of that event may be blocking
progress against polyQ diseases. We therefore set out to characterize the polyQ amyloid nucleus.
Deploying a technique we recently developed to do just that, we arrived at a model for the single
most important molecular species governing polyQ pathogenicity in vivo. We found that the model
can explain key aspects of disease, such as length thresholds, kinetics of progression, and
involvement of soluble amyloid-like species.
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4.7

Materials and Methods

4.7.1

Plasmid and Strain Construction

ORFs were codon optimized for expression in S. cerevisiae, synthesized, and cloned into vector
V08 (Khan et al., 2018) by Genscript (Piscataway, NJ, USA).
Plasmids expressing fusions to MBP were created by inserting yeast-optimized MBP-SUMO to the
N-terminus of the protein of interest. Plasmids expressing fusions to µNS were created by insertion
of yeast-optimized µNS to the C-terminus of mEos3.1.
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Isogenic yeast strains rhy1713 ([PIN ]) and rhy1852 ([pin ]) were previously described (Khan et al.,
+

-

2018). Yeast strain rhy2068 was created by homology-directed integration at the ho locus of
rhy1713, a construct expressing K. lactis URA3 from a tTA-tetO7 promoter (Bellí, Garí, Piedrafita,
Aldea, & Herrero, 1998).
Yeast strains rhy2956 (MBP-32:Q S), rhy2957 (MBP-60:Q S), and rhy2958 (MBP-60:Q) were
3

3

created by homologous recombination-mediated replacement of the K. lactis URA3 ORF in
rhy2068 with a PCR product of the coding sequence (minus mEos3.1) from plasmids rhx3735,
rhx3736, and rhx3788, respectively.

4.7.2

Yeast Preparation for DAmFRET, SDD-AGE and FACS

The yeast strains were transformed using a standard lithium acetate protocol with plasmids
encoding the sequence to be tested as a fusion to the indicated tags under the control of the GAL1
promoter.
Individual colonies were picked and incubated in 200µL of a standard synthetic media containing
2% dextrose (SD -ura) overnight while shaking on a Heidolph Titramax-1000 at 1000rpm at
30 C. Following overnight growth, cells were washed twice with sterile water and resuspended in a
o

synthetic induction media containing 2% galactose (SGal -ura). Cells were induced for 16 hours
while shaking before being resuspended in fresh 2% SGal -ura for 4 hours to reduce
autofluorescence. For DAmFRET, 75 µL of cells were then transferred to a 384 well plate for
analysis on the cytometer.

4.7.3

DAmFRET Cytometric Assay

Following 16 hours of total induction, cells were re-arrayed from a 96 well plate to a 384 well plate
and photoconverted while shaking at 800rpm for 25 minutes using an OmniCure S1000 fitted with
a 320-500 nm (violet) filter and a beam collimator (Exfo), positioned 45 cm above the plate. Cells
were then transferred to a.Bio-Rad ZE5 cell analyzer.
For screening flow cytometry on the ZE5, plates were run in high-throughput mode (10 uL/well,
flow speed 1.8) on the Bio-Rad ZE5 with Propel automation. Donor and FRET signals were
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collected from a 488 nm laser set to 100 mW, with voltages 351 and 370 respectively, into 525/35
and 593/52 filters. Acceptor signal was collected from a 561 nm laser set to 50 mW with voltage at
525, into a 589/15 filter. Autofluorescence was collected from a 405 nm laser at 100 mW and
voltage 450, into a 460/22 filter.
Compensation was performed manually, collecting files for non-photoconverted mEos3.1 for pure
donor fluorescence and dsRed2 to represent acceptor signal as it has a similar spectrum to the red
form of mEos3.1. FRET is compensated only in the direction of donor and acceptor fluorescence
out of FRET channels, as there is not a pure FRET control.
Imaging flow cytometry was conducted as in previous work (Khan et. al 2018).

4.7.4

DAmFRET Automated Analysis

FCS 3.1 files resulting from assay were gated using an automated R-script running in
flowCore. Prior to gating, the forward scatter (FS00.A, FS00.W, FS00.H), side scatter (SS02.A),
donor fluorescence (FL03.A) and autofluorescence (FL17.A) channels were transformed using a
logicle transform in R. Gating was then done using flowCore by sequentially gating for cells using
FS00.A vs SS02.A then selecting for single cells using FS00.H vs FS00.W and finally selecting for
expressing cells using FL03.A vs FL17.A.
Gating for cells was done using a rectangular gate with values of Xmin = 2.7, Xmax = 4.8, Ymin =
2.7, Ymax = 4.7). Gating for single cells was done using a rectangular gate with values of Xmin =
4.45, Xmax = 4.58, Ymin = 2.5, Ymax = 4.4. Gating of expressing cells was done using a polygon
gate with x/y vertices of (1,0.1), (1.8, 2), (5, 2), (5,0.1). Cells falling within all of these gates were
then exported as FCS3.0 files for further analysis.
The FCS files resulting from the autonomous gating in Step 1 were then utilized for the JAVAbased quantification of a curve similar to the analysis found in the original assay (Khan et al 2018).
Specifically:
The quantification procedure first divides a defined negative control DAmFRET histogram into 64
logarithmically spaced bins across a pre-determined range large enough to accommodate all
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potential data sets. Then upper gate values were determined for each bin as the 99 percentile of
th

the DamFRET distribution in that bin. For bins at very low and very high acceptor intensities,
there are not enough cells to accurately calculate this gate value. As a result, for bins above the 99

th

acceptor percentile and bins below 2 million acceptor intensity units, the upper gate value was set
to the value of the nearest valid bin. The upper gate profile was then smoothed by boxcar
smoothing with a width of 5 bins and shifted upwards by 0.028 DAmFRET units to ensure that the
negative control signal lies completely within the negative FRET gate. The lower gate values for
all bins were set equal to -0.2 DamFRET units. For all samples, then, cells falling above this
negative FRET gate can be said to contain assembled (FRET-positive) protein. A metric reporting
the gross percentage of the expressing cells containing assembled proteins is therefore reported as
fgate which is a unitless statistic between 0 and 1. This gate is then applied to all DAmFRET plots
to define cells containing proteins that are either positive (self-assembled) or negative
(monomeric). In each of the 64 gates, the fraction of cells in the assembled population were plotted
as a ratio to total cells in the gate. These values were then fit to a Weibull function from which the
statistics EC , δ and their respective errors (reported as the square of the residuals) were extracted
50

(Khan et al. 2018). Mean δ and EC50 values are presented as the mean of four biological replicates
with errors being represented by the standard deviation between replicates. We verified for all
samples where conclusions are drawn from δ and/or EC50 that the Weibull fit closely
approximated the raw DAmFRET plot. In addition to these quantitations, we also utilized the mean
raw AmFRET in each logarithmic window to detect even small changes in FRET between similar
peptides agnostic to whether the assemblies were continuous or discontinuous.

4.7.5

Microscopy

Cells were imaged using a CSU-W1 spinning disc Ti2 microscope (Nikon) and visualized through
a 100x Plan Apochromat objective (NA 1.45). mEos3.1 was excited at 488 nm and emission was
collected for 50 ms per frame through a ET525/36M bandpass filter on to a Flash 4 camera
(Hamamatsu). Full z stacks of all cells were acquired over ~15 μm total distance with z spacing of
0.2 μm. Transmitted light was collected at the middle of the z stack for reference. To quantify the
total intensity of each cell, the z stacks were processed using Fiji (https://imagej.net/software/fiji/).
Images were first converted to 32-bit and sum projected in Z. Regions of interest (ROIs) were hand
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drawn around each cell using the ellipse tool in Fiji on the transmitted light image. These ROIs
were then used to measure the area, mean, standard deviation, and integrated density of each cell
on the fluorescence channel. Each cell was then classified as being diffuse or punctate by
calculating the coefficient of variance (CV, standard deviation divided by the square root of the
mean intensity) of the fluorescence. Cells were only considered punctate if their CV was greater
than 30. Cells from each category that had equivalent integrated densities were directly compared
and the images were plotted on the same intensity scale. The volume of each cell was calculated by
fitting the transmitted light hand drawn ROI to an ellipse. The cell was then assumed to be a
symmetric ellipsoid with the parameters of the fit ellipse from Fiji. The volume was calculated by
4/3*pi*major*minor*minor, where major and minor are the major and minor axes of the Fiji
ellipse fit to the hand drawn ellipse ROI. The volumes reported are the volumes of the 3D
ellipsoids. Concentrations were calculated by dividing the integrated densities by the calculated
volume in μm , yielding units of fluorescence per μm .
3

4.7.6

3

SDD-AGE

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) was done as in (Khan et al.,
2018). The gel was imaged directly using a GE Typhoon Imaging System using a 488 laser and
525(40) BP filter. Images were then loaded into ImageJ for contrast adjustment. Images were
gaussian blurred with a radius of 1 and then background subtracted with a 200 pixel rolling ball.
Representative samples were then cropped from the original image for emphasis. Dotted or solid
lines denote where different regions of the same gel were aligned for comparison.

4.7.7

Bioinformatic Analysis

Comparative analyses were performed using default settings at the listed, public web servers as
were available on April 1st, 2021.

4.7.8

Molecular Simulations

The simulations were carried out using the AMBER 20 package (Case et al., 2020) with ff14SB
force field (Maier et al., 2015) and explicit TIP3P water model (Price and Brooks, 2004). The
aggregates were placed in a cubic solvation box. In each aggregate, the minimum distance from the
aggregate to the box boundary was set to be 12 nm to avoid self-interactions. An 8 Å cutoff was
applied for the nonbonded interactions, and the particle mesh Ewald (PME) method (Essmann et
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al., 1995) was used to calculate the electrostatic interaction with cubic-spline interpolation and a
grid spacing of approximately 1 Å. Once the box was set up, we performed a structural
optimization with aggregates fixed, and on a second step allowed them to move, followed by a
graduate heating procedure (NVT) with individual steps of 200 ps from 0 K to 300 K. Finally, the
production runs were carried out using NPT Langevin dynamics with constant pressure of 1 atm at
300 K.
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Chapter 5

Discussion and Summary
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5.1

Summary

The work contained within this thesis deals with the detection, characterization and quantification
of protein self-assembly in living cells (Khan et al., 2018; Nuckolls et al., 2020; Posey et al., 2021;
Venkatesan et al., 2019). By leveraging the photoconvertible fluorophore mEos3.1 (M. Zhang et
al., 2012) we were able to measure Forster Resonance Energy Transfer signals between
fluorophores brought into proximal positions by the self-assembly of a protein of interest.
The flow-cytometry-based assay, Distributed Amphifluoric Forster Resonance Energy Transfer
(DAmFRET) allowed for the display and characterization of many proteins in a diverse range of
cellular environments. Specifically, this work has allowed for the detection and characterization of
protein self-assembly from a diverse range of species including H. sapiens, D. rerio, X. laevis, D.
melanogaster, M. musculus, G. cydonium, E. coli, S. cerevisiae, S. pombe. These assays have been
done in yeast cells (S. cerevisiae, S. pombe) and a range of mammalian cells including HEK293T,
HEK293F, THP1, hiPSC (Holliday et al., 2019; Khan et al., 2018; Venkatesan et al., 2019).
The assay as originally developed provided a facile, low-throughput/high-detail platform for the
quantification and visualization of in-vivo, protein self-assembly with respect to intracellular
protein concentration. We further developed this assay into a high-throughput/high-accuracy
platform for the rapid screening and analysis of in vivo protein self-assembly profiles of hundreds
to thousands of proteins in a single day.
The high-throughput nature of this assay allowed us to investigate the amino acid sequencespecificity relating to the nucleation behavior of a poly-glutamine peptide. Expansions in
polyglutamine regions lead to a host of devastating neurodegenerative diseases in
humans(Lieberman et al., 2019; Silva, de Almeida, & Macedo-Ribeiro, 2018). The CAG-repeats
involved in polyglutaminopathies result in ultra-low-complexity sequences which provided a
platform on which we could begin to make rationally designed amino acid substitutions and
quantify changes in the nucleation profile.
By designing and testing specific sequences, we were able to provide the best description of a
protein structure that has previously eluded resolution. The ephemeral nature of the polyglutamine
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nucleus renders it invisible to assays that are based only on the results of nucleation (eg. fibers).
We utilized the amyloid nucleus’ position as the highest free energy species on route to a
thermodynamically more stable polymer as a tool by which to test whether changes to the primary
structure of the peptide would, in turn, make nucleation easier or harder. As the amyloid nucleus is
a structure all amyloids must form to assemble, we can quantify the ease through which this
transition state forms by measuring the propensity of amyloid formation and the lowest
concentration at which it forms. By utilizing both previously simulated and more recently solved
structures of polyglutamine-containing steric zippers, we provide evidence that polyglutamine
nucleation is monomeric and therefore does not necessitate dosage changes en route to nucleation
and pathology.

5.2

Future Directions

5.2.1

Polyglutamine Nucleus Structure

While the structure of the pure polyglutamine nucleus could be an important step to understanding
some neurodegenerative diseases. We have notably excluded the effect of either of the flanking
regions of Htt- exon 1. It would be informative with respect to understanding the mechanism of
disease progression to reengineer Htt- exon 1 with our stable of mutants and see if the trends hold
true.
Additionally, while yeast provide a powerful platform by which to easily screen and assay these
mutants, assaying them in mammalian cells, specifically neuronal cell lines could prove
informative with respect to cytotoxicity and disease progression. Understanding the structural
makeup of the polyglutamine nucleus would allow for the differential testing of either a diffuse
nucleated monomer in a system with low enough concentration as to avoid amyloid formation.
It is incredibly meaningful that TCERG1/CA150, which contains the longest unilaterally
contiguous glutamine strand in the human proteome and has been known to directly interact with
huntingtin (Holbert et al., 2001). The testing of these interactions in cells could provide clarity
about the degree and type of interactions between huntingtin and intermolecular partners that could
lead to exacerbation of disease states. We have initial data showing that the patterns we see in yeast
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cells are also present in mammalian cells. This would allow for small molecule screens to probe
chemicals that may be effective in preventing nucleation of polyglutamine expanses.

5.2.2

DAmFRET analysis with FACS and RNA-seq

While ht-DAmFRET does provide a substantial throughput increase that allows for the rational
dissection of the polyglutamine nucleus, unbiased quantification of the amino acid contributions on
nucleation remain out of reach due to the immense sequence space contained in even the shortest of
nucleation competent peptides. For instance, while the number of constructs necessary to test for
all single mutations would be possible (1200), the total sequence space of the Q60 peptide utilized
in this dissertation is over 1x1080 which, even at the highest throughput currently possible, would
take more than 1.5x1072 years.
However, recent advances in sequencing technology could provide a tool by which to explore the
sequence determinants of nucleation in a truly unbiased way in vivo. DAmFRET paired with
Fluorescence-Activated Cell Sorting (FACS)(Bonner, Hulett, Sweet, & Herzenberg, 1972) and
Deep Mutational Scanning(Fowler & Fields, 2014) could provide the throughput necessary to
provide better definition on the total energy landscape.
By randomly mutagenizing the polyglutamine nucleus and subsequently performing DAmFRET, it
would be possible to sort cells from different populations, sequence the mRNA in those
populations and finally identify specific residues that would affect the kinetic barrier for nucleation
by sequencing cells in gates where differential populations are found [Fig. 45]. For instance, cells
being sorted from the monomeric gate at concentrations past where the wild type protein would
indicate that the mutation expressed in that cell would be a repressor of nucleation behavior.

5.2.3

DAmFRET Screening of Cellular Regulators of Nucleation

One of the main benefits of DAmFRET is that it utilizes live cells as reaction vessels in which
nucleation is measured. This provides for the facile assay of how cellular conditions affect
nucleation.
By utilizing synthetic genetic array (Baryshnikova et al., 2010) (SGA), we can easily mate our `
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Figure 45- Hypothetical gating Schematic of FACS-assisted sorting
FACS-assisted sorting of Nucleation Sensitive Mutations for RNAseq. Flow cytometry of pooled mutational samples
would allow for facile characterization of different mutations that change nucleation characteristics.

strain with the haploid deletion collection (Giaever et al., 1999; Tong et al., 2001) in order to
ascertain whether the nucleation of different classes of proteins is modulated by cellular factors
such as chaperones or metabolic proteins. Following insertion of the target peptide into the
deletion collection, DAmFRET analysis would allow for the multivariate quantification of
nucleation in over 5000 non-essential deletion mutants.
Analysis of DAmFRET metrics could show whether the concentration range required for
nucleation could be raised or lowered by deletion of chaperones as would be predicted by other
assays(Kundel et al., 2018; Leppert et al., 2021; Nissley et al., 2020; Österlund, Lundquist, Ilag,
Gräslund, & Emanuelsson, 2020; Scheidt et al., 2019; Shirasaka, Kuwata, & Honda, 2020).
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5.2.4

DAmFRET Screening of Environmental/Drug/Chemical Treatments on Nucleation

In addition to intrinsic factors that could modulate nucleation of proteins, the in vivo nature of
DAmFRET allows for the assay of environmental factors in both yeast and mammalian cells.
Much recent work has been done involving the transition of monomeric proteins into condensed
liquid droplets as a response to heat shock, metabolic stress, pH change, osmolarity (Alexandrov et
al., 2019; Huelgas-Morales, Silva-García, Salinas, Greenstein, & Navarro, 2016; Iserman et al.,
2020; Morano, Grant, & Moye-Rowley, 2012; Schisa, 2014; Shen et al., 2020; Triandafillou,
Katanski, Dinner, & Drummond, 2020; Yamamoto & Izawa, 2013). The fluctuations in
concentration have been hypothesized to precede the formation of amyloid nuclei. Indeed many
recent studies have looked at the correlation of liquid droplets and amyloid formation (Babinchak
et al., 2019; Bergeron-Sandoval, Safaee, & Michnick, 2016; Fonda, Jami, Boulos, & Murray, 2021;
Kanaan, Hamel, Grabinski, & Combs, 2020; Mioduszewski & Cieplak, 2020; Nguemaha & Zhou,
2018; Ray et al., 2020).
DAmFRET provides a simple assay platform by which to parse hundreds or even thousands of
conditions in parallel in vivo. Because DAmFRET is carried out entirely in liquid media, it is ideal
for high-throughput automation using liquid handling robots. Following experimental verification
of environmental stressors that may induce liquid droplet formation, one would be able to examine
the effect of liquid-liquid phase separation on amyloid formation.
Recent neurodegenerative disease treatment research has focused on relieving post-symptomatic
cognitive decline. However, the transition of Aß from the monomeric to amyloid state has been
well described as a nucleated phase transition from a metastable diffuse phase to a
thermodynamically more stable amyloid (Chatani & Yamamoto, 2018; Dobson, 2017; Knowles et
al., 2007; Michaels et al., 2020; Scheidt et al., 2019; Törnquist et al., 2018; Y. Wang et al., 2019).
Recent data show that accumulation and possibly nucleation of Aß precedes cognitive decline
(Mormino & Papp, 2018). Therefore, it is possible that Alzheimer’s treatments based on
everything from monoclonal antibodies (Prins & Scheltens, 2013; Talan, 2021; van Dyck, 2018) to
insulin resistance(Craft et al., 2012) to alpha, beta, and gamma-secretase inhibitors (Egan et al.,
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2019; MacLeod, Hillert, Cameron, & Baillie, 2015) which are all administered after the appearance
of neurologic symptoms are all metaphorically akin to control flooding by attempting to plug a dam
that had already burst, perhaps many years prior. Prophylactic treatment with any or all of these
could have potentially helpful effects by minimizing amyloid nucleation.

By testing the nucleation propensity of amyloid-forming peptides in the presence of drugs and
other small molecules, then, screening small molecule libraries with DAmFRET could serve as a
drug discovery platform that could provide preventative treatments for neurodegenerative diseases.
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