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Resumo

GRASPs (de Golgi ReAssembly and Stacking Proteins) sédo proteinas inicialmente
envolvidas na organizacdo e manutencdo do complexo de Golgi. Enquanto este papel vem
sendo questionado nos ultimos anos, muitas outras funcdes vem sendo a elas atribuidas.
Em especial, destacamos a participacdo no ancoramento de vesiculas de secrecdo que
precisam atravessar o0 Golgi e processos de secrecdo ndo convencional. Estruturalmente,
GRASPs podem ser divididas em um dominio N-terminal chamado GRASP e um dominio C-
terminal que € altamente desordenado e ndo conservado, chamado SPR. Informacéo
estrutural sobre GRASPs, até agora, tem sido muito escassa, 0 que motivou o inicio deste
trabalho. Para estudar GRASPs, usamos a Unica GRASP da levedura Saccharomyces
cereviseae (Grhl), um organismo modelo. Demonstramos que Grhl possui regides de
desordem intrinseca também no dominio GRASP, sendo considerada uma proteina do tipo
molten globule. Além disso, Grhl é capaz de formar fibras do tipo amiloide quando em
condi¢cbes especificas in vitro, como baixo pH e temperatura levemente elevada. No objetivo
de investigar uma possivel correlacdo entre a formacao de fibras e a fungdo desempenhada
por Grhl em processos de secrecdo ndo convencional, parte desse trabalho foi realizada in
vivo, e foi possivel mostrar que a GRASP de levedura fibrila em condi¢Bes especificas de
privacao de nutrientes e choque térmico. Aqui, discutimos o uso da microscopia do tempo de
vida de fluorescéncia como uma técnica valida para auxiliar na deteccao de formacao de
fibras in cell, e também as possiveis implicacdes da formacéo de fibras por GRASPs para
formacdo de Compartimentos para Secrecdo Nao Convencional (do inglés CUPS). Esse
trabalho também contém experimentos iniciais que apontam para uma separagéo de fase
liquido-liquido sofrida poe Grhl, o que estaria em consonancia com os achados de
desordem intrinseca e a recente proposta de que o Golgi seria, na verdade, uma organela
em fase separada do citosol. No final deste trabalho, apresentamos ainda experimentos
iniciais de caracterizagcdo de Bugl, a golgina parceira de Grhl. N&o existem dados
estruturais disponiveis para nenhuma golgina em solucdo, e sua purificagdo sempre se
mostrou um obstaculo. Descrevemos aqui um protocolo através do qual foi possivel se
purificar Bugl em grandes quantidades, abrindo caminho assim para que muitas outras
descobertas sejam feitas no que diz respeito a secrecdo de proteinas e separagdo de fase

liquido-liquido.
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Abstract

GRASPs (from Golgi ReAssembly and Stacking Proteins) are proteins involved in the
organization and maintenance of the Golgi complex. While the extension of this role has
been questioned in the past few years, many other functions have been assigned to them. In
particular, we highlight the participation in tethering vesicles that need to move along the
Golgi and processes of unconventional protein secretion. Structurally, GRASPs can be
divided in an N-terminal domain called GRASP and a non-conserved, highly disordered C-
terminal domain, termed SPR. Structural information, hitherto, has been scarce, which
motivated the beginning of this project. To study GRASPs, we used the only GRASP (called
Grhl) of a model organism: the yeast Saccharomyces cereviseae. We showed that Grhl
contains regions of intrinsic disorder also in its GRASP domain, being classified as a molten
globule. Besides, Grhl is capable of forming amyloid-like fibrils when in specific conditions in
vitro, such as low pH and moderately elevated temperature. With the aim of investigating a
possible relationship between fibril formation and the role played by Grhl in unconventional
protein secretion, part of the present thesis was done in vivo, and it was possible to
demonstrate that the yeast GRASP fibrillates in starvation and heat-shock conditions. Here,
we discuss the use of Fluorescence Lifetime Imaging Microscopy as a valid technique to help
detect fibril formation in cell and also the possible implications of fibrillation for the formation
of the Compartments for Unconventional Protein Secretion (CUPS). This work also contains
initial experiments that point to a liquid-liquid phase separation of Grhl, an observation in
consonance with the findings of intrinsic disorder and the recent proposition that the Golgi is
actually an organelle phase separated from the cytosol. Finally, we present initial
experiments of the characterization of Bugl, the golgin partner of Grhl. There are no
structural data available on golgins in solution yet and their purification always presented an
obstacle on obtaining them. We describe here a protocol capable of purifying Bugl in high
guantities, therefore paving the way for many other discoveries in the fields of protein

secretion and liquid-liquid phase separation.
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1 Introduction

1.1 The conventional secretory pathway

Membrane and soluble vacuolar/lysosomal proteins and proteins to be secreted pass
through the conventional secretory pathway that involves the Endoplasmic Reticulum (ER)
and the Golgi complex (GC). These proteins possess signal sequences that act as markers
for them to enter the ER once they are produced by the ribosome [1,2]. Once in the ER
various chaperones assist the newly-synthesized protein to ensure correct folding. Post-
translational modifications, such as glycosylation, also take place prior to the protein

transport by coated vesicles [1].

In between the ER and GC there is the ER-Golgi intermediate compartment (ERGIC).
The nature of this compartment (whether it is an extension of the ER or not) is still unclear,
but it is accepted as a sorting station of retrograde and anterograde movement [1].
Retrograde flow is the movement toward the endoplasmic reticulum, whereas anterograde

movement refers to the classical flow starting at the ER [1].

1.1.1 The Golgi complex

The Golgi complex was first reported by Camilo Golgi (hence the name) in 1888 by
the observation with the use of silver chromate staining of reticular structures in the
cytoplasm of many cell types [3]. It is an organelle formed by several stacked cisterns. In
protozoan, plants, invertebrates and many fungi, these cisterns are dispersed in the
cytoplasm, being located somewhat close to the exit of the ER. In other unicellular
organisms, like the yeast Saccharomyces cereviseae, the Golgi membranes are isolated
cisterns, randomly distributed in the cytoplasm [4]. In most vertebrates, though, they are
laterally connected, forming a tunnel with multiple layers that are adjacent to the nucleus and

act as an extension of the endoplasmic reticulum [5].

The Golgi complex is polarized, being divided in cis, medial and trans parts. The
former is the connection of the organelle with the endoplasmic reticulum; the latter faces the
plasma membrane and is the exit point of the vesicles [4]. The Golgi is the site of post-
translational modification of the proteins that come from the endoplasmic reticulum, and is

responsible for their packaging into carriers and addressing to membranes or the
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extracellular medium [6]. The cis-Golgi is the site for the first steps of mannose 6-phosphate
signal attachment and O-glycosylation [7,8]. The medial-Golgi contains a transferase
involved in N-glycosilation that is a marker for this region [9]. The trans-Golgi is the site for
sialylation and tyrosine sulfation, two of the last steps before a protein exits the organelle
[10].

In S. cereviseae, unlike mammalian and many fungi cells, the Golgi is not stacked,
but rather presents itself as individual cisterns scattered throughout the cell that only
occasionally associate with one another [11]. Despite this different organization, once
proteins leave the ER they undergo a series of processing steps that are very similar to those
happening in mammalian cells [11]. Because of that, S. cereviseae is used as a model in the

study of Golgi components and functioning.
1.1.2 Moving through the secretory pathway

Conventionally, the transport to and from the Golgi happens via vesicles formed by
cytosolic coat proteins (COPs) in which the protein to be transported is engulfed. There are
three different types of COPs: COPI, COPII and clathrins [1]. As a general mechanism, these
complexes move and anchor at specific sites in the acceptor membrane, where they fuse

and release the cargo protein.

First, proteins that have gone through the necessary post-translational modifications
and quality control in the ER are packed in COPII-coated vesicles [12]. COPII transports the
cargo to the ERGIC and there the transported protein is engulfed by COPI-coated vesicles,
responsible for the transport to the cis-Golgi. Retrograde vesicle traffic is also performed by
COPI[12].

Clathrins are formed in the Trans-Golgi network (TGN), a portion of the Golgi beyond
the trans-face. The primary function of the TGN is cargo sorting, and clathrins cooperate to
transport cargoes from the Golgi to endosomes [13]. Figure 1 illustrates the currently
accepted model of vesicular transport along the secretory pathway, evidencing the role of
COPs and clathrins. From the endosome, the cargo can be transported to the plasma

membrane or incorporated into lysosomes.

While the vesicle model had been widely accepted for many years, it cannot explain
the complexity of the Golgi apparatus. Today, the cisternal maturation model (and the
variations that came from it) is the most debated [']. According to this model, instead of
having the vesicle travel along the Golgi complex, the Golgi cisternae is formed continuously,
maturing progressively into TGN cisternae. During this process the cargo, i.e. the protein to
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be secreted, is moved along the organelle [}].
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Figure 1: Model of transport along the classical secretory pathway in a mammalian cell. COPII-coated
vesicles ensure the export from the ER to the ERGIC. From there to the cis-side of the Golgi and
through the complex, the transport is mediated by COPI-coated vesicles. These are also involved in
retrograde vesicle movement (from the Golgi to the ER). Sorting at the trans-Golgi network can be
mediated by clathrin-coated vesicles. Adapted from reference [1].

1.1.3 GRASP

Golgi Reassembly and Stacking Proteins (GRASPs) comprise a family of proteins
peripherally associated with the Golgi membranes that are involved in the organization and
formation of its multiple stacks [5]. Mammals have 2 GRASPs (GRASP55 and 65).
GRASPS55 is found in the trans-Golgi, while GRASP65 resides in the medial (the intersection
between cis and trans faces) and the cis-Golgi [5]. Most organisms possess only one

GRASP ortholog, while plants have none (at least it is not known to this date) [14].

The first GRASPs to be identified were the previously mentioned GRASP65 and
GRASPS55. Initially, it was suggested that through trans-oligomerization and anchoring in the
Golgi membranes they would help keeping the peculiar organization of the many stacks.
However, the extension of their importance in the organization and maintenance of the Golgi
apparatus has been questioned [5]. Experiments studying the effect of depletion of

GRASP65 showed that there is no effect on the Golgi stacks, although part of the tubular

structure is lost [15]. Similar effect has been observed for GRASP55 [16]. These studies
suggest that GRASPs are actually laterally linking the Golgi stacks, probably with GRASP65

and 55 linking cis-cis and medial-medial faces, respectively [17,18].
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Recently, Grond et al. [19] generated a mouse knocked out for both GRASP65 and
55. The result was Golgi cisterns still stacked, but not laterally connected and with a cross-
sectional diameter reduced in comparison with the normal mouse. Tie et al. [20] showed that
GRASPs are concentrated at the rim of the cisterns That can explain why knocking out both
GRASPs would lead to disturbance in the area. Absence of GRASP55 and 65 leads to
hypervesiculation, which is translated into an intact but smaller Golgi complex [19]. Genome
sequencing made it possible to identify GRASP ortho and homologues in all animal species,
with the exception of plants [21], whose Golgi nonetheless presents the usual organization of
stacked cisterns. Some of these homologues even showed diverse localization, being also
found in ERES and in the ER itself [22]. It is speculated that in these other sites GRASPs
play a role in the anterograde movement [22].

Of particular interest to this thesis, the budding yeast Saccharomyces cereviseae has
one GRASP, Grhl, homologue of GRASP65. In this case one might wonder about the role in
Golgi structure, given the fact that only 40% of the Saccaromyces GC is organized in stacks
[23]. Present also in tER, Grhl binds to COPII vesicles and is involved in unconventional

protein secretion processes (discussed later in this introduction).

Both mammalian GRASPs are myristoylated at the N-terminus, a feature that
together with binding to other partners ensure tight association to the membrane, even
though these proteins lack a membrane-spanning region [24]. Myristoylation happens at the
Glycine in position 2, a conserved residue among species, with the exception of budding
yeast and one variant of Plasmodium [23,25]. The N-terminal half of GRASPs is called
GRASP domain (from now on referred to as DGRASP) and is conserved among species. It is
composed by two PDZ subdomains [21]. A PDZ is a globular domain very often involved in
supporting interactions among proteins, being responsible for addressing of target proteins
and forming protein complexes [26]. Some structures of DGRASPs have been solved:
Human GRASP55 [27, see Figure 2]; GRASP55 and 65 homologues of Rattus norvegicus
[28].

The GRASP domain spans residues 1 to 201 (except in yeast) and is responsible for
dimerization. The overall organization of the PDZs is more similar to that seen in prokaryotes
than eukaryotes. The dimerization is believed to occur via a protuberance in PDZ2

(conserved motif IGYGYL) inserting in a binding pocket in the PDZ1 of the juxtaposed

GRASP [28]. Given the way the PDZs are organized, dimer formation is achieved in a trans
manner [28]. However, the structural arrangement of the GRASP dimer has been a matter of

extensive debate over the years with more complicated models also suggested [29].
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Figure 2: (A) Crystallographic Structure of the GRASP domain of GRASP55 evidencing the presence
of the two PDZ subdomains. (B) Schematic representation of the arrangement of secondary structural
elements within PDZ1 and PDZ2 of GRASP55. Adapted from reference [28].

The C-terminal domain of GRASPs is enriched in serine and proline residues, and for
that reason is called SPR domain. It has variable lengths across different GRASPs and is the
subject of phosphorylation by mitotic kinases. The N-terminal DGRASP can still trans-
oligomerize in the absence of the SPR domain, but the mitotic Golgi of cells expressing this
GRASP construct are bigger, suggesting the mitotic regulation done via SPR is important for

the overall structure of the organelle [24].

Wang et al [24] demonstrated that GRASP65 forms more stable oligomers when the
SPR is not present. During mitosis, it is necessary to breakdown GRASP65 dimers, but
direct phosphorylation is prevented by the way the GRASP domains are arranged, so it is
suggested that indirect regulation, i. e., phosphorylation of SPR sites could be the key [30].
Besides that, the SPR domain contains caspase cleavage sites necessary for Golgi
fragmentation during apoptosis [31] and other phosphorylation sites important for Golgi
reorientation to the leading edge of migratory cells [32]. These data evidence the important

role of the SPR as a regulatory domain.
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Given its sequence, with a high content of charged/polar residues and low content of
hydrophobic ones, intrinsic disorder of the SPR domain was predicted [33]. In fact, Mendes
et al have shown that the SPR domain is highly flexible and fully disordered, a pattern that is
conserved among GRASPs, even though they have different sizes and amino acid
sequences [34]. This high flexibility can be the reason why very few studies have been

devoted to explore SPR structural features.

1.1.3.1 The Yeast GRASP

The yeast Saccharomyces cereviseae contains only one GRASP, Grhl. It associates
peripherally with secretion vesicles, and although not essential, it can participate in the
movement of vesicles at the interface of the ER and the GC [21]. Since the S. cereviseae
Golgi is dispersed in the cytoplasm rather than organized in stacks, the participation of Grhl
in keeping the Golgi together in this organism has not been investigated [27].

Unlike mammalians GRASPs, Grhl interacts with proteins in the inner layer of
membranes coated with COPII [23,35] that are localized in the transitional Endoplasmic
Reticulum (tER) and not in the Golgi [23,36]. So Grhl is at the beginning of the secretory
pathway and does not seem to be involved in the organization of the Golgi. Since GRASP65
is found at the cis-portion of the GC and also in the vesicles that exit the ER [37], Grhl is
considered a homologue of GRASP65 [23]. Another difference is the fact that instead of
myristoylation, Grhl is acetylated by the NatC complex and possesses an amphipathic helix
that is needed to target it to early Golgi membranes [23].

Akin to other GRASPs, Grhl associates with a Golgin, Bugl. Being 342 residues
long, Bugl has a basic N-terminal and a potential coiled-coil domain that is necessary for the
recruitment of Grh1l to membranes in vivo [23]. Grh1l binds to the C-terminal region of Bugl,

and is thought that its role in membrane trafficking is related to this protein complex [23].

1.1.4 Golgins

Another class of proteins that participate in the structuration of the GC is the Golgins.
They are extended coiled-coil proteins that have been firstly identified using antibodies
derived from patients suffering from a variety of autoimmune conditions [38,39,40]. They are
Golgi-localized and either peripherally associated with the cytoplasmic face of the membrane

or, less frequently, tail-anchored [41]. Just like GRASPs, different Golgins also localize to
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different parts of the Golgi. The first one to be discovered, GM130, is present in the cis-part
of the GC [41], while golgin-245 can be found only in the trans region [38]. Their different
localizations suggest they perform different roles, and are indeed involved in various
processes [5]. However, that is out of the scope of the thesis, so we are going to focus only
on their GRASP-related functions.

The coiled-coil nature of the Golgin structure makes them ideal for membrane-
tethering/linking, since they can span over relatively large distances [42]. Waters and Pfeffer
proposed the tethering hypothesis that would explain how the vesicles are transported
through the secretory pathway and how adjacent membranes are linked together [42]. Taking
the cis-face of the Golgi as an example, another protein, p115, is recruited on to COPII
vesicles that arrive in the anterograde movement. pl15 then interacts with GM130 and
GRASP®65, making the connection between the vesicles and the cis-Golgi. Once tethered is
expected that the vesicle fuses with the target membrane, but other events along the way
can change that [43]. Figure 3 presents a scheme of tethering events. The tethering
hypothesis is rather simple and further studies are necessary to paint a complete picture of
the transport of vesicles. Nonetheless the main events and functions assigned to each

protein remain valid.
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Figure 3: Schematic representation of the interaction between Golgi proteins that have been
proposed to tether COPI-coated vesicles to the Golgi membrane. The protein Giantin, present on the
surface of the COPI vesicle, binds to GM130 via p115. GM130 is localized to the cis-Golgi via its
interaction with GRASP65, which is in turn attached to the membrane via an N-terminal anchor.
Adapted from reference [43].

1.2 Unconventional Protein Secretion

Most proteins produced by cells that need to be secreted or have their function in the

plasma membrane follow the classical route starting at the endoplasmic reticulum and
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passing through the Golgi, where they are addressed to the plasma membrane or the
extracellular medium as described above [44].

Some proteins, though, are capable of leaving the cell by other routes that are
collectively called Unconventional Protein Secretion (UPS) pathways. There are two
categories of cargos secreted in UPS: the first involves “leaderless” proteins that are active in
the extracellular medium despite the fact that they do not have a signal peptide. They may
have other signals to direct their secretion, but will not be addressed to the ER during their
synthesis in the ribosome [44]. The second involves proteins that do enter the ER but whose

secretion proceed without traversing the Golgi in a so-called Golgi-bypass [45].

The leaderless soluble proteins can be secreted via different mechanisms that have
been classified in three main types of UPS pathways: Type | involves the formation of pores
in the plasma membrane, through where cytoplasmic proteins reach the extracellular space.
This type of UPS can be either self-sustained or activated by inflammation, such as in the
case of IL-1( [44]. Type Il or ATP-binding cassette (ABC) transporter-based secretion is very
poorly understood so far, despite being described in the literature for the first time in 1989
[46]. It seems to be used to secrete lipidated proteins and peptides [45]. Because the
mechanism is very similar to Type | UPS (leaderless proteins passing through a channel in

the plasma membrane), they are often considered together in review articles [47].

UPS Types lll and IV have GRASPs as a player in common [48] and therefore will be
considered in more detail. A schematic summary of mechanisms of unconventional protein

secretion is presented in Figure 4.
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Figure 4: Protein trafficking pathways. The so-called conventional secretory pathway refers to the
transport of proteins (blue and yellow circles) through the ER and GC. A number of alternative routes
have been discovered and are collectively called Unconventional Protein Secretion (UPS) pathways.
Some leaderless cytosolic proteins (orange circles) can be secreted via a membrane pore (Type 1) or
the ABC transporter (Type Il). These are leaderless non-vesicular UPS. Others need autophagy-
associated vesicles, like CUPS (Type lll UPS). Transmembrane proteins (red circles) con also be
secreted unconventionally, using a route that requires the ER but the GC, and for this reason is called
Golgi-bypass (Type 1V). Adapted from reference [49].

1.2.1 Type Il UPS

This UPS route differs from the first two in the fact that leaderless proteins are
transported in what is believed to be membrane-bound compartments. These can be
multivesicular bodies or lysosomes, autophagosomes or autophagy derived structures, and

microvesicles derived from the plasma membrane [50].

GRASPs have been shown to participate in UPS Type Ill by Kinseth et al [21].
Silencing of GRASP in Dictyostelium discoideum led to the accumulation of acyl-coA binding
protein (ACBP) inside the cell and defects in sporulation under cell stress. The same was
also observed in Cryptoccoccus neoformans [51]. ACBP is secreted under stress conditions
such as starvation, and goes through proteolytic cleavage that generates a 34 amino acid

peptide required for rapid encapsulation of the prespore cells [52].

Besides GRASP participation, another common feature observed in those initial
studies was the triggering of UPS by stress. For example, once the cell enters starvation, a
series of events begins to ensure survival. A constant supply of energy is necessary in order

to keep key parameters for the cell survival, such as pH, osmotic pressure and ion
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concentration [45]. If the cell is faced with nutrient starvation and can no longer maintain the
energy levels, these parameters are affected. One of the first changes observed is a pH drop
(from 7.4 to about 5.7 in yeast) [53].

Studies with yeast under nutrient starvation led to the discovery of a Compartment for
Unconventional Protein Secretion (CUPS) [54]. Their formation requires autophagy genes
and MVB components [55], but they are not canonical autophagosomes or MVBs. In the
absence of glucose, ER, Golgi and endosomal membranes are remodeled to make up the
CUPS [56].

The marker of CUPS formation is Grhl (the yeast GRASP). Within 30 minutes of
starvation, Grhl leaves the Golgi and relocates to the cytoplasm where several foci CUPS
are found [54,56]. CUPs were characterized as a spheroidal organelle with ~200 nm in
diameter [57]. Initially CUPS are comprised of tubules and small vesicles. They mature into
ACBP-positive stable tubular structures engulfed by ESCRT-IlI-coated saccules [57]. The
exact mechanism by which ACBP reaches the extracellular medium is still unknown, but it
has been suggested that ACBP translocates into the ESCRT-IlI-coated saccules, which then
fuse with the plasma membrane [57]. Figure 5 represents the steps of unconventional

secretion of ACBP, starting from Grh1l membranes.

Participation of GRASPs in a different UPS Type lll mechanism was recently
discovered. GRASP55 was seen to be involved in the “unfolded protein response” that
controls Interleukin-1B aggregation and secretion [58]. Interleukin-1f uses an autophagy-
based secretion pathway to reach the extracellular medium. Autophagy is involved in
secretion during both normal and pathological situations. Its malfunction can, for example,
favor tumor growth, because cancer cells have an up-regulated autophagy system, which

leads to increased secretion of IL-13, a known cancer-promoting factor [59].
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Figure 5: A schematic representation of steps in CUPS maturation. Grhl containing membranes are
formed and consumed constitutively during growth (immature CUPS). When the cells are faced with
starvation, these immature CUPS become enclosed by a saccule (yellow membrane). These new
compartments are the “mature CUPS” and contain the Acb1 molecules for secretion. Adapted from
reference [57].

1.2.2 Type IV UPS

In Type IV UPS, proteins that do enter the ER are transported directly to the plasma
membrane without passing through the Golgi. That is why this secretion mechanism is also
called Golgi-bypass. Some transmembrane proteins, such as the integrin subunit aPS1, use
this route at specific stages of Drosophila development [60]. GRASPs have been suggested
to be involved in the process when it was seen that DGRASP is needed for aPS1 to leave
the ER in those same stages. Furthermore, DGRASP mRNA is enriched near the plasma

membrane domains where the aPS1-containing vesicles are tethering [60].

Akin to Type lll, a correlation between stress and UPS has been also established for
Type IV. The Golgi bypass of aPS1 was determined after the observation that the targeted
enrichment of GRASP mRNA is triggered by mechanical stress [61,62]. In mammalian cells,
GRASPs have been shown to mediate Type IV UPS of the mutated form of CFTR (cystic

fibrosis transmembrane conductance regulator), AF508 [63].

1.3 Liquid-liquid Phase Separation (LLPS) in the Golgi context

In 2019, Rebane et al. [64] showed that the Golgin GM130, one of the partners of
GRASP®65, is capable of separating into dynamic liquid droplets both when purified and
placed in buffers with composition close to physiological, and when overexpressed in HelLa
cells. They suggested that the protein can act then not only as a tether, but also participates
in the organization of the Golgi [64]. A few months later, the group generalized the finding for

the family of Golgins, demonstrating that the remaining cis e trans Golgins could also form
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condensates inside the cells when overexpressed [65]. The analysis of GM130 condensates
in the same report shows that the proteins assemble into flexible sheets 1-2 molecules thick.

These observations and the position of Golgins in the Golgi led James Rothman
(2013 Nobel Laureate in Medicine and Physiology) to challenge the current understanding of
the Golgi organization [66]. To him, while Golgins do have a tethering function, they perform
a far more essential role in the Golgi, that is, to help in the phase-separation of the organelle.
In his view, the Golgi complex would not be a flattened membrane sandwich but rather a
liquid-crystal formed by cytosol-derived proteins and Golgi-membranes [66]. The idea is open
for debate and further data regarding LLPS of Golgi-related proteins are needed to rest the

case.

Even though the phenomenon of phase separation is well known in the fields of
physics and chemistry since the decade of 1940 [67, 68], it was only in 2009 that the idea
has expanded to explain biological phenomena. At that time, it was observed that pellets of
RNA and proteins called P granules formed in worm embryos were liquid droplets [69]. In
2011 the same group showed that the nucleolus is also a phase separated within the nucleus
[70], andmany other reports of such behavior in vitro and in vivo followed [71,72,73].

Phase separation can be a way to explain phenomena that require concentrating
and/or excluding specific molecules within the crowded cellular environment. The
implications on cellular compartmentalization are enormous and it is not surprising that the
scientific community is on a quest to understand more of the so-called membrane-less

organelles and their triggering and controlling mechanisms of LLPS [74].

While there is still much to be discovered about LLPS in cell biology, many in vitro
and in vivo studies allowed for the observation that the phenomenon usually involves protein
with a high degree of flexibility, e. g., proteins containing intrinsically disordered regions
[75,76]. The lack of a well-defined 3D structure along with a high promiscuity seem to be

crucial for phase separation and membrane-less organelle formation [76,77].

The interplay between LLPS and amyloid formation has also been observed in cases
of proteins related to neurodegenerative diseases, such as TDP-43 [78]. Aberrant phase
separation has been suggested as a trigger for amyloid formation, which would then put

LLPS as an essential event in the causative process of many disorders, like Alzheimer’s [79].

The presence of IDRs in GRASP sequences, the amyloidogenic behavior seen for
some GRASPs, the involvement of Golgins, the hypothesis of the Golgi being a phase

separated organelle were ideas that led us throughout the development of our Ph. D. project,
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and whose results constitute the thesis here presented. We aimed to characterize Grhl
using biophysical and biochemical methods. The experiments resulted in interesting findings
that led us into an unexpected journey. Chapter 2 brings the paper published in 2018, in
Scientific Reports, with our initial findings of intrinsic disorder and fibrillation in vitro. Chapter
3 contains the second paper submitted for publication, in which we present the data
regarding the findings of fibrillation in vivo under stress conditions and discuss the
implications of that for UPS and HSR. Chapter 4 contains exploratory experiments regarding
phase separation of Grhl. Chapter 5 brings initial experiments with Bugl, the Golgin partner
of Grhl. Chapter 6 is the review about GRASPs published in the International Journal of
Biological Macromolecules, for which | shared first authorship with Dr Luis Felipe Santos
Mendes and Dr Thirupathi Reddy Soudherpally. Chapter 7 is a brief conclusion with future

perspectives.
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2 The yeast GRASP Grhl displays a high polypeptide backbone

mobility along with an amyloidogenic behavior

Abstract

GRASPs are proteins involved in cell processes that seem paradoxical: responsible for
shaping the Golgi cisternae and involved in unconventional secretion mechanisms that
bypass the Golgi. Despite its involvement in several relevant cell processes, there is still a
considerable lack of studies on full-length GRASPs. Our group has previously reported an
unexpected behavior of the full-length GRASP from the fungus C. neoformans: its
intrinsically-disordered characteristic. Here, we generalize this finding by showing that is also
observed in the GRASP from the yeast S. cerevisae (Grhl), which strongly suggests it may
be a general property within the GRASP family. Furthermore, Grhl is also able to form
amyloid fibrils either upon heating or when submitted to changes in the dielectric constant of
its surroundings, a condition that is experienced by the protein when in close contact with
membranes of cell compartments, such as the Golgi apparatus. Intrinsic disorder and
amyloid fibril formation can thus be two structural properties exploited by GRASP during its

functional cycle.

Based on the manuscript published in Scientific Reports, 2018

Fontana NA*, Fonseca-Maldonado R*, Mendes LFS, Meleiro LP, Costa-Filho AJ. The yeast
GRASP Grhl displays a high polypeptide backbone mobility along with an amyloidogenic
behavior. Sci Rep. 2018 Oct 24;8(1):15690

* These authors contributed equally to this work.

DOI: 10.1038/s41598-018-33955-1
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2.1 Introduction

The Golgi complex is composed of a series of cisternal membranes opposed to one
another to form stacks [80]. In mammalian cells, the stacks are linked at their edges by
tubules to form a ribbon-like structure [17,81]. An assay that blocks cisternal stacking in
postmitotic events was the basis for the discovery of the two proteins known as Golgi
Reassembly and Stacking Proteins (GRASP65 and GRASP55) [81,18]. Furthermore, other
functions of GRASPs have already been reported, such as chaperoning and transport of some
proteins, participation in cell apoptosis, Golgi reorientation during cell migration,

unconventional protein secretion, and, during mitosis, as a possible G2/M checkpoint [27].

GRASP structure is divided in two regions: an N-terminal half, called GRASP domain,
which contains two PDZ domains [21] and the second half (the C-terminal region), rich in
proline, serine, glutamine and asparagine residues, also known as SPR domain [29,28,24].
The formation of the Golgi ribbon-like structure requires membrane bridging by the dimeric
state of the GRASP domain [29,28]. In mammalian and Drosophila, GRASPs are tightly
associated with the Golgi membranes via an N-myristoylation of the residue Gly2[17,22] and,
in yeasts, via an acetylated amphipathic helix [23]. The association of GRASP65 also
depends on a Golgi receptor, identified as the coiled-coil protein called GM130 [17]. The dual
membrane association is important for the correct trans dimerization, a necessary step in the
stack formation [82,83].

Details of the involvement of GRASPs in membrane trafficking and other functions
in mammalian cells have been reported by researchers using model organisms, such as the
yeast Saccharomyces cerevisiae. Although Saccharomyces cerevisiae has the basic
organization of its Golgi cisternae, only 40% of the cisternae are in stacks and the stacks
are never found linked to each other [27]. This budding yeast contains a single GRASP65
homolog, known as Grhl, which localizes in compartments of the early secretory pathway
[84]. Grhl is analog to GRASP65 and forms a complex with a coiled-coil protein, Bugl,
that shares structural features with GM130. The Grhl1l-Bugl complex is involved in
membrane trafficking, contributes to the formation of the cis-Golgi [23] and, although
dispensable for conventional secretion, is essential for the unconventional secretion of
ACBPL1 [48]. Furthermore, Grhl interacts with the dimer formed by Sec. 23 and Sec. 24,
protein components of the COPIl coat, an event necessary for the fusion of vesicles

derived from ER with Golgi membranes [23].

Here, we present the first structural characterization of the yeast GRASP Grhl. We

investigated the biophysical and biochemical features of Grhl and the isolated GRASP
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domain (called here DGRASP) by circular dichroism (CD), fluorescence and optical
spectroscopies, differential scanning calorimetry (DSC), computational predictions and
established that Grhl is a molten globule-like protein, making it a member of the collapsed
intrinsically disordered protein (IDP) family. IDPs are proteins involved in a large set of
functions and characterized by regions of high polypeptide mobility, and without a well-
defined 3D structure [85, 86]. These proteins have been grouped into two broad structural
classes: (1) collapsed (molten globule-like) and (2) extended (coil-like and pre-molten
globule-like) [87]. The structural flexibility of IDPs allows a broad functional repertoire and a
number of interaction partners [88] to act and to influence protein function in different
processes, such as transcriptional regulation, translation, cellular signal transduction, and

storage of small molecules [89].

Alongside with its disorder, Grh1l also shows an unexpected feature. We report here our
findings on the amyloidogenic behavior of this GRASP. They are derived from CD,
fluorescence using a specific dye, and Congo Red absorbance experiments. The results
obtained from this wide range of techniques led us to the conclusion that Grhl can form
amyloid-like structures in conditions that could be reasonably found in the cell. Moreover, we
showed that the DGRASP, which is the most conserved region along GRASP family, is
sufficient for the fiber formation. Our results suggest that this could be a general feature of
GRASPs.

2.2 Materials and Methods
2.2.1 Bioinformatics Tools

The aggregation prediction was done in the AGGRESCAN server [90], using a 5-residue
window. The disorder prediction was done using the DiSsEMBL [91] and the PONDR-FIT [92]

servers.

2.2.2 Protein expression and purification

Genomic DNA of a strain of Saccharomyces cerevisiae was used as the template for PCR
amplification of the gene encoding Grhl (Gene ID: 852129) using primers GrhlF (5™
CCCGGATCCTTTAGAATAGCTAAAAACCTCGTACGG-3) and GrhlR (5-
GGGTTCGAATTAATCAGAGGATGACTGTTTTTGTGGT-3"). The PCR reaction was carried at
94 °C for 3 min, followed by 30 cycles of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min and
final incubation at 72 °C for 10 min. The PCR product was digested with BamHI and Hindll
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(recognition sites underlined in the oligonucleotide sequences) and cloned into the plasmid
pPETSUMO. The resulting construct () ETSUMO-Grh1) was transformed into DH5a Escherichia
coli, and the plasmid DNA was purified and sequenced. E. coli Rosetta (DE3) cells (Novagen,
Darmstadt, Germany) transformed with pETSUMO-Grh1 were grown at 37 °C and 200 rpm

agitation until reaching an OD 600 nm of 0.6 in 2 L shake flasks containing 1 L LB medium

supplemented with 40 pg.mL‘l kanamycin and 34 pg.mL‘1 chloramphenicol. The expression
was carried out for 21 h and induced with 0.5 mM IPTG at 18 °C and 200 rpm agitation. The

cells were harvested and transferred to 20 mL of lysis buffer (40 mmol.L~1 HEPES pH 8.0, 300

mmol. L=1 NaCl, and 10% Glycerol). After disruption by sonication, cell debris were removed
by centrifugation, and the supernatant was applied to a nickel affinity column (Promega —

Madison, USA). The column was washed with buffer containing 40 mmol.L.~1 HEPES pH 8.0,
300 mmol.L™1 NacCl, 10% Glycerol supplemented with 25 mmol. L~1 imidazole and was

eluted in the same buffer with 300 mmol.L~1 imidazole. The imidazole was removed by
extensive washing using centrifugation in a Vivaspin column (GE Healthcare,
Buckinghamshire, United Kingdom) and the sample was incubated for 3 h with recombinant
ULP-1 protease followed by incubation in a nickel affinity chromatographic column to remove
the SUMO protein and ULP-1 protease. The remaining contaminants were removed by size
exclusion chromatography onto a Superdex 200 10/300 GL gel filtration column (GE

Healthcare, Buckinghamshire, United Kingdom) in 40 mmol.L.1 HEPES pH 8.0, 300
mmol.L~1 NaCl, 10% Glycerol buffer. The purification of the GRASP domain (DGRASP)

followed the same protocol, using a different reverse primer, with a stop codon at the end of the
GRASP domain to exclude the SPR domain.

2.2.3 Circular Dichroism (CD)

Far-UV (190-260 nm) CD experiments were carried out in a Jasco J-815 CD Spectrometer
(JASCO Corporation, Japan) equipped with a Peltier temperature control and using a quartz
cell with a path length of 1 mm. Grh1 was in 10 mM sodium phosphate buffer, pH 8.0 and at
final concentration of 5 uM. All far-UV CD spectra were recorded with a scan speed of 50
nm/min and at time response of 1 s. Chemical stability experiments were performed in the
same buffer and increasing urea concentration (0—-8.0 M). To investigate the effects of
solvents Grhl was incubated in aqueous methanol (MeOH) and acetonitrile (ACN) over a
range of 0-50% solvent. The spectra were averaged, baseline-corrected and smoothed with
a Savitsky-Golay filter using CDTools software [93]. The processed spectra were
deconvoluted by using the software Continll [94] with database 7 [95] available in the

DichroWeb analysis server [96]. The normalized root-mean-square deviation (NRMSD)
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goodness-of-fit parameter was always less than 0.15, suggesting that the calculated spectra
are in agreement with the experimental data [97].

2.2.4 Steady-State Fluorescence Spectroscopy

Intrinsic and extrinsic fluorescence were monitored using a Hitachi F-7000 fluorimeter
equipped with a 150 W xenon arc lamp. The excitation and emission monochroma- tors were
set at 2.5 nm slit width in all experiments. The protein concentration was 5 uM for Grhl and 7
UM for DGRASP in 40 mM Hepes, 150 mM NacCl, 10% glycerol. For tryptophan fluorescence
experiments, the selective tryptophan excitation wavelength was set at 295 nm and the
emission spectrum was monitored from 300 up to 400 nm. The fluorescence of tryptophan
across chemical denaturation was measured in increasing concentrations of urea (0-7.5 M).
For the ThT experiments, 15 uM of the dye solution was used along with the protein, excited
at 440 nm. For the ANS experiments, a 250 UM solution was used, with excitation at 355 nm.
For the intrinsic fluorescence experiment the samples were excited at 357 nm, both at room
temperature and 50 °C. The emission was monitored at 470 nm, with a 3 minutes interval

between measurements.
2.2.5 Congo Red Assay

The absorbance spectrum of Congo Red (CR) was monitored in the presence and in the
absence of the protein, between 400 and 700 nm, with a Beckman DU 640 Uv-Vis

Spectrometer. CR was in a buffer solution as reported elsewhere [98].
2.2.6 Fluorescence Lifetime Imaging Microscopy (FLIM)

The FLIM experiments were performed in a PicoQuant MT 200 microscope. We set three
different conditions: control, heating for 30 and for 90 minutes. 15 pM samples in each
condition were analyzed with an excitation in 378 nm and the fluorescence lifetimes were
obtained at 440 nm.

2.3 Results and Discussion

2.3.1 Sequence and structure prediction

Grhl is composed of 372 amino acids and the analysis of the protein family database
using the Pfam program [99] predicted that the GRASP domain, including the two PDZ sub-

domains, comprises residues 1 to 280, and the SPR domain extends from residue 281 to
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372. In addition, the sequence-based prediction of disordered regions (Figure 6) showed that
the C-terminal domain and the central region of the PDZ subdomains (spanning 55% of the
protein sequence) have high probability of being intrinsically disordered, a tendency already
observed for the SPR and the PDZ subdomains within the GRASP family [34].
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Figure 6: Predictions of intrinsically disordered regions in the Grh1l sequence using VSL2B (Magenta),
VL3 (Red) VLXT, (Green) and Ronn (Blue). The black line indicates the threshold to be considered as
a disordered region.

2.3.2 Structural Behavior in Solution

Unlike GRASP55 and GRASP65 [29,28], full-length Grh1l was successfully expressed
as a soluble, monodisperse protein in E. coli (Figure 7). The theoretical molecular mass of the
recombinant Grhl is 41,119 Da, but SDS-PAGE analysis (Figure 7A) resulted in an apparent
molecular mass of ca. 45,000 Da. This suggests that the amount of hydrophobic aminoacids
that compose Grhl is smaller than expected for well-structured proteins, a phenomenon
similar to what was previously observed for other IDPs [100]. Size exclusion chromatography
of the soluble protein on Superdex-200 column, whose result is shown in Figure 7B,
indicates an apparent molecular mass of 45,200 Da. The differences between the expected
molecular mass of Grhl and the values determined from hydrodynamic methods is likely a
consequence of the not-fully globular conformation of Grhl in solution, which has been
observed for other proteins rich in disordered regions [101], including the GRASP homologue
in C. neoformans [34]. The chromatogram for the GRASP domain (DGRASP) is also
presented in Figure 7B. We can see that it is eluted slightly after the full-length Grh1, which is
expected since DGRASP lacks the SPR domain. Based on an elution curve calibrated with
molecular mass standards (Supplementary Figure 1), we conclude that Grhl and its GRASP
domain behave predominantly as a monomer in solution. This is different from the observed

dimers in mammalian and rat GRASPs, which may be due to the lack, in Grh1’s primary
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sequence, of the residues involved in dimerization [29] and trans-oligomerization [27] of
GRASPs in mammalian and rat.
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Figure 7: (A) SDS-PAGE monitoring the time course of Grhl recombinant expression. Insoluble and
soluble samples at specific times (0 h, 12 h 21 h) after IPTG induction. (B) Size exclusion
chromatography of Grhl and DGRASP. The first peak represents aggregates of at least 45 molecules
of Grhl and the second peak, the elution of the monomeric Grhl and DGRASP. The pattern for the
GRASP domain construct is the same observed for Grhl (data not shown here).

The CD spectrum of Grhl in aqueous solution (Figure 8) has a minimum around 204
nm and a poorly resolved and lower intensity peak at 222 nm, which are features typical of
CD spectra of proteins with a high content of unordered structures [88]. However, the negative
peak at 222 nm is an indication of some ordered elements. Although the intensity ratio of the

peaks at 222 nm ([-4,264 deg.cm2.dmol~1) and 200 nm (-6,904 deg.cm2.dmol™1) in the
CD spectrum of Grhl is similar to values observed for other proteins in the pre-molten-
globule-like state, according to the “double wavelength” plot, [6]222 vs. [6]%, Grhl does not fit
perfectly as a natively unfolded protein based on the estimation of its secondary structure
content (11.5% o-helix, 22.1% (-sheet, 17.4% turns, and 49.8% random coil). Comparing
these results with those from the GRASP domain only, we observe that here the spectrum
also presents a minimum around 200 nm and a low (even lower than for the whole protein)
intensity peak at 222 nm, which suggests decreased ordering of the protein structure (Figure
8). In fact, when we subtract the DGRASP spectrum from that of Grh1, we have a spectrum
that resembles that of a Poly(Pro)ll conformation [102], which is expected based on the high

content of prolines in the SPR domain.

43



) g

o
-
4

'
(&)
1

—— DGRASP
---- Grh1
e PR

0 (10°.deg.cm®.dmol™)

-10

¥ T v T ¥ T v T X T ¥
190 200 210 220 230 240 250
Wavelength (nm)

Figure 8: Far UV CD spectra of Grhl (solid line), DGRASP (dotted line) and the SPR domain (dash
line — Grhl subtracted of DGRASP).

2.3.3 Effects of Strong Denaturants

The urea-induced unfolding of Grhl and DGRASP were analyzed by CD and
fluorescence spectroscopies. The unfolding monitored by CD spectroscopy (Figure 9) is a low
cooperative transition as seen in the gradual change of the denatured fraction of the protein
(fd) calculated from the molar ellipticity at 222 nm. The sigmoid-like transition is not as abrupt
as expected for well-structured proteins of similar size [88]. The low steepness of the
transition curve is typical of native molten globules or native coiled proteins and is due to the
low percentage of secondary structure [88,34]. We also obtained a low cooperative unfolding
pattern for DGRASP, suggesting that the pattern observed for Grhl does not come only from

contributions of the SPR domain, but also from the GRASP domain (see below).
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Figure 9: The unfolding fraction (fd) of Grhl and DGRASP obtained from the CD intensity at 222 nm
upon increasing concentrations of the denaturant. The solid lines are fits of a Boltzmann model to the
experimental data.
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The urea-induced unfolding was also monitored by using the wavelength of maximum
fluorescence emission (Amax) Of the tryptophan residues. Tryptophan in the aqueous
environment has its maximum fluorescence emission around 350 nm, which is shifted to 320
nm when the aminoacid is placed in the hydrophobic core of proteins [103]. For Grhl in
solution, the Amaxis centered at 344 nm indicating the tryptophan residues are exposed to the
solvent. The fluorescence signal shows a red shift, in a cooperative transition, from 344 to 352
nm upon increasing urea concentrations (Figure 10A), indicating further exposure of the
tryptophan residues and complete loss of the protein structure. Furthermore, at low
concentrations of urea, the fluorescence anisotropy values remain unchanged up to a
concentration of 2.5 M, dropping then significantly from 0.14 to 0.05 when urea concentration
increases to 7 M, thus suggesting a relevant decrease of the structural ordering around the
tryptophan residues during urea denaturation (Figure 10B).
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Figure 10: (A) Changes in the emission maximum (Amax) and (B) in the steady state anisotropy of
Trp fluorescence as a function of the denaturant concentrations. The solid lines are fits using a
sigmoidal Boltzmann function.

Since the three tryptophans present in Grhl are found in the PDZ2, the same
fluorescence experiments performed with DGRASP give similar results. However, in this case,
the Amax is at 339 nm, a slightly lower value than for Grhl, indicating that the tryptophan
residues are less exposed to the solvent as compared to the whole protein. The presence of
the SPR domain in the full-length protein seems to induce higher exposure of the inner
regions of the PDZ2 domain, suggesting that they do not form two completely separated

unities and they may, somehow, interact with each other.
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Our observations of the urea-induced unfolding of Grhl and DGRASP show weak
cooperative transitions monitored by CD and somewhat more cooperative unfolding when
looking at Trp fluorescence. This apparently disagreement can be explained by the origin of
the chromophore under investigation in each method. Far-UV CD measures the optical
activity originated from the peptide bonds, whereas fluorescence detects the emission of light
generated by specific residues in the protein structure (in our case, Trp residues). We can
thus see that CD is reporting unfolding of the overall protein structure, while Trp fluorescence
is telling the same story from a more localized point of view. The differences in cooperativity
seen from those methods indicate the coexistence of disordered and ordered regions both in
Grhl and in DGRASP, which is in agreement with our CD deconvolution and disorder
prediction results (see above). The features observed so far, including low protein
compaction but still significant amount of ordered secondary structure and low cooperativity
during the unfolding transition, are characteristic of molten globule structures, a behavior
already observed for a Grh1l homologue [34]. Interestingly, the SPR domain does not seem to
be determinant for this, which is an issue still to be addressed in further details. Because the
GRASP domain is the most conserved region within the GRASP family [21], we can strongly
suggest that members of this family might all be molten globule-like proteins.

2.3.4 Effects of organic solvents

Based on the results shown in the previous sections, we conclude that Grhl
behaves as a molten globule like protein in solution and presents features attributable to
proteins containing multiple intrinsically disordered regions. It has been shown that GRASP
from C. neoformans (CnGRASP) experiences multiple disorder-to-order transitions upon
changes in the dielectric constant of the medium or dehydration [104]. GRASPs are
peripherally associated to membranes, so it is expected that disturbances in the
physicochemical parameters induced by biological membranes may have some influence
on their structure. A unique disturb induced by the biological membrane is the change in the
dielectric constant (¢) nearby its surface [105,106]. Typically, a dielectric gradient is
observed at the membrane/water interface, which can be modeled by an exponentially
increasing function from €= 2—4 at the first water layer up to 78 at approximately 5—6 nm from
the interface [106]. In order to check whether Grh1 is also affected by those alterations in the
medium, we performed CD experiments in the presence of organic solvents as mimetic

models for the gvariation.

Figure 11 shows that the shape and intensity of the CD spectrum of Grh1 considerably
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change in the presence of non-aqueous solvents manifested by the increase in the negative
ellipticity around 222 nm. As observed in Table 1, the content of helical structure increases
43% and reaches a maximum in 35% methanol solution. Grh1 behaves similarly to ChnGRASP
up to this methanol concentration [104]. For further increase in methanol, a distinct pattern is
observed: Grhl gains B—sheet secondary structure and loses disordered regions as methanol
increases (Figure 11A). The disordered regions decreased 41% in 45% methanol solution. A
similar behavior is observed with high concentrations of ACN that induces B-sheet (23%) and
helical (51%) conformations and reduces in 50% the disordered regions (Table 1 and Figure
11B). Hence, the decrease in € induces the collapsed intrinsically disordered Grhl to fold in a
multiphasic manner, just as described by Uversky [88] for a-synuclein.
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Figure 11: Far-UV CD spectra monitoring the effects of (A) methanol, and (B) ACN on Grh1 structure.
Molar ellipticities at 218 nm upon increasing concentrations of (C) ethanol and (D) methanol.

Table 1: Secondary Structure Content of Grhl as obtained from deconvolution of the respective CD
spectra. The deconvolutions were performed using the Dichroweb software, with the k2d algorithm
[107]. The data refer to CD spectra measured in increasing concentrations of (A) MeOH and (B) ACN.

0% 0.12 0.22 0.17 0.49 0.067 0% 0.12 0.22 0.17 0.49 0.067
10% 0.14 0.22 0.16 0.47 0.099 10% 0.16 0.26 0.18 0.40 0.134
20% 0.17 0.25 0.18 0.41 0.134 20% 0.20 0.24 0.20 0.37 0.073
30% 0.17 0.25 0.19 0.39 0.100 25% 0.22 0.26 0.23 0.30 0.086
35% 0.20 0.26 0.21 0.32 0.093 30% 0.24 0.26 0.23 0.27 0.077
40% 0.17 0.32 0.21 0.30 0.072 40% 0.23 0.28 0.24 0.25 0.074
45% 0.15 0.33 0.23 0.29 0.093 50% 0.23 0.29 0.24 0.24 0.077
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In all cases, the CD spectra at the end of the organic solvent variation show a
pronounced minimum in the vicinity of 218 nm, typical of folded proteins with B-enriched
structures. One can see the transition from a-helical (0% alcohol) to B-rich structures (50%
alcohol) in ethanol and methanol (Figure 11C and D) as monitored by changes in the ellipticity
at 218 nm. Uversky [88] described a similar observation when investigating the formation of
oligomers of a-synuclein. Considering the fibrillar behavior of a-synuclein depending on the
environment [88] and, being the formation of the B-rich Grhl irreversible, we hypothesized
that the gaining of p-sheet structure could, in fact, be also associated with the formation of
fibrils.

2.3.5 Effects of Temperature

Far-UV CD was also used to analyze the thermally induced unfolding of Grhl1. Figure
12 represents the far-UV CD spectra of Grhl measured at different temperatures and shows
that the Grh1 spectrum has its shape significantly changed as a function of the temperature.
However, the spectra at higher temperatures are not typical of unfolded structures as
observed in the thermal unfolding of globular proteins [108]. Instead of reaching a completely
unfolded state, Grhl irreversibly transitioned to a conformation still showing high contents of
secondary structure. As the temperature is increased, the minima at 222 nm and at 205 nm
become more and less intense, respectively, yielding a mid-point melting temperature (Tm) of
39.1°C (Figure 12B).
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Figure 12: (A) Far-UV CD spectra of Grhl upon heat-induced unfolding in aqueous solution from 20
to 80 °C. (B) Thermal unfolding monitored by the molar ellipticity values at 222 nm.

Interestingly, it has been previously observed a quite similar result for extended IDPs
[88,109], where it has been proposed that the hydrophobic interactions at higher
temperatures are the driving forces for the folding of the polypeptide chain. However, in the
previous cases there is a transition from a fully unfolded state to a still unfolded one but with a
small increase in helical content, whereas for Grh1 there is a “shape shift” from a folded
conformation to a final unknown conformation, which is still rich in ordered secondary
structure. Interestingly, the far-UV CD spectra progressively undergo a shift to spectra with a
minimum at 218 nm, and whose shape and intensity measured at temperatures above 45 °C
are close to those recorded in 40% methanol and 50% ACN solutions (Figure 11A and B),
showing a 3-sheet enriched conformation. Unlike other IDPs, in which temperature effects are
reversible [88], once Grhl reaches the 3-sheet rich conformation, the structure is no longer
changed upon cooling. The results in Figure 11 and Figure 12 suggest that the partial
structure disturbances induced by either moderately higher temperature or decrease of € are
sufficient to trigger a transition to an ordered still unknown state of Grhl. Those observations
upon changes in temperature and in the presence of organic solvents indicate that,
depending on the environment, Grhl assumes a transient conformation but above a

determined threshold, a (-sheet rich conformation is adopted and changes are no longer
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observed even at high temperatures (up to 80 °C).

2.3.6 Aggregation Prediction and Sequence Analysis

The appearance of considerable B-sheet contributions to the CD spectra of Grhl either
upon heating (Figure 11) or in the presence of organic solvents (Figure 12) prompted us to
investigate whether those -sheet conformations could be related to aggregation. Similar to
the prediction of intrinsic disorder, there are now a number of algorithms to predict the protein
regions prone to aggregation. One can have information on aggregation propensities by
looking at specific residues that are known to be more common in, for example, amyloid fibrils,
such as glutamine and asparagine. The server AGGRESCAN [90] evaluates the protein’s
primary sequence, classifying the residues in prone or not prone to aggregation. This
classification is based not only on the nature of the residue itself, but also on its surroundings
(in our case, we chose a five residue window, which means the residue will be evaluated
together with the two previous and the two subsequent residues). With that classification, a
Hot Spot (HS), the server creates a region where 5 or more residues are considered to be
prone to aggregation. The longest the region and the aggregating nature of the residues, the
higher the HS. The aggregation profile of Grh1 is shown in Figure 13, and we can see a number
of short along with three long HS. While the predictor is not exclusive for fibril formation, since
other aggregates can exist, it gives a good hint on whether or not a determined region is more

likely to form fibrils.
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Figure 13: Aggregation prediction for Grhl, done in the AGGRESCAN server, represented by “Hot
Spot” areas in blue. The red lines represent one of the disorder predictions shown in Figure 6.

The existence of potential aggregation spots brings the close link between

aggregation and intrinsic disorder into play [110]. Hence, to check for correlations between
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intrinsic disorder and aggregation in the case of Grhl we also show in Figure 13 one of the
disorder predictions presented in Figure 6. The black solid line represents the threshold for
intrinsic disorder. The flexibility gained with a less compact structure can be used to help
over- coming energy barriers needed for the formation of the aggregate. Several structural
arrangements of disorder and aggregate-like regions in proteins have been proposed [110]
and in one of them the amyloid core is flanked by intrinsically-disordered regions (IDRSs),
which could be the geometry adopted by Grhl as suggested by the intrinsic disorder and
aggregation propensities shown in Figure 13.

As for the final residues in the sequence, those in the SPR domain, it is reasonable
not to observe aggregation since prolines are considered to be chain breakers, thus leading
the score of a determined window in AGGRESCAN to 0. That means a domain such as the
SPR would not aggregate. We can also think of that in terms of the structure of the fibril: to

accommodate a proline into a B-sheet is very costly in terms of energy [111].

2.3.7 Ghrl forms B-sheet rich amyloid fibers
2.3.7.1 8-anilino-1-naphthalenesulfonic acid (ANS) assay

Our bioinformatics analysis strongly suggested that Grhl contains regions that are
prone to aggregation, which, in conjunction with our results on the intrinsically disordered
nature of part of Grhl structure, indicate that Grh1l would be able to form B-sheet rich amyloid
fibers. The formation of fibrils is a process that includes the formation of small oligomers that
associate due to a destabilization of the native structure, leading to the formation of a number
of partially folded intermediates, which possess increased aggregation propensity. This
process is often called “monomer activation” [112]. In their review on the modeling of amyloid
fibril formation, Gillam and MacPhee [113] cover the first moments of amyloid formation,
called the lag phase, the mechanisms underlying the growth phase, where the formation of
the proto-fibrils happens, until their assembly in amyloid fibrils, on the plateau phase. If we
look at the whole process during time, we will have a sigmoid-like behavior much like the one

we see in our CD experiments (Figure 11C and D).

To further investigate if Grhl is really forming fibers depending on the environment
conditions, we followed the well-established protocols based on the use of the fluorescence of
extrinsic dyes [111]. ANS is a fluorescent dye commonly used in protein folding studies114.
Although it is not specific for amyloid fibrils, the experiment we conducted followed previous
studies related to fibril formation. Bolognesi et al. [111] were able to trace all the phases of
fibril formation as a function of increasing concentrations of a fibril trigger. Even more
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interesting in that report, the authors were able to establish a good relation between ANS
fluorescence and the presence of proto-fibrils. Since ANS will bind to accessible hydrophobic
cores in the protein, when the monomers assemble into proto-fibrils, there will be new
hydrophobic sites created, thus increasing ANS fluorescence intensity. Keeping the stimulus
by increasing the trigger concentration, the system is forced into the plateau phase, where the
proto-fibrils assemble to form the proper amyloid fibrils. By doing so, the fibrils lose

hydrophobic sites previously present, and then the ANS fluorescence decay [111].

Figure 14 shows how the ANS fluorescence will increase with increasing
concentrations of ethanol (that we had seen on the CD experiments to lead to aggregation),
until it reaches a maximum in 45% ethanol, and then decreases in 50% ethanol, which is in
agreement with our CD data (Figure 11C). Although we cannot see the sigmoid-like time-
course formation of the fibrils, we have data that is consistent with previous findings regarding
ANS binding to proto-fibrils.
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Figure 14: Fluorescence spectra of ANS bound to Grhl with increasing concentrations of ethanol.
The arrows point to the spectra in 45% and in 50% ethanol, emphasizing the reduction in intensity
above 45% ethanol.

2.3.7.2 Thioflavine T (ThT) assay

The ANS assay described in the previous section indicates that Grhl undergoes a
structural transition from monomers to fibrils upon increasing ethanol concentration. To check
whether those fibrils present amyloid features, we performed an assay based on the use of the
fluorescence of Thioflavine T (ThT) in the presence of Grhl. ThT is a fluorescent dye used in the

detection and characterization of amyloid fibrils in situ [98].

It works as a fluorescent rotor that binds into B-sheet cavities [115]. When in solution
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the fluorescence is weak due to ThT freedom of rotation. When bound to fibrils, there is less
torsional relaxation, leading to an expressive increase in fluorescence [98]. Although ThT can
bind to amorphous aggregates and other structures with minor affinity, it is considered
specific for amyloid fibrils [98]. In Figure 15A, we see weak fluorescence when ThT is in
solution with Grhl in its native form. However, when ThT is in solution with Grhl previously
submitted to the conditions we have seen to induce aggregation (we tested for temperature,
methanol, ethanol and acetonitrile) there is at least a 10-fold increase in the fluorescence
intensity. We tested our construction without the SPR domain (Figure 15B) in the same

conditions and we observe the same increase in ThT fluorescence.
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Figure 15: Fluorescence spectra for ThT bound to (A) Grhl and (B) GRASP domain only, in different
conditions.

Although the comparison between the ThT data for Grhl and the GRASP domain
cannot provide any insight into the route of fibril formation, it is nevertheless another proof
that the SPR domain is not needed for the fibrillation to occur. Furthermore, we can see that
different conditions led to different intensities in ThT fluorescence. For both Grhl and
DGRASP, ACN showed to induce the largest change, while heating led to a large change in
DGRASP, but a not so pronounced one for Grh1l, in which the effects of ethanol and methanol

were markedly more pronounced. That could be the result of either the preparation of the
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samples not being exactly equal, or it could be related to the pathways and the configuration
that each condition induced.

2.3.7.3 Congo Red (CR) assay

CR is another widely used dye to probe amyloid structures [98]. The exact mechanism
of binding is still unknown, but there are some models for it, such as ionic interactions
between the sulfonate group of CR and basic residues in the aggregate [116]. It is possible to
use the birefringence of the amyloid fibrils with CR to prove their existence but, since several
participants are inherently birefringent (such as buffer salts), the technique is quite subjective
and requires a known amyloid structure as control [98]. For that reason, we chose another
approach based on a spectrophotometric assay. For this experiment we used pre-heated
Grhlto 50 °C to assure fibrillation. In Figure 16 we can see that the absorbance of CR between
400 and 700 nm increases linearly with the increase in pre-heated Grhl. We tested for the
native form of Grh1, but there is no change in CR absorbance, showing that the binding only
takes place with the protein in its fibrillar (pre-heated) form. Despite the fact that CR binding is
one of the most accepted evidences of amyloid formation, it is now known that amyloid fibrils
of different compositions may bind to CR through different mechanisms, which can change
CR response [98]. The most pronounced change in absorbance intensity around 540 nm (in
this experiment, the largest difference was in 533 nm) is believed to be characteristic of
amyloid fibrils.
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Figure 16: Absorbance spectrum for Congo Red free and bound to pre-heated Grh1.
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2.3.7.4 Kinetics of fibril formation

To check fibril formation as a function of time, we used the strategy presented by Chan
et al. [117], in which the authors use the so-called fibril intrinsic fluorescence in the visible
range. Chan et al. [117] discuss the properties that allow a protein in its fibrillar state to
fluoresce, while this is not seen with the protein in its native form. The authors suggest that it
is the delocalization of electrons via multiple bond conjugation, present in B-sheet rich
structures, that gives rise to the fluorescence emission in the visible range. This intrinsic
fluorescence in the visible range has been used to give insights on fibrillation modes [117,
118].

We then followed that strategy by monitoring the fluorescence intensity of Grhl, when
submitted to high temperature (50 °C), as a function of time and the result can be seen in
Figure 17. Although a lag phase does exist, it is probably too fast to be detected in this manner.
This suggests the most suitable fibrillation model in our case is the one described by Kumar et
al. [119], with the best fitting mode being asymptotic, which accounts for a nucleation
independent pathway, rather than sigmoidal. Based on the kinetics shown in Figure 17, we can

see that the fibrillation process takes ca. 25 minutes to reach the plateau phase.
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Figure 17: Normalized intrinsic fluorescence of Grhl heated to 50 °C, as a function of time. Excitation
wavelength: 357 nm Emission wavelength: 470 nm.

To actually see the fibril formation and respecting such constraint, we decided then to
use the Fluorescence Lifetime Imaging Microscopy (FLIM), relying once more on the intrinsic
fluorescent properties of the fibrils. While this technique does not tell us anything about the

size of fibrils, the lifetime measurements can be of help in the matter of deciding whether we
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have protofibrils or grown fibrils. We ran controls with Grhl in its native state, and no
fluorescence (as expected) was detected (data not shown). On the other hand, upon sample
heating for 30 and 90 minutes, we could clearly detect the intrinsic fluorescence of Grhl

(Figure 18).
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Figure 18: Results of the FLIM experiments. (A) Lifetime Microscopy Images of 15 pM samples and
(B) Fluorescence Lifetime Histograms for samples heated for 30 minutes, on the left, and 90 minutes,
on the right.

In Figure 18, we also present the histograms corresponding to the fluorescence lifetimes of
the populations giving rise to the images in the upper panels of the figure. The images in Figure
18A as well as the respective histograms in Figure 18 show that the heating of the sample for
30 minutes produced a more heterogeneous distribution of fluorescence lifetimes than for the
90 minutes of heating. The presence of different colors in the left panel of Figure 18A clearly
indicates the presence of a broader distribution of lifetimes, which is corroborated by the
corresponding histogram. After 90 minutes, the particles gave rise only to green spots in the
image. More quantitative information can be observed in Figure 18B: the lifetimes are longer
and broader for samples heated up to 30 minutes, while within 90 minutes there is a more
homogeneous distribution, and on average a shorter lifetime. These data are in agreement
with what is described by Chan et al. [117], whose work showed a lifetime of fluorescence of 2

to 4 nanoseconds for amyloid fibrils, which is the value found in our experiments.
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2.4 Conclusions

In this manuscript, we have described a biophysical characterization of Grhl and its
GRASP domain that revealed two significant aspects about Grh1, which are most likely linked:
the presence of multiple intrinsically disordered regions that confer to Grh1l a molten globule-
like feature and the capability of forming amyloid fibrils upon mild denaturing conditions, in an
SPR-independent fashion. Grhl structural dynamics in solution seems to be high but still
showing a minimum stable tertiary structure. However, when a destabilizer condition, such as
high temperature and/or the membrane surface, is introduced and the structure is slightly
disturbed, an irreversible transition associated with amyloid fibril formation is induced.
Interestingly, amyloid formation of b2m, a dialysis-related amyloidosis disease resulting from
deposition of amyloid aggregates in skeletal tissue, is strongly enhanced in conditions that
destabilize its globular structure [120]. Besides, the interaction between a-synuclein and lipids
has been also shown to modulate amyloid fibril formation, depending on the relative
proportion of the two species [121], suggesting that the membrane surface is capable of
triggering fibrillation. It has been suggested that partially folded a-synuclein structures
induced by increasing temperature is stabilized by self-assembly and that these oligomers
may evolve into the fibril nucleus, besides having all the properties expected for a molten
globules [27]. In general, misfolding intermediates play a key role in defining aberrant protein
aggregation and amyloid formation in several different human diseases [27]. We observed
that the GRASP domain is capable of forming fibbers in a SPR independent way, and since
this is the most well conserved region along GRASP family, it is reasonable to expect the

same amyloidogenic pattern for all members.

Amyloid fibrils are also found in a diversity of organisms, such as plants and bacteria
[110], and Saccharomyces cerevisiae is not an exception. There are reports of amyloid
proteins in yeast, such as the termination factor Nab3, that together with other two proteins

forms a complex that is the major termination tool for short, non-coding RNAs [122].

Once thought to be disease-related only, today the idea of functional amyloids is widely
accepted. Bacteria and even humans can use the properties of some fibrils to perform
functions in the organism [123]. Such is the case of Sup35p: yeasts carrying the aggregated
form of the protein have selective growth advantage [124]. In the case of Grhl, interestingly,
only under growth it localizes to ER exit sites and early Golgi membranes, and the yeast stops
growing above 37 °C [124], around the same temperature we determined that Grhl forms
fibrils. Upon stress conditions, like starvation and incubation at the non-permissive
temperature of 37°C, Grhl redistributes normally to a large compartment called compartment

for unconventional protein secretion [56,55]. Thus, a hypothesis for further investigation is
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whether the formation of fibrils by Grhl takes part in membrane fusion events to help
generating compartments involved in unconventional secretion [56]. Because we observed
that both temperature and the membrane surface could affect the fibril formation, it is
interesting to explore deeply the phenomenon when both perturbations are present together.

Experiments to address this are currently being performed.

Understanding the relationship between protein structure and function is one of the
fundamental questions in molecular biophysics. We proved that Grhl is a marginally stable
protein and undergoes folding reactions that involve different kinds of ordered forms
depending on the environment. The functional diversity reported for Grhl can then greatly
benefit from the possibility of becoming more ordered or folded into stable secondary or
tertiary structures and increase the specificity of binding. Furthermore, the irreversible
guaternary structure it adopts (the amyloid fibrils) in some conditions might be a strategy of

evolution to help survivability in undesired conditions.

58



3 Invivo amyloid-like fibrils produced under stress

Abstract

The participation of amyloids in neurodegenerative diseases and in functional processes has
triggered the quest for methods allowing their direct detection in vivo. Despite the plethora of
data, those methods are still lacking. We used the autofluorescence from the extended B-
sheets of amyloids to follow fibrillation of S. cerevisiae Golgi Reassembly and Stacking
Protein (Grhl). Grhl has been implicated in starvation-triggered unconventional protein
secretion (UPS) and here we suggest the idea of its participation also in heat shock response
(HSR). Fluorescence Lifetime Imaging (FLIM) was used to detect fibril autofluorescence in
cells (E. coli and yeast) under stress (starvation and higher temperature). The formation of
Grhl large complexes under stress was further supported by size exclusion chromatography
and ultracentrifugation. Our data show the first-time in vivo detection of amyloids without the
use of extrinsic probes as well as bring new perspectives on the participation of Grhl in UPS
and HSR.

Based on the manuscript available on BioRxiv, in 2021.

Fontana, NA, Rosse AD, Watts A, Coelho PSR, Costa-Filho AJ. In vivo amyloid-like fibrils

produced under stress. 2021. BioRxiv

DOI: 10.1101/2021.02.02.429251
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3.1 Introduction

Amyloid fibrils have been a subject of major interest over the years due to their pivotal
participation in several neurodegenerative diseases [125] and, more recently, in functional
processes [126]. Although the structural 3D arrangement of the fibrils and factors governing
their formation have been thoroughly investigated [127,128], detecting amyloid-like fibrils in
vivo is still not trivial. Aggregation has been monitored inside cells using GFP-labelled
proteins combined with fluorescence methods [129]. The visualization of fibrils has been
achieved using methods based on dyes that bind to amyloid plagues in excised brain tissue
[130], and in vivo diagnostics of neurodegenerative diseases have been reported using
Magnetic Resonance Imaging [131]. To directly observe fibrils inside cells, other biochemical

and biophysical approaches are still necessary.

Recently, Pinotsi et al showed that the formation of amyloid fibrils by tau protein and
lysozyme exhibited a characteristic fluorescence in the visible range[118]. The origin of such
autofluorescence was attributed to the absorption/emission of electrons delocalized after the
formation of hydrogen bonds in the typical B-sheet structure of amyloids, thus allowing low-
energy electronic transitions to occur [118,132]. The specific molecular origin of the
phenomenon is, however, still not completely understood [132]. Despite this uncertainty, the
observed autofluorescence has been firmly correlated with amyloid formation in several
cases, such as Amyloid-f [133] and a-synuclein [134]. Nonetheless, fibril formation
monitoring was either restricted to the in vitro assembly [133] or in vivo detection using FRET
between an extrinsic probe attached to the protein and the fibril [134].

The use of autofluorescence for direct detection of in vivo fibrillation without the use of
an extrinsic probe has not been satisfactorily explored. One of the reasons could be the
apparent lack of specificity in detecting the fibril signal due to the competing
autofluorescence from the cells. Here, we report results on the in vivo formation of amyloid-
like fibrils by one member of the Golgi Reassembly and Stacking Protein (GRASP) family

without the use of an extrinsic dye for protein tagging.

GRASPs were initially implicated as participants in the structural organization of the
Golgi apparatus[17], a central organelle in the conventional endoplasmic reticulum (ER)-to-
Golgi pathway of protein secretion [135]. However, proteins can reach the plasma membrane
and/or leave the cell via other mechanisms. Unconventional Protein Secretion (UPS)
comprises alternatives through which (1) leaderless proteins (lacking the signal sequence for
ER localization) are secreted and (2) proteins that use the conventional secretory pathway

take a different route, traversing from the ER straight to the plasma membrane [136,137].
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Different types of UPS routes have been reported, each dealing with different types of stress
[136,137]. Among the four types of UPS reported thus far, Types Il and IV share the
common participation of GRASPs [48,139]. In particular, Type Il UPS is characterized by the
formation of a new GRASP-rich organelle, named Compartment for Unconventional Protein
Secretion (CUPS) [140], which leads the secretory protein to the plasma membrane, where

vesicle fuses, releasing its cargo.

Our group has been exploring the biophysics of GRASPs in the last few years [14,
34,141,142-145]. In one of our last contributions [141], we described novel structural features
of Grhl, the GRASP from Saccharomyces cerevisiae. We have demonstrated that Grhl
contains regions of intrinsic disorder, which seems to be a common feature among GRASPs.
Furthermore, it was shown that Grhl formed amyloid-like fibrils in vitro, and the fibrillation
was independent of its C-terminal domain [141]. In vitro fibrillation has been also observed
for both human GRASPs and seems to be another general feature within the GRASP family
[142, 146]. A comprehensive review of the biophysics of GRASPs has been recently
published [14].

The capacity of Grhl to form amyloid fibrils is still of unclear biological significance.
The presence of functional amyloid aggregates in yeast has been reported previously [126].
We hypothesized that the amyloid-like form of Grh1 also occurs in vivo, and the ensemble
formed is closely related to the function of Grhl in UPS, particularly in Type Il during
starvation [147], as well as upon increase in temperature (i.e., in Heat Shock Response -
HSR) [148]. In the case of starvation, intracellular pH drops and becomes acidic [53], a
condition that has been seen to trigger fibrillation in vitro [personal communication]. As for
the temperature, we have recently reported fibrillation of Grhl at temperatures greater than
37°C in vitro [141]. In the case of yeast, the optimal temperature for its growth is 300C [148].
The cell can support mild temperature increases (for instance, from 37 to 410C). HSR is a
coordinated event that arrests cell growth through the aggregation of other proteins, thus
impairing their function. This aggregation leads to the formation of Stress Granules (SG),
which are disassembled by Hsps when thermal stress ceases, and the cell returns to normal
growth [148].

Here, we address one issue, namely Grhl fibrillation in vivo, whose contribution is
two-fold: on the one hand, the direct detection of amyloid fibril formation in vivo, and,
additionally, the demonstration of the formation of Grhl fibrils inside the cell raises new

insights towards better understanding basic aspects of UPS and HSR in yeast.
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3.2 Materials and Methods
3.2.1 Protein Expression and Purification

The protocol for Grhl expression in E. coli and purification is described elsewhere
[141]. For the experiments with E. coli in acidic pH, cells were grown and expression was
induced and carried out for 18 hours at 20 °C. Cells were pelleted by centrifugation at 8,000g
for 10 minutes, and transferred for LB medium added of 50 mM MES and 20 mM sodium

acetate, pH 4.6, and kept shaking at 20 °C for 1 hour.
3.2.2 Yeast Culture

The Saccharomyces cerevisiae strain Y470 was used in the FLIM experiments with
excitation at 375 nm. All the other experiments without tagging or knockout were performed
in the parental strain BY4741. The GFP-tagged and the knockout strains come from the
commercial Yeast GFP clone collection (ThermoFisher Scientific). All cultures were grown in
YPD medium (1% Yeast Extract, 2% Peptone, 2% Glucose).

For all experiments, a colony of the desired strain was placed in liquid YPD or SC-
ura, and allowed to grow overnight at 30° C. The following morning the colony was
transferred to 200 ml of YPD, and allowed to grow again, this time under slow agitation until
the culture reached an optical density at 600 nm of ca. 0.5.

For starvation, cultures were centrifuged and resuspended in 2% potassium acetate
solution (as described by Cruz-Garcia et al [147]). For HSR, cultures were placed under
agitation at 37 °C. Both experiments were run for 2 % hours, and the same time used for

recovery, where the cultures were put back at optimal growth conditions.
3.2.3 Immunoprecipitation

Immunoprecipitation was carried out using the GFP-tagged strain, with the GFP-Trap
Magnetic Agarose (Chromotek). Cells in the desired conditions were centrifuged at 12,0009
for 10 minutes and the supernatant collected. The beads were previously equilibrated with
dilution/washing buffer (10 mM Tris pH 7.5, 150 mM NacCl, 0.5 mM EDTA. pH adjusted to 8).
Beads were added to the supernatant and the solution was left rotating end-to-end for 1 hour
at 4 °C. Two washing steps were performed by separating the beads with a magnet until the
supernatant was clear, discarding the supernatant and ressuspending beads with washing
buffer.
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For transmission electron microscopy experiments, the proteins were eluted by
adding 50puL 0.2 M glycine pH 5.5. Although the protocol recommends pH 2.5, given the fact
that Grh1l fibrillates in pH below 5.5, we decided to use this value (5.5) to avoid undesired
fibrillation in the samples. The samples were incubated for 30 seconds under constant
agitation, the supernatant was placed in another eppendorf tube, and the solution neutralized
with 5 L 1M Tris base, pH 10.4. For confocal and FLIM experiments, since the presence of
the beads was not a problem, the elution step was not performed and the beads with trapped

GFP taken to the microscope.

3.2.4 Lifetime Imaging Microscopy

FLIM experiments were performed in an IX71 Inverted Microscope (Olympus) equipped
with a PicoQuant MT 200 confocal module. Excitation was set at 375 nm, and emission was
detected from 405 nm. Data collection and analysis were performed with the SymPhoTime 64
software (PicoQuant). A Region of Interest (ROI) was delimited for analysis, and the
nExponential Tailfit mode was selected. The number of exponential components was chosen
based on the best distribution of the residuals and the best x? value found. To obtain the lifetime's
histograms, the FLIM fit function was used based on the manual provided by PicoQuant

(available at: https://www.picoquant.com/images/uploads/page/files/17319/4 td flim.pdf). Decay

curves presented are the best fits for each of the results.

3.2.5 Multiphoton Microscopy

Images were acquired using a LSM 780 Multiphoton AxioObserver (Zeiss), equipped with
a titanium sapphire laser. Excitation was set at 880 nm, and emission recorded with a 515/30 nm
filter. The microscope was available at the Laborat6rio Multiusuario de Microscopia Multiféton
(Departamento de Biologia Celular e Molecular e Bioagentes Patogénicos, Faculdade de

Medicina de Ribeirdo Preto, Universidade de Sao Paulo).

3.2.6 Gel Filtration

Cultures in different conditions were centrifuged and pelleted in PBS, followed by
sonication during 7 minutes, in cycles of 30 sec on and 30 sec off. To separate solid
particulates, cultures were centrifuged at 20,000g for 20 minutes, and the collected
supernatant was concentrated using a Vivaspin column (GE Healthcare, Buckinghamshire,
United Kingdom). The concentrated supernatant was applied to a Superdex200 10/300 GL

gel filtration column (GE Healthcare, Buckinghamshire, United Kingdom).

3.2.7 Ultracentrifugation
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2 mL of cultured cells were harvested and resuspended in 300 uL lysis buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM PMSF, 5% glycerol). Disruption was carried
out by vortexing with acid-washed glass beads. 300 uL of RIPA buffer (50 mM Tris, pH 7.0,
150 mM NaCl, 1% Triton X-100, 0.1% SDS) were added to the solution, which was vortexed
again for 10 sec. Centrifugation at 1,500g for 5 minutes was used to pellet cell debris. 200 pL
of the soluble fraction was centrifuged in a TLA 100-2 rotor for 45 min at 100,000g and 4 °C

in an Optima TL Beckman ultracentrifuge.
3.2.8 Dot Blot

10 pL of resuspended precipitate (see Ultracentrifugation) was blotted in
nitrocellulose membrane, which was then blocked with Blocking buffer (TBST - 10 mM Tris,
150 mM NacCl, 0.1% Tween 20- plus 1% w/v BSA) for 24 hours. Incubation with rabbit-
polyclonal anti-GFP primary antibody in a 1:10,000 dilution (Invitrogen Cat. Number #A-
11122) in Blocking Buffer was carried out for one hour, followed by three washes with TBST.
Incubation with anti-Rabbit Secondary Antibody Solution Alk-Phos. Conjugated (Invitrogen™)
followed and preceded for one hour. Washing and detection were performed as
recommended for Novex® AP Chromogenic Substrate.

3.2.9 Transmission Electron Microscopy

The purified protein was analyzed at the Brazilian Nanotechnology National
Laboratory, in a JEOL 3010. The ultracentrifuged and immunoprecipitated samples were
analyzed in a FEI Tecnai 12 Transmission Electron Microscope, at the Sir William Dunn
School of Pathology of University of Oxford (UK). A 120 kV of acceleration voltage was
applied on the samples deposited in a 15 mA discharged copper grid and stained with 2%

uranyl acetate. The images were analyzed with ImageJ [149].

3.3 Results

3.3.1 Grh1l forms in vitro amyloid fibrils under different conditions
One of the main challenges in monitoring the fibrillation of a specific protein inside the
cell is to find a suitable experimental method to detect fibril formation under the conditions of

interest. Fluorescence Lifetime Imaging (FLIM) is based on the measurement of the time
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decay of the fluorescence signal after excitation at a determined wavelength and was the

method of choice to first detect the autofluorescence of fibrils.

The formation of amyloid fibrils in vitro has been demonstrated for Grhl [141]. In that
study, it was shown that Grhl fibrillates when submitted to either temperatures higher than
37 °C or to changes in the dielectric constant of the medium [141]. Those were two
parameters intended to mimic Grhl environment (or changes to it) in the cell, i.e., heat shock
response and the presence of the membrane field, respectively. Here we complement that
study by demonstrating that Grh1 also fibrillates when in acidic pH (< 5.5), a condition that
has been shown to happen during starvation. We followed a similar protocol previously used
[150] based on the autofluorescence of the fibrils detected using FLIM. The fluorescence
decay times were also measured and used to distinguish changes in the fibril formation. The
results are presented in Supplementary Figure 2 and it is clearly seen that Grh1 indeed form
fibrils in all tested conditions. Moreover, the structures formed upon heating or in acidic pH
have different fluorescence time decays (the decay is slower in acidic pH), thus suggesting

differences in the structure formed and/or in the microenvironment where the fibrils are

formed. Therefore, the pH-induced fibrillation in vitro reinforces our hypothesis of fibrillation in

starvation conditions in yeast.

3.3.2 Grh1lis capable of fibrillating in a cellular environment

After showing that Grhl can form amyloid fibrils in vitro under conditions that
correspond to stress scenarios in the cell, the natural step after that was to ask whether Grhl
could also form fibrils within the cell. Hence, following the same expression protocol
described elsewhere [141], we initially turned to heterologously expressed Grhl in E. coli so
as to place Grhl in a cellular environment. Here, the idea was to perform experiments as if

we had exchanged the in vitro buffer used before for the E. coli cytoplasm.

Figure 19 shows the FLIM results obtained from E. coli cells after excitation at 375 nm
at room temperature (Figure 19A), at 37°C (Figure 19B-C) and at pH 4.6 (Figure 19D). By
using 20 mM sodium acetate in de LB medium as described by Wilks and Slonczewski [150],
we were able to prevent the bacteria to regulate its internal pH, thus a decrease in LB pH will

be translated into a decrease in the pH of the cytoplasm.
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(A) (B)

(©) (D]

Figure 19: FLIM images of E. coli cells excited at 375 nm. The images show E. coli cells expressing: (A)
Grhl at room temperature. (B) ACBP in cells heated at 37°C after protein expression. (C) Grhl in cells
heated at 37°C after protein expression. (D) Grhl in cells in an acidic medium (pH 4.6). Scale bar: 10
pm.

The green background in all images is due to the medium autofluorescence. Rod-like
structures, resolved from the background autofluorescence and likely from Grhl, clearly
appeared in the cell culture containing Grhl heated at 37°C or in acidic pH (Figure 19C-D)
(coloured in green and blue in Figure 1, where colours refer to lifetime values). We discarded
random fibrillation due to protein overexpression by monitoring a negative control (Figure 19B),
where the same E. coli strain overexpressing the non-amyloidogenic protein acyl-CoA binding
protein (ACBP) did not show significant autofluorescence above the background signal.
Controls in acidic pH did not show any signal either. Therefore, in the conditions that trigger in
vitro fibrillation (increased temperature and acidic pH), Grh1l also fibrillates inside E.coli.

3.3.3 Fibrillation in yeast under stress

In cell Grh1 fibrillation was also investigated in its native environment in S. cerevisiae
again via FLIM experiments. It is suggested that fibrillation of Grh1l is related to stress, and
conditions previously described to trigger UPS Type Ill [140] and HSR in yeast cells [148]
were used. Figure 20 shows FLIM images obtained from a yeast strain called Y270, which
does not carry any mutations in grhl or related genes and is hereafter referred to as Wild-
type (WT) yeast. As expected, there is no autofluorescence in the control cells (Figure 20C).
Fluorescence is only observed when the cells are either heated at 37 °C (Figure 2A) or
submitted to starvation (Figure 20B), both being conditions known to trigger HSR and UPS
Type |1l [148, 140], respectively.
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Figure 20: Yeast cell images in the following conditions: (A) heated to 37°C, and (B) under starvation
for at least 30 minutes (left: bright field image; right: FLIM image). (C) FLIM image of the control
sample. (D) Time decays of fluorescence for purified Grhl heated at 37°C (black), purified Grh1 in pH
4 (red), E. coli at 37°C (light blue), E. coli in pH 4.6 (pink), WT yeast at 37°C (green) and starved WT
yeast (dark blue). Scale bar: 10 um.

Time decays of the fluorescence in yeast under either starvation or heated at 37°C
were measured, and compared with those from heated E. coli overexpressing Grhl and from
in vitro experiments. In Figure 20D, the differences between in cell time decays of
fluorescence are expected, since lifetime depends on the fluorophore environment [151].
Comparing the fluorescence decays of the different samples, temperature stress in both cell
types (E. coli and yeast) led to identical time decays (Figure 20D). This suggests differences
in the environment of the fibrils upon temperature increase or during starvation, which is in

agreement with the distinct responses of the cell to those stress conditions [140, 148].
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3.3.4 The lack of Grhl1 changes the autofluorescence signal

The results shown in Figure 19 and Figure 20 are indicative of in cell fibrillation of
Grhl, but it could be argued that the fluorescence exhibited was due to other fibrillation
processes taking place inside the cell. To better understand the origin of the observed
fibrillation process, similar experiments were carried out, but this time with a Grh1 knockout

yeast lineage.

As expected, under physiological conditions, no autofluorescence was observed. In
the sample heated to 37°C (Figure 21A), however, there was a change in the pattern of
fluorescence. Not only was the signal from Grh1l lost, but also some of the cells appeared as
black dots (see red circles in Figure 21A right). Although it was not possible to determine the
loss of signal quantitatively from this experiment only, the events occurring in the cell suggest

considerable changes took place in HSR when Grhl was not present.
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Figure 21: FLIM experiments with excitation at 375 nm of Grh1l knockout cells. (A) Heated to 37°C
and (B) under starvation for at least 30 minutes. Left: bright field image. Right: FLIM image. (C) Time
decays of fluorescence for WT (black) and Grh1 knockout (red). Scale bar: 10 um.
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In starvation, some autofluorescence in the Grhl-knockout cells (Figure 21B) was
observed. To investigate this somewhat unexpected result, we further examined the pattern,
in terms of lifetime values (colors in the right panels of Figure 20B and Figure 21B), of
fibrillation in both Grhl-containing and knocked-out yeast. In Figure 20B, a heterogeneous
signal, containing a broader range of lifetime values (color pattern in the figure) was
observed. On the other hand, in Figure 21B, the lifetime is very similar for all events. An
explanation for such difference would be that in Figure 20B, other entities, besides Grhl, are
also fibrillating in response to starvation. As Grhl was removed (knockout cells), the color
pattern seen in Figure 21B became more uniform because the contributions to fluorescence
arising from the fibrils of Grh1l were no longer present. The graph in Supplementary Figure 3
contains the distribution of events for both WT and knockout cells, and evidences the
difference between the two groups. The decay of fluorescence in both samples (Figure 21C)
was also different (4.8+0.1 and 0.78+0.027 for WT cells; 7.4+0.2 and 2+ 0.12 ns for
knockout), which confirms the contribution (or the absence of it) of Grhl to the detected
signal.

To further investigate fibrillation in starvation conditions we used a GFP-tagged strain
and immunoprecipitated Grh1-GFP in cultures either grown in optimal conditions (control) or
starved for 2 hours. The results for the control and test conditions can be seen in
Supplementary Figure 4. While there is no signal coming from the control sample
(Supplementary Figure 4A), in the immunoprecipitated sample from starved cells
(Supplementary Figure 4B) the signal that arises presents a decay that is very similar to that
seen from the whole cells in starved conditions (Supplementary Figure 4C). They both have
the same slow lifetime (4.8+0.1 ns for the former and 5.0+0.4 ns for the latter). The slightly
slower decay might be explained by the reorganization of the fibrils once released from the

interior of the matured CUPS.

3.3.5 Grh1l forms higher-order complexes in certain conditions

A different strategy to test the formation of large complexes is size exclusion
chromatography (SEC), in which large complexes (in our case, fibrils) are excluded from the
separation column. To trace the Grhl movement, we employed the GFP-tagged Grhl yeast
strain. Yeast cells were cultivated under the desired condition: control, under starvation, or
submitted to temperature increase. The whole extract obtained from disrupted yeast cells in
each condition was then applied in a SuperDex200 and the proteins tracked via their optical

absorbance at 280 and 395 nm for proteins and GFP, respectively. Figure 22A shows the
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results of SEC experiments using Grh1-GFP. For clarity, elution profiles were normalized and
only the signal at 395 nm is shown. In the control experiment (black line), the signal from
GFP appeared around 16 mL of elution. In starved cells (red line), the curve was shifted to
the left, indicating that GFP (and consequently Grh1) was then too large to enter the column,
being excluded at 9 mL. On the other hand, there were 2 populations in the non-permissive
temperature condition (37 °C, blue line): one that was excluded from the column, and
another that left the column at the same point as in the control condition. While SEC does not
give information about the type of structure formed, it does indicate that, under stress

conditions, Grhl undergoes changes that significantly affect its size.
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Figure 22: Results of the experiments monitoring the formation of higher-order complexes by using the
yeast strain producing a GFP-tagged Grhl. (A) Elution profiles (normalized) of the size exclusion
chromatography following the GFP signal (at 395 nm). (B) Dot blot of the pellet obtained from the
ultracentrifuged samples. The detection was based on the use of an anti-GFP antibody.

To explore whether the observed size change in Grhl is due to protein aggregation,
ultracentrifugation in SDS was used to differentiate amyloid fibrils from other possible
amorphous aggregates of Grhl [129]. We also used the Grh1-GFP strain and performed a
dot blot (Figure 22B) to detect the presence of Grhl in the non-solubilized pellet. Confirming
the SEC observations, Grh1-GFP fibrils were present under stress conditions, but not in the
control, indicating that Grhl formed SDS-insensitive large complexes when the yeast cells
were submitted to starvation or non-permissive temperature. We can therefore infer that the

size increase was not due to amorphous aggregation, but rather to amyloid formation.
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3.3.6 Fibrillation reversibility

After incubation in starvation conditions, yeasts are capable of returning to their
normal state when physiological conditions are restored [147]. In agreement with that, our
data show that there was no autofluorescence from the sample that was subjected to
starvation for 2 hours and then brought back to normal conditions (Supplementary Figure
5A), suggesting all the fibrillation events indicated by the autofluorescence in starvation
conditions were reversible. Therefore, the fibrillation of Grhl in this context seems to be
reversible. Moreover, HSR is capable of sustaining the stress for 2 hours and the cells are
able to go back to normal once optimal temperature is restored. Like starved cells,
fluorescence from cells subjected to heating at 37°C for 2 hours (heat shock) was no longer

seen when the cells were brought back to 30°C (Supplementary Figure 5B).

3.3.7 Visualizing Grhl fibrils

To visualize the assemblies formed by Grhl we used transmission electron
microscopy and analyzed samples of purified Grhl heated to 37°C for 30 minutes prior to
preparation of the grids (Figure 23A), pellets of samples subjected to ultracentrifugation
(Figure 23B) and Grh1-GFP precipitated using a GFP-Trap (Figures Figure 23C and Figure

23D). The results can be seen below.

The images of purified Grhl show a pattern of oligomerization not usually seen for
amyloid fibrils, with particles of size in between 15 and 20 nm that are 4 to 7.5 nm thick.
Despite their unusual appearance, the amyloid signature has been previously confirmed
[141]. There is a pattern of organization found on the grids (red circle of Figure 23A, zoomed
in on the right), where 4 particles assemble in a rectangular-like shape that was seen in

subsequent experiments.

In Figure 23B we have images from grids of pellets of ultracentrifuged content of
yeast cells subjected to starvation. We know that in this condition Grhl is found in the pellet
(Figure 22B), and in the control (yeast cells grown in optimal conditions) the type of
arrangement found in Figure 23 was not present. Figure 23B shows an arrangement of
structures where one can see the resemblance with figure Figure 23A. The figure to the right
on panel B represents the same condition but in a cleaner portion of a grid, where one can
identify more clearly the arrangement (see red circle). More importantly, the size and
thickness of each of the sides is compatible to what was found for purified Grhl (16 to 21 nm

for the former, and 4 to 7.5 nm for the latter).
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On panel C, there are images of Grhl1-GFP immunoprecipitated using a GFP-Trap,
from cells in starvation condition. For this experiment we found more fibril-like assemblies,
but it is still possible to distinguish small individual units that make up the whole structure.
Two of them are evidenced by red arrows (see regular “breaks” in the fibrillar structure). On
the bottom of the image there is another geometrical figure that resembles the previous
ones. It can be seen in more detail on the right of panel C (zoomed in image). Each side of

this rectangle, as well as the units identified in the figure on the left are 18-22 nm long.

The same can be observed on panel D, where we show an image of
immunoprecipitated Grh1-GFP from cells subjected to heat shock. The small units identified
on the previous image can be seen for this condition (see red arrows), and the organizational
pattern is also found and one (inside the red circle) is highlighted on the right. Measuring the
width and thickness of the particles, we have the same values found for the starvation

condition.

Even though we cannot be sure that the structures observed in the grids of the
ultracentrifugation experiments are Grhl, the sizes and pattern of organization strongly
suggest so. These data corroborate the previous findings of the formation of higher order
assemblies in stress conditions by Grh1, and might help explain its role in UPS and HSR.
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(A)

Figure 23: TEM images of: (A) purified Grhl heated at 37°C. (B) Grh1-GFP immunoprecipitated from
yeast cells in heat shock. Right panels are zoomed-in images of the red circle seen on the left panels.
Yellow double arrows indicate measured dimensions of particles. (C) Grh1-GFP immunoprecipitated from
yeast cells in starvation. Red arrows indicate units of fibrils. (D) Pellets of ultracentrifuged yeast cells in
starvation. Blue square highlights the structures found on the grids. Scale bar: (A), (B), (C) left
panels:100 nm. (A), (B), (C) right panels, (D): 20 nm.
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3.4 Discussions and Conclusions

Amyloid formation inside cells has been a subject of significant interest over the years. It
has gained even more attention lately since various aggregation-prone proteins, whose potential
formation of amyloid-like structures is not disease-related, have been described [’]. Nevertheless,
detecting amyloid-like fibrils in vivo remains a challenge. Several reports have successfully
probed aggregation within cells* by using chimeras of the target protein tagged with fluorescent
reporters. In the case of aggregation-prone proteins, the foci formed inside the cells can, in
principle, be visualized under the fluorescence microscope.” Despite the usefulness of this latter
approach, in the specific case of Grh1l, compartmentalization of the protein either in CUPS (in the
case of starvation) or likely in stress granules during HSR can lead to the formation of 1 to 3
punctate structures, therefore hampering the direct identification of potential fibrils.

Grh1 fibrillation has been demonstrated in vitro> and we further expanded the list of
triggering factors of that process to now include acidic environments (Figure S2). However, its
occurrence within the cell and its potential implications were still unclear. Fibrils and changes in
the cytoplasmic state are seemingly tools used by the cell to cope with different types of stress.?
®7 Qur initial hypothesis was then that fibrils of Grh1 could form in vivo and would be necessary
under specific conditions. The test of our idea was mainly based on the use of a label-free assay,
firstly described by Pinotsi et al. in 2013.2 Such a method for detecting amyloid fibrils relies on the
intrinsic fluorescence in the UV-visible region that arises when the protein changes conformation
and adopts the characteristic B-sheet rich structure of amyloids. Chan et al. ° further described
this fluorescence signature and how unlikely it would be for an experiment based solely on fibril
autofluorescence to be used in vivo due to the competing autofluorescence from the cells. It was
not a surprise, then, those publications using FLIM and intrinsic fluorescence that followed were
based on either FRET experiments or changes in a reporter's physicochemical parameter when
fibrillation happened.'® ™

Therefore, although in vivo FLIM of proteins without a reporter may not always be
possible, we could show this can be a valuable approach for yeast cells. We specifically tested
Grh1l in vivo fibrillation due to starvation (Type Il trigger — Figures 2B and 3B) or to temperature
increase (HSR trigger — Figure 2A), two stress scenarios where Grhl seems to play a central
role. During starvation, Grhl leaves the Golgi membrane and relocalizes to be part of CUPS.*
Upon heat shock, although there is hitherto no study describing the direct participation of Grhl,
its increased expression when the yeast is subjected to thermal stress has been reported.™ In
control conditions, the autofluorescence signal arising from the cells was negligible when excited
at 375 nm (Figure 2C).

Our data showed that the autofluorescence could be used to monitor the formation of the
fibrils themselves (presence or absence — Figures 1, 2, and 3) and differences in the environment

surrounding them induced by the distinct stress sources (Figure 2D). More specifically, the
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alterations in pH, temperature, and starvation yielded distinguishable lifetime decays, therefore
strongly suggesting that the fibrils are in different environments, which agrees with the idea of
distinct cell responses and the corresponding Grhl function in each case. It is interesting to note
that the temperature stress in both cell types (E. coli and yeast) led to identical time decays,
which indicates that the cell’'s HSR involves the formation of the fibrils in somewhat similar
environments.

To further infer the participation of Grhl fibrillation in each stress condition, we obtained
FLIM and time decay data from a Grhl-knockout yeast strain under heat shock and starvation
(Figure 3). The images from the heat-shocked knockout cells, unlike the images of the heat-
shocked Grhl-containing cells (Figure 2C), surprisingly showed the cells as black dots, which
indicates the lack of Grhl led the cells to a different type of response to HS. As previously said,
currently, no studies link Grhl to the HSR. Still, some of the data available and our results
reinforce the hypotheses of fibrillation of Grhl in the context of HS. Gasch et al.[*}], through
microarray DNA experiments, measured the changes in transcript levels over time in response to
several types of stress, including temperature. For Grhl, what they observed was an increase in
transcription when the cell was subjected to heat shock (37°C).*® Considering a stress situation
where the cell stops its non-essential activities to save as much energy as possible, an increase
in Grhl transcription suggests a protein function in that scenario. Besides that, when the Grhl-
GFP cell is subjected to a non-permissive temperature (37°C), the signal from GFP, which was
initially more dispersed, coalesced into foci inside the cell, thus becoming brighter spots than
before (Figure S6). As described by Alberti, Halfmann, and Lindquist,* proteins that fibrillate in
Vivo coalesce into microscopic assemblies, just like the ones we observed for Grhl.

On the other hand, the knockout cells showed a distinct response to starvation compared
to HS. In this case, FLIM signals could be detected (Figure 3B), thus suggesting fibrillation of
other proteins in the cell, described before for the protein Cdc19.*¥ Despite the existence of this
non-Grhl-related signal, we could find differences in the time decays (Figure 3C) and their
distributions (Figure S2) measured from WT and knockout cells. Furthermore, sedimentation
experiments and a modified version of the filter retardation assay (in the form of an SEC
experiment)* were used to corroborate our FLIM data by showing that Grh1 was present in the
fibrils formed within the yeast cells. To do so, we used a yeast strain expressing Grhl tagged
with GFP to allow for the immunoprecipitation of the Grh1-GFP chimera. The fibrils of Grh1-GFP
were then detected using FLIM (Figure S3B) and compared with the data obtained for the whole
yeast cell (Figure 2B). The pattern observed in those images and the similar lifetimes measured
in both experiments (Figure S3C) allowed us to infer that the in-cell fibrillation was indeed due to
Grhl.

To enhance our understanding of the fibril morphology, we used transmission electron

microscopy to visualize the structures formed by Grhl. The TEM images from purified Grhl,
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immunoprecipitated Grh1-GFP from cells in heat shock and starvation, and ultracentrifuged WT
cells in starvation (Figure 5) all showed similar patterns where one can see the coexistence of
fibril-like and square-like structures. The experiments here reported did not allow for atomic-
resolution structural determination of Grhl-containing assemblies. Nevertheless, it was possible
to distinguish short linear units in some images, whose dimensions are ca. 20 nm long and 6 nm
thick. They are apparently linked to form the fibril itself and other more complex arrangements.
Bruns et al. * showed that, upon starvation, Grh1 concentrates in large membraneous punctae in
the cell to form the so-called compartment for unconventional protein secretion (CUPS). Despite
the thorough description of the biogenesis of this new compartment, its detailed structure and
composition were still not clear. Curwin et al. *°, in an elegant combination of correlative light and
electron microscopy (CLEM) and fluorescence, advanced the knowledge on that issue by
reporting CUPS were arranged in a somewhat spherical structure of convoluted tubules and
vesicles, whose average diameter was ca. 200 nm. In the same paper, the authors proposed a
pathway for CUPS formation that would consist of the segregation of Grhl in tubular clusters,
followed by the engulfment of this immature CUPS by a sheet-like structure called saccule. The
exact origin of the saccule membrane was not determined, but Grh1-containing membranes were
suggested as one possibility. Our TEM data (Figure 5) offer another possibility: the Grh1 higher-
order structural arrangements. The GRASP’s ability to form fibrillar structures, Grh1 among them,
has been demonstrated.” In the Grh1l case, combining individual somewhat linear units seems to
give rise to distinct 3D structures, such as the fibrils and the square-like seen in Figures 5B-C.
Furthermore, in the right panel of Figure 5C, an even more complex arrangement involving an
apparent network of tubules, whose rough average diameter was around 150 nm, can be seen.
The dimensions of the chains formed by the units reported here are compatible with the images

l. ® as the saccule.

showing the different stages of CUPS maturation described by Curwin et a
We could speculate that the 3D-sheet of unknown origin engulfing the immature CUPS and even
the Grhl-containing vesicles described by Curwin et al. could be formed by Grhl higher-order
structures rather than their monomers. The reversibility of Grh1 fibril formation (Figure S4) is also
compatible with a mechanism that needs to be turned on and off depending on the conditions
triggering the cell stress.

Our data do not rule out the participation of secretory and endosomal membranes, but
Grh1 structural plasticity and its ability to form complex arrangements seem to be a new piece of
information that needs to be added as an alternative in the formation of compartments for UPS
as well as for heat shock response. Furthermore, the capacity of Golgi-related proteins to
undergo liquid-liquid phase separation (LLPS) has been recently demonstrated*®, which raises
another exciting possibility regarding whether GRASP could also undergo such transition, a
feature yet to be determined. LLPS as the source of membrane-less compartments has gained

particular interest over the last few years'” and it might well be another aspect to consider when
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tackling the problem of UPS and HSR.

In summary, here, we present solid evidence of in vivo formation of Grhl fibrils under
stress conditions. While the details on how exactly they function in both Type Il UPS and HSR
are yet to be fully revealed, our data reinforce the new concept of functional fibrils in yeasts as
active factors in response to certain types of stress. As any first-time idea appearing in the
literature, our findings seem to bring more questions than answers. Still, they undoubtedly offer
new perspectives to better understand amyloids in vivo and Grhl roles in UPS and HSR.
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4 Liquid-liquid phase separation of Grhl

We showed in the previous chapters that Grhl presents an IDP behavior and is also
able to form amyloid-like fibrils both in vitro and in vivo. Based on the usual involvement of
IDP and fibrils in liquid-liquid phase separation and also due to the observation that Golgins
do indeed phase separate [64,65], we were rationally led to ask the question whether Grhl
could also undergo phase separation. Therefore, in this chapter, we present the initial results
obtained when we tried to move one step forward in the issue regarding Grhl

supramolecular structures.

4.1 Materials and Methods
4.1.1 Turbidity measurements

For turbidity measurements, the absorbance at 600 nm of 30 uM of Grhl in the

appropriate buffer was measured in a Multiskan Go (Thermo Scientific) microplate reader.

4.1.2 Brightfield, fluorescence and DIC experiments

Microscopy experiments were performed in an 1X71 inverted microscope (Olympus).
The protein concentration was fixed at 30 puM. For fluorescence experiments the ThT
concentration was 15 mM and a U-MWB2 mirror unit, with excitation BP460/490 used. 10uL
of solution was placed onto a glass slide, covered with a coverslip and taken to the

microscope. Images were analyzed using the software ImageJ [149].

4.2 Results
4.2.1 Bioinformatics

Before planning experiments in the laboratory regarding phase separation of Grhil,
we decided to use bioinformatics tools to check whether or not our ideas were promising.
There are some servers currently available that take into account, among others, information
about intrinsic disorder propensity and the existence of low complexity domains within a
protein sequence to predict that protein is capable of phase separating. The result for one of

such predictors, PScore [153] (available at
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http://abragam.med.utoronto.ca/~JFKlab/Software/psp.htm), is represented in Figure 24.
PScore is based on the expected number of long-range, planar sp2 pi-pi contacts [153].
Planar pi-pi interactions are more prevalent in protein regions that lack secondary structure
and are more accessible to the solvent [153], being relevant for intrinsic disorder and,

therefore, another way to look for regions more prone to phase separation.
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Figure 24: Results of the predictor PScore using the Grhl sequence. The upper panel shows the
colored regions in which the score is higher than the PDB average in green, and the ones with a lower
score are colored in purple. The lower panel sows the actual scores represented in the upper panel.
Figure prepared by the author.

The protein overall PScore is 0.33, which puts it as a protein predicted to be able to
phase separate. As expected, the SPR domain that we know to be highly disordered is
predicted to phase separate in its entirety. But there are two other regions, one in PDZ1
(around residues 70-100) and one in PDZ2 (a smaller region comprising residues 185-200),
that could be involved in LLPS as well. Given our observations of disorder within the GRASP

domain [141] that is not a surprising finding.

Predictors such as PScore are considered first-generation prediction tools [***]. They
are based on specific protein features assumed as the driving force for LLPS. Recently,
another predictor became available for the community, called PSPredictor [**°] (available at
http://bio-comp.ucas.ac.cn/lipsdb). This is considered a second-generation predictor, given
the fact that it uses machine learning to improve its results. In the PSPredictor scale, Grhl

has a score of 0.8511, therefore being predicted to phase separate.
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4.2.2 Turbidity Assays

One of the standard methods for detecting phase separation, although not being very
specific, is the assessment of the medium turbidity [156]. When a protein undergoes phase
separation and assembles into droplets, it increases the turbidity of the solution. The tests
can be performed by eye just checking if, visually, the solution becomes turbid or by

measuring the absorbance of the solution at 600 nm.

LLPS is mediated by factors that affect multivalent interactions, such as pH,
temperature, protein and salt concentration [72]. As a first and explorative step, we sought to
examine the effect some of these factors would have on the turbidity of the solution in the

presence of Grhl. A graph with these results can be seen in Figure 25.
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Figure 25: Results of turbidity measurements of Grhl in different solutions. Turbidity was measured
as the optical absorption at 600 nm. Figure prepared by the author.

As one can see in Figure 25, it seems that a low pH and concentrations of
polyethylene glycol (PEG) above 5% would be good candidates for conditions triggering
LLPS of Grhl. Solutions containing 5% of PEG and high concentrations of salt (150 and 300
mM NacCl) had little effect separately, but were effective in boosting each other effects (see
150 mM NacCl, 5% PEG condition). PEG is used as a macromolecular crowding agent with
the aim to approximate the protein in solution to concentrations experienced in the native
environment. The phenomenon of molecular crowding affects the properties of molecules
because it reduces the volume of solvent available, thus making the effective concentration

of molecules higher in the solution [157].
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Since different concentrations of PEG had such different effects, we performed a

series of measurements with different concentrations of this molecular crowding agent. The

results can be seen below in Figure 26, which shows that PEG only begins to affect turbidity

of the solution at a concentration of 4%, and even so the change is very subtle. Larger

changes occur only with a concentration of 6% or higher.

0144
0124

010

o
?

Turbidity (Abs @600 nm)
j=] [}
2 B
1 1

002

000

Figure 26: Results of turbidity measurements for Grh1 in solution with various PEG concentrations.

Figure prepared by the author.

4.2.3 Microscopy studies

Based on the turbidity results, we decided to take some of the samples in conditions

seen to augment turbidity to the microscope and check whether we could detect the

characteristic droplet formation of LLPS. The results are represented in the images of Figure

27.
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NaCl 300 mM 10% PEG

pH 4 37°C

Figure 27: Micrographs of solutions of Grhl at 30 uM in different conditions. Images of conditions
NaCl 300 mM and 10% PEG were acquired in 100x magnification, brightfield. Images of conditions
pH4 and 37°C were acquired in 60x magnification, DIC. Scale bar: 20 um. Figure prepared by the
author.

As suggested by the turbidity measurements (Figure 25), the presence of a high
concentration of salt (300 mM NaCl) led to the formation of only a few droplets in the
solution. The presence of 10% PEG, however, triggered the formation of many of them.
Interestingly, low pH (pH 4) and high temperature (37°C) led to the formation of different
structures that we hypothesized to be the result of a liquid-to-solid transition. It is necessary
to study further these conditions to be able to say what is really happening in the process,
but one explanation could be that the amyloid formation triggered by the LLPS (both
temperature and low pH are conditions for Grh1 fibrillation; see Chapter 2) can be driving the
transition further into another phase. This type of liquid phase separation followed by a liquid-
solid transition has been reported before for the FUS protein, for which the liquid droplets

convert with time into an aggregated aberrant state, in a liquid-to-solid phase transition [158].

We also performed initial experiments mixing the different conditions, and obtained
intriguing results. As one can see in Figure 26, 2% PEG had no effect on the solution
turbidity. In fact, when this condition was investigated on the microscope, there were no

droplets formed at all. However, 2% PEG in the solution at pH 4 prevented the formation of
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the gel/solid-like structures shown in Figure 27. Instead, the field was filled with droplets,
suggesting the formation of a separated liquid phase (Figure 28).

One of the criteria, besides the spherical shape, normally used to confirm that LLPS
actually occurred is the observation that these droplets are permeable. Being a liquid
assembly, proteins and other molecules must be able to come in and out of the droplet in a
dynamic manner. We used this condition (pH 4, 2% PEG) that we found to trigger the
formation of such droplets to evaluate if a dye (ThT) was able to diffuse to the interior of

them. The results are presented in Figure 28.

Figure 28: LLPS studies of Grh1 in pH 4 and 2% PEG. A and B represent the same sample at time 0
(A) and after 20 min (B) 1: Brightfield images. 2: ThT fluorescence images. 3: Merge. Scale bar: 20
um. Figure prepared by the author.

In Figure 28, we show the data on monitoring the formation of droplets as function of
time by measuring two different moments (0 and 20 min) of the same field of view with the

same exposure. It is clear the increase in the fluorescence of ThT from the beginning of the
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experiment (Figure 28A-2) to 20 minutes later (Figure 28B-2). The positions of the
fluorescent spots coincide with the positions of the droplets visualized in panels 1 of Figure
28 (merged in panels 3), thus showing that ThT localizes within the droplets. At first the
signal from ThT is very weak, therefore the merged image (panel 3 on Figure 28A), has a

fainted green colour.

Another characteristic of liquid droplets is their ability to undergo fusion
(coalescence). We followed several droplets for many minutes and were able to capture in
good detail only one coalescence event. Figure 29 shows a series of frames when a small
droplet fuses with another. More attempts will be necessary in order to make any statistical
assumptions regarding fusion events. But these initial results along with what was shown in

the previous figures are very encouraging.

t=0s t=1s

t=3s t=4s t=5s

Figure 29: Time series showing the fusion event of Grhl droplets in pH 4 and 2% PEG. The top
droplet in each panel was used as a reference. Scale bar: 5 pum. Figure prepared by the author.

4.2.4 Conclusion

Phase separation became a popular theme in Biology very recently, and the
discovery of LLPS by Golgins [41,65] led to the hypothesis of the Golgi being a phase
separated organelle [66]. Given the close relationship between intrinsic disorder and phase
separation it was natural to associate GRASPs with this idea.

We were able to show here the characteristic formation of droplets in conditions that
were described before for proteins that undergo LLPS [78,159] (Figure 27). They have
around 3 pm in diameter, although more experiments are necessary to do actual statistical
measurements. They are permissive to the surrounding medium (Figure 28), and capable of
fusion (Figure 29), other criteria that must be met for LLPS [156].
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It is interesting to note that the low pH seen to induce LLPS also triggers Grhl
fibrillation (see Chapter 2). There are reports of phase separation inducing and/or
accelerating fibrillation of proteins, such as TDP-43 [160]. The increase in fluorescence
inside the droplets within time, seen in Figure 28, could be an indication of Grhl fibrillating
and then accumulating ThT (ThT is considered a marker for fibrillation, since it binds
somewhat specifically to the cavities of fibrils [115]). Although we cannot make assumptions
at this point, this result is another indication that we have a promising case of study in our
hands. Furthermore, when the yeast cell faces starvation there is a drop in pH [161], which

highlights the relevance of evaluating such condition.

It will be interesting, also, to see how other conditions are affected by the presence of
PEG and other components such as salt. The idea is to gradually increase the level of
complexity of the medium as we understand the factors separately. Due to time constraints,
the experiments discussed here are rather simple and exploratory. They are, nevertheless,

very promising.
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5 Grhl Golgin partner: Bugl

This chapter is dedicated to describe the initial experiments with Grh1l Golgin partner,
Bugl, performed in collaboration with the undergraduate student Ariane Duarte Rosse, and
therefore it presents a somewhat less traditional organization. We tried to describe all the
attempts made so as to have a logbook of them that will be of further use for those who

come afterward.

5.1 Materials and Methods
5.1.1 Bioinformatics Tools
5.1.1.1 Disorder prediction

Prediction of disordered regions was performed using the Database of Disordered
Protein Predictions (D2P2, http://d2p2.pro/) [162]. The predictors used were: Espritz-D [163],
Espritz-X [163], Espritz-N [163], IUPred-L [164], IUPred-S [164], PV2 [165], PrDOS [166],
VSL2b [167], VLXT [168].

5.1.1.2 Coiled-coil prediction

For the prediction of coiled-coil regions in Bugl sequence we used the Waggawagga
server (https://waggawagga.motorprotein.de/) [169]. The coiled-coil tools applied were

Marcoil, Multicoil, Multicoil2, Ncoils, Paircoil and Paircoil2. Window size was set at 21.

5.1.2 Protein expression and purification

The pet28 plasmid containing the gene encoding Bugl (~150 ng) was transformed
into 25 uL of BL21[DE3] Rosetta thermo-competent cells. The transformation process
consisted of 20 minutes of incubation of the cells with DNA on ice, followed by heat shock
(42 °C for 45 seconds) and other 2 minutes on ice. The cells were then incubated with 900
pL of LB medium for 50 minutes at 37 °C under agitation at 200 rpm. Incubation was followed

by centrifugation at 14 krpm for 30 seconds. The supernatant was removed and the cells
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were resuspended in the remaining liquid, that was spread on plates containing LB medium
with 1.5% wi/v agar, and 40 pg/mL of Kanamycin for selection of the plasmid, and 34 pg/mL
of Chloramphenicol for selection of the bacterial strain (these concentrations will also be
used for expression of the protein). The cells were left growing in the plates for 16 hours at
37 °C.

For expression, one colony of Rosetta containing the plasmid was incubated in 10 mL
of LB with added Kanamycin and Chloramphenicol at 37 °C and 200 rpm for 16 hours. After
this time, this pre-culture was added to 1 L of LB medium with antibiotics, and left for growing
for about 3 hours, until the optical density (O.D., absorbance at 600 nm) was 0.8 — 1. When
the O.D. was achieved, 0.5 mM of IPTG was added and the temperature in the shaker

lowered to 20 °C. Expression was carried out for 18 hours.

After expression the cells were collected by centrifugation at 8,000 g for 5 minutes.
The pellet was resuspended in working buffer (300mM NaCl. 40 mM HEPES, 10% Glycerol
and 0.5 mM B-mercaptoethanol) and the cells were lysed by sonication. The insoluble
material was resuspended in working buffer plus 2 M of urea and left in the freezer at -80 °C
for 30 minutes. It was then thawed and subjected to sonication and centrifugation again. This
time the soluble fraction was collected and loaded in 2 mL of equilibrated Ni-NTA superflow
column (QIAGEN). The loaded column was submitted to gentle agitation at 4° C for 20
minutes, eluted, washed 2 times with working buffer and once with working buffer plus 20
mM imidazole. The protein was eluted in working buffer plus 300 mM imidazole. To cleave
the His-Tag, purified Tev protease was added to the solution and the reaction occured for at
least 3 hours. The buffer was washed off imidazole by dialysis against working buffer, and
the solution was again loaded in nickel column, the protein being collected this time in the
flow through. This fraction was concentrated and the remaining contaminants were removed
by size exclusion chromatography on a Superdex 200 10/300 GL gel filtration column (GE
Healthcare Life Sciences). The protein was concentrated by centrifugation in a Sorvall RC 6
plus centrifuge (Thermo Scientific), using an Amicon Ultra Centrifugal Filter with a NMWL of
30 kDa (Merk Millipore).

5.1.3 Circular Dichroism

Far-UV (190-260 nm) CD experiments were carried out in a Jasco J-815 CD
Spectrometer (JASCO Corporation, Japan), using a quartz cell with a path length of 1 mm.
Bugl was in 10 mM sodium phosphate buffer, pH 8.0 and at final concentration of 5 uM. All
far-UV CD spectra were recorded with a scan speed of 50 nm/min and at time response of 1
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s. Chemical stability experiments were performed in the same buffer and increasing urea
concentration (0—8.0 M). The spectra were averaged, baseline-corrected and smoothed with
a Savitsky-Golay filter using CDTools software [93].

5.1.4 Steady-State Fluorescence

Intrinsic and extrinsic fluorescence were monitored using a Hitachi F-7000 fluorimeter
equipped with a 150 W xenon arc lamp. The excitation and emission monochromators were
set at 2.5 nm slit width in all experiments. The protein concentration was 5 uM for Bugl in 40
mM Hepes, 300 mM NaCl, 10% glycerol. For tryptophan fluorescence experiments, the
selective tryptophan excitation wavelength was set at 295 nm and the emission spectrum
was monitored from 300 to 400 nm. The fluorescence of tryptophan across chemical

denaturation was measured in increasing concentrations of urea (0—-8 M).

5.1.5 Differential Scanning Calorimetry

DSC experiments were done in a Nano-DSC Il from Calorimetry Sciences
Corporation, CSC (Lindon, Utah, USA). Protein solutions at concentrations of 100 uM were
kept under vacuum for 10 min before usage and scans were recorded from 15-95°C at an

average heating rate of 0.25 °C/minute and 3 atm pressure.

5.2 Results
5.2.1 Bioinformatics

Golgins are known for having regions of intrinsic disorder [170], so we decided to first
use online servers that evaluate protein primary sequences to generate predictions of
disorder for Bugl. The results can be seen Figure 30. The N-terminal of Bugl is predicted to
be entirely disordered (Figure 30A) by all servers, while the C-terminal bears some scarcely
distributed disordered regions. Taking together the data from those predictors and
considering disordered the regions for which at least 75% of them agree, we obtain the result
in Figure 30B. Only three small regions in the C-terminal are predicted to be disordered. That

agrees with what has been described for other proteins in the family: Golgins take advantage
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of rigid (i.e. fully structured) membrane-bound regions (the C-terminal) and also of flexible
segments (the coiled-coil N-terminal) to perform their tethering functions [170].
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Figure 30: (A) Prediction of intrinsic disorder for Bugl. The nine colored bars represent the location of
intrinsically disordered regions (IDPs) as predicted by the different servers. (B) The highlighted
portions of Bugl sequence represent regions where there is 75% agreement between all predictors.
All data is available at: http://d2p2.pro/. Figure prepared by the author.

Like disorder predictors, there are servers available online that predict the
organization of proteins into coiled-coil structures. Coiled-coils are defined as segments of a-
helices with many topologies that result from an arrangement of “knobs-into-holes” packing,
with seven amino acids forming the basis, where the first and fourth ones are hydrophobic
residues [171]. These motifs direct the folding of the helices that will generally be buried in
the structure to hide their hydrophobic side from the solvent [172]. Waggawagga is a
comparative tool available online that allows for the visualization of prediction of coiled-coil
regions by different servers [169]. We ran Bugl sequence through the website and obtained
similar results with all predictors. One of them is depicted in Figure 31 below. All servers
agree with a region of coiled-coil structure comprising residues 190-280. The coiled-coil
segment, then, would be neither in the region predicted to be highly disordered nor in the

rigid membrane-bound C-terminal either.
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Figure 31: Prediction of coiled-coil formation by Bugl sequence. On the right there is the score for
single a-helice domains (SAH), represented in the graph by the dotted blue line. Figure prepared by
the author.

5.2.2 Expression and purification
5.2.2.1 An unconventional protocol is able to purify Bugl

Our group has made several attempts to obtain purified Bugl. The presence of the
SUMO tag in the C-terminus of the protein proved to be inefficient, leading to a high degree
of proteolysis. We then decided to try working with the protein in pet28 with a TEV protease
cleavage site in its N-terminus. That led to another problem, commonly faced by people
trying to purify proteins and that often makes it impossible to obtain the target: the expression
of the protein in the insoluble fraction of inclusion bodies. The most common strategy
adopted in this situation consists in solubilising of such bodies, followed by refolding of the
solubilized protein [173]. The solubilisation is often done by chaotropic agents, such as urea,
in very high concentrations (>8 M) or using detergents such as sarkosyl. Although good in
getting the job done, these approaches often lead to aggregation of the protein during the
refolding step. Furthermore, they require extensive steps of purification and sometimes result

in a low yield of the recombinant protein [173].

By using a mild-denaturation protocol, a version of the one described by Singh et al
[173] with changes in incubation time (see Methods), we were able to obtain Bugl pure and

in high quantities (Figure 32).
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Figure 32: Results of: (A) Bugl purification seen in an SDS-PAGE: (1) Ladder, (2) Soluble fraction,
(3) Insoluble fraction, (4) Soluble fraction post-freezing, (5) Eluate, (6) Washing, (7) Fraction of 300
mM Imidazole and post-cleavage, (8) Size exclusion chromatography (fraction of 16 mL). (B) Size
exclusion chromatography of Bugl. The first peak represents the void of the column. Figure prepared
by the author.

5.2.3 Structural Behaviour in solution

The protocol described in the previous section allowed the production of Bugl
protein in adequate quantity and purity for the biophysical studies. We then used Circular
Dichroism (CD) to verify the integrity of the Bugl protein produced according to the protocol
described above and, consequently, the success of the refolding. The CD spectrum of Bugl
in aqueous solution has negative bands around 208 nm and 222 nm and a positive band
near 196 nm (Figure 33), which are typically seen in the CD spectrum of proteins with an a-
helical structure [174]. Furthermore, the ratio of molar ellipticity [©]222/ [©]20s = 1.18, suggests
the presence of a coiled-coil structure [174]. This is another confirmation of Bugl as a

member of the family of Golgins.
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Figure 33: Far-UV CD spectrum of Bugl. The [@]222/[O]z0s ratio of 1.18 confirms the coiled-coil nature
of the structure. Figure prepared by the author.

To further explore the biophysical characteristics of Bugl, we evaluated how the
secondary structure changes in denaturing conditions. To do that, we used increasing
concentrations of urea in the circular dichroism experiments. The changes in ellipticity at 222
nm were used to monitor the degree of denaturation of Bugl, as the denatured fraction (Fg,
calculated as (8 — Bom) / (Bsm — Bom)). The results are presented in Figure 34. The results
show that Bugl follows a very cooperative transition between folded and unfolded states,
with a mid-point at around 2 M of urea. This cooperative behavior is indicative of a well-
structured protein, opposite to what we thought initially based on the disorder prediction

(Figure 30).
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Figure 34: (A) Bugl far-UV CD spectra in different urea concentrations. (B) Denatured fraction (Fa) of
Bugl upon increasing urea concentrations. The ellipticity at 222 nm was used to estimate Fq. In B, the
line is a guide for the eyes only. Figure prepared by the author.
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We also used the intrinsic fluorescence of tryptophan present in Bugl to monitor its
chemical stability. When free in solution tryptophan fluorescence has a maximum around 350
nm. The residues buried in a hydrophobic core have a shift to a maximum wavelength of
emission around 320 nm. This blue-shift is due to the change in polarity of the medium [175].
It is noteworthy that while in the CD we were looking at the whole protein, in the intrinsic
fluorescence experiments we are looking at the areas close to the tryptophan residues. The

tryptophan is a local-probe, so it will give information about its vicinity.

Bugl has 3 tryptophan residues, which are located in the C-terminus of the protein.
Figure 35 shows that when Bugl is in its native state the tryptophans have an emission
maximum at 345 nm, suggesting that they are more exposed to the solvent. Following the
fluorescence during chemical denaturation showed that upon increasing urea concentration
the maximum was shifted to 356 nm and that the urea concentration of mid-transition in this

case was 3 M (Figure 35B).
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Figure 35: Chemical denaturation of Bugl monitored via steady-state fluorescence. (A) Tryptophan
fluorescence profile in different urea concentrations. (B) Wavelength of maximum emission of the
tryptophan versus urea concentration (M). In B, the line is a guide for the eyes only. Figure prepared
by the author.

If we compare the denaturation curves in Figure 34B and Figure 35B we can see that
the transition monitored by the local probes (tryptophans) presents a lower cooperativity
when compared with the one that represents the global denaturation of the protein (Figure
34B). However, the concentration needed to reach the mid-point of transition is higher when
we are looking only to the tryptophans (Figure 35B): 2 M for the former and 3 M for the latter.
That suggests the region where the tryptophans have higher stability (being necessary more
urea to perturb it), yet maintaining accessibility to the solvent (wavelength of maximum
emission without urea = 345 nm). Besides, the lower cooperativity indicates that this region
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loses structure when unfolding in a less orchestrated manner when in comparison with the

whole protein, suggesting more flexibility.

To further characterize the product of our expression/purification protocols, we then
moved to study the thermal stability of Bugl. In this case, we made use of Differential
Scanning Calorimetry (DSC) and the respective thermogram is shown in Figure 36. One can
readily see that the unfolding peak indicates a transition without any intermediate states

occurring around 55°C.
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Figure 36: Thermal unfolding of Bugl monitored by DSC and showing a Tm of 55 °C. Figure prepared
by the author.

5.3 Conclusion

The purification of Bugl was successful when using a mild denaturation protocol.
Several attempts had been made before using traditional refolding methods, but they were
ineffective in removing Bugl from inclusion bodies (experiments not shown in this thesis

because they were not performed by nor with the aid of the author).

The experiments shown here are only a small part of a biophysical characterization,
and much more is necessary to paint a more complete picture of the structure of Bugl. What
they can tell us is that Bugl follows the basic organization of Golgins, having part of its
structure folded as a coiled-coil (predicted by different servers and presented in Figure 31

and evidenced by the CD spectrum shown in Figure 33).
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Even though the protein is predicted to be highly disordered (see Figure 30), the
transition from folded to unfolded state is very cooperative (Figure 34), what suggests a high
degree of order in the structure. We will need more data to explain the apparent contradiction
of the C-terminal being more flexible and having a less cooperative transition in the unfolding
experiments than the protein as a whole (see Figure 34 and Figure 35). It is also important to
note that we plan to carry out experiments using more points in between concentrations from

0 to 4M of urea to be able to trace the transitions in more detail.

Having Bugl in our group opens new possibilities to study protein-protein and protein-
membrane interactions and can help broaden our knowledge on protein secretion.
Furthermore, in the light of the recent reports regarding Golgins and LLPS [64], the
biophysical characterization of Bugl is the first step for other exciting discoveries.
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6 The exquisite structural biophysics of the Golgi Reassembly and

Stacking Proteins

Abstract

Golgi Reassembly and Stacking Proteins (GRASPs) were firstly described as crucial
elements in determining the structure of the Golgi complex. However, data have been
accumulating over the years showing GRASPs can participate in various cell processes
beyond the Golgi maintenance, including cell adhesion and migration, autophagy and
unconventional secretion of proteins. A comprehensive understanding of the GRASP
functions requires deep mechanistic knowledge of its structure and dynamics, especially
because of the unique structural plasticity observed for many members of this family coupled
with their high promiscuity in mediating protein-protein interactions. Here, we critically review
data regarding the structural biophysics of GRASPs in the quest for understanding the
structural determinants of different functionalities. We dissect GRASP structure starting with
the full-length protein down to its separate domains (PDZ1, PDZ2 and SPR) and outline
some structural features common to all members of the GRASP family (such as the
presence of many intrinsically disordered regions). Although the impact of those exquisite
properties in vivo will still require further studies, it is possible, from our review, to pinpoint
factors that must be considered in future interpretation of data regarding GRASP functions,

thus bringing somewhat new perspectives to the field.

Based on the manuscript published in the International Journal of Biological

Macromolecules, in 2020.

Mendes LFS* Fontana NA*, Reddy ST*, Uversky VN, Costa-Filho AJ. The exquisite
structural biophysics of the Golgi Reassembly and Stacking Proteins. Int J Biol Macromol.
2020 Dec 1;164:3632-3644

* These authors contributed equally to this work.

DOI: 10.1016/j.ijbiomac.2020.08.203
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6.1 Introduction
6.1.1 The Golgi apparatus

The Golgi apparatus is a complex organelle with a “manufacturing” functionality (i.e.,
a center for modifying, sorting, and packing of proteins and lipids for secretion), besides
acting as the major delivery system in all eukaryotic cells. Especially because of its relatively
large size in Plantae and Metazoa, the Golgi apparatus was one of the first organelles to be
discovered, awork of Camillo Golgi. In the late 1960s, the pivotal role of the Golgi apparatus
in secretion was thoroughly established by George Palade and co-workers, who tracked
secretory proteins as they proceeded from the endoplasmic reticulum (ER) to the Golgi [176].
After that, with the development of GFP-tagging technology in the early 1990s [177], it
became evident that the Golgi apparatus is a highly dynamic organelle [178]. Furthermore, in
a recent commentary note, Nobel laureate James E. Rothman suggested the possibility that
the Golgins (large rod-like Golgi proteins that form a coiled-coil over most of its length),
although still functioning in a limiting way as tethers to capture cognate vesicles, would have
a far more fundamental role in the Golgi apparatus organization [66]. In his view, the Golgi
could exist not as a flattened membrane sandwich but as a liquid-crystal formed by the
phase separation of cytosol-derived proteins with Golgi membranes [66]. Recent data
showing that several Golgins undergo liquid-liquid phase separation [64,65] are a step
forward in understanding the role of phase separation in Golgi structure and also bring

attention to the exquisite properties of Golgi-related proteins.

Apart from newly suggested aspects, it has been established that the Golgi apparatus
is a central membrane-bound organelle located in the perinuclear region of the cell, where it
plays a crucial role in intracellular trafficking, sorting, and modification of proteins and lipids.
To properly execute their function, the flattened cisternae need to be correctly packed into
individual stacks, which are then laterally connected to form a compact ribbon structure in
Metazoans [179]. Recent efforts to unravel the mechanisms of Golgi structure formation have
targeted the Golgimatrix proteins, including the Golgi Reassembly and Stacking Proteins,
Golgins, Rabs, and other GTPases, as well as actin and microtubule cytoskeletons. Despite
having their individual specific functions, the Golgi structural proteins act together to hold the

proper structure of the organelle [180].
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6.1.2 Structure and function of the Golgi Reassembly and Stacking Proteins

Golgi Reassembly and Stacking Proteins (GRASPs) constitute a family of peripheral
membrane-associated proteins first identified as an essential factor in Golgi cisternae
reassembly after mitotic times [reviewed in references [181,182]. The genome of the
Metazoans encodes two GRASP proteins, called GRASP55 and GRASP65 [reviewed in
reference [27]. The discovery of GRASP65 came after the observation that the sulphydryl
modifying reagent N-ethylmaleimide (NEM) affected the rebuilding of stacked cisternae in a
cell-free system [17]. GRASP65 is one of the main targets of NEM and, together with its
Golgin partner GM130, was one of the first structural factors observed in Golgi reassembly
and stacking [17]. In the seminal work of Barr et al., it was shown that GRASP65was doubly
anchored to the cell membrane: first through a myristoylation of its glycine-2 and second via
the direct interaction with GM130 [17]. Later, again using a cell-free-based system, it was
shown that GRASP55 is also a component of the Golgi stackin gmachinery [[18], reviewed in
[183]]. Using biochemical assays, Short et al. found that GRASP55 had a specific Golgin
partner, called Golgin45 [184], and could be both myristoylated and palmitoylated in vivo
[185]. GRASP55 is preferentially located in the medial/trans-Golgi through the binding with
Golgin45 [184], even though its interaction with GM130 was also observed using a yeast two-
hybrid system [18].

Although GRASP55 and GRASP65 were originally assigned as main components of
the Golgi reassembly machinery, subsequent single and double knockout models of these
members of GRASP family led to controversial conclusions. Mammalian cell models silenced
for the genes coding the pair GRASP55/GRASP65 or GRASP55 and GRASP65 separately,
either by siRNA depletion [186], microinjection of antibodies against GRASP55/65 [18,15],
inactivation by Killer-red [187] or through CRISPR-Cas9 [188], showed Golgi ribbon unlinking
and/or Golgi stacking failure phenotypes. However, GRASP65 [LacZ] knocked-in mouse by
homologous recombination [189] and mouse knocked-out of GRASP55 [58] showed no
obvious developmental or growth defects, along with an insignificant Golgi disturbance.
Furthermore, Golgi organization was not affected in cells with double goraspl/gorasp2 gene
depletion when both Golgin45 and GM130 were overexpressed [180]. Therefore, mammalian
GRASPs did not seem to be essential for cell viability, and the loss of the individual GRASPs
did not show significant effects on the stacking of Golgi cisternae. Up to that point, the role of
GRASPs in cisternal stacking was still not clear. To finally rest the case on the participation
of GRASP in the Golgi structure, Grond et al., in a very recent publication, generated a
mouse in which both GRASPs were knocked out [19]. It is clear from the electron micrograph

images that the Golgi cisternae remained stacked, but were laterally disconnected from each
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other and showed a significant decrease in the cross-sectional diameters [19]. These data
finally lead to the conclusion that the “Golgi Reassembly and Stacking Proteins”, although
members of the Golgi matrix and with a role in its organization, are not involved in the

stacking of the Golgi cisternae.

Mammalian GRASPs do not show direct involvement in the classical secretory
pathway, even though they could act as chaperonins [190] and also play an indirect role in
the correct protein glycosylation within the Golgi [191]. On the other hand, an increasing
number of reports has implicated GRASPs as pivotal participants in unconventional protein
secretion (UPS) [reviewed in great detail in reference [44]].More specifically, GRASPs were
shown to be involved in UPS of type Il (for soluble proteins through autophagosome-like
vesicles) and type IV (membrane proteins bypassing the Golgi but still addressed to the early
steps of the conventional secretory pathway) [44]. The involvement of GRASP in type Il UPS
was firstly observed by Kinseth et al. [21]. In this seminal work, it was shown that, upon
silencing of the GRASP gene in D. discoideum, a deficiency in the secretion of acyl-CoA
binding protein (ACBP) was perceived under cellular stress, which resulted in sporulation
defects and ACBP accumulation inside the cell [21]. GRASP participation in type Il UPS was
later observed also in Cryptococcus neoformans [51] and in S. cerevisiae. Cabral et al.
described the presence of a vesicular intermediate important for ACBP secretion [192] and
Bruns et al. showed that type Il UPS in yeast uses a new cellular compartment, which was
called CUPS (Compartment for Unconventional Protein Secretion) [54]. Recently, new
discoveries have been made on the components of CUPS [57], and, although much remains
unknown, it is now established that CUPS somehow contains GRASP, which leaves the
Golgi and relocates to the cytoplasm, when cells are subjected to starvation [21]. However,
even within the type Ill UPS, GRASP was shown to play somewhat “different” roles
depending on the molecule to be secreted. For example, unlike the ACBP case, recent
studies revealed that GRASP55 and the “unfolded protein response” control Interleukin-13

aggregation and its unconventional secretion [58].

The involvement of GRASPSs in type IV UPS has been shown in two illustrative cases:
secretion of the Cystic fibrosis transmembrane conductance regulator (CFTR) and a-
integrins. The CFTR is a transmembrane protein belonging to the ‘C’ branch of the ABC
transporter superfamily, but unlike other members of this family, it works as an anion channel
that permits the diffusion of anions such as Cl- and HCO3 - [reviewed in reference [193]]. A
common deletion of the phenylalanine 508 (AF508 CFTR) leads to defects in both its ER exit
and its cell surface expression, promoting the so-called cystic fibrosis [194]. Gee et al.
showed that, upon ER stress, the AF508 CFTR can exit the ER in a GRASP55-dependent
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type IV UPS pathway, rescuing the healthy phenotype [195]. Another example is the
secretion of a-integrins (aPS1 and aPS2) in Drosophila. aPS1 is normally addressed to the
plasma membrane via classical secretion. However, during some stages of Drosophila
development, aPS1 can bypass the Golgi and be secreted via the GRASP-dependent type
IV UPS pathway [196]. A similar situation was also observed for aPS2 [30]. Interestingly, in
all those cases, the activation of the GRASP-dependent type IV UPS passed through the

reallocation of GRASP to the ER exit-sites [reviewed in references [44,197]].

How exactly GRASPs act in UPS is still unclear. Although in some cases there is a
direct interaction with the cargo protein, in others, no evidence of such interactions was
observed [197,44]. UPS pathways are triggered by various cellular stresses, with nutrient
starvation being one of the most common [44]. GRASP55 was discovered to be de-
OGIcNAcylated upon energy deprivation and to regulate autophagosome maturation [198].
GRASP55 can also be phosphorylated by PKCa in response to an increase in the
intracellular Ca+2 concentration, modulating Golgi structure and function [199]. These
observations suggest that GRASPs could act as a nutrient sensor for stress detection, but
this is something that needs to be demonstrated.

In the context of their involvement in many different cell functionalities, GRASPs were
shown to be very promiscuous in mediating protein-protein interactions, a property that will
be discussed in more detail below. Figure 37 illustrates the remarkable binding promiscuity of
human GRASPs by presenting their corresponding protein-protein interaction (PPI) networks
generated by Search Tool for the Retrieval of Interacting Genes (STRING, http://string-
db.org/, accessed in 2020) [200] using the medium confidence level of 0.4. In the GRASP65-
centered network (Figure 37A), there are 200 nodes (proteins) involved in 5636 interactions.
Since the expected number of interactions among proteins in a similarly sized set of proteins
randomly selected from human proteome is equal to 581, this PPI network has significantly
more interactions than expected. Results of the analogous analysis of the GRASP55
interactivity are shown in Figure 37B. This network includes 96 proteins linked by 807 edges.
Therefore, both human GRASPs can be considered as important hub proteins involved in
numerous interactions. The vast number of functionalities associated with GRASPs and also
their role as hubs in the cell interactome lead to a common and reasonable question: how
can apparently “not-so-complex” proteins be so promiscuous when it comes to the number of
interactions and cell functionalities? In this review, the exquisite molecular biophysics of
GRASPs is discussed, in particular, how the promiscuity in cell functionalities correlates with

their structural plasticity.
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Figure 37: Analysis of the interactome of human GRASP65 (A) and GRASP55 (B) conducted by
Search Tool for the Retrieval of Interacting Genes (STRING, http://string-db.org/, accessed in 2020)
that generates a network of predicted associations based on predicted and experimentally-validated
information on the interaction partners of a protein of interest [200]. In the corresponding network, the
nodes correspond to proteins, whereas the edges show predicted or known functional associations.
Seven types of evidence are used to build the corresponding network, where they are indicated by the
differently coloured lines: a green line represents neighbourhood evidence; a red line - the presence of
fusion evidence; a purple line - experimental evidence; a blue line — co-occurrence evidence; a light
blue line - database evidence; a yellow line — text mining evidence; and a black line — co-expression
evidence [193].

6.2 Full-length GRASPs

GRASP65 was the first GRASP to be identified through unstacking processes using
mitotic cytosol that generated short cisternae and vesicles. It was then isolated in SDS-
PAGE and subjected to microsequence analysis [17]. Comparing the sequence of that newly
identified protein using BLAST analysis, two positive matches were found: 30% identity with
a S. cerevisiae sequence and 40% with a S. pombe one. Human and rat partial matches
were also found. Even though none of those sequences had any function assigned to them,

this was the first hint that GRASPs were conserved proteins.

GRASPs are cytosol-oriented proteins and, having no transmembrane domain, are
targeted to the Golgi via N-myristoylation of its glycine at position 2 [17,201] in most cases.
GRASP structure is constituted by two domains: a well-conserved one, termed GRASP
domain, and a non-conserved less-studied domain called SPR (i.e. Serine and Proline Rich).
The GRASP domain is the N-terminal part of the protein, comprising residues 1-201 in
GRASP®65, being necessary and sufficient for dimerization [24]. Wang et al. were able to
show that they are arranged as a trans-oligomer [60]. Although most of the data reported

thus far has been related to the GRASP domain, it has been shown that phosphorylation
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sites, probably important for trans-oligomerization, are contained in the C-terminal SPR
domain [reviewed in reference [5]]. Since GRASP domains alone form more stable dimers
than the full-length proteins, phosphorylation of the SPR was suggested as a means of
enabling unstacking during mitosis [30]. Upon phosphorylation, oligomers breakdown at the
onset of mitosis, and the Golgi cisternae can disassemble and be distributed to the daughter
cells,where they will form a new Golgi apparatus upon dephosphorylation of GRASPs [202].
This effect of GRASP phosphorylation in unstacking during mitosis needs to be reconciled

with the new findings from reference [19].

In recent years, an increased amount of structural information about GRASPs has
emerged, thus complementing the cell-based assays that led to their discovery and first
characterization. To date there is no full-length GRASP with known 3D structure, but there
are crystallographic structures for GRASP domains of some organisms, which will be
discussed in the following session. The inability to crystalize a full-length GRASP is likely due
to the disorder and flexibility of its SPR domain[34]. A scheme with the main characteristics
of GRASPs and their suggested positioning in the Golgi is presented in Figure 38.

Monomers and/or
low-order oligomers
disturb

X8 4

Sfl (pH, Temperature,

Environmental

Membrane surface)
& Time

GRASP Fibers

Figure 38: A schematic representation of GRASP location between the Golgi cisternae and their
structural transition into amyloid structures. Left side of the figure represents the Golgi apparatus and
a portion of the stacked system zoomed in. The PDZ subdomains are represented as globular
structures coloured in different pattern to emphasize the trans character of the dimer. The disordered
SPR domain is shown in red. The arrows indicate a didactic representation of the post-translational
modification at residue 2 that allows GRASPSs to interact with the membrane. After been released from
the Golgi and dispersed in solution, GRASPs tend to fibrillate under perturbations in pH, temperature
and dielectric constant. Even in a very diluted situation in vitro, it was shown that after some days
there is also a tendency for fibrillation in human GRASP55. Possibly structural changes occurring over
time tend to decrease the energy barrier necessary for initial nucleation. In our model, the SPR
domain is flanking the fibrils since fibrillation was shown to be SPR-independent. The figure was built
using BioRender and Adobe Fireworks CS6.

The first structural characterization of a full-length GRASP orthologue in solution,
GRASP from Cryptococcus neoformans (CnGRASP), was published in 2016 [34]. Data from

a combination of several biophysical tools indicated that CnGRASP is less compact than a
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regular globular protein and due to high structural flexibility shows increased solvent
accessibility of its hydrophobic core. These findings placed ChnGRASP within a novel
category of functional proteins[85] uncovered by a recent revolution in structural biology
based on the discovery of what was named intrinsically disordered proteins (IDP) [reviewed
in references203,204]. IDPs have been reported in all proteomes [reviewed in
references85,205] and their impacts on many cellular processes are well-documented
[reviewed in references91,206 208,209]. It was clear that ChGRASP structural properties
closely resembled those of a class of collapsed IDPs, called molten globule-like proteins [34].
These are not extended-disordered structures, like those observed for a-synuclein, casein,
and many others [210,211], but rather a compact protein structure with high levels of
secondary structure elements and low number of tertiary contacts, which defines the overall
structural flexibility in a particular timescale of us-ms (which is why they are called “molten”
[210]). The presence of intrinsically disordered regions in GRASPs have been later observed
for other GRASP orthologues, thereby suggesting it as a general feature of the family
[141,145]. GRASP65, as an example, was named for its apparent molecular mass on an
SDS-PAGE but, in fact, its theoretical mass is only 46.5 kDa. This anomalous SDS mobility
comes mainly from the fact that the SPR domain is predicted as fully disordered (a theme
that will be discussed latter in the text) and IDPs are formed by a significant lower content of
hydrophobic amino acids, which perturbs SDS binding, leading to a “gel shift” towards an
apparent larger molecular mass [212,213]. This aberrant gel mobility is not observed for the
isolated GRASP domain [143].

If GRASPs have this unusual structural plasticity, a natural issue that arises is: how
could the cellular environment affect GRASP behaviour? GRASPs are membrane anchored
proteins, mainly located in the Golgi, and that eventually relocate to participate in other
processes, especially in UPS [21]. It was observed that GRASPs were particularly sensitive
to changes in the dielectric constant of their microenvironment, especially for values going
from 20 up to 55, close to those observed at the membrane surface [104]. The membrane
environment induced multiple disorder-to-order transitions in GRASP, which showed very
distinct behaviour under the conditions that mimic the vicinity of the membrane surface
compared to those found in bulk solution [104]. The balance between being more-ordered or
more-disordered might have a great impact on GRASP functionalities. For example, GRASP
great sensitivity to protease activity, which has been shown to occur in vitro as well as in
vivo, is likely due to the abundant presence of intrinsically disordered regions throughout
GRASP structure [143].
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The intrinsically disordered nature of GRASPs might help explaining how they are
able to interact with so many different partners and to be part of different processes inside
the cell. GRASPS55 has been seen to interact with multiple partners of the Ptdins3K UVRAG
complex, component of autophagosomes generated upon amino acid starvation [214]. Upon
glucose deprivation, GRASP in S. cerevisiae relocates to form a new organelle responsible
for type Il unconventional protein secretion [54]. This organelle, called CUPS, is enriched
with GRASP, and a plethora of new proteins seem to assemble around it [56]. Furthermore,
the high flexibility of GRASPs confers the ability to undergo extensive structural changes in
different scenarios. Recently, the in vitro formation of amyloid-like fibrils has been reported
for GRASP in S. cerevisiae [141] and both human GRASPs [145,142]. Many “higher ordered”
assemblies, such as amyloid fibrils, use the high flexibility of the native structure as an
advantage to overcome energy barriers that would otherwise be too difficult to transpose
[110]. It is common to have regions of intrinsic disorder flanking regions that undergo
fibrillation, and that seems to be the case of GRASP in S. cerevisiae. The SPR domain is not
necessary for fibrillation (what is expected given its proline-rich nature), but even within the
GRASP domain, the “hot spots” for aggregation [90] are surrounded by regions predicted to
be intrinsically disordered [141]. At first, amyloid formation was thought to be a “special’
ability of some proteins, derived from mutations that would destabilize the structure and lead
to diseases such as Alzheimer [reviewed in reference [215]]. Today, fibrillation is seen more
like a structural change achieved by virtually all proteins when they are under proper
conditions. Furthermore, cases of functional amyloids have been reported, which led to a
revision of the idea of amyloids being solely linked to diseases [reviewed in reference [216]].
It is thus plausible to consider the fibrillation of GRASPs as the formation of a functional

structure within the cell.

Recently, GRASP55/GRASP65 were reported to fibrillate in vitro in a nucleation-
dependent manner via a sequence of events that seemingly comprises a lag-phase
(aggregation of misfolded monomers into oligomers), growth phase (reorganization of the
intermediate oligomers into organized protofibrils), and plateau phase (association of proto-
fibrils into amyloid-like fibrils) with increasing incubation time at physiological conditions
(such as 37°C and pH 7.4) [145,142]. On the other hand, GRASP in S. cerevisiae was shown
to undergo a nucleation-independent aggregation, forming fibrils within minutes at
temperatures from 37°C and above, upon changes in the dielectric constant or low pH [141]
(Figure 38). Given the strong connection of GRASPs and stress, the assessment of these
exquisite features is important and might help in understanding how GRASPs can use them

to perform many different functions.
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The conditions shown to trigger GRASP fibrillation in S. cerevisiae can be easily
translated to an in vivo context, such as the change in pH in the cytoplasm of stressed cells
[217]. Also, the change in the dielectric constant might mimic the changes experienced by
GRASP when leaving the membrane (making it less affected by the “membrane field”). In
vivo data on GRASP fibrillation and their impact on UPS will expand our view over these

supramolecular assemblies of GRASP.

6.3 The GRASP domain

6.3.1 Structure and oligomerization

The conserved N-terminal half of GRASPs is conveniently called GRASP domain
(DGRASP). DGRASPs are conserved across the eukaryotes and structurally formed by two-
PDZ sub-domains connected in tandem [27,143]. PDZs are widespread protein—protein
interaction modules involved in the dynamic regulation of signaling pathways and scaffolding,
and usually exist as parts of multimodule proteins [218]. There are several excellent reviews
dealing with PDZ structure and function already available in the literature [218].

DGRASP is the best studied portion of GRASPs with several crystallographic models
already available (Figure 39A). The first structure was determined by Truschel et al. of the
human GRASP55 GRASP domain (DGRASP55) using protein crystallography and showed
an unusual PDZ fold adopted by this domain [28]. Eukaryotic PDZs are structurally formed by
a tNH; — [18:83a184852,8 — COO- secondary structure arrangement, with the binding
groove formed by both £, and a; [28], besides a conserved GLGF region located in the loop
connecting B1 and B2 [218]. DGRASP55 is an exception to this rule and shows a circular
permutation of the first two g-strands, which are located at the end of the secondary
arrangement in a tNH3; — 3018405866182 — COO- organization [28]. This unusual PDZ
organization for eukaryotes is not so uncommon in prokaryotes [28]. The structure of the
mammalian GRASP65 GRASP domain (DGRASP65) was later determined and showed an
apparently similar fold to DGRASP55 [29]. A second conclusion derived from the
crystallographic structures is that DGRASPs are formed by structurally similar PDZ domains

albeit their low sequence identity (Figure 39B) [28,29].
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Figure 39: A) DGRASP structures solved by high resolution protein crystallography are illustrated.
The overall structural pattern is conserved between the models. Only mammalian DGRASP structures
have been reported thus far. B) Structural superposition of PDZ1 and PDZ2 of both DGRASP55 and
GRASP65 showing the structural conservation between both subdomain inside the DGRASP
structure. C) Structural superposition of apo DGRASP65 (4KFV) and DGRASP65 with bound GM130
peptide (4REY). The superposition was made by keeping the PDZ1 fixed. The black arrow illustrates
the degree of reorientation between both PDZs after binding. The figures were built using Pymol and
Adobe Fireworks CS6.

The GRASP oligomerization has been a subject of debate in the literature, and the
most accepted model suggests that mammalian GRASPs form dimers in vivo, and the inter
GRASP interaction is driven by a conserved internal peptide in PDZ2 (IGYGYL) inserting into
a binding pocket in PDZ1 [24,28]. Interestingly, the internal peptide region mapped in the
DGRASPS55 structure matches in size the binding groove of PDZ1 [28]. However, the
heterologous purifications of either DGRASP55 or DGRASP65 resulted in mostly monomeric
forms of those proteins [29,221]. Furthermore, GRASP55 is not capable of interacting with
GRASPB65, although they have conserved PDZ1 domains and internal peptide sequence in
PDz2. A report focusing on GRASP intermolecular interaction was published and
conclusions were taken from crystallographic packing contacts and symmetry expansion
[29]. The molecular system in the asymmetric unit was monomeric, but the authors claimed
that a feasible dimer of both DGRASP55/65 could be formed using a 2-fold axis symmetry
expansion [29]. Using this procedure, a low interaction surface formed by the contact of two
laterally positioned PDZ2 contributed in synergy with a possible C-terminal insertion inside

the PDZ1 of another pair of dimers to create the high-order oligomeric species [29].
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However, this C-terminal region was artificially engineered when isolating the DGRASP from
the SPR, so the possible contribution of the SPR to GRASP dimerization is still open for
debate. Therefore, isolated DGRASP does not seem to spontaneously form oligomers in
vitro. Since it was previously observed that DGRASP forms oligomers in vivo, some specific

environmental factors or conditions present in vivo might be key to dimerization.

The interaction between DGRASP65 and its Golgin partner, GM130, was addressed
using a peptide mimicking the GM130 C-terminus [222]. There was a previous assumption,
based on biochemical data, that the binding site for GM130 on GRASP65 involved residues
189-201, the region where the internal peptide responsible for dimerization is located [223].
The crystal structure of the DGRASP65/GM130 peptide complex showed that PDZ1 instead
is responsible for the canonical PDZ-GM130 peptide binding, and a conserved hydrophobic
cleft between PDZ1-PDZ2 also participates in an array of secondary interactions, both being
essential for the complex formation [222]. The secondary array of interactions involves the
BIPFFY" region of GM130 interacting with Y36 and C103 from PDZ1, and residues Q111,
W113, D140, V136, G138, L143, L152, and M164 from PDZ2, besides A108 from the linker
connecting the two PDZ domains [222]. The secondary participation of several residues in
PDZ2 might be the cause for the erroneous biochemical conclusion regarding the
involvement of this subdomain in the binding of GM130. However, there are still conflicting
biochemical data showing that a APDZ1-GRASPG65 is sufficient for the complex formation
with GM130 [223]. It could be that the SPR domain also contributes for the interaction and
the binding mechanism changes, when the isolated DGRASP65 is used, although this
explanation looks less likely because DGRASP65 and the GM130 peptide have a high
binding affinity with a Kp of (108+28) nM [222]. Besides, there is a rigid body reorientation of
the two PDZs to accommodate the GM130 peptide (Figure 39C). The authors also
speculated about a GRASP oligomerization based on crystal packing, claiming that GM130
is responsible for a DGRASP65-hexamer formation [222]. Although they showed that the
coiled-coil region of GM130 can form a hexamer-like structure in solution, no conclusive data
indicating the existence of a hexameric GRASP have been reported so far in the literature.

Future biochemical and structural studies are needed to enlighten those points.

As for DGRASPS55, its 3D structure in the presence of a peptide mimicking the
Golgin45 C-terminal region has been recently reported [224]. The data showed a binding
mode similar to the one observed in DGRASP65/GM130 complex, although the secondary
array of interactions involved different sites at the PDZ1/PDZ2 interface. Therefore, the
canonical PDZ-peptide interaction is mediated by PDZ1 in both cases involving DGRASPs
and the Golgins [224]. A special feature of DGRASP55 and Golgin45 interaction was the
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formation of a zinc finger-like structure that stabilizes the complex. This zinc finger-like
structure is formed between C393 and C396 of Golgin-45 and H18 (B:) and C103 (B.) of
DGRASPS55. The authors also suggested that DGRASP55 oligomerization was mediated by
Golgin45. In the crystal packing, it was observed that each C-terminal Golgin45 mimicking-
peptide was capable of interacting with three different DGRASP55 molecules, suggesting a
new possible way to form GRASP55 oligomers in the medial/trans Golgi interfaces [224].
Whether this arrest of GRASP55 by the Golgin45 truly happens in vivo, or even in solution
with the full-length proteins or the isolated domains, remains to be demonstrated.

Although GRASP oligomerization could be mediated/controlled by the Golgins, it has
been observed that GRASPs act as tethering factors in vivo without Golgin interference [28].
In an artificial cell model using the native proteins tagged with a mitochondrial targeting
sequence derived from the bacterial actin nucleator protein ActA of Listeria monocytogenes,
both GRASP55 and GRASP65 were capable of inducing mitochondria clustering [28,225].
Moreover, when mutated versions of both proteins known to block PDZ1 binding properties
were tested, the degree of mitochondria clustering was strongly diminished [28,225]. The
overall data showed that, although the Golgins could play a role in GRASP55/65
oligomerization, we cannot rule out that GRASPs might form oligomers in vivo by themselves

when the full-length proteins are introduced in the native conditions.

GRASPs are anchored to the membrane surface of the Golgi cisternae by a dual
mechanism involving the aforementioned interactions with the Golgins and, secondly, protein
lipidation, mainly myristoylation of the conserved glycine-2 [27]. Heinrich et al explored the
double anchoring of DGRASP55 using the G2 myristoylation and a C-terminal His-tagged
bound to a Ni-NTA-DGS (a synthetic diacyl lipid with a His-tag binding head group) to mimic
the GRASP55/Golgin4d5 interaction. With that mimetic system, they observed, on one hand,
that myristoylation was not essential for DGRASP55 binding to the membrane, and, on the
other hand, when myristoylated, DGRASP55 had a fixed upright orientation on the
membrane incompatible with cis interactions, thus concluding that myristoylation was
required only for an efficient tethering [83]. However, the mimetic of GRASP55/Golgin45
used in that study was not ideal, because Zhao et al. showed later that the interaction
involved mainly GRASP55 PDZ1 and not PDZ2 [224]. Nevertheless, it is interesting to
observe that the orientation of GRASP on the membrane might be restricted due to
myristoylation and the potential important role played by the membrane surface especially on
PDZ1. A previous report showed that the binding energy provided by the myristate is weak
with a K, of 10-* M, which is insufficient to fully anchor a protein to a cellular membrane

[reviewed in reference [226]]. To date there are no experimental data for a possible direct
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interaction between GRASP and the membrane surface. Therefore, the membrane surface
might also participate in GRASP anchoring and, consequently, in inducing changes in
DGRASP structure and/or oligomerization tendency. GRASP monomerization and Golgi
membrane release were previously observed to be necessary in the A508-CFTR
unconventional secretion [227]. An interplay between GRASP oligomers in the membrane
field and GRASP monomers in solution could be the missing link and should be explored in

the future.

A well-known mechanism controling GRASP oligomerization is protein
phosphorylation [27,15,228,199]. Phosphorylation of DGRASP65 S189 residue by PLK1 was
shown to break GRASP65 oligomers, leading to Golgi ribbon impairment [229]. Since residue
S189 is conserved, Truschel et al., using DGRASP55 and the phosphomimetic mutation
(S189D) as a model, observed that there was an allosteric effect, caused by the S189D
region, that propagated all the way through to the predicted internal peptide responsible for
GRASP dimerization [221]. More specifically, Y198 was one of the main residues involved in
DGRASP dimerization and it shifted 6.9° in the S189D DGRASP55 structure compared to
the native one [221]. The shift was caused by a loss of a native polar S189-E157 contact in
the S189D mutant. E157 is located at the beginning of helix a,, and the loss of this polar
contact induces a disturbance propagating through a; and, consequently, inducing shifts in
the B-strand where the internal peptide is located. The authors also showed that this
DGRASP55 phosphomimetic had decreased tethering capacity in vivo using the artificial
model of anchoring GRASP55 into the mitochondria membrane [221]. However, in order to
observe a significant number of DGRASP55 dimers in solution, the authors had to increase
the DGRASPS55 concentration to 10 mg/ml and still the amount of dimers was significantly
lower than the monomer population [221]. Although we now know how DGRASP

oligomerization is blocked, it is still not clear how it really occurs.
6.3.2 The unusual structural biophysics of DGRASPs

Since the appearance of the GRASP55/GRASP65 paralogy is a recent trend in
evolution, the structural similarity of these two proteins is not a surprise [29]. However,
GRASP55 and GRASP65 play very different roles when it comes to cell functionalities.
GRASP55 seems to be more involved in UPS [44,197], energy sensing in the Golgi [198],
and membrane tethering during autophagy [230], whereas GRASP65 participates in the
dynamics of the Golgi, especially during Golgi ribbon formation [231], Golgi fragmentation in
apoptosis [232], and modulation of the Golgi structure and microtubule organization during
cell division [228,233]. A phylogenetic analysis of eukaryotic DGRASPs indicated that the
duplication of GRASP55 and GRASP65 is Metazoa-specific [234]. An extensive study of
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GRASPs outside Metazoa might enlighten the original GRASP function spanning all the way
back to the last eukaryote common ancestor. But what do we know about DGRASP structure
outside Metazoa? The answer so far is “not much”. There are no crystallographic structures
available for non-metazoan DGRASPs besides a communication of a short Saccharomyces
cerevisiae GRASP PDZ1 domain construction [235]. Although it suggests that this Fungi
PDZ1 adopts the same circular permutation as the mammalian DGRASP PDZs, the absence

of B in this construction compromises more detailed analyses.

A recent report has expanded the knowledge on DGRASP outside Metazoa, but still
within the Opisthokonta clade [143]. Holomycota are a basal Opisthokonta clade, sister of the
Holozoa and mainly formed by the kingdom of Fungi (Figure 40A). Fungi are single-GRASP
organisms without any obvious GM130 and Golgind5 homologues [23]. Therefore, they
precede GRASP55/GRASP65 duplication and might be an interesting model to unravel the
GRASP55/GRASP65 original function. A fact observed in the Fungi DGRASPs studied up to
date is their molten globule-like structural behavior in solution, similar to the observed in the
full-length structures [34,141,143]. The chemical unfolding of fungi DGRASPs is
characterized by very low cooperativity, as evidenced by the shallow sigmoidal curves
(Figure 40B) [143]. This is an indicative that the tertiary contacts inside Fungi DGRASPs are
not well formed, leading different parts of the protein structure to unfold in different ways [88].
The same behavior is observed for other collapsed IDPs that, similarly to fungi DGRASPs,
are highly dynamic and characterized by low conformational stability, which is reflected in the
low steepness of the transition curves induced by strong denaturants [88]. This is the
opposite of what is observed for well-structured proteins, where unfolding usually takes place
in a highly cooperative way, closer to an “all or none” transition (Figure 40B) [143].
Furthermore, limited proteolysis and solution NMR analyses showed significant amounts of
disordered structures in the Fungi DGRASPs (Figure 40C) [143]. This large number of
disordered regions present in the Fungi DGRASPs leads to some unusual features, such as
high sensitivity to proteolysis [143], disorder-to-order transitions according to some changes

in the physicochemical properties of the solution [141], and fibrillation tendency [141,145].
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Figure 40: A) Schematic tree of life with the eukaryote branches highlighted. Our current “high-
resolution” knowledge about DGRASP structure remains limited to the Metazoa extremity, with some
low-resolution data for a couple of Fungi examples. The figure illustrates the great number of unknown
pieces in our GRASP jigsaw puzzle. B) DGRASP structure unfolding using the chaotropic agent urea
and monitored as a function of the unfolded fraction, measured by steady-state fluorescence. The data
was adapted from [143]. The left panel shows representative curve models for a “well-behaved”
structure following a protein unfold pattern considered of high-cooperativity and a “not-so-well-
behaved” one with a low-cooperativity transition. The latter is typical of proteins enriched with
intrinsically disordered regions and/or with lower tertiary contacts. C) 1H-15N HSQC spectra of fungi
and human DGRASP showing the great number of disordered regions inside the fungi DGRASPs. The
data was adapted from [143]. The figures were built using Adobe Fireworks CS6.

How could the intrinsic disordered nature of the Fungi DGRASPs be transferred to the
correspondent mammalian paralogues? In a molecular biophysics study using Fungi and
human DGRASPs as models, it was observed that, from a structural biophysics point of view,
DGRASP65 behaves more similar to fungi than to DGRASP55 [143]. Such similarity includes
the amount of disorder and the lower-tertiary contacts responsible for the high cooperativity
of the unfolding transition, typically observed in well-behaved proteins. Besides, in the
phylogenetic analyses, the cluster of mammalian DGRASPs and fungi suggest that the last
common ancestor of these systems is rather similar to the subgroup of DGRASP65/fungi
DGRASPs than to DGRASPS55 [143]. This indicates that DGRASP65 might have kept most
of the functions seen in more ancient DGRASP. Even for the fungus, which has a single
GRASP gene but with a fragmented (or partially fragmented) Golgi complex, the cis-Golgi is
the more obvious conserved part of this organelle [143]. This is the case of S. cerevisiae

GRASP, which was observed to be associated with the cis-Golgi via its acetylated N-terminal
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region [23]. This does not exclude the possibility for DGRASP55 to perform this “ancienter”
GRASP function but suggests that this protein might have evolved under different
evolutionary pressure. However, it is not clear at the moment whether such unusual
DGRASP65/Fungi phenotype is an ancient feature or has evolved in parallel later in
evolution. In this evolutionary context, based on phylogenetic analyses, it is concluded that
the appearance of Golgind5 and GM130 represents a Holozoan feature, which therefore
precedes the GRASP55/GRASP65 duplication [234]. Unraveling whether the common
ancestor of GRASP55/GRASP65 could interact with both Golgins and if this feature

appeared later in evolution might give some clues on the evolution of GRASP functionalities.
6.3.3 DGRASP PDZs — how similar are they?

PDZz1 and PDZ2 on GRASP share a sequence identity in the order of 30-40% [27,28].
However, as previously discussed, the crystal structures of mammalian DGRASPs
suggested that, albeit their relative low sequence identity, they share a high degree of
structure conservation (Figure 39B). In the previous section we discussed the role of PDZ1
as a mediator of the canonical interaction of DGRASPs with the Golgins, while PDZ2 assists
such interaction with secondary contacts. But how common is this for other protein partners?
One fact is that mammalian GRASPs are very promiscuous in mediating protein/protein
interaction (see Figure 37). They were observed to be part of a complex with RAB2 [184],
and to interact with: cargo receptors from the conventional secretory pathway [190], TGF-a
[185], the potassium channel tetramerization domain-containing protein 5 [236], SEC16A and
AF508 CFTR [237,63], JAM-B and JAM-C during spermatogenesis [238], LC3-1l and LAMP2
[230], CD83 [239], membrane-type 1 matrix metalloproteinase and furin [240], with itself
during dimerization [24] and with an artificial SPR construction [28]. In such large array of
protein partners, most of the interactions involved mainly PDZ1 [28,144,222,223]. A recent
study, where a Fungi DGRASP was used as a model, reported that the binding pocket of
PDZ1 is more promiscuous than that of PDZ2 [144]. In this case, a more malleable binding
groove could account for this higher promiscuity in protein/protein interaction. Concomitantly,
PDZ2 would participate in other types of interactions that would stabilize the complex and

previous crystallographic studies were conclusive in this aspect [222,224].

An interesting observation was made when the structure of DGRASP65 with GM130
was determined: the superposition of the structures of DGRASP65 apo- and holo-forms
using PDZ1 as a template showed a 32.6° rotation of the PDZ2 domain upon binding of the
GM130 peptide (Figure 39C) [222]. The same phenomenon was not detected for
DGRASPS55 and Golgin45 [224], but a somewhat similar tendency for rigid body reorientation
was observed in the structure of DGRASP55 with the JAM-B/JAM-C C-terminal peptide,
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which was also characterized by a 33° rotation of PDZ2 towards PDZ1 [238]. Therefore, this
reorientation is not an exclusive property of DGRASP65 and seems to be a more general
phenomenon. Using Adapted Biasing Force molecular dynamic simulations, it was shown
that DGRASP55 samples a large free energy conformational space in the apo-form at
physiological temperature [144]. However, this free energy space is severely reduced when
the protein goes to the bound state, suggesting that the complex is stable and the relative
movement of the PDZs is more restricted [144]. One unexpected observation was that all the
holo-structures of DGRASPS55, including those with the different rigid-body reorientation,
were sampled in the free-energy conformational space of the apo-form [144]. Kinetic
experiments might unravel whether the complex formation is through a conformational
selection or induced fit process, but the large degree of accessible free-energy regions
between both PDZs explain how this protein can be so promiscuous when it comes to

protein-protein interactions.

6.4 SPR domain

GRASPs have variable extensions of their primary sequence depending on the
organism. The GRASP domain contains around 200-220 amino acids, therefore the large
variations in GRASPs extension are due to the changes in the SPR size (Figure 41A). The
SPR domain is neither conserved in size nor in sequence in closely related species [27].
There are differences even inside the same organism, for instance GRASP55 and GRASP65
SPR sequences are quite different. However, this non-conserved domain with still obscure
structure and function occupies nearly half of the sequence of most GRASPs. The SPR
domain was already shown to have multiple phosphorylation sites, and this post translational
modification can have great impact on GRASP oligomerization and membrane anchoring
[186]. Hence, the best established SPR functionality is the regulation of DGRASP activity

through phosphorylation, although the molecular details remain elusive.

One intriguing issue is why would nature evolve to give GRASPs a domain, usually
larger than the GRASP domain, just to control oligomerization? The SPR was also shown to
contain caspase cleavage sites important for Golgi fragmentation in apoptosis [31] and
phosphorylation sites necessary for spindle pore formation and Golgi reorientation to the
leading edge in migratory cells [32], which are all related to SPR function as regulator of the
DGRASP activity. The SPR of GRASP55 was observed to interact with Beclin-1, regulating
autophagy [214]. The SPR of GRASP65 can interact with Mena and Djal, playing a role in
Golgi structure formation [231,241]. Therefore, the SPR might still have several unknown
roles in GRASP function.
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It is still unclear how the SPR domain is folded in solution. However, some patterns
are reproduced throughout several GRASP orthologues. For instance, Mendes et al showed
that the fully disordered pattern of the SPR domain is a high conserved feature of the
GRASP family, despite their variation in size and amino acid sequence [34]. Disorder is
predicted based on the low complexity of the amino acid sequence, especially due to the
lower content of hydrophobic amino acids and high content of charged/polar residues [33]. A
disorder prediction using PONDR® VSL2 [167] and the same protein sequences used by
Mendes et al [34] clearly shows that the SPR domains of GRASPs are characterized by high
intrinsic disorder propensity (Figure 41B). A low resolution structural analysis based on the
reconstruction of the CD spectrum of the SPR domain from the circular dichroism spectra of
the full-length CnGRASP and the isolated GRASP domain indicates the SPR domain has the
same CD profile observed for fully disordered structures [34]. Another interesting statistic is
that, on average, 33% of the amino acids that form the SPR domain are serine (10%), proline
(16%) and threonine (7%), explaining how this domain can be the target of so many protein
kinases (Figure 41C).
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Figure 41: A) The amino acid content of different GRASP orthologues is plotted as a function of an
index number given to each sequence. The line represents the simple average humber of amino acids
that comprise the GRASP sequences used. This representation was chosen to clearly illustrate the
degree of variability. Note that there are GRASP sequences with less than 300 amino acids and some
of nearly 600. B) The sequences used in (A) were evaluated for their disorder probability using VSL2.
The curve shown is an average curve over the whole sequence database and error bars represent the
standard deviation. A region with probability higher than 0.5 is considered to be disordered. C) The
serine, proline and threonine content of the GRASP sequences used in (A) are shown. The
representation is the same used in (A). The GRASP orthologue database was collected from [34]. The
figure was built using Origin 8.0 and Adobe Fireworks CS6.
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Although it is already known that the SPR domain is rich in serine and proline, it is
important to note that their total amount is somehow conserved for different orthologues.
Also, one should keep in mind that according to the accepted classification of residues as
order- and disorder-promoting, serine, threonine, and proline are grouped into the category
of disorder-promoting residues [242], with proline being the most disorder-promoting of the
20 common amino acid residues [100]. To give a better perspective of the peculiarities of
intrinsic disorder distribution within the sequences of GRASPs and to show the rich disorder-
based functionality of these proteins, Figure 42 represents the results of the analysis of the
sequences of human GRASP65 and GRASP55 by DiSpi (Figures Figure 42A and Figure
42C) and D2P2 computational platforms (Figures Figure 42B and Figure 42D). It is clearly
seen that the C-terminal halves of both human proteins are predicted to be highly disordered.
Furthermore, GRASP65 and GRASP55 are highly decorated with various posttranslational
modifications and include multiple predicted disorder-based protein binding sites, known as
molecular recognition features, MoRFs, with very significant parts of these proteins
representing such disorder-based binding regions (see Figures Figure 42B and Figure 42D).

Therefore, it can be seen that the SPR domain plays a significant role in GRASP
function, likely as a controlling hub of structural changes. The analyses discussed above,
most of them based on computational methods, undoubtedly show that experimental studies
with the full-length GRASP are still needed to completely unravel the biophysics of the SPR

domain.
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Figure 42: Evaluation of the intrinsic disorder predisposition and disorder-based functionality of
human GRASP65 (plots A and B, UniProt ID: Q9BQQ3) and GRASP55 (plots C and D, UniProt ID:
Q9H8Y8) by DiSpi (plots A and C) and D2P2 computational platform (plots B and D). DiSpi is a web-
crawler that aggregate the results from a set of commonly used predictors of intrinsic disorder, such as
PONDR® VLXT [168], PONDR® VL3 [167], PONDR® VLS2B [245], PONDR® FIT [92], IUPred2
(Short) and IUPred2 (Long) [164,246, 247], and enables the rapid generation of disorder profile plots
for individual polypeptides as well as arrays of polypeptides. On the other hand, D2P2
(http://d2p2.pro/, accessed in 2020) is a database of predicted disorder for a large library of proteins
from completely sequenced genomes [162] that in addition to using the outputs of IUPred [164,246],
PONDR® VLXT [168], PrDOS [166], PONDR® VSL2B [167,245], PV2 [162], and ESpritz [163]
represents several disorder-based functional annotations, such as location of various posttranslational
modifications and predicted disorder-based protein binding sites, known as molecular recognition
features, MoRFs. It is known that many disorder-based binding regions are characterized by the
presence of less disordered sub-regions, which are not capable of folding on their own, but can
undergo binding-induced folding at interaction with its binding protein partner. In disorder profiles, such
regions are typically manifested as local “dips” within the regions with high disorder score [248,249]. In
D2P2, the presence of MoRFs is evaluated by ANCHOR algorithm [250,251].

6.5 Future perspectives

GRASPs have been discovered more than two decades ago, and while the function
first assigned to them (and from which they received their name) has been a matter of
extensive debate among the scientific community, the number of processes that involve
GRASPs has dramatically increased in the last decade. Cell-based assays discovered a
wide range of interactions and roles for GRASPs, but structural data have been falling
behind, impairing the understanding of the molecular basis for such promiscuous behavior.
DGRASP structures were determined and more data regarding secondary and tertiary
structures, proteolysis sensitivity, stability, and so on for the full-length GRASPs have been
recently reported. This is making possible to establish a link between cell and molecular
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biology, and there is a good prospect that we will be able to shed more light on GRASPs
capabilities.

The structural plasticity can be at least partially explained by the intrinsic disordered
nature of regions not only in the SPR but also within the GRASP domain. This plasticity also
allows for structural changes that can confer different functionalities, such as the case of
GRASP fibrillation, a change that happens in vivo in very specific conditions and seems to be
involved in the yeast response to stress. Furthermore, there are several recent reports in the
literature demonstrating the propensity of the Golgins to undergo liquid-liquid phase
separation [64,66]. It is thus stimulating to suggest that the macromolecular organizations of
Golgins and Golgi matrix proteins could be an important building block of the Golgi structure
as well as a modulator of its dynamics. This hypothesis will certainly benefit from future
studies aiming at understanding the liquid-liquid phase separation and fibril formation
propensities of Golgi-related proteins. Of course, those supramolecular arrangements can
also be important in UPS specially by the necessity of a physical and/or chemical stress to
trigger its activation and this should also be a theme to explore in the near future. Since most
of these studies using Golgins and GRASPs were performed using non-native situations (like
overexpression and/or artificial diluted conditions), future kinetic and thermodynamic studies
of those supramolecular complexes, both in vivo and in mimetic conditions, might give
valuable information on the specific cellular triggers that could be used to control their

formation.

Moreover, several quests on GRASP structure/function relationship remain largely
unknown. Regarding the structure of full-length GRASPs, it is intriguing how little is known
about the SPR organization in solution and conformational responses to the several different
post-translational modifications that have been already observed in vivo. Why would nature
evolve to give GRASPs a domain, usually larger than the two PDZs, with the sole
functionality of being a controller of GRASP oligomerization? In that context, the conflict of
data from in vivo and in vitro studies regarding GRASP association still remains. A
hypothesis that could account for such differences is the absence of the GRASP
myristoylation and, therefore, the consequent absence of the membrane-field perturbations
in the in vitro analyses available in the literature. Further studies on membrane-associated
GRASPs will contribute to seek for conformational changes induced by the lipid membrane,

and their potential role in GRASP oligomerization.

Finally, another intriguing open question is related to the presence of two GRASPS in
Metazoan organisms. Although some data are now available in the literature, it is not clear

why, despite their structural similarities, there is a seemingly more frequent involvement of
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GRASP55 in UPS, while GRASP65 appears to be more Golgi-related. Besides, why is there
a special association of GRASP65 with GM130 and GRASP55 with Golgind5 showing up in
evolution if both Golgins are Holozoa-specific proteins? It is clear that these associations
give the Metazoans unique functionalities, but an extensive study of GRASP outside this
branch of the eukaryotic tree might give some information on the specific points of

divergence and on the initial GRASP function coming all the way from LECA.
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7 General conclusions and future perspectives

Grhl belongs to a family of proteins that possesses many different functions inside
the cells as it was discussed throughout this thesis. Our group previously showed that the
GRASP from Cryptococcus neoformans (CnGRASP) had regions of intrinsic disorder in its
GRASP domain as well as in its SPR. This had never been reported before (in fact, GRASPs
in general lacked biophysical characterization by then) and could help explain the
promiscuity of these proteins and the astonishing number of processes they are involved in.

The yeast Saccharomyces cereviseae has a disperse Golgi complex rather than a
stacked one, and for this reason the “classical” GRASP function, that is, to keep the Golgi
membranes stacked together, has no place for Grhl. Even so, Grhl shares the structural
organization of other GRASPs, being a homolog of the human GRASP65. Grhl was chosen
as a model for the GRASP family, and the initial goal of this project was to generalize the
findings of intrinsic disorder. In a broader sense, we wanted to understand GRASPs to pave

the way for a better understanding of the Golgi complex and the secretion pathways.

We used a plethora of biochemical and biophysical methods to characterize Grhl,
and our initial results confirmed that it has regions of intrinsic disorder in the SPR, as well as
in the GRASP domain. However, the protein is not of the extended-IDP type, being classified
as a molten globule. It neither has a fully folded, compact and globular structure, nor a totally

flexible and lacking secondary structure.

Trying to understand the behavior of Grhl in different environments and carrying on
with the idea of comparing our results with previous findings for ChnGRASP, we tested the
protein in different conditions such as higher temperature and the presence of ethanol. To
our surprise, the CD results showed a steep transition to a B-sheet rich structure that led us
to hypothesize it was forming amyloid fibrils. At that moment, the project gained new
objectives (more were to come) and new methods were used to test for Grh1l fibrillation. We
used the classical experiments to prove that Grhl is capable of forming fibrils in vitro and
also added the FLIM technigue that only recently had been applied to this end. This was the
first observation of fibril formation by GRASPs, and later our group would show that it was

the case for the two human GRASPs as well.

Our next step was decided taking into consideration that: some of the conditions we
saw to trigger fibrillation of Grh1l were very mild, like 37°C. Interestingly, 37°C is considered
to be a stress condition for the yeast. When in starvation the yeast faces a drop in cytosolic

pH, and low pH is another condition that triggers Grhl fibrillation. GRASPs have increasingly
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been reported to be involved in UPS (that mostly deals with stress situations), and Grhl is
the marker for the formation of CUPS. So it seemed reasonable to ask ourselves if Grhl
could fibrillate inside the yeast as well.

We employed different techniques and were able to show that, when the yeast faces
starvation, Grhl forms amyloid-like fibrils like the ones we observed in vitro. The fibrillation of
Grhl in this context has profound implications for Type Il unconventional protein secretion
and CUPS formation, and can change the way we understand these processes. We also
proved fibril formation by Grhl in heat-shock condition. While there are no reports of
GRASPs being involved in the HSR, Grhl is upregulated when the cell is in HS, and it
shares protein regulators with some Hsps, the main proteins involved in the HSR. This
finding might be the first in the assignment of GRASPs to yet another process in the cell.
Another important contribution was the use of FLIM to detect fibril formation in cell. We
acknowledge that the use of the technique without external probes attached to the target
protein makes it less specific, but we were able to show that it is possible to obtain relevant
data in some cases, especially when combining different cell lines, like we did with the wild
type and Grhl-knockout yeast strains.

Recently, liquid-liquid phase separation became a hot topic in cell biology. The
discovery of liquid phase separation involving the Golgins led to the hypothesis of a phase-
separated Golgi, that in turn led us to the hypothesis of phase-separated GRASPs. Our initial
findings with Grh1l made us confident that these proteins do phase-separate. Although more
experiments are necessary for statistical purposes and to assess more conditions, we were

able to show the characteristic droplet formation, fusion and diffusion.

As for Grhl interacting partners, we were able to purify Bugl, the Golgin partner of
Grhil, and begin a biophysical characterization that confirmed its coiled-coil organization. It is
worth emphasizing that to date, there is no data available on Golgins in solution. Therefore,
we hope the data reported in this thesis on Bugl production and initial characterization will

help to fill that gap by being the starting point of future studies on Bug1.

There is still much to be done, and every one of our findings opened a new set of
guestions to be answered. It would be interesting to have a purified construct of Grhl tagged
with a fluorescent probe such as GFP to perform more elaborated experiments concerning
LLPS, such as fluorescence recovery after photobleaching (FRAP). Considering Grhl
fibrillation in stress conditions, and the possibility of GRASPs being phase-separated in the

Golgi, it is important to understand how these two phenomena are linked. FLIM experiments
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in the conditions seen to trigger LLPS concomitant with droplet formation tracking could be a

good starting point.

In conclusion, this thesis gave important contributions to the field of GRASP
biophysics. The findings here discussed can greatly impact our understanding of the Golgi

and Unconventional Protein Secretion.
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Supplementary Figure 2: Grh1 fibrillates in vitro in different conditions. FLIM images of purified Grhl
excited at 375 nm. (A) Heated to 37°C. (B) At pH 4. (C) Time decays of fluorescence for heated Grhl
(black) and at pH 4 (red). Scale bar: 10 um
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Supplementary Figure 3. Histograms of lifetime values obtained from WT (black) and Grh1-knockout

(red) yeast cells subjected to starvation and excited at 375 nm.
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Supplementary Figure 4: Results of the experiments with GFP-tagged Grhl: (A) FLIM image of the
control sample, (B) FLIM image of the fibrils immunoprecipitated from cells submitted to starvation,
and (C) time decays of fluorescence from the cells in starvation (black) and from the
immunoprecipitated sample (IP - red). Scale bar: 10 pym.
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Supplementary Figure 5. Reversibility experiments. FLIM images of cells submitted to (A) starvation,
and (B) heat-shock and cycled back to non-stress conditions. Scale bar: 10 um.
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Supplementary Figure 6: Images from multiphoton microscopy of GFP-tagged Grhl cells excited at 880
nm: (A) control; (B) heated at 37°C. Scale bar: 5 um
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