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ABSTRACT OF THE THESIS

Phase Separation and Fibrillization of Human Annexin A7 is mediated by its proline-rich
domain

by

Chenrong Yu

Master of Scienc in Chemistry
University of California San Diego, 2023

Professor Lalit Deshmukh, Chair

Annexins are a large superfamily of calcium- and phospholipid-binding proteins that
regulate many membrane-related cellular events. Annexins consist of a variable N-terminal
“head” domain, which confers their functional specificity, and a conserved C-terminal core
comprising multiple copies of a globular “annexin repeat” that harbors calcium- and membrane-

binding sites. Among the 12 human annexins, annexin A7 contain unusually long head domain
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(180 residues), which is predicted to be disordered. This highly conserved proline-rich domain
(PRD, ~25% proline residues) comprises binding sites for multiple cellular proteins, namely
sorcin, suppressor of death domains (SODD), and apoptosis-linked gene-2 (ALG-2), and these
interactions are suggested to regulate the biological functions of A7, including calcium
homeostasis, tumor suppression, apoptosis, and plasma membrane repair. Additionally, the
extreme N-terminal residues of A7-PRD regulate membrane aggregation and fusion events and
self-association of A7 in the presence of calcium. Using microscopy and dye-binding assays,
we show that recombinant A7 and its isolated PRD spontaneously phase separate into spherical
condensates, which slowly transition into -sheet—rich fibrils. We establish that fibrillization of
AT7-PRD proceeds via primary nucleation and fibril-catalyzed secondary nucleation processes,
as determined by chemical Kinetics, providing a mechanistic basis for its amyloid assembly.
This study confirms and highlights a subclass of eukaryotic PRDs prone to forming aggregates

with important physiological and pathological implications.
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INTRODUCTION
Section 1: Protein Phase Separation and Fibrillization

To carry out cellular functions, cells rely on the compartmentalization of biomolecules. Such
compartments comprise membrane-enclosed organelles (e.g., mitochondria, nucleus, golgi, and
endoplasmic reticulum), where well-defined lipid membranes separate the components of these
organelles from their surroundings. Additionally, cells contain membraneless organelles (e.g.,
nucleolus, nuclear speckles, stress granules, and P-bodies), which lack membranes but still confine
a multitude of biomolecules, including proteins, enzymes, and nucleic acids, within a boundry.13
Unlike membrane-enclosed organelles, the components of membraneless structures can rapidly
exchange with the cellular milieu. Such membraneless structures can also dissolve, thereby
dispersing their contents into the surrounding environment. Although many such membraneless
organelles were discovered and identified decades or even centuries ago (e.g., the nucleolus was
known since the 1830s)?, it has only been in recent years that we have begun to understand the
underlying molecular processes that orchestrate their formation and dissolution. For example,
these structures are primarily controlled by dynamic intermolecular interactions between their
components, by changes in pH, and by posttranslational modifications (PTMs) that exert
spatiotemporal control.>-6 Emerging evidence indicates that these structures are formed by a
physical process called liquid-liquid phase separation (LLPS) or phase transition (Fig. 1), where a
solution comprising different polymers forms a two-phase system that has lower energy than the
corresponding fully mixed state.8-° Therefore, these membraneless structures, also known as
biomolecular condensates, possess liquid-like characteristics, including a spherical shape, the
ability to fuse with one another, and the ability to deform under stress. In the past few years,

multiple cellular processes thatare controlled by these condensates have been identified, including



stress response, immune signaling, gene expression, and neurotransmission. Moreover,
accumulating evidence has hinted towards the involvement of these biomolecular condensates in
the progression of disease, including cancer and neurodegenerative disorders.10-11 These
discoveries have given rise to a new field focused on understanding the organization, properties,
and regulation of these membraneless organelles, their function, and their relationship with the

corresponding pathology.
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Figure 1. Schematic of protein phase separation. LLPS of proteins results in the formation of
two phases: a dense phase (green spheres) that is enriched in proteins and a dilute phase that
represents the surrounding medium. It is a concentration-dependent process driven by the
minimization of the global free energy of the system and only occurs above a threshold
concentration of the involved proteins (Cinreshold, represented by a dashed line). Adapted from
Alberti et al.”

Although cellular condensates are enriched with numerous proteins and RNAs, often only a

small subset is needed to reconstitute such compartments in vitro.?® Remarkably, in some cases,



such in vitro condensates become rigid over time, resulting in the formation of amyloid-like fibers
(Fig. 2). For example, proteins such as fused in sarcoma (FUS), heterogeneous nuclear
ribonucleoprotein Al (hnRNPAL), and others have been shown to form dynamic condensates that
slowly transform into fibrous structures.'2-13 The underlying molecular details of these liquid-to-
solid transitions are not clear and are the subject of intense investigation. This is because amyloid
fibrils are commonly associated with proteinopathies, including Alzheimer’s disease and
Parkinson’s disease (AD and PD, respectively),’* and several key proteins involved in these
proteinopathies undergo LLPS in vivo and in vitro. Moreover, disease-associated mutations in
many of these proteins [e.g. frontotemporal dementia (FTD)-associated FUS, AD-associated Tau,
amyotrophic lateral sclerosis (ALS)-associated TDP-43, PD-associated a-synuclein etc.] were
shown to accelerate the formation of their pathological aggregates,': 1315 suggesting that these
aggregates may stem from aberrant changes in physiological phase separation. Note that whether
biological condensates possess the intrinsic property to form such pathogenic aggregates or
whether such aggregates are the nucleation-related end-products of some of the transient

conformations or oligomers that may form within these condensates is currently not known.



Liquid Gel-like Aggregate

Figure 2. Liquid-to-solid transitions of biological condensates. The time-dependent maturation
of biological condensates can lead to rigid structures, including gel-like intermediates and fibrillar
aggregates. Adapted from Zbinden et al.1!

A key feature of phase-separating proteins is the multivalency of intramolecular and
intermolecular interactions,?® 16 which promote phase separation at lower threshold concentrations
of the involved proteins (cf. Fig. 1). Such interactions can be exerted by folded proteins that
oligomerize, RNA-biniding proteins, proteins with tandem globular repeats, and proteins
harboring disordered regions and/or disordered domains with low sequence complexity (Fig. 3).%
17 The latter are highly abundant in cellular condensates and are known to tune their formation and
dissolution via charge-charge, charge-n, and mn-m stacking interactions and via cellular PTMs. In
these regards, our laboratory is especially interested in proline-rich domains (PRDs) and in recent
years, we have investigated many such domains that fulfill the following criteria: > 160 totalamino
acids comprising > 25% proline residues.'®-2! This is because PRDs are extremely abundant in

eukaryotes and play a vital role in signal transduction due to their disordered nature and



multivalency, which yield favorable binding properties.'® Despite their importance, PRDs are not
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Figure 3. Intermolecular features of phase separation. Types of intermolecular interactions that
drive the formation of biomolecular condensates. Adapted from Shin and Brangwynne.®

often studied by biophysical methods due to problems associated with their recombinant
expression and their lack of a well-defined fold, which prevents their investigation by structural
namely X-ray crystallography and cryo-electron microscopy (EM). Additionally, because of the
lack of amide protons in proline residues, PRDs are difficult to study by conventional proton-
detected solution nuclear magnetic resonance (NMR) spectroscopy methods. An accidental
discovery in our laboratory, however, established that a PRD of human protein ALIX (166
residues, 30% prolines) phase separates into nondynamic condensates and forms labile amyloid
fibrils that dissolve and reform upon Src-kinase mediated tyrosine phosphorylation of this

domain.8-20 Moreover, we recently showed that monoubiquitination of recombinant ALIX via



NEDD4-family E3 ligases promotes its fibrillization.?2 This is because ALIX also carries a
ubiquitin-binding domain that promotes intermolecular interactions between monoubiquitinated
ALIX, thereby accelerating its fibrillization via its amylodogenic PRD. We therefore want to
identify and characterize other similar PRDs in the human proteome that can phase separate and
form amyloid fibrils. Additionally, we want to understand the mechanistic underpinnings and

structural details of how PRDs can phase separate and form cross-p-sheet rich amyloid structures.
Section 2: Annexins and Annexin A7

Annexins are ubiquitously expressed calcium-dependent membrane-binding proteins.232
Humans carry 12 annexins (1-11 and 13; Fig. 4), which play vital roles in essential cellular
processes such as calcium homeostasis, cell migration, apoptosis, tumor suppression, and many
others. All annexins comprise multiple copies of a conserved structural core known as an annexin
repeat, a~70 residue-long globular domain harboring five a-helices. The annexins bind to calcium
and negatively charged phospholipids via their annexin repeats, which are extensively studied by
structural methods, including X-ray crystallography and solution NMR spectroscopy.
Additionally, annexins contain N-terminal head domains that are characterized by their sequential
diversity and variable length (ranging from 10 to 200 residues). Among annexins, annexin A7 and
A1l comprise the longest N-terminal domains that are rich in proline residues (180 and 196
residues, 25% and 30% prolines, respectively). These PRDs are likely disordered, bind to multiple
cellular proteins,2® and are implicated in the formation of membraneless organelles.2” Moreover, a
cellular study linked four missense point-mutations in the PRD of annexin A1l in individuals
affected with ALS, a fatal motor-neurone disease,?® and showed that these mutations result in
abundant neuronal deposition of A11in ALS patients. A recent study from our laboratory showed

that A11-PRD and its ALS-associated variants formed spherical condensates that slowly



transitioned into B-sheet—rich amyloid fibrils.?* Surprisingly, these fibrils dissolved in the presence
of S100A6, an All-binding partner overexpressed in ALS. In contrast to A11-PRD, its ALS-
associated variants exhibited slower fibrillization, but ST00A6-mediated dissolution of their fibrils
was also slower, providing a molecular basis for A11 inclusions and S100A6 overexpression
observed in ALS. Because the N-terminal head domain of annexin A7 is also rich in proline
residues (180 residues with 25% prolines), we asked whether A7 and its PRD undergo phase
separation and fibrillization.

Annexin A7, also known as synexin, was the first reported annexin and was originally
identified to promote calcium-dependent aggregation of chromaffin granules.3%-31 It is involved in
calcium homeostasis, plasma membrane repair, apoptosis, tumor progression, and inflammatory
myopathies. The highly conserved head domain of A7 comprises binding sites for multiple cellular
proteins, namely sorcin3?, suppressor of death domains (SODD)33, and apoptosis-linked gene-2
(ALG-2)34-35 and these interactions are suggested to regulate the biological functions of A7.
Additionally, the extreme N-terminal residues of its head domain regulate A7-mediated membrane
aggregation and fusion events36-37 and its self-association in the presence of calcium.33 In this
study, we characterized the aggregation properties of A7 and show that recombinant full-length
AT and its isolated PRD form spherical condensates that mature into -sheet—rich amyloid fibrils.
AT7-PRD is therefore likely responsible for these aggregation properties. Additionally, we
identified molecular processes involved in the fibrillization of A7-PRD using quantitative

chemical kinetics. Although the cellular processes and corresponding pathologies related to these



100 200 300 400 500 600 700

—

amino acids

Al
A2

A3
A4

1

A5 —a———.
A6 — = m  —e G ==
A7 — = o« s

A8
A9
A10

]

A11 o = = s
A13a - =
A13b - -

Figure 4. Structural organization of human annexins. Globular annexin repeats and N-terminal
head domains are shown as cylinders and lines, respectively. Adapted from Enrich et al.?®

aggregation properties of A7 are not known and are the topic of an ongoing investigation in our
laboratory, this study confirms and highlights a subclass of eukaryotic PRDs prone to forming

aggregates.



CHAPTER 1
Phase separation and fibrillization of human annexin A7 is mediated by its proline-rich
domain.

Annexins are a large superfamily of calcium- and phospholipid-binding proteins that regulate
many membrane-related cellular events.?3-24 Annexins consist of a variable N-terminal “head”
domain, which confers their functional specificity,2°> and a conserved C-terminal core comprising
multiple copies of a globular “annexin repeat” that harbors calcium- and membrane-binding sites.
Among the 12 human annexins, A7 and A1l contain unusually long head domains (180 and 196
residues, respectively), which are predicted to be disordered and have short peptide motifs that
bind to specific intracellular protein partners.26:33 The highly conserved head domain of A7 (Fig.
8) comprises binding sites for multiple proteins, namely sorcin32, suppressor of death domains
(SODD)?3, and apoptosis-linked gene-2 (ALG-2)3*3%, and these interactions are suggested to
regulate the biological functions of A7, including calcium homeostasis, tumor suppression,
apoptosis, and plasma membrane repair. Additionally, the extreme N-terminal residues of the head
domain regulate A7-mediated membrane aggregation and fusion events36-37 and its self-association
in the presence of calcium.32 Similarly, the head domain of A11 binds to S100A6 (calcyclin),? 38
and is involved in creating cerebral A1l inclusions in patients with a fatal motor-neuron disease,
amyotrophic lateral sclerosis (ALS).2° We recently established that the head domain of annexin
A1l phase separates into spherical condensates in vitro, which slowly transition into f-sheet—rich
amyloid fibrils.2 Although there is little sequence similarity between the head domains of A7 and
All (Fig. 9), like Al11, the A7-head domain is rich in proline residues (Fig. 5A—B). Thus, here we
investigated its aggregation properties and show that this proline-rich domain (PRD) induces the

phase separation and fibrillization of A7.



Fig. 10 lists the recombinant A7 constructs used in the current study, including full-length A7
and its truncated fragments representing A7-PRD. Sedimentation velocity experiments established
that, in the absence of calcium and at low concentrations (<15 pum), recombinant A7 was
predominantly monomeric (Figs. 5C and 11). To probe its membrane-binding properties, we
monitored the colocalization of A7 with giant unilamellar vesicles (GUVSs) using confocal
microscopy. ATTO-647N-labeled A7 (200 nM) was incubated with GUVs comprising
zwitterionic DOPC and fluorescent Liss Rhod PE in the presence of calcium. Under these
conditions, no fluorescence signal from A7 was observed at the membrane surface, establishing
that A7 did not colocalize with these zwitterionic GUVs (Fig. 12). Similarly, in the absence of
calcium, A7 did not colocalize with GUV's comprising DOPC and negatively charged DOPS (Fig.
5D). However, a robust and uniform colocalization of A7 was observed with anionic GUVs in the
presence of 100 nM calcium. These observations establish that recombinant A7 associates with
anionic membranes in a calcium-dependent manner. These results are consistent with original
reports that showed that A7 is a calcium-dependent membrane binding protein3°-4° and establish

that the recombinant A7 made here is functionally relevant.

At concentrations ranging between 30—40 pM and in the presence of calcium, the solution of
AT became cloudy. Microscopy examination revealed the presence of spherical condensates (Fig.
6A; note that recombinant A7 is not soluble above 40 uM and undergoes visible precipitation). A7
condensates rarely fused, suggesting their nondynamic nature. Poor fluorescence recoveries after
photobleaching (FRAP) were observed for A7 condensates (~10% average recovery in 75 s, Fig.
6B), further confirming their nondynamic character. To determine whether A7 condensates
transition into amyloid fibrils, we monitored aggregation kinetics using an amyloid-sensitive dye,

Thioflavin T (ThT). A7 samples (n = 3) were incubated with calcium at 37 °C for ~70 h, and the

10



ThT signal was recorded with continuous linear shaking. All A7 samples exhibited sigmoidal
aggregation profiles consisting of an initial dip in ThT signals, followed by lag, growth, and plateau
phases, a hallmark of amyloid formation,*! with ~40 h to reach half-maximal signal (ti2; Fig. 6C).
Further analysis of these samples at the plateau phase by transmission electron microscopy (TEM)
revealed the presence of rope-like amyloid fibrils (Fig. 6C). Collectively, these results establish
that recombinant A7 spontaneously phase separates in the presence of calcium and undergoes a

slow time-dependent fibrillization under mechanical agitation.

To determine the role of A7-PRD on the phase separation and fibrillization properties of A7,
we used two truncated constructs, A7y and A7prp. Both constructs carried a cleavable N-
terminal fusion tag comprising the B1 domain of protein G, followed by a polyhistidine affinity
tag and a TEV-protease cleavage site (Fig. 10). Additionally, A7fs,§f)p carried a non-cleavable strep

affinity tag at the C terminus, engineered to facilitate Alexa-Fluror488 labeling for fluorescence
microscopy. The latter showed that A7§§6Dp (50 uM) readily phase separated in the presence of
calcium (Fig. 7B). Similar condensates were observed for A7prp using DIC imaging (Fig. 13).

Fresh condensates of A7’ showed ~50% average FRAP recoveries in 125 s, indicating that,

unlike its full-length counterpart, condensates of A7§gg’ were relatively more dynamic, likely

because of rapid cycling between its phase-separated and soluble states. The nondynamic nature
of the condensates of recombinant A7 perhaps stems from other intermolecular interactions absent
in its truncated counterpart. Note that the increased gelation of full-length A7 relative to its PRD
is consistent with our recent observations with the human protein ALIX, where we showed that
condensates of full-length ALIX were relatively more gel-like compared to those of its isolated

PRD.20 Solutions of both A7 and A7pro condensates underwent visible precipitation over time.

11



A spacer TEV

________________

I—L( [ )y }f\,mxm

f R S s Twin-strep tag

f 10 20 30 40 50 |
|MSYPGYPPTG YPPFPGYPPA GQESSFPPSG QYPYPSGFPP MGGGAYPQVP |
| 60 70 80 920 100 |
| SSGYPGAGGY PAPGGYPAPG GYPGAPQPGG APSYPGVPPG QGFGVPPGGA !
! 110 120 130 140 150 |
| GFSGYPQPPS QSYGGGPAQV PLPGGFPGGQ MPSQYPGGQP TYPSQINTDS |
| 160 170 180 :
\FSSYPVFSPV SLDYSSEPAT VTQVTQGTIR )
c 30 2.0
8 2&7uM
3 N 151
2 20 >
7] o~ i
2 < 1.0
€ 10 w ]
C
~ 0.51
8 ° ]
&
PCOELECHIELWINL Qe osdRY
Amino acid
D Lipid channel A7 channel
[CaCl,]
0nM
o .

Figure 5. Full length annexin A7 properties. (A) Scheme of full-length A7 construct used in
current study and primary sequence of A7-head domain; I-1V (annexin repeats); prolines (red);
twin-strep tag (magenta). TEV protease cleavage site is shown in dashed lines and scissors (blue).
(B) Amino acid composition of A7-head domain. (C) Sedimentation profiles of A7 at 2 and 7 uM
(blue and red, respectively). (D) Fluorescence microscopy analysis of membrane binding
properties of ATTO-647N-labeled A7 (200 nM), in the absence and presence of 100 nM calcium.
GUVs were made using DOPC (69.95%) and DOPS (30%) and spiked with 16:1 Liss Rhod PE
dye (0.05%). Representative microscopy images of the respective fluorescent channels and their
overlay are shown. Results in panels C-D were acquired with TEV-cleaved A7.

Spectral-shift assays performed using an amyloid-specific dye, Congo red (CR), showed clear red

shifts for aged solutions of A7prp, indicating the presence of amyloidogenic aggregates (Fig.



7D).4! Further analyses of these A7prp solutions by fluorescence microscopy and TEM revealed
ribbon-like fibrils (Figs. 7E and F, respectively). Powder X-ray diffraction of these fibrils showed
two rings at 4.69 and 10.34 A (Fig. 7G), consistent with a cross-p-sheet rich amyloid structure 2
To further gain a mechanistic understanding of A7prp amyloid formation, we monitored its
aggregation kinetics using ThT assays. In the presence of calcium and under non-agitated
conditions at 37 °C, A7prp exhibited sigmoidal aggregation profiles with a ti2 of ~1 h (Fig. 71).
Therefore, in contrast to recombinant A7 that underwent slow fibrillization under agitated
conditions (ti2 ~40 h; cf. Fig. 6C), fibrillization of its isolated PRD was not only ~40-fold faster
but also did not require mechanical agitation. Although similar sigmoidal aggregation profiles
were obtained in the absence of calcium for A7prp, the corresponding ti2 was notably longer, ~24
h, establishing that calcium accelerates its aggregation. Collectively, the above results show that
AT7-PRD forms spherical condensates that rapidly mature into (-sheet—rich fibrils and are likely

responsible for phase separation and fibrillization of full-length A7.

To elucidate the underlying microscopic processes that contribute to the fibrillization of A7pro,
we carried out ThT assays by varying the initial monomer concentrations. Highly reproducible
curves with minimal variation between the replicates (n = 2) were obtained at each concentration
point, namely 5, 10, 15, 30, and 50 uM (Fig. 14). The high-quality of these datasetsfacilitated their
global fitting using the protocol described by Knowles and colleagues via their online platform,
AmyloFit.*3 Briefly, first, the relationship between ti2 and the starting monomer concentration of
ATprp Was ascertained by fitting a power-law function, t1/2 ~ [mo]Y, where mo and y are the starting
monomer concentration and scaling exponent, respectively (Fig. 15). The corresponding vy value
was -0.66, suggesting that at higher A7prp concentrations, the ti/2 deviates from the ideal power-

law function, and therefore, one or more of the processes contributing to A7prp aggregation, such

13
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Figure 6. Full length annexin A7 phase seperation and fibrilization. (A) Microscopy images
of condensates of ATTO-647N-labeled A7; DIC = differential interference contrast. (B) FRAP
curves of A7 condensates; n = 8, mean (solid line), SD (shaded region). (C) Aggregation Kinetics
of A7 (40 uM) monitored using ThT fluorescence; n = 3, mean (solid line), SD (shaded region).
Representative TEM images of samples at 70 h are shown on right (dashed square).

as fibril-catalyzed secondary nucleation, become dominant at these concentrations.** Next, data
fitting was performed where different kinetic models were fit globally to the experimental ThT
curves. The model termed “secondary nucleation dominated, unseeded,” which incorporates
primary and secondary nucleation, along with fibril elongation, adequately replicated experimental
ThT curves. Simpler models that did not incorporate secondary nucleation (Fig. 7G; also see Fig.
16 for schematic of individual processes involved in fibrillization) did not fit well. Note that in this
secondary nucleation model, the time-dependent formation of fibrils depends on combinations of
rate constants, knk+and kzk+, where kn is the rate constant for the formation of primary nuclei, k+ is

the fibril elongation rate constant, and kz is the rate of formation of secondary nuclei (Fig. 16). The

14



best-fit values were 1.3e+5 M-2h-2 and 6.3e+4 M-3h-2for knk+ and kok, respectively. Collectively,
these results establish that fibrillization of A7prp involves both primary and secondary nucleation,

with the latter being the dominant process.

In summary, we show that A7prp phase separates and forms amyloid fibrils in vitro. It is, thus,
likely responsible for the phase separation and fibrillization of full-length A7 observed here. A7 is
known to self-associate and promote membrane aggregation and fusion events in the presence of
calcium.30-31.45 Additionally, prior studies have ascribed these properties to the extreme N-terminal
residues of A7prp.33 36-37 The results presented here are consistent with these known observations.
Moreover, the aggregation properties of A7prp are similar to those of Allprp despite their limited
sequence similarity. We found that the amyloid fibrils formed by Allprp were labile and slowly
dissolved upon the addition of its binding partner, SI00A6.2! Studies to determine whether fibrils
of A7prp exhibit a similar dissolution pattern in the presence of its known binding partners, namely
sorcin, SODD, and ALG-2, are currently ongoing in our laboratory. Finally, we note that the
aggregation properties of A7prp are similar to another PRD discovered in our laboratory,
belonging to the human protein ALIX, which was shown to phase separate and form amyloid
fibrils.18-20. 22 Therefore, although eukaryotic PRDs are known to create dynamic cell signaling
networks, PRDs of A7, All, and ALIX may represent a new subclass of PRDs that can phase

separate and form amyloid fibrils.
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Figure 7. A7prp phase seperation and fibrilization. (A) Two A7-PRD constructs tested in this
Strep

study, namely A7.., and AT7erp; each construct is designated by a circled number. (B)

Microscopy images of condensates of ATTO-488-labeled A7f,lt{f)p; the circled number signifies the

construct shown in panel A. (C) FRAP curves of A7IS,E§’ condensates; n = 8, mean (solid line), SD
(shaded region). (D) CR absorbance spectra of A7pro aggregates (red), and freshly prepared
solutions (blue); n = 3. Fluorescence microscopy (E), TEM (F), and X-ray diffraction (G) of A7prp
fibrils. (H) Aggregation kinetics of A7prp, in the absence (grey) and presence (red) of calcium,
monitored by ThT assay; n = 3, mean (solid line), SD (shaded region). (1) Aggregation kinetics of
ATprp at different concentrations (n = 2, pH 7, 37 °C, non-agitated conditions, 5 mM CacCl);
experimental data (circles), solid-lines (global fits carried out using model “secondary nucleation
dominated, unseeded” in the program Amylofit)*3. Inset shows a scheme of secondary nucleation
process where nucleus comprising two monomers, grey circles, adds on to existing fibril.
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Supplementary Information
Materials and Methods
Materials.

ATTO-647N maleimide was purchased from ATTO-TEC GmbH (catalog no. AD 647N-41)
and was dissolved in dimethylformamide (DMF) at a concentration of ~11.5 mM. Streptavidin
Alexa-Fluor488 conjugate was purchased from Thermo Fisher Scientific (catalog no. S32354).
mPEG20K-Silane and Congo red (CR) were purchased from Sigma-Aldrich (catalog no. JKA3100
and C6277, respectively). Thioflavin T (ThT) and gels for sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE; 4-12% Bis-Tris gels) were purchased from Thermo Fisher
Scientific (catalog no. AC211760050, and NWO04122BOX, respectively). Reagents for the
preparation of giant wunilamellar vesicles (GUVs), namely 1,2-dioleoyl-sn-glycero-3-
phosphocholine  (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine  (DOPS), and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) [i.e., 16:0
Liss Rhod PE], were purchased from Avanti polar lipids (catalog no. 850375, 840035, and 810158,

respectively).
Methods.

Recombinant protein expression and purification.

Codon-optimized A7 constructs, namely A7, A7ero, and A7, were custom synthesized

from Azenta Life Sciences; see Fig. 10A for the design and mass-spectrometry (MS) analysis and
Table 1 for subcloning of each construct. A7 was expressed with a tobacco etch virus (TEV)
cleavable C-terminal twin-strep tag.#® The primary sequence of the twin-strep tag is as follows:

GSGSGSGSAWSHPQFEKGGGSGGGSGGSAWSHPQFEK; underlined residues represent the
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binding motif for strep-tactin, a derivative of streptavidin. Both truncated constructs, namely
ATprp, and A7l§t}{§’, were expressed with the N-terminal B1 domain of protein G (GB1) tag,*’ used
to enhance the expression levels, followed by a spacer sequence, a polyhistidine (6xHis) affinity
tag, and a TEV cleavage site. Additionally, A7IS,§§’ carried a non-cleavable C-terminal strep tag.
The primary sequence of the strep tag is as follows: WSHPQFEK. All A7 plasmids reported in
this study were deposited in the Addgene repository, https://www.addgene.org (accession no.

198635 [A7], 190066 [A7prp], and 190067 [A7ls,§g°]). The construct for TEV protease was a

generous gift from David S. Waugh (NIH).

TEV protease was expressed at 37 °C as described previously.*® All A7 constructs were
expressed at 16 °C. Cells were grown at 37 °C in 1 L Luria-Bertani (LB; MP Biomedicals, catalog
no. 3002-036) medium at natural isotopic abundance. About 30 min before induction, the
temperature of the cell culture was reduced to 16 °C. Cells were induced with 1 mM isopropyl -

d-1-thiogalactopyranoside (IPTG) at an absorbance of 0.8 at 600 nm and harvested after ca. 24 h.

The purification scheme of TEV protease has been described previously.*® A7 was purified using
affinity chromatography (AKTA Pure protein purification system, Cytiva) whereas A7prp, and
A7§gg’, were purified using a combination of affinity and size-exclusion chromatography (AKTA
Pure and Start protein purification systems, Cytiva) and reverse-phase high-performance liquid
chromatography (HPLC; 1260 Infinity Il liquid chromatography system, Agilent Technologies).
In the case of A7, cells were resuspended in a lysis buffer comprising 50 mM Tris, pH 8, 10 mM
ethylenediaminetetraacetic acid (EDTA), and 5 mM B-mercaptoethanol (BME). Cells were lysed
using an EmulsiFlex-C3 (Avestin) and cleared by centrifugation (48,380g, 30 min). The resultant

supernatant was loaded onto a XK 16/20 chromatography column (Cytiva) prepacked with Strep-

Tactin-XT Sepharose resin (Cytiva) pre-equilibrated with 50 mM Tris, pH 8.0, 10 mM EDTA, and
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5mM BME, and eluted in the same buffer containing 50 mM biotin. The eluted protein was mixed
with recombinant TEV protease (molar ratio 50:1) to hydrolyze the C-terminal twin-strep tag. The
reaction mixture was dialyzed overnight at 4 °C in a buffer comprising 25 mM (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic  acid) [HEPES], and 1 mM  (tris(2-
carboxyethyl)phosphine) [TCEP]; Slide-A-Lyzer G2 dialysis cassettes (Thermo Fisher Scientific).
The completion of proteolysis was assessed using SDS-PAGE electrophoresis. The hydrolyzed
product was passed through Strep-Tactin-XT and HisTrap (Cytiva) columns, pre-equilibrated with
the above-mentioned buffer used for dialysis. Relevant flow-through fractions were pooled,

concentrated, and stored at -80 °C.

For A7]§§g°, cells were resuspended in a lysis buffer comprising 50 mM Tris, pH 8, and 6 M
guanidine hydrochloride (GdmCI). Cells were lysed by EmulsiFlex-C3 and cleared by
centrifugation. The resultant supernatant was filtered through a 0.45 um vacuum-driven filtration
device (Stericup, Sigma-Aldrich) before being loaded onto a HisTrap column (Cytiva) pre-
equilibrated with lysis buffer. Bound protein was washed with 10 column volumes of refolding
buffercomprising 50 mM Tris, pH 8.0, and 250 mM NaCl and eluted in the same buffer containing
1 M imidazole. The eluted protein fractions were pooled and loaded onto a XK 16/20
chromatography column (Cytiva) prepacked with Strep-Tactin Sepharose resin (Cytiva) pre-
equilibrated with 50 mM Tris, pH 8.0, and 250 mM NaCl, and eluted in the same buffer containing
2.5 mM d-desthiobiotin. The eluted protein was mixed with recombinant TEV protease (molar
ratio 50:1) to hydrolyze the N-terminal GB1 fusion tag (completion of proteolysis was assessed
using SDS-PAGE electrophoresis). The proteolysis reaction was carried out at room temperature

(~20 h) and produced a poorly soluble hydrolyzed product. The precipitated product was

solubilized by the addition of 6 M GdmCI and further purified using reverse-phase HPLC (Jupiter
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10 um C18 300 A column) with a 25-42% acetonitrile gradient comprising 0.1% trifluoroacetic

acid (TFA). The eluted protein fractions were pooled, lyophilized, and stored at -80 °C.

For A7prp, a similar lysis and HisTrap column purification procedures as described above for

A7§:{6Dp were carried out. The eluted protein was further purified using size-exclusion

chromatography on a HiLoad 26/600 Superdex 75 prep-grade column (Cytiva) pre-equilibrated
with 50 mM Tris, pH 8.0, and 250 mM NaCl. Relevant A7prp fractions were pooled and incubated
with recombinant TEV protease to cleave off the N-terminal GB1 fusion tag. The hydrolyzed
product was further purified by reverse-phase HPLC using the above-described conditions. Eluted

ATpro fractions were aliquoted, lyophilized, and stored at -80 °C.
All protein constructs were verified by mass-spectrometry (MS) as described beforel8-19. 48,
Sedimentation velocity analytical ultracentrifugation (AUC).

Sedimentation velocity experiments on A7 were carried out at 50,000 rpm and 20 °C on a
Beckman Coulter ProteomeLab XL-I analytical ultracentrifuge and an An-50-Ti rotor following
standard protocols.*® A7 stock solution was prepared as described above (see Recombinant protein
expression and purification section). Samples were diluted to ~2 and ~7 uM using a buffer
comprising 25 mM HEPES, pH 7, and 1 mM TCEP. Absorbance sedimentation datawere collected
at 280 nm and analyzed using our published protocols.!8 48 Sedimentation profiles showed the

presence of a monomeric A7.
Fluorophore labeling and phase separation.

In the case of A7, protein was mixed with a 3-molar equivalent of ATTO-647N maleimide in
25 mM HEPES, pH 7, and 1 mM TCEP. The reaction was allowed to proceed at 4 °C overnight.

The excess dye was removed by PD midiTrap G-25 columns (Cytiva). This sample was mixed
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with the corresponding unconjugated protein (concentration of fluorophore-labeled protein = 5
molar percent). 2 mM CaCl. was then added to induce phase separation of A7 and the resultant
sample (final protein concentration = 40 uM) was visualized using fluorescence microscopy (see

below).

For A7§gg’, the lyophilized protein was dissolved in a small volume of dimethylsulfoxide
(DMSO) and diluted immediately in a buffercontaining 25 mM HEPES and 5 mM CaClzto induce
phase separation (final protein concentration = 50 uM). 0.02 mg/mL Streptavidin Alexa-Fluor488

conjugate was then added to this solution, which was visualized using fluorescence microscopy

(see below).
GUV preparation.

GUVs were prepared using the inverted emulsion method.° Briefly, for the oil phase, the
chloroform solutions of DOPC, DOPS, and 16:0 Liss Rhod PE were mixed in a glass vial under
dark conditions (69.5, 30, and 0.5%, respectively). The resultant mixture was dried under nitrogen,
followed by vacuum desiccation (vacuum oven; VWR) for ~2 h at room temperature. 1 mL of
mineral oil (Thermo Fisher Scientific, catalog no. 0121-1) was added to the vial and sonicated for
1 h at room temperature. For the aqueous phase, phosphate buffered saline (PBS; osmolarity: 280
mOsm, pH 7.4) was mixed with Ficoll 400 (Sigma-Aldrich; 35% w/v in water) to give a final
concentration of 3.5% Ficoll-400. 10 pL of this solution was added to 100 uL oil phase and
emulsified. The emulsion was then mixed with the aqueous phase, followed by centrifugation
(10,0009, 10 min, 4 °C). The GUVs at the bottom of the tube were collected and stored at 4 °C for

further analysis.

Microscopy imaging and FRAP assays.
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Microscopy imaging and FRAP assays were carried out using our previously published
protocols.20-22 Briefly, differential interference contrast (D1C) imaging was performed on a Nikon
Ti2 widefield microscope equipped with a DS-Qi2 CMOS camera and 100x/1.49NA oil DIC N2
Objective; Nikon Imaging Center, UC San Diego. The condenser prism and the polarizer cube
were controlled by the Nikon Elements software. Samples of A7 condensates were excited by a
640 nm laser controlled by a Lumencor SpectraX for imaging of ATTO-647N. In the case of

A7lsffk‘“‘Dp + Streptavidin Alexa-Fluor488 mixtures, a 488 nm laser was used. Microscopy image of

aged droplets of A7pro shown in Fig. 7E, was acquired using a similar procedure. Briefly, droplets
of 50 uM A7prp with 20 pM ThT were incubated at 37 °C for one day. Images were taken using a

488 nm laser.

For microscopy experiments, slides were passivated using PEG-silane.21-51 Briefly, slides were
cleaned by sonication in 3% v/v Hellmanex 111 (Sigma-Aldrich), rinsed in 0.5 M NaOH, dried
using a nitrogen stream, and placed in a vacuum oven (VWR) at 90 °C for 10 min. PEG-Silane
was dissolved in DMSO at 5% w/v and was sandwiched between the slide and coverslip, and
incubated at 90 °C for 20 min. Passivated slides were subsequently rinsed with water and dried
with a nitrogen stream. Imaging chambers composed of two passivated coverslips and a 9-mm

silicone mold (Grace BioLabs) were used for all microscopy analyses.

FRAP measurements of ATTO-647N-labeled A7 were performed on a Nikon point scanning
confocal C2 with 2 GaAsP PMTs using a Plan Apo A 100x/1.45 NA Oil objective. Photobleaching
of each sample was achieved using 2 iterations of 50% 640 nm laser power directed at the
bleaching area for 10 s, and subsequent recovery was imaged at 2 s intervals over 150 frames using
0.1% 640 nm laser power. Images were corrected for background fluorescence, and intensity from

the bleached region was normalized against an unbleached region on a nearby condensate of

22



similar size and intensity. A similar procedure was used for A7;§gg° + Streptavidin Alexa-Fluor488

mixtures, except for the use of 488 nm laser.
CR Assay.

CR assay was carried out as described previously.18-1°.21 Briefly, CR was dissolved in MilliQ
water (MilliQ 1Q 7000 purification system, Millipore—Sigma). CR stock solution (0.2% w/v) was
filtered through a 0.22 pm filter and used immediately. A7pro Samples were prepared by dissolving
~1 mg lyophilized protein in 20 pL DMSO and diluting this solution to 50 uM using a buffer
comprising 25 mM HEPES, pH 7.0, and 5 mM CaClz. These freshly prepared samples were mixed
with CR stock solution (50:1 dilution; protein vs. CR). Additionally, samples of A7prp Were
incubated for ~3 h at room temperature to induce fibrillization, followed by mixing with CR stock
solution (same dilution as above). In both cases, the absorption spectra of three replicates were

measured using an DeNovix DS-11+ (M/C) Spectrophotometer.
Transmission electron microscopy (TEM).

TEM samples of fibrils of A7 and A7prp constructs were prepared using our published
protocols.18-1® TEM images were acquired using a JEM-1400 Plus transmission electron
microscope (JEOL) and recorded on a OneView digital camera (Gatan), Electron Microscopy Core

Facility, UC San Diego.
X-ray diffraction.

X-ray diffraction was carried out as described previously.? A 50 uM stock solution of A7prp
was incubated at 37 °C for a week. A7pro fibrils were pelleted for 30 min at 259,000g and 20°C
using Optima XE Ultracentrifuge and SW 55 Ti swinging bucket rotor (Beckman Coulter). A small

amount of the sample was dried and loaded onto a Cryoloop. The sample was mounted on a Bruker
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Microstar 592 diffractometer equipped with an APEX II CCD detector and Cu Ka radiation (A =
1.54178 A); UC San Diego Crystallography Facility. X-ray datawas collected using a 360° ¢ scan

with an exposure time of 300 s.
Fibril formation and dissolution kinetics.

In the case of A7prp, samples were prepared by dissolving the lyophilized A7prp in DMSO
and rapidly diluting the DMSO stock in a buffer comprising 25 mM HEPES, pH 7, and 5 mM
CacCl: to achieve final concentrations ranging from 5-50 uM. Measurements were carried out at
37 °C under non-agitated conditions using a microplate reader (Infinite M Plex; Tecan) and sealed
96-well flat bottom plates (Corning; catalog no. 3370) containing 100 pl sample per well. ThT (20
uM) fluorescence was recorded as a function of time. Excitation and emission wavelengths were
415 and 480 nm, respectively. For A7, similar experimental conditions were used, except that
measurements were carried out with continuous linear shaking (1.5 mm, 335.8 rpm). Global fitting
of the experimental ThT curves for A7prp Was carried out using the protocol described by Meisl

et al.43
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Figure 8. Primary sequence comparison of representative A7-head domains among
vertebrate species. A blue-to-red gradient is used to denote conservation, with blue and red colors
depicting the least and most conserved residues, respectively. The following sequences were used
for analysis: H. sapiens (Uniprot accession no. P20073), M. musculus (Uniprot accession no.
Q07076), and B. taurus (Uniprot accession no. P20072).
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Figure 9. Primary sequence comparison of head domains of A7 and A11l. Same color gradient
as Fig. 8. The uniprot accession no. for A11 is P50995.
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Figure 10. Recombinant A7 constructs used in current study. (A) List of recombinant A7

constructs, namely A7, A7Strep and A7prp. Each construct is designated by a circled number. The
locations of the TEV cleavage sites are marked by blue vertical dashed lines and scissors. In the
case of A7 (construct no. 1), the TEV cleavage site is located at the C-terminus, sandwiched
between a spacer sequence (SGSENLYFQ)and the twin-strep tag*®. Note that native residue Q4838
of A7 was not included in this construct to accommodate the spacer and TEV cleavage site. For
the truncated constructs, GB1-6xHis denotes the N-terminal GB1 tag, used to enhance the
expression levels, followed by a spacer sequence and a polyhistidine (6xHis) affinity tag.
Additionally, A7Strep (construct no. 2) carried a non-cleavable C-terminal strep tag®2. (B) Analysis
of TEV-cleaved constructs (same numbering as panel A) using liquid chromatography—
electrospray ionization—time-of-flight mass spectrometry (LC—ESI-TOFMS); the numbers in
parenthesis represent the corresponding theoretical masses.
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Figure 11. Sedimentation analysis of recombinant A7. Absorbance sedimentation c(s) profiles
of recombinant A7 (15 uM). All measurements were carried out at 20 °C in 25 mM HEPES, pH
7, and 1 mM TCEP. Note that unlike the profiles shown in Fig. 1C (main text) that were acquired
using 12 mm cell, the above data were acquired using 3 mm cell.

Lipid channel A7 channel overlay

..

Figure 12. Confocal microscopy analysis of membrane binding properties of A7. GUVswere
made using DOPC (99.95%) and spiked with 16:1 Liss Rhod PE dye (0.05%). The concentration
of ATTO-647N-labeled A7 was 200 nM. The buffer conditions were as follows: 25 mM HEPES,
pH 7, and 100 nM calcium. Representative microscopy images of the respective fluorescent
channels and their overlay are shown. The lack of fluorescence signal from A7 at the membrane
surface indicated that A7 did not colocalize with zwitterionic GUVs containing DOPC.
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Figure 13. DIC images of droplets made by A7prp. Images were acquired at 25 °C. The buffer
composition as follows: 25 mM HEPES, pH 7, and 5 mM calcium.
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Figure 14. Aggregation Kinetics of A7prp. ThT fluorescence was monitored to determine the
effects of concentration on the aggregation kinetics of A7prp, n = 3, mean (solid line), SD (shaded
region). All measurements were carried out at 37 °C under non-agitated conditions. The buffer
composition as follows: 25 mM HEPES, pH 7, 5 mM calcium, and 20 uM ThT.
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Figure 15. Dependence of half-times, tj, on the initial monomer concentration of A7prp.
Double logarithmic plot, log ti2 = ylog[mo] + constant, where v is the scaling exponent and mo is
AT7promonomer at time 0. The raw data used to generate this plot is shown in Fig. 14. The values
of tioand y were extracted using the program Amylofit*3 by fitting the power-law function, ti/2 ~
[mo]¥. The obtained value of y (i.e., -0.66) suggests that in the case of A7pro fibrillization, the
primary nucleation process is partially dependent on initial monomer concentration, whereas the
secondary process of fibril propagation is independent of monomer concentration.
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Figure 16. Microscopic processes involved in protein fibrillization, and the associated rate
constants. Adapted from Meisl et al.*3
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Table 1. Recombinant constructs used in current study@b),

Construct Addgene Competenet Induction Yield©
accession no. cells temperature (mg/L)
AT 198635 BL(21)DE3 16 °C 15 mg/L
ATprD 190066 BL(21)DE3 16 °C 30 mg/L
AT 190067 BL(21)DE3 16 °C 25 mg/L

a) BL21(DE3) cells were obtained from Agilent (catalog no. 200131).

b) Cultures were grown in LB media overnight upon induction with 1 mM IPTG. LB capsules
were obtained from MP Biomedicals (catalog no. 3002-036), and were used according to
the manufacturers’ protocols.

C) The vyield represents the total amount of TEV-cleaved protein obtained from a liter of
bacterial culture.

30



ASSOCIATED CONTENT

Human Annexin A7 (Uniprot accession no. P20073). All A7 plasmids reported in this study were
deposited in the Addgene repository, https://www.addgene.org (accession no. 198635 [A7],
190066 [A7pro], 190067 [A75meP]).
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CONCLUSION

Liquid-liquid phase separation of proteins and nucleic acids is responsible for the formation of
multiple membraneless organelles, including stress granules, P bodies, nucleoli, Cajal bodies, and
many others. Aberrations in phase separation are likely a vital contributing factor to the formation
of amyloid fibrils that are associated with many proteinopathies. Thus, understanding how these
condensates form, their regulation and function, and the molecular details of their fibrillar
transitions will shed light on the dynamic interplay between cellular processes controlled by these
condensates and the corresponding pathology. In this study, we uncovered that recombinant
annexin A7, a human protein belonging to the annexin superfamily of calicium and phospholipid
binding proteins, phase separates into nondynamic condensates that slowly transition into amyloid
fibrils. We show that the head domain of A7, comprising 180 residues and 25% prolines (A7prp)
is likely responsible for the aggregation of full-length A7. A7 is known to self-associate and
promote membrane aggregation and fusion events in the presence of calcium. Prior studies have
ascribed these properties to the extreme N-terminal residues of A7prp. The results presented in our
study are consistent with these known observations. Moreover, the aggregation properties of A7
are similar to those of another member of the annexin family, annexin A1l and its proline-rich
head domain. Thus, we speculate that the phase-separation properties of A7 and A11 will play a
vital role in regulating their cellular functions, and we are actively investigating these
physiological processes in our laboratory. Fibrillization and aggregation of A11 are linked with
ALS. Specifically, four missense point mutations in its proline-rich head domain have been shown
to generate A1l inclusions in ALS patients. We therefore speculate that aberrant fibrillization of
A7 would also result in pathology, such as A7-associated cancers. The amyloid fibrils formed by
A1l were labile and slowly dissolved upon the addition of its binding partner, namely S100AG6.
Studies to determine whether A7 fibrils exhibit a similar dissolution pattern in the presence of its
known binding partners, namely sorcin, SODD, and ALG-2, are currently ongoing in our

laboratory. Finally, we note that the aggregation properties of A7prp are also similar to those of
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another PRD discovered in our laboratory, belonging to the human protein ALIX, which was
shown to phase separate and form amyloid fibrils. Therefore, although eukaryotic PRDs are known
to form dynamic cell signaling networks, PRDs of A7, All, and ALIX may represent a new

subclass of PRDs that can phase separate and form amyloid fibrils.
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