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ABSTRACT (ITA)

Le proteine sono macromolecole biologiche che svolgono attivita essenziali per I’organismo.
Affinché esse possano svolgere le loro funzioni fisiologiche, & necessario che raggiungano e
conservino la loro struttura tridimensionale. Quando cid non succede si puo assistere a un
processo di misfolding e aggregazione. Infatti una proteina parzialmente o completamente
denaturata puo interagire con altre molecole e formare aggregati potenzialmente dannosi
per I'organismo. Allo stesso tempo, la mancanza di proteina correttamente ripiegata, e quindi
attiva, altera i processi biochimici in cui essa & inserita.

Con il termine ‘malattie conformazionali’ siintendono tutte quelle patologie caratterizzate da
errato ripiegamento delle proteine o dalla loro aggregazione successivamente alla loro sintesi.
Anche se negli ultimi anni la ricerca scientifica ha fatto grandi progressi in questo campo, la
complessita e varieta dei processi che portano alla formazione di aggregati proteici rende
gueste patologie ancora oggi incurabili. Identificare i fattori che favoriscono la conversione di
proteine stabili e funzionali in aggregati proteici &€ fondamentale per sviluppare trattamenti
per queste patologie.

Questo progetto di dottorato si & concentrato per ottenere una panoramica pil esaustiva
delle basi molecolari associate alla conversione di proteine in aggregati potenzialmente
tossici.

In particolare, I'utilizzo di diverse tecniche biochimiche, biofisiche e strutturali su due sistemi
modello, neuroserpina e beta2-microglobulina, ha permesso di studiare nel dettaglio i
processi di misfolding e aggregazione.

| risultati qui riportati hanno evidenziato come tali processi dipendano da molti fattori, tra cui
la sequenza primaria della proteina, la stabilita termica, la compattezza dello stato
denaturato, e la presenza di modifiche post traduzionali.

| dati contenuti in questa tesi di dottorato forniscono importanti nuove informazioni utili alla
descrizione e alla comprensione dei processi del misfolding e dell’aggregazione proteica.



ABSTRACT (ENG)

Proteins have evolved to adopt distinctive and well-defined functional states under
physiological conditions, either as monomers or complexes. The achievement of a three-
dimensional structure allows proteins to exert their physiological functions. Nevertheless,
when proteins lose — or fail to acquire — their spatial organization, they can convert into
aggregated species that can be harmful to the organism.

Conformational diseases gather all those pathologies characterized by the misfolding and
aggregation of proteins. Indeed, while the formation and deposition of proteinaceous
aggregates can be toxic to cells, the lack of active folded protein disrupts normal physiological
pathways.

Although considerable progresses have been made in the recent years, to date
conformational diseases are still incurable. Indeed, the incomplete understanding of the
causes guiding protein misfolding and aggregation prevents the development of efficient
treatments. At the same time, the complexity and the diversity of the processes leading to
the formation of aggregated species make the task extremely challenging.

This PhD project was developed to provide a more comprehensive overview of the molecular
bases underlying the conversion of soluble and functional states into aggregated and
potentially toxic species.

To reach such aims, we applied an integrative approach on two model systems, neuroserpin
(NS) and beta-2 microglobulin (f2m). In particular, we combined a series of biophysical,
biochemical and structural techniques to study these two proteins which have been largely
used as model systems for serpin polymerization and amyloid formation, respectively.

We found that protein misfolding and aggregation processes depend on several molecular
properties, including primary sequence, denatured state compactness, thermal stability,
ability to form oligomers under physiological conditions, and the presence of post-translation
modifications.

The data presented in this PhD thesis add valuable information to depict the complex
framework of protein misfolding and aggregation.



1 INTRODUCTION



1.1 PROTEIN FOLDING AND MISFOLDING

1.1.1 PROTEIN TERTIARY STRUCTURE AND FOLDING

Proteins are the molecular machines that control our vital cellular activities. Proteins fold into
unique and intricate conformations that remain functional within the complex environment
of living systems. Indeed, proteins’ biological functions are determined by their three-
dimensional native structures, which are encoded in their primary sequences.

The theoretical number of conformations that a sequence of amino-acid can adopt is
astronomically large and, accordingly, a systematic search of the native structure is not
feasible as it would require a monumental length of time (Anfinsen’s dogma) (1).
Nevertheless, any protein is able to reach in a rapid and efficient way its functional
conformations. From a thermodynamical point of view, this process can be described as a
diffusional search on a free energy surface (2) (Fig. 1). The energy landscape is, indeed,
encoded by the amino-acid sequence of the protein and in this way the polypeptide chain
samples only a restricted number of ensembles during its way to the lowest-energy structure
(3).

The specificity of the folding process arises from the heterogeneity of the protein chain: the
distinct energies associated with positioning different residues enable some structures to be
more stable than others (4). Even minor changes in the primary sequence, e.g., point
mutations, can cause modification of the energy landscape and, accordingly, lead to distinct
native conformations (5).
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Figure 1. Energy landscape scheme of protein folding and aggregation. The polypeptide chain can
assume an infinite number of conformations. The native state represents the local minimum when
intramolecular contacts prevail. However, conversion into aggregated state can occur as a
consequence of destabilization of the native state and formation of intermolecular contacts. Figure
edited from (5).

However, besides their functional three-dimensional structures, in physiological conditions
proteins can adopt different conformational states that are in equilibrium with their native
states. These ensembles are differently populated and, depending on their structural



diversity, have kinetic barriers that hamper the transition from one to the other. For example,
internal and external factors, e.g., intrinsic dynamics, presence of binding partners or thermal
fluctuations, can induce changes in the structural features, leading to the population of
alternative conformations (6).

Moreover, the biologically active conformation can often be only marginally stable under
physiological conditions, due to several reasons including high local concentration, presence
of partners, and a crowded cellular environment (7). Indeed, in many cases it does not
represent the most stable conformation thermodynamically but it is rather similar to a
kinetically trapped intermediate that is prone to rearrange (Fig. 1).

1.1.2 CELL CAPABILITY TO CONTROL PROTEIN FOLDING

Although many aspects of the folding are intrinsic to the biophysical properties of the protein
sequence, the process is complex and susceptible to errors. Indeed, while acquiring their
tertiary structure, the polypeptide chain inevitably exposes to solvent hydrophobic regions
that are then buried in the native state and that are prone to establish inappropriate
intermolecular interactions (8). In addition, the functional native state is likely to only reflect
a local free energy minimum and self-association into aggregated species may lower the
global free energy (9).

Failure of proteins to fold properly or to retain their fold within the crowded cellular
environment is at the basis of many pathological conditions, known as misfolding diseases or
conformational diseases (10). Accordingly, living systems have evolved a range of strategies
to control protein folding, to facilitate protein solubility over prolonged periods of time and
to prevent protein conversion into non-functional aggregates (10).

First, cells express constitutively molecular chaperones and folding catalysts to assist and
promote correct protein folding. Molecular chaperones increase folding efficiency by creating
a safe environment where the protein can fold or be recovered without interacting with other
cellular components. Thereby, they promote efficient folding and aid misfolded protein to
regain their correct conformation (11,12). Folding catalysts, instead, increase the rate of slow
folding steps in order to reduce the likelihood of competing reactions, including aggregation.
Disulphide isomerase is an example of folding catalyst that control the formation and
reorganization of disulphide bonds, thus promoting proper protein folding (13,14).

Secondly, cells adopt a series of protein quality control systems that allow them to identify
and remove irreversibly misfolded and aggregated proteins (11,12). The ubiquitin-
proteasome, autophagy and ER-associated degradation are examples of systems used by the
cell to degrade misfolded proteins, preventing their accumulation (15,16). Within these
systems, the ER plays a major role. Indeed, it contains a large number of molecular
chaperones to aid in the translation and post-translational folding of proteins. For example,
modifications of the glycan group of newly synthetized proteins provide information to
specific chaperones about the folding state of a protein. Moreover, the ER identifies
misfolded proteins, transports them into the cytoplasm and eventually targets them for
proteasomal degradation via the ER-associated degradation (ERAD) pathway (17).
Nevertheless, despite the existence of elaborate quality control systems, unfolded proteins
can still be able to aggregate and form potentially toxic species. Indeed, cells need to deal
with the presence of proteinaceous agglomerates and degrade them. The aggregates can
either be removed by the co-operation of chaperones and proteasome or by the autophagy
process. In the latter case, the insoluble cellular materials are engulfed in a double-membrane
autophagosome (18). The autophagosome then fuses with the lysosome where the
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aggregated species undergo conformation changes due to the drop in pH and are cleared by
proteases (19).

Dysfunction of any of these quality control systems leads to aberrant protein misfolding and
consequent development of pathologies. However, the onset of conformational diseases
cannot be solely ascribed to the collapse of the quality processes. Indeed, protein misfolding,
and aggregation, can also occur as a consequence of environmental stress, aging, sustained
increases in protein concentration, the existence of mutant proteins with high propensity to
aggregate or aberrant proteolytic cleavage (5).

1.1.3 PROTEIN MISFOLDING: CAUSES AND CONSEQUENCES

In physiological conditions, besides their functional conformation, proteins explore a wide
range of different states. The active state of certain proteins is thermodynamically and
chemically metastable, and thus the conversion into more stable but non-functional
ensembles can be energetically favoured.

Metastability arises when the conformational landscape of a protein presents wells of lower
free energy than that of the native state itself (20). In such cases, the native state does not
correspond to the thermodynamically most stable conformation. Metastability is an
important regulator of the biological functions of several proteins, including the membrane
fusion protein hemagglutinin from the influenza virus (21), and inhibitory members of the
serine protease inhibitor (serpin) superfamily (22).

A metastable native state is inherently at the equilibrium between conserving its fold to fulfil
its physiological functions and promoting rearrangements to reach a more
thermodynamically stable state. In normal healthy conditions, cell processes and components
shift the equilibrium towards the protection of the native fold (23). However, in other
circumstances, i.e., cellular stress conditions or presence of point mutations, the formation
of non-functional species is favoured. These non-functional conformations usually retain
most of the structural features of the native state. However, they may facilitate protein
aggregation, for example by exposing hydrophobic groups which become available for
intermolecular interactions, or they may lose structural features fundamental for the activity
of the protein (24).

The different conformations adopted by proteins involve a highly complex series of equilibria
whose thermodynamics and kinetics are determined by their intrinsic amino acid sequence.
Indeed, understanding the pathogenesis of misfolding diseases is complex and challenging,
as highlighted by the huge diversity of the clinical manifestations linked to erroneously folded
proteins (8).

1.1.4 MISFOLDING DISEASES

Misfolding diseases arise when the presence of non-functional conformations disrupts
normal cells functions. There are two possible scenarios depending on whether the
pathogenesis is ascribed to a toxic activity of the misfolded conformations (gain of toxic
function) or if it is rather linked to the lack of physiological activity of the protein (loss of
function) (25). In ‘gain of toxic function diseases’, native-like structures promote aberrant
intermolecular interactions leading to the formation of aggregated species. Toxicity is
attributed to the formation and accumulation of proteinaceous aggregates constituted of
misfolded and/or unfolded proteins. In ‘loss of function diseases’, instead, protein misfolding
causes the inactivation of proteins; indeed in such conformations they do not fulfil their
physiological functions and often are promptly degraded (25).



Another important classification within conformational diseases regards the localization of
the misfolding event. Indeed, they can be divided into two sub-groups: localized misfolding
diseases with proteinaceous deposits in a single organ or tissue, typically the one where the
precursor protein is expressed; systemic diseases, characterized by the presence of multiple
aggregated species in various organs simultaneously (26).

The diversity of the clinical manifestations in misfolding diseases is overwhelming and mostly
depends on the localization of the misfolding event. For example, Alzheimer’s disease (AD) is
a conformational pathology characterized by the accumulation of AB peptide and Tau
deposits in the central nervous system (27). Accordingly, AD patients present cognitive
impairment and loss of memory, symptoms commonly associated with nervous system
decline. Systemic light chain amyloidosis instead is an example of systemic disease with
proteinaceous deposits spread all over the body. Indeed, patients suffering from AL
amyloidosis have accumulation of aggregated light chain antibodies in heart, kidney, spleen
or liver, and this results in the development of a multi-symptoms pathology (28). Finally,
within the large group of misfolding diseases, amyloidoses and serpinopathies are of
particular interest. The first is characterized by the formation and accumulation of cross-3
protein aggregates named amyloids. Most of the amyloid-related disorders are considered as
gain of toxic function diseases, since that the amyloid deposits, and their precursors, can be
toxic to cells, tissues and organs (5).

Serpinopathies, instead, are caused by an aberrant behaviour of serpin proteins (29). Typically
serpins inhibit the activity of serine proteases playing a crucial role in several cellular
pathways. However, they present a metastable native state that is susceptible to
rearrangements into more stable but inactive conformations. Mutations in the serpin
sequence destabilise the native state causing a drastic reduction in the capability of fulfilling
its functional roles, thus leading to the disruption of normal cells pathways. Eventually,
misfolded serpins accumulate as ordered polymers within the cell and may exert some degree
of toxicity (30). Accordingly, serpinopathies are usually considered as both gain of toxic
functions disorders, due to the accumulation of serpin polymers, and loss of active function
diseases, due to the loss of active serpin within the cell (30). Nevertheless, in conformational
pathologies, regardless of the causes of the diseases, the number of organs affected and the
kind of macromolecules involved, the effects of protein misfolding is often very dangerous
for human health (31).

In conclusion, the diversity of the clinical manifestations as well as the complexity of the
molecular mechanisms underlying the processes of protein misfolding and aggregation
prevent from developing efficient tools to fight these pathologies. Indeed, the majority of
these diseases are still uncurable and further investigations are required to depict thoroughly
the whole processes (5).

1.2 AMYLOIDOSIS

1.2.1 MAIN FEATURES OF AMYLOID RELATED DISEASES

Amyloidosis is a large class of protein misfolding diseases characterized by the accumulation
of insoluble amyloid fibrils. Notably, 37 different proteins have been found to form amyloid
deposits in human diseases (5). Many of them are secreted, and amyloid deposits are
therefore observed in the extracellular space. The majority of these proteins have less than
150 residues and only four of them exceed 400 (5). Half of them present a globular native
state, while the remaining is split into intrinsically disordered proteins (that is, the functional
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native state of the protein is not globular but partially unstructured) and proteins whose
structure is still unknown (32).

These pathologies are associated to several factors, including aging, as in AD (27), lifestyle or
diet, like type 2 diabetes (33), or genetic, such as hereditary systemic amyloidoses (34).
Moreover, they present a wide spectrum of clinical manifestations depending on the
precursor protein involved and where it is expressed.

The first class of amyloidosis is represented by neurodegenerative disorders, where amyloid
deposits are found within the brain: among them, Alzheimer’s and Parkinson’s diseases,
caused by the aggregation of AR and a-synuclein respectively, are undoubtedly the most
recurrent (35). The second category groups all those conditions associated to the
accumulation of protein aggregates in various organs other than the central nervous system,
e.g., heart, kidney, bones, spleen, liver. Notably, there can be either single organ deposition,
such as in transthyretin cardiac amyloidosis (36), or multiple-site depositions, usually named
systemic amyloidosis, where deposits are found in many organs (37). All these pathologies
are associated to the aberrant aggregation of misfolded proteins that eventually accumulate
as insoluble amyloid fibers.

1.2.2 STRUCTURAL FEATURES OF AMYLOID FIBERS

Amyloid refers to the abnormal fibrous, extracellular, proteinaceous deposits found in organs
and tissues. They are filamentous self-assembled aggregates of proteins or peptides enriched
in cross-P structures. This structure is a ribbon-like B-sheet extended over the length of the
fibril, in which B-strands run approximately perpendicular to the fibrillar axis. The B-strands
are linked by inter-strand backbone hydrogen bonds that run parallel to the growth direction.
Typically, amyloid fibrils contain two or more cross-B layers, stacked on one another with
sidechain-sidechain interactions, often in an interdigitating manner (38).

As observed by cryo-electron microscopy (cryo-EM) or atomic force microscopy (AFM), the
fibrils are typically 7 — 13 nm in diameter and comprise 1-8 protofilaments that usually twist
around each other (39).

The cross-f architecture provides great stability to the fibrils, since it allows the formation of
a continuous array of hydrogen bonds that preserves them from proteolytic cleavage or
hydrolysis (40). Indeed, in many cases the amyloid state is greatly more stable than the native
state even under physiological conditions (23). Accordingly, in amyloidosis pathologies, the
native functional state of proteins does not represent the global free energy minimum and it
is separated from the amyloid form by kinetic barriers (23).

The determinant property of amyloids is the formation of a specific X-ray pattern that is due
to the formation of layered arrays of extended 3-sheets (41). The formation of amyloid fibers
in vitro is usually monitored by the binding of dyes, including Congo red, thioflavin-T (ThT),
and derivatives. These dyes bind specifically to the amyloid B-sheet structure and form
ordered arrays along the length of the fibril (42). Fibrillar morphology, cross-3 structure and
recognition by specific dyes are considered the hallmarks of amyloid structures. In order to
be classified as an amyloid, a proteinaceous aggregate needs to display all these features at
the same time (5).

Notably, different polypeptide chains form fibrils with similar morphological and structural
features. Variations on these features, i.e., diameter length, stability, and twisting properties,
are mainly due to differences in the primary sequence. A peculiar feature of amyloid fibers is
that they have a huge heterogeneity, with the same precursor being able to produce self-
propagating fibril polymorphs with distinct molecular structures, morphologies, and
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biological properties. Indeed, different fibrillar morphologies have been observed to have
significantly different toxicities and have also been correlated with variations in amyloid-
related diseases phenotypes (43,44). Regardless of the amino acid sequence or of the
structure of the protein in its native state, such fibrils are rich in B-sheet patterns and their
highly packed structures confer great stability to the three-dimensional organization(45).
However, the amyloid state is not exclusively associated with human diseases. Indeed,
functional amyloids have been proposed to take part in several physiological properties,
including pigmentation, antimicrobial responses, and regulated necrosis (46). In addition,
their fibrous structure facilitates their use as scaffolds for biochemical processes, while their
compact nature is ideal for storage of proteins. Accordingly, cells make use of amyloid
structures to fulfil a wide range of physiological functions. At the same time, cells can mask
or prevent the toxicity associated to amyloid formation which is instead observed in
misfolding diseases (46). Notably, understanding how cells manage to prevent the harmful
effects of functional amyloid could provide insights into how to prevent degeneration in
amyloidoses. Moreover, almost any polypeptide chain has the ability, under favourable
conditions, e.g., high concentration or denaturing conditions, to adopt an amyloid structural
state (47).

Thanks to the recent advances in the structural biology field, in particular on solid-state
nuclear magnetic resonance (ssNMR), AFM, Cryo-EM, and X-ray crystallography (X-ray), a
large number of atomistic models of amyloid structures have recently been obtained (39,48—
51). This structural information are pivotal to understand the molecular determinants of
protein aggregation processes to design strategies to interfere with the mechanism.

1.2.3 MECHANISMS OF AMYLOID FIBRIL FORMATION

Understanding the mechanisms by which a soluble protein converts into insoluble aggregated
species is pivotal to understand the causes of protein aggregation and to develop treatments
to cure associated pathologies. The aggregation phenomenon is an extremely complex and
branched process (Fig. 2) (5). Indeed, the achievement of an ordered amyloid structure is
always the final step of the process. The ways towards fibril formation can vary from protein
to protein and depend on several factors even though it is possible to recognise common
steps (9).

The first stage of the aggregation process involves the formation of partially or totally
unfolded species (50,52). While the native fold is stabilized by intramolecular interactions, in
the fibrillar state the intermolecular interactions dominate. Thus, to reach the amyloid state,
proteins need to lose their secondary and tertiary structure contents and deeply rearrange
into B-sheet rich conformations. The conversion of a normally soluble protein into an
aggregated state involves nucleation and growth steps and depends on the nature of the
native state (5). Notably, reorganization of folded globular proteins into amyloid fibrils at
physiological conditions is at the basis of many pathological conditions, including dialysis
related amyloidosis (DRA) (53), AL amyloidosis (54) or transthyretin cardiac amyloidosis (36).
The aggregation-prone regions are usually buried within the core of the protein. Thus, for
globular proteins a partial or total unfolding is a necessary prerequisite of amyloid formation.
On the one hand, folded globular proteins possess a significant tendency to populate native-
like, partially unfolded conformations, as a consequence of local unfolding, thermal
fluctuations, or ligand release (55). On the other hand, destabilization of the native fold due
to mutations or environmental conditions can represent a strong driving force in the
formation of aggregation-prone ensembles. These native-like states trigger the formation of
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aggregates by exposing the aggregation-prone regions that are usually buried in the native
fold (5,32). These conformations do not bind amyloid-specific dyes, and do not exhibit a
significant content of -sheet structure and compactness (5). Eventually, they can convert
into mature, insoluble fibrils.

From a mechanistic point of view, the aggregation is a nucleated polymerization mechanism.
Indeed, the first step is the conversion of monomeric proteins into nuclei. The conversion
process is thermodynamically unfavourable and takes place during the lag phase. Then,
during the exponential phase, addition of monomers allows the formation of the mature fibril
starting from nuclei. Indeed, nuclei are defined as the smallest structures able to initiate fibril
elongation and are regarded as monomeric species that are highly prone to aggregate rapidly
(Fig. 2) (50). Furthermore, the number of fibrils can also increase through the secondary
nucleation process: indeed, the fibril itself acts as catalyst and favours the formation of
organized amyloids (56).

However, the scenario is far more complex and the whole process entails a large number of
possible alternative paths that are selected depending on protein sequence or on
conformational state adopted by the amyloidogenic monomers (9). For instance, in some
cases monomers have been found to convert into misfolded aggregates that are not able to
grow into organized fibril (57). However, a deep structural reorganization of these early
aggregates leads to the generation of nuclei and, eventually, to the formation of fibrils.

Secondary
proccesses

Native Amyloidogenic Early aggregates Nuclei Fibrils

Nucleated
polymerization

Nucleated
conformational
conversion

Native-like
aggregation

Figure 2. Mechanism of amyloid fibril formation. Conversion of a soluble protein into a ordered
amyloid structure requires the partial or total unfolding of the native state and rearrangement into -
sheet rich conformations. Figure edited from (5).

In conclusion, the multiplicity of aggregation processes, in which parallel pathways and
reorganization steps can compete, increases the difficulties in studying the systems that are
associated to the onset of pathological symptoms. However, to fully understand the
pathogenesis of misfolding diseases and to efficiently tackle them, it is crucial to shed light
onto the mechanisms that take a functional active protein into ordered amyloid.
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1.2.4 MOLECULAR ORIGINS OF AMYLOID TOXICITY

Solid data show that the most highly pathogenic species associated with amyloid formation
are not the fibrillar deposits but the prefibrillar oligomeric species (5,52,58,59). Notably,
oligomers are inherently misfolded and expose hydrophobic clusters on their surface. Indeed,
they are likely to interact inappropriately with a wide range of functional components of the
environment they are found in. Accordingly, they exert their toxic properties by causing
cellular dysfunctions (45). For example, a-synuclein oligomers were recently found to
considerably interact with cellular membranes, causing leaking and disruption of the cellular
homeostasis (58). Nevertheless, not all the oligomeric species formed on the way to the fibril
present the same harmful properties. First of all, oligomers toxicity has been found to be
strictly correlated to their size (45). In particular, small-size oligomers are generally
considered to be the most toxic species as they exhibit a high diffusion coefficient which
allows them to diffuse more rapidly and form aberrant interactions more readily (60).
Secondly, the degree of B-sheet content is another important determinant, with the
unstructured oligomers being more deleterious than the structured ones (61).

However, pathogenesis in amyloidoses is not only to be ascribed to the oligomeric species
but the mature fiber itself plays a key role. First of all, extracellular amyloid deposits affect
organ integrity and function. This is the case, for example, in some types of systemic
amyloidosis, such as AL amyloidosis, where accumulation of fibrils within organs disrupts their
normal elasticity and/or functions (62). Secondly, amyloid deposits are able to deplete key
components of the protein homeostasis network. For instance, they constantly withdraw
molecular chaperones and, by doing so, the total number of these molecules available for
other purposes is drastically decreased (63). Then, they act as potent catalysts for the
generation of new toxic oligomers through secondary nucleation mechanism. Indeed, fibrils
surface can accelerate the formation of new aggregated species, increasing the number of
potentially toxic species (64). Finally, there are evidences that some polymorphs of mature
fibrils can have themselves significant toxicity (65).

In conclusion, the toxicity of protein aggregates is likely to be the result of a large network of
aberrant interactions that misfolded proteins can generate. Thus, they exert their toxic
features through multiples mechanisms of action and through the engagement of key cellular
components.

1.3 SERPINOPATHIES

Serpinopathies includes a large number of conformational diseases characterized by the
structural rearrangements of members of the serpin superfamily (29).

1.3.1 MAIN FEATURES OF SERPINS

Serpins are the largest class of protease inhibitors and they play crucial roles in highly
controlled physiological processes, including blood coagulation, inflammation, and
fibrinolysis, by regulating enzymes involved in proteolytic cascades (66).

Members of the serpin superfamily are widely distributed among the major branches of life.
Indeed, serpin are found in almost all eukaryotic systems and in some viruses (67). Serpin
proteins share more than a 30% sequence homology and high conservation of the tertiary
structure (67). In particular, serpins fold is characterized by a metastable conformation
composed of 8-9 a-helices, three 3-sheet (A, B, and C), and a highly mobile and dynamic loop,
named reactive centre loop (RCL) (Fig. 3) (68). The RCL is typically composed of 18-20 amino-
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acids and is pivotal to the activity of the serpins. Indeed, it acts as a bait for the target protease
which binds and cleaves the scissile bond (P1-P1’) on it (69). Upon cleavage, the serpin forms
a Michaelis complex with the proteases through an ester bond between the P1 residue and
the serine of the protease active site. Formation of the covalent complex is immediately
followed by a drastic conformational transition where the target protease is translocated to
the other side of the serpin and inactivated. Disruption of the protease active site prevents
efficient hydrolysis of the acyl-intermediate and subsequent release of the protease (70).
The serpin mechanism of action is a suicide inhibitory mechanism. Indeed, while blocking
protease activity, the serpin undergoes a drastic conformational change where the RCL is
cleaved and inserted into the B-sheet A forming an extra strand (s4A). This transition is
termed the ‘stressed (S) to relaxed (R) transition’ (71). Accordingly, insertion of the RCL yields
the cleaved state of the protein which is a highly stable but inactive state of the serpin (Fig.
3).

The high degree of serpins structural flexibility required to carry out the inhibitory activities
entails that their native fold is not the conformation that represents the lowest-free energy
conformation, but is rather a metastable, kinetically trapped state (72). Serpins metastability
and their ability to undergo controlled conformational changes makes these proteins
susceptible to spontaneous structural rearrangements (67). Accordingly, in addition to the
native-to-cleaved transition, serpins can fold into a second stable but inactive conformation
which is named latent conformation. The latent state is characterized by the spontaneous
insertion of the intact RCL into the B-sheet A of the protein, where it cannot interact with the
target protease (73). The achievement of such fold is a way used by serpins to control their
inhibitory activity, since that hiding the RCL within the B-sheet A prevents proteases binding
(Fig. 3) (74).

A third stable conformation that serpins can explore is the delta conformation. This structural
rearrangement has firstly been observed for a natural mutant of al-antichymotrypsin (75).
Even though itis unlikely to be physiologically relevant, besides for some mutant variants, the
delta state shows a higher chemical and thermodynamical stability than the native state but
it is more prone to form polymers (75). These different biophysical features arise from
structural rearrangements of the native fold: three RCL residues are inserted into the top of
[B-sheet A, with the remaining still flexible; in addition, helix-F rearranges and inserts into the
bottom of B-sheet A (Fig. 3).

Lastly, the inherent metastability of serpins fold can also lead to the formation of soluble long-
chain polymers (76). However, the intrinsic metastability is not sufficient to cause serpin
polymerisation but a further destabilization factor is required. Indeed, serpin polymerization
is observed in vivo in the presence of mutations destabilizing the serpin native state (30). In
particular, even though there is not an unequivocally accepted mechanism of polymers
formation, the two recognised main players involved in the achievements of long chain
polymers are the -sheet A and the RCL. Depending on the model proposed, they can either
interact inter-molecularly, loop and sheet mechanism model (77), or intra-molecularly,
domain-swap models (78,79). Serpin polymeric forms are inactive but stable and their
accumulation within the cells are at the basis of many pathological conditions, known as
serpinopathies (80).

1.3.2 DYSFUNCTIONAL SERPINS
Serpinopathies are a class of conformational diseases caused by serpin misfolding.
Conformational mobility of the serpin scaffold, which is crucial as it provides a controllable
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mechanism of inhibition, may be dangerous as it entails the possibility for the protein to
explore several different inactive, and potentially pathological, conformations (81). Indeed,
serpinopathies are simultaneously gain and loss of function diseases. On the one hand,
accumulated protein, usually in the form of polymers, may be detrimental to cells. The
mechanisms underlying the toxicity of these polymers are not fully understood, even though
it is clear that the accumulation of long serpin chains result in cellular stress (82). On the other
hand, formation of inactive alternative conformation results in the dysregulation of important
proteolytic cascades (30).

Beyond the pathogenesis underlying the disease, serpinopathies result from point mutations
in serpins primary sequence. They are characterized by the formation of ordered polymers
that are retained within the endoplasmic reticulum of the expressing cell. The polymers
accumulate into periodic acid Schiff-positive inclusions and are associated to the onset of
several different symptoms (67). Analyses of the localization of the mutations within the
serpin fold allowed to map the molecular switches for serpin misfolding. In particular, most
of the mutations known so far cluster around specific structural elements, including the (-
sheet A, the helix F and the N-terminal part of the RCL (72). All these regions are characterized
by a high degree of flexibility as they are all involved in the insertion of the RCL. Indeed, it is
suggested that the destabilization of the B-sheet A favors the transition to polymeric or latent
states over the monomeric metastable native state (83). At the same time, modifications in
these regions can have repercussions on the inhibitory activity of the serpin, since that it is
primarily linked to its structural complexity (82).

The most recurrent serpinopathy arises from the misfolding and polymerization of a;-
antitrypsin (02AT) and is called a1 AT deficiency (84). a.1AT is expressed in the liver and fulfils
its physiological functions in the lungs where it regulates neutrophil elastase, a protease that
can disrupt connective tissue. Several o.1AT mutations have been identified and linked to the
onset of the pathology. For example, the Glu342Lys mutation, also known as Z mutation, is
responsible for a1AT deficiency and result in the retention of polymers within the ER of
hepatocytes (85). The formation of these ordered polymers is associated with cirrhosis,
neonatal hepatitis, and hepatocellular carcinoma (76). In these cases, liver-related
manifestations are due to the accumulation of the polymers within the expressing cells,
indicating a gain of toxic function phenotypes. However, patients carrying the Z mutation
usually present respiratory symptoms. Indeed, Glu342Lys a.1AT does not properly regulate
neutrophil elastase in the lungs and this can give rise to shortness of breath and lung
infections (85). In this latter manifestation of disease, the loss of active function phenotype is
responsible for the onset of the symptoms.

Another example of serpinopathy is familial encephalopathy with neuroserpin inclusion
bodies (FENIB), an autosomal dominant dementia that results from point mutations in
neuroserpin (NS) (86). NS is a serpin protein expressed in the nervous system where it plays
key roles in neural development and plasticity by primarily targeting tissue plasminogen
activator (tPA) (87). Point mutations in NS destabilise protein fold and cause aberrant
formation of polymers that accumulates within the ER of neurons as inclusion bodies. In this
case, neurons damage occurs as a consequence of the formation NS polymers as well as of
the loss of active NS within the cell (86). To date, six different mutations have been identified
as responsible for the onset of FENIB (88). Patients suffering from FENIB present symptoms
typical of neurodegenerative diseases, including loss of intellectual functions, and seizure.

In order to understand the mechanisms underlying the serpin misfolding phenomenon, it is
crucial to fully characterize the all the possible conformers associated with the diseases. To
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this aim, extensive studies have been conducted to elucidate the three-dimensional
structures of the native (89), cleaved (89), latent (74,90), and the delta (75) form of various
serpins. Unfortunately, the structural characterization of the polymeric state has still not been
accomplished, preventing from the design of polymerization inhibitors.

B
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=,
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Figure 3. Monomeric serpin conformations. A) Native state. The RCL (yellow) is exposed and highly
flexible (PDB ID 3F5N) (89). B) Cleaved state. Upon cleavage, the RCL (yellow) is inserted into the [3-
sheet A (red) forming and extra strand, strand 4A (PDB ID 3F02) (89). C) Latent state. The RCL (yellow)
is inserted into the B-sheet A (red) without cleavage and is therefore protected (PDB ID 4AQH) (73).
D) Delta state. The RCL (yellow) is only partially inserted into the top of B-sheet A. Helix F (blue)
partially unwound and inserts into the bottom of the 3-sheet A (PDB ID 3DLW) (75).

1.3.3 MECHANISMS OF SERPIN POLYMERS FORMATION

In vivo, serpin polymerization occurs when the protein presents mutations that destabilize
the native fold. However, in vitro production of recombinant mutant variants can be difficult
to achieve as mutants are generally highly unstable and tend to unfold or to associate readily
into polymeric chains (67). Indeed, to efficiently characterize serpin polymers, alternative
methods have been used to induce the polymerization of the wild-type serpins. In fact, under
partially denaturing conditions, wild-type protein efficiently polymerises into species with
morphology that recapitulates the one observed in vivo. In particular, high temperature, non-
physiological pH or presence of denaturing agents, i.e., urea and guanidinium hydrochloride,
have been largely employed to obtain polymers required for an exhaustive biophysical and
biochemical characterization (76,89,91,92).

17



Although the morphological properties of serpin polymers may vary depending on the
production conditions, they share common mechanisms of formation. Indeed, the first
prerequisite for serpin polymerization is the destabilization of the native state and the
adoption of a non-native protein conformation (M*) prone to establish intermolecular
interactions. Serpin polymerization process is considered to be a bimolecular process in which
monomeric units associate one with the other. Thus, it involves the sequential addition of
monomers to form a chain that can be elongated either from the head or from the tail. The
process yields polymeric chain with a ‘bead-on-a-string’ morphology, as seen by electron
microscopy (93). It should be noted that, unlike in the amyloidoses where the precursor
proteins re-organize into 3-sheet amyloids, in serpinopathies the polymeric state is composed
of serpin monomeric subunits that retain their main structural properties (94).

Elucidating the structure of serpin polymers is an important hurdle in understanding the
polymerisation process and is pivotal for rational design molecules able to interfere with it.
To date, three different mechanisms have been proposed to explain the way monomeric
serpin associates into larger conformations.

1.3.3.1 LOOP AND SHEET MECHANISM

The observation that serpins can incorporate RCL-like peptides lead to development of the
loop and sheet hypothesis (Fig. 4A). This mechanism, originally proposed in 1990, involves the
interaction between the RCL of one protomer with the B-sheet A of a second protomer (77).
The first evidence supporting this model was the inability of peptide-annealed or cleaved
a1AT to polymerize in vitro when heated (83). Crystal structures incorporating RCL-like
peptides in the s4A position of o.1AT provided another hint to support this hypothesis (95,96).
In particular, these structures reported that only the middle section of the RCL (from P12 to
P5) is efficiently incorporated intermolecularly and stabilizes the system by creating a new
network of hydrogen bonds (97).

However, the model presents several conceptual problems. In fact, interaction between
exogenous RCL and 3-sheet A entails the formation of a gap at the top of strands 3A and 5A.
This gap would expose a large hydrophobic area and would result in breaking of several
hydrogen bonds. To fill this gap, a partial intramolecular insertion would be required, but this
would create a conformation no longer able to elongate to form extended chains (98).
Furthermore, this model would entail the formation of rigid polymers, as the link between
the two protomers is short. This is in contrast with electron microscopy observations where
ex vivo serpins polymers were found to be highly flexible and dynamic suggesting the present
of a long linker (93).

In conclusion, the data available suggest that the loop and sheet mechanism presents some
criticisms as it does not fully explain the known physical properties of serpin polymers formed
either in vivo or in vitro.

1.3.3.2 s4A/S5A DOMAIN SWAP

The s4A/s5A domain swap (Fig. 4B) was firstly proposed after the elucidation of the three-
dimensional structure of a closed serpin dimer. In particular, Yamasaki et al. managed to
produce and crystallize a self-terminating dimer from plasm-derived wild-type antithrombin
by heating at 37 °C in low pH conditions. They reported that the formation of the stable dimer
was due to a large domain swap of more than 50 residues, including two long antiparallel B-
strands inserting in the centre of the principal B-sheet of the neighbouring monomer (79).
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Further evidences collected through limited proteolysis, disulphide trapping, molecular
modelling, H/D mass-spectrometry and fluorescent labeling experiments on o1AT or
antithrombin gave additional confidence on the accuracy of the mechanism (79,99). However,
polymers formed using these conditions were not efficiently recognised by the antibody 2C1,
which is reported to specifically bind produced a.1AT polymers in vivo (100).

To conclude, the s4A/5A model presents some criticisms and is unlike to resemble the
mechanism that occurs in vivo.

A

Figure 4. Proposed mechanism of serpin polymers formation. A) Loop and sheet mechanism with the
insertion of part of the RCL (green) of one protomer into B-sheet A (red) of a second protomer. B)
s4A/5A polymerization mechanism where the intermolecular linkage both s5A (red) and s4A(yellow)
which insert into the (-sheet A of a second protomer (green). C) In the C-terminal domain swap
mechanism the intermolecular interactions are performed by the C-terminal B-strands (grey) while
the RCL (yellow) insert intramolecularly. Figure edited from (101).

1.3.3.3 C-TERMINAL DOMAIN SWAP

The C-terminal domain swap was hypothesized by Yamasaki et al. when they succeed in
producing and crystallizing a a.1AT trimer stabilized by a C-terminal domain swap involving
s1C, s4B and s5B (78). They engineered a1AT by introducing cysteine residues to form a
disulphide bond, thus stabilizing the super molecular trimeric complex. In the crystallographic
structure, the RCL of each promoter was inserted intramolecularly and was not involved in
the domain swap. The most important evidence supporting this model was that the trimer
produced via disulphide trapping was efficiently recognized by the 2C1 antibody. Accordingly,
their heat-induced polymers must share some important structural features with the
pathological polymers of ai1AT formed in vivo.

To date, the C-terminal domain swap is the one that best explains several known properties
of serpin polymers, including the high degree of flexibility between protomers, the
hyperstability, which is due to the full insertion of the RCL, and the possibility to easily
elongate thanks to persistent donor and acceptor ends (102).
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2 OBJECTIVES
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The general objective of this thesis is the identification of the molecular bases underlying
misfolding diseases.

We intend to combine a series of biophysical and biochemical techniques on two model
systems, NS and 32m, to determine the aspects favouring the self-assembly into native-like
aggregates (NS) or amyloids (2m).

In particular, the detailed objectives of this PhD thesis are:

= Characterize the denatured state of D76N and the role of this mutation in pB2-
microglobulin (B2m) aggregation

= |dentify the biophysical and biochemical properties that prevent murine [2m
aggregation

= Understand the role of 32m amyloids in the initiation and development of multiple
myeloma

= Understand the importance of glycosylation in NS stability

= |dentify compounds that hamper NS polymerization
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3 B-2 MICROGLOBULIN
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Human beta-2 microglobulin (hB,m) is a 11.9 kDa protein present in nearly all nucleated cells
and most biological fluids, including serum, synovial fluid, and urine (103). hfam constitutes
the non-covalently bound light chain of the class | major histocompatibility complex (MHC-I)
and other MHC-I-like structures, including neonatal Fc receptor, cluster of differentiation 1
(CD1), and human hemochromatosis protein (104).

Bom genes are conserved across species, including mammals and birds. Although hf.m
sharing around 50% of amino acid sequence similarity with chicken and fish Bm and 90% with
murine Bam (mB2m), their overall structures are virtually identical (105,106). In particular, ten
residues are conserved in all species, including two cysteine residues that form a disulphide
bridge (107).

3.1 PHYSIOLOGICAL FUNCTIONS

The best-characterized physiological function of Bam is to be part of the class | major
histocompatibility complex (MHC-1), whose function is to present antigenic peptides to
cytotoxic T lymphocytes (108). MHC-l is a stable ternary complex that also comprises a heavy
chain (HC) and an 8-11-residue peptide (Fig. 4). It is assembled in the endoplasmic reticulum
and afterwards transported to the extracellular side of the cell membrane, to which MHC-l is
anchored by a short transmembrane domain (109). During its normal turnover, B.m is
continuously shed from the surface of cells displaying MHC-I molecules into the serum, where
it is transported to the kidneys for degradation (110).

The function of MHC-I moleculesis to bind non-self antigen peptides derived from the
degradation of cytosolic proteins and display them on the cell surface for recognition by
appropriate T cells (111). Identification of MHC-I by T helper lymphocytes, cytotoxic T
lymphocytes, and natural killing cells activates the immune response against the presenting
cells (112).

B.m establishes non-covalent interactions with the heavy chain (HC) and is crucial for the
stability of the MHC-I. In particular, the presence of fom is an important prerequisite for
peptide binding. Although such ligands are anchored within a groove formed by the HC (Fig.
4), Bam is essential for maintaining complex stability, and for the intracellular transport of the
complex to the cell surface (113).

3.2 2M AND AMYLOIDOSIS

hpB2m is an aggregation-prone protein responsible for at least two different types of amyloid-
related diseases. In patients with kidney deficiency, wild-type h2m (wt h32m) aggregation
leads to dialysis-related amyloidosis (DRA) (110), while the natural D76N genetic variant of
hp2m (D76N h2m) is responsible for a severe hereditary systemic amyloidosis (34). In both
cases, the pathogenesis is ascribed to the formation and accumulation of proteinaceous
aggregates. Indeed, f2m-related amyloidoses are usually regarded as gain of toxic function
diseases.

3.2.1 DIALYSIS-RELATED AMYLOIDOSIS

In patients with renal failure undergoing hemodialysis, the concentration of h3,m circulating
in the serum increases up to 60-fold (114). Over time, such pathologically high concentration,
which can reach up to 4.3 pM (114), triggers the formation of amyloid aggregates that
accumulate in the skeletal joints, bones and muscles, leading to the development of DRA
(115). Depending on the location of the amyloid deposits, patients suffering from DRA may
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present carpal tunnel syndrome, flexor tenosynovitis, destructive spondyloarthropathy or
bone cysts (53).

Analysis of the amyloid plaques extracted from DRA patients showed that full length hB.m is
the major component of the fibrils, while a truncated form of hf,m lacking six amino acids at
the N-terminus (AN6 h32m) makes up about 20-30 % of the aggregated material (116).

Figure 4. hB2m and MHC-I structure. A) Crystal structure of wt h32m (PDB ID 5CS7). B) Crystal
structure of MHC-I (PDB ID 1S9W). 32m (cyan) binds through non-covalent interactions to the HC
(grey) and stabilizes the complex. The 8-11 aa long peptide (red) is localized within a groove in the HC.

3.2.2 HEREDITARY SYSTEMIC AMYLOIDOSIS

Hereditary systemic amyloidosis is, instead, linked to the natural mutant D76N h32m and is
not triggered by an abnormally high hB2m concentration. Indeed, D76N hp32m aggregates
spontaneously and forms amyloid deposits in several visceral organs, including liver, kidney,
spleen, and heart (34). Patients carrying the mutation have normal circulating hf2m
concentrations and normal renal function, but present bowel dysfunction with extensive
visceral amyloid deposits. Unlike DRA, fibrils found in patients were exclusively composed of
full-length D76N h32m, and no truncated forms were detected (34).

3.3 PHD PROJECTS

This PhD project has been developed to study three different aspects of h32m.

Firstly, it focused on the role of D76N h32m denaturing state within the protein aggregation
process. Secondly, a biochemical and biophysical comparison of mB2m and hf32m was
performed to identify the determinants underlying h32m aggregation. Lastly, hB2m has been
studied in the context of multiple myeloma (MM) to understand the role of h2m amyloid
aggregation in the initiation and development of the pathology.
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3.3.1 D76N HB2M DENATURED STATE

The molecular bases of amyloid aggregation propensity are still poorly understood, especially
for proteins that display a stable folded native structure like h2m (5).

Protein aggregation and subsequent amyloid formation depend on several molecular
properties, e.g., thermodynamic stability, dynamics, primary sequence composition, and it
requires at least a partial unfolding of the native state (117). In order to understand the causes
underlying hB2m aggregation, it is crucial to get further insights into the biophysical and
biochemical features of the unfolding process.

To this aim, we investigated the denatured state of D76N hB2m, the highly amyloidogenic
natural mutant responsible for a hereditary systemic amyloidosis (34). Comparison between
wt and D76N hf32m native folds revealed only minor changes, with a root mean square
difference of 0.59A, as calculated over the whole C-alpha backbone (Fig. 5). D76N hp2m is
highly aggregation-prone and in vitro it forms fibrils even under native conditions (118). It is
less thermodynamically stable than wt h2m (53.2 °C vs 62.4 °C) and it showed a reduced
stability to denaturing agents (midpoint concentration of guanidinium hydrochloride 1.2 M
vs 1.8 M) (34,119).

hp2m VEHSDLSFSKDW
mfB2m PKVEMSDMSFSKDW
hp2m SFYLLYYTEFTPTEKDEYACRVNHVTLSQPKIVKWDRDM
mfB2m SPYILAHTEFTPTETDTYACRV {AEPKTVYWDRDM

Figure 5. f2m variants. A-B) Comparison of the crystal structures of wt h2m (cyan, PDB ID 5CS7) with D76N
hpB2m (red, PDB ID 4FXL). Asp76 and Asn76 are shown as sticks. B) Comparison of the crystal structures of wt
hp2m (cyan) with W60G hp32m (gold, PDB ID 2Z9T). Trp60 is shown as sticks. C) Comparison of the crystal
structures of the wt h32m from a human MHC-I complex (blue, PDB ID 1S9W) with wt mB2m from a murine
MHC-I (violet, PDB ID 1BIll). D) Sequence alignment of wt h32m and wt mp2m. 89 out of 99 residues are
conserved between the two species.

Furthermore, the D76N mutant has been shown to present higher intrinsic dynamics than the
wild-type protein under native conditions (117). In particular, even if the mutation does not
affect the global protein fold, the increased protein flexibility alters the aggregation
propensity by changing the accessibility to aggregation-prone conformations (117). Indeed,
D76N mutation facilitates the conversion of the ground state to minor conformers
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characterized by a local loss of B-strand structures and resulting exposure of aggregation-
prone regions (117). In conclusion, D76N mutation introduces a general destabilization of the
protein native fold, decreasing its overall stability and increasing protein dynamics (117).
Since the effect of the D76N mutation cannot solely be ascribed to direct effects on the native
state, we investigated the equilibrium unfolding behaviour of the mutant in comparison to
that of the wild-type. In particular, we performed equilibrium denaturation experiments to
monitor changes in the accessible surface area to the solvent upon unfolding. We evaluated
the changes in compactness of the denatured state, which is a defined as a transient on-
pathway species that retains a considerable amount of residual structure (120). Eventually,
aggregation experiments allowed to correlate the compactness of the denatured state to
protein aggregation propensity ascribing a key role in the aggregation process to the protein’s
denatured state.
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Abstract: Beta-2 microglobulin (32m) is a protein responsible for a pathologic condition, known as
dialysis-related amyloidosis (DRA), caused by its aggregation and subsequent amyloid formation.
A naturally occurring mutation of 32m, D76N, presents a higher amyloidogenic propensity compared
to the wild type counterpart. Since the three-dimensional structure of the protein is essentially
unaffected by the mutation, the increased aggregation propensity of D76N has been generally
ascribed to its lower thermodynamic stability and increased dynamics. In this study we compare
the equilibrium unfolding and the aggregation propensity of wild type 32m and D76N variant at
different experimental conditions. Our data revealed a surprising effect of the D76N mutation in
the residual structure of the denatured state, which appears less compact than that of the wild type
protein. A careful investigation of the structural malleability of the denatured state of wild type 32m
and D76N pinpoint a clear role of the denatured state in triggering the amyloidogenic propensity of
the protein. The experimental results are discussed in the light of the previous work on 2m and its
role in disease.

Keywords: protein stability; denatured state; protein aggregation

1. Introduction

Several types of human diseases, spanning from Alzheimer’s disease to systemic amyloidosis, are
caused by the incorrect folding of proteins [1]. A common factor of such pathological conditions lies in
the accumulation of toxic aggregates [2]. Frequently, these aggregates are characterized by a specific
type of highly ordered and stable structures, known as amyloid fibers, which are characterized by a
conserved cross-beta structure and that can be identified with specific assays [3-5].

Beta-2 microglobulin (2m) is a 99 residue protein forming part of the major histocompatibility
complex class I (MHC-I). The aggregation and subsequent amyloid formation of 32m has been
associated with a pathological condition known as dialysis-related amyloidosis (DRA) [6,7]. In fact,
in dialyzed patients, there is an abnormally high concentration of 32m in blood. Such concentration
of 32m exposes DRA patients to the risk of 32m amyloid deposition, a process that occurs mainly
in joints and bones [8]. Intriguingly, f2m aggregation depends on several molecular properties and
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its initiation requires at least partial unfolding of the native state [9,10]; 32m aggregation propensity
correlates well with thermodynamic stability [11] but recently an important role for protein dynamics
in determining amyloidogenicity was also reported [12,13]. Thus, this protein system represents a
suitable candidate to investigate the links between protein folding, misfolding, and pathology.

The first naturally occurring mutant of 32m was identified in 2012 [14]. This variant is much more
aggressively amyloidogenic in vitro and in vivo compared to wt 32m and corresponds to a mutation
at position 76, where a D is mutated to N. Biophysical characterization of the D76N variant in vitro
demonstrated that the mutation triggers remarkable effects by decreasing the thermodynamic stability
of the protein and increasing its propensity to form amyloids [14,15].

A structural analysis of the D76N mutant compared to the wt 32m highlighted an interesting
conundrum (Figure 1).

Figure 1. Three-dimensional structure of the D76N mutant (blue) in comparison to that of the wild
type protein (yellow). Residue 76 is shown in ball and stick representation. It is evident that the native
states of the two proteins are perfectly superimposable.

In fact, despite the dramatic effect of the mutation, residue 76 is located on a loop exposed to
the solvent and the structure of the mutant is essentially identical to that of the wild type [14]. Thus,
a comprehensive analysis of the biophysical and structural data available on D76N demonstrated
that the destabilizing effect of the mutation is due to a complex effect involving an increased protein
dynamics promoting the accumulation of a high-energy aggregation prone species [16].

Since the effect of the D76N mutation cannot be solely ascribed to direct effects on the native state,
here we provide a characterization of the equilibrium folding behavior of the mutant in comparison
to that of wt 32m. Data reveal that the destabilizing effect of the mutation is at least in part due
to a change in its denatured state, which appears less compact than that of the wild type protein.
Furthermore, by studying the equilibrium denaturation at different experimental conditions, we
investigate the links between the compactness of the denatured state and the aggregation propensity
of the protein. Our data are briefly discussed in the context of previous work on 32m.
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2. Results

2.1. Equilibrium Unfolding Experiments

The thermodynamic stabilities of 32m wt and D76N variant were previously explored using
thermal denaturations [16]. These studies showed a destabilization of the mutant, as mirrored by a ATy,
of 10 K. In order to further compare the equilibrium unfolding of 32m wt and D76N, we conducted
GdnHCl-induced equilibrium denaturation experiments. Protein denaturation was monitored by
measuring the fluorescence emission of the two tryptophan residues in position 60 and 95 at different
concentrations of GAnHCI. In both cases, observed fluorescence was consistent with a simple sigmoidal
transition, characteristic of two-state folding. The robustness of the two-state equilibrium transition for
both 32m wt and D76N was further confirmed by fitting globally the fluorescence profiles obtained at
different wavelengths with shared thermodynamic parameters. The dependence of the normalized
observed fluorescence signal at 330 nm versus the concentration of denaturant for wt and D76N is
reported in Figure 2. It is evident that, whilst the mutant unfolds at lower concentrations of GdnHCl,
the apparent cooperativity of the transition is affected by the mutation, with an increase of cooperativity
for D76N as compared to that of the wild type protein.
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0.5-

Fraction of Native Protein

©
°
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Figure 2. Equilibrium denaturations of wild type (full circles) and D76N variant (empty circles)
performed in Hepes 50 mM pH 7.0 at 25 °C. The full line (for wild type) and the broken line (for D76N)
are the best fit of an equation describing a two state unfolding mechanism. It is evident that the mutant
displays a higher cooperativity compared to that of the wild type protein.

A powerful parameter to infer the mechanism of folding single domain proteins is the mp.y
value, defined as dJAG/d[denaturant], which is the quantitative measurement of the cooperativity of
the transition. In fact, the mp.y value is correlated to the change in the accessible surface area to the
solvent upon unfolding [17] and allows therefore detecting indirectly the overall structural transition
occurring between the native and denatured states. The mp_y values obtained for 32m wt and D76N
were 1.08 4 0.02 kcal mol~! M~! and 1.45 + 0.04 kcal mol~! M~!, respectively, highlighting an effect
of the mutation on the cooperativity of the unfolding reaction. Since it was previously established
that 32m wt and D76N share a nearly identical native state [14], a decreased change in the accessible
surface area upon denaturation can be ascribed to a more compact denatured state, highlighting the
presence of a residual structure in the denatured state. Thus, on the basis of the comparison between
the observed mp.N values for f2m wt and D76N it may be concluded that the mutation leads to an
expansion of the polypeptide chain in the denatured state.
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Since the analysis of mp.y values represents a signature of the residual structure in denatured
states, by challenging the system at different experimental conditions, it is possible to monitor the
structural malleability of the denatured state and therefore to characterize its shifts along the reaction
coordinate. Thus, we resorted to perform equilibrium unfolding experiments at different experimental
conditions, i.e., by varying the pH and ionic strength. The dependence of calculated mp_y versus pH
and the square root of the ionic strength at pH 7.0 for wt and D76N is reported in Figure 3 and the

associated folding parameters are listed in Table 1.
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Figure 3. Dependence of mp._y values calculated at different ionic strengths (panel A) and pH (panel
B) for wt (full circles) and D76N variant (empty circles).

Table 1. Equilibrium folding parameters of wild type and D76N (32m.

32m Wild Type 32m D76N
ISY2 MY2)  [GdAnHClly, M)  myue (kcal M1 mol™1)  [GdnHClly, M)  myapye (kcal M~ mol—1)
0.16 2.12 £0.07 1.08 + 0.03 1.82 £0.02 1.45 £ 0.04
0.42 2.07 £0.09 0.98 = 0.03 2.13 £0.02 1.25 £ 0.03
0.57 2.02 £ 0.06 0.97 £0.05 1.95 £+ 0.07 1.10 £ 0.03
0.79 2.12 + 0.06 1.02 £+ 0.02 1.79 + 0.03 1.07 £ 0.03
091 2.21 £+ 0.06 0.93 + 0.01 2.03 £ 0.02 1.06 &+ 0.04
1.01 1.61 +0.16 0.91 + 0.06 1.42 + 0.06 1.06 &+ 0.06
32m Wild Type 2m D76N
pH [GAnHClly;, M)  myuue (kcal M~ mol™1)  [GdnHClly, M)  myypqe (kcal M~ mol—1)
5.5 <1 1.02 + 0.03 1.22 £0.02 1.88 + 0.04
6 1.40 £ 0.16 0.77 £0.04 1.74 £ 0.02 1.74 £ 0.05
7 2.13 £0.07 1.08 + 0.03 1.81 £ 0.02 1.45 £ 0.04
7.5 2.09 £ 0.08 1.04 + 0.03 2.36 £0.02 1.28 £ 0.03
8 2.04 £0.09 1.00 £ 0.03 1.77 £0.05 1.12 £ 0.06
8.5 1.95 + 0.04 1.23 +£0.01 1.79 + 0.03 1.02 + 0.02

Inspection of the experimental data reveals that while the mp.Nn value of wild type 32m is
essentially insensitive to pH and ionic strength, for the D76N variant there is an evident decrease
of the mp.y value with increasing pH and ionic strength. Overall, these observations indicate the
denatured state of wild type 32m to be characterized by a malleable residual structure. Such structure
is perturbed in D76, but becomes more compact as the pH and ionic strength of the solution increase.
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2.2. Aggregation Essays

In a recent comprehensive biophysical and structural work, it was proposed that the aggregation
properties of D76N to be ascribed to the population of an aggregation-prone, highly dynamic, species,
which is more compact and less aggregation prone in the wild type protein [18]. On the light on
the equilibrium folding transitions described above, it is tentative to speculate that among these
aggregation-prone species the denatured state of the protein may play a role, being more expanded for
D76N than that of the wild type protein. A possible test to verify this hypothesis would be represented
by the comparison of the aggregation propensity of D76N as a function of ionic strength and pH and
the dependence of its associated unfolding mp.y values.

To this aim, we performed aggregation experiments of D76N (40 utM) under continuous shaking
at 37 °C under the same conditions of pH and of ionic strength, which are relevant in modifying
the compactness of D76N unfolded state. The aggregation kinetics were monitored by thioflavin T
showing that the aggregation lag time is increased as pH and ionic strength increase (Figure 4A,B,
respectively, where the mean values of the three independent experiments subjected to nonlinear
regression analysis, using Boltzmann sigmoidal equation, are reported). ThT fluorescence tends to be
more intense in samples, which quickly aggregate suggesting a more abundant amyloid formation
under certain conditions; however, fluorescence intensity strongly depends on experimental conditions
and should be considered with care.

_ 25000 — pH55 . 25000 — 0.158 M
5 e = — 0418M
T 20000 - T 20000, 0.570 M
8 S 8 — 0.790M
© 15000 [ P £ 150001 0.908 M
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Figure 4. Aggregation experiments of D76N as function of pH (panel A) and of ionic strength (panel
B). Aggregation was followed by monitoring thioflavin T (ThT) fluorescence. The mean values of the
three independent experiments subjected to nonlinear regression analysis, using Boltzmann sigmoidal
equation, are reported.

In summary these results clearly showed that D76N aggregation propensity is enhanced by low
pH (Figure 4A) and by low ionic strength (Figure 4B). In contrast, high pH conditions or high salt
concentrations delay or totally abrogate protein aggregation, even after 400 h of reaction.

3. Discussion

The denatured state of proteins has historically received considerably less consideration than
the native state. In fact, the latter exerts all the biological functions and characterizing its structure is
typically a key step in understanding them. Additionally, addressing denatured states is particularly
difficult as they are elusive to the classical structural biology techniques and may be populated only
under certain conditions.

In this context, it is important to distinguish between the unfolded state, the highly disordered
conformation that may be populated in the presence of denaturant, and the denatured state, which
retains a considerable amount of residual structure and represents a transient on-pathway species
accumulating only at very low denaturant concentrations (or in the absence of it) [19-21]. Whilst the
unfolded state often corresponds to an expanded random coil conformation, the residual structure of
the denatured state is critical in sculpting the folding pathways of proteins, as well as in committing
the protein to a specific topology [22-27].
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The destabilization effects of the pathological D76N mutant of f2m represents a paradigmatic
example on how the structural studies on the sole native state do not provide a full picture on protein
stability, being the native state of both variants essentially identical [14,15]. From this angle, the
experiments reported in this work are particularly informative as they point out a crucial role to the
destabilizing effects in the denatured state induced by the D76N mutation. In fact, the experimental
data suggest a scenario whereby the apparent AAG observed in thermal denaturation experiments is
most likely to arise from the expansion, and consequent increase in free energy, of the denatured state
rather than changes in the native conformation.

Previous studies on the amyloidogenic properties of $2m have demonstrated that aggregation
might occur only when the protein transiently escapes the thermodynamic well of its native
state [9,10]. This finding would suggest that in the case of D76N, there should be a correlation
between thermodynamic stability and aggregation propensity. A comparison between the equilibrium
unfolding and aggregation data obtained at different pH and ionic strengths, however, shows a much
more complex scenario. In fact, while the protein is mildly destabilized at high ionic strengths, it is
evident that its thermodynamic stability is essentially insensitive to pH between 8.5 and 7. However,
under such conditions D76N displays completely different kinetics of amyloid aggregation. Thus, we
conclude that the strong correlation of the amyloidogenic propensity the thermodynamic stability
underlies a strong contribution from the overall structure of the denatured state. Increasing amount
of data from solid state NMR and Cryo-EM [28-31] show that proteins with an ordered native fold
such as 32m and immunoglobulin light chains display a structural organization in fibrils, which is
completely different from the native fold. This observation directly suggests that these proteins need
to totally unfold during the aggregation pathway.

The experiments reported in this work indicate that the denatured state has a malleable structure
that is perturbed from changes in experimental conditions. The overall compactness of such
state correlates with the aggregation propensity of D76N. Overall, our work represents a direct
demonstration on the key role of denatured states in dictating protein aggregation and reinforces the
importance of their characterization.

4. Materials and Methods

4.1. Protein Expression and Purification

Recombinant wt and D76N 32m were expressed and purified as previously reported [12].

4.2. Equilibrium Experiments

Equilibrium unfolding experiments on wt and D76N 32m were performed at 25 °C using a
Fluoromax single photon counting spectrofluorometer (Jobin-Yvon; Edison, NJ, USA) and a quartz
cuvette with a path length of 1 cm. The native protein, at a constant concentration of 2 pM, was mixed
with increasing concentrations of the denaturant agent guanidium chloride (GdnHCI), and the intrinsic
tryptophan emission of the residues in position 60 and 95 was measured by excitation at 280 nm and
record of emission spectra between 300 and 400 nm. Fluorescence equilibrium experiments at different
pH were carried out using 50 mM sodium acetate pH 5.5, 50 mM BisTris pH 6.0 pH 6.5, 50 mM HEPES
pH 7.0, 50 mM TrisHCI pH 7.5, pH 8.0, and pH 8.5 as buffers. In equilibrium denaturations at different
ionic strength conditions, the buffer used was 50 mM HEPES pH 7.0 with different NaCl concentrations
(0, 150 mM, 300 mM, 600 mM, 800 mM, and 1000 mM).

Data were fitted using the following equation,

emD_N([GdnHCl]—[GdnHCl]1/2)
Yops = (YN + YD)

1+ emD_N([GdnHCl]—[GdnHCl]l/z)
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4.3. Aggregation Assays

Aggregation assays of D76N (32m at different pH (5.5, 6, 7, 8, and 8.5) were performed in reaction
mix containing D76N (32m (40 uM) and ThT (10 uM).

Aggregation assays of D76N 32m at different concentration of NaCl (0, 150 mM, 300 mM, 600 mM,
800 mM, and 1000 mM) were performed in 25 mM Na phosphate pH 7.4 containing D76N (32m (40 uM)
and ThT (10 uM).

All reactions were performed in triplicate using black, clear-bottom, 96-well microplates. After
sealing, the plate was incubated in a FLUOstar OPTIMA reader (BMG Labtech, Germany) at 37 °C,
over a period of 400 h with continuous shaking (600 rpm, single orbital). The ThT fluorescence values
are expressed in arbitrary units (AU) and were taken every hour using 450 & 10 nm (excitation) and 480
£ 10 nm (emission) wavelengths, with a bottom read and a gain of 1000. The mean ThT fluorescence
values per sample were plotted against time (hours).

The mean ThT fluorescence values of the three replicates per sample were plotted against time
(hours) and the obtained curves were subjected to nonlinear regression analysis, using Boltzmann
sigmoidal equation.
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3.3.2 BIOPHYSICAL AND BIOCHEMICAL CHARACTERIZATION OF HUMAN AND MOUSE 32M

The aggregation and amyloid formation of wt hB2m in DRA patients is still poorly understood
(53).

The main trigger of the fibril formation in DRA is the increase in concentration that occurs as
a consequence of kidney dysfunction (53). Indeed, while the physiological concentration of
wt hf2m in plasma is 80 nM (34), in DRA patients it can increase by 50-60 fold, reaching 4.3
UM (114). This sustained high plasma concentration causes the deposition of wt hf2m
amyloid fibrils in joints, bones and muscles and is responsible for the development of DRA
(110). However, the formation of wt hp2m fibrils cannot exclusively be attributed to
concentration effects but protein biophysical properties facilitate the formation of B-sheet
rich structures (117,121,122).

In order to better understand which are the determinants of the hB2m aggregation
phenomenon, we compared from a biochemical and biophysical point of view wt hB2m with
the murine variant, wt mB2m. mB2m represents a conundrum: indeed, despite sharing 90%
of sequence identity with wt h2m and having a physiological concentration 5-fold higher
than the wt hf2m concentration in DRA patients, wt mB2m amyloids have never been
observed in mice (123). Thus, in order to identify the molecular determinants that underlie
wt hf2m aggregation, we compared wt h2m and wt mB2m for their aggregation propensity,
ability to form soluble oligomers under native-like conditions, stability, three-dimensional
structure and dynamics. In particular, we found that protein primary sequence combined with
the absence of high-energy amyloid-competent conformation under native conditions plays
a crucial role in protecting wt mB2m from aggregating.

38



Biochemical and biophysical comparison of human and mouse beta-2
microglobulin reveals the molecular determinants of low amyloid
propensity

Adnane Achour, Luca Broggini, Xiao Han, Renhua Sun, Carlo Santambrogio, Jeremie Buratto, Cristina
Visentin, Alberto Barbiroli, Chiara Maria Giulia De Luca, Pietro Sormanni, Fabio Moda, Alfonso De

Simone, Tatyana Sandalova, Rita Grandori, Carlo Camilloni and Stefano Ricagno.

| contributed to this work by producing the proteins (both h32m and m32m) required to run
all the reported experiments.

Moreover, | set expression, purification and characterization of the D85V mf32m mutant.

| assisted in performing the aggregation experiments of wt h2m, wt m2m and D85V m32m.
Finally, | performed thermal denaturing experiments by circular dichroism of wt hj32m, wt
mp2m and D85V mf2m.

39



FEBS

Journal

?
* 22 FEBSPRESS

® science publishing by scientists

Biochemical and biophysical comparison of human and
mouse beta-2 microglobulin reveals the molecular
determinants of low amyloid propensity

Adnane Achour'?, Luca Broggini®, Xiao Han"?, Renhua Sun?

, Carlo Santambrogio®,

Jeremie Buratto’?, Cristina Visentin®, Alberto Barbiroli®, Chiara Maria Giulia De Luca®,
Pietro Sormanni’, Fabio Moda®, Alfonso De Simone®, Tatyana Sandalova’?, Rita Grandori®,
Carlo Camilloni® and Stefano Ricagno®

Science for Life Laboratory, Department of Medicine Solna, Karolinska Institute, Solna, Sweden

Dipartimento di Scienze per gli Alimenti, la Nutrizione e I’Ambiente, Universita degli Studi di Milano, Italy
Divisione di Neurologia 5 - Neuropatologia, Fondazione IRCCS Istituto Neurologico Carlo Besta, Milano, Italy

1

2 Division of Infectious Diseases, Karolinska University Hospital, Solna, Sweden
3 Dipartimento di Bioscienze, Universita degli Studi di Milano, Italy

4 Dipartimento di Biotecnologie e Bioscienze, Universita Milano-Bicocca, Italy

5

6

7 Department of Chemistry, University of Cambridge, UK

8 Department of Life Sciences, Imperial College London, UK

Keywords

amyloid; crystal structure; molecular
dynamics; protein aggregation; structural
biology

Correspondence

A. Achour, Science for Life Laboratory,
Department of Medicine Solna, Karolinska
Institute, and Division of Infectious
Diseases, Karolinska University Hospital,
Stockholm, Sweden

Tel: (+46) 703951023

E-mail: adnane.achour@ki.se

and

C. Camilloni and S. Ricagno, Dipartimento di
Bioscienze, Universita degli Studi di Milano,
Milan, Italy

Tel: (+39) 02 50314918 (CC); (+39) 02
50314914 (SR)

E-mails: carlo.camilloni@unimi.it (CC);
stefano.ricagno@unimi.it (SR).

(Received 16 January 2019, revised 9 July
2019, accepted 15 August 2019)

doi:10.1111/febs.15046

The molecular bases of amyloid aggregation propensity are still poorly
understood, especially for proteins that display a stable folded native struc-
ture. A prototypic example is human beta-2 microglobulin (f2m), which,
when accumulated in patients, gives rise to dialysis-related amyloidosis.
Interestingly, although the physiologic concentration of f2m in mice is five
times higher than that found in human patients, no amyloid deposits are
observed in mice. Moreover, murine f2m (mfB2m) not only displays a lower
amyloid propensity both in vivo and in vitro but also inhibits the aggrega-
tion of human B2m in vitro. Here, we compared human and mp2m for
their aggregation propensity, ability to form soluble oligomers, stability,
three-dimensional structure and dynamics. Our results indicate that mp2m
low-aggregation propensity is due to two concomitant aspects: the low-ag-
gregation propensity of its primary sequence combined with the absence of
high-energy amyloid-competent conformations under native conditions.
The identification of the specific properties determining the low-aggregation
propensity of mouse B2m will help delineate the molecular risk factors
which cause a folded protein to aggregate.

Abbreviations

AB, AlphaBeta collective variable; DRA, dialysis-related amyloidosis; h2m, human beta-2 microglobulin; M&M, metadynamics
metainference; MHC-I, major histocompatibility complex class I; MS, mass spectrometry; mp2m, murine beta-2 microglobulin; TFE, 2,2,2
trifluoroethanol; ThT, thioflavin T; wt, wild-type; p2m, beta-2 microglobulin.
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Murine beta-2 microglobulin amyloid propensity

Introduction

The 99-residue-long B2m protein is the invariable sub-
unit, noncovalently bound to the heavy chain in major
histocompatibility complex class I molecules (MHC-I).
The globular B2m molecule displays a typical
immunoglobulin-like  fold with seven [-strands
arranged in two B-sheets, ABDE and CFG, linked by
a disulphide bond [1]. The overall stability of MHC-I/
peptide complexes depends on the qualities and affinity
of the bound antigen [2-5]. When B2m interacts with
the MHC-I heavy chain, it is highly stabilized while
the unbound B2m monomer may exert its amyloido-
genic potential [6]. Indeed, it is well established that
human B2m (h f2m) is an aggregation-prone protein
responsible for at least two types of amyloid-related
diseases. The aggregation of wild-type (wt) human
beta-2 microglobulin (hf2m) induces dialysis-related
amyloidosis (DRA) [7]. Conversely, a severe hereditary
systemic amyloidosis is linked to the D76N variant of
hB2m [8]. Physiologically, hp2m is degraded in the kid-
neys. Thus, DRA patients typically suffer from kidney
dysfunction with a consequent accumulation of hf32m.
Over the years, such pathologically high concentration
results in aggregation and amyloid deposition in the
skeletal joints, bones and muscles, leading to bone fra-
gility and movement impairment [9]. Interestingly,
while a hp2m concentration up to 4.3 pmMm is typical for
DRA patients [10], the physiologic concentration of
murine B2m (mP2m) is usually around 22 pum but no
amyloid aggregation is observed in the mouse [11].
This indicates a much lower amyloidogenic potential
for mP2m compared to hf2m. The picture is however
more complex as Zhang et al. [12] showed that overex-
pressed hp2m in mouse does not aggregate, suggesting
that either some molecular elements necessary to
aggregation are missing or that the mouse life span is
not sufficient for hf2m to successfully aggregate.
In vitro, Pashley et al. [13] identified the increased sol-
ubility of mp2m as the main reason for its lower
aggregation propensity compared to hf2m. Intrigu-
ingly, Radford and coworkers recently demonstrated
that despite both hp2m and its highly aggregation-
prone truncated variant AN6-h2m can interact with
mpB2m, mPB2m does not aggregate. Moreover, the mur-
ine protein is capable of inhibiting the aggregation of
both hf2m and AN6-hf2m [14,15].

Altogether, a solid amount of previous work has
demonstrated that hf2m aggregation propensity stems
from several specific properties, including the stability
of the folded state [14,16,17] as well as the presence of
several aggregation-prone residues on the surface of
hp2m [18,19]. Recent publications have also

A. Achour et al.

highlighted the crucial role of protein dynamics in
determining hf2m aggregation propensity by exposing
aggregation-prone regions [18,20].

In order to shed further light into how mpB2m is pro-
tected from amyloid aggregation and can unexpectedly
act as an inhibitor of hf2m amyloid formation, a
mixed structural, biophysical and computational
approach was undertaken.

Results

mp2m displays lower amyloid propensity
compared to hfi2m

It has been previously demonstrated that mp2m does
not display the aggregation propensity typical of hf2m
[11,13]. We initiated the present study by testing two
different well-established aggregation protocols to con-
firm these observations. Soluble h2m and mp2m were
incubated 100 h at 37 °C at pH 2.5 and at pH 7.4 in
the presence of 20% v/v 2,2,2 trifluoroethanol (TFE).
Incubations were performed both in the absence and
presence of seeds prepared from preformed hf2m fib-
rils [21]. Our results confirm that hp2m aggregates
abundantly under both these conditions, while mp2m
remains soluble and does not display any sign of
aggregation (Fig. 1A,B). A sequence-based analysis of
the solubility — and in turn aggregation propensity —
of mPB2m or hP2m using CamSol [22] revealed that the
overall aggregation propensity is comparable along the
two protein sequences except for the regions corre-
sponding to amino acid residues 60-70 (E strand) and
80-90 (F, G strands). Our analysis indicated that these
two regions are markedly more aggregation prone in
hp2m than in mB2m (Fig. 1C).

Under native conditions mp2m forms less
oligomers compared to hp2m

Native mass spectrometry (MS) was thereafter
employed to assess the oligomerization propensity of
hp2m and mP2m under nondenaturing conditions. As
previously shown, hp2m displays a pronounced ten-
dency to oligomerize under native conditions [23], with
a considerable protein fraction (~ 20%) in oligomeric
states of variable stoichiometry (dimer and trimer;
Fig. 2A). Under the same experimental conditions,
mp2m displays a significantly reduced propensity to
form oligomers, with only a minor fraction of the pop-
ulation (~ 2%) detectable in the dimeric state and no
higher order species (Fig. 2B). This reduced oligomer-
ization tendency under native-like conditions could be
related to the lower aggregation propensity of mp2m
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Fig. 1. (A, B) The kinetics of fibril formation were monitored by fluorescence using the ThT binding assay. Monomeric mp2m (blue) and
hp2m (red) were incubated at 37 °C under two different aggregation conditions at pH 7.4 (A) and at pH 2.5 (B). (C) CamSol intrinsic
solubility scores of h2m (red) and mB2m (blue). A score greater than 1 indicates highly soluble sites while a score lower than —1 indicates
aggregation-prone sites. The two profiles reveal that in contrast to mp2m, the regions corresponding to residues 60-70 and 80-90 in hp2m
are prone to aggregation. The black arrow indicates the position of residue 85.

relative to hP2m. The murine D85V variant (see
below) presents an oligomeric pattern much more simi-
lar to hf2m (Fig. 2D). Furthermore, the mpB2m mono-
mer is characterized by a bimodal charge state
distribution (Fig. 2B), suggesting the existence of a
minor, at least partially unfolded component, which is
not observed in hP2m. These results indicate a lower
conformational stability of the mpB2m variant. To rule
out the effects of accidental variability in the experi-
mental conditions, an equimolar mixture of the two
B2m variants was analysed, confirming the presence of
the peaks for the unfolded component only for mp2m
(Fig. 2C). Crucially the spectrum of the mixture also
revealed that the oligomerization pattern of hp2m is
affected by the presence of mB2m. B2m heterodimers
are formed, but a significant decrease in the amount of
hp2m oligomers is also observed. The ability of mpB2m
to interact with hf2m and to reduce hf2m oligomer-
ization propensity could be related to the previously
reported inhibitory effect of mp2m on hp2m aggrega-
tion [14,15].
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The crystal structure of monomeric mp2m
reveals localized conformational changes
compared to hfi2m

In order to better understand the molecular interac-
tions occurring in the oligomers, the crystal structure
of mB2m was determined to 1.92 A resolution, provid-
ing an electron density of excellent quality (Table 1).
As expected, the three-dimensional structure of mp2m
takes a typical B-sandwich fold (Fig. 3A). Interestingly,
comparison of the crystal structures of mP2m and
hp2m reveals that mB2m resembles more closely to
hp2m or mPB2m when bound to MHC-I [24,25], com-
pared to soluble monomeric hp2m [26] (Fig. 3A-C). In
particular, the three-dimensional structure of the
monomeric mB2m reveals that the AlphaBeta collec-
tive variable (AB) loop, connecting the A and B
strands, takes the same closed conformation as found
in hf2m when bound to MHC-I (Fig. 3B,C). Further-
more, the D-strand is bulged at residue 53 in both
monomeric mB2m and MHC-I-bound hf2m compared
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to monomeric hp2m (Fig. 3) [17,21,27,28]. This is
reflected by the RMSD values of 0.87 A over 99 Cu
and of 1.13 A over 90 Co. following the superposition
of unbound mf2m onto MHC-I-bound hf2m or
monomeric hf2m respectively. Most importantly, sev-
eral regions considered as highly relevant for hf2m
aggregation  present analogous  conformational
arrangements in monomeric mp2m. First, Pro32 is in
cis conformation. This isomerisation from cis to trans
is considered as a fundamental step towards the for-
mation of the aggregation-prone intermediate [29].
Furthermore, the aromatic residues (Y10, Y26, F56,
W60, F62, Y63), involved in Thioflavin T (ThT) bind-
ing [30] and crucial for hf2m amyloid aggregation
[19], display very similar structural conformations in
both structures. Finally, a Ramachandran plot analysis
of mPB2m reveals that the strained geometry of the DE
loop is perfectly comparable to the one observed in
monomeric hpf2m. This loop is directly involved in the
destabilization of the hf2m fold [23,31]. In summary,
the monomeric structure of mP2m does not display
any major conformational changes in regions known
to be relevant for amyloid formation compared to
hp2m.

mp2m may form DD dimers

To date, several works have proposed that a head to
head interaction named DD strand interface, formed

m/z

2500 3000 3500

circles correspond to the subunits of hpf2m,
mp2m and V85 mB2m respectively.

between hf2m molecules, may be the first intermolecu-
lar interaction along the P2m aggregation pathway
[15,30,32,33]. This DD interface involves several p2m
regions, which are all relevant for aggregation includ-
ing the D-strand as well as the BC and DE loops [32].
Using the crystal structures of monomeric mp2m and
hp2m, hypothetical molecular models of murine and
heterodimeric murine-human DD complexes were cre-
ated and analysed (Fig. 3D-F). No steric clashes were
observed in these molecular models, suggesting that
both mB2m and hP2m are fully compatible with the
formation of a DD interface. Indeed, mixed dimers
were also formed (Fig. 2). Moreover, a PISA analysis
indicated that the dimer formation between two hf32m
molecules seems to be more energetically favourable
compared to the murine dimer (interface area and
energy gain on complex formation corresponded
225 A/—1.1 keal'mol~" and 171 A/—0.2 kcal-mol~" for
dimeric hf32m and mp2m respectively). This result well
correlates with the observation that, under native con-
ditions, mPB2m forms significantly less dimers com-
pared to hp2m (Fig. 2).

mp2m displays lower stability compared to hf2m

Since 2m aggregation propensity correlates with ther-
modynamic stability of the native state [31], the fold
stability of the two P2m orthologs was assessed by
temperature ramps (temperature slope 50 °C-h™")
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Table 1. Data collection and refinement statistics for the structure

of mp2m.

PDB code 618C

Space group P2:2:2;

Cell a, b, c (A) 36.24, 47.60, 64.94

Resolution (A) 38.00-1.92 (1.95-1.92)

Number of unique reflections 8882 (572)
Completeness (%) 98.6 (96.8)
Redundancy 4.4 (4.3)
o 20.1 (7.3)
Reym (%) 4.4(132)
Refinement statistics
Resolution (A) 28.85-1.92
Ryork (%) 18.32
FRiree (%) 22.20
Number of atoms
All 934
Protein 842
Water 87
Ligand 5
Mean isotropic B-factor (A?)
Protein main-chain atoms 20.46
Protein side-chain atoms 24.20
Water 32.10
Rmsd from ideal values
Bond length (A) 0.007
Bond angles (°) 1.152
Ramachandran plot statistics
Residues in preferred regions (%) 98.97
Residues in allowed regions (%) 1.03
Outliers (%) 0

monitored by Far-UV CD. Thermal denaturation
demonstrated that mB2m unfolds at lower temperature
compared to h2m (7, values of 58.9 + 0.8 °C and
63.6 £ 1.0 °C for mf2m and hP2m respectively;
Fig. 4A). Unexpectedly, although significantly less
amyloidogenic, mPB2m is also less stable than hp2m.
The structural dynamics of the two protein variants
were further investigated by analysis of the reduction
kinetics of the internal disulphide bridge formed
between the cysteine residues C25 and C80. This pro-
cess is very slow under nondenaturing conditions for
hp2m, due to the buried structural environment of the
disulphide bridge [23,34]. Monomeric hf2m and mfp2m
were mixed and incubated under native but strongly
reducing conditions. Aliquots were collected at differ-
ent time points and free thiols were alkylated by allyl
bromide. The resulting samples were purified and anal-
ysed by denaturing MS (Fig. 4B). After 30 min, both
variants remained completely oxidized. The presence
of species with reduced/alkylated cysteine residues
became evident only after 1 h of incubation, when
mpB2m became highly reduced (~ 60%, estimated by
the sum of single- and double-alkylated species), while
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hpf2m remained prevalently in the oxidized form
(~ 80%). After 3 h of incubation, ~ 90% and 70% of
mP2m and hP2m were reduced respectively. Taken
together, these results suggest a higher accessibility of
the disulphide bridge within mp2m compared to hp2m
under these conditions.

mp2m ensemble does not show high-energy
states and displays a lower aggregation
propensity

In order to characterize the conformational properties
of mB2m and hf2m, we first measured and assigned
backbone chemical shifts for mp2m as previously
described (Fig. 3G) [35]. Experimental NMR data
were already available in the literature for hp2m [36].
We thereafter employed NMR chemical shifts as
restraints in metadynamics metainference (M&M) sim-
ulations [37]. The resulting M&M simulations were
carried out until convergence (Fig. 5) with a statistical
error on the resulting conformational free energies of
<1 kJ-mol~!. The resulting structural ensembles was
then analysed as a function of the side-chain rotamer
distribution (AB) and the antiparallel B-structure con-
tent (AntiBetaRMSD CV; anti-; Fig. 6A). The result-
ing free energy surfaces (FESs) are then comparable
with those formerly obtained for other P2m variants
[18,20]. The FES for hf2m and mP2m display remark-
able differences. hp2m is characterized by a global
minimum and by the presence of a high-energy low
populated state. The global minimum (anti-B variable
between 19 and 22, corresponding to a beta content
between 38% and 44%) is structurally similar to the
crystal structure (average RMSD of 1.5 A), while the
high-energy state (anti-p between 17 and 18 corre-
sponding to a beta content between 34 and 36%) is
slightly more disordered (average RMSD of 3 1&). The
free energy for mp2m displays a single minimum with
slightly higher average beta content as well as larger
fluctuations (anti-B between 19 and 25 corresponding
to a beta content between 34 and 36%, and an average
RMSD with respect to the crystal of mp2m of 1.8 /D%)
compared to hf2m. Intriguingly, the FES does not
reveal the presence of any high-energy state (Fig. 6A).
Notably, in a recent work, simulations and experi-
ments indicate the presence of a high-energy state in
both hf2m and the D76N hf2m variant characterized
by loss of secondary structure [20].

The hP2m and mP2m conformational ensembles
were subsequently used in combination with the pro-
gram CamSol to generate a per-residue analysis of the
aggregation propensity under native conditions
(Fig. 6B). Remarkably, the most relevant difference in
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the obtained aggregation propensity profiles was
observed for residue 85, a valine in hf2m and an
aspartic acid in mpB2m. Interestingly, this position has
already been determined as crucial for hf32m aggrega-
tion. Indeed, the rationally designed V85E hfp2m

'H Chemical Shift (p.p.m)
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Fig. 3. (A-C) Comparisons of the crystal
structures of the mpB2m in purple with (A)
the structure of monomeric hf2m in orange
(pdb code: 1LDS); (B) the structure of
mp2m from an MHC | complex in green
(pdb code: 1BIl); (C) the structure of h2m
from a complex with mouse MHC [, H-2Dd
in beige (pdb code 2F74). (D-F) Models of
DD dimers built using the structures of (D)
two monomeric hp2m; (E) one mp2m and
hp2m; (F) two monomeric mp2m. Main
residues involved in the interface as
reported in [32] are shown. These models
suggest that mp2m and hB2m structures
are compatible with the formation of homo
and hetero DD dimers. (G) NMR HSQC
spectrum of mB2m at 25 °C, peaks are well
resolved and 78 out of 100 can be uniquely
assigned.

variant displays significantly less aggregation propen-
sity compared to hp2m with a comparable fold stabil-
ity [18]. To better distinguish the role of structure and
dynamics in determining the aggregation properties of
B2m, we also compared the profiles averaged over the
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Fig. 4. (A) Thermal unfolding of 85 pum mB2m and hp2m in
50 mm sodium phosphate pH 7.4 monitored by far-UV CD at
202 nm. (B) Kinetics of disulphide bridge reduction. Magnification
of the 14+ peaks of nano-ESI-MS spectra obtained from equimolar
(25 pm) mixtures of hp2m (red circle) and mp2m (blue circle),
incubated in 100 mm DTT for 30, 60 or 180 min, and alkylated by
allyl bromide. Peaks are labelled according to the number of the
incorporated propyl groups.

ensemble with those calculated from the crystal struc-
tures (Fig. 6B). Interestingly, in hf2m the dynamics
increase the surface aggregation propensity, while we
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observe the opposite behaviour for mp2m. In fact, the
profile calculated over the ensemble for mB2m displays
much less aggregation-prone regions compared to the
crystal structure.

Thus, the comparison of the M&M conformational
ensembles indicates that while the aspartic acid D85 in
mfB2m may be critical for its remarkably lower aggre-
gation propensity, the relative dynamics of the two
proteins also contribute to either increased (for hp2m)
or decreased (for mp2m) overall aggregation propen-
sity.

The presence of V85 increases the aggregation
propensity of mp2m in vitro

All previous studies on mf2m aggregation propensity
have focused on the D85 mpB2m variant (herein named
mfp2m), but in contrast to hp2m, several variants of
mp2m have been identified. Among these a valine resi-
due at position 85 has been previously reported
[38,39]. We therefore mutated the aspartate residue at
position 85 to a valine and characterized the D85V
mfB2m variant (V85 mf2m) in order to verify the
importance of this position in determining mp2m
aggregation propensity. The stability of V85 mp2m
was evaluated by monitoring its thermal denaturation
by far-UV CD measurements. Our results revealed
that the Tm value for V85 mf2m is slightly higher
compared to mpB2m (61.4 £+ 0.8 °C and 58.9 £+ 0.8 °C
respectively; Fig. 7A). Thus, the aspartic acid to valine
substitution at position 85 does not alter significantly
the overall fold stability of the mutated variant com-
pared to mPB2m. On the other hand, V85 mB2m has a
higher propensity to oligomerize relative to mp2m,
resulting in the formation of a dimeric population sim-
ilar to the one detected for hpf2m (Fig. 2D). We then
assessed the aggregation propensity of V85 mf2m as
described above. Our results demonstrate that, at pH
2.5, V85 mP2m aggregates considerably compared to
mfp2m in the presence of seeds of hpf2m (Fig. 7B). Fur-
thermore, seeds of V85 mp2m fibrils also successfully
triggered hP2m aggregation but not mp2m aggrega-
tion. Finally, the fibrillar nature of V85 mp2m aggre-
gates was also verified using transmission electron
microscopy (Fig. 7C). Altogether, our results demon-
strate that the V85 mutation facilitates mp2m aggrega-
tion, further supporting the key role of this position.

Discussion

Beta-2 microglobulin has been studied as a model for
amyloid aggregation for decades [40]. This protein is
of particular interest given that its fold is highly stable,
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which is a somehow counterintuitive property for an
amyloidogenic protein. Indeed, only abnormally high
hp2m concentration over several years triggers aggre-
gation leading to DRA. Interestingly mPB2m is not
amyloidogenic in vivo or in vitro [11] and mixed oligo-
mers of mB2m with hp2m seeds inhibit the aggregation
capacity of hp2m [11,15]. It is well established that
mp2m has a higher saturation concentration compared
to hP2m, resulting in a lower aggregation propensity
[13]: However, the results presented within this study
suggest in our opinion a more complex picture.

We have previously reported that hp2m displays a
marked tendency to form soluble oligomers under
native conditions [23]. Conversely, we here demon-
strate that mPB2m displays a very limited tendency to
oligomerize, forming relatively small amounts of only
dimers. Remarkably, hp2m oligomerization is signifi-
cantly inhibited in the presence of mp2m, even though
heterodimers are detectable in mB2m-hf2m mixtures.
This suggests that the decreased oligomerization could
be mediated by hf2m-mp2m protein—protein interac-
tions. (Fig. 2). Moreover, based on the crystal struc-
ture of mP2m, a hypothetical molecular model of a
DD-mfB2m dimer was designed, indicating no major
structural steric clashes upon dimer formation. Inter-
estingly, the calculated energy gain upon dimer mp2m
formation was significantly reduced compared to h2m
dimer models, suggesting a less optimized interface in

and methods).

mpB2m dimers compared to h2m dimers. This obser-
vation may explain several previous results. Kara-
manos et al. [15] observed that although the hp2m/
hpB2m homodimer and the mpB2m/hf2m heterodimer
may have comparable interaction interfaces, the for-
mation of the hf32m/hf2m homodimer is instrumental
to amyloid formation while mB2m/hp2m heterodimer-
ization results in an inhibitory complex, impairing
amyloid formation. It is thus possible that mp2m com-
petes with the formation of hf2m homodimers and
either kinetically or thermodynamically impairs the
formation of higher order oligomers. Thus altogether,
our results suggest that suboptimal DD interface
formed within mB2m/mp2m homodimers may protect
mP2m from inducing amyloid aggregation. Similarly,
the DD interface formed in mpB2m/hf2m heterodimers
may also perturb the appropriate formation of hfi2m
oligomers.

Our results demonstrate that specific segments of
mp2m sequence (residues: 60—-70 and 80-90), and to a
lesser extent the dynamics, play also crucial roles in
determining its low aggregation propensity. Indeed,
the analyses of the primary sequence and of the com-
puted aggregation propensity of the conformational
ensembles indicate that residue D85 plays a key role in
the significant reduction of mpB2m aggregation propen-
sity compared to hf2m. Accordingly, the V85 mp2m
variant presents an oligomerization pattern similar to
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human wild-type and displays an amyloidogenicity
comparable to hp2m under denaturing conditions,
while mB2m is mainly monomeric under nondenatur-
ing conditions, and remains soluble under the same
amyloidogenic conditions as previously reported [13].
This is well in line with data showing that residues 83
and 85 are crucial in determining hf32m aggregation
[18].

It thus remains to be determined if the V85 mfB2m
variant would display the same amyloidogenicity as
hB2m in vivo or if the low oligomerization tendency
observed for mP2m is sufficient to hinder aggregation.
Finally, high-energy, partially misfolded, states have
been suggested to play a role in protein aggregation by
providing aggregation-prone structures [29,41,42]. In a
recent work on the D76N hf2m mutant, we observed
that the aggregation propensity of the high-energy
state populated by D76N hp2m is more pronounced
with respect to that of the high-energy state formed by
hp2m and may explain the stronger aggregation
propensity of the D76N variant [20]. Consequently,
the lack of such a state for mp2m is compatible with
the different tendencies of hf2m and mf2m to
oligomerize and for amyloid fibrils.

The results presented within this study shed addi-
tional light on the molecular bases underlying the dif-
ferent aggregation propensities of f2m in human and
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mouse, and provide new possible mechanisms for
mf2m inhibition of h2m aggregation. The possibility
of blocking pathologic protein misfolding by using a
nonaggregative mp2m variant may be a tantalizing
and generalizable strategy to address amyloid
aggregation.

Materials and methods

Preparation of the human 2m

The hp2m was expressed and purified as previously
reported in [43].

Preparation of the murine 2m

The mPB2m sequence encoding amino acids 1-99 was cloned
in a pET-8c plasmid. D-V mutagenesis of mpB2m was per-
formed using the QuikChange Lightning site-directed muta-
genesis kit supplied by Agilent (Santa Clara, CA, USA)
according to the manufacturer’s instructions. The following
primers were used: 5-GCAGAGTTAAGCATGTCAG
TATGGCCGAGCC-3' and 5-GGCTCGGCCATACTGA
CATGCTTAACTCTGC-3'.

The expression vectors were transformed into BL21
(DE3)pLysS (Novagen, Madison, WI, USA). The protein
production was IPTG induced and the product was
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Fig. 7. (A) Thermal unfolding of 8.5 um mpB2m and V85 mB2m in 50 mm sodium phosphate pH 7.4 monitored by far-UV CD at 202 nm. (B,
C) Kinetics of fibril formation monitored by fluorescence in the ThT binding assay. The V85 mp2m was incubated at pH 2.5 in the presence
of preformed hp2m seeds (B); h2m, mB2m and V85 mp2m were incubated in the presence of preformed V85 mp2m seeds at pH 2.5.
Seeded and unseeded reactions are shown in solid and dashed lines respectively. (D) Transmission electron microscopy micrograph shows

fibrillar aggregates of the V85 mpB2m variant.

purified as inclusion bodies as for hp2m. The concentra-
tion of the final product was determined spectrophotomet-
rically and purity of the product was assessed by SDS/
PAGE under denaturing conditions. Refolding was per-
formed by dialysis at 4 °C against 20 mm Tris HCI pH
7.5. After 24 h, the refolding mixture was concentrated
using Amicon concentration devices. Refolded Bf2m was
purified and buffer exchanged into 20 mm Tris HCl pH
7.0 by FPLC using Superdex 75 gel filtration (Pharmacia,
Uppsala, Sweden).

Aggregation assays

Three independent aggregation tests for hp2m, mp2m and
the V85 mP2m variant were performed in triplicate using
black, clear-bottom, 96-well microplates, the protein con-
centration of 100 pm was used in all experiments. Plates
were incubated in a FLUOstar OPTIMA reader (BMG
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LABTECH GmbH, Ortenberg, Germany) at 37 °C, over a
period of 100 h with intermittent cycles of shaking (1 min,
300 r.p.m, double orbital) and rest (30 min). The ThT fluo-
rescence intensity of the aggregates, expressed as arbitrary
units, was taken every 30 min using 450 + 10 nm (excita-
tion) and 480 + 10 nm (emission) wavelength, with a bot-
tom read and a gain of 1000. All reaction mixes were
freshly prepared and optimized for self-assembly or seeding
experiments under two different conditions: 50 mm phos-
phate buffer and 100 mm NaCl, pH 7.4, in the presence of
20% v/v TFE [44]; 50 mm sodium citrate and 100 mm
NacCl, pH 2.5 [45].

Transmission electron microscopy analysis

Morphological analysis of V85 mfB2m aggregates were car-
ried out adsorbing 10 pL. of sample onto carbon-coated
200-mesh grids and staining with UAR replacement
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(negative staining), using a FEI Tecnai Spirit transmission
electron microscope (120 kV) equipped with an Olimpus
Soft imaging solutions Megaview camera (Olympus, Shin-
juku, Tokyo, Japan). Images were taken at 18 500 x mag-
nification.

Mass spectrometry

The ESI-MS spectra under nondenaturing conditions
(50 mm ammonium acetate, pH 7) were acquired by direct
injection on a Orbitrap Fusion instrument (ThermoFisher
Scientific, Waltham, MA, USA). The main instrumental
parameters were: ion-spray voltage, 3.1 kV; source dissocia-
tion, 55 V; ion transfer tube temperature, 225 °C; flow rate
2 uL-min~". Spectra were averaged over a 2-min acquisition.

Disulphide bridge reduction kinetics: mixtures of 25 pm
hp2m and 25 pm mP2m were incubated at 37 °C in 50 mm
ammonium carbonate, 100 mm DTT, pH 8§, to reduce
disulphide bridges. At different incubation times, 10-uL ali-
quots were taken and diluted in 90 uL of 20% cold tri-
chloroacetic acid, vortexed and incubated 30 min at 4 °C.
Then, the sample was centrifuged at 20000 g, 4 °C for
30 min and the resulting pellet washed with cold acetone.
After lyophilization in a Speed Vac system (Analitica De
Mori, Milan, IT, USA), the sample was resuspended in
20 puL of 50 mm ammonium carbonate, pH 8, 130 mm allyl
bromide and incubated 1 h at room temperature for thiol
alkylation. Finally, the sample was buffer exchanged by
C18 ZipTips (Merck Millipore, Burlington, MA, USA),
with elution by 50% acetonitrile, 1% formic acid followed
by direct injection into the mass spectrometer. Each of the
above experiments was repeated at least three times using
different protein batches.

Crystallization and structure determination

Crystallization experiments were performed at 293 K using
a hanging drop vapour diffusion method with 6 pL of
mp2m (4 mg-mL~" in 20 mm Tris HCL, pH 7.5) mixed with
2 pL of the reservoir solution and equilibrated against
1 mL of the reservoir solution. The best crystals were
obtained in 34% poly(ethylene glycol) 8000 w/v, 100 mm
Tris HCI, pH 8.0 and in 40% poly(ethylene glycol) 6000 w/
v, 100 mm Tris HCI, pH 8.0. The crystal was cryoprotected
by addition of 34% poly(ethylene glycol) 400 w/v. Data
were collected at BL711 beam line, MAX Laboratory,
Lund, Sweden the 6/9/1999 ( = 1.018 A) and were processed
and scaled with DENZO and SCALEPACK [46]. The crys-
tal diffracted up to 1.92 A, it belongs to the space group
P2,2,2; with unit cell dimensions of 36.24, 47.60, 64.94 A.
The data collection statistics are shown in Table 1.

The structure of mB2m was solved by molecular replace-
ment using AMoRe [47], mB2m from the murine MHC-I
complex H-2Dd, (PDB code 1BII) was used as an initial
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model. One subunits of mB2m was found in the asymmetric
unit, crystals display a 51% solvent content. Refinement
was carried with X-PLOR [48] applying strict noncrystallo-
graphic symmetry. Last step of refinement was performed
in Refmac5 [49]. Statistics for the final model are shown in
Table 1.

NMR experiments

The NMR measurements were performed on 3., "N-la-
belled mP2m samples at a concentration of 200 pum. Assign-
ment of the backbone resonances was performed by a
combination of 'H-"’N  HSQC, CBCA(CO)NH,
HNCACB, HNCO and HN(CA)CO spectra, collectively
providing chemical shifts for *Ca, *Cp, 'HN, '*CO and
5N atoms [35].

NMR was performed at 25 °C using a Bruker AVANCE
spectrometer operating at proton frequency of 700 MHz,
equipped with a triple resonance cryoprobe. NMR data
were processed using NMRPIPE [50] and analysed using
sPARKY [51]. Data were processed using the MARS pro-
gramme [52].

Ensembles determination

The simulations were carried out using GROMACs [53] and
PLUMED [54] with the ISDB module [55]. The system was
described using the Amber03W force field [56] in explicit
TIP4P05 water [57] at 298 K. The starting conformations
were taken from the 2YXF and the here reported X-ray
structure for the hf2m and mp2m, respectively. The struc-
tures were protonated and solvated with ~ 8200 water
molecules in a dodecahedron box of ~ 260 nm® of volume.
The M&M protocol was applied using chemical shifts and
a global outlier model for the noise as previously described
[37,58]. Ten replicas of the system were simulated in paral-
lel with a restraint applied on the weighted average value
of the back-calculated NMR chemical shifts with a force
constant determined on the fly by M&M [59].

All replicas were biased by Parallel Bias Metadynamics
[60] along the following four CVs: the antiparallel beta con-
tent (the ‘anti-f’ CV), the AB CV defined over all the chi-1
angles for the hydrophobic side chains (the ‘AB’ CV), the
AB CV defined over all the chi-1 angles for the surface
exposed side chains (the ‘ABsurf” CV), and the AB CV
defined over all the phi and psi backbone dihedral angles
of the protein (the ‘bbAB’ CV). Definition of the CVs are
available in the PLUMED manual. Gaussians deposition
was performed with o values automatically determined by
averaging the CV fluctuations over 2000 steps and setting a
minimum value of 0.1, 0.12, 0.12 and 0.12, for anti-, AB,
ABsurf and bbAB respectively [61]; an initial energy depo-
sition rate of 2.5 kJ-mol~'-ps™' and a bias-factor of 20.
Furthermore, in order to limit the extent of accessible space

1
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along each collective variable and correctly treat the prob-
lem of the borders, intervals were set to 12-30, 10-40, 0-33
and 10-42 for the four CVs respectively. Each replica has
been run for a nominal time of 400 ns.

The sampling of the 10 replicas was combined using a
simple reweighting scheme based on the final metadynamics
bias B where the weight w of a conformation X is given by
w = exp(+B(X)/kgT), with kg the Boltzmann constant and
T the temperature, consistently with the quasi static beha-
viour at convergence of well-tempered metadynamics [61].
The convergence of the simulations by block analysis,
including error estimates, is shown in Fig. 5. All the data
and PLUMED input files required to reproduce the results
reported in this paper are available on PLUMED-NEST
(www.plumed-nest.org), the public repository of the
PLUMED consortium as plumID:19.038 [62]. Of notice the
free energy obtained for hp2m resembles that previously
determined by replica-averaged metadynamics simulations
on a slightly different sequence [18,63]. The main differ-
ences being the lack of a more ‘crystal’-like high-energy
state and the presence of a slightly more disordered, high-
energy, state. This latter was not sampled in a former work
[18] because the sampling was not allowed in that region,
but was more recently observed by solid-state NMR and
replica-averaged metadynamics simulations [20].

cb

Thermal stability experiments were performed in triplicate
using three independent batches of protein and were moni-
tored in the far-UV region using a J-810 spectropolarimeter
(JASCO Corp., Tokyo, Japan) equipped with a Peltier sys-
tem for temperature control. The protein concentration was
0.1 mg:mL™! in 50 mm sodium phosphate pH 7.4. The
temperature ramps were carried out from 20 to 95 °C (tem-
perature slope 50 °C-h™") in a 0.1-cm path length cuvette
and monitored at 202 nm wavelength. Tm was calculated
as the first-derivative minimum of the traces. Spectra before
and after unfolding ramp were recorded (260—190 nm). All
three f2m variants considered in this work display an irre-
versible unfolding under the tested conditions.

Accession number

Atomic coordinates and structure factors for mp2m have
been deposited at the Protein Data Bank, with accession
code 6I8C.
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3.3.3 HP2M AMYLOIDS IN MULTIPLE MYELOMA

Multiple myeloma (MM) is a B-cell neoplasm characterized by the accumulation of malignant
plasma cells in the bone marrow (124). The initiation as well as the progression of MM are
linked to the dysregulation of inflammatory and immunological processes (125). In particular,
tumor-associated macrophages (TAMs) play a crucial role by activating pro-inflammatory
pathways (126). Indeed, in TAMs the activation of highly inflammatory interleukins (including
IL-1B and IL-18) is regulated by cytosolic multiprotein complexes named inflammasomes,
which in turn favors the progression of MM (127). Among the several complexes, the nod-like
receptor family pyrin domain-containing 3 (NLRP3) has been highly studied due to its
implication in several pathologies, including type 2 diabetes and Alzheimer’s (128,129).
Interestingly, one of the factors mediating the activation of the NLRP3 inflammasome is the
formation of amyloid fibrils (130). In particular, the deposition of insoluble materials disrupts
the lysosome leading to perturbation of cytosolic homeostasis (130).

hB2m is used as biomarker for staging and prognosis of MM patients and increased levels of
hB2m usually correlates with poor prognosis (131). Nonetheless, while there is a clear
correlation between hB2m concentration and MM severity, it is to date unclear whether
hB2m has any role in MM development and progression (124).

In this study, we explored the role of h32m amyloids in the activation of the inflammasome.
In particular, we demonstrated that macrophages can phagocytose h32m which is then
delivered to the lysosome for degradation. However, the acidic conditions of the lysosome
favour h32m aggregation leading to the disruption of the organelle and alteration of cytosolic
homeostasis. To confirm our findings, we compared the behaviour of wt h2m and of W60G
hpB2m, a non-natural mutant that presents reduced amyloidogenicity and increased stability
(132,133) (Fig.5). Indeed, W60G hp2m shows little aggregation under mild denaturing
conditions (pH 7.4, 20% TFE), while abundant amyloid formation is observed exclusively under
strong denaturing conditions (pH 2.5) (133,134). Thus, to in order to prove that wt hf2m
amyloids are involved in the activation of pro-inflammatory processes in macrophages, we
compared the stability and the aggregation propensity under acidic condition of wt h2m and
of W60G h32m.
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Abstract

As significant constituents of the tumor microenvironment in multiple Myeloma (MM), pro-
inflammatory macrophages are key promoters of disease progression, bone destruction, and
immune-impairment. Consequently, the identification of endogenous mediators of these
inflammatory processes can open novel therapeutic avenues against major pathological
features of MM. Here, we identify beta-2-microglobulin (B2m) as an important driver in the
initiation of inflammation in myeloma-associated macrophages (MAMs). Lysosomal
accumulation of phagocytosed P2m in patient derived MAMs promoted B2m amyloid
aggregation, resulting in lysosomal rupture and ultimately in the production of active
interleukin (IL)-1b and IL-18. Interestingly, this process strictly depended on the activation of
the NALP3 inflammasome after B2m accumulation, as macrophages from NALP3-deficient
mice lacked efficient B2m-induced IL-1b production. Moreover, depletion or silencing of f2m
in MM cells abrogated inflammasome activation in a murine MM model. Finally, we
demonstrate that specific disruption of NLRP3 or IL-18 diminished tumor growth and
osteolytic bone destruction normally promoted by B2m-induced inflammasome signaling.
Taken together our results provide novel mechanistic evidence for B2m amyloid aggregates as
an NALP3 inflammasome activator during MM pathogenesis. Moreover, inhibition of

NALP3 highlights one potential novel therapeutic approach to combat this severe malignancy.
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Introduction
Multiple myeloma (MM) is an incurable B-cell malignancy characterized by accumulation of
malignant plasma cells in the bone marrow (BM)!, lytic bone lesions? and with a remarkable

t>4. It is widely accepted that dysregulated

ability to manipulate the bone marrow environmen
inflammatory and immunological processes in the tumor microenvironment are not mere
bystanders but that invading leucocytes and tumor-associated macrophages (TAMs) are
central for the initiation and progression of MM> % 7-3_ Studies have suggested that TAMs in
MM support proliferation® and drug resistance'® of MM cells, and that high TAMs content
correlates with poor prognosis!'!. TAMs acquire a strongly pro-inflammatory transcriptional
profile in the myeloma microenvironment® and produce pro-inflammatory cytokines including
interleukin-6 (IL-6)'2, IL-1B'3 and tumor necrosis factor (TNF)!4, which in turn favors the
progression and severity of MM!3. More recently, increased production of the inflammatory
cytokine IL-18 was identified as a key driver for MM progression'®>. Moreover, systemic
inhibition of inflammation'® 7 or targeting of IL-1p prolongs the progression-free survival of
MM patients and delays disease onset!®, which indicates that pharmacological intervention in
inflammatory pathways, may potentially hold great therapeutic promise. Despite the central
function attributed to TAMs in promoting MM disease, the initiating pathways that ultimately
lead to the pro-inflammatory activation of macrophages remain completely unclear.

Because of its highly inflammatory nature, IL-1f and IL-18 production is tightly controlled by
cytosolic multiprotein complexes known as “inflammasomes”. One of the most widely
studied inflammasome complexes is nod-like receptor family pyrin domain-containing 3
(NLRP3), which has been implicated in a wide range of diseases, including Alzheimer’s
disease!?, gout?, type 2 diabetes’! and some infectious diseases?” 3. After being activated,
NLRP3 recruits the adaptor molecule ASC, which in turn binds to procaspase-1, leading to its
autocatalytic processing and activation. Active caspase-1 catalyzes cleavage of the pro-

cytokines IL-1p and IL-18, which are secreted and biologically active only in their processed
3
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forms?24,

Signals and mechanisms leading to inflammasome activation are still poorly
understood. The NLRP3 inflammasome can be activated by microbial cell wall components
and toxins?®. However, the inflammasome is also proficient in sensing stress or endogenous

27 or amyloid B fibrils'®.

danger signals, such as extracellular ATP?®, crystalline substances
The latter initiates NLRP3 activation by perturbation of cytoplasmic homeostasis due to
lysosomal destabilization?®. This process, triggered by phagocytosed aggregated or insoluble
materials, is characterized by the cytosolic release of lysosomal contents (like cathepsins) and
reactive oxygen species (ROS), which results in assembly of the NLRP3 inflammasome and
activation of caspase-1. Despite the key role of inflammation in MM progression, little is
known about the relevance and initiating pathways of inflammasome activation in MM.
B2-microglobulin (f2m) is a non-glycosylated protein composed of 119 amino acid residues
with a secreted form of 99 amino acids and a molecular mass of 11,800 Dalton. B2m is
synthesized by all nucleated cells and forms complexes with the heavy chain of MHC class I
antigen through noncovalent linkage on cell surfaces?3°. While under physiological
conditions, 2m is generated at a constant rate, elevated f2m serum levels are observed in a
range of autoimmune, renal and hematological diseases. In particular wild type and the D76N
B2m variants are responsible of two amyloid related diseases indicating a clear amyloid
aggregation propensity for monomeric f2m in vivo*!*2, In multiple myeloma, increased p2m
levels are correlated with a poor prognosis and the failure of MM patients to respond to
therapy3. Although the biological effects of f2m in MM remains enigmatic, earlier studies
have reported f2m uptake by myeloid cells and an induction of a pro-inflammatory immune
response (maybe a reference here?).

Here we found that the NLRP3 inflammasome is activated after phagocytosis of f2m and that
internalized f2m aggregates into amyloid fibrils under the acidic phagosomal conditions,
which results in lysosomal swelling and damage. We further demonstrated that the f2m-

triggered NLRP3 activation in TAMs results in the release IL-1p and IL-18 and, in turn favors
4
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the growth and severity of MM. Our findings provide insight into the molecular processes
underlying the inflammatory conditions of MM and indicate that f2m represents a novel

inducer of sterile inflammation in macrophages.

Results

B2m induces IL-1p and IL-18 release by macrophages in a caspase-1 and NLRP3-
dependent manner. It remains unexplained how the inflammatory microenvironment in MM
is initiated. Given the fact that f2m concentration is increased during MM progression, as
well as the finding that ingested f2m triggers a pro-inflammatory immune response, we
hypothesized that B2m induces inflammasome activation in macrophages. Initially, we
investigated whether B2m treatment promotes release of IL-1f and IL-18 by human
macrophages. Given that pro-IL-1f is not constitutively expressed and requires transcriptional
induction, we primed cells with lipopolysaccharide (LPS), to ensure robust induction of pro-
IL-1B and to mimic the chronic activation of macrophages in inflammatory diseases. We
found that B2m induced a dose-dependent release of IL-1p and IL-18 in comparison to
controls (Fig. 1A), whereas protease digested f2m had no effect (IL-1B: p=0.016) (IL-18:
p=0.0079) (Supplementary Fig. 1A). In addition, IL-1p and IL-18 secretion was inhibited in
the presence of a f2m blocking antibody but not by control IgG (IL-1B: p=0.016) (IL-18:
p=0.0079) (Supplementary Fig. 1A), indicating that f2m is the active soluble factor
responsible for the release of IL-1f and IL-18.

To confirm the P2m-triggered inflammasome activation in macrophages, we performed
western blot analysis of cell lysates and supernatants (Fig. 1B). Firstly, we observed high
expression levels of NLRP3 and the concomitant adaptor oligomer ASC in cell lysates of f2m
- and nigericin-treated macrophages. In addition, we monitored low basal intracellular protein
levels of further inflammasome markers, such as pro-IL-1B (p31) and pro-caspase-1 (p45).

Detection of active caspase-1 (p20) in cell supernatants revealed that f2m induces specific
5
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cleavage of caspase-1 to its functional subunits p10 and p20, which appeared to be partially
released. As expected, intracellularly processed cytokines IL-1P (p17) and IL-18 (p22) were
detected in cell supernatants of f2m - and nigericin-treated macrophages (Fig. 1B). To test
whether B2m actives caspase-1, we measured caspase-1 activation in [2m-treated
macrophages using FLICA® reagent, a cell-permeant fluorescent-labeled inhibitor specific
binding covalently to active caspase-1 (Fig. 1C). Confocal microscopy as well as flow
cytometry showed an increase in caspase-1-positive macrophages after treatment with f2m
(Fig. 1C, right). The significant f2m-triggered increase in caspase-1-positive macrophages
(89.8 £ 2.0 %, p = 0.00020) was similar to the positive control nigericin (77.3 £ 5.5 %, p =
0.00020) (Fig. 1C, middle; Supplementary Fig. 1B). In contrast, macrophages treated with
B2mudigest (p = 0.0070) or f2m in the presence of a neutralizing antibody (o f2m) (p = 0.0070)
showed no activation (Supplementary Fig. 1C). To verify the observed impact of 2m on
caspase-1 activation, we treated macrophages with f2m in the presence of a caspase-1-
specific inhibitor z-YVAD-fmk and measured IL-1f levels in supernatants by ELISA. We
noted nearly complete inhibition of IL-1B release by macrophages (p = 0.0079) (Fig. 1D),
indicating that f2m-induced release of IL-1p is mediated by activated caspase-1. Next, we
investigated whether the inflammasome adaptor oligomer ASC might be present in
macrophages, since it is required for autocatalysis of pro-caspase-1 converting into active
caspase-1 (Fig. 1E). We therefore analyzed ASC oligomerization in 2m- and nigericin-
treated macrophages. Confocal microscopy revealed an increase in ASC oligomerization after
B2m treatment (82 +3%, p=0.016) (Fig. 1E and Fig. 1F), similar to the NLRP3-dependent
control nigericin (84 + 2%, p=0.016) (Fig. 1E and Fig. 1F). Finally, we examined whether
B2m specifically induces NLRP3 inflammasome activation. Therefore, we treated LPS-
primed bone marrow (BM) cells from wild-type (C57BL/6, WT) and NLRP3-deficient mice
(Nlrp3-/-, KO) with 2m as well as with NLRP3-dependent (ATP, nigericin) and NLRP3-

independent (poly(dA:dT) (poly(deoxyadenylic-thymidylic) acid)) stimuli (Fig. 1G and
6
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Supplementary Fig. 2). Increasing the amount of f2m from 3 pg/ml up to 60 pg/ml, we
detected a dose-dependent IL-1 and IL-18 secretion by BM cells from wild-type mice up to
0.49 £+ 0.17 ng/ml IL-1B (p=0.0031), as well as observed for NLRP3-independent control
poly(dA:dT) (0.25 £ 0.053 ng/ml, p=0.0519). In contrast, we found that IL-1p and IL-18
release by BM cells from NLRP3-deficient mice (Nlrp3-/-, KO) was nearly diminished after
B2m treatment, as well as observed for NLRP3-dependent controls (ATP, nigericin) (Fig. 1G
and Supplementary Fig. 2). To confirm that B2m specifically triggers NLRP3 inflammasome
activation, we treated macrophages with f2m in the presence of the NLRP3-specific inhibitor
MCC950%*. Treating macrophages with nanomolar concentrations of MCC950 inhibited
significantly the P2m-triggered release of IL-1P (6.8-fold reduction) (p=0.0317) (Fig. 1H).
These data collectively indicate that f2m induces the release of IL-1B and IL-18 from

macrophages in a caspase-1 and NLRP3-dependent manner.

Phagocytosis of p2m leads to formation of B-fibrils and subsequent lysosomal rupture.
Next, we investigated the mechanism and pathway by which B2m induces NLRP3
inflammasome activation. Since the NLRP3 inflammasome in macrophages is known to be
activated by phagocytosis of crystals or peptides, we reasoned that phagocytosis is essential
for B2m-triggered IL-1P release. Initially, we analyzed whether B2m 1is internalized by
macrophages. Therefore, we treated macrophages with fluorescent-labeled B2m for three
hours in the presence or absence of the phagocytosis inhibitor cytochalasin D. Analysis by
confocal microscopy demonstrated that f2m is phagocytosed rapidly by macrophages (Fig.
2A, top), and that pretreatment of macrophages with cytochalasin D prevented 2m uptake
(Fig. 2A, bottom). Similar to monosodium urate crystals (MSU), B2m-triggered release of IL-
1B was also attenuated by cytochalasin D, (Fig. 2B), which indicated that phagocytosis is
required for the induction of IL-1B secretion by f2m. Cytochalasin D had no effect on the

release of IL-1P after stimulation with nigericin (Supplementary Fig. 3A). Human 2m is
7
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3132 and specifically it has been shown to form

known for its amyloid propensity in vivo
amyloid-like fibrils under acidic conditions®> 3¢ .Thus we hypothesize that after phagocytosis,
B2m may aggregate in lysosomes at low pH conditions (pH4 - pHS5), forms cross-B-fibrils,
which lead to lysosomal rupture and the concomitant release of lysosomal factors into the
cytosol which finally activates the NLRP3 inflammasome. Firstly, we found that bafilomycin
al, (an inhibitor of lysosomal acidification), prevents IL-1f release, suggesting that
phagolysosome acidification is necessary for P2m-mediated inflammasome activation
(Supplementary Fig. 3B). Secondly, we examined whether amyloids are present in
macrophages after f2m internalisation. Therefore, we analyzed fibril formation in B2m-
treated macrophages using AmyTracker™ reagent, a cell-permeant fluorescent marker
binding to fibrillar and proto-fibrillar amyloids®’. Flow cytometry analysis of macrophages
revealed a significant increase in amyloid structures (37.5 + 13.6 %, p=0.041) after treatment
with f2m (Fig. 2C and Supplementary Fig. 3C). Simultaneously, we determined caspase-1
activation in AmyTracker-positive macrophages (32.8 £ 9.9 %, p=0.065) indicating the
connection between B-fibril formation and inflammasome activation (Supplementary Fig.
3D). In order to further validate whether the formation of B2m amyloids is required for
inflammasome induction, we tested the effect of the mutational f2m variant B2mwsoc (Fig.
2D) on lysosomal damage and inflammasome activation in macrophages. In contrast to WT,
B2mweoc is reported to have greater thermodynamic stability and an overall lower aggregation
propensity compared to the WT protein’® 3% 40 Specifically, in vitro experiments show that at
lysosomal pH between pH 4 and pH 5 B2mweoc displays markedly low aggregation
propensity and that its folded fraction is significantly higher than the one observed for WT
B2m (Supplementary Fig. 4). Initially, we investigated whether f2m and B2mweoc showed
differential formation of amyloid fibrils in lysosomes of macrophages. Therefore, we treated
macrophages with B2m or P2mweoc and analyzed these cells by electron microscopy.

Phagocytosed f2m led to a diffuse cellular distribution of fibrillar aggregates in the cytosol of
8
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macrophages (Fig. 2E, left), while B2mweoc, was localized as globularly aggregates in
structurally intact lysosomes (Fig. 2E, right). To further explore whether lysosomal damage
occurs during the phagocytosis of f2m, we simultaneously monitored lysosomal integrity and
phagocytosis of labeled f2m and B2mweoc by confocal microscopy. We identified punctuated
colocalization of fluorescent-labeled P2mweoc with intact lysosomes by LysoTracker a
fluorescent dye, which selectively accumulates in acidic vesicular compartments,
predominantly in late endosomes and lysosomes (Fig. 2F, right). In contrast to the mutant
form, WT B2m-containing lysosomes were partially swollen and the lysomotropic dye was
also detected in cytoplasm, suggesting a destabilization of lysosomal integrity (Fig. 2F, left).
We confirmed this with a LysoSensor flow cytometry-based assay in which we quantified
lysosomal destabilization by the increase in LysoSensor-negative cells. Consistent with the
findings obtained by confocal microscopy P2m-treatment resulted in a significant loss of
fluorescence, whereas treatment with B2mweoc had no effect on LysoSensor accumulation in
macrophages (Fig. 2G and Supplementary Fig. SA). Accordingly, the reduced lysosomal
destabilization by B2mweoc was reflected by a significant reduction in IL-1f (Fig. 2H) and IL-
18 release (p=0.041) (Supplementary Fig. 5B) in comparison to WT f2m. We reasoned that
the lysosomal destabilization results in the release of lysosomal factors, such as proteolytic
enzymes or reactive oxygen species (ROS), which are in turn activate the NLRP3
inflammasome?*"> 4> 43 Therefore, we treated macrophages with P2m or B2mwsoc and
measured intracellular cathepsin-B activity with the fluorescent substrate Magic Red-(RR)2,
which selectively binds to proteolytically cleaved active cathepsin B. Cathepsin B is assumed
to directly induce NLRP3 inflammasome activation as well as to mediate mitochondrial
dysfunction leading to mtROS-triggered NLRP3 inflammasome activation. In contrast to the
control B2mweoc, P2m treatment resulted in a diffused cellular staining pattern, which
demonstrates release of active cathepsin B into the cytosol (Supplementary Fig. 6A).

Pretreatment of macrophages with the cathepsin B-specific inhibitor CA-074 Me resulted in a
9
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significant inhibition of IL-1P release (Fig. 2I) (p = 0.0317), whereas the inhibitor had no
effect on nigericin mediated IL-1p release (Supplementary Fig. 6B). In addition, we detected
increased level of ROS in macrophages after treatment with 2m, which could be abrogated
by the ROS scavenger N-acetylcysteine (NAC) (Supplementary Fig. 6C). However, we
found no significant effect on the release of IL-1B (Supplementary Fig. 6D). Collectively,
these data indicate that it is not f2m internalisation in lysosomes of macrophages but its
aggregation into amyloid fibrils which specifically causes lysosomal rupture and the
concomitant release of lysosomal factors, such as proteolytic enzyme cathepsin B, into the

cytosol resulting in inflammasome activation.

B2m -mediates NLRP3 inflammasome activation in TAMs of MM patients.

Based on our observation that B2m can activate the NLRP3 inflammasome in macrophages,
we hypothesized that MM patients with elevated B2m levels also display elevated
inflammasome activation. To test this hypothesis we initially correlated f2m bone marrow
plasma levels of MM patients with levels of IL-1p and IL-18 (n = 31). By separating IL-1f
and IL-18 levels into low (< 2.7 pg/ml), intermediate (2.8 - 9.7 ug/ml) and high (> 9.8 pg/ml)
B2m groups, we found that higher f2m concentrations resulted in significantly increased IL-
IB (low: 0.2 £0.03 pg/ml vs. high: 5.3 £1.3 pg/ml, p = 0.036) and IL-18 production (low:
0.29 £ 0.03 ng/ml vs. high: 1.3 £ 0.37 ng/ml, p = 0.00070) in the bone marrow plasma of MM
patients (Fig. 3A and Supplemental Figure 7). Since macrophages are the primary sources
for the release of active IL-1p and IL-18, we investigated whether these cytokines and further
inflammasome markers are present in TAMs of MM patients. Firstly, RNA analysis of
isolated TAMs of untreated MM patients showed an increased transcription of inflammasome
markers (AIM2, CASP1, IL1B, IL18, and NLRP3) in comparison to bone marrow
macrophages of healthy controls (Fig. 3B). Secondly, staining bone marrow samples of

untreated MM patients for IL-1p or caspase-1 (p20) and the macrophage marker CD68,
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revealed an enhanced activation of caspase-1 (Fig. 3C, left) and high expression levels of IL-
1B in TAMs (Fig. 3C, right). Next, we compared the expression of inflammasome markers in
TAMs of MM patients with bone macrophages of healthy donors by flow cytometry (Fig.
3D). We found that, in comparison to healthy controls, TAMs displayed a significant
increased expression of NLRP3 (2.7-fold, p = 0.0027), IL-1p (1.6-fold, p = 0.029), IL-18 (2.6-
fold, p = 0.0078) and an enhanced caspase-1 activation (2.7-fold, p = 0.069). These results
collectively suggest TAMs of MM patients display an active inflammasome. In order to
analyze whether amyloid fibrils are present in TAMs of MM patients, we stained TAMs with
AmyTracker™ to visualize amyloid proteins and FLICA to detect simultaneously active
caspase-1. Analysis by flow cytometry demonstrated that amyloidogenic proteins were
present in TAMs of MM patients, but not in bone marrow macrophages from healthy controls
(MM: 28.6 = 17.8 %, vs. HD: 3.0 = 0.5 %) (Fig. 3E and Supplementary Fig. 8A).
Furthermore, a significant proportion of amyloid-positive TAMs displayed also an active
caspase-1 (39.7 £ 15.6 %), suggesting a link between the presence of amyloid proteins and
inflammasome activation (Fig. 3E; Supplementary Fig. 8B). To verify whether TAMs
contain increased amounts of amyloid fibrils, we performed dot blot analysis by using
conformation specific antibodies against cross-f fibrils (LOC antibody) or against soluble
B2m (Supplementary Fig. 8C). We detected high amyloid levels in cell lysates of isolated
TAMs, but not in the healthy controls (Fig. 3F), while soluble B2m was equally expressed in
both groups. Of note, the conformation specific antibody against amyloid fibrils recognizes
generic epitopes common to many amyloid fibrils and fibrillar oligomers, but not monomers,
prefibrillar oligomers or natively folded proteins. Next we sought to determine whether 2m
in human BM plasma of MM patients has the ability to activate caspase-1 and subsequent IL-
1B and IL-18 release. Therefore, we primed generated macrophages with LPS and treated
them with human BM plasma of untreated MM patients in the presence or absence of a

neutralizing anti- f2m antibody (af2m). We detected by flow cytometry a robust increase in
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caspase-1 activation in macrophages after stimulation with BM plasma of MM patients (30.2
+ 5.9 %) (Fig. 3G). Moreover, treatment of macrophages with human BM plasma of MM
patients led also to an increase in IL-1p (1.4 £ 0.58 ng/ml) and IL-18 release (27.5 + 7.3
ng/ml) (Fig. 3H). These effects were markedly inhibited in the presence of the neutralizing
anti- f2m antibody, whereas isotype control treatment had no effect (Supplementary Fig. 9A
and 9B), which indicates that f2m in the bone marrow plasma of MM patients is responsible

for inflammasome activation in macrophages and for the release of IL-1f and IL-18.

B2m-triggered NLRP3 inflammasome activation in vivo.

To elucidate whether B2m is responsible for inflammasome activation in MM, we
investigated the induction of the inflammasome in 5T33MM mice. 5T33M mice develop
spontaneously myeloma and the disease have many features in common with the human
disease. When transplanted myeloma cells (5STGM1) into syngeneic mice, recipients develop
the presence of a monoclonal protein and osteolytic bone disease, inevitably leading to hind
limb paralysis. Initially, syngeneic GFP™ myeloma cells (5TGM1) were injected and serum
levels of f2m, IL-1P and IL-18 were determined weekly for four weeks (t0, t1, t2, t3) (Fig.
4A). Levels of f2m (7.1 = 3.0 pg/ml, p = 0.029), IL-1pB (735.5 £ 170.7 ng/ml, p = 0.050) and
IL-18 (1,692.4 = 221.0 ng/ml, p = 0.029) significantly increased with the stage of MM (GFP*
MM cells at t3: 5.8% =+ 1.2%) (Fig. 4A and Supplementary Fig. 10A), which is in accordance
with our observation in human. In addition, we observed an increase in IL-6 (51.1 = 14.6
pg/ml, p = 0.029) and TNF (19.1 £ 8.8 pg/ml, p = 0.069) (Supplementary Fig. 10B). Next,
we analyzed mRNA expression of isolated TAMs and found that, similar to human TAMs,
TAMs of 5T33MM mice express high amounts of NLRP3 mRNA in comparison to controls
(7.9-fold) (Fig. 4B). Moreover, flow cytometric analysis of TAMs demonstrated high
expression of IL-1B and IL-18 during tumor progression, which indicates that TAMs of

5T33MM mice display an active inflammasome (Fig. 4C). Because we found that f2m forms
12
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aggregates in lysosomes, leading to NLRP3 inflammasome activation, we next investigated
whether amyloid fibrils might be present in murine TAMs of 5T33MM mice (Fig. 4D). Flow
cytometry specifically demonstrated an increase in amyloid-positive TAMs from 5T33MM
mice (16.7 = 0.23 %, p = 0.1), which was not the case for BM macrophages of control mice (n
=3, p=0.1) (Supplementary Fig. 11A). Simultaneously, we detected an enhanced caspase-1
activation in amyloid-positive TAMs (67.1 = 2.6 %, p = 0.01), confirming the connection
between B2m aggregation and NLRP3 inflammasome activation in this murine myeloma
model (Fig. 4D; Supplementary Fig. 11B). To decipher whether f2m is responsible for the
observed inflammasome induction, we generated B2m low expressing STGMI1 cells by
transduction with shRNA against f2m (Fig. 4E and Supplementary Fig. 12) and injected
these cells in syngeneic mice. In line with previous data, we quantified high serum levels of
IL-1PB and IL-18 in late stage of disease. In contrast, we detected only low amounts of IL-1
and IL-18 in mice challenged with f2m low expressing STGM1 cells (Fig. 4F). Compared
with the control group, silencing f2m in STGMI1 cells significantly inhibited the formation of
amyloid aggregates in TAMs and the activation of caspase-1 (Fig. 4G). These data indicate

that B2m of myeloma cells is at least partly responsible for inflammasome activation in MM.

Inhibition of the NLRP3 inflammasome reduces MM progression

Because MM cells are critically dependent on stromal and cytokine support, we reasoned that
the NLRP3 inflammasome, activated by p2m aggregates, plays a pivotal role in MM
progression. We therefore co-cultured 5ST33MM cells (5TGM1) with bone marrow of
NLRP3-deficient mice (Nlrp3-/-, KO) or bone marrow of control mice (C57BL/KaLwRij or
C57/BL6) and measured MM cell growth using flow cytometry. When MM cells were
cultured with autologous bone marrow or C57/BL6 wild-type mice, a significant increase
(3.1-fold) in cell growth was measured after 24 hours (Fig. SA). In contrast, bone marrow

cells of NLRP3-deficient mice failed to support cell growth of MM cells (Fig. 5B).
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Furthermore, activation of the AIM2 inflammasome in bone marrow of NLRP3-deficient
mice restored stromal growth support of MM cells, suggesting that inflammatory effector
molecules are required for the promotion of MM cell growth (Fig. 5C). To confirm the
requirement of an active NLRP3 inflammasome for the stromal growth support, we blocked
the NLRP3 inflammasome with the selective NLRP3 inhibitor MCC95034. Treatment of bone
marrow and MM cells with MCC950 results in a significant reduction of MM cell growth
(Fig. 5D). Of note, we did not observe direct cytotoxic effects of MCC950 on MM cell
growth (Supplementary Fig. 13). We next sought to address the mechanism of NLRP3-
dependent growth support. Bone marrow cells were incubated with MM cells in the presence
of various blocking antibodies (anti-IL-1p, anti-IL-6, anti-IL-18 or anti-IL-18 receptor), and
MM cell growth was determined by flow cytometry. Growth support was markedly inhibited
in the presence of an anti-IL-18 or an anti-IL-18 receptor antibody, whereas anti-isotype
control treatment had no effect (Fig. SE and Supplementary Fig. 14). Conversely, the
inhibition of IL-1f or IL-6 in the co-culture did not result in a significant reduction of stromal
growth support (Supplementary Fig. 14). By analyzing the IL-1 receptor superfamily
(ILIR1, IL18R1 and IL33R) on MM cells, we found that human and murine MM cells
express high levels of the IL-18 receptor, indicating that IL-18 could affect MM cells
(Supplementary Fig. 15A and 15B). Treatment of STGMI1 cells with recombinant IL-18
resulted in a slight increase of cell growth (Supplementary Fig. 15C). In summary, these
findings suggest that the observed stromal growth support depends on the inflammasome
mediated IL-18 secretion of BM cells.

We next investigated the effects of MCC950 on MM progression in vivo. Syngeneic GFP+
myeloma cells were injected in 5ST33MM mice and subsequently treated with MCC950 (20
mg/kg per week, 4 weeks). Treatment with MCC950 reduced serum concentration of IL-1f3
and IL-18 (Fig. SF) but did not decrease the amount of TNF (Supplementary Fig. 16).

However, serum levels of IL-6 were also significantly reduced by MCC950 treatment
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(Supplementary Fig. 16). To determine whether MCC950 treatment also reduce MM growth
in vivo, we measured the percentage of GFP+ myeloma cells in the bone marrow. Strikingly,
we found a significant lower percentage of myeloma cells in the bone marrow of treated mice
(Fig. 5G and Supplementary Fig. 16). In order to measure disease severity in ST33MM mice
during MCC950 treatment, we developed a clinical scoring system ranging from O
(asymptomatic) to 50 based on weight loss, motility, development of paralysis, and mortality.
Treatment of mice with MCC950 delayed the onset and reduced the severity of myeloma
(Fig. SH). Remarkably, MCC950 treatment of ST33MM mice prevented development of hind
limb paralysis (control: 80% vs. MCC950: 20%) (Fig. SI). To examine osteolysis, we
analyzed the femurs for bone density and volume by micro-computed tomography (uCT)
(Fig.5J). Quantitative pCT analysis showed that injection of STGMI cells induce osteolysis,
(decrease in trabecular bone volume, number of trabeculae, increase in trabecular separation),
whereas MCC950 treated mice display only small osteolytic lesions.

In summary, these findings strongly indicate that inflammasome activation favours myeloma
progression, and that therapeutic inhibition of the NLRP3 inflammasome delayed the onset

and reduced the severity of myeloma disease (Fig. 6).

Discussion

Inflammation is a key component of the tumor microenvironment in multiple myeloma.
Consequently, inflammatory TAMs promotes disease progression®, bone destruction’ and
immune-impairment*. Our work here has identified B2m amyloid aggregation as an
endogenous mediator that leads to NLRP3 inflammasome activation, resulting in abnormal
IL-1pB and IL-18 secretion, which in turn promotes progression and severity of MM (Figure
6). Therefore, we propose, that f2m is a clinically relevant endogenous danger signal that is

sensed by the NLRP3 inflammasome.
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In MM patients, high levels of B2m correlate with poor prognosis and poor therapy
response®’. Here, we provide one explanation for this clinical observation, by describing a
B2m-triggered inflammasome activation in TAMs, which leads to increased tumor growth of
MM cells and osteolytic bone disease, which is a frequent complication of multiple
myeloma?. The finding that B2m induces inflammasome activation after phagocytosis is
supported by an earlier report that uptake of f2m by myeloid cells induce a pro-inflammatory
immune response®. Moreover, a role of the inflammasome complex in MM was previously
suggested by one elegant study, using Vk*MYC mice. Injection of Vk12653 MM cells in
NLRP3”, ASC” or NLRP1"" resulted in prolonged survival compared with WT mice'>.

Here we have shown that B2m uptake is necessary for the activation of the NALP3
inflammasome but its accumulation in lysosome is not per se sufficient, but amyloid
aggregation is required. Indeed, while NALP3 inflammasome is activated in macrophages
treated with WT B2m, the single mutant f2mweoc known to be highly stable and poorly
amyloidogenic*® 3% 38 fails to trigger the same effect. Specific in vitro experiments at pH
values mimicking lysosomal environment show that under such conditions 2mweoc tends to
retain its native structure and form little aggregates while the WT protein is largely unfolded
and aggregates rapidly and abundantly (Supplementary Fig. 4). Moreover, specific amyloid
staining shows that the presence of fibrillar aggregates in macrophages treated with WT 2m
is accompanied by large lysosomal damage and NALP3 inflammasome activation.
Conversely, a clear correlation between absence of amyloids, intact lysosomes and non-
activation of NALP3 inflammasome is observed in macrophages treated with B2mweoG
(Figure 2). Taking together, these data strongly support f2m amyloid aggregation as the
molecular event responsible for lysosomal rupture and ultimately for the activation of NALP3
inflammasome.

Our results support a model in which induction of the NLRP3 inflammasome in TAMs

triggered by “frustrated phagocytosis” is a critical and early step in the initiation and
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progression of MM. Remarkably, the most common cancer associated with Gaucher disease, a
primary macrophage lysosomal storage disorder characterized by chronic macrophages
activation and overproduction of IL-1B by macrophages, is myeloma*®. Along with our
observations, this is consistent with inflammasome induction by lysosomal damage playing a
key role in the development of MM. Moreover, increased f2m serum levels are also observed
in a range of autoimmune, renal and hematological diseases. For example, elevated serum
B2m levels have been reported in theumatoid arthritis (RA)*” or inflammatory bowel disease
(IBD)*. Interestingly, in both diseases tissue macrophages exhibit a hyper-activated NLRP3
inflammasome complex and increased levels of IL-1p and IL-18 are detected in active RA%
or IBD. With regard to our observation, that B2m aggregation activates the NLRP3
inflammasome in TAMs, it is tempting to speculate that f2m amyloids may be a general
trigger for NLRP3 inflammasome activation in a range of otherwise unrelated inflammatory
diseases.

Both IL-1p and IL-18, which are abundant in serum of MM patients, have already been linked
to the pathogenesis of MM. IL-1P promotes inflammatory osteolysis, regulates the homing of
malignant plasma cells into the bone marrow and controls IL-6 production, which is important
for myeloma survival and proliferation’!. Importantly, treatment with a recombinant IL-1R
antagonist (Anakinra) prolongs the progression-free survival of patients with indolent
myeloma, suggesting that therapeutic reduction of IL-1p activity can halt progression to
active myeloma'®. In contrast, much less is known about the pathologic functions of IL-18 in
MM. High levels of bone marrow plasma IL-18 were associated with poor overall survival of
MM patients®? and mice deficient for IL-18 were remarkably protected from VkK*MYC MM
progression. Moreover, IL-18 can accelerate generation of myeloid-derived suppressor cells
(MDSCs), which in turn inhibit T cell mediated killing of MM cells'>.

We observed increased cell growth of MM cells in the presence of BM cells, which was

abrogated by blocking IL-18 signaling and inhibition of the NLRP3 inflammasome. However,
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treatment of STGM1 cells with recombinant IL-18 only resulted in a minor increase in cell
growth. This suggests that IL-18 alone is not sufficient to induce proliferation of MM cells.
However, the observation that IL-18 directly affects MM cells is supported by previous
findings of IL-18 injection in mice resulting in the production of self-reactive antibodies and
expansion of plasma cells’. TL-18 also facilitates bone destruction by stimulating osteoclast
formation through upregulation of RANKL (receptor activator of nuclear factor kB ligand)>*.
However, IL-18 frequently appears to act synergistically with other factors, and it is
frequently unclear whether IL-18 associated effects are direct and/or indirect effects.

Even though we demonstrate that uptake and amyloid aggregation of f2m can trigger
inflammasome activation in MM, the question of which factors aid in priming the
inflammasome in this disease remains open. Although high concentrations of 2m alone were
able to replace LPS as the priming agent, the amount of secreted IL-1P and IL-18 level were
much lower under these conditions, indicative of other factors being involved. However,
recent studies indicate that certain endogenous ligands, which were recognized by Toll-like
receptors (TLRs), were expressed in the tumor microenvironment. For example, the
extracellular matrix proteoglycan versican has previously been shown to activate TLR2/6
signaling in myeloma-associated macrophages'®. It remains to be determined whether there
are other damage-associated molecular patterns (DAMPs), like syndecan-1%° or S100
proteins®®, in multiple myeloma, able to induce a noninfectious inflammatory response.

The STMM mouse model revealed that activation of TAMs by p2m increased tumor growth
and lytic bone lesions. Importantly these effects were strongly reduced in the presence of the
specific NLRP3 inhibitor MCC-9503*. These results have important practical ramifications in
light of ongoing clinical trials specifically investigating inhibition of inflammasome
components in human cancers®’. Although one clinical trial focusing on the inhibition of the
downstream effector IL-1B showed promising results®®, blocking IL-1B or IL-18 individually

have been shown to increase the risk of infections. Theoretically, inhibition of a specific
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inflammasome like NLRP3 (e.g. by MCC950) can block pathological effects of NLRP3
without compromising beneficial effects from other inflammasomes. This approach appears
particularly promising as our results highlight f2m-tiggered inflammasome induction as a
relevant pathophysiological process mediating inflammatory bone destruction. Importantly,
morbidity, mortality, as well as the overall quality of life of MM patients is directly linked to
progressive osteolytic bone disease, which is the hallmark of multiple myeloma. The results
from our study demonstrated that inflammasome inhibition during MM progression reduces
osteolytic lesions which is in accordance with earlier reports®®. Mechanistically, IL-1B can
directly or indirectly induce osteoclast differentiation, and targeting IL-1 limits osteolysis in
inflammatory diseases®. Moreover, mice with an activating-mutation in the NLRP3 gene
exhibit systemic inflammation and severe osteopenia®'. In this context, it is notable that
thalidomide, a well-established drug in the front line therapy of MM, can inhibit caspase-1,
which suggests that the antineoplastic effects of this agent may be mediated (at least partially)
through inflammasome inhibition®”. However, given that an active inflammasome triggers
tumor growth, immune escape and osteolytic lesions, we expect that specific inflammasome
inhibition during standard treatment will improve outcome and well-being of patients with
myeloma.

Taken together, our data allow building a model describing the molecular events supporting
inflammation in MM (Figure 6). f2m is abundantly internalised by macrophages and
lysosomal environment facilitates P2m aggregation. The accumulation of amyloid fibrils
results in lysosomal damage and subsequent inflammasome induction.

Intriguingly, we may speculate that such molecular cascade could be relevant beyond MM,
and that this work may extend the understanding of the PB2m-mediated inflammasome

activation also in other inflammatory diseases.
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Material and Methods

Cell culture reagents. Cells were cultured in RPMI 1640 media supplemented with L-
glutamine (2 mM), 2-mercaptoethanol (50 nM), PenStrep (160 uIU/ml penicillin, 160 ng/ml
streptomycin) (GIBCO®, Thermo Fisher Scientific™, Waltham, USA), sodium pyruvate (1
mM), MEM-vitamin (0.4 %), MEM-NEAA (1 %) (PAN™ Biotech, Aidenbach, GER) and

FCS (10 %) (c.c. pro, Oberdorla, GER).

Preparation of macrophages. Human PBMCs were isolated from freshly drawn peripheral
blood of healthy donors (University Hospital of Erlangen, Department of Transfusion
Medicine and Haemostaseology, GER) by density gradient centrifugation using human
Pancoll (1.077 g/ml) (PAN™ Biotech, Aidenbach, GER) and a subsequent buffy coat
purification. To generate macrophages, CD14" monocytes were isolated by adherence to
polystyrene in CELLSTAR® cell culture flasks (Greiner Bio-One, Kremsmiinster, AUT) and
cultured in the presence of Leucomax® GM-CSF (500 U/ul) (Novartis Pharma, Niirnberg,
GER). After 6-7 d of culture, macrophages were detached with EDTA (1 mM) (Sigma-

Aldrich®, Miinchen, GER).

Mice. NLRP3-deficient mice (Nlrp3-/-) were provided by Prof. Dr. Robert Zeiser and
Shaima’a Hamarsheh (Department of Medicine 1 - Medical Center, University of Freiburg,
Freiburg, GER). C57BL/6 mice were from The Jackson Laboratory (Bar Harbor, USA).
5STMM mice were from Dr. Jens Nolting and Savita Bisht-Feldmann (Department of
Oncology/Hematology and Rheumatology, University Hospital Bonn, Bonn, GER). Mouse
strains were bred and housed in pathogen-free conditions. All experiments were in accordance
with the guidelines set forth by the University Hospital of Erlangen and approved by the

Institutional Animal Care and Use Committee.
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Reagents. ATP, MSU crystals, nigericin, poly(dA:dT) and the v-ATPase-specific inhibitor
bafilomycin A1 were from InvivoGen (San Diego, USA). LPS (Escherichia coli 0111:B4),
the phagocytosis inhibitor cytochalasin D, the cathepsin B-specific inhibitor CA-074 methyl
ester and the mtROS-inhibitor N-acetyl-L-cysteine (NAC) were from Sigma-Aldrich®
(Miinchen, GER). The NLRP3-specific inhibitor MCC950 was from Biomol (Hamburg,
GER). The pancaspase inhibitor z-VAD-fmk was from R&D Systems® (Minneapolis, USA)

and the caspase-1-specific inhibitor z-Y VAD-fmk was from Abcam® (Cambridge, UK).

Protein expression and purification. Recombinant B2m and B2mwsoc were expressed and

purified as previously reported®.

Aggregation assays. Aggregation assays at different pH (2.5, 3, 3.5, 4, 4.5, 5, 7.5) were
performed in reaction mix containing 50 mM sodium citrate (acidic conditions) or 50 mM
sodium phosphate, 15 mM NaCl, f2m variant (40 uM) and ThT (10 uM).

All reactions were performed in triplicate using black, clear-bottom, 96-well microplates.
Upon seeding with preformed B2m fibrils, plates were incubated in a FLUOstar OPTIMA
reader (BMG Labtech, Germany) at 37 °C, over a period of 100 h with intermittent cycles of
shaking (1 min, 300 rpm, double-orbital) and rest (30 min). The ThT fluorescence intensity of
the aggregates, expressed as arbitrary units (AU), was taken every 30 min using 450 + 10 nm

(excitation) and 480 = 10 nm (emission) wavelength, with a bottom read and a gain of 1000.

Fluorescence experiments. The denaturation of the f2m variants (8.5 uM) at different pH
values was followed by intrinsic Trp fluorescence under the same conditions used for
aggregation assays. All measurements were performed in triplicate on a Cary Eclipse

spectrofluorometer (Agilent) using a QS High Precision Cell (HellmaAnalytics) with
21
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emission slit 5 nm. Excitation wavelength was set to 295 nm and Trp fluorescence was

monitored at 350 nm.

LysoSensor™ Green DND-189. Intralysosomal pH was detected using the LysoSensor™
Green DND-189 kit from Thermo Fisher Scientific™ (Waltham, USA) according to the
manufacturer’s instructions. macrophages were seeded at 1x 10%ml in polystyrene Falcon®
round bottom tubes (Corning® LifeSciences, Corning, USA), LPS-primed (1 pg/ml, 3 h) and
overnight-incubated with 250 pg/ml MSU crystals, 60 pg/ml B2M and 60 pg/ml B2Mwsoc.
Cells were washed with PBS and incubated with the LysoSensor™ Green DND-189 reagent
(4 uM, 2 h) at 37 °C and 5 % CO2. As assessed by flow cytometry, an increase in

intralysosomal pH or rather lysosomal rupture was defined as decrease in fluorescence.

FLICA® 660 Caspase-1 assay. Caspase-1 activity was detected using the FLICA® 660
Caspase-1 assay kit from ImmunoChemistry Technologies (Bloomington, USA) according to
the manufacturer’s instructions. macrophages were seeded at 1x 10%ml in polystyrene
Falcon® round bottom tubes (Corning® LifeSciences, Corning, USA) and on a 8 well
Permanox™ Chamber Slide™ system (Thermo Fisher Scientific™, Waltham, USA), LPS-
primed (1 pg/ml, 3 h) and overnight-incubated with 10 puM nigericin, 10 pg/ml B2mdigest, 10
pg/ml B2m pre-incubated with a P2m-neutralizing antibody (clone: 2M?2) (LifeSpan
BioSciences, Seattle, USA) (10 pg/ml, 1 h) and B2m (10, 60 pg/ml). For pancaspase
inhibition, macrophages were pre-incubated with z-VAD-fmk (20 uM, 1 h). For B2m-
blocking, macrophages were overnight-primed with 100 ng/ml LPS and overnight-cocultured
with bone marrow plasma from MM patients (8 %) pre-incubated with a f2m-neutralizing
antibody (clone: 2M2) (LifeSpan BioSciences, Seattle, USA) and an IgG1 antibody (clone:
12G8G11) (BioLegend®, Minneapolis, USA) (10 pg/ml, 1 h). Cells were washed with PBS

and incubated with the FLICA® 660-Y VAD-fmk reagent (1:150, 30 min) at 37 °C and 5 %
22
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COz2. As assessed by flow cytometry and confocal microscopy, caspase-1 activation was

defined as increase in fluorescence.

CellROX® Deep Red assay. mtROS in macrophages were detected using the CellROX®
Deep Red assay kit from Thermo Fisher Scientific™ (Waltham, USA) according to the
manufacturer’s instructions. macrophages were seeded at 1x 10%ml in polystyrene Falcon®
round bottom tubes (Corning® LifeSciences, Corning, USA). For mtROS inhibition, medium
of LPS-primed (100 ng/ml, 3 h) macrophages was removed, cells were washed with PBS and
incubated in medium containing 1 mM NAC and 60 pg/ml B2m for 48 h. Cells were washed
with PBS and incubated with the CellROX® Deep Red reagent (5 uM, 30 min) at 37 °C and 5
% COz2. As assessed by flow cytometry, an increase in mtROS was defined as increase in

fluorescence.

Magic Red® Cathepsin B assay. Cathepsin B activity in macrophages was detected using
the Magic Red® Cathepsin B assay kit from ImmunoChemistry Technologies (Bloomington,
USA) according to the manufacturer’s instructions. macrophages were seeded at 1x 10%/ml on
a 8 well Permanox™ Chamber Slide™ system (Thermo Fisher Scientific™, Waltham, USA),
LPS-primed (1 pg/ml, 3 h) and overnight-incubated with 250 pg/ml MSU crystals and 60
pg/ml B2m. Cells were washed with PBS, incubated with the Magic Red® MR-(RR)2
substrate (1:260, 45 min) at 37 °C and 5 % CO:2 and fixed with 4 % (vol/vol)
paraformaldehyde. Cell membrane and nuclei staining was performed using FITC-conjugated
WGA (2.5 pg/ml) (Vector Laboratories, Burlingame, USA) and DAPI (Thermo Fisher
Scientific™, Waltham, USA). As assessed by confocal microscopy, cathepsin B activation

was defined as increase in fluorescence.
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FITC-Dextran. Lysosomes in macrophages were detected using FITC-Dextran (average mol
wt of 70,000, FITC:glucose = 1:250) from Sigma-Aldrich® (Miinchen, GER) according to the
manufacturer’s instructions. macrophages were seeded at 1x 10%/ml on a 8 well Permanox™
Chamber Slide™ system (Thermo Fisher Scientific™, Waltham, USA), LPS-primed (1
png/ml, 3 h) and overnight-incubated with 250 pg/ml MSU crystals, 60 pg/ml f2m and 60
pg/ml B2mweoc. Cells were washed with PBS, incubated with the FITC-Dextran reagent (250
pg/ml, 3 h) at 37 °C and 5 % CO2 and fixed with 4 % (vol/vol) paraformaldehyde. Cell
membrane and nuclei staining was performed using AF™ 555-conjugated WGA (2.5 pg/ml)
(Thermo Fisher Scientific™, Waltham, USA). As assessed by confocal microscopy,

lysosomal detection was defined as increase in fluorescence.

Protein labeling. f2m and B2mweoc were labeled using the AF™ 647 microscale protein
labeling kit from Thermo Fisher Scientific™ (Waltham, USA) according to the
manufacturer’s instructions. For analysis of B2m phagocytosis and fibril formation,
macrophages were seeded at 1x 10%/ml on a 8 well Permanox™ Chamber Slide™ system
(Thermo Fisher Scientific™, Waltham, USA), LPS-primed (1 pg/ml, 3 h) and overnight-
incubated with AF™ 647-labeled f2m and B2mweoc (60 pg/ml). For inhibition of
phagocytosis, macrophages were pre-incubated with cytochalasin D (5 uM, 1 h). Cells were
washed with PBS and fixed with 4 % (vol/vol) paraformaldehyde. Cell membrane and nuclei
staining was performed using FITC-conjugated WGA (2.5 pg/ml) (Vector Laboratories,
Burlingame, USA). As assessed by confocal microscopy, B2m phagocytosis and fibril

formation was defined as increase in fluorescence.

AmyTracker™ 480. Amyloid fibrils in macrophages were detected using the AmyTracker™
480 from EBBA Biotech (Solna, SWE) according to the manufacturer’s instructions.

macrophages were seeded at 1x 10%ml in polystyrene Falcon® round bottom tubes
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(Corning® LifeSciences, Corning, USA), LPS-primed (1 pg/ml, 3 h) and overnight-incubated
with 60 pg/ml B2M. Cells were washed with PBS and incubated with the AmyTracker™ 480
reagent (5 uM, 1 h) at 37 °C and 5 % COa. As assessed by flow cytometry, an increase in

amyloids was defined as increase in fluorescence.

Confocal microscopy. Imaging was performed using the LSM 700 confocal microscope
(Zeiss, Oberkochen, GER) at a magnification of x630. Slides were analyzed by z-stacking to

generate up to 10 optical layers (0.5 pm).

ELISA. Cell culture supernatants were examined for human and murine cytokines IL-1p and
IL-18 with ELISA kits from R&D Systems® (Minneapolis, USA) and Thermo Fisher
Scientific™ (Waltham, USA) according to the manufacturer’s instructions. macrophages and
bone marrow cells from NLRP3-deficient (Nlrp3-/-) and C57BL/ 6 mice were seeded at 1x
10%/ml in polystyrene Falcon® 24 well plates (Corning® LifeSciences, Corning, USA), LPS-
primed (1 pg/ml, 3 h) and incubated with nigericin (10 uM, 30 min), ATP (5 mM, 30 min),
poly(dA:dT) (1 pg/ml, 24 h), f2mweoc (10 pg/ml, 6 h) and increasing concentrations of f2m
(3, 6, 10, 30, 60 pg/ml, 6 h). For inhibition assays, medium of LPS-primed (100 ng/ml, 1
pug/ml, 3 h) macrophages and murine bone marrow cells was removed, cells were washed with
PBS and incubated in medium containing appropriate inhibitors (20 uM z-Y VAD-fmk, 10
uM MCC950, 10 uM bafilomycin Al, 5 uM cytochalasin D, 20 uM CA-074 methyl ester),
nigericin (10 uM, 30 min), MSU crystals (250 ug/ml, 6 h), poly(dA:dT) (1 pg/ml, 6 h) and
B2m (60 pg/ml, 6 h). For P2m-blocking, macrophages were seeded at 1x 10%ml in
polystyrene Falcon® round bottom tubes (Corning® LifeSciences, Corning, USA), overnight-
primed with 100 ng/ml LPS and overnight-cocultured with bone marrow plasma from MM

patients (8 %) pre-incubated with a P2m-neutralizing antibody (clone: 2M2) (LifeSpan
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BioSciences, Seattle, USA) and an IgGl antibody (clone: 12G8Gl11) (BioLegend®,

Minneapolis, USA) (10 pg/ml, 1 h).

Flow cytometry. A FACSCanto™ II cytometer (BD Biosciences, Franklin Lakes, USA) was
used for all flow cytometric assays, data were acquired by a FACSDIVA™ goftware (BD
Biosciences, Franklin Lakes, USA) and analyzed using a FlowJo v10 software (Tree Star,

Ashland, USA).

Western blot analysis. Cell lysates and supernatants were examined for human proteins IL-
1B, IL-18, NLRP3, ASC, caspase-1, B-actin and p2m. macrophages were seeded at 2x 10%/ml
in polystyrene Falcon® 24 well plates (Corning® LifeSciences, Corning, USA), LPS-primed
(1 pg/ml, 3 h) and overnight-incubated with 10 uM nigericin and 60 pg/ml f2m. Cell lysates
were prepared by direct lysis in 2 % (w/v) SDS lysis buffer (5 mM EDTA, 50 mM Tris/HCI,
150 mM NaCl, 2.2 % (wt/vol) SDS) supplemented with cOmplete™ EDTA-free (Roche
Diagnostics, Mannheim, GER) as protease inhibitor. Cell debris was removed by
centrifugation (21,382 xg, 15 min, 4 °C) and the concentration of total protein in cell extracts
was determined using the Qubit® protein assay kit and the Qubit® 3.0 fluorometer (Thermo
Fisher Scientific™). Cell culture supernatants were used purely. Protein samples were
resuspended in 4x Laemmli sample buffer (278 mM Tris/HCI, 355 mM 2-mercaptoethanol,
0.02 % (wt/vol) bromophenol blue, 4.4 % (wt/vol) lithium dodecyl sulfate, 44.4 % (vol/vol)
glycerol, pH (HCl) 6.8) (Bio-Rad Laboratories, Miinchen, GER) and boiled for 10 min at 95
°C. The protein content of cell lysates, supernatants and the Precision Plus Protein™
WesternC™ standard (Bio-Rad Laboratories, Miinchen, GER) was separated by SDS-PAGE
(10 %, 15 %, 90 pg) and transferred onto nitrocellulose membranes (0.2 pm) (GE Healthcare
Life Sciences, Chalfont St Giles, UK) using the semi-dry TransBlot® Turbo™ transfer

system (Bio-Rad Laboratories, Miinchen, GER). Membranes were blocked in 5 % (wt/vol)
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dried milk in TBS-T (100 mM Tris/HCL, 150 mM NaCl, 0.1 % (vol/vol) Tween®-20) for 1 h
at room temperature. Membranes were overnight-incubated with primary antibodies diluted in
5 % (wt/vol) dried milk in TBS-T at 4 °C. Subsequently, membranes were incubated with the
appropriate HRP-conjugated secondary antibody diluted in 5 % (wt/vol) dried milk in TBS-T
for 1 h at room temperature. Proteins were detected by chemiluminescence using the
SuperSignal® ELISA femto maximum sensitivity substrate (Thermo Fisher Scientific™,
Waltham, USA) according to the manufacturer’s instructions and the Amersham™ Imager
600 (GE Healthcare Life Sciences, Chalfont St Giles, UK). Membranes were stripped using
the Restore™ western blot stripping buffer (Thermo Fisher Scientific™, Waltham, USA)
before being re-examined. Primary antibodies used were B-actin (4967) (1:2,500), caspase-1
(clone: D7F10), IL-1B (clone: 3A6), NLRP3 (clone: D2P5E) (Cell Signaling Technology®,
Cambridge, UK), ASC (clone: B-3) (Santa Cruz Biotechnology®, Dallas, USA), IL-18
(ab191152) and B2m (ab6608) (1:1,000) (Abcam®, Cambridge, UK). Secondary HRP-
conjugated antibodies used were anti-mouse IgG (7076) and anti-rabbit IgG (7074) (1:2,500)

(Cell Signaling Technology®, Cambridge, UK).

Immunocytochemistry. Cells were fixed using 4 % (vol/vol) paraformaldehyde for 15 min at
room temperature. Cell membranes were stained using FITC- or AF™ 555-conjugated WGA
(2.5 pg/ml) (Vector Laboratories, Burlingame, USA) (Thermo Fisher Scientific™, Waltham,
USA). Cell nuclei staining was performed using DAPI (Thermo Fisher Scientific™,

Waltham, USA).

ASC expression assay. macrophages were seeded at 1x 10%ml on a 8 well Permanox™
Chamber Slide™ system (Thermo Fisher Scientific™, Waltham, USA), LPS-primed (1
pug/ml, 3 h) and overnight-incubated with 10 uM nigericin and 60 pg/ml f2m. Cells were

washed with PBS, fixed with 4 % (vol/vol) paraformaldehyde and overnight-incubated at 4 °C
27



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Hofbauer et al.

in a humidity chamber (LabArt, Waldbiittelbrunn, GER) with the appropriate primary ASC
antibody (clone: B-3) (1:200) (Santa Cruz Biotechnology®, Dallas, USA) and the secondary
anti-mouse IgG F(ab’)2AF™ 555-conjugated antibody (4409) (1:400) (Cell Signaling
Technology®, Cambridge, UK) diluted in PBS containing 2 % (vol/vol) FCS and 0.5 %
(vol/vol) Triton® X-100. Cell membrane and nuclei staining was performed using FITC-
conjugated WGA (2.5 pg/ml) (Vector Laboratories, Burlingame, USA) and DAPI (Thermo
Fisher Scientific™, Waltham, USA). As assessed by confocal microscopy, ASC expression

was defined as increase in fluorescence.

LysoTracker® Red DND-99. Lysosomes in macrophages were detected using the
LysoTracker® Red-DND-99 kit from Thermo Fisher Scientific™ (Waltham, USA) according
to the manufacturer’s instructions. macrophages were seeded at 1x 10%ml on a 8 well
Permanox™ Chamber Slide™ system (Thermo Fisher Scientific™, Waltham, USA), LPS-
primed (1 pg/ml, 3 h) and overnight-incubated with 60 pg/ml f2m and 60 pg/ml B2mweoG.
Cells were washed with PBS, incubated with the LysoTracker® Red-DND-99 reagent (50
nM, 1.5 h) at 37 °C and 5 % CO2 and fixed with 4 % (vol/vol) paraformaldehyde. Cell
membrane and nuclei staining was performed using FITC-conjugated WGA (2.5 pg/ml)
(Vector Laboratories, Burlingame, USA). As assessed by confocal microscopy, lysosomal

detection was defined as increase in fluorescence.

Statistical analysis. Results are presented as average values = SEM from multiple
independent experiments each performed at least in triplicate. Statistical analysis were
performed using a non-parametric Mann-Whitney #-test, an unpaired two-tailed #-test, using
the Prism software 5.03 (GraphPad Software, La Jolla, USA). Data were considered

significant when P < 0.05 (*), P <0.01 (**) or P <0.001 (***).
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Legends

Figure 1. f2m-induces the release of IL-1P and IL-18 in a caspase-1 and NLRP3-dependent
matter. (A) IL-1p and IL-18 release [ng/ml] from macrophages cultured in absence (UT,
untreated) or presence of lpg/ml LPS for 3h and treated with ATP (5 mM, 30 min) or
nigericin (NIG, 10 uM, 30 min) (blue bars) and increasing concentrations of f2m (3, 6, 10,
30, 60 pg/ml, 6 h) (red bars) as measured by ELISA (n=8). (B) Western blot analysis of cell
lysates (total protein: 90 pug) and supernatants to detect NLRP3, pro-caspase-1, pro-IL-1p,
ASC, B-actin, active caspase-1, IL-18 and IL-1PB in macrophages cultured in absence (UT,
untreated) or presence of 1pg/ml LPS for 3h and overnight-treated with NIG (10 pM) or 2m
(60 pg/ml). (C) Confocal microscopy (top row) and flow cytometry (bottom row) of active
caspase-1 using FLICA® 660 (red) in macrophages cultured in absence (UT, untreated) or
presence of 1ug/ml LPS for 3h and overnight-treated with NIG (10 uM) or B2m (60 pg/ml).
Cell membranes and nuclei were stained using WGA (FITC, green) and DAPI (blue),
respectively. Scale bar: 20 um. Grey histograms in the flow cytometry plots represent the
isotype/unstained control. (D) IL-1B release [ng/ml] from macrophages cultured in absence
(UT, untreated) or presence of 1pug/ml LPS for 3h and treated with NIG (10 pM) or f2m (60
pug/ml, 6 h) in the presence (red bars) and absence (blue bars) of caspase-1-specific inhibitor
z-YVAD-tfmk (20 uM) as measured by ELISA (n=5). (E) Confocal microscopy to detect ASC
oligomers (AF® 555, red) in macrophages cultured in absence (UT, untreated) or presence of
Ing/ml LPS for 3h and overnight-treated with NIG (10uM) and B2m (60 pg/ml). Cell
membranes and cell nuclei were stained using WGA (FITC, green) and DAPI (blue),
respectively. Scale bar: 20 pm. (F) Quantification of confocal microscopy images in Fig. 1E
to detect frequency [%] of ASC™ macrophages (n=4). Untreated (UT), LPS-primed and NIG-
treated macrophages are shown as blue bars; f2m-treated macrophages are shown as red bars.
(G) IL-1pP release [ng/ml] from murine bone marrow cells of C57BL/6 (WT) (blue bars)

(n=10) and NLRP3-deficient (KO) (red bars) (n=7) mice left untreated (UT) or primed with
30
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LPS and treated with ATP, NIG, poly(dA:dT) (1 pg/ml, 24 h) or increasing concentrations of
B2m (3, 6, 10, 30, 60 pg/ml, 6 h) as measured by ELISA. (H) IL-1p release [ng/ml] from
macrophages cultured in absence (UT, untreated) or presence of lug/ml LPS for 3h and
treated with NIG or f2m (60 pug/ml, 6 h) in the presence (red bars) and absence (blue bars) of
NLRP3-specific inhibitor MCC950 (10 uM) as measured by ELISA (n=5). Results are

expressed as mean = SEM. *P < 0.05, **P <0.01, ***P < 0.001, ns: not significant.

Figure 2. Phagocytosis of f2m leads to formation of amyloid fibrils and lysosomal rupture.
(A) Confocal microscopy to detect phagocytosis of f2m by macrophages primed with LPS
and treated with fluorescent-labeled f2m (AF® 647, red) in the presence (bottom row) and
absence (top row) of phagocytosis inhibitor cytochalasin D (5 uM). Cell membranes and cell
nuclei were stained using WGA (FITC, green) and DAPI (blue), respectively. Scale bar: 20
um. (B) IL-1p release [ng/ml] from macrophages cultured in absence (UT, untreated) or
presence of 1pg/ml LPS for 3h and treated with MSU (250 pg/ml, 6 h) or f2m (60 pg/ml, 6 h)
in the presence (red bars) and absence (blue bars) of phagocytosis inhibitor cytochalasin D (5
uM) as measured by ELISA (n=5). (C) Flow cytometry using AmyTracker™ 480 to detect
amyloid fibrils and FLICA® 660 to detect active caspase-1 in LPS-primed macrophages
overnight-treated with f2m (60 pg/ml). (D) Comparison of tertiary structures of WT [2m
(yellow) and B2mweoc (green) (PDB codes: SCS7, 2Z9T). W60 residue is represented as stick
model. (E) Electron microscopy to detect amyloid fibrils and lysosomal rupture in
macrophages primed with LPS and overnight-treated with f2m and B2mweoc (10 pg/ml).
Scale bar: 1um. (F) Confocal microscopy to detect lysosomal rupture in macrophages primed
with LPS and treated with fluorescent-labeled B2m and P2mweoc (AF® 647, green).
Lysosomes, cell membranes and cell nuclei were stained using LysoTracker® Red (red),
WGA (FITC, light blue) and DAPI (dark blue), respectively. Scale bar: 20 um. (G) Flow

cytometry using LysoSensor™ Green (red lines) to detect lysosomal rupture [%] in
31
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macrophages cultured in absence (UT, untreated) or presence of 1ug/ml LPS for 3h and
overnight-treated with MSU (250 pg/ml), f2m or f2mwseoc. (H) IL-1P release [ng/ml] from
macrophages cultured in absence (UT, untreated) or presence of Ipug/ml LPS for 3h and
treated with f2m (blue bars) or f2mwsoc (red bar) as measured by ELISA (n=6). (I) IL-1P
release [ng/ml] from macrophages cultured in absence (UT, untreated) or presence of 1pug/ml
LPS for 3h and treated with MSU or f2m in the presence (red bars) and absence (blue bars) of
cathepsin B-specific inhibitor CA-074 Me (10 uM) as measured by ELISA (n=5). (J) Flow
cytometry using CellROX® Deep Red (red lines) to detect mitochondrial dysfunction [%] in
macrophages cultured in absence (UT, untreated) or presence of 1pg/ml LPS for 3h and
treated with f2m in the presence or absence of anti-oxidant and free radical scavenger NAC

(5 mM). Results are expressed as mean £ SEM. *P < 0.05.

Figure 3. f2m-mediated NLRP3 inflammasome activation in TAMs of MM patients. (A) IL-
1B [pg/ml] and IL-18 [ng/ml] levels in human BM plasma of untreated MM patients divided
into low [< 2.7 ug/ml], intermediate [2.8 - 9.7 ug/ml] and high [> 9.8 pg/ml] f2m plasma
concentrations as measured by ELISA. The distribution of MM patients is shown as blue dots.
(B) The heat map shows the differential expression of inflammatory biomarkers estimated as
the log2 fold change between TAMs isolated from BM of HDs (HD1-3) or untreated MM
patients (MM1-3). (C) Confocal microscopy to detect active caspase-1 (left, p20, APC, red)
and IL-1pB (right, PE, red) in human CD68" cells (FITC, green) from BM of untreated MM
patients. Cell nuclei were stained using DAPI (blue). Scale bar: 20 pm (D) Flow cytometry to
detect protein expression of NLRP3, active caspase-1 (FLICA® 660), IL-1p and IL-18 as
MFTI in human TAMs from BM of HDs (blue lines and bars) and untreated MM patients (red
lines and bars). The gray histogram indicates the isotype control. The top row shows
representative histograms of a total of n=8 samples as summarized in the bottom row. (E)

Flow cytometry using AmyTracker™ 480 to detect amyloid fibrils and FLICA® 660 to detect
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active caspase-1 in human TAMs (CD163" and CD15) from BM of HDs and untreated MM
patients. The density plots show one representative example of a total of 8 experiments. (F)
Dot blot analysis of cell lysates (total protein: 50 pug) to detect B2m and amyloid fibrils in
isolated TAMs of HDs (HD 1-3) and untreated MM patients (MM 1-3). (G) Flow cytometry
using FLICA® 660 to detect frequency [%] of active caspase-1" macrophages primed with
LPS and overnight-co-cultured with human BM plasma of untreated MM patients in the
presence (red bar) and absence (blue bar) of a P2m-neutralizing antibody (anti-B2m) (10
png/ml) (n=6). (H) IL-1p and IL-18 release [ng/ml] from macrophages primed with LPS and
overnight-co-cultured with human BM plasma of untreated MM in the presence (red bars) or
absence (blue bars) of a B2m-neutralizing antibody (anti-B2m) (n=6). Results are expressed as

mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.

Figure 4. P2m-triggered NLRP3 inflammasome activation in vivo. (A) Levels of f2m
[ng/ml], IL-1B and IL-18 [ng/ml] in murine BM plasma of untreated STMM mice at different
time points during MM progression (first week = to, second week = t1, third week = t2, fourth
week = t3) as measured by LEGENDplex™ or ELISA (n=4). (B) Flow cytometry to detect
frequency [%] of murine GFP™ MM cells from BM of untreated 5STMM mice at different time
points during MM progression (n=4). (C) Quantitative real-time PCR to detect gene
expression of inflammatory biomarkers in murine TAMs from BM of C57BL/6 (blue bars)
(n=3) and untreated STMM mice (red bars) (n=3). (D) Flow cytometry using AmyTracker™
480 to detect amyloid fibrils and FLICA® 660 to detect active caspase-1 in murine TAMs
from BM of C57BL/6 and untreated 5STMM mice. Density plots show one representative
experiment of a total of 3 independent analysis. (E) Flow cytometric analysis of shRNA-
mediated generation of f2m low expressing STGMI1 cells. (F) Levels of IL-1B and IL-18
[ng/ml] in murine BM plasma of 5STMM mice challenged with STGM1 cells transduced with

control shRNA (blue bars) (n=8) or f2m shRNA (red bars) (n=8). (G) Flow cytometry using
33
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AmyTracker™ 480 to detect amyloid fibrils and FLICA® 660 to detect active caspase-1 in
murine TAMs from 5TMM mice challenged with 5STGM1 cells transduced with control
shRNA or f2m shRNA. Density plots show representative data of a total of 8 independent
experiments. Results are expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns:

not significant.

Figure 5. Inhibition of the NLRP3 inflammasome reduces MM progression. (A-E)Absolute
count [cells/ml] measured by flow cytemotry using 123count™ eBeads Counting Beads of
murine 5STGM1 cells co-cultured with murine BM cells (1:25, 96 h) from (A) C57BL/6 mice
(red bar, n=8), (B) C57BL/6 mice (WT) (blue bar) or NLRP3-deficient mice (KO) (red bar)
(n=4). (C) Cell count of STGM1 cells co-cultured with NLRP3-deficient mice in the presence
(red bars) and absence (blue bars) of poly (dA:dT) (1 pg/ml, 24h) (n=4). (D) Cell count of
STGMI cells co-cultured with BM of C57BL/6 mice in the presence (red bars) and absence
(blue bars) of the NLRP3-specific inhibitor MCC950 (10 uM) (n=12) or (E) IL-18 and IL-18
receptor neutralizing antibodies (alL-18, alL-18R) (1 pg/ml) (n=8). (F) Levels of IL-1p and
IL-18 [ng/ml] in murine BM plasma (n=8) and (G) frequency of GFP" STGMI1 cells in the
bone marrow of STMM mice treated with DMSO (blue bars) (n=10) or MCC950 (red bars)
(n=10) (20 mg/kg per week, 4 weeks). (H) Clinical Score of DMSO (blue, n=5) or MCC950
(red, n=5) treated STMM mice. (I) Clinical evaluation of hind limb paralysis of vehicle
(DMSO, blue bar)) or MCC950-treated (red bar) STMM mice (n=10). (J) Bone densities in
mice treated with DMSO (n=5) or MCC950 (n=5) as representatively shown on the left and
quantitatively summarized on the right depicting bone volume/total volume (%), trabecular
number (mm) and trabecular separation (um). Results are expressed as mean =+ SEM. *P <

0.05, **P <0.01, ***P <0.001.
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Figure 6 or graphical abstract
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Supplementary Figures
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Supplementary Figure 1

B2m-induced IL-1B and IL-18 release from M®s in a caspase-1 -dependent matter. (A) IL-1B
and IL-18 release [ng/ml] from M®s primed with LPS (1 ug/ml, 3 h) and treated with B2m (blue
bar), B2mdigest and f2m (10 pg/ml, 6 h) in the presence of a f2m-neutralizing antibody
(aB2m) (10 pg/ml) (red bars) as measured by ELISA. Data representative of five independent
experiments are shown. (B) Flow cytometry using FLICA® 660 to detect percentage [%] of
active caspase-1+ (A) MOs left untreated (UT) or primed with LPS (1 pug/ml, 3 h) and overnight-
treated with NIG (10 uM) (blue bars) and B2m (60 pug/ml) (red bar) as well as (C) M®s primed
with LPS (1 pg/ml, 3 h) and overnight-treated with B2m (blue bar), B2mdigest and 2m (10
ug/ml, 6 h) in the presence of a B2m-neutralizing antibody (af2m) (10ug/ml) (red bars).
Results are expressed as mean * SEM. Data representative of at nine (B) or seven (C)
independent experiments are shown. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure 2
B2m-induced IL-18 release from murine M®s in a NLRP3-dependent matter. IL-18 release

[pg/ml] from murine bone marrow cells of C57BL/6 (WT) (blue bars) and NLRP3-deficient (KO)
(red bars) mice left untreated (UT) or primed with LPS (1 pug/ml, 3 h) and treated with ATP (5
mM, 30 min), NIG (10 uM, 30 min), poly(dA:dT) (1 ug/ml, 24 h) and increasing concentrations
of B2m (3, 6, 10, 30, 60 pug/ml, 6 h) as measured by ELISA. Results are expressed as mean *
SEM. Data representative of at four independent experiments are shown. *P < 0.05, **P <
0.01, ***P < 0.001.
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Supplementary Figure 3

Phagocytosis of B2m leading to formation of amyloid fibrils and lysosomal rupture. (A) IL-1
release [ng/ml] from M®s primed with LPS (1 ug/ml, 3 h) and treated with Nigericin (NIG) (10
UM, 30 min) in the presence (red bar) and absence (blue bar) of phagocytosis inhibitor
cytochalasin D (5 uM) as measured by ELISA. (B) IL-1B release [ng/ml] from M®s left untreated
(UT) or primed with LPS (100 ng/ml, 3 h) and treated with MSU (250 pg/ml, 6 h) and 2m (60
ug/ml, 6 h) in the presence (red bars) and absence (blue bars) of V-ATPase inhibitor bafilomycin
A1l (3 uM) as measured by ELISA. Data representative of five independent experiments are
shown. (C) Flow cytometry using AmyTracker™ 480 and FLICA® 660 to detect percentage [%)]
of (C) amyloid fibril+ and (D) active caspase-1+ M®s LPS-primed (blue bars) and overnight-
treated with B2m (60 pg/ml) (red bars). Results are expressed as mean + SEM. Data
representative of at six independent experiments are shown. *P < 0.05, **P < 0.01, ***P <
0.001.
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Supplementary Figure 4

Distinct biophysical properties of 2m and B2mwsos as function of pH. (A) Kinetics of amyloid
fibril formation of B2m and B2mwsos. Fluorescence spectroscopy in the ThT binding assay to
detect kinetics [AU] of amyloid fibril formation of B2m (solid lines) and B2mweos (dash lines).
(B) Folded fraction [%] of B2m (solid line, full circles) and of B2mweoc (dash line, empty circle)
is represented as a function of pH. Data are representative of three independent experiments.
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Supplementary Figure 5

Effect of B2mwsos on inflammasome induction. (A) Flow cytometry using LysoSensor™ Green to detect
percentage [%] of lysosome— M®s left untreated (UT) or primed with LPS (1 ug/ml, 3 h) and overnight-
treated with MSU (250 pg/ml) (blue bars), B2m and B2mwsos (10 pg/ml) (red bars). (B) IL-18 release
[pg/ml] from MOs left untreated (UT) or primed with LPS (1 pg/ml, 3 h) and treated with B2m (blue
bars) and B2mweos (red bar) (10 ug/ml, 6 h) as measured by ELISA. Data representative of at five
independent experiments are shown. *P < 0.05.
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Supplementary Figure 6

Involvement of cathepsin-B and ROS in f2m-mediated NLRP3 inflammasome activation. (A)
Confocal microscopy using MAGIC RED® (red) to detect cathepsin B in M®s left untreated (UT)
or primed with LPS (1 pg/ml, 3 h) and overnight-treated with 2m (60 pg/ml). Cell membranes
and cell nuclei were stained using WGA (FITC, green) and DAPI (blue). Scale bar: 20 um. Data
representative of at three independent experiments are shown. (B) IL-1B release [ng/ml] from
M®s primed with LPS (100 ng/ml, 3 h) and treated with Nligericin (10 uM, 30 min) in the
presence (red bar) and absence (blue bar) of cathepsin B-specific inhibitor CA-074 Me (10 puM)
as measured by ELISAData representative of at least five independent experiments are shown.
(C) Flow cytometry using CellROX® Deep Red to detect percentage [%] of ROS+ MOs left
untreated (UT) or primed with LPS (100 ng/ml, 3 h) and treated with B2m (60 pg/ml, 48 h) in
the presence (red bars) and absence (blue bars) of anti-oxidant and free radical scavenger N-
acetyl-I-cysteine (NAC) (5 mM). (D) IL-1B release [pg/ml] from MOs left untreated (UT) or
primed with LPS (100 ng/ml, 3 h) and treated with B2m (60 ug/ml, 6 h) in the presence (red
bars) and absence (blue bars) of NAC (5 mM) as measured by ELISA. Results are expressed as
mean + SEM. Data representative of at four independent experiments are shown. *P < 0.05,
**P <0.01, ***P < 0.001.
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Supplementary Figure 7

Correlation of B2m level in human BM plasma of untreated MM patients with IL-1 or IL-18.
IL-1B [pg/ml] and IL-18 [ng/ml] levels in human BM plasma of untreated MM patients were
correlated with B2m plasma concentrations as measured by ELISA.
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Supplementary Figure 8

Amyloid fibrils in isolated TAMs of HDs and untreated MM patients. (A-B) Flow cytometry using
AmyTracker™ 480 and FLICA® 660 to detect percentage [%] of (A) amyloid fibril+ and (B) active
caspase-1+ TAMs from human BM of HDs (blue bars) and untreated MM patients (red bars).
Data representative of five different MM patients and one HD are shown. (C) Dot blot analysis

of B2m and amyloid fibrils (total protein: 50 ug). Data representative of one experiment are
shown.
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Supplementary Figure 9

(A) Flow cytometry using FLICA® 660 to detect percentage [%] of active caspase-1+ MO®s
primed with LPS (100 ng/ml, 3 h) and overnight-co-cultured with human BM plasma of
untreated MM patients (8 %) in the presence (red bar) and absence (blue bar) of a IgG1-
neutralizing antibody (algG1) (10 pg/ml). (B) IL-1B and IL-18 release [ng/ml] from M®s primed
with LPS (100 ng/ml, 3 h) and overnight-co-cultured with human BM plasma of untreated MM
patients (8 %) in the presence (red bars) and absence (blue bars) of a IgG1-neutralizing
antibody (algG1) (10 pg/ml) as measured by ELISA. Results are expressed as mean + SEM. Data
representative of at least seven different MM patients are shown. Data representative of
eleven (A) or eight (B) independent experiments are shown.
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Supplementary Figure 10

Quantification of MM cells, IL-6 and TNF level in 5TMM mice. (A) Flow cytometry to detect murine
GFP+ MM cells from BM of untreated 5TMM mice at different time points during MM progression (t0,
t3). Data representative of four different 5TMM mice. (B) IL-6 and TNF-a levels [pg/ml] in murine BM
plasma of untreated 5TMM mice at different time points during MM progression (t0, t1, t2, t3) as
measured by LEGENDplex™. Data representative of four different 5TMM mice.
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Supplementary Figure 11

Detection of amyloid fibrils in TAMs of 5TMM mice. (A - B) Flow cytometry using AmyTracker™ 480
and FLICA® 660 to detect percentage [%] of murine (A) amyloid fibril+ and (B) active caspase-1+ TAMs
from BM of C57BL/6 (blue bars) and untreated 5TMM mice (red bars). Results are expressed as mean
+ SEM. Data representative of at least three different 5TMM and C57BL/6 mice are shown.
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Supplementary Figure 12
Establishment of f2m-low expressing cell lines by shRNA. 5TGM1 cells were transduced with control

ShRNA (blue bars) or different shRNA variants against f2m (red bars). f2m secretion (A-B) or
expression (C-D) was measured by ELISA or FACS respectively. The gray histogram indicates the

unstained control (5TGM1 cells without anti-B2m-APC).
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Supplementary Figure 13

Effect of MCC950 on 5TGM1 cells. Flow cytometry using 123count™ eBeads Counting Beads to detect
growth [cells/ml] of murine 5TGM1 cells in the presence (red bar) and absence (blue bar) of NLRP3-
specific inhibitor MCC950 (10 uM). Data representative of eight independent experiments are shown.
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Supplementary Figure 14

Cell growth in the presence of IL-1b and IL-6 blocking antibodies. Flow cytometry using 123count™
eBeads Counting Beads to detect growth [cells/ml] of murine 5TGM1 cells co-cultured with murine BM
cells (1:25, 96 h) from C57BL/6 mice in the presence (red bars) and absence (blue bars) of 1gG2a, IL-18
and IL-6 neutralizing antibodies (algG2a, alL-1B, alL-6) (1 pg/ml). Data representative of eight different
C57BL/6 mice are shown.
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Supplementary Figure 15

(A) Flow cytometry to detect protein expression of IL-1R (FITC), IL-1R4 (APC) and IL-18R (PE) on the
surface of human CD138 from BM of untreated MM patients. Data representative of eight different
MM patients are shown. (B) Flow cytometry to detect protein expression of IL-18R (blue line) on the
surface of 5TGM1 cells. Gray histogram indicated the isotype control. (C) 5TGM1 cells were stimulated
with murine recombinant IL-18 (100ng/ml, 24h) and cell growth was measured by FACS. Data
representative of four different experiments are shown, **P < 0.01.
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Supplementary Figure 16
Cell growth of MM cells and IL-6 and TNF level in MCC950 treated 5TMM mice. (A) Flow

cytometry to detect murine GFP+ MM cells from BM of untreated and MCC950-treated (10
mg/kg) 5TMM mice during MM progression (t3). Results are expressed as mean + SEM. Data
representative of at least four different 5TMM mice. (B) IL-6 and TNF-a levels [pg/ml] in murine
BM plasma of untreated (blue bars) and MCC950-treated (10 mg/kg) (red bars) 5TMM mice
during MM progression (t3) as measured by LEGENDplex™. Results are expressed as mean +
SEM. Data representative of four different 5TMM mice. *P < 0.05.



4 NEUROSERPIN

114



Human neuroserpin (NS) is a secretory protein mainly expressed in neurons of the central and
peripheral nervous systems. It belongs to the serine protease inhibitor superfamily and it
shares with other serpins the unique fold and mechanism of action (86).

4.1 PHYSIOLOGICAL FUNCTIONS

The main physiological function of NS is the extracellular inhibition of tPA in the nervous
system. NS directly controls the level of active tPA and thus provides a natural counter
balance of its physiological activity (86).

tPA is a protease that cleaves plasminogen, yielding plasmin, a proteinase with a broad
specificity whose roles in the central nervous system are not completely defined yet (135).
Besides its role within the plasminogen cascade, the NS/tPA system is also involved in other
complex brain functions. During brain development, NS and tPA are widely expressed in
nervous tissues, in particular in the axonogenesis and synaptic connection stages (136).
Furthermore, NS and tPA are found highly expressed in areas that retain synaptic plasticity,
such as hippocampus, cerebellum, and amygdala, thus suggesting a direct role in controlling
memory and learning processes (87,137). Finally, NS/tPA has been suggested to regulate the
permeability between the vascular and nervous systems compartments during normal brain
function and disease (135).

To sum up, NS is involved in a wide variety of functions within the nervous system. Therefore,
alteration of NS activity can be detrimental for the processes the serpin is involved in, and
gives rise to a series of neurodegenerative symptoms.

4.2 FAMILIAL ENCEPHALOPATHY WITH NEUROSERPIN INCLUSION BODIES

The NS metastable native state makes it susceptible to aberrant conformational changes
upon mutations (67). Point mutations of NS are responsible for FENIB (familial
encephalopathy with neuroserpin inclusion bodies), a severe neurodegenerative disease.
FENIB is characterized by the accumulation of ordered polymers in inclusion bodies (known
as Collins bodies) within the endoplasmic reticulum (ER) of neurons (138). It is an autosomal
dominant disease that may present several different clinical phenotypes, including dementia,
epilepsy, seizure, and loss of memory (30).

The accumulation of polymers composed of mutant NS in inclusion bodies leads to a gain of
toxic function phenotype. However, loss of the normal function of NS within the nervous
system may also contribute to the pathology. Thus, the pathogenesis in FENIB is likely to arise
from these two mechanisms acting together (86).

To date, six NS mutations (Fig. 6) have been associated with FENIB: S49P, S52R, H338R, G392E,
G392R and L47P (139). All the mutations are located around the B-sheet A and affect the
stability of the region (Fig. 6). In particular, destabilization of the shutter region favours the
opening of the B-sheet A and promotes the establishment of intermolecular interactions (86).
For the first four mutations, a strong correlation between the tendency to polymerize and the
number of Collins bodies and severity of FENIB was found, suggesting a gain of toxic function
phenotype for NS polymers (30). Even though the accumulation of NS polymers fails to induce
a classical unfolded protein response, the expression of a polymerization-prone variant led to
an increase in oxidative stress and predisposed neurons to apoptotic cell death (140).
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Figure 6. Mutations responsible for FENIB. The mutations associated with FENIB (red) are all localized
around the B-sheet A (blue). They induce a destabilization and opening of the (-sheet A and
subsequent establishment of intermolecular contacts (Native NS PDB ID 3F5N).

To date FENIB, like all the other serpinopathies, is still incurable. This is due to two main
factors. On the one hand, the molecular bases of NS polymers toxicity are still not clearly
understood; on the other hand, the lack of knowledge of the structure and elongation
mechanism of serpin polymers prevents rational drug design to target the polymeric species.
In conclusion, in order to develop tools to fight the serpinopathies, a detailed characterization
of the molecular bases underlying the misfolding and polymerization events of serpin is
pivotal.

4.3 PHD PROJECTS

This PhD project has been organized to study two different aspects of protein misfolding and
aggregation using NS as model system.

Firstly, it was directed to assess the importance of glycosylation for NS stability and
polymerization propensity.

Secondly, it focused on the identification of small molecules able to control the
polymerization process.
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4.3.1 ROLE OF GLYCOSYLATION IN NS

As many other secreted proteins, NS is glycosylated and presents two (N)-linked glycosylation
chains on asparagine residues N157 and N321 (141). Interestingly, a third glycosylation site,
not used in the wild-type variant, has been described as partially glycosylated in position N401
for the pathological NS mutant G392E (139).

The presence of glycosylations at N157 and N321 has an important role in NS protein quality
control and stability (86). In particular, the post-translational modifications are involved in
protein recognition by ER chaperones and other lectins for quality control and folding, for
selection of misfolded molecules, for degradation by ERAD, and for transport out of the ER
(142). In addition, the glycan chains help NS to keep its physiological active and monomeric
state (143). Indeed, if the glycosylation pattern is impaired by specific mutation of N157 or
N321 residues, the handling of NS is similar to the pathological FENIB mutants and
accumulation of NS polymers occurs (139). Thus, the sugars chains are essential to maintain
NS in its physiological active state and to prevent aberrant intermolecular linkages that can
lead to serpin polymers formation.

To date, all the biochemical and biophysical characterisations of NS have been done using
recombinant protein purified from E. coli (137). However, the bacterially expressed NS not
always reproduces its behaviour as observed in physiologic contexts. In order to get further
details on the molecular properties of NS, we expressed, purified and characterized
glycosylated NS (gNS). In particular, the biophysical and biochemical characterization of gNS
highlighted the importance of glycan chains in stabilizing NS and in reducing its
polymerization propensity.
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Glycosylation Tunes Neuroserpin Physiological and Pathological
Properties

Cristina Visentin, Luca Broggini, Benedetta Maria Sala, Rosaria Russo, Alberto Barbiroli, Carlo
Santambrogio, Simona Nonnis, Anatoly Dubnovitsky, Martino Bolognesi, Elena Miranda, Adnane Achour

and Stefano Ricagno*

| contributed to this work by helping in setting the conditions for expression and purification
of gNs.

| was involved in the biochemical and biophysical characterization: in particular, | performed
CD experiments, polymerization assays, and activity tests on both NS and gNS.
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Abstract: Neuroserpin (NS) is a member of the serine protease inhibitors superfamily. Specific point
mutations are responsible for its accumulation in the endoplasmic reticulum of neurons that leads
to a pathological condition named familial encephalopathy with neuroserpin inclusion bodies
(FENIB). Wild-type NS presents two N-glycosylation chains and does not form polymers in vivo,
while non-glycosylated NS causes aberrant polymer accumulation in cell models. To date, all in
vitro studies have been conducted on bacterially expressed NS, de facto neglecting the role of
glycosylation in the biochemical properties of NS. Here, we report the expression and purification
of human glycosylated NS (gNS) using a novel eukaryotic expression system, LEXSY. Our results
confirm the correct N-glycosylation of wild-type gNS. The fold and stability of gNS are not altered
compared to bacterially expressed NS, as demonstrated by the circular dichroism and intrinsic
tryptophan fluorescence assays. Intriguingly, gNS displays a remarkably reduced polymerisation
propensity compared to non-glycosylated NS, in keeping with what was previously observed for
wild-type NS in vivo and in cell models. Thus, our results support the relevance of gNS as a new in
vitro tool to study the molecular bases of FENIB.

Keywords: neuroserpin; protein polymerisation; glycosylation
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1. Introduction

Neuroserpin (NS) is a human protein mainly expressed in the nervous system [1]. This protein
is ascribed to the serine protease inhibitor (serpin) superfamily with which it shares the conserved
serpin fold and mechanism of action [1,2]. Even though its physiological roles are not completely
elucidated, NS activity is involved in memory, learning, and both synaptic and neurovascular
compartment plasticity [3-5]. NS, as any member of the serpin superfamily, is characterised by the
presence of a long and flexible loop, named the reactive centre loop (RCL), essential for its
physiological function [6,7]. The RCL is recognized by the tissue plasminogen activator (tPA), the
target protease [8]. Upon binding to NS, tPA hydrolyses the RCL loop at position Arg362 with the
concomitant formation of acyl complex NS-tPA. The RCL cleavage triggers a major structural
rearrangement in which the N-terminal portion of the cleaved RCL is inserted into the central $3-sheet
A between strands 3A and 5A [9]. Typically, in serpins, such conformational change causes the
disruption of the protease active site and prevents the hydrolysis of the acyl-complex, rendering this
covalent complex extremely stable over time [10]. During the conformational change from the native
to the RCL-cleaved form, a consistent stabilization of the serpin molecule takes place, yielding a
cleaved form that is hyper-stable [11]. However, opposite to other serpin-protease pairs, the NS-tPA
complex is short-living and rapidly dissociates at physiological pH, releasing free cleaved NS and
active tPA [6,12,13]. Another serpin inhibitor of tPA, plasminogen activator inhibitor-1 (PAIL), is
instead forming a long-living acyl-complex whose dissociation has never been observed [12].
Compared to PAI1, NS discriminates between tPA and uPA (urokinase-type plasminogen activator),
and between the single- or double-chain tPA [12]. The pH also plays an important role in the stability
of the NS-tPA complex [13]. Lee et al. demonstrated that strands sC1 and sC2 and helices hCD and
hE contribute to the recruitment of tPA and to the stabilization of the NS-tPA complex [14].
Monomeric NS can access a third conformation, the latent fold, where the uncleaved RCL is inserted
in the (-sheet A, similar to the cleaved conformation [2,11]. Both these NS conformations are
extremely stable and unable to load, and consequently to inhibit, tPA.

NS mutations are responsible for the onset of familial encephalopathy with neuroserpin
inclusion bodies (FENIB), a severe and fatal serpinopathy characterized by progressive
neurodegeneration. Epilepsy, cognitive impairment and dementia are the main clinical symptoms
reported for the patients. FENIB is a rare and autosomally dominant genetic disorder for which the
age of onset and the severity of clinical manifestations are strictly correlated to the specific mutation
carried by the patient [15]. There are six known point mutations related to FENIB: S49P, S52R, H338R,
G392E, G392R, and L47P [16-19]. Mutated NS undergoes polymerization and deposits within the
endoplasmic reticulum of neurons, where it accumulates as inclusion bodies [17,20] causing a poorly
characterized neuronal toxicity that involves oxidative stress and apoptosis [21]. The structural
features of polymeric NS are not completely understood yet. In all the polymerisation models
reported for the prototypical serpin alpha-1 antitrypsin, the RCL loop exerts a crucial role and is
thought to be inserted in [3-sheet A of the neighbouring monomers as part of the intermolecular link
[22,23], or intramolecularly to provide flexibility for the domain swap that links monomers into
polymeric chains [23].

The monomeric and polymeric NS conformers can be discriminated using specific structural
signatures in different spectroscopic techniques: the circular dichroism (CD) spectra of latent and
polymeric NS show a more intense signal compared to native NS [24,25], and Noto et al. reported the
possibility to profile each conformer using protein intrinsic fluorescence, i.e., the emission spectra of
tryptophan or tyrosine residues within NS [25].

As many other secreted proteins, human NS is glycosylated in vivo and presents two N-linked
glycosylation chains on asparagine residues N157 and N321. A third aberrant glycosylation chain
added in N401 has been observed for the G392E pathological NS mutant and causes abundant
polymer accumulation within the endoplasmic reticulum in cell models of FENIB [15,26-30]. The
presence of the post-translational modifications is known to play an important role in the NS protein
quality control [29] and stability [29,30]. In particular, Schipanski et al. [29] and Moriconi et al. [30]
reported that the glycosylation plays a pivotal role in keeping NS in its physiological monomeric
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state in HEK and COS-7 cells. When the physiologic glycosylation pattern is artificially impaired by
the specific mutation of N157 and N321 residues, the behaviour of wild-type NS is reminiscent of the
pathological FENIB mutants, and the accumulation of NS polymers was observed in the endoplasmic
reticulum [30]. The effect was additive and the abrogation of both glycosylation sites caused an even
more pronounced accumulation of NS polymers [30].

To date, only rat NS has been expressed glycosylated [31]; indeed, all the in vitro biochemical
and biophysical studies on human NS have been conducted using recombinant protein purified from
E. coli [8]. Curiously, in contrast to the studies conducted in vivo and in cell cultures models, purified
NS efficiently polymerises in vitro even after short incubation times and at temperatures only slightly
higher than the physiological 37 °C [24,25,32]. This suggests that, although technically convenient,
bacterially expressed human NS does not reproduce the behaviour of this protein as observed in
more physiologic contexts. These considerations highlighted the need to assess the role of the N-
glycosylation in the molecular properties of the human wild-type NS in vitro. Thus, in order to shed
light on this conundrum, we report here for the first time the expression, purification and
characterisation of recombinant N-glycosylated human NS (gNS) produced using LEXSY®
(Leishmania tarentolae expression system), an eukaryotic expression system based on L. tarentolae cells
[33]. N-glycosylation by Leishmania spp. is more equivalent to the mammalian counterpart compared
to other model organisms, e.g., insect cells or fungi [33]. For this reason, the use of LEXSY is
particularly suitable for the expression of human glycosylated protein.

The presence of the correct glycosylation pattern and the conformational and biophysical
properties of gNS were assessed in comparison with non-glycosylated bacterially purified NS,
confirming the correct fold of the glycosylated variant (gNS). A marked reduction was observed in
the heat-induced polymerisation propensity of gNS compared to NS. Finally, gNS displays a slightly
increased efficiency in inhibiting tPA activity in vitro. Taken together, here, we produced a
glycosylated version of NS that shares all molecular properties of native NS but, importantly, it better
recapitulates NS polymerisation propensity, as observed in vivo and in cell models. Thus, gNS should
be considered a valuable new in vitro tool to study NS polymerisation and its inhibition.

2. Results and Discussion

2.1. Expression and Purification of Glycosylated NS

In order to successfully express human NS in the LEXSY system, a Leishmania-optimised
sequence of the NS gene was cloned into pLEXSY-sat2, an integrative plasmid for constitutive
expression. The NS gene was cloned in frame with a 6-His tag engineered at the N-terminus. To
improve the amount of secreted protein, the commercial secretion signal peptide was substituted
with the modified sequence of the SP5 signal peptide (Figure 1A) [34]. Once stable expressing clones
were obtained, protein expression was carried out for 60 h at 26 °C. NS expressed in LEXSY (thereafter
named gNS) was purified from the growth medium after removing intact cells and cellular debris.
Two steps of chromatography were performed to isolate the gNS monomer: an initial Ni-NTA affinity
chromatography (AC) was followed by a size exclusion chromatography step (SEC) (Figure S1A).
About 7 mg of highly pure monomeric gNS was obtained per litre of LEXSY culture, but, undesirably,
nearly 80% of the purified protein was in the cleaved form (Figure 1B). The addition of cocktails of
protease inhibitors in the medium did not ameliorate the proteolytic pattern (data not shown).

In vitro purified NS displayed a highly reproducible tendency to autoproteolysis over time,
which is accelerated upon temperature increase (Figure 52). Thus, we hypothesise that the prolonged
incubation of NS at 26 °C in LEXSY medium was responsible for this phenomenon. In order to
minimize NS cleavage, the expression protocol was modified: after 60 h of culture, cells were
collected, resuspended into fresh medium and incubated 16 h at 18 °C (Figure S1B). Next, purification
steps were performed as reported above. The purification of gNS from such 16 h of growth resulted
in a significantly increased amount of uncleaved native NS; however, the yield was reduced to 2 mg
per litre of culture and a minor residual fraction of cleaved gNS was still present (Figure 1C).
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Figure 1. Human glycosylated NS (gNS) expression and purification in LEXSY. (A) Primary sequence
of the construct used for gNS expression in LEXSY (UniProtKB - Q99574). The signal peptide sequence
is colored in blue, the HisTag is green and the spacer in grey. The neuroserpin (NS) sequence is black,
the glycosylation sites are in red and the triangle highlights the protease cleavage site. (B) SDS-PAGE
analysis of gNS purification after AC and SEC chromatographic steps according to the protocol shown
in Figure S1A. (C) SDS-PAGE analysis of optimized gNS purification after the AC and SEC
chromatographic steps (see also Figure S1B). Abbreviations: Nat: native; CL: cleaved; AC: affinity
chromatography; SEC: size exclusion chromatography.

2.2. gNS Is Properly Glycosylated

The presence of appropriate glycosylation on LEXSY-expressed gNS was verified using several
complementary techniques. First, the migration of gNS in denaturing polyacrylamide gel
electrophoresis (SDS-PAGE) was delayed compared to NS (Figure 6D). The increment of molecular
mass was in agreement with the presence of N-glycan chains.

The presence of N-linked glycosylation was thereafter confirmed by enzymatic deglycosylation
using peptide-N-glycosidase F (PNGaseF) and endoglycosidase H (EndoH). Both enzymes remove
N-linked oligosaccharides, but with different specificities. The first enzyme is an amidase that
removes all types of mammalian N-linked glycans, whereas EndoH removes only high-mannose and
some hybrid types of N-linked glycans. As reported in Figure 2A, gNS was susceptible only to
PNGaseF treatment, resulting in a faster migration in SDS-PAGE, whereas incubation with EndoH
caused no reduction in molecular mass. Altogether, these results confirm the presence of N-
glycosylation along the secretory pathway and the delivery of gNS with mature glycans to the growth
medium. In agreement, previously identified N-glycans from an L. tarentolae recombinant
glycoprotein consisted mostly of the mammalian complex biantennary and the paucimannose
Man3GIcNAc2 structures [33]; such glycans are known to be effectively cleaved by PNGase F but not
by Endo H [35].
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Figure 2. Assessment of N-glycosylation. (A) SDS-PAGE analysis of the enzymatic deglycosylation of
gNS using EndoH or PNGaseF deglycosylases. All samples are a mixture of native and cleaved forms.
Black and white arrows refer to lane 1 (gNS) and lane 2 (PNGaseF), respectively. (B-C) Matrix-
assisted laser desorption ionisation-time of flight (MALDI-TOF) MS spectra of NS (B) and gNS.
Abbreviations: Nat: native; Nat*: deglycosylated Nat; Cl: cleaved; CI*: deglycosylated CI.

In order to determine the precise protein molecular mass, matrix-assisted laser desorption
ionisation-time of flight (MALDI-TOF) MS analyses under native conditions were performed both on
gNS and NS proteins. As shown in Figure 2C, the masses of native and cleaved NS, detected at 46,279
and 40,624 Da, respectively, allow for clearly identifying the presence of the cleavage site at Arg362.
Moreover, the masses of the gNS protein were detected at 48,033 Da and 41,615 Da for the native and
cleaved protein forms, respectively (Figure 2B). The increment in the molecular mass of gNS
compared to its theoretical mass unambiguously confirmed the presence of post-translational
modifications in gNS.

In order to map the glycosylation sites, the peptides obtained by the tryptic in-gel digestion of
gNS were analysed by UHPLC-MS/MS. The identified gNS peptides, which provided a sequence
coverage of 74%, are listed in Table S1 in the Supplementary Material. Two glycopeptides were
detected (Table ST1 and Figure 3), corresponding to glycosylation sites at positions N157 and N321.
These glycopeptides were not present in a similar analysis performed on gNS deglycosylated by
PNGaseF (data not shown).

Thus, the mass increment observed on gNS compared to NS was due to two occupied N-
glycosylation sites. Further experiments would be required to elucidate the corresponding glycan
structures.

Overall, these results confirmed that NS produced using the LEXSY expression system presents
two N-glycosylations in the sites previously reported [30].
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Figure 3. Identification of N-glycosylation sites. UHPLC-MS/MS analysis of glycopeptides
WVENNTNNLVK (A,C) and DANLTGLSDNKEIFLSK (B,D). The peptides are detected in the MS
spectrum as 2+ ion with m/z = 767.3906 (A) and 3+ ion with m/z = 757.7227 (B). These signals are
selected and used as parent ions (PIs) for higher energy collision dissociation (HCD) fragmentation
(C,D). Two glyco-diagnostic peaks are present in the fragmentation spectra (HexNAc, m/z 204.09;
HexNAc fragment, m/z 126.05 Da), indicating that PIs are glycopeptides. Identified a-, b- and y-
fragment ions are labelled (*, loss of HexNAc during fragmentation; #, loss of HexNAc2 during
fragmentation).

2.3. Conformational Analysis of gNS

The potential impact of N-glycosylation at residues N157 and N321 on protein structure was
evaluated by assessing the secondary structures content of gNS and NS by circular dichroism (CD)
analyses. Comparison of the far-UV spectra of gNS and NS is presented in Figure 4A. The two CD
spectra perfectly superpose, suggesting that the heterologous expression in LEXSY produces
properly folded gNS and that its secondary structure is virtually identical to those of previously
characterised NS [6,7]. Even if bacterially expressed NS is not glycosylated, it represents a good
reference for NS folding since it was reported that the glycan is not required for the acquirement and
maintenance of the serpin fold [30]. Next, the stability and potential conformational changes of gNS
were monitored by molar ellipticity at 216 nm, along a temperature ramp from 20 to 95 °C. While
bacterial NS undergoes two irreversible transitions at 56.6 and 87.0 °C (Figure 4B in accordance with
[24]), the gNS temperature ramp displays two very minor increases (more negative) in CD signal at
about 60 and 93 °C (Figure 4C). The conformational changes underlying such signals are irreversible,
as the CD signal becomes even more negative when the sample was cooled down (Figure 4C). This
typically indicates a gain of secondary structure, connected with latentisation and/or polymerisation
reminiscent of what was observed for bacterial NS [24]. The comparison of Far-UV CD spectra
recorded before and after the temperature ramp indicate that the latter shows a stronger CD signal
(Figure 4D). The more regular structure of the RCL in the latent and polymeric conformers likely
accounts for the increased CD signal, as previously reported [24].
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It has been reported that intrinsic fluorescence can be informative of NS conformation [25]. For
this reason, intrinsic tryptophan fluorescence was recorded to study gNS fold. The spectra of native
or SEC-purified polymeric gNS are analysed and compared in Figure 4E. Native gNS presented a
main peak at 330 nm, whereas, for the gNS polymers, a red shift and the quenching of the tryptophan
signal were detected. These effects observed for polymeric gNS may be ascribed to an increased
exposure of tryptophan residues in gNS polymers, similar to what has already been reported in the
literature for bacterially expressed NS [7,25,36].

In conclusion, these data indicate that gNS is properly folded and that its overall structure
closely resembles the one of bacterially expressed NS.

A 50001 B

s -18 4
g 0 y . . 90000000000000000000, e heating NS
NE 260 o) % cooling
Q ()
S T 20 °
2 5000 E
E' — NS native 2 "
. S 22
Ivd — gNS native =
= -10000 = e
w
24
Wavelength (nm)
o : : ; } : : :
D £ 010 T T2
5000 T 0.00 1 +
- 'S -0.10
= 3 020
g | " + 030 -
© 0 W"W‘ 2 : : : % | . .
E w,ﬁ 2 - 20 30 40 50 60 70 80 9
o |
g; 50004\ Temperature (°C)
E ' : — gNS native C ‘ ‘ : .
S 100004 ASRALAT gNS heated 141 o heating NS
. cooling g
()]
S -5 000000009000, 000
Wavelength (nm) 13 teg
2
E 25+ S -16
3 =4
= —
A R
Q - — gNS native
S == gNS polymer &
§ 10 2 0041 ' ' ‘ - ‘ '
5 5 a2q T2
3 54 S 0.00 1
e T .0.02 A
C L) L) A L) L) E _004 o
320 340 360 380 400 i - - ' \ = = =
20 30 40 50 60 70 80 %

Wavelength (nm) T ture (°C)
emperature (°

Figure 4. Conformational characterisation of gNS. (A) Far-UV circular dichroism (CD) spectra of
native gNS and NS recorded at 20 °C. (B,C) Temperature ramp of NS (B) analogously reported in [24]
and gNS (C) performed recording ellipticity at 216 nm during heating from 20 to 95 °C (black) and
cooling down (grey). The first derivative is reported in the bottom (blue) and the two transitions T1
and T2 are highlighted by the red arrows. (D) Far-UV CD spectra of gNS recorded at 20 °C before
(black) or after (green) heating the sample to 95 °C. (E) Intrinsic tryptophan fluorescence of native
(solid line) and polymeric (dashed line) gNS recorded at 20 °C. The buffer 20 mM Tris-HCI pH 8, 50

mM KCl was used in all the measurements.

2.4. gNS Inhibits tPA In Vitro

Then the ability of gNS to inhibit tPA in vitro was assessed. The activity of tPA on its
chromogenic substrate IPR-pNA was measured in the presence or absence of gNS or NS, monitoring
absorbance at 405 nm. While in the absence of NS or gNS the absorbance due to IPR-pNA hydrolysis
rapidly reached a plateau, in the presence of gNS and NS, the absorbance at 405 nm increased more
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slowly and remained almost constant, indicating that both NS and gNS displayed similar inhibitory
activity against tPA (Figure 5A). The inhibition of tPA by a sample of gNS incubated for 24 h at 45 °C
was also tested and tPA was completely active when compared to the control reaction (Figure 5A),
indicating that, during incubation, gNS has lost its inhibitory activity. This is likely due to the
formation of the inactive polymer and latent forms and the concomitant disappearance of native gNS.
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Figure 5. Comparison of tissue plasminogen activator (tPA) inhibition by NS and gNS. (A) tPA
activity tests in the absence (red) and presence of 60 nM of NS (blue), native (green) or incubated for
24 h at 45 °C (grey) gNS. (B) The ability of gNS and NS to inhibit tPA at two different concentrations
(75 and 150 nM) was compared. (C) The inhibitory efficiency of gNS or NS is reported in comparison
to the control reaction. The activity of tPA in the positive control after 56 h is set to 100% and all other
values have been normalised accordingly. In the control reaction, no gNS or NS was added.

The inhibition of tPA by gNS and NS was tested for longer times and at different concentrations
(Figure 5B,C). It is apparent that gNS is a marginally more efficient inhibitor of tPA proteolytic
activity since the substrate was hydrolysed more slowly in the presence of gNS than in the presence
of NS (Figure 5B). Figure 5C shows more quantitively than panel 5B the different tPA inhibitions by
NS and gNS. The percentage of active tPA at different times of incubation is reported in comparison
with the control reaction without inhibitors. During the first 24 h of incubation time, the comparison
of tPA activity in the presence of gNS or NS shows marked differences at both concentrations tested.
In particular, curves in Figure 5B show that, after about 15 h, substrate hydrolysis by tPA is markedly
increasing in the presence of NS, while, in the presence of gNS, tPA activity grows more slowly,
displaying lower rate of hydrolysis for the first 50 h. At the end of the experiment (56 h), the difference
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in inhibitory efficiency tends to level up even though gNS was still a marginally better inhibitor than
NS (Figure 5B,C). These observations strongly suggest a higher stability—i.e., slower rate of
hydrolysis—of the gNS-tPA covalent complex compared to the one formed by NS-tPA. Although the
gNS-tPA complex remains transient, the presence of the two N-glycans seem to stabilise the tPA-gNS
complex with a consequent slower deacylation rate [14]. The full description of this observation and
the molecular bases of this stabilisation by the presence of the glyco-antennas will require further
characterisation in a future work.

2.5. Glycosylation Reduces Heat-Induced Polymerisation of gNS

The role of glycosylation during the heat-induced polymerization process was next evaluated.
Solutions of gNS and NS at a concentration of 63.8 uM were incubated at 45 °C and the presence of
polymeric species was assessed at different time points using SEC and both non-denaturing and
denaturing PAGE (Figure 6). Most of the bacterially purified NS was already assembled into large
polymeric species after 3 h of incubation and only a minor peak corresponding to monomeric NS was
visible (Figure 6A). Non-denaturing PAGE confirmed the presence of very large polymers, as they
were barely entering in the non-denaturating PAGE (Figure 6C). The denaturing PAGE analysis of
aliquots of the same samples assessed the SDS-solubility of these species (Figure 6D). Thus, as
previously shown [24], at 45 °C, NS undergoes rapid conformational changes, leading to the
formation of a great excess of polymers over the latent conformer.

In contrast, gNS displayed a remarkably different behaviour. First, even after 24 h of incubation,
only a minor amount of polymeric form was detected by SEC (Figure 4B) and non-denaturing PAGE
(Figure 4C). Moreover, polymers formed by gNS were eluted at 10-12 mL in SEC, in contrast to the
large polymers formed by bacterially purified NS that were eluted into the dead volume of the
column (Figure 6B). Analogously, in non-denaturating PAGE, gNS polymers displayed an apparent
lower mass range (Figure 6C) compared to polymers formed by bacterially expressed NS. When
analysed by denaturing PAGE, the gNS polymers dissolved and migrated as monomeric gNS, as
observed for the bacterially purified counterpart (Figure 6D). It should be noted that, even though a
small amount of polymers was observed upon incubation at 45 °C, most of the gNS remained
monomeric, as shown in SEC and non-denaturating gel (Figure 6B,C). The different migration of gNS
in the non-denaturating gel suggests that the native conformer disappears over time (Figure 6C).
Overall, these data indicate that, in the presence of glycosylation, polymer formation is greatly
reduced. Importantly, gNS polymerisation propensity is in line with previous observations in vivo
and in cell models of FENIB where wild-type NS does not accumulate in polymeric deposits [26,37].
These results reinforce the hypothesis that the presence of glycan is crucial in preventing aberrant
interaction between NS monomers [30].

The lack of inhibitory activity observed in vitro by incubated gNS (Figure 5A) suggests that the
native gNS undergoes a conformational change resulting in the formation of the inactive latent
conformation, as also suggested by Figure 6C.
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Figure 6. Heat-induced polymerisation of gNS. A solution of gNS or NS was incubated at 45 °C and
analysed at different time points. SEC analysis of NS (A) or gNS (B) using an Increase Superdex 200
column. Aliquots of NS or gNS were analysed by non-denaturing (C) and denaturing (D) PAGE.
Abbreviations: Nat: native; Cl: cleaved; Lat: latent; Pol: polymers.

3. Materials and Methods

3.1. LEXSY Plasmid and Strain

The cassette containing the sequence of the human NS gene optimized for Leishmainia tarentolae
codon bias, in fusion at the N-terminus with the sequence for the secretion signal peptide (5'-
ATGGCTAGCCGTCTCGTCCGGGTGCTCGCAGCGGCAATGCTGGTGGCAGCCGCTGTCTCCGT
CGCAATGGCC-3') and the 6-His tag, was sub-cloned into the pLEXSY-sat2 plasmid (Jena Bioscience,
Jena, Germany) using Ncol and Kdel restriction enzymes (New England Lab, NEB, Ipswich, MA,
USA). pCloneGZ/NS and pLEXSY-sat2 were digested with Ncol and Kdel. The digestion products
were gel-purified and ligated using the Quik Ligation kit (NEB). The resulting pLEXSY-sat2/NS
plasmid was linearized with Swal restriction enzyme (Thermo Fisher Scientific, Waltham, MA, USA).
All the amplification steps were performed in E. coli XL1 cells (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) at 30 °C for plasmid stability reasons. LEXSY host P-10 cells (Jena Biosciences)
were transfected with linearized pLEXSY-sat2/NS plasmid and plated on freshly prepared agar plates
(40 mM Hepes pH 7.4, 26 g/L brain heart infusion, 10% inactivated fetal calf serum, 1% bactoagar, 50
ug/mL hemin, 1 unit/mL penicillin and 0.1 mg/mL streptomycin, 100 ug/mL nourseothricin, NTC).
After 2 weeks at 26 °C, colonies were inoculated into Brain Heart Infusion (BHI) medium
supplemented with 50 pg/mL hemin, 1 unit/mL penicillin, 100 ug/mL streptomycin (BHI-complete
medium) and 100 pg/mL NTC.

Protein expression was evaluated by dot-blot using monoclonal anti-NS(m19) primary antibody
and HRP-coupled anti-rabbit IgG. Membranes were developed using Pierce ECL Western Blotting
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substrate (Thermo Fisher Scientific, Waltham, MA, USA). All chemicals were purchased from Sigma
Aldrich (St. Louise, MO, USA), and NTC was bought from Jena Bioscience.

3.2. gNS§ Expression and Purification

Transformed LEXSY cells were cultured at 26 °C in BHI complete medium, always added with
NTC, in a ventilated tissue flask in static suspension in the dark. Cultures were split two times a week
with a 1:20 dilution into fresh medium. For large-scale protein expression, cells were cultured 50 h
under 220 rpm shaking at 26 °C in the dark and then collected by centrifugation during 15 min at
4500 g. The cell pellet was resuspended in the same volume of fresh BHI-complete medium and
incubated for 16 h at 18 °C. Finally, cells were collected 15 min at 10,500 g and the supernatant was
concentrated using an Amicon Millipore ultrafiltration system. Concentrated culture medium was
dialyzed against buffer A (20 mM Tris-HCl pH 8.0, 10 mM imidazole, 300 mM NaCl) to remove hemin
and loaded onto a 5-mL HiTrap Chelating HP Amersham column (GE Healthcare, Chicago, IL, USA)
previously equilibrated with the same buffer. Proteins were eluted in buffer B (20 mM Tris-HCI pH
8.0,250 mM imidazole, 300 mM NaCl) after a washing step at 10% of buffer B. Monomers were further
isolated by gel filtration using an Hi Load 16/60 Superdex200 column (GE Healthcare) equilibrated
in 10 mM Tris-HCl, 50 mM KCl, pH 8.0. All purifications steps were performed at 4 °C. All chemicals
were purchased from Sigma-Aldrich, unless differently specified. NS concentration was measured
by optical absorption using an extinction coefficient at 280 nm of 37,360 M- cm™. Due to the
impossibility to obtain a completely native sample of gNS, all experiments comparing gNS and
bacterially expressed NS were performed using a mix of native and cleaved NS in a ratio similar to
gNS samples allowing reliable comparisons.

3.3. NS Expression and Purification

E. coli BL21 Rosetta (DE3) pLysS Competent Cells Novagen (Merck KGaA) transformed with
PQES1L plasmid carrying the human NS gene with a N-terminus 6-His tag were used to express and
purify NS as reported in [6]. Briefly, bacterial cells were grown in Superior Broth (Molecular
Dimension) containing 100 ug/mL ampicillin, and protein expression was induced with 0.2 mM
isopropyl-p-D-thiogalactopyranoside at 17 °C for 16 h. NS was purified from the soluble fraction.
Buffer A supplemented with cOmplete protease inhibitor cocktail (Hoffmann-La Roche, Basel,
Switzerland) was added, and the cell pellets were immediately sonicated. Crude extract was clarified
by centrifugation and filtered before being loaded onto a 1-mL HiTrap Chelating HP column (GE
Healthcare) previously equilibrated with buffer A. Protein was eluted in 100% buffer B. Monomers
were further isolated by gel filtration using an Hi Load 16/60 Superdex200 column (GE Healthcare)
equilibrated in 10 mM Tris-HCl, 50 mM KCl, pH 8.0. All purification steps were performed at 4 °C
and all chemicals were purchased from Sigma-Aldrich, unless differently specified. NS concentration
was measured by optical absorption using an extinction coefficient at 280 nm of 37,360 cm™ M-1.

3.4. NS Autoproteolysis Assay

A solution of 63.8 uM of NS in 10 mM Tris-HCl, 50 mM KCIl, pH 8 or 7.6 was incubated at 26 °C
or 37 °C. At different time of incubation, an aliquot was subjected to denaturing-PAGE. Gels were
stained with Coomassie Brilliant Blue R-250. The experiment was repeated at least three times, and
representative gel is reported.

3.5. Deglycosylation Assay

Deglycosylation was performed using a peptide-N Glycosydase F (PNGase) deglycosylation kit
(NEB) in non-denaturing conditions or an endoglycosydase H (EndoH) deglycosylation kit (NEB).
According to the manufacturer’s instruction, 10 pug of gNS was diluted in GlycoBuffer and 2 ul of
PNGaseF was added. Protein mix was incubated at 37 °C for 16 h before SDS-PAGE analysis. For
EndoH digestion, 10 ug of gNS were diluted in Glycoprotein denaturing buffer and incubated 10 min
at 80 °C prior to the addition of 2 uL of the enzyme. The mixture was incubated 5 h at 37 °C and
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analysed by SDS-PAGE. In both assays, a solution of 10 ug gNS were prepared in the same
experimental conditions but with no enzyme as a negative control. The experiment was repeated at
least three times and representative gels are reported.

3.6. MALDI-TOF MS Analysis

Matrix-assisted laser desorption ionisation-time of flight (MALDI-TOF) mass analysis was
carried out on concentrated NS or gNS solutions. NS and gNS constructs have slightly different
Histag constructs: the theoretical mass is 46,271 and 45,810 Da, respectively. Purified protein samples
were diluted with 0.1% trifluoroacetic acid in water (TFA) to a final concentration of 10 pmol/uL,
prior protein precipitation with 50% trichloroacetic acid (TCA). Each sample was loaded onto a
MALDI target plate using the dry droplet technique and sinapinic acid (SA) in 0.1% TCA:acetonitrile
(2:1) as matrix. Mass spectrometry analysis was carried out by a Bruker Daltonics Reflex III
instrument (Bruker Daltonics, Billerica, MA, USA) equipped with a nitrogen laser (337 nm), operating
in linear positive mode. Each spectrum was accumulated for at least 200 laser shots and protein
calibration standards II (Bruker Daltonics) were used for calibration [38]. The PeptideMass tool
(http://www.expasy.org/tools/peptide-mass.html) was used to calculate the theoretical masses of
native and cleaved NS and gNS proteins and for identifying NS cleavage site.

3.7. UHPLC-MS/MS Analysis

Ultra performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS)
analysis were performed on gNS and deglycosylated tryptic peptides obtained by a standard in-gel
digestion protocol [39] applied on gel bands of gNS and gNS deglycosylated with PNGaseF. After
digestion, the peptides were desalted by C18 Ziptips (Millipore, Burlington, MA, USA) and injected
on an Orbitrap Fusion mass spectrometer equipped with a nano-UHPLC system EASY 1000
(Thermofisher). Peptides were separated by a 1-h gradient (aqueous phase: milliQ water, 0.1% formic
acid; organic phase: 80% acetonitrile, 20% milliQ water, 0.1% formic acid), detected by the orbitrap
analyzer, and subjected to a first fragmentation step by Higher energy Collision Dissociation (HCD).
The corresponding HCD fragmentation spectra allowed the for identification of unmodified peptides
by the software Proteome Discoverer (Thermo Fisher). In the case of glycopeptides, instead, HCD
fragmentation mainly generates intense reporter ions of the glyco-antenna, e.g., HexNAc, 204.09 Da.
This feature was exploited to selectively trigger a second fragmentation step by EThcD, a combination
of HCD and Electron Transfer Dissociation (ETD), in order to better identify the peptide sequence
and map the modification site [40].

3.8. Circular Dichroism Analysis

CD measurements were carried out on 4.5 uM NS or gNS in 10 mM Tris-HCl, 50 mM KCl, pH
8.0, by a J-810 spectropolarimeter (Jasco, Mary's Court Easton, MD, USA) equipped with a PFD-4255
temperature controller module (Jasco), in a 0.1 cm path-length cuvette. Temperature ramps ware
performed recording ellipticity at 216 nm during sample heating from 20 to 95 °C and following
cooling from 95 to 20°C (temperature slope 1.0 °C/min). First, the derivative of the data has been
calculated and plotted to determine the temperature of transitions.

3.9. Intrinsic Protein Fluorescence Assay

The intrinsic tryptophan fluorescence of 11 pM monomeric or polymeric gNS was measured in
a FP-8200 spectro-fluorimeter (Jasco) at 20 °C. Emission spectra from 310 to 410 nm were recorded
and 295 nm was used as an excitation wavelength. Each trace is the average of the accumulation of
three spectra.

3.10. Polymerisation Assay

Solution of 63.8 uM NS or gNS in 10 mM Tris-HCI pH 8.0 and 50 mM KCl were incubated at 45
°C. Aliquots at different incubation time were collected and analysed by size exclusion
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chromatography (SEC) using a Superdex 200 Increase 10/300 GL column (GE Healthcare Europe
GmbH). An aliquot of each sample was subsequently subjected to non-denaturating polyacrylamide
gel electrophoresis. The experiment was repeated at least three times and representative gels are
reported.

3.11. Non-denaturating Polyacrylamide Gel Electrophoresis (PAGE)

Samples were prepared as previously reported [41]. Briefly, aliquots of gNS or NS at different
times of incubation at 45 °C were collected and mixed at a 1:1 volume ratio with a non-denaturing
loading buffer (250mM Tris-HCl, 50% glycerol, 0.5% bromophenol blue, pH 6.8). Samples were
separated into 7.5 % non-denaturating polyacrylamide gels run at 90 V for 2 h at 4 °C to prevent
sample denaturation and/or polymer dissociation. Gels were stained with Coomassie Brilliant Blue
R-250. The experiment was repeated at least three times and representative gels are reported.

3.12. Inhibitory Activity Test

The inhibition of two-chain tissue plasminogen activator (2ctPA, American Diagnostica,
Pfungstadt, Germany) by NS or gNS was determined in the presence of the chromogenic substrate
H-D-Ile-Pro-Arg-p-nitroanilide (IPR-pNA; Chromogenix, Werfer, L'Hospitalet de Llobregat, Spain)
by recording the pNA accumulation upon substrate cleavage. The reaction was prepared mixing 60,
75 or 150 nM NS, 250 uM IPR-pNA, 1 nM 2ctPA in 50 mM Tris-HCl pH 7.4, 10 mM Na:HPOs, 150
mM NaC(l, and 0.1% Tween and incubated at 25 °C [42]. The reaction was monitored at 405 nm in an
Ultraspec 2100 Pro spectrophotometer (Amersham Bio, Little Chalftont, UK). The curves shown are
representative of all the performed experiments.

4. Conclusions

In summary, we report here the expression, purification and characterisation of human N-
glycosylated NS. Recombinant gNS is properly glycosylated in the physiologic positions N154 and
N321, which were previously identified [30]. Moreover, gNS is properly folded and it is a marginally
better in vitro inhibitor of tPA activity than non-glycosylated NS. Crucially, the presence of the two
N-glycosylation chains impacts gNS propensity to pathologic polymerisation. More specifically,
while non-glycosylated NS efficiently forms polymers in vitro, the formation of gNS polymers is slow
and marginal. Although the present data do not provide a detailed explanation for this observation,
gNS low polymerisation propensity may be due to the steric hindrance of the two glycan chains and
to the slight increase in gNS fold stability, as seen in Figure 4B,C. Here, we show that the artifactual
polymerisation propensity observed for wild-type NS expressed in bacteria is due to the absence of
a proper glycosylation, while gNS displays a behaviour closely resembling what has been observed
in vivo and in cell systems. Thus, gNS may be seen as a valuable tool to properly characterise the
polymerisation propensity of the FENIB mutants in vitro.
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4.3.2 EMBELIN-LIKE COMPOUNDS AS NS POLYMERIZATION INHIBITORS

The absence of knowledge on the mechanism of serpin polymer formation as well as the lack
of information on their three-dimensional structure make serpinopathies incurable (30). To
date, no efficient treatments have been identified even though several approaches have been
proposed, including the application of RCL-like peptides or small molecules (30).

Recently, a promising small molecule, embelin (EMB), was found to act as an antagonist of
PAI-1, a serpin inhibitor of tPA (144). EMB is a natural occurring para-benzoquinone and it is
the major active constituent of Embelia ribes fruits (145). It has a wide spectrum of biological
activities, including anti-inflammatory, anti-oxidant and anti-tumor (145), and its ability to
cross the blood brain barrier make it suitable for developments of treatments of central
nervous system disorders (146). A structural characterization of PAI-1/EMB complex revealed
that the small molecule binds in a pocket formed by helices B and D and by strands 1 and 2 of
the B-sheet A (144). Interestingly, the same region was found to be a source of instability in
a1AT and the introduction of bulky hydrophobic residues filling this cavity resulted in
stabilization and decreased polymerization trends (147).

Given the high structural homology between PAI-1, NS and o1.AT (30), EMB was recently
tested as NS polymerization inhibitor (148). Notably, it was observed that EMB has the ability
to prevent NS polymerization and to dissolve preformed NS polymers. Moreover, it binds to
all the conformations of NS and leads to the formation of small and soluble oligomers (148).
Nevertheless, the chemical properties of EMB prevent it from being a suitable candidate for
further hit development. Indeed, its low polarity and high hydrophobicity account for its poor
solubility in water; in addition, EMB elicits its anti-polymerization activity at relatively high
concentration, suggesting the need to improve its potentiality.

In order to identify EMB analogues with increased ability to prevent NS polymerization and
with an increased solubility in water, we performed a systematic chemical modification of the
EMB scaffold. The efficacy of the compounds designed to hamper NS intermolecular assembly
was eventually tested in vitro by polymerization assays. Our data indicated that none of the
tested compound recapitulate the anti-polymerization properties of EMB, suggesting that the
para-benzoquinone molecule is still the best candidate for the development of treatments
against FENIB.
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Abstract: Familial encephalopathy with neuroserpin inclusion bodies (FENIB) is a severe and lethal
neurodegenerative disease. Upon specific point mutations in the SERPINI1gene-coding for the
human protein neuroserpin (NS) the resulting pathologic NS variants polymerize and accumulate
within the endoplasmic reticulum of neurons in the central nervous system. To date, embelin (EMB)
is the only known inhibitor of NS polymerization in vitro. This molecule is capable of preventing NS
polymerization and dissolving preformed polymers. Here, we show that lowering EMB concentration
results in increasing size of NS oligomers in vitro. Moreover, we observe that in cells expressing NS,
the polymerization of G392E NS is reduced, but this effect is mediated by an increased proteasomal
degradation rather than polymerization impairment. For these reasons we designed a systematic
chemical evolution of the EMB scaffold aimed to improve its anti-polymerization properties. The effect
of EMB analogs against NS polymerization was assessed in vitro. None of the EMB analogs displayed
an anti-polymerization activity better than the one reported for EMB, indicating that the EMB-NS
interaction surface is very specific and highly optimized. Thus, our results indicate that EMB is,
to date, still the best candidate for developing a treatment against NS polymerization.

Keywords: protein polymerization; drug design; neurodegeneration

1. Introduction

The serpinopathies are a group of conformational diseases characterized by the accumulation of a
misfolded member of the serpin (serine protease inhibitor) superfamily into large inclusion bodies that
cause cellular toxicity [1]. Familial encephalopathy with neuroserpin inclusion bodies (FENIB) is a
member of this group of pathologies. FENIB is a rare and autosomal dominant genetic disease with
fatal outcome [2], which presents as consequence of point mutations in the SERPINIIgene coding for
neuroserpin (NS) [3-6]. Mutant NS accumulates within the endoplasmic reticulum of neurons causing
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progressive neurodegeneration, with consequent epilepsy, cognitive impairment and dementia as
clinical symptoms [2—6]. The amount of inclusions and the severity of the pathology, as well as the date
of onset, depend on the specific mutation present in the patient [4,7]. To date, there are six reported
mutations responsible for FENIB: S49P, L47P, S52R, H338R, G392E and G392R [2,4-6].

NS is mainly expressed in the central nervous system [8], where is involved in several cellular
and developmental processes including synaptic and axonal plasticity, learning and memory [9-11].
As a serpin, NS mainly inhibits tissue plasminogen activator (tPA) [12]. Substrate recognition and
inhibition are mediated by a long disordered loop, named reactive center loop (RCL), that is specifically
recognized and cleaved by tPA. Upon cleavage, there is a transition from disorder to order in the
N-terminal part of the RCL, which is inserted in beta-sheet A of NS and drags the tPA molecule to the
opposite side of the NS molecule, before the hydrolysis of the acyl NS-tPA complex. The geometry
of the protease’s active site is distorted in this process preventing the completion of the proteolytic
reaction [13]. Typically, such acyl-enzyme, serpin—protease, complexes are not hydrolysable thus
very stable over time, on the contrary the NS-tPA complex is short-lived and is hydrolyzed within
minutes [14,15]. After cleavage, the RCL, which is usually exposed in the native (Nat) conformation,
gets inserted into the beta sheet A between strands 3A and 5A. This conformation is referred to as
cleaved (CI) NS and is inactive. NS shares the typical serpin fold with the other members of the
superfamily. The exposure of the RCL loop makes the Nat fold metastable and this accounts for its
intrinsic propensity to adopt more stable conformations such as the latent (Lat) and the polymeric
forms (Pol). Lat is extremely stable, but inactive: in this monomeric conformation the RCL is uncleaved,
but nevertheless inserted in the beta sheet A, as observed for Cl1 [16].

NS, as many secreted proteins, is glycosylated, presenting two N-glycosylation chains in positions
N157 and N321 that decrease spontaneous polymerization in vitro and in vivo [17,18]. Indeed,
alteration of the glycosylation pattern due to their removal or pathologic mutation leads to enhanced
polymers (Pol) formation [17,18]. The molecular structure of serpin Pol is still under debate and several
models have been proposed, mainly for alfa-1 antitrypsin and alfa-1 antithrombin, two prototypical
serpins for molecular studies. In all such models, the transition of the RCL from the disordered
exposed conformation to the highly structured beta conformation is a paramount step. Specifically,
the RCL inserts in beta sheet A of neighboring monomers as part of the intermolecular link [19,20] or
intramolecularly allowing a larger domain swap of the C-terminal stretch of the protein [21]. This latter
model is gaining momentum. Like the ones formed by other serpins, NS polymers are long, flexible
and unbranched [22], and spectroscopic data indicate that the Nat to Pol transition implies a gain in
secondary structure content [23,24].

FENIB, as other serpinopathies, is an incurable disease and there are no active clinical trials
for FENIB therapies. Several approaches have been proposed for the treatment of alfa-1 antitrypsin
deficiency, the most common serpinopathy [16], but no cure for this conditions has been reported yet.
Chemical chaperones, peptides related to the RCL and small molecules have been proposed, however a
specific and efficient polymerization inhibitor has not been identified so far [16]. We recently reported
the ability of embelin (EMB) to prevent NS polymerization and to dissolve preformed NS polymers [25].
In vitro, EMB binds to all NS conformations destabilizing both the Nat and Lat forms and resulting
in the accumulation of small and soluble oligomers (Olig) [25]. EMB is the major active constituent
of fruits from Embelia ribes and is chemically known as 2,5-dihydroxy-3-undecyl-1,4-benzoquinone.
This molecule was long known in Asian traditional medicine [26], and its pharmaceutical potential
against central nervous system pathologies has been extensively investigated in the literature [27].
It is particularly interesting for its capability to cross the blood brain barrier and to elicit its effect
directly in the central nervous system [28].

Here we show that in presence of EMB concentrations lower than 0.75 mM NS forms increasingly
bigger aggregates; however, at 0.12 mM—the lowest concentration tested—a residual effect is still
detectable. Moreover we observed a reduction in NS polymeric accumulation in COS-7 cells treated with
EMB, however our results suggest that this reduction was not related to the expected anti-aggregation
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effect of the EMB molecule but was mainly due to the activation of the proteasome system. We thus we
performed a systematic chemical modification of the EMB scaffold to identify EMB analogs with better
anti-polymerization properties and tested the effects of each EMB analog against NS polymerization
in vitro. Despite its simple structure, the chemical properties of EMB seem to be already optimal for
NS polymerization inhibition, and no better molecule was identified. Thus, EMB remains the best
starting point for the future development of a treatment against FENIB.

2. Materials and Methods

2.1. NS Expression and Purification

E. coli BL21 Rosetta (DE3) pLysS competent cells Novagen (Merck KGaA, Darmstadt, Germany)
transformed with pQES81L plasmid carrying the human NS gene with a N-terminus 6-His tag were
used to express and purify NS as reported in [15]. Briefly, bacterial cells were grown in Superior Broth
(Molecular Dimension, Sheffield, UK) containing 100-ug/mL ampicillin and protein expression was
induced with 0.2-mM isopropyl-p3-D-thiogalactopyranoside at 17 °C for 16 h. NS was purified from
the soluble fraction. Buffer A supplemented with cOmplete protease inhibitor cocktail (Hoffmann-La
Roche, Basel, Switzerland) was added and the cell pellet was immediately sonicated. Crude extract was
clarified by centrifugation and filtered before being loaded onto a 1 mL HiTrap Chelating HP column
(GE Healthcare, Chicago, IL, USA) previously equilibrated with buffer A. Protein was eluted in 100%
buffer B. Monomers were further isolated by gel filtration using a Hi Load 16/60 Superdex200 column
(GE Healthcare, Chicago, IL, USA) equilibrated in 10-mM Tris-HCl, 50-mM KCl, pH 8.0. All purification
steps were performed at 4 °C and all chemicals were purchased from Sigma-Aldrich (St. Louise, MO,
USA), unless differently specified. NS concentration was measured by optical absorption using an
extinction coefficient at 280 nm of 37,360 cm~! M 1.

2.2. Compounds Mix Preparation

EMB powder was directly dissolved in 10-mM Tris HCI, 50-mM KCl, pH 8.0 until reaching
saturation conditions and the solution was immediately centrifuged at 4 °C for 10 min at 20,000x g
in order to remove the excess of insoluble EMB. Absorbance at 325 nm was measured and EMB
concentration was determined using an extinction coefficient of 24,000 cm~! M~! at pH 7.4. Supernatant
was then used to dilute NS.

EMB analogs were dissolved as described above and used at saturation condition, but it was not
possible to determine the precise concentration by optical absorbance.

2.3. Polymerization Assays

Solution of 85-uM native NS dissolved in 10-mM Tris-HCl, 50-mM KCl, pH 8.0 in the presence or
absence of compounds prepared as described in Section 2.2 were incubated at 45 °C. Aliquots were
collected after 0, 1 and 3 h of incubation and analyzed by SEC and non-denaturing-PAGE.

2.4. COS-7 cells Culture and DNA Transfection

COS-7 cells were cultured and transfected as described before [17]. Briefly, cells were maintained
in DMEM (D6546) supplemented with 5% /v FBS and Glutamax (Life Technologies, Carlsbad, CA,
USA) at 37 °C and 5% v/v CO, in a humidified incubator. Transfections were performed in 6-well plates
pretreated with 0.1-mg/mL poly L-lysine (Sigma-Aldrich, St. Louise, MO, USA). Typically, 4 pg plasmid
DNA were introduced into each well mixed with 10 pL of Lipofectamine 2000 (Life Technologies,
Carlsbad, CA, USA) in serum-free Opti-MEM I culture medium (Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s protocol. The culture medium was replaced with fresh medium
16 h after transfection and DMSO as a control or 10-uM EMB alone or plus 2.5-uM MG132 were added
to the fresh medium. Cells were incubated for another 24 h before collection of cell lysates and culture
media as described in the next paragraph.
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2.5. SDS and Non-Denaturing PAGE and Western Blot Analysis of Cellular Samples

The cell pellet from each well of 6-well plates was lysed in 100 pL of Nonidet lysis buffer
[150 mM NaCl, 50 mM Tris-Cl, pH 7.5, 1% v/v Nonidet P-40, plus protease inhibitor mixture (cOmplete,
Hoffmann-La Roche, Basel, Switzerland)]. The soluble protein fraction was collected in the supernatant
after centrifugation at 12,000x g, 4 °C for 15 min, and proteins in the insoluble pellet were extracted by
heating at 95 °C in loading buffer (Tris-HCI 125 mM pH 6.8, 10% v/v glycerol, 0.02% w/v bromo-phenol
blue, 5% v/v beta-mercaptoethanol and 2% w/v SDS). Forty micrograms of total protein from each
lysate and the equivalent volume of each culture medium were mixed with the same loading buffer
(without SDS and beta-mercaptoethanol for non-denaturing PAGE) and analyzed in 10% w/v acrylamide
SDS-PAGE or 7.5% w/fv acrylamide non-denaturing PAGE and western blot as described before [29,30].
The horseradish peroxidase signal was developed using the LiteAblot PLUS and TURBO extra sensitive
chemiluminescent substrates (EuroClone, Pero, Italy) and exposed to film or visualized on a ChemiDoc
system (BioRad, Segrate, Italy). Unless stated otherwise, reagents, buffers, culture media and serum
for cell cultures were purchased from Sigma-Aldrich (St. Louise, MO, USA). Rabbit polyclonal
anti-NS antibody was made in-house [7]; rabbit polyclonal anti-GAPDH antibody was from Abcam
(Cambridge, UK).

2.6. Non-Denaturing Polyacrylamide gel Electrophoresis

Samples were prepared as previously described [31]. Briefly, aliquots of NS in the presence or
absence of compounds were collected and mixed at a 1:1 volume ratio with non-denaturing loading
buffer (250-mM Tris-HCl, 50% glycerol, 0.5% bromophenol blue, pH 6.8). Samples were separated into
7.5% non-denaturing polyacrylamide gels run at 90 V for 2 h at 4 °C. Gels were stained with Coomassie
brilliant blue R-250.

2.7. Size exclusion Chromatography

Analytical size exclusion chromatography runs were performed using a Superdex200 10/300 GL
column (GE Healthcare, Chicago, IL, USA) or Superdex200 Increase 10/300 GL column (GE Healthcare,
Chicago, IL, USA) previously equilibrated in 10-mM Tris HCI, 50-mM KCI, pH 8.0 buffer.

2.8. Synthesis of EMB Analogs

All reagents and solvents were reagent grade or were purified by standard methods before
use. Melting points were determined in open capillaries by a SMP3 apparatus and are uncorrected.
TH spectra were recorded on Bruker AMX 300 MHz (Bruker, Billerica, MA, USA) or Bruker AV600
(Bruker, Billerica, MA, USA) spectrometers at 298 K, using deuterated solvents commercially available.
Chemical shifts were reported in parts per million (). The coupling constants (J) are reported in Hertz
(Hz) and 13C NMR spectra were recorded on Bruker AMX 300 MHz (Bruker, Billerica, MA, USA) or
Bruker AV600 (Bruker, Billerica, MA, USA) spectrometers.

Solvents were routinely distilled prior to use; anhydrous tetrahydrofuran (THF) and ether
(Et,O) were obtained by distillation from sodium-benzophenone ketyl; dry methylene chloride was
obtained by distillation from phosphorus pentoxide. All reactions requiring anhydrous conditions
were performed under a positive nitrogen flow and all glassware was oven dried and/or flame dried.

Isolation and purification of the compounds were performed by flash column chromatography
on silica gel 60 (230-400 mesh). Analytical thin-layer chromatography (TLC) was conducted on TLC
plates (silica gel 60 F254, aluminum foil). Compounds on TLC plates were detected under UV light at
254 and 365 nm or were revealed using TLC stains as KMnQOy, iodine or 10% phosphomolybdic acid
(PMA) in ethanol.

Silica treated with oxalic acid (referred to as oxalic acid-precoated silica) was prepared as follows:
standard silica was suspended overnight in a 0.1 M oxalic acid (aq) solution; then was filtered under
vacuum, then dried in oven.
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Compound 4 was obtained as reported in literature [32].

Compounds 8 and 11 were obtained as reported in literature [33].

Compounds 9 was obtained as reported in literature [34].

Compounds 2a, 3a, 10a and 1a (embelin) were prepared as reported in literature [35].
3-(bromo-propyloxi)-tert-butyl-dimethyl-silane was prepared as reported in literature [36].

2.8.1. 3-allyl-2,5-dimethoxy-[1,4]benzoquinone (2e) and 3-allyl-2-hydroxy-5-methoxy-
[1,4]benzoquinone (3e)

To a solution of compound 11 (82 mg, 0.36 mmol) in CH3CN (3.5 mL), a solution of ceric
ammonic nitrate (CAN, 502 mg, 0.89 mmol) in CH3CN/H,O 7/3 (4 mL) was added dropwise at —10 °C.
The reaction was stirred at room temperature for 2 h, diluted with Et,O (20 mL) and washed with
water (8 mL) and brine. The organic layer was dried over anhydrous NaySO,4 and concentrated in
vacuo. The crude was purified by flash column chromatography on oxalic acid-precoated silica gel
using ETP: ethyl acetate 85:15 as eluent, to give compounds 2e (53 mg, 71%) and 3e (12 mg, 17%) as
bright yellow solids. R = 0.64 (2e) and 0.22 (3e) in ETP: ethyl acetate 85:15).

2e: mp: 90 °C; 'H-NMR (300 MHz, CDCl3): § 5.86-5.73 (2H, m), 5.11-5.04 (1H, dq, ] = 17.12,
1.59 Hz), 5.03-4.98 (1H, dq, | = 10.0, 1.36 Hz), 4.07 (3H, s), 3.81 (3H, s), 3.21-3.18 (2H, dt, | = 6.48,
1.45 Hz). 3C-NMR (75 MHz, CDCly): & 183.87, 182.24, 159.18, 156.42, 134.51, 128.01, 116.67, 105.87,
61.79, 56.80, 27.55.

3e: mp: 100 °C; 'H-NMR (300 MHz, CDCl3): 5b: & 7.28 (1H, s), 5.90-5.76 (2H, m), 5.15-5.08 (1H,
dq, J =17.23,1.58 Hz), 5.04-5.00 (1H, dq, ] = 9.95, 1.28 Hz), 3.86 (3H, s), 3.22-3.19 (2H, dt, ] = 6.56,
1.14 Hz). (in agreement with [37]).

2.8.2. 3-allyl-2,5-dihdroxy-1,4-benzoquinone (1e)

To a solution of 2e (39 mg, 0.19 mmol) in EtOH (8.5 mL), 2-M NaOH (aq., 4.2 mL) was added.
The reaction was heated at 70 °C for 2 h. The solution was cooled at room temperature, then was
diluted with 2-M HCl (21 mL) and extracted with ethyl acetate (3 X 21 mL). The combined organic
phases were washed with brine, dried over anhydrous Na;SO,; and concentrated in vacuo to give
compound 1e (34 mg) as a brown solid in quantitative yield. mp: 144-146 °C; 'H-NMR (300 MHz,
DMSO-dg): 6 11.26 (2H, br s), 5.83-5.73 (2H, m), 5.03-4.94 (2H, m), 3.06 (1H, br s), 3.04 (1H, br s);
I3C-NMR (75 MHz, DMSO-dg): § 161.4 (x 2C), 135.00(x 2C), 115.8 (x 2C), 115.2, 104.51, 26.69.

2.8.3. 3-butyl-2,5-dimethoxy-[1,4] benzoquinone (2d) and 3-butyll-2-hydroxy-5-methoxy-[1,4]
benzoquinone (3d)

To a solution of 10d (70 mg, 0.27 mmol, 1 eq) in CH3CN (2.75 mL) cooled to —10 °C, ceric
ammonium nitrate (CAN, 383 mg, 0.68 mmol) in CH3CN: H,O 7:3 (2.7 mL) was added dropwise.
After the addition, the solution was stirred at room temperature for 2 h. The solution was diluted
with Et,O (15 mL) and washed with H,O and brine. The organic layer was dried over anhydrous
NaSO4 and the solvent was evaporated. The resulting crude material was purified by preparative-TLC
chromatography in hexane: ethyl acetate 8:2 to give compound 2d (20 mg, 35%) as an orange solid
and compound 3d (18 mg, 29%) as a dark brown oil. 2d: mp: 94 °C. TH-NMR (300 MHz, CD30H-d,):
5 5.85 (1H, s), 3.87 (3H, s), 2.47 (2H, t, ] = 7.2 Hz), 1.54-1.41 (2H, m), 1.40-1.25(2H, m), 0.93 (3H, t,
J =7.2 Hz). 3d: '"H-NMR (300 MHz, CD;0H-d,): 5.74 (1H, s), 4.07 (3H, s), 3.82 (3H, s), 2.45 (2H, t,
J=7.2Hz),1.48-1.36 (2H, m), 1.35-1.22 (2H, m), 0.93 (3H, t, | = 7.2 Hz). 2d and 3d are intermediates
for the synthesis of 1d and were not tested against NS polymerization.

2.8.4. 3-butyl-2,5-dihydroxy-1,4-benzoquinone (1d)

To a solution of 2d (11 mg, 0.05 mmol) in EtOH (2.2 mL), 2-M NaOH (aq., 1.1 mL) was added.
The reaction mixture was heated at 70 °C for 2 h.
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The solution was cooled to room temperature, then was diluted with 2-M HCl (5.4 mL) and
extracted with ethyl acetate (3 x 5 mL). The combined organic phases were washed with brine (10 mL),
dried over anhydrous Na,SO, and the solvent was evaporated to give compound 1d (10 mg) as a
red/brownish solid in quantitative yield. mp: 132-133 °C. 'H-NMR (300 MHz, CH3OH-dy): § 11.20
(2H, bs), 5.78 (1H, s), 2.46 2H,t, | = 7.4 Hz); 1.45-1.18 (4H, m), 0.92 (3H, t, ] = 7.1 Hz).

2.8.5. 3-heptyl-1,2,4,5-tetramethoxybenzene (10b)

To a solution of 1,2,4,5-tetramethoxybenzene 9 (130 mg, 0.66 mmol) in dry THF (6 mL), n-BuLi
(1.6 M in hexane, 610 pL, 0.98 mmol) was added at room temperature. After 40 min. under stirring,
1-bromoheptane (154 uL, 0.98 mmol) was added dropwise, and the reaction mixture was stirred
overnight. Then, a saturated solution of NH;Cl was added, and the aqueous phase was extracted with
ethyl acetate. The combined organic phases were dried over Nay;SOy4. The solvent was removed under
vacuum and the crude mixture was purified by flash column chromatography with hexane: ethyl
acetate 90:10, to give 88 mg of compound 10b in 45% yield. Colorless oil. 'H-NMR (300 MHz, CDCl3):
5 6.41 (s, 1H), 3.84 (s, 3H), 3.77 (s, 3H), 2.65-2.55 (m, 2H), 1.59-1.45 (m, 2H), 1.43-1.21 (m, 8H), 0.87 (t,
] = 7.5 Hz, 3H); 3C-NMR (75 MHz, CDCl3): § 148.9 (x 2C), 141.2 (x 2C), 131.1, 96.8, 60.9 (x 2C), 56.3 (X
2C), 31.8,30.7,29.9,29.1, 24.6,22.5, 14.1.

2.8.6. 3-Heptyl-2,5-Dihydroxy-[1,4] Benzoquinone (1b)

To a solution of 10b (70 mg, 0.24 mmol) in CH3CN (2.3 mL) a solution of CAN (323 mg, 0.59 mmol)
in CH3CN: H,O 7:3 (2.5 mL) was added dropwise at —10 °C (salt-ice bath) over 10 min. The reaction
was allowed to stir at rt for 3 h, concentrated in vacuo and diluted with ethyl acetate. The organic
layer was washed with water, brine, dried over anhydrous Na;SOy4. The solvent was removed under
vacuum and the residue was used in the next reaction without further purification. The crude was
dissolved in ethanol (8 mL) and 2-M NaOH (aq., 4mL) was added, then the reaction was heated to
reflux for 4 h. Then, the mixture was concentrated under vacuum and was diluted with 2-M HCl
(10 mL). The precipitate was filtered under vacuum and washed with hexane, to give compound 1b
(17 mg, 30% yield) as an orange solid. H-NMR (300 MHz, DMSO-d): & 11.04 (brs, 2H), 5.76 (s, 1H),
2.26 (t, ] = 6.9 Hz, 2H), 1.40-1.29 (m, 2H), 1.28-1.13 (m, 8H), 0.83 (t, ] = 7.2 Hz, 3H). 13C-NMR (75 MHz,
DMSO-dg): 117.35, 103.8, 31.2, 28.9, 28.4, 27.6, 22.0, 22.0, 13.9.

2.8.7. 3-nonyl-1,2,4,5-tetramethoxybenzene (10c)

To a solution of 1,2,4,5-tetramethoxybenzene 13 (160 mg, 0.81 mmol) in dry THF (7 mL), n-BuLi
(1.6-M in hexane, 750 pL, 1.21 mmol) was added at room temperature. After 30 min. under stirring,
1-bromononane (231 pL, 1.21 mmol) was added dropwise, and the reaction mixture was stirred
overnight. Then, a saturated solution of NH4Cl was added, and the aqueous phase was extracted
with ethyl acetate. The combined organic phases were dried over anhydrous Na;SOy4. The solvent
was removed under vacuum and the crude mixture was purified by flash column chromatography
with hexane: ethyl acetate 95:5, to give 121 mg of compound 10c in 46% yield. Colorless oil. 'H-NMR
(300 MHz, CDCl3): 6 6.41 (1H, s), 3.84 (6H, s), 3.76 (6H, s), 2.65-2.56 (2H, m), 1.60-1.44 (2H, m), 1.43-1.26
(12H, m), 0.87 (3H, t, ] = 6.9 Hz). 13C-NMR (75 MHz, CDCl;): § 148.8(x 2C), 141.1 (x 2C), 131.1, 96.8,
60.9 (x 2C), 56.2 (x 2C), 31.9, 30.7, 30.0, 29.5, 29.4, 29.3, 24.6, 22.5, 14.1.

2.8.8. 3-nonyl-2,5-dihydroxy-[1,4] benzoquinone (1c)

To a solution of 10c¢ (82 mg, 0.25 mmol) in CH3CN (2.5 mL) a solution of CAN (347 mg, 0.63 mmol)
in CH3CN: HyO 7:3 (2.7 mL) was added dropwise at =10 °C (salt-ice bath) over 15 min. The reaction
was allowed to stir at rt for 3 h, concentrated in vacuo and diluted with ethyl acetate. The organic
layer was washed with water, brine, dried over anhydrous Na;SOy4. The solvent was removed under
vacuum and the residue was used in the next reaction without additional purification. The crude was
dissolved in ethanol (8 mL) and 2 M NaOH aq. (4mL) was added, then the reaction was heated to
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reflux for 4 h. Then mixture was concentrated under vacuum and was diluted with 2-M HCI (10 mL).
The obtained precipitate was filtered under vacuum and washed with hexane, to give compound 1c
(27 mg, 40% yield) as a bright orange solid. TH-NMR (300 MHz, DMSO-d;): 5 10.92 (brs, 2H), 5.66 (s,
1H), 2.25 (t, ] = 7.7 Hz, 2H), 1.40-1.12 (m, 10H), 0.83 (t, ] = 6.9 Hz, 3H). 1*C-NMR (75 MHz, CDCls): 5
117.0,102.2, 31.8,29.5,29.5,29.3,27.9, 22.6, 22.5, 14.1.

2.8.9. Tert-butyldimethyl-[3-(2,3,5,6-tetramethoxyphenyl)-propoxy]-silane (10f)

A solution of 1,2,4,5-tetramethoxybenzene 9 (750 mg, 3.78 mmol) in anhydrous THF (4.7 mL),
under nitrogen atmosphere, was cooled to 0 °C, then n-BuLi 1.6-M (2.4 mL, 3.78 mmol) was added
dropwise. The reaction was warmed to room temperature and stirred for 2 h. Then, the reaction was
cooled to —80 °C and a solution of 3-(bromopropyloxy)-tert-butyldimethylsilane (1.44 g, 5.68 mmol) in
anhydrous THF (4.7 mL) was added dropwise. The reaction was slowly warmed to room temperature
and stirred for 22 h. NH4Cl sat. (20 mL) was added to the reaction and the solution was diluted and
extracted with ethyl acetate. The combined organic phases were washed with H,O, brine and dried
on anhydrous NaySOy. The crude (1.767 g) was purified by flash column chromatography in hexane:
ethyl acetate 9:1, to give compound 10f (488 mg, 35% yield) as yellow-pale oil.

TH-NMR (300 MHz, CDCl3): 8 6.41 (1H, s), 3.84 (6H, s), 3.76 (6H, s), 3.69 (2H, t, ] = 7.2 Hz), 2.67
(2H, m), 1.84-1.66 (2H, m), 0.90 (9H, s), 0.06 (6H, s). '*C-NMR (150 MHz, CDCl3): § 148.8 (x 2C), 141.0
(x 2C), 130.6, 96.7, 63.4, 60.9 (x 2C), 56.2 (x 2C), 33.9, 25.9 (x 3C), 21.2, 18.3, -5.2 (x 2C).

2.8.10. 2,5-dihydroxy-3-(3-hydroxy-propyl)-[1,4] benzoquinone (1f)

To a solution of 10f (100 mg, 0.27 mmol, 1 eq) in CH3CN (2.7 mL) cooled to —10 °C, a solution
of CAN (376 mg, 0.67 mmol, 2.5) in CH3CN: H,O 7:3 (1.9 mL) was added dropwise. The reaction
was warmed to room temperature and stirred for 2 h., then it was diluted with H,O (10 mL) and
extracted with ethyl acetate (2 X 15 mL). The combined organic phases were washed with H,O, brine
and then dried over anhydrous Na;SO4. The crude was used in the next step without additional
purification. The residue was diluted with CH,Cl, (2.7 mL) and HCIO4 (60% v/v, 4 drops) was added;
the reaction was stirred at room temperature for 3 h. The mixture was diluted with CH,Cl, (3 mL) and
washed with water. The aqueous phase was further extracted with CH,Cl, (3 X 4 mL). The combined
organic phases were washed with brine, dried over anhydrous Na;SO, and the solvent was evaporated
under vacuum. The resulting crude was purified by preparative-TLC (CH,Cl,, 0.5% CH3OH + 0.5%
CH3COOH) to give product 1f (15 mg, 28% yield) as a brown solid, mp: 155 °C TH-NMR (600 MHz,
CDCls): 5 5.94 (1H, s), 4.39-4.27 (2H, m), 2.53-2.40 (2H, m), 2.06-1.93 (2H, m). 1*C-NMR (150 MHz,
CDCly): 6 182.1,181.8, 155.9, 155.1, 114.5, 104.7, 68.2, 29.7, 29.3, 20.2, 17.3.

2.8.11. (E)-methyl—4-(2,3,5,6-tetramethoxyphenyl)-but-2-enoate (12)

To a stirred solution of 11 (180 mg, 0.80 mmol) in dry acetone (14 mL), K,COj3 (115 mg, 0.83 mmol,
1.04 eq) and CH3lI (57 uL, 0.91 mmol, 1.14 eq) were added under nitrogen atmosphere. The mixture
was heated to reflux for 16 h. The solvent was evaporated, the crude was diluted with AcOEt
(10 mL), washed with water (7 mL) and the aqueous layer was further extract with AcOEt (2 X 7 mL).
The combined organic layers were washed with brine (15 mL), then dried over anhydrous Na,SO4 and
concentrated in vacuo. The crude was purified by flash chromatography in hexane: ethyl acetate 9:1,
to give 91 mg of 3-allyl-1,2,4,5-tetramethoxybenzene as brown oil (yield 48%, R¢ = 0.36 in hexane: ethyl
acetate 9:1.

To a stirred solution of 3-allyl-1,2,4,5-tetramethoxybenzene (50 mg, 0.21 mmol) in DCM (4.3 mL),
methyl acrylate (57 pL, 0.63 mmol) and UMICORE M73 SIMes (8 mg, 0.01 mmol) were added under
nitrogen atmosphere. The mixture was stirred 6 h at room temperature. The solvent was evaporated,
and the resulting crude was purified by flash chromatography in hexane: ethyl acetate 9:1, to give
25 mg of 12 as a yellow oil. (yield 40%, R¢ = 0.12 in hexane: ethyl acetate 9:1. 'H-NMR (300 MHz,
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CDCly): § 7.12 (1H, dt, ] = 6.2 Hz, 15.5 Hz); 6.47 (1H, s), 5.75 (1H, dt, ] = 1.8 Hz, 15.5 Hz), 3.85 (6H, s),
3.75 (6H, s), 3.67 (3H, s), 3.56 (2H, dd, ] = 1.8 Hz, 6.2 Hz).

2.8.12. (2E)-4-(2,5-dihydroxy-3,6-dioxocyclohexa-1,4-dienyl)-but-2-enoic acid (5)

To a solution of 12 (42 mg, 0.14 mmol) in CH3CN (1.4 mL) cooled to —10 °C, a solution of CAN
(195 mg, 0.35 mmol) in CH3CN: H,O 7:3 (1.4 mL) was added dropwise. The reaction was warmed to
room temperature and stirred for 3 h., then it was diluted with H,O (10 mL) and extracted with ethyl
acetate (2 X 15 mL). The combined organic phases were washed with HyO, brine and then dried over
anhydrous Na;SOy. The crude was used in the next step without further purification. The residue
was diluted with CH,Cl, (2.5 mL) and HCIO4 (60% v/v, 4 drops) was added; the reaction was stirred
at room temperature for 3 h. The mixture was diluted with CH,Cl, (3 mL) and washed with water.
The aqueous phase was further extracted with CH,Cl, (3 X 4 mL). The combined organic phases were
washed with brine, dried over anhydrous Nay;SOy4 and the solvent was evaporated under vacuum to
give a mixture of (2E)-methyl 4-(2,5-dihydroxy-3,6-dioxocyclohexa-1,4-dienyl)-but-2-enoate (20 mg)
as a brown solid used in the next step without further purification. 'H-NMR (300 MHz, acetone-ds):
56.93 (1H, dt, ] = 6.6 Hz, 15.6 Hz); 5.95 (1H, s); 5.88 (1H, dt, ] = 1.5 Hz, 15.6 Hz); 3.66 (3H, s); 3.31-3.37
(2H, m).

To a solution of the above quinone (15 mg, 0.06 mmol) in aq. 50% THF (2.6 mL), LIOH H,O (13 mg,
0.32 mmol) was added and the mixture was stirred overnight at rt protected from light. The solvent
was evaporated, and the crude was diluted with 2-N HCI (10 mL) then extracted with ethyl acetate
and washed with brine. The organic phases were dried over anhydrous Na;SOy, the solvent was then
removed in vacuo to give 9 mg (87%) of the product 5 as a brown solid.

'H-NMR (300 MHz, CH3;0H-dy): § 6.92 (1H, dt, | = 6.4 Hz, 15.4 Hz); 5.95 (1H, s); 5.80 (1H, dt,
J=1.5Hz, 15.4 Hz); 3.33-3.37 (2H, m).

2.8.13. 1,2,4,5-tetramethoxy-3-(pent-4-en-1-yl)benzene (10g)

1,2,4,5-tetramethoxybenzene 9 (0.77 g, 3.89 mmol) was dissolved in dry THF (20 mL) and HMPA
(0.07 mL) was added. The solution was cooled down to —40 °C, then a 1.6-M solution of n-BuLi
in hexane (3.8 mL, 6.08 mmol) was added dropwise. The reaction mixture was stirred for 40 min.
while it was allowed to warm up to room temperature, then it was cooled down again to —40 °C and
5-bromo-1-pentene (1 mL, 8.44 mmol) was added dropwise. The reaction mixture was slowly warmed
up to room temperature and stirred for 27 h, after which it was quenched with a saturated solution of
NHA4C1 (30 mL). The organic layer was extracted with ethyl acetate and the combined organic phases
were washed with brine and dried over Na2504, then concentrated in vacuo. The crude product was
purified by flash column chromatography using a hexane-ethyl acetate (85:15) solution, providing 498
mg (48% yield) of compound 10g as a transparent oil. 1H-NMR (300 MHz, CDCI3): 6 (ppm) = 6.41 (s,
1H); 5.84 (m, 1H); 5.01 (d, ] = 14.7 Hz, 1H) 4.97 (d, ] = 11.0 Hz, 1H); 3.84 (s, 6H); 3.76 (s, 6H); 2.63 (t,
J =7.7Hz,2H); 2.10 (dd, | = 14.3, 7.1 Hz, 2H); 1.63 (quint, ] = 7.8 Hz, 2H). 13C-NMR (75 MHz, CDCI3):
5 (ppm) = 148.84, 141.06, 138.89, 130.68, 114.28, 96.73, 60.94, 56.23, 33.97, 29.78, 24.15.

2.8.14. 2,5-dihydroxy-3-(pent-4-en-1-yl)cyclohexa-2,5-diene-1,4-dione (1g)

A solution of compound 10g (147 mg, 0.55 mmol) in acetonitrile (5.5 mL) was cooled down to
—7 °C with an ice and salt bath, and a solution of 0.25-M CAN (760.3 mg, 1.38 mmol) in a CH3CN and
H,O solution (7:3) was added dropwise. The reaction mixture was stirred at room temperature for 2 h.
At the end of the reaction Et,O (25 mL) was added and the organic layer was washed with water and
brine, then it was dried on Na;SO, and concentrated in vacuo. The crude product of this first step
was dissolved in ethanol (25 mL) and NaOH,q 2 M (12.2 mL) was added. The reaction mixture was
warmed up to 70 °C and stirred for 3 h. After reaction completion the solution was cooled down to
0 °C and it was acidified to pH 1 with HCI 37%. The reaction mixture was then extracted with ethyl
acetate, the combined organic phases were dried on Na;SO4 and concentrated in vacuo. Product 1g
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(80.7 mg, 71% yield) was obtained as a dark orange solid without any further purification. 'H-NMR
(300 MHz, CDCl3): 6(ppm) = 6.00 (s, 1H); 5.77 (m, 1H); 4.99 (m, 2H); 2.46 (t, ] = 7.8 Hz, 2H); 2.07 (m,
2H); 1.57 (quint, ] = 7.6 Hz, 2H). '*C-NMR (100 MHz, d°-DMSO): 6 (ppm) = 139.54, 118.18, 115.94,
104.97, 34.24, 27.94, 22.76 (detected signals).

2.8.15. 3-allyl-2,5-bis-((2-(dimethylamino)ethyl)amino)-1,4-benzoquinone (6)

To a solution of benzoquinone 2e (40 mg, 0.19 mmol) in CH,Cl, (1.9 mL) at 0 °C, HCIO;4 (60%
v/v, 1.5 mL) was added dropwise. The reaction was stirred 6 h at 0 °C, then was diluted with CH,Cl,
(10 mL) and washed with H,O and brine, dried over anhydrous Na;SO4 and evaporated. Compound
3e (42 mg) was used in the next step without any further purification.

To a solution of 3e (37 mg, 0.19 mmol) in EtOH (13 mL), NaHCO3 (0.82 g, 51 eq) and
N,N-dimethylethylenediamine (0.25 mL, 1.95 mmol, 97% w/w) were added dropwise under nitrogen
atmosphere. The reaction was stirred at room temperature for 48 h. The solvent was evaporated and
the crude mixture was purified with preparative-TLC (CH,Cl,: CH30H 9:1 + 1% H,O) providing
compound 6 (17 mg, 35% yield) as a purple solid. mp: 64 °C. 'H-NMR (300 MHz, CDCl;): § 7.27-7.18
(m, 1H), 7.07-6.95 (m, 1H), 6.02-5.88 (1H, m), 5.26 (s, 1H), 5.04 (dq, ] = 1.9 Hz, 10.3 Hz, 1H), 4.98 (dq,
J=19Hz, 17.0 Hz, 1H), 3.61 (q, ] = 5.8 Hz, 2H), 3.31(dt, ] = 2.0 Hz, 5 Hz, 2H), 3.15 (q, | = 5.8 Hz, 2H),
2.55(t, ] = 6.1 Hz, 2H), 2.51 (t, ] = 6.1 Hz, 2H), 2.25 (s, 3H), 2.24 (s, 3H).

2.8.16. (E)-1,8-bis(2,3,5,6-tetramethoxyphenyl)oct-4-ene (13)

To a solution of compound 10g (106 mg, 0.40 mmol) in dry dichloromethane (4 mL) was added
Hoveyda-Grubbs 2"¢ generation catalyst (14.3 mg, 0.02 mmol). The reaction mixture was stirred at
reflux for 4 h., then the solvent was evaporated in vacuo. The crude product was purified by flash
column chromatography with a hexane and ethyl acetate (8:2) solution, providing 85 mg (85% yield) of
product 13 as a transparent oil. H-NMR (300 MHz, CDCl3): d6(ppm) = 6.40 (s, 2H); 5.45 (tt, ] = 9.3,
5.2 Hz, 2H); 3.83 (s, 12H); 3.75 (s, 12H); 2.59 (m, 4H); 2.06 (m, 4H); 1.57 (brs, 4H).!3C NMR (100 MHz,
CDCl3): 86(ppm) = 148.82, 141.23, 130.96, 130.30, 96.98, 60.92, 56.31, 32.95, 30.59, 24.25.

2.8.17. 1,8-bis(2,3,5,6-tetramethoxyphenyl)octane (14)

Compound 13 (70.7 mg, 0.14 mmol) was dissolved in methanol (2.8 mL), then 10% . Pd/C (118 mg)
was added. The reaction mixture was placed in H, atmosphere and stirred at room temperature for
24 h. After reaction completion, the catalyst was filtered on a double layer of Celite, paying attention
to keep it wet, then the solvent was evaporated. The crude product was purified by flash column
chromatography with a hexane and ethyl acetate (70:30) solution to afford 41.6 mg (59% yield) of
product 14 as a crystalline transparent solid. TH-NMR (300 MHz, CDCl5): d6(ppm) = 6.39 (s, 2H); 3.83
(s, 12H); 3.75 (s, 12H); 2.58 (m, 4H); 1.51 (m, 4H); 1.38 (brs, 4H); 1.33 (brs, 4H). 13C NMR (100 MHz,
CDCls): 66(ppm) = 148.91, 140.98, 128.54, 97.01, 60.42, 56.87, 31.74, 29.43, 29.02, 25.12.

2.8.18. (E)-3,3’-(oct-4-ene-1,8-diyl)bis(2,5-dihydroxycyclohexa-2,5-diene-1,4-dione) (7a)

A solution of compound 13 (94 mg, 0.19 mmol) in acetonitrile (1.9 mL) was cooled down to -7 °C
with an ice and salt bath and a solution of 0.25-M CAN (510.9 mg, 0.93 mmol) in a CH3CN/H,O (7:3)
mixture was added drop-by-drop. The reaction mixture was stirred at room temperature for 4 h, after
which it was quenched with Et;O (10 mL). The organic layer was washed with water and brine, then it
was dried on a NaySOy4 and concentrated in vacuo. The crude product was employed in the next step
without any further purification; it was dissolved in NaOHaq 2 M (8.36 mL), then the reaction mixture
was warmed up to 70 °C and stirred for 4 h. After reaction completion, the solution was cooled down
to 0 °C and it was acidified to pH 1 with HCI 37%. The reaction mixture was extracted with ethyl
acetate, the combined organic phases were dried on Na;SO,4 and concentrated in vacuo. The resulting
brown solid was triturated in hexane, providing 58 mg of product 7a (79% yield) as a brown powder.
'H-NMR (300 MHz, CD30D): 56(ppm) = 6.44 (s, 2H); 5.42 (brs, 2H); 2.41-2.33 (m, 4H); 2.03 (brs, 4H);
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1.61 (brs, 4H). 13C NMR (100 MHz, d°-DMSO): d6(ppm) = 176.92, 170.57, 130.12, 123.99, 118.81, 32.27,
29.50, 29.02, 26.81 (detected signals).

2.8.19. 3,3’-(octane-1,8-diyl)bis(2,5-dihydroxycyclohexa-2,5-diene-1,4-dione) (7b)

A solution of compound 14 (39 mg, 0.08 mmol) in acetonitrile (1 mL) was cooled down to -7 °C
with an ice and salt bath and a solution of 0.25-M CAN (274 mg, 0.5 mmol) in a CH3CN/H,O (7:3)
mixture was added drop-by-drop. The reaction mixture was stirred at room temperature for 7 h.
The reaction was quenched with Et;O (5 mL) and the organic layer was washed with water and
brine, then it was dried on Nay;SO,4 and concentrated in vacuo. The crude product was employed
in the next step without any further purification; it was dissolved in ethanol (3.6 mL) and NaOH,q
2-M (3.5 mL) was added. The reaction mixture was then warmed up to 70 °C and stirred for 4 h.
After reaction completion the solution was cooled down to 0 °C, acidified to pH 1 with HC1 37% and
extracted with ethyl acetate. The combined organic phases were dried on anhydrous Na,SO,4 and
concentrated in vacuo. The resulting brown solid was triturated in a solution of hexane and ethyl
acetate (8:2), providing 27 mg of product 7b (87% yield) as a brown solid. 'H-NMR (300 MHz, CDCl):
86(ppm) = 8.06 (brs, 4H) 5.99 (s, 2H); 2.35 (t, ] = 7.4 Hz, 4H); 1.62 (m, 4H); 1.29- 1.24 (m, 8H). 1*C NMR
(100 MHz, d°>-DMSO): 56(ppm) = 119.74, 110.56, 34.40, 30.12, 29.89, 25.54 (detected signals).

3. Results

3.1. NS Polymerization at Different Concentrations of EMB

In our previous study, embelin (EMB) was reported as the first molecule capable to interfere
with the heat-induced in vitro polymerization of NS [25]. It was shown to destabilize Nat and Lat
NS with a 1:1 EMB:NS binding ratio. All the experiments were performed in large excess of EMB
(1.5 mM) compared to the concentration of NS (85 pM), but the effects of lower concentrations of EMB
were not determined [25]. Here we test the effect of several dilutions of EMB on heat-induced in vitro
polymerization of NS. A solution of 85-uM NS was incubated with EMB at concentrations ranging
between 0 and 1.5 mM and NS polymerization was evaluated after 16 h of incubation at 45 °C by
analytical size-exclusion chromatography (SEC, Figure 1)

400 1— 1.50 mM EMB Olig,,
— 0.75 mM EMB
) 0.38 mM EMB
E 300
E 0.25 mM EMB
§ — 0.12 mM EMB
]
£ 200 |—0mM EMB Nat
g Olig
Pol
100
0

7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
Volume (ml)

Figure 1. Effects of decreasing concentration of embelin (EMB) in heat-induced polymerization of
neuroserpin (NS). Aliquots of 85-uM native NS were incubated 16 h at 45 °C in the absence (black)
or presence of 1.5-mM (blue), 0.75-mM (green), 0.38-mM (yellow), 0.25-mM (orange) or 0.12-mM
(red) EMB and analyzed by size-exclusion chromatography (SEC) using a Superdex 200 10/300 GL in
10-mM Tris HCI, 50-mM KCl, pH 8.0 buffer. Acronyms—Nat—native NS; Lat—latent NS; Cl—cleaved;
Olig—oligomer; Pol—polymers.
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In the absence of EMB, NS abundantly formed Pol which were eluted in the dead volume of the
column (8.5 mL) as previously reported [25]; only a minor peak corresponding to monomeric Lat was
eluted at 14.5 mL. In the presence of 1.5 mM EMB, the high-molecular weight Pol were not observed,
but smaller oligomers eluted at 12.3 mL (Olig;,), in keeping with the effect we previously reported
in Saga et al. [25]. A very similar result was observed in the presence of 0.75-mM EMB, where the
typical peak at 12.3 mL was predominant, but the peak eluted at 11.2 mL—corresponding to larger
oligomers—was slightly more intense. The peak corresponding to Olig;, was present at all tested
concentrations, but its intensity decreased proportionally to the amount of EMB added. The reduction
of these species was paralleled by the appearance of larger aggregates as indicated by the appearance
of two intense broad peaks eluting at 11.2 and 10.5 mL associated with larger oligomeric species (Olig).

3.2. EMB Promotes Proteasomal Degradation in Cell Lines Expressing NS

The effect of EMB on polymerization was assessed in COS-7 cells transiently transfected for
expression of wild type (WT) and G392E NS. Electrophoresis and western blot analysis of cells cultured
for 24 h after transfection showed that, in the absence of EMB, WT NS was efficiently expressed and
secreted (Figure 2A, WT NS panel, lanes 1 and 4). A small part of the protein was found in the insoluble
fraction (Figure 2B, first lane), but most of it was contained in the soluble cellular fraction and culture
medium as a native monomeric conformation, as revealed by non-denaturing PAGE (Figure 2C, WT
NS panel, lanes 1 and 4). In keeping with previous studies [7], in cells expressing G392E NS most of the
protein accumulated in the intracellular fraction, both in the soluble lysate (Figure 2A, G392E NS panel,
first lane) and as insoluble aggregates (Figure 2B, lane 4); soluble intracellular and secreted G392E NS
proteins were found mostly in the polymeric conformation (Figure 2C, G392E NS panel, lanes 1 and 4).

In parallel wells, transfected cells were treated with 10-uM EMB, collected after 24 h of incubation
and analyzed similarly by SDS and non-denaturing electrophoresis and western blot. EMB promoted
a reduction in NS signal for both WT and G392E NS transfected cells (Figure 2A,C, WT NS and G392E
NS panels, lanes 2 and 5 and corresponding histograms). Unexpectedly, the polymerization pattern
remained similar to the one observed in the absence of EMB, but with a weaker signal (Figure 2C,
G392E NS panel, compare lane 1 to lane 2 and 4 to 5 and histogram). Inhibiting the proteasome in cells
treated with 10-uM EMB by treating them at the same time with 2.5-uM MG132 caused a recovery in
protein signals, which were restored to control levels (Figure 2, A and 2C, WT NS and G392E NS panels,
compare lanes 3 and 6 with the other lanes and histograms). Moreover, the simultaneous treatment
with EMB and MG132 exerted a modest toxicity in cells expressing NS, as shown by the presence
of a low amount of the loading control protein GAPDH in the culture medium of cells expressing
WT NS under the double treatment (Figure 2A, WT NS-GAPDH panel, lane 6). When COS-7 cells
were transfected with a non-related neuronal protein, neuroligin 3, a reduction in protein levels after
SDS-PAGE and western blot analysis of the cell lysates was also observed upon EMB treatment, with
recovery to control levels when cells were treated simultaneously with EMB and MG132 as described
for NS (results not shown).
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Figure 2. Embelin treatment results in a decreased level of wild type and polymerogenic G392E mutant

NS that is reversed by proteasomal inhibition. (A) SDS-PAGE and western-blot analysis of lysates and
culture media of cells transfected with wild type or G392E NS and treated with EMB (10 uM) alone
or together with the proteasomal inhibitor MG132 (2.5 uM)), as indicated in figure. GAPDH served
as a loading control. Histogram shows the densitometric analysis of the western blot membranes,
with NS intensity values normalized to GAPDH intensities for the corresponding lanes; (B) SDS-PAGE
and western blot analysis of the insoluble proteins from post-nuclear pellets obtained from the same

samples in A, extracted as described in the Methods section; (C) non-denaturing PAGE and western

blot analysis of the same samples analyzed in A. The histogram shows the densitometric analysis of the

western blot membranes; for the G392E NS samples, the value was calculated by addition of all the

separate bands present in each lane.
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3.3. Design and Synthesis of EMB Analogs

In order to ameliorate EMB pharmacological properties and to explore the structure-activity
relationship, EMB analogs were designed and synthetized (Figure 3). The low water solubility of EMB
prevented crystallographic or NMR studies on the NS-EMB complex thus both chemical moieties of
EMB, the lipophilic chain and the quinone ring, were systematically modified.

0] 0] (0] (0]
OH OCHs OH /
HO R HsCO R HsCO R

0, @) @) @)
1a (EMB)R=C11H23 23R=C11H23 33R=C11H23 4
1b R = C,Hyg 2e R = CH,CH=CH, 3e R = CH,CH=CH,
1cR= CgH1g
1dR= C4Hg

1e R = CH,CH=CH,
1f R = (CH,);0H
1g R = (CH,)3CH=CH,

o) o)
H
HO A OH S ~N = HO O
| |
OH QO ”/\/N\
o) o) Jd o

5 6 7a, -C=C-
7b, -CH,CH,-

Figure 3. Structure of embelin (1a, EMB) and analogs (1b-g, 2a,e, 3a,e, 4-6, 7a,b).

The role of the n-alkyl residue in position 3 was first, evaluated by modulation its length. Initially,
shorter chains were inserted to reduce the lipophilicity with respect to the lead compound. The synthesis
of embelin (1a) and its analogs 1b—1d started from the common precursor 1,2,4,5-tetramethoxybenzene
(9) [34] which was subjected to an ortho-metalation reaction in the presence of n-BuLi (Figure 4).
To obtain the intermediates 10a, 10d and 10g the ortho-metalation reactions were carried out in presence
of hexamethylphosphoramide (HMPA) at —40 °C [38]. On the contrary, the intermediates 10c and 10b
were obtained carrying out the reaction at room temperature and without HMPA [39].

The analog bearing an allyl chain at position 3 (compound 1e) was prepared following a different
strategy, based on the treatment of the phenol 8 with allyl bromide and subsequent microwave-assisted
Claisen rearrangement to obtain the alkylated compound 11 [33].

Once obtained compounds 10a-d, 10g and 11, the substituted benzene rings were oxidized to the
corresponding quinones. EMB 1a and quinones analogs 1b, 1c and 1g were obtained by treatment
with CAN, followed by hydrolysis of the crude intermediates with 2-M NaOH.

To evaluate the role of the free hydroxy groups on the EMB benzoquinone core, 2,5-dimethoxy
and 2-hydroxy-5-methoxy-1,4-benzoquinones 2a and 3a, formed by CAN-mediated oxidation of 10a,
were isolated and purified. Following the same procedure, the analogs 2e and 3e were obtained.
Treatment of 2,5-dimethoxy-1,4-benzoquinones intermediates 2e with 2-M NaOH (aq.) in ethanol,
gave 2,5-dihydroxy-1,4-benzoquinones 1e in quantitative yield.



Life 2020, 10, 111

14 of 22

OH OCH, OCHj o
HaCO | O i H3CO. i R _ v R
OCHj OCHj3 OCHg OH
OCH, OCHs OCHs 0
9 10aR=C11H23 1aR=C11H23 (EMB)
h 10bR=C7H15 1bR=C7H15
9, 10c R = CgH19 1cR= C9H19
10d R = C4H9 1f R= (CHZ)SOH
oH 10f R=(CH,);0OTBDMS  1g R = (CH,);CH=CH,
H,CO P 10g R = (CHy),CH=CH,
d
OCH;
OCH, 4 o} o
y \ H3CO. R H;CO R
il *
OCH; OH
(0] (6]
OCH
H-.CO s _ OCH 23R=C11H23 3aR=C11H23
3 3 2d R = C4Hg 3d R = C4Hg
o 2e R=CH,CH=CH,  3e R = CH,CH=CH,
OCH;
OCH; ;
12 e ~NT
m, n
O (0]
o HO - HN P
HO _~__OH |
OH o}
o 1e R = CH,CH=CH, 6
5 1d R = C,4Hq

Figure 4. Synthesis of embelin (1a) and analogs 1b-1g, 5 and 6. Reagents and conditions: (a) CHsl,
K,CO3, acetone, reflux, 86%; (b) for 10a: n-BuLi 1.6 M, HMPA, THF, —40 °C, 1 h, then 1-bromoundecane,
—10 °C, overnight, 28%; for 10b: n-BuLi 1.6 M, THF, rt, 40 min. then heptylbromide, rt, overnight, 45%;
for 10c: n-BuLi 1.6 M, THE, rt, 30 min. then nonylbromide, rt, overnight, 46%; for 10d: n-BuLi 1.6 M,
HMPA, THE, —40 °C, 1 h, then 1-bromobutane, —10 °C, overnight, 31%; for 10f: n-BuLi 1.6 M, THF, 0 °C
to rt, 2 h, then 3-(bromopropyloxi)-tert-butyldimethylsilane —80 °C to rt, 22 h, 35%; for 10g: n-BuLi 1.6
M, HMPA, THEF, —40 °C to rt, 40 min., then 5-bromo-1-pentene, —40 °C to rt, 27 h, 48%; (c) i. CAN,
CH;3CN:H,0 7:3, —10 °C, then rt; ii. 2-M NaOH (aq.), EtOH, 70 °C, 2 h, yields over two steps for 1a:
67%, 1b: 30%, 1c: 40%; 1g: 71%; for 1f: i. CAN, CH3CN: H,O 7:3, —10 °C, 2 h, ii. HCIO, 60%, CH,Cl,,
rt, 3 h, 28% over two steps; (d) CAN, CH3CN: H,O 7:3, —10 °C then rt, yields 2a: 36%, 3a: 43%, 2e: 71%,
3e: 17%, 2d: 35%, 3d: 29%; (e) 2-M NaOH (aq.), EtOH, 70 °C, 2 h, 1e: quant, 1d: quant.; (f) NaHCO3,
(CH3),NCH,CH;NH,, EtOH, 48 h, rt 6:35% (g) allyl bromide, K,COj3, acetone, 97%; (h) MW, 190 °C,
30 min, 92%; (i) CH3l, K,COs3, acetone, 16 h, reflux, 48%; (1) methyl acrylate, UMICORE M73 SIMes,
CH,Cl,, 6 h, rt, 55%; (m) i. CAN, CH3CN: H,O 7:3, =10 °C, then rt; ii. HCIO4 70%, CH,Cl,, rt, 3 h, 61%
over two steps; (n) LiOH-H,OH, THF: H,O 1:1, rt, overnight, 64%.

In order to increase the polarity and, hopefully, the water solubility with respect to the lead
compound, a hydroxy group and a carboxylic group were introduced on the side chain, maintaining
intact the 2,5-dihydroxy-1,4-benzoquinone scaffold.

With this purpose, (3-bromopropyloxy)-tertbutyldimethylsilane was used as electrophile after
ortho lithiation substitution reaction, to obtain compound 10f in 35% yield [40]. CAN-mediated
oxidation and treatment with perchloric acid (60%) in dichloromethane of the resulting mixture of
quinones gave the EMB analog 1f.
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To introduce a carboxylic group on the side chain, the allyl derivative 11 was methylated, then the
resulting tetramethoxy intermediate was reacted with methyl acrylate in presence of the metathesis
catalyst UMICORE M73 SIMes, to give compound 12 in 55% yield. CAN-mediated oxidation and
treatment with perchloric acid (60%) in dichloromethane gave the corresponding quinone in 61% yield
over two steps. Finally, hydrolysis of methyl ester with LIOH-H,O gave the acid 5.

To explore the role of the 2,5-substituents on the quinone ring, the hydroxy groups were replaced
by a N,N-dimethylethylenediamino residue. Compound 3e was thus reacted with NaHCO; and
N,N-dimethylethyleneamine in ethanol for 48 h at room temperature [41], to give compound 6 in
35% yield.

Additionally, the quinone analog 4, completely lacking substituents in position 2,5 on the ring,
was prepared by CAN-mediate oxidation of 2-allyl-4-methoxyphenol [32].

Finally, dimeric analogs of EMB were synthetized, aiming at an enhanced biologic activity
with respect to the monomeric species and to increase the aqueous solubility due to the presence
of two quinone rings in the final compounds (Figure 5). An olefin cross-metathesis reaction with
Hoveyda—Grubbs second-generation catalyst was performed on compound 10g, resulting in the dimer
13 with an 85% yield. The double bond of the dimeric compound was then reduced by hydrogenolysis
to give compound 14 in 59% yield and both 13 and 14 were transformed via CAN-mediated oxidation
to the corresponding bisquinones 7a and 7b, as outlined in Figure 5.

OMe

OMe
OMe

10g

Figure 5. Synthesis of dimeric compounds 7a,b. Reagents and conditions. (a) Hoveyda-Grubbs 24
generation catalyst, dry CH,Cly, reflux, 5 h, 85%; (b) H,, Pd/C, MeOH, r.t., 24 h, 59%; (c) i. CAN,
CH3CN: H,O 7:3, =10 °C to rt; 4 hii. 2-M NaOH (aq.), EtOH, 70 °C, 4 h, yields over two steps for 7a:
79%; for 7b: 87%.

3.4. Effects of the EMB Analogs on NS Polymerization

All the EMB analogs synthetized were tested to assess their capability to interfere with heat-induced
polymerization of NS. A solution of 85-uM NS was incubated at 45 °C in the presence or absence of
each compound at saturating concentration. A solution of NS in the presence of EMB was used as an
additional control. The effect of each compound after 3 h of incubation was assessed by SEC (Figure 6
and Table 1). After 1 or 3 h of incubation, an aliquot of the incubated mixture was taken and analyzed
by non-denaturing PAGE (representative results are shown in Figure 7).
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Figure 6. SEC analyses of EMB-analogs effect on heat-induced NS polymerization. Solutions of 85-uM

NS was incubated 3 h at 45 °C in the presence or absence of EMB analogs at saturating concentration.

The effect of representative compounds of (A) group 1, (B) group 2, (C) group 3, (D) group 3 is reported.

Table 1. EMB-analogs effect on NS heat-induced polymerization. The effect of EMB analogs on NS
heat-induced polymerization at saturating concentration after 3 h of incubation at 45 °C was evaluated

by SEC analysis and the amount of each species was calculated. Pol—NS polymers eluting in the

dead column volume; Olig—oligomers eluting at 10-11 mL; Oligl2—oligomers typically formed in
presence of EMB eluting at 12.3 mL; Mon—monomeric NS eluted at 14-15 mL; Control—NS incubated

in absence of potential inhibitors; All compounds were tested at saturating concentration.

Pol Olig Olig12 Mon

Control 73% 0% 5% 22%
EMB, 1a 2% 37% 48% 14%
1b 80% 0% 3% 17%

1c 10% 50% 27% 13%

1d 54% 0% 0% 46%

le 66% 0% 0% 34%

1f 69% 0% 0% 31%

1g 52% 0% 0% 48%
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Table 1. Cont.

Pol Olig Olig12 Mon
2a 3% 44% 23% 30%
3a 7% 35% 38% 20%
2e 79% 0% 0% 21%
3e 77% 0% 0% 23%
4 73% 0% 11% 16%
5 76% 0% 0% 24%
6 66% 0% 0% 34%
7a 56% 8% 0% 35%
7b 70% 06% 0% 24%

NS EMB 1b
3 1 3 1 3h

"

0
W

Pol

Olig .

-

Figure 7. Non-denaturing PAGE analysis of EMB and 1b EMB analogs effect on heat-induced NS
polymerization. Solutions of 85-uM NS were incubated for 3 h at 45 °C in presence or absence of EMB
and analyzed by non-denaturing PAGE after 1 and 3 h of incubation.

Mon &>' .-—

The first group of modifications was intended to modify the length of the alkyl tail in position 3.
The effect of two representative EMB analogs (1b and 1c) is reported in Figure 6A in comparison with
unmodified EMB. As previously reported [25], EMB promoted the formation of Olig;, compared to
the large polymers in its absence. Table 1 reports the distribution of different species in the presence
or the absence of the compounds obtained by SEC analysis. In the presence of EMB almost no Pol
were detectable, whereas 85% of the protein was in the oligomeric form (37% Olig and 48% Olig;,).
In the absence of any compounds 73% of NS was present as Pol that eluted in the dead volume. The
same incubated mixtures of NS alone or NS in the presence of EMB were analyzed by non-denaturing
PAGE (Figure 7), which clearly highlighted the differences between the two samples: in the first
case the high-molecular weight Pol poorly entered the gel, whereas in the presence of EMB it was
possible to separate different oligomeric species. A similar effect was observed for compound 1¢, which
promoted the formation of oligomers, even though they eluted at higher column volume compared to
the species formed in the presence of EMB. EMB analogs 1b, 1d, 1e, 1f, 1g and 5 instead did not exert
any significant effects on NS polymerization as reported in Table 1. Indeed, in the presence of these
EMB analogs Olig;, were not present, whereas most of the protein formed Pol. 1c on the contrary was
still capable to prevent the formation of Pol but was less efficient compared to EMB to promote the
formation of Oligy,. Figure 7 shows a representative gel of coincubation of NS with EMB-derivative 1b.
According to SEC analysis, this compound promoted the formation of Pol as most represented species.

Next the role of the free hydroxyl group in positions C2 and C5 was evaluated. To this aim, two
compounds were synthesized with the substitution of hydroxyl group in position 5 (3a and 3e) or
both hydroxyl groups in position 2 and 5 (2a and 2e). Moreover, in compounds 2e and 3e also the
alkyl tail was modified, and their effect is reported as representative of this group. For analogs 2e and
3e, no anti-polymeric action was detected as reported in Figure 6B. Table 1 clearly shows that in the
presence of analogs 2e and 3e NS predominantly formed Pol (79% and 77%, respectively). Residual
anti-polymeric activity was observed in the presence of 2a and 3a in which Olig and Olig;, were
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present, but still in a percentage lower than that in the presence of EMB. EMB derivative 3e was slightly
more effective than 3a with 38% and 23% of protein present as Olig;,, respectively (Table 1).

Compound 4, completely lacking 2,5-hydroxy group on quinone scaffold with respect to compound
1e, did not exert significant anti-polymeric activity, even though a slight amount of Olig;, was detected
(11%, Table 1).

Moreover, also the replacement of both hydroxy groups at C2 and C5 with
N,N-dimethylethylenediamino residues (6), did not produce any anti-polymerization effect (Table 1).

Finally, two different EMB dimers were tested (Figure 6D). Even in this case, the presence of the
EMB analogs 7a or 7b did not exert significant effects on NS polymerization: as reported in Figure 6D
and Table 1, traces of Olig were detected, but 56% and 70% of the protein were forming Pol, thus
indicating that the polymerization pathway was not altered.

4. Discussion

The serpinopathies are a group of protein misfolding diseases characterized by the accumulation of
serpin polymers in the endoplasmic reticulum of serpin-expressing cells [1]. To date no pharmacological
treatment against the polymerization of any serpin is available, due to several reasons. Serpins are very
plastic molecules which undergo major conformational changes both in physiologic and pathologic
conditions [1]. In particular, the structure of serpin polymers is still under debate [2,20-22] preventing
a structure-based drug design strategy. Moreover, the localization within the endoplasmic reticulum
protects the serpin polymers from pharmacological molecules not able to penetrate the cellular
membranes [2,3,5-7]. In the case of FENIB, a potential anti-polymerization molecule should also be
able to pass the blood brain barrier. In this context, EMB displays several important properties: (I) it
binds to all NS conformers with a stoichiometry of 1:1; (II) it is the first molecule capable to prevent NS
Pol formation; (III) it can dissolve preformed polymers in vitro [25]; and (IV) it can cross the blood
brain barrier [28].

In previous work [25], only the aqueous saturated solution of EMB was used to characterize its
anti-polymerization properties, while here we describe for the first time the dose-response effects
of EMB against NS polymerization. Our data indicate that while even the lowest concentration of
EMB tested (0.12 mM) perturbs NS polymerization, lowering the concentration of EMB results in
increasingly bulkier NS oligomers (Figure 1). When cell lines expressing a polymerogenic variant of
NS (G392E NS, [4]) were treated with EMB, lower Pol levels were observed, but this effect was also
apparent for WT NS and for a non-related protein (neuroligin 3, results not shown), and was reverted
by simultaneous treatment with the proteasome inhibitor MG132, suggesting that the decrease in NS
and neuroligin 3 levels was mainly due to the activation of the proteasome system or maybe to a general
decrease in protein synthesis caused by EMB, rather than to a specific anti-polymerization activity.
In fact, an increase in monomeric or oligomeric G392E NS in the presence of EMB was not observed
after non-denaturing electrophoresis and western blot analysis, nor did we observe an increase in
G392E NS secretion as expected for the monomeric protein. In particular, this compound was reported
to regulates the apoptosis pathway through the inhibition of NF-kB. Even though a positive effect was
observed, it was not directly associated with the remodulation of NS polymerization.

These observations prompted us to search for other small molecules with enhanced specificity.
The low water solubility of EMB, its tendency to form micelles and its ability to cause NS oligomerization
hampered crystallographic and NMR experiments; in turn, the lack of structural data on NS-EMB
complex prevented a structural-based drug design strategy. Furthermore, NS is a very complex protein
for in silico docking of small molecules: the Nat conformation is metastable and displays highly flexible
regions and, moreover, it does not present any obvious deep cavity where small molecules could
be accommodated. Thus, in order to identify other molecules with anti-polymerization properties,
a systematic chemical modification of EMB was undertaken: the two main EMB moieties—the quinone
ring and the lipophilic tail—were modified. None of the synthesized EMB analogs displayed an
anti-polymerization effect distinctly better than the one reported for the lead compound. Interestingly,
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most of the modifications resulted in inactive compounds, indicating that the binding of EMB to NS
is achieved by an already optimal interaction interface, and only a few minor chemical modification
led to compounds that retained activity. All the chemical groups of EMB seem to be important for its
interaction with NS, but the lipophilic tail seems to be crucial: the only tolerated modification is its
shortening of two C atoms (1c), while all other modifications (shorter, more polar or longer tail, more
rigid chain or dimeric structures) lead to inactive molecules.

The substitution of one or two hydroxyl groups on the quinone ring with O-methyl groups
(compounds 2a and 3a, respectively) resulted in active compounds. In presence of compound 2a NS
forms smaller oligomers than the ones formed in presence of 3a, but EMB remained better inhibitor
compared with these two molecules. This observation indicates that compounds with hydroxyl groups
in such positions have a higher anti-polymerization activity, thus in that respect EMB presents optimized
substituent on the quinone ring. Moreover, the comparison of effects exerted by the couple 2a/3a and
2e/3e confirmed the importance of the alkyl tail in the inhibition process. Indeed, these couple of
compounds differs only in the tail structure. In general, other modifications of the substituents on the
quinone ring resulted in inactive molecules and, in particular, all analogs bulkier than EMB lost activity.
Altogether, our results confirmed that, to date, EMB is the best inhibitor of NS polymerization in vitro.

EMB was reported to bind to PAI-1, PAI-2 and PN1, three members of the serpin family: EMB is an
antagonist of the inhibitory abilities of these serpins against their target proteases, while no effects on
polymerization were reported [42]. A study about EMB-derived molecules tested for PAI-1 identified the
hydroxyl groups at C2 and C5 and the length of the alkyl chains at C3 as determinant for inhibitory potency
and some EMB analogs displaying relevant inhibition properties were identified [43]. Still, in that study
the effects of EMB and its analogs were tested with regards to modulation of serpin inhibitory activity
against its target protease and polymerization was not addressed. In a different report [44], even very
conservative modifications of the structure of EMB abolished its ability to interfere with x-glucosidase, a
protein involved in diabetes mellitus, in analogy with what we observed in the present work.

In summary, in this work we show that the interaction between EMB and NS is already so specific
that all the analogs produced were found to be either inactive or with a lower anti-polymerization
activity than EMB itself. The activity of EMB decreased with decreasing concentration, however all
tested EMB concentrations were able to reduce NS polymerization. Finally, the effect observed in a
cell model was the reduction of NS protein level through a non-NS specific effect due to an increase
in proteasomal degradation. Overall, the present data are encouraging; however, future strategies to
better shuttle EMB into the endoplasmic reticulum of neurons to achieve high local concentrations will
likely lead to stronger and more specific anti-polymerization effects.
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Understanding the molecular bases underlying the conversion of soluble and active proteins
into potentially toxic aggregates is pivotal to develop efficient treatments against
conformational diseases. Indeed, due to the complexity and diversity of the factors involved
in misfolding and aggregation processes, to date these pathologies are still incurable (5).

The data presented in this PhD thesis show that protein misfolding and aggregation processes
are triggered by multifactorial causes. Nevertheless, the results here reported demonstrated
that a complex ensemble of biophysical properties allows proteins to explore partially
unfolded states, which is one of the main determinants leading to protein aggregation. In
particular, we found that the tendency of proteins to achieve such conformations is regulated
by several factors, including protein primary sequence, presence of post-translation
modifications (PTMs), and chemical environment.

The primary mechanism of maintaining soluble and functional states of proteins is encoded
in the sequence and involves the existence of intrinsic energy barriers that prevents the
conversion into aggregation-prone states (149). Proteins have evolved structural and
sequence-based strategies to maintain a functional state and prevent self-assembly (5). Thus,
small changes, like the above presented D85V mutation in mB2m (see paragraph 3.3.2), can
alter the aggregation propensity of proteins and turn them into potentially pathological
agents (150). Indeed, several conformational pathologies are linked to point mutations that
disrupt folding equilibrium and favour the formation of polymeric states (24). This is the case
of alAT deficiency, caused by the E342K mutation (151), or the hereditary systemic
amyloidosis linked to the D76N hf32m mutant (34).

Modifications in the primary sequence can even favour or disadvantage misfolding and
aggregation processes. As discussed above, the single substitution D85V in mp2m switched
the behaviour of the protein from non-amyloidogenic to amyloidogenic (see paragraph 3.3.2).
This happens because the aminoacid 85 falls in an aggregation prone region and modifications
within this sensitive segment drastically alter protein biophysical properties. Indeed, we
observed that the mutation enhances the ability of the protein to form aggregation-prone
species under physiological conditions that results in an increased propensity to form fibrils.
We found a similar outcome for D76N substitution in h32m (see paragraph 3.3.1). The higher
amyloidogenicity of the natural mutant is generally ascribed to a general destabilization of
the native state (117,119). Indeed, we found that the D76N substitution favours the
formation of a malleable and expanded partially unfolded state that accounts for the
establishment of intermolecular interactions. Our findings are in agreement with previous
observations that linked the lower stability of D76N native fold to an increased tendency to
form partially folded, typically amyloidogenic, states (119). In particular, the presence of an
expanded partially unfolded ensemble in D76N further corroborates the hypothesis that
exposure of hydrophobic domains is pivotal step in the fibrillation process (119).
Furthermore, the importance of primary sequence in dictating protein aggregation can also
be inferred by the observation that some mutations reduce the tendency of protein to
aggregate (121). In particular, we observed that the non-amyloidogenic W60G hf32m
possesses a higher stability towards environmental stresses, e.g., low pH, than wt h32m (see
paragraph 3.3.3). This results in a different behaviour of the two proteins: indeed, while wt
hp2m in lysosomal condition is mostly unfolded and aggregates abundantly, W60G h32m
remains soluble and present a higher percentage of folded fraction.

Then, we observed that another important factor that tunes the ability of proteins to achieve
aggregation-prone states is the presence of PTMs. Indeed, it is well know that PTMs are
crucial regulators of protein activity, stability, and interactions (152). Our investigations
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highlighted how glycosylation prevents NS misfolding and subsequent polymerization (see
paragraph 4.3.1). Indeed, we found that the presence of two glycan chains drastically reduces
protein propensity to polymerize without altering its physiological activity and conformation.
However, the presence of PTMs is not necessarily always protective against misfolding:
indeed, it is well documented that hyperphosphorylation of tau protein results in self-
assembly and formation of amyloid fibrils in a series of pathologies (153) and that
phosphorylation of Ser129 in a.-synuclein promotes fibril formation and its deposition in Lewy
bodies (154).

Lastly, we found that a major role is played by the protein chemical environmental. Within
the crowded environment of the cell, proteins retains their functional states through a series
of complex networks (5). However, environmental stresses, like extreme temperatures,
change in pH or oxidative stress, can lead to misfolding and aggregation (155). In particular,
we observed that chemical environment can finely tune the aggregation propensity of
proteins. For example, experimental conditions that favour the achievement of an expanded
denatured state, e.g., low pH and low ionic strength, facilitate aggregation in D76N h2m (see
paragraph 3.3.1). Equally, the drop in pH that wt h32m experiences upon internalization in
MM cells lysosomes causes its misfolding and aggregation (see paragraph 3.3.3).

In summary, our findings added valuable data to the complex framework of misfolding and
aggregation processes, providing new tools for their complete understanding. Indeed, all this
information can be particularly useful for the development of therapeutics. For example, the
identification of aggregation-prone regions within the primary sequence can be used to
design small molecules or antibodies that prevent misfolding and aggregation. Indeed, this
approach was successfully exploited for a1AT (mAbasgi12 monoclonal antibody (156)) and for
structured-based peptides inhibiting AP aggregation (157). We applied the same approach on
NS, using EMB as starting point for the development of novel inhibiting molecules (see
paragraph 4.3.2). Ourresults indicated that EMB remains the best candidate for development
of FENIB treatments (158). However, further investigations are required to identify EMB-
modifications that increase its delivery efficiency within ER of neurons, thus improving the
anti-NS polymerization activity.

In conclusion, the data here presented help depicting the intricate puzzle of protein
misfolding and aggregation. Indeed, the only way to solve it is to gather as many pieces as
possible and fit them all together.
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Abstract

The ability of the MHC-I/TCR system to activate the immune system has been largely exploited
in vaccines development. Indeed, the identification of MHC-I restricted epitopes for inclusion
in peptide-based vaccines is used to design novel modified peptides that can increase the
immune response against pathogens. However, stability and immunogenicity of MHC-I
remain two great obstacles to the achievement of efficient and robust vaccines.

A powerful procedure to improve the effectiveness of the design is to increase the peptide-
MHC binding affinity by substituting residues in key peptide anchor positions with others
displaying more appropriate properties. Ideally, the substitution should be conservative not
to alter MHC-I/TCR recognition.

Here, we report a structural and biophysical characterization of human and murine MHC-I
bearing different NY-ESO-1157.165 and gp1002s.33 peptides, respectively.

Our results revealed how our rationally designed peptides entail an increment in MHC-I
stability, without altering its three-dimensional conformation. In addition, the structural
analysis shed lights on the atomic details of the peptide/binding groove interactions,
increasing our understanding of peptide binding and providing new tools for further
developments.

Taken together, our data demonstrate the accuracy of the peptide-mutation strategy and
provide new valuable information for further developments of peptide candidates.



Introduction

MHC-I is a heterotrimeric complex that displays on the cell surface peptides derived from
exogenous proteins for the recognition by appropriate T cell lymphocytes (TCLs) (1). MHC-
I/TCL interaction is a prerequisite for the activation of an immune response against virus
infected or malignant cells. In particular, the TCLs recognition is mediated by T cell receptors
(TCRs) that specifically interacts with the MHC-I binding groove where the antigenic peptide
is accommodated (2).

Over the last years the potentialities of MHC-I/TCR system has been exploited for the
development of vaccines (3). Indeed, the identification of MHC-I restricted epitopes for
inclusion in peptide-based vaccines is used to design novel modified peptides that can
increase the immune response against the expressing cells (4). To date, several peptide-based
vaccines are at late stage development for a serious of diseases (including AIDS vaccine,
gastric cancer vaccine and allergy vaccine) (3).

The use of peptides-based vaccines presents pros and cons: on the one hand, peptides are
easy to produce, do not contain infectious material (unlike attenuated vaccines), can be easily
modified to increase stability and immunogenicity and do not present particular safety issues;
on the other hand, they are usually poorly immunogenic, especially when compared to other
conventional vaccine strategies, and they show a reduced bio-availability upon administration
(3).

Despite the recent developments, one of the main concern in the design of peptide-based
vaccines regards the stability and the immunogenicity of MHC-I bearing the administrated
peptide (5). Indeed, MHC-I must be displayed on the cell surface as long as required for the
recognition to occur; at the same time, it needs to elicit a strong T cell response against the
displaying cell (6).

A powerful procedure to improve the effectiveness of this strategy is to increase the peptide-
MHC binding affinity by substituting residues in key peptide anchor positions with others
displaying more appropriate properties (7). Optimally, the mutations should be conservative
not to alter the structural features required for TCRs recognition and should lead to an
increment in complex stability (8). Indeed, the stability of the MHC-I well correlates with its
half-life on the cell membrane and with its ability to induce a robust immune response (5).
Here, we analysed human MHC-I (hMHC-I) bearing different NY-ESO-1157-165 (9) modified
peptides and, in parallel, we investigated the stability of murine MHC-1 (mMHC-I) displaying
variants of the gp100,s.33 antigen (10).

NY-ESO-1157-165 is an antigenic peptide displayed by the MHC-I of many cancer cells (such as
breast, prostate, ovarian cancer, and melanoma) but that is not present in healthy adult cells.
Accordingly, it has been largely used for cancer vaccines development (6,11,12).
Unfortunately, this peptide presents at the C-terminus a cysteine (Cys) residue that, due to
cysteinylation and dimerization, affects vaccines formulation reducing their immunogenic
efficacy (13). In addition, other non-optimal interactions between the peptide and the heavy
chain have been found, opening the way to the design of modifications that could increase
the binding efficacy (6). Thus, to identify NY-ESO-1-derived peptides that increase MHC-I
stability we produced and characterized several NY-ESO-1/MHC-I variants (Table 1). In
particular, NY-ESO-1157-165 peptide was modified on residues 1, 3 and 9, which are the crucial
sites for the interaction of the peptide with the heavy chain and for the interaction of MHC-|
with TCRs (9) (Table 1). While mutations on N- and C- terminal residues are directly involved
in stabilizing the complex, modifications on the third residue affect the conformation, and
thus the spatial organization, of the peptide within the binding groove (9).



gp100;s.33 (gp33) is an immunodominant epitope found in mice infected with the lymphocytic
choriomeningitis virus (LCMV) (14). Even though the exposition of gp33/MHC-I complex
induces a robust TCL response, the virus is able to escape the recognition by introducing
mutations on the gp33 sequence (10). In order to restore the recognition and to design novel
peptides with increased immunogenicity, a series of peptides have been recently designed
and analysed (10). In particular, insertion of a Pro in position 3 (yielding the MHC-I complex
hereafter named V3P) modify the spatial organization of the peptide within the binding
groove without altering TCR recognition. (10).

One of the strategies adopted to increase the delivery efficiency of peptides upon
administration is to insert non-conventional aminoacid that are poorly recognized by
proteases (3). Indeed, insertion of D-aminoacid prevents peptide hydrolysis, increasing
peptide pharmacokinetics properties.

Thus, in order to study the effects of D-substitution on gp33/MHC-I stability, we performed a
biophysical and structural characterization of two gp33/MHC-I variants bearing D-aminoacid
(Table 1). In particular, we modified the wild-type gp33 epitope and its variant V3P by
inserting a d-Phe in position 6, yielding the two complexes d3V and d3P (Table 2).

Our results revealed how rationally designed peptide mutations entail an increment in MHC-
| stability; in addition, the structural characterizations identified the atomic details of the
peptide/binding groove interactions, increasing our understanding of peptide binding.

In conclusion, our data confirmed the accuracy of the peptide-mutation strategy and paved
the way for further characterizations aimed at the identification of peptide candidates for
vaccine development.

Methods

MHC-I Purification. Human HLA-A2 heavy chain, murine H-2Dy heavy chain, wt h2m and wt
mpB2m proteins were expressed individually as inclusion bodies using the BL21 (DE3) E.coli
strain, following previous published protocols (10,15).

The ternary MHC-I was obtained through dilution. The peptide (10 uM) and wt 2m (2 uM)
were incubated in the refolding buffer (100 mM Tris pH 8, 450 mM L-Arginine, 5 mM L-
Glutathione reduced, 0.5 mM L-Glutathione oxidized, 2 mM EDTA, 0.5 mM AEBSF) at 4°C
under stirring for 30 minutes. The unfolded heavy chain solubilized in 6 M GdnHCI was then
added to a final concentration of 1 uM.

The refolding was completed after 72 hours at 4°C under stirring. The solution was
concentrated trough Stirred Ultrafiltration Cell (Millipore) and Amicon Ultra-15 Centrifugal
Filters (EMD Millipore) up to approximately 3 mL. The sample was then purified by size
exclusion chromatography using a Superdex 200 column (GE Healthcare) equilibrated in 20
mM Tris-HCl pH 8, 150 mM NaCl for h(MCH-Il or 20 mM Tris-HCI pH 7.4 for mMHC-I.

The eluted protein was analyzed by SDS-PAGE, frozen in liquid nitrogen and stored at -20°C.

Circular Dichroism. Thermal unfolding experiments were performed by circular dichroism
(CD) in the far-UV region on a J-810 spectropolarimeter (JASCO Corp., Tokyo, Japan) equipped
with a Peltier system for temperature control. Protein concentration was 0.2 mg/mL. For
hMHC-I the buffer composition was in 20 mM Tris-HCI, pH 8.0, 150 mM NacCl, while mMHC-I
were in 20 mM Tris-HCI pH 7.4.

The temperature ramp measurements were recorded from 20 to 95°C (temperature slope
60°C/hour) in a 0.1 cm path length cuvette and monitored at 218 nm wavelength. Tm was



calculated as the first-derivative minimum of the traces. Far-UV CD Spectra were recorded
before and after unfolding ramp (260-190 nm).

1Y3P9V Crystallization. Crystallization experiments were performed at 293 K using sitting
drop vapour diffusion method by mixing equal amount of MHC-1/NY-ESO-1157-165 1Y3P9V (6
mg/mL) in 20 mM Tris-HCI pH 8.0, 150 mM NaCl and reservoir solution. Best diffracting
crystals were obtained in 1.5 M Ammonium Sulphate, 100 mM Tris-HCI, pH 8. Crystals were
cryoprotected with 25 % glycerol and flash-frozen in liquid nitrogen. X-ray diffraction data
were collected at the beam line ID-23-1 at ESRF (European Synchrotron Radiation Facility of
Grenoble, France).

d3P and d3V Crystallization. Crystallization experiments were performed at 293 K using
sitting drop vapour diffusion method by mixing equal amount of (7 mg/mL) in 20 mM Tris-HCI
pH 7.4 and reservoir solution. Best diffracting crystals were obtained in 1.7 M Ammonium
Sulphate, 100 mM Tris-HCI, pH 8.3. Crystals were cryoprotected with 20 % glycerol and flash-
frozen in liquid nitrogen. X-ray diffraction data were collected at the beam line XRD-2 at
Elettra (Trieste, Italy).

1Y3P9V Structure Determination. The crystal diffracted up to 2.54 A and belongs to the space
group P 21 3. The data collection statistics are shown in Table X.

The diffraction data were processed using XDS and the intensities were merged with AIMLESS.
The structure was solved by molecular replacement using MolRep. WT NY-ESO-1 MHC-I (PDB
code: 1S9W) (9) was used as searching model. One molecule was found in the asymmetric
unit. The model molecule was firstly subjected to a rigid-body refinement and then to a
restrained refinement using Refmac5 (16). Manual model building was then carried out using
the COOT; figures were prepared with Chimera and PyMol software.

d3P Structure Determination. Crystal diffracted up to 2.43 A and belongs to the space group
C 2 1. The data collection statistics are shown in Table X.

The diffraction data were processed using Staraniso (17) and the intensities were merged
with AIMLESS. The structure was solved by molecular replacement using PhaserMR (18) and
PDB 5TIL (10) as searching model. Two subunits of the complex were found in the asymmetric
unit. The model molecules were subjected firstly to a rigid-body refinement and then to a
restrained refinement using phenix.phaser (19). Manual model building was then carried out
using the COOT; figures were prepared with Chimera and PyMol softwares.

d3V Structure Determination. Crystal diffracted up to 2.45 A and belongs to the space group
C 2 1. The data collection statistics are shown in Table X.

The diffraction data were processed using Staraniso (17) and the intensities were merged
with AIMLESS. The structure was solved by molecular replacement using PhaserMR (18) and
PDB 5TJE (10) as searching model. Two subunits of the complex were found in the asymmetric
unit. The model molecules were subjected firstly to a rigid-body refinement and then to a
restrained refinement using phenix.phaser (19). Manual model building was then carried out
using the COOT,; figures were prepared with Chimera and PyMol software.



Results

Thermodynamic Stability measured by Circular Dichroism. In order to evaluate the effects
of peptide mutations on the thermal stability of MHC-I, thermal unfolding ramps were
recorded in the far-UV region (Fig. 1 and Fig.2). Notably, some complexes present a two-state
transition (wt, 1H9V, 1F, 1N, 3P, 9V), while the remaining show a classical cooperative
unfolding behaviour (Fig. 1 and Fig. 2). Most of the mutations largely increased the melting
temperature of the complex (Table 2-3 and fig. 2 -3).

1Y3P9V crystal structure. In order to better understand the molecular interactions occurring
in the peptide binding groove, the crystal structure of 1Y3P9V complex was determined to
2.41 A resolution, providing an electron density of excellent quality (Table 4).

Comparison of the crystal structures of 1Y3P9V and NY-ESO-1 wt (20) revealed a high
structural conservation between the two complexes (RMSD 0.28 A, as calculated over the
whole Ca backbone). Indeed, the modifications do not alter the spatial organization of the
complex (Fig. 3). As expected, the peptide is located within the binding groove of the heavy
chain and its position is perfectly superimposable to that of the NY-ESO-1 wt. In addition, the
orientation of peptide side chains is identical in the two variants, apart from peptide residue
Trp5 (Fig. 3). The different orientation of pW5 entails a structural rearrangement of GIn155
of the heavy chain (Fig. 3). Indeed, to accommodate the bulky aromatic ring of pWS5, the
GIn155 rotates and points toward the solvent.

Finally, the bulky Tyr in position 1 points directly towards the solvent. This orientation is
predicted to be beneficial for TCRs binding: indeed, the hydroxyl group of the Tyr establishes
Van der Waals and H-bond interactions with a Ser in the TCR binding region (20).

d3V crystal structures. The crystal structure of d3V was determined to 2.43 A resolution
(Table 4), providing an electron density of excellent quality (Fig. 4).

Comparison between the d3V and gp33 wt complex revealed minor changes in the three-
dimensional architecture of the complex, in particular in the B2m region (RMSD of 0.785 A,
as calculated over the whole Ca backbone) (Fig. 4). The peptide conformation within the
binding groove is conserved (Fig. 4) even though the orientation of pY4 and pF6 are different
in the two complexes. Indeed, the introduction of a D-aminoacid entails the rotation of the
two bulky residues. These rotations slightly modify the position of residues in the binding
groove: in particular, residues R62 and E163 are the most affected. These residues are also
involved in the recognition by TCRs: indeed, it is likely that their different orientations have
repercussions on the binding affinity of d3V towards TCRs.

d3P crystal structures . The crystal structure of d3P was determined to 2.45 A (Table 4) and
the electron density was of excellent quality (Fig. 5).

Superimposition of d3P and gp33 V3P complexes revealed a conserved tertiary structure,
despite minor changes in the f2m region (RMSD of 1.88 A, as calculated over the whole Ca
backbone). d3P peptide is loaded within the heavy chain binding groove and its conformation
is identical to the gp33 V3P peptide (Fig. 5). The main differences lie in residues pY4 and pF6
which assume a different orientation in the two complexes (Fig. 5). In particular, their
positions in d3P complex modify the spatial organization of residues R62 and H155 of the
heavy chain (Fig. 5). Among them, the H155 is bended and orientation may alter the



recognition by TCRs: indeed, H155 is directly involved in the interaction with the TCRs binding
region (10).

Discussion

While developing new and more efficient peptides for vaccination, it is pivotal to rationally
design modifications that increase the MHC-I stability. Indeed, the stability of the complex is
directly correlated to an increased half-life on the cell membranes which in turn increases the
likelihood of TCRs recognition and TCLs activation (5).

Here, we rationally modified NY-ESO-1157.165 and gp33 antigens and characterized the newly
formed MHC-I complexes.

Most of the analysed peptides increased the thermal stability of the MHC-I (Fig. 1). However,
it is worth noticing that in MHC-1/NY-ESO-1 the thermal ramps do not always follow a classic
one-state unfolding profile. Indeed, in some cases a two-state transition is observed (Fig. 1).
This outcome is likely to be attributed to an instability of the MHC-I: indeed, the first transition
refers to the dissociation of the non-covalent complex between the heavy chain and 2m and
the subsequent unfolding of the heavy chain. The second transition, instead, could represent
either the aggregation of the heavy chain or the unfolding of f2m.

In any case, the first transition reflects the stability of the MHC-I and has been considered to
derive melting temperature values.

However, despite being a useful tool to evaluate the effects of the peptide modifications,
thermal stability experiments are not per se informative in predicting whether the mutated
peptide will retain its antigenic properties (6).

Thus, we performed a structural characterization by X-crystallography to shed light into the
interactions on the peptide binding groove. The understanding of the atomic details of
peptide-heavy chain interactions are pivotal to determine the molecular determinants of the
interaction and to guide future peptide optimizations.

The structural analyses were done for 1Y3P9V, d3V, and d3P complexes. In all the three cases,
the peptide conformation within the al domain of the heavy chain was conserved. This
confirmed the accuracy of the modification strategy as the mutations should not induce large
rearrangement not to alter recognition by TCRs.

Then, the crystal structures revealed adjustments of several heavy chain residues side chain.
Indeed, the presence, or the different orientation, of bulky aminoacids in the peptide
sequence entail local bending or turns of heavy chain residues (e.g. His155 in d3P or Q155 in
1Y3P9V). Since that these heavy chain residues are involved in binding to the TCR, it is
tempting to speculate that their different orientation may also affect TCR recognition.
Interestingly, the presence of d-Phe in d3V and d3P complex do not modify either the affinity
toward the heavy chain or the stability. Indeed, introduction of non-conventional aminoacids
should be considered to increase the delivery efficacy, especially when dealing with easily
hydrolysable peptides.

In conclusion, this work provided useful information on accuracy of the design strategies for
NY-ESO-1- and gp33-derived peptides.

Further characterizations, e.g. MHC-I/TCR affinity and MHC-I/TCR structural analysis, are
needed to allow the selection of the best candidates for peptide-vaccine development.
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Figures and tables legends

Figure 1. NY-ESO-1 MHC-I thermodynamic stability. Thermal denaturation unfolding curves
of hMHC-I bearing NY-ESO-1-derived peptides monitored in the Far-UV region by circular
dichroism.

Figure 2. mMHC-1/gp33 unfolding profiles. Thermal denaturation unfolding curves of gp33-
derived peptides monitored in the Far-UV region by circular dichroism.

Figure 3. 1Y3P9V crystal structure. A) Comparison between the crystal structures of 1Y3P9V (cyan)
and NY-ESO-1 wt (grey, PDB entry: 1S9W). B) 1Y3P9V peptide with its electron density map. C)
Comparison between 1Y3P9V (cyan) and NY-ESO-1 wt (grey) peptide orientation within the binding
groove. D) Different spatial arrangement of Q155 in 1Y3P9V (cyan) and NY-ESO-1 wt (grey).

Figure 4. d3V crystal structure. A) Comparison between the crystal structures of d3V (green) and
gp33 wt (yellow, PDB entry: 1S7U). B) d3V peptide with its electron density map. C) Comparison
between d3V (green) and gp33 wt (yellow) peptide orientation within the binding groove. D) Different
spatial arrangement of R62 and E163 in d3V (green) and gp33 wt (yellow).

Figure 5. d3P crystal structure. A) Comparison between the crystal structures of d3P (orange) and
gp33 V3P (grey, PDB entry: 4NSK). B) d3P peptide with its electron density map. C) Comparison
between d3P (orange) and gp33 V3P (yellow) peptide orientation within the binding groove. D)
Different spatial arrangement of R62 and H155 in d3P (green) and gp33 V3P (yellow).

Table 1. NY-ESO-1 157-165 peptide modifications. Modifications are highlighted in red.

Table 2. gp33 peptide modifications. Modifications are highlighted in red.

Table 3. Calculated melting temperature for MHC-I complexes bearing NY-ESO-1-derived
peptides and gp33-derived peptides.

Table 4. Data collection and refinement statistics for 1Y3P9V, d3P and d3V. Values in
parenthesis are for the highest resolution shell.
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Figure 1. hMHC-I/NY-ESO-1 unfolding profiles.
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Table 1. NY-ESO-1 157.165 peptide modifications.

Complex name

Type of complex

Peptide on MHC-I

NY-ESO-1 wt hMHC-1/NY-ESO-1 SLLMWITQC
1Y3P9V hMHC-1/NY-ESO-1 YLPMWITQV
1F9V hMHC-I/NY-ESO-1 FLLMWITQV
1H9V hMHC-1/NY-ESO-1 HLLMWITQV
1INV hMHC-1/NY-ESO-1 NLLMWITQV

9l hMHC-1/NY-ESO-1 SLLMWITQI

3P hMHC-1/NY-ESO-1 SLPMWITQC

1IN hMHC-1/NY-ESO-1 NLLMWITQC

1H hMHC-I/NY-ESO-1 HLLMWITQC

1F hMHC-1/NY-ESO-1 FLLMWITQC

12



Table 2. gp33 peptide modifications.

Complex name Type of complex Peptide on MHC-I
gp33 wt MMHC-1/gp33 KAVYNFATM
gp33 V3P mMHC-1/gp33 KAPYNFATM
d3v MMHC-1/gp33 KAVYNTATM *
d3p mMHC-1/gp33 KAPYNFATM *

* f stands for D-Phe

Table 3. Calculated melting temperature for MHC-I complexes bearing NY-ESO-1-derived peptides
and gp33-derived peptides.

Complex Tm/°C
NY-ESO-1 wt 39.1
1Y3P9V 61.4
9l 55.2
3P 42.7
1F9V 65.4
1H9V 50.2
INSV 60.5
IN 52.7
1H 63.5
1F 35.7
gp33 wt 63.5
gp33 V3P 66.0
gp33 d3V 61.5
gp33 d3P 64.0
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Table 4. Data collection and refinement statistics for 1Y3P9V, d3P and d3V.

Structure 1Y3P9V d3p d3v
Beam Line ID-23-1 (ESRF) XRD-2 (Elettra) XRD-2 (Elettra)
Space group P23 C2 C2
Unit cell dimensions
a(A) 118.7 120.6 120.5
a(A) 118.7 125.9 124.6
a(A) 118.7 92.9 92.9
b (°) 90 126.6 126.8
Resolution (A) (823.'5944-22.2? 11) (726.6786-22.;:133) (726.5224-_22.4455)
Rumerge (%)* 9.4 (87.8) 6.0 (102.3) 7.2 (126.4)
I/sI 15.0 (2.9) 22.1(2.0) 13.9 (1.5)
Completeness (%) 100.0 (100.0) sperichal: 98.9 (16.7) sperichal: 64.4 (11.9)
elipsoidal: 98.9 (60.8) elipsoidal: 92.4 (59.9)
Multiplicity 14.2 (14.3) 5.6 (7.0) 6.6 (6.6)
Unique reflections 20710 30284 25964
Refinement
Ryork (%0)° 20.21 21.4 21.4
Riree (%) 25.86 25.8 26.9
Number of atoms 6366 6158 6323
Protein 6288 6158 6323
Waters 56 65 64
Heteroatoms 22 37 39
Ramachandran plot, n (%)
Most favoured region 368 (98.40) 678 (95.4%) 699 (96.15%)
Allowed region 5(1.34) 30 (4.2%) 26 (3.58%)
Outliers 1(0.27) 3 (0.4%) 2 (0.28%)

a Rmerge = Zhkl Zjlhkl,j - <IhkI>/ZhkIZjlhkl,j where | is the observed intensity and <I> is the average intensity.

b Rwork = ZhkiIFo - Fc/ZhklFo for all data except 5-10%, which were used for the Rfree calculation.
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