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Summary

Functional Proteomics aims to the identification of in vivo protein-protein
interaction (PPI) in order to piece together protein complexes, and therefore, cell
pathways involved in biological processes of interest. Over the years, proteomic
approaches used for protein-protein interaction investigation have relied on
classical biochemical protocols adapted to a global overview of protein-protein
interactions within so-called “interactomics” investigation. In particular, their
coupling with advanced mass spectrometry instruments and innovative analytical
methods led to make great strides in the PPIs investigation in proteomics. The
structural investigation of proteins and protein complexes, as well as the
identification of protein-ligand interacting regions, is also a powerful tool to
understand the biological roles of protein-protein complexes and develop new and

more efficient drugs in the therapy treatment of diseases.

In these perspectives, the present PhD project has been addressed to the
investigation of molecular mechanisms at the basis of human diseases, host-virus
interaction by functional and structural proteomics approaches. Furthermore, the
binding mechanisms of metal-based complexes with protein/peptides have been

investigated.

In chapter two, ex vivo proteomic strategies have been discussed to investigate the
molecular mechanisms of Fabry disease, Huntington’s disease, and in vitro mass
spectrometry-based techniques have been employed to investigate the interaction
between Osteopontin (OPN) and ICOS ligand (ICOSL) responsible for tumor
metastatization. The role that a specific protein plays in cellular processes is
clarified by the identification of its molecular partners. Indeed, the association of
an individual protein, whose function is unknown, with protein complexes
involved in well definite cellular processes would be strongly suggestive of its

biological function. A classical functional proteomics approach consists of



isolating protein complexes involving the target protein (bait) from a cell lysate
by immunoprecipitation. Proteins so purified are fractionated by SDS-PAGE, in
situ digested with trypsin, and identified by nanoLC-MS/MS methodologies
integrated with a protein database search. This strategy has been applied to
investigate the functional role of a-galactosidase in Fabry disease and ADAM10

in Huntington’s disease.

Fabry disease is a genetic disorder caused by a mutation in the GLA gene encoding
for a-galactosidase (0-GAL) enzyme. a-GAL is a lysosomal hydrolase that
degrades some substrates such as Globotriaosylceramide (Gb3). The enzyme
deficiency causes an accumulation of Gb3, triggering organ dysfunctions. The
investigation of the intracellular pathways involved in the route from the
endoplasmic reticulum (ER) to lysosome of the wild-type enzyme and the two
recombinant enzymes used in the enzyme replacement therapy (ERT) may
elucidate the internalization process of the drugs compared to the physiological
traffic of a-GAL. The proteomic investigation of the internalization process of
both enzymes revealed that it occurs through endocytosis mediated by caveolae

and clathrin vesicles.

Huntington’s disease (HD) is a neurodegenerative disorder caused by Huntingtin
(HTT) gene mutation. Disintegrin and metalloproteinase domain-containing
protein 10 was found to accumulate in HD patient brains. The dysregulation of
ADAM10 protein levels has been associated with reduced neurotransmission and
cognitive decline in HD mice models. The role of ADAM10 in wild-type and HD
mice models has been studied with the functional proteomics approach described
above to clarify its role in HD dysregulated processes. Proteomics results
revealed, for the first time, that ADAM1O0 is involved in presynaptic functions,

specifically in the regulation of synaptic vesicles (SVs) dynamics at the Active



Zone. In HD density of SVs is reduced for dysregulation of the ADAM10/Piccolo

complex.

Previous reports demonstrated the migration of cells high expressing ICOSL in
the presence of OPN. In this study, we demonstrated ICOSL as a novel receptor
for OPN. The interaction was structurally investigated with cross-link and limited
proteolysis approaches coupled to mass spectrometry to understand the functional
role. These strategies allowed the definition of a binding site upstream of the RGD
motif and the thrombin cleavage site. Furthermore, cross-linking experiments
indicate that the region downstream the RGD domain (including Kizo, Kizz, and
Ki73) becomes exposed upon ICOSL binding, which in turn indicates that OPN

changes its conformation in the complex with ICOSL.

In chapter three, the host-virus interaction processes have been investigated for
the SARS-CoV-2 and the Sulfolobus spindle shape 1 (SSV1) viruses.

The molecular mechanisms of SARS-CoV-2 viral infection have been focused on
two fields of application: 1) the interaction between Angiotensin-Converting
Enzyme 2 (ACE2), the SARS-CoV-2 main target, and potential virus inhibitors,
2) the study of additional SARS-CoV-2 targets on colon and renal cell surfaces.
SARS-CoV-2 is a novel coronavirus discovered because of several pneumonia
cases in the Hubei region in China at the end of 2019, but it has rapidly spread
worldwide, causing a global pandemic. Besides vaccines, the development of

novel and efficient therapies is an urgent issue to be addressed.

Long-chain inorganic polyphosphates (PolyPs) demonstrated to have antiviral
activities against HIV-1 infection. To assess the potential antiviral molecular
mechanism of PolyPs, we studied their interaction with ACE2 receptor by Size
Exclusion Chromatography (SEC) and limited proteolysis-mass spectrometry

approaches. SEC data suggested that PolyP120 and Spike S1 have different



binding sites on ACE2 and limited proteolysis experiments confirmed the docking

calculation for the prediction of a binding pocket.

The investigation of additional SARS-CoV-2 targets on human cells provided the
employment of a pull-down experiment using the S1 subunit of the SARS-CoV-
2 S protein to purify its putative binding proteins on the human cell membrane.
NanoLC-MS/MS technique was used for protein identification according to a

“shotgun” proteomic approach.

Sulfolobus spindle shape 1 (SSV1) virus is an archaeal virus well known as
extremophile. SSV1 infects Sulfolobus solfataricus bacteria. The viral
transcription factor F55 has been found to regulate the viral life cycle through the
crosstalk between the host and the virus, but the molecular mechanism at the basis
of this process is still unknown. Therefore, an electromobility shift assay was
employed to isolate the DNA-bound F55 host protein partners, then identified by
a bottom-up proteomic technique. Functional experiments allowed us to propose
a model explaining the effect of the F55 interaction with the identified host
interactor RadA on the Ts promoter.

In chapter four, the binding features of platinum complexes and potential anti-
aggregation metallodrugs with B-lactoglobulin protein and the beta-amyloid
peptide (AP), respectively, have been probed by the native-MS technique. The
latter is based on a particular approach in which biological analytes are ionized
and gas-phase transferred through electrospray ionization (ESI) in a non-
denaturing solvent and setting the source parameters as much soft as possible to
achieve a good compromise between ionization and complex stability. Native
ESI-MS can provide powerful information on protein and protein-ligand

complexes binding and stoichiometry.

B-Lactoglobulin is a major globular milk whey carrier with potential applications

as an oral drug delivery system thanks to its biochemical and biophysical features.
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Cisplatin and oxaliplatin anticancer agents have been tested to define their binding

aspects with B-Lactoglobulin by the native ESI-MS technique.

Metallocomplexes have been proposed as potential drugs in amyloidogenic
neurodegenerative diseases such as Alzheimer's disease (AD). Indeed, they have
some anti-aggregation properties towards fibrils generated by the amyloidogenic
peptide AB. The amyloid inhibitory activity of the metal-based drugs can be
exploited through different mechanisms: 1) coordination chemistry, 2) oxidative,
3) proteolytic reactions for peptide modifications. A native ESI-MS approach
aimed to investigate the mechanism of action of several Pt-, Pd-, and Au-based
complexes in the aggregation modulation of the C-term of the AP peptide

spanning from residues 21 to 40 (AB21-40).



Chapter 1- Introduction

1.1 Why study protein-protein interactions?

In the past two decades, the scientific community has increasingly turned the
attention to the investigation of protein-protein complexes, as proved by the
massive number of publications in this field and the progressive advances in
techniques developed to investigate protein-protein interactions (PPIs). Indeed,
since the early 2000s, Kumar and Snyder stated: “no protein is an island entire of
itself”, reworking a John Donne aphorism?®. Protein functions are mostly driven
by their cooperation in different assemblies or networks, conferring additional
activities to the same protein upon different cell conditions, external stimuli,
organelle localization, pathological states, and so forth (a phenomenon known as
moonlighting)?. Therefore, the investigation of a biological process, both in
physiological and pathological conditions, is also dependent on the identification
of the “interactome” of a specific protein or a large-scale analysis of the
macromolecule machineries to find out the molecular mechanisms at the basis of
the biological event. Protein complexes isolation coupled to their identification by

mass spectrometry is a mainstay branch of proteomics research by now.

Likewise, also the structural investigation of proteins and protein complexes as
well as the identification of protein-ligand interacting regions can provide
functional readouts of mechanisms of protein biochemical activity and can
suggest structural constraints for the set-up of new therapeutic approaches and the

optimization of the design of specific drugs.

1.2 Proteomics

The “proteome” can be represented by the overall protein content of a cell that is
characterized by their localization, interactions, post-translational modifications,

and turnover at a particular time. The term “proteomics” was first used by Marc



Wilkins in 1996 to denote the “PROTein complement of a genOME”3,

Since it is now known the complete sequence of the genome of various organisms,
including the human one, the number of proteins whose function is still partially
or completely unknown has grown exponentially inrecent times. This gave rise to
the need to consider the knowledge of the human genome as a starting point, and
not the end, for the understanding of the cellular processes at a molecular level*.

The complexity of the proteome is due not only to the high number of components
that constitute it (more than 10° for Mammalia!) but also by its extreme variability,
as it may differ from individual to individual and for a specific organism may
change over the time, in response to changes of the external environment or
stimuli to which the organism is subjected. Proteomics is the field of biochemical
sciences addressed to proteome characterization, including expression, structure,
functions, interactions, and modifications of proteins at any stage®. Nowadays,
proteomics investigations find large employment for early disease diagnosis,
prognosis, and monitoring disease development®. Furthermore, it also has a vital

role in drug development as target molecules’.

Proteomics application fields can essentially be divided into two main areas:
differential and functional proteomics. The first approach aims to evaluate the
qualitative and quantitative increase and/or decrease in protein expression levels
following the change of microenvironmental conditions, such as cellular stress
sources, the presence of pathological states, drug treatments, etc.8. On the other
hand, functional proteomics intends to define the biological function of proteins
whose role is not yet known by identifying protein-protein interactions (PPIs) in
vivo to piece together protein complexes, and therefore, cell pathways involved in

biological processes of interest.

Proteomics and mass spectrometry constitute an indissoluble bionomy. Although

the general proteomic workflow can follow two different “bottom-up”



approaches: a “shotgun approach” based on direct tryptic digestion of isolated
proteins® and “a fractionated approach”, which relies on electrophoretic separation
of protein complex components before enzymatic digestion, the peptide mixtures
are analyzed by mass spectrometry in both cases. Mass spectrometers are used to
measure simply the molecular mass of a polypeptide and to determine additional
structural features, including the amino acid sequence or the site of attachment
and type of post-translational modifications'®. In such experiments, referred to as
tandem mass spectrometry (MS/MS), after the initial mass determination of
specific ions, they are selected and subjected to fragmentation through collision®Z.
Detailed structural features of the peptides can be inferred from the analysis of the
masses of the resulting fragments. Indeed, the MS and MS/MS acquired data are
processed for protein identification through several bioinformatic tools such as
Mascot!?, X!Tandem?®, SEQUEST*, MaxQuant®®, Protein Prospector’®. They
manage bioinformatics algorithms to perform an in silico digestion of proteins
listed in a specific database and match the theoretical and experimental parents
(from MS1) and daughters (from MS/MS) m/z values’. Each identified peptide
and, consequently, the origin proteins are ranked by a score value, according to
the probability that the matches between the candidate peptide/protein’s
theoretical and experimental mass data are random events*®. The protein score is
assigned, conferring a p-value calculated considering the true positive and false

positive matches, basically identified by decoy and reverse database search®.

1.3 Mass spectrometry-based approaches for the
investigation of functional protein complexes

According to the biological system under investigation, many biochemical
strategies have been developed to accomplish protein complex isolation.

Affinity purification-mass spectrometry (AP-MS) techniques as well as high-

throughput approaches based on cross-linking (XL), Blue-Native polyacrylamide



gel electrophoresis (BN-PAGE), Size Exclusion Chromatography (SEC) are
currently employed in the investigation of in vivo/ex vivo PPIs. However, while
the AP-MS-based approaches are addressed to the isolation of a specific bait’s
interactome, the latter are potentially suitable to provide a global profiling analysis
at the proteomic level of all complexes occurring in a biological system (a cell) in

specific conditions.

1.3.1 AP-MS strategies

Affinity-purification mass spectrometry techniques comprise the classical
strategies, i.e., pull-down assay, the co-immunoprecipitation (co-IP), and their
evolution in proximity-dependent labeling techniques.

The pull-down assay is an in vitro methodology largely employed to detect and
confirm physical interactions between a bait protein and its partners in non-
denaturing conditions. Fishing protein complexes can be achieved by exploiting
the bait’s intrinsic biological affinity with a ligand, typically immobilized on solid
support consisting of different polymers (e.g., sepharose, agarose, polystyrene—
divinylbenzene)?. Therefore, a classical experimental workflow is reported in
Fig. 1.1 and consists of: 1) immobilization of the bait on the insoluble support
derivatized with its specific ligand; 2) incubation of the cell extract with the bait
to allow interaction with its partners; 3) several washing steps to discard non-
specific binding, and finally 4) elution of the purified complexes in denaturing

conditions or by competition with a free form of the ligand®.

In the first step, the bait can be bound onto the insoluble support by either the
affinity with its specific ligand (e.g., a drug, oligonucleotide, substrate, etc.)?? or,
more frequently, through the mediation of an affinity tag which the bait can be
fused to. In the latter case, the bait is expressed as recombinant, with a tag
consisting of a fused protein (e.g., Glutathione S-transferase: GST)??* or a small-

molecule (e.g., 6x-histidine tail, biotin)??. The tags allow the bait’s tight and
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specific binding onto the resin functionalized with a suitable ligand, i.e., reduced
glutathione (GSH), nickel cations (Ni?*) avidin/streptavidin when the bait is GST-
fused, 6xHis-tagged, or biotin-tagged, respectively.

Protein extract B Q‘ '9 ﬁ
‘ | "'. Incubamon wnh \ ’9 .
r D‘L\ Solid &
2 @ Suppert
’ h Solid
A‘ tf:‘,j [51 E] Support -LQ
r:)’r:' [5'
Bait immobilised on U V
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IJ = Ligand functionalized with its
specific ligand
@ -Bait
AW
=” = Specific Interactors 'w N
as|
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~ O ® Unbound
- Proteins
“ 8

\ _ Etution

Fig. 1.1 Schematic representation of the pull-down assay workflow?”.

In co-immunoprecipitation experiments, the purification of complexes involving
bait is based on antigen-antibody recognition. An anti-bait antibody is bound to
protein-A or -G derivatized beads and is employed to capture the bait and its
interacting proteins directly from a protein extract (Fig. 1.2). When a suitable anti-
bait antibody is not available, this ex vivo strategy can be accomplished using an
antibody directed toward a tagged form of the bait previously transfected into the
cell line of interest. Peptide tags, such as V5, c-Myc, HA, FLAG are the most
employed in immunoprecipitation experiments because of 1) their little steric
hindrance that does not interfere with the folding process; 2) the availability of
commercial high performing anti-tag antibodies covalently conjugated to beads;
3) the possibility to carry out a competitive elution with an excess of free tag
reducing the amount of protein contaminants, as it occurs in non-denaturing

conditions?8-29:30,
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Fig. 1.2 Schematic representation of the co-1P workflow.

Besides the most common and with the highest applicability strategies for protein
complexes isolation, based on the pull-down and co-IP assays, complementary
approaches have been developed to detect transient interactions®:. One of them is
the Proximity-dependent labeling (PDL) techniques consisting of a pool of
strategies including BiolD®?, Ascorbate Peroxidase (APEX)?, selective proteomic
proximity labeling assay (SPPLAT)*, and enzyme-mediated activation of radical
sources (EMARS) techniques®. PDL techniques aim to label potential interactors,
i.e., proteins localized in close spatial proximity (nm of distance) to a protein of
interest by mediating the catalytic activity of enzymes fused to the protein of
interest and the consequent enrichment of the modified proteins. The first and the
most representative methodology of this group is BiolD, developed in 2000 when
Parrott et al. demonstrated that the endogenous biotin ligase purified from
mammalian cells was able to biotinylate other proteins®. One year later, the same
group showed that the E. Coli protein biotin ligase BirA was capable of biotinylate

target proteins by applying the technology to the selective modification of secreted

11



or membrane-bound proteins®’. A general BiolD experiment requires the
generation of a stable cell line expressing the protein of interest fused to the E.
Coli biotin ligase protein. The N- or C- terminus juxtaposition of the enzyme may
affect the native conformation of the protein of interest, and functional validation
of the fusion protein should be provided at least by confirming the protein
localization®. Biotinylation reaction is triggered by adding biotin to the cell
medium in the presence of ATP: in these conditions, target biotinylation is
demonstrated to occur on lysine side chains within a 10 nm range. Following
labeling, biotinylated proteins representing the bait interacting partners are
purified by cell extract by pulling them down on avidin/streptavidin
functionalized beads (Fig. 1.3). Since the biotinylation is a rare modification, the
largest part of biotinylated proteins in a BiolD experiment can be addressed to
BirA-dependent modification. Since the labeling reaction occurs before the lysis
step, the protein complexes can be denatured in this phase allowing the detection
of the transient PPIs interactions taking a “snapshot” of weak or transient

interactions.
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Fig. 1.3 Schematic workflow of a BiolD experiment?’.
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1.3.2 High-throughput approaches for the “complexome
profiling”

Whether the interest is addressed to the investigation of protein complexes to gain
global profiling at a proteome level, XL-MS, BN-PAGE, and SEC-MS strategies,
coupled to the differential proteomics approach®, might reveal not only the
composition and the physical interacting proteins but also the stoichiometry and
apparent molecular weight of stable protein complexes*, enabling the foundation

of the “complexome profiling” approach.

XL-MS is based on the employment of chemical reagents (crosslinkers), which
are hetero- or homo-bifunctional organic molecules able to react with specific
amino acid residues appropriately. The reactive groups are outdistanced by a
spacer arm of defined length (typically dozens of Angstrom)*.. The cross-linking
reaction outcome consists of forming a covalent bond between amino acid side

chains properly orientated and spatially close to others.

The extreme reactivity of the cross-linking reagents gives rise to both intra- and
intermolecular bonds since the only constraints for reactivity are the nature of the
amino acid functional groups, their distance, and orientation. The largest part of
cross-linking molecules are designed to react with amino, sulfhydryl, and
carbonyl groups, but the last generation of photoinducible reagents displays non-
specific reactivity*’. Moreover, in the absence of two residues with the right
distance and spatial orientation, the high reactivity of these compounds frequently

leads to single amino acid side chain modification giving rise to dead-end species.

All these reactions occur contemporaneously in a single cross-linking experiment,
even when the system comprises only two proteins, leading to extremely
heterogeneous samples that are very hard to analyze. The MS profiles of their

enzymatic digestions, as well as the intricate patterns of signals in the MS/MS
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spectra of cross-linked peptides, are not trivial to be deciphered, often making
very hard the identification of cross-linked peptides. The development of suitable
software for mass spectrometry-derived data (e.g., XlinkX*, StavroX #, MeroX®,
pLink*), MS cleavable cross-linking reagents able to penetrate in cell/tissue has
broken through the hardness of this methodology moving to the in vivo

characterization of PPIs at a large scale (Fig. 1.4).

Prulci!) .)
complexes in cell . _
Sy Q‘w% AP
°s o %" @“ Q/ —_— o L2
3 Y o @J e e S
o' %“ g
.\\‘5?1\_ . %\ -J
RR \
RIRY '7 5, 4( ;j'@
: 4 LC-MS/MS r
‘ didl, ’&%"&
MS spectrum i L LhCl o 4 &\
he 977

Fig. 1.4 Schematic workflow of an XL-MS experiment?”’.

On the other hand, the Blue Native Polyacrylamide Gel Electrophoresis (BN-
PAGE) is a technique able to separate protein complexes (from 10kDa up to
10MDa) in native conditions according to their molecular weight and shape.
Protein complexes are extracted from cell or tissue samples in non-denaturing
conditions using mild non-ionic detergents (e.g., digitonin, dodecylmaltoside,
Triton-X100). Fractionation of the complexes is carried out by mixing the extract
with the anionic Coomassie blue G-250 dye, which binds protein surfaces,
conferring them a negative charge and the consequent ability to move towards the
anode within an electric field. Both the sufficient solubility in water and the dye’s

hydrophobic features allow Coomassie to bind also membrane proteins. In 1D
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BN-PAGE, the pore size of a typical gradient gel determines the end-point of
complexes migration [for protocol see #], and their molecular weights can be
retrieved by calibration with standard soluble and membrane-bound proteins or
complexes®®. Identification and quantification of proteins in each gel slice,
employing differential proteomics approaches, enables the protein complexes
reconstitution and gives information on the complex stoichiometry and molecular
weight (Fig. 1.5).
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Fig. 1.5 Schematic representation of Blue Native Polyacrylamide Gel Electrophoresis
coupled to mass spectrometry strategy (BN-PAGE-MS). Protein complexes are separated
by native electrophoresis according to their shape and dimension (A); gel slices are cut
and hydrolyzed by trypsin and peptide mixtures analyzed by LC-MS/MS (B). According
to single protein abundance estimated based on peptides spectral counts or extracted ion
currents, the distribution of each protein among all gel slices is evaluated (C). Protein
complexes are rebuilt according to component distribution in each slice (D)?".

A similar rationale is exploited in the Size Exclusion Chromatography-Mass
Spectrometry (SEC-MS) approach. Fractionation of proteins and their assemblies
is based on their size, and therefore molecular weight, and shape. The
chromatography column is packed with porous gel-like solid phases, and the pore
size allows the separation of macromolecules, in particular, higher the molecular

weight earlier the retention time. Protein complexes are separated in native
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conditions among fractions that are subjected to the classical “bottom-up”

procedure for protein identification and quantification (Fig. 1.6).
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Figure 1.6 Schematic representation of a Size Exclusion Chromatography (SEC)-MS
experiment. Protein complexes are separated by Size Exclusion Chromatography (SEC)
according to their shape and dimension (A); chromatographic fractions are hydrolyzed by
trypsin and peptide mixtures analyzed by LC-MS/MS thus to identify and quantify the
eluted proteins (B). The distribution of each protein among all chromatographic fractions
is evaluated and then employed to rebuild protein complexes(C)?'.

1.4 In vitro structural characterization of protein
complexes

The relationship between macromolecule structure and function has been
recognized since the earliest years of molecular biology. In 1944 Erwin
Shrédinger published the classic book “What'’s life? *°, inspiring many scientists,
particularly physicists, to turn towards biology. In fact, the fifth decades of the
last century had seen either the discovery of DNA structure by Francis Crick,
James Watson, and Maurice Wilkins and the production of the structural model
of monomeric and tetrameric hemoglobin by Max Perutz and John Kendrew®°.

Following these achievements and due to technological improvements, the
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structural biology of protein complexes was one of the most flourishing fields in

all science.

X-ray crystallography was the first method in structural biology. It is based on the
purification of proteins and their complexes to obtain pure enough samples able
to crystallize for the acquisition of diffraction patterns with powerful X-ray
sources deciphered by computational methods for solving the X-ray diffraction
patterns. Even if X-ray crystallography has been, and continues to be, an
enormously useful tool to investigate protein/protein complexes, other techniques
are widely employed. Among these, cryo-electron microscopy (cryo-EM) is
powerfully used to resolve protein complexes above 300 kDa in size. In fact, large
complexes are often difficult to crystallize due to the compositional heterogeneity
of the samples, which cryo-EM can more easily handle. The two techniques are
highly complementary, and many structures are solved at high resolution
combining the cryo-EM for a coarse-grained structure, and the X-ray

crystallography, for atomic resolution of individual subunits.

Many important biological complexes exist in a dynamic ensemble of
conformational states or contain subunits that interact weakly with each other.
Such complexes do not lend themselves well to characterization by
crystallographic or cryo-EM methods, which can generally resolve one structural
state at time. Nuclear magnetic resonance (NMR) is well suitable to study these
cases because proteins are analyzed in solution rather than crystallized or frozen.
On the other hand, NMR has traditionally struggled to resolve structures beyond
30kDa due to the very efficient relaxation of nuclear spin orientation for large,
slowly tumbling molecules. This has the effect of broadening the peaks observed
in NMR spectra and, together with the more complex spectra generated by large
molecules than smaller ones, ensures that using NMR to study protein complexes

is challenging.
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Another technique employed mainly in the in vitro investigation of protein
complexes is mass spectrometry. The arrival of soft ionization MS techniques in
the 1980s was of critical importance in protein complexes research, as it allowed
delicate non-covalent interactions between proteins to be preserved in gas-phase,
making it possible to study intact protein complexes via MS. Combined with the
later development of time-of-flight analyzers, this became known as native MS®L,
Since native MS-based protocols have been developed to preserve the main non-
covalent PPIs stabilizing complexes subunits, they can be used to study properties
such as stoichiometry, compositional heterogeneity, and dynamic processes such

as assembly and disassembly.

1.4.1 MS-based strategy for the in vitro study of protein

complexes

Native-MS term relies on a particular approach in which biological analytes are
ionized and gas-phase transferred through electrospray ionization (ESI) in a non-
denaturing solvent and setting the source parameters as much soft as possible to
achieve a good compromise between ionization and PPIs stability. Of course, the
biological status of the samples in solution before the ionization process mostly
affects complex stability®l. Indeed, it is strictly indispensable to control the
experimental conditions such as pH and ionic strength to maintain the native
folded state of complexes. When the charged state distribution was observed to
reflect protein conformation, the field of structural MS came into realizing that
non-covalent interactions can be retained in the gas phase®2®, This means that the
transferring in the mass spectrometer of the entire protein complex and its analysis
could be viable in the right set-up. The principal advantages of using MS lies in
its ability to probe transient and heterogeneous macromolecular assemblies, with

low consumption of sample (pmol)®.
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Above the native-MS, other MS-based strategies have been developed to
investigate the complex conformations and dynamics. The aims of these strategies
are both the definition of protein-protein/protein-ligand stoichiometry and the
identification of the interacting surfaces. Coupled to MS, techniques such as cross-
linking (XL), hydroxyl radical footprinting (HRF), and hydrogen/deuterium
exchange (HDX) are based on the labeling of amino acidic side chains exposed to

solvent®>36,

Besides their role in the elucidation of protein complexes at the proteome level
described above, crosslinkers have a longstanding history in classical protein
chemistry for the investigation of two interacting proteins in vitro®"®8, The use of
crosslinkers in structural biology has a dual role: 1) enabling the determination of
the interacting surfaces by identifying inter-chain cross-linked peptides and 2)
distinguishing the surface labeled residues that take into account conformational

changes upon protein/ligand interaction®®.

HRF takes advantage of covalent and irreversible reaction starting from hydroxyl
radicals on surface-exposed aromatic, aliphatic, and sulfur-containing amino acid
side chains®® (Fig. 1.7 panel A), while HDX relies on the deuterons (deuterium
ions) exchange with bulk solvent-exposed amide backbone protons in a time-
dependent fashion in the presence of deuterated water (D-O) in the buffer®® and a
consequent quenching step at pH 2.5 and 0°C to “freeze” the protein
conformations because the exchange reaction is decelerated®® (Fig. 1.7 panel B).
The MS identification of the modified peptides allows the topology determination

of protein-protein/protein-ligand complexes.
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Fig. 1.7 Workflow of hydroxyl radical footprinting (HRF) (panel A)®? and
hydrogen/deuterium exchange (HDX)® experiments (panel B).

On the other hand, a non-labeling technique can be coupled to mass spectrometry.
Limited proteolysis aims to probe the protein conformational changes upon
protein or ligand binding by evaluating the enzymatic proteolysis susceptibility.
Indeed, different enzymatic probes can be used to find out the more flexible and
solvent-exposed regions, which are preferentially cleaved based on enzyme
specificity®>% (Fig 1.8). Consequently, the MS identification of the different
proteolytic patterns of isolated and complexed proteins elicits structural

alterations due to complex formation.
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Fig. 1.8 Workflow of a limited proteolysis-mass spectrometry experiment. The isolated
and complexed form of the protein is subjected to limited enzymatic digestion to highlight
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Chapter 2- Structural and functional investigation of

protein complexes in human diseases

2.1 A comparative study of the internalization of two
recombinant a-galactosidase A, employed in the

treatment of Fabry-Anderson disease

2.1.1 Introduction

Lysosomes are membrane-enclosed cytoplasmic organelles that contain
lysosomal enzymes, a variety of active hydrolytic enzymes such as glycosidases,
sulfatases, phosphatases, lipases, phospholipases, proteases, and nucleases in an
acid milieu with a pH of approximately 5. An H* pump in the lysosomal
membrane uses the energy of ATP hydrolysis to pump H* into the lysosome,
thereby maintaining the lumen at its acidic pH?. Lysosomal hydrolytic enzymes
(hydrolases) move from Golgi to lysosomes within specific vesicles, bound to
specific receptors for their recognition signal, the mannose-6-phosphate.
Extracellular macromolecules (lipids, carbohydrates, proteins) are delivered via
endocytic, phagocytic, and autophagic pathways to be degraded in their respective
terminal components (fatty acids, monosaccharides, amino acids), which
subsequently exit the lysosome. The deficiency of a single hydrolase will create
an inability to degrade the macromolecules: the result is a lysosomal storage
disease (LSD)™.

LSDs comprise a group of rare inherited chronic syndromes that cause deficiency
of specific native enzymes within the lysosomes. The function impairment of
lysosomal enzymes causes intra-lysosomal accumulation of undegraded
substrates®. The accumulation of macromolecules in lysosomes is responsible for

the progressive loss of function in multiple organs. Symptoms may emerge at
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variable ages but, the diseases progress and evolve, impairing patients’ health and

life expectancy?.

As showed in Table 2.1.1, lysosomal enzyme deficiencies can be categorized
based upon the macromolecule that fails to be degraded and is consequently
stored. Carbohydrates, for example, are stored in glycogen storage disease type II,
or Pompe disease. Glycolipids accumulate in mucolipidoses!. Sphingolipids are
undegraded in Tay-Sachs disease and Fabry-Anderson disease.

Major organ

glucosylsphingosine

Disease Defective protein Materials stored
systems affected
Sphingolipids
Fabry a-Galactosidase A Globotriasylceramide Kidney, heart
_ Glucosylceramide spleen, liver, bone
Gaucher B-Glucosidase

marrow

Nieman-Pick A and
B

Sphingomyelinase

Sphingomyelin

Spleen, liver, bone
marrow, lung (type
B)

GM1

Gangliosidosis

B-Galactosidase

GM1 ganglioside

Skeleton, heart

Tay-Sachs

Hexosaminidase A

GM2 ganglioside

Brain nerve cells

Mucopolysaccharides

MPS1 (Hurler,
Scheie,

Hurler/Scheie

a-lduronidase

Dermatan sulfate and

heparan sulfate

Organomegaly,

skeleton, eye

MPS Il (Hunter)

Iduronate-2-

sulphatase

Dermatan sulfate and

heparan sulfate

Organomegaly,

heart
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MPS VI Acetylgalactosamine- Spleen, liver, heart,
Dermatan sulfate

(Maroteaux-Lamy) 4-sulphatase macrocephaly

G

ycogen

Liver, heart, and

Pompe a-1,4-Glucosidase Glycogen
muscles

Table 2.1.1. Most common types of lysosomal storage diseases (LSDs) are classified according
to the relevant substrate involved in the pathology.

Fabry-Anderson disease (FAD) is an X-linked disease (Fig. 2.1.1). Heterogenous
mothers with each conception have a 50% chance of passing the defective gene to
all offspring®. Sons who inherit the defective gene will have the disease; daughters
can be asymptomatic carriers, or they may develop disease from mild to severe
manifestations because of X inactivation. The incidence of the disease is about 1
in 117,000 live births for males; it is not possible to estimate the incidence in the

female population according to the reasons previously explained.

53:%6\:)T @

Unafficcted male Unaffected female Casrier female Affected male
(Heterozygous) (Hemyzigous)

Fig 2.1.1 Genetic inheritance of Fabry disease.

Clinical manifestations include periodic crises of severe pain in the extremities,

also known as acroparesthesia, the appearance of vascular cutaneous lesions
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called angiokeratomas*, sweating abnormalities such as anhidrosis, hypohidrosis,
and rarely hyperhidrosis, characteristic corneal and lenticular opacities®. The
kidneys and the cardiovascular system are mainly affected. The kidney disease is
usually associated with progressive proteinuria following a decline in glomerular
filtration rate, leading over several years to an end-stage renal disease requiring
dialysis and Kidney transplantation. Regarding the cardiovascular system,
complications include progressive hypertrophic cardiomyopathy with diastolic
dysfunction, a variety of conduction defects and arrhythmia, and ventricular
tachycardia; other complications are atrial fibrillation as well as valvular disease
(insufficiency or stenosis) and coronary artery stenosis of large or, more

commonly, of small vessels®.

The molecular events associated with FAD consist in the accumulation of the
sphingolipid Globotriaosylceramide (Gb3), caused by mutations within the GLA
gene that lead to a deficiency of a-galactosidase A enzymatic activity. Although
clinical manifestations are well explored, molecular mechanisms linking the
intracellular deposition of Gb3 to the cell and tissue dysfunction and finally to the
clinical manifestations are still not sufficiently clarified. The most accredited
hypothesis is centered on the cascade effects triggered by the lysosomal Gb3 over

accumulation on structural cellular change, tissue defects, and organ failure’.

The hydrolytic lysosomal enzyme a-galactosidase A is encoded by the GLA gene
(Garman, 2007) localized on the chromosomal region X22.1. The protein is
expressed in human skin fibroblasts as a glycosylated precursor of 50 kDa.
Following delivery into lysosomes, the a-galactosidase A precursor is processed
into the mature 46 kDa form®. The X-ray structure revealed that o-galactosidase

A is a homodimeric glycoprotein® (Fig.2.1.2).
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Fig 2.1.2 o-galactosidase A structure by X-Ray diffraction®®

Each monomer has three potential N-linked carbohydrate attachment sites (at
N139, N192, and N215). The adding of mannose 6-phosphate occurs on the N192
and N215, and it is responsible for the targeting of the enzyme to lysosomes?.
Once the enzyme reaches lysosomes, it degrades its substrates, such as Gb3 (Fig.
2.1.3).

Gala1-4Gal 31-4Glcfi1-1'Ceramide
Globotriaosylceramide
(Fabry disease substrate)

CH,OM

HO HO, Q
HO
Ceramide

HO
CHLOH

Q

HQ
O

o
Galactose
HO HO, Q

Galp1-4Glcp1-1'Ceramide Q
Lactosylceramide Coramide

Fig. 2.1.3 The reaction catalyzed by a-galactosidase. Globotriaosylceramide is cleaved
by the enzyme to form lactosylceramide and galactose.
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Based on the Human Gene Mutation Database at the Institute of Medical Genetics
in Cardiff (http://www.hgmd.cf.ac.uk/ac/index.php), there are currently 844
mutations described. The largest part is represented by 590 missense/nonsense
type mutations, 114 small deletions, 34 large deletions, 41 splice defects, 40 small
insertions. Some mutations can cause a total absence of a-galactosidase A activity
while, in other cases, a residual enzyme activity ranging from 2% to 25% is
preserved!!. Finally, many mutations do not directly affect the catalytic properties
but rather the folding of the protein, destining it to retention in unforeseen cellular
districts or, in more severe cases, to proteasomal degradation. To date, several
therapies have been developed for FAD cure. Some of them are based on the
replacement of the defective gene or enzyme or by directly targeting the organs
affected by the accumulation of undegraded metabolites*?.

Furthermore, when the mutations affect the enzyme folding and stability, the
mutant enzyme may be stabilized and protected from degradation® by using
pharmacological  chaperones®® (Fig. 2.1.4). In this regard, 1-
deoxygalactonojirimycin (Migalastat), a potent competitive inhibitor of o-
galactosidase A, works as a folding template, stabilizing native protein
conformation and allowing the normal trafficking towards lysosomes where it

dissociates®*.
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Wild-type Mutant Mutant +DGJ

L ‘— <

e

Transport to lysosomes Degradation Transport to lysosomes
Fig 2.1.4 Schematic representation of the effect of migalastat on mutant a-galactosidase
A'in the ER. The newly WT synthesized protein folds correctly and reaches the lysosomes.
The mutant enzyme does not fold correctly, and it is degraded. In the presence of
migalastat, the mutant enzyme folds appropriately and reaches the lysosomes*2.

At present, the most successful treatment available for the Anderson-Fabry
disease consists in the Enzyme Replacement Therapy (ERT)Y?, in which a

recombinant form of the lysosomal enzyme is administered to patients. Two

therapeutic forms of the enzyme have been licensed: agalsidase alfa (Replagal®;
Shire Human Genetic Therapies, Inc.) and agalsidase beta (Fabrazyme®;
Genzyme Corp.), which are given concomitantly with treatments for specific
disease-related manifestations®. Agalsidase alfa is a glycosylated protein with
both sialic acid and mannose-6-phosphate residues. It is produced in a genetically
engineered continuous human cell line*®, The recombinant enzyme agalsidase beta
is produced using recombinant DNA technology in mammalian Chinese hamster
ovary (CHO) cell culture!’. The two recombinant proteins share the amino acid
sequence of native a-galactosidase A but differ for the glycosylation patternt®.
Both enzyme preparations are approved in Europe and many other countries, but

in the United States, the Food and Drug Administration (FDA) approved only
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agalsidase beta. One licensed dose has been recommended for each drug:
0.2mg/kg body weight for Replagal® and 1.0 mg/kg body weight for

Fabrazyme®, administration of ERT is through intravenous infusion every other

week?®.

The effects of enzyme replacement therapy for FAD have been documented in
adult hemizygous patients. In these patients, ERT reduced glycolipid storage in
various organs and tissues, decreased pain, improved peripheral nerve function
and sweating, and appeared to reduce cardiac hypertrophy?°. Nevertheless, ERT
presents several potential limitations: 1) it has limited tissue penetration; 2)
incomplete reversion of FAD pathology and clinical manifestations, 3) it may
induce infusion adverse reactions; 4) it may induce the production of anti-drug
antibodies with neutralizing effect, reducing the efficacy of the therapy; 5) it is a
lifelong therapy requiring intravenous administration every two weeks; and 6) it

is associated to a high cost?.

The present thesis project, carried out in collaboration with Professor Vittoria
Cubellis (Department of Biology, University of Naples “Federico II), was
focused on the investigation of the molecular mechanisms involved in the
internalization process of the two recombinant enzymes employed for FAD ERT:
the agalsidase alfa (Replagal®; Shire Human Genetic Therapies, Inc.) and
agalsidase beta (Fabrazyme®; Genzyme Corp.). The strategy employed relies on
a functional proteomics approach for the isolation and identification of protein
partners of the two recombinant enzymes. Preliminarily, the wild-type GLA
interactome was also analyzed in normal fibroblasts to identify the proteins

involved in the endogenous enzyme traffic.

40



2.1.2 Experimental methods

2.1.2.1 Cell lysis and protein quantification

Protein extracts were prepared starting from both fibroblasts with the wild type
(WT) gene for the preliminary experiment and from fibroblasts defective (F83) of
the a- galactosidase A from a patient with Fabry-Anderson disease, those
fibroblasts were incubated for three hours with the recombinant enzymes

agalsidase alfa (Replagal®; Shire Human Genetic Therapies, Inc.) and agalsidase

beta (Fabrazyme®

; Genzyme Corp.) with a concentration of 3pg/ml. The lysis
step was carried out by adding a lysis buffer to the cell pellets. The buffer

composition was the following:

e 50mM Tris HCI pH=6.5 (Bio-Rad, Hercules, California, US);
e 150mM NaCl (Sigma-Aldrich, Saint Louis, Missouri, US);

o 0.1% Triton X-100 (Bio-Rad);

e 2.5mM KCI (Sigma-Aldrich);

o 1 mini pill of the cocktail of protease inhibitors (Roche, Basilea, SW) for 10
mL of lysis buffer.

A ratio of 1:5 (v/v) pellet/buffer was used for the lysis of each cell pellet. After
buffer addition, pellets were left for 10 minutes in ice and successively shacked
on the wheel at 4°C for 30 minutes. Finally, the suspensions were centrifuged for
30 minutes at 13000 rpm to separate protein extracts from debris. Bradford assays
were carried out for a quantitative evaluation of protein extracts. Bovine serum
albumin (BSA, Biorad) was used as a standard for the calibration curve

construction.

41



2.1.2.2 Isolation of protein complexes by immunoprecipitation

Proteins extract from different fibroblast preparations (Fibroblasts WT for the
GLA gene, F83 treated with Replagal, F83 treated with Fabrazyme, F83 not
treated) were subjected to the immunoprecipitation procedure. As the first step,
cell extracts were pre-cleared to remove unspecific proteins adsorbed on beads.
Pre-clearing was performed by incubating protein extracts with Dynabeads
Protein-G (Thermo Fisher Scientific, Waltham, Massachusetts, US), previously
conditioned in lysis buffer, for 2h at 4°C on the wheel. Pre-cleared extracts were
then incubated with a specific rabbit polyclonal antibody anti-GLA (Thermo
Fisher Scientific), using 2 pg of antibody per mg of protein extract overnight at
4°C on the wheel. Finally, the samples were transferred in new tubes and
incubated with Dynabeads Protein-G for 3h at 4°C under gentle agitation on the
wheel to capture antigen-antibody complexes. The unbound proteins were then
removed, and the beads were repetitively washed with lysis buffer containing
either low (150mM) or high (300mM) NaCl concentrations to remove unspecific
proteins. Proteins retained were eluted by using Glycine (0,1 M pH=2.5, Bio-rad)
for 10 min at 25°C. Beads employed in the pre-cleaning steps were treated in
parallel with the same procedure, and the eluted proteins constituted the negative

control for the preliminary experiment.

2.1.2.3 Preparative SDS-PAGE

Laemmli Buffer (100mM Tris HCI pH=6,8, 4% SDS (Bio-Rad), 20% glycerol
(Sigma-Aldrich), bromophenol blue (Bior-Rad)) with 400mM DTT
(dithiothreitol, Sigma-Aldrich) was added to the Glycine elution in a ratio of 1:3
(v/v) buffer/elution, 10 minutes of boiling at 99°C followed. Sample eluates were
loaded on a 16x16 cm, 8-15% gradient acrylamide/bis-acrylamide gel for SDS-
PAGE fractionation. The electrophoretic runs were performed at an initial voltage
of 200 V. The gel was stained with Colloidal Blue Coomassie for a couple of

hours, and the excess of dye was removed by extensive washing with deionized
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water.

2.1.2.4 In situ hydrolysis

After electrophoresis and staining, the whole lanes were cut in 64 bands for the
preliminary experiment and 96 bands for the experiment with both recombinant
enzymes by scalpel, chopped, and placed in tubes. The bands were dehydrated by
acetonitrile  (ACN, Honeywell chemicals, Charlotte, North Carolina, US),

removed following agitation with vortex and fast centrifugation.

Protein bands were treated with 80uL of 10mM DTT in 50mM ammonium
bicarbonate (NH4HCQO3, Sigma-Aldrich) for 45 min at 56°C to reduce cysteine
residues involved in disulfide bridges. At the end of the reduction, the bands were
first dehydrated with acetonitrile and then rehydrated with 80uL of 50mM
NH4HCO3, containing 55mM iodoacetamide for the cysteine residues alkylation
reaction. This latter was carried out in the dark at room temperature for 30
minutes. The excess of reagent was finally removed by washing with acetonitrile
and 50mM NH4HCO; alternatively, and the washings were repeated until the
complete destaining of gel bands. The dehydrated gel bands were then treated with
20uL of 10ng/uL trypsin (Sigma-Aldrich) solution in 50mM NH4HCO3; pH=8 at
4°C, for 1h. Finally, a supplemental volume of 50mM NHsHCO; was added to
cover the gel bands, and samples were placed overnight at 37°C. At the end of the
hydrolysis reaction, samples were centrifuged at 13200 rpm for a couple of
minutes, and the supernatants were collected and placed in a tube. Each sample
was acidified by 20% trifluoroacetic acid (TFA, Sigma-Aldrich). Then the
remaining gel pieces were shrunk with 50uL of acetonitrile to extract any peptides
still present in the gel. The extracts were joined to the respective supernatants,
previously removed. A second extraction was performed, adding 20uL of 0,2%
formic acid (HCOOH, Chem-Lab, Eernegem, BE) followed by acetonitrile to gel

bands, and the supernatants recovered and joined to respective peptide mixtures.
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The obtained mixtures were dried by a Speed-Vac system.

2.1.2.5 LC-MS/MS analysis

Each peptide mixture was resuspended in 0.2% HCOOH and analyzed by
nanoLC-MS/MS, using a system LTQ Orbitrap XL equipped with a Proxeon-
nanoEasy Il nano-HPLC. After loading, the peptide mixture was first concentrated
and desalinated in the pre-column (C18 EasyColumn L=2cm, 5um, ID=100um,
Thermo Fisher Scientific). Each peptide sample was then fractionated on a C18
reverse-phase capillary column (C18 Column L=20cm, ID=75um, 5um,
NanoSeparations, Nieuwkoop, Netherlands) working at a flow rate of 250nL/min,
using a step gradient of eluent B (0.2% formic acid, 95% acetonitrile LC-MS

Grade) from 10 to 60% over 69 minutes and 60 to 95% over 3 minutes.

Peptide analysis was performed using data-dependent acquisition (DDA) of one
MS scan (mass range from 400 to 1800 m/z) followed by MS/MS scans of the five
most abundant ions in each MS scan, obtained by CID (Collision Induced

Fragmentation) fragmentation in the ion trap.

2.1.2.6 Proteins identification

Raw data from nano-LC-MS/MS analyses were processed and converted into .mgf
files to be introduced into the MASCOT software (Matrix Science Boston, USA)
to search a non-redundant protein database. Both peptide mass data and the data
obtained by fragmentation spectra were included in the peak list for protein
identification. The research was done by setting NCBI as protein database,
carbamidomethyl (C) as fixed modification, oxidation (M), pyro-Glu (N-termQ),
pyro-carbamidomethyl (N-term C) as variable modifications, 10 ppm as MS

tolerance, and 0.6 Da as MS/MS cutoff tolerance.

ExPASYy Blast Form software was also used to assign to each protein a code that

uniquely identifies each sequence in the annotated database UniProt KB.
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2.1.3 Results and Discussion

The present study concerning the description of the internalization pathways of
two recombinant GLA proteins, active principles of Replagal® (agalsidase alfa)

and Fabrazyme® (agalsidase beta ), was carried out by employing a functional
proteomic approach for the isolation and identification of proteins involved in the

traffic of exogenous enzymes. Replagal® and Fabrazyme®

are alternatively used
in ERT of FAD cure. The same strategy was primarily applied for identifying
proteins interacting with endogenous a-galactosidase A in health fibroblasts to
describe the route followed by the hydrolase from the endoplasmic reticulum (ER)

to lysosomes.

2.1.3.1 Intracellular trafficking of endogenous GLA
The investigation of the interactome of the endogenous a-galactosidase A was
investigated in normal human fibroblasts, which were lysed, and the cellular

extract was quantified as reported in section 2.1.2.1.

6 mg of total protein extract were immunoprecipitated by using an anti-GLA
antibody. A pre-cleaning step was preliminarily performed on the sample to
remove proteins with affinity for the Dynabeads-G protein. The pre-cleaned
extract was incubated with an anti-GLA antibody overnight and then for 2 hours
with the Dynabeads derivatized with the G protein. The supernatant containing

the unbound proteins was removed, and beads were washed with lysis buffer.

The proteins bound to the a-galactosidase A and the proteins bound to the pre-
cleaning beads, used ad control, were eluted using Glycine at pH=2.5. Laemmli
buffer with DTT was added, and an SDS-PAGE was performed to separates the
proteins; the gel was finally stained by colloidal blue Coomassie. Thirty-two
protein bands for the control (pre-cleaning eluate) and 32 bands for the sample

lanes (IP) were excised from the gel (Fig. 2.1.5), in situ digested with trypsin, and
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the resulting peptide mixtures were analyzed by LC-MS/MS, using an LTQ

Orbitrap XL mass spectrometer coupled with a nano-HPLC.

M WT PC

250 kDa

150 kDa

100 kDa

T5kDa G

50kDa —

37kDa wa

25kDa ——

20 kD) —

15 kDa

10kDa we—

Fig. 2.1.5 Preparative SDS-PAGE gel: the grid shows the excised bands for the proteins
of the IP sample (WT) and the pre-cleaning eluate (PC) used as control.

The data obtained by the LC-MS/MS analysis have been processed by Mascot for

protein identification.

The lists of proteins identified in the sample (WT) and the control (PC) have been
compared, and the proteins present in both have been eliminated. The list of the
putative partners of the endogenous a-galactosidase A is reported in the following
table 2.1.2, with the total number of peptides identified for each protein.
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Uniprot

Protein Name Gene Peptides|
code
> 250 kDa Plectin PLEC Q15149 | 76 (49)
Spectrin alpha chain, non-erythrocytic1 | SPTAN1 | Q13813 | 56(40)
250 kDa
Spectrin beta chain, non-erythrocytic 1 SPTBN1 | Q01082 | 44(35)
DNA repair protein RAD50 RAD50 | Q92878 | 15(6)
250<kDa<150 LIM domain only protein 7 LMO7 | Q8WWIL 12(8)
Aminopeptidase N ANPEP P15144 6(2)
. . 094979-
Protein transport protein Sec31A SEC31A A 25(13)
Ankycorbin RAI14 | Q9POK7| 16(14)
. . 043795-
Unconventional myosin-Ib MYO1B 10(5)
150<kDa<100 2
Unconventional myosin-Ic MYO1C | 000159 | 18(8)
Alpha-actinin-1 ACTN1 | P12814 | 11(6)
Alpha-actinin-4 ACTN4 | 043707 8(4)
Unconventional myosin-Id MYO1D | 094832 3(1)
Gelsolin isoform 2 GSN P06396 7(2)
100<kDa<75
Endoplasmic reticulum chaperone BiP HSPA5 P11021 7(2)
Stress-70 protein, mitochondrial HSPA9 P38646 6(5)
75kDa
Heat shock cognate 71 kDa protein HSPAS8 P11142 6(4)
5'-nucleotidase NT5E P21589 10(5)
RAC-alpha ser/thr-protein kinase AKT1 P31749 8(4)
Pyruvate kinase PKM PKM P14618 6(2)
75<kDa<50
Vimentin VIM P08670 | 51(40)
Tubulin alpha-1A chain TUBAL1A | Q71U36 6(4)
Polyadenylate-binding protein 1 PABPC1 | P11940-2] 8(3)
Tubulin beta chain TUBB P07437 | 12(10)
Tubulin alpha-1B chain TUBA1B | P68363 7(6)
50kDa
Pre-rRNA-processing protein TSR1
TSR1 Q2NL82| 4(3)

homolog

47



Bystin BYSL Q13895 3(2)
E3 ubiquitin-protein ligase TRIM21 TRIM21 | P19474 9(4)
Tropomodulin-3 TMOD3 | QI9NYL9| 10(7)
Serpin H1 SERPINH1| P50454 8(7)
Phosphoglycerate kinase 1 PGK1 P00558 7(4)
Guanine nucleotide-binding protein G(s)
50<kDa<37 subunit GNAS P63092 6(5)
alpha isoforms short
Fructose-bisphosphate aldolase A ALDOA | P04075 7(3)
Guanine nucleotide-binding protein G(i)
subunit GNAI2 P04899 5@3)
alpha-2
Caveolae-associated protein 3 CAVIN3 | Q969G5 7(4)
Methylmalonic aciduria type A protein,
. . MMAA | Q8IVH4| 11(5)
mitochondrial
Glyceraldehyde-3-phosphate
GAPDH | P04406 5(2)
dehydrogenase
37kDa
Protein SEC13 homolog SEC13 P55735 4(3)
Serine/threonine-protein phosphatase PP1-
alpha PPP1CA | P62136 2(2)
catalytic subunit
Annexin A2 ANXA2 | P07355 | 15(13)
L-lactate dehydrogenase A chain LDHA P00338 7(4)
Guanine nucleotide-binding protein
) GNB2 P62879 4(4)
G(1)/G(S)/G(T) subunit beta-2
Guanine nucleotide-binding protein
. GNB1 P62873 5(5)
37<kDa<15 G(1)/G(S)/G(T) subunit beta-1
Golgi-associated plant pathogenesis-
related GLIPR2 | Q9H4G4| 2(2)
protein 1
Myosin light polypeptide 6 MYL6 P60660 6(6)
Galectin-1 LGALS1 | P09382 4(4)
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Guanine nucleotide-binding protein
10kDa . GNG12 | Q9UBI6| 4(3)
G(1)/G(S)/G(O) subunit gamma
<10kDa Apolipoprotein D APOD P05090 3(3)

Tab. 2.1.2 List of putative interactors of the endogenous o-galactosidase A. The table reports
proteins’ names, genes’ names, the Uniprot code, and the number of peptides (in the brackets those
overcoming the Mascot significant statistical threshold). In the brackets, the number of peptides
overcoming the Mascot significant statistical threshold is also reported

The 48 putative a-galactosidase A interacting proteins were then classified
according to their primary biological function using Gene Ontology, STRING,
and/or information reported in the literature (Fig.2.1.6).

Enzymes
8% Cytoskeleton
29%

Other
33%

Vescicular
transport
14%

Protein folding
8%

Fig. 2.1.6 Functional classification of WT a-galactosidase A interacting proteins based
on protein databases and literature information.

A large number of a- galactosidase A putative partners are associated with the
cytoskeleton or are involved in vesicular transport, suggesting that GLA traffic

within the cell is connected to these processes.

Among the proteins included in the vesicular transport category, we found several
unconventional myosins, such as MYO1B, MYO1C, and MYQO1D, a class of
single-headed myosin motors, that participate in exocytosis, endocytosis, and
trans-Golgi network trafficking by tethering vesicles to the cortical actin

filaments?2.

49



MY O1B is known to be mainly involved in the traffic of cargo along the endocytic
pathway. It has also been localized at the plasma membrane in regions enriched
for actin filaments and at early endosomes, multivesicular endosomes, and
lysosomes. However, a large amount of MYO1B has been found to co-localize
partially with Trans-Golgi Network (TGN) and Cl-mannose-6-phosphate receptor
(CI-MPR) that carries cargos from the TGN to sorting endosomes and recycles
back to TGN%).

MYO1C has a rigid conformation that is likely to be necessary for the motor to
tether exocytic/endocytic vesicles to membranes before the fusion events.
Notably, upon Ca?" concentration increases, myosin-lc undergoes substantial

conformational changes and becomes more flexible, as displayed in Fig 2.1.7%.

F-actin

vesicles between actin filaments?2.

In addition to cargo loading-induced activity changes, myosins are also regulated
by a class of their intimate binding partners, myosin light chains?; in this regard,

we also found MYL6 (myosin light chain 6).

The functional subset of vesicular transport also included SEC13 and SEC31A.
These proteins are involved in the formation of the COPII coated vesicles.
SEC31A and SEC13 interact, forming a dimer, which in turn interacts with
another SEC31/13 dimer, thus constituting heterotetramers?*. The COPII coat

generates transport vesicles that load newly synthesized proteins and transport

50



them from the endoplasmic reticulum (ER) to the Golgi apparatus®.

In the slice “cytoskeleton” of the pie chart, we included the proteins that belong
to the intermediate filaments and microtubules, which have also been found.
Vimentin, a class Il intermediate filament, interacts with actin to contribute to
cellular stiffness. Notably, the role of vimentin in regulating intracellular
trafficking has also been demonstrated, and several reports document a strong
connection between vimentin and late endocytic trafficking® and an association

between vimentin IFs and clathrin-coated vesicles?”.

Plectin belongs to the cytolinkers and scaffolding proteins. Plectin is a ubiquitous
large phosphoprotein that can bind actin on its N-terminus and vimentin on its C-
terminus?. It cross-links intermediate filaments (IFs), microfilaments, and
microtubules with each other and further connects these cytoskeletal networks to
the plasma membrane, it also plays an essential role as a regulator of cellular

processes linked to actin filament dynamics?.

Besides actin-interacting proteins, also tubulins (TUBB and TUBA1B) were
identified. Tubulin proteins compose microtubules that are hollow tubes® on
which microtubule motors, dynein, and the kinesins, can move vesicles

significantly fast®.

Gelsolin was first described as a protein able to bind and sever actin filaments, to
control polymerization of barbed ends, and to promote actin cytoskeleton
remodeling. Its activity is regulated by Ca?* and intracellular pH®. Bér et al. in
2008 showed that gelsolin activity is required not only to trim actin filaments but
also to drive virus export from the nucleus to the outside of infected cells®. This
transport is mediated by vesicles bearing protein markers of lysosomes and/or late
endosomes, suggesting that gelsolin may play a role in the formation, loading,

and/or trafficking of these vesicles.
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Looking at the functional categories reported in the pie chart, the class of proteins
involved in folding is also quite populated. This class includes HSPA5 (known as
BiP), HSPAS, and HSPA9 (known as “mortalin”), all belonging to the HSP70
family®*. These proteins control all aspects of cellular proteostasis, such as nascent
protein chain folding, protein export towards different organelles, recovering of
proteins from aggregation, and assembly of multi-protein complexes®. BiP is
located predominantly in the ER and serves as a regulator of the unfolded proteins
of ER or secretory proteins, and it helps the assembly of protein complexes. It also
serves as an ER stress sensor and targets misfolded proteins for ERAD. HSPA8
was discovered as an uncoating ATPase catalyzing the ATP-dependent uncoating
of clathrin-coated pits. It also regulates protein homeostasis and translocation®*.
Both these proteins directly or indirectly drive nascent proteins to their final

location, starting from the ER, where they are synthesized.

Based on the function and localization of the proteins identified as GLA
interactors, it is possible to speculate about the route followed by the endogenous
enzyme when it moves from the endoplasmic reticulum to the lysosome (Fig.
2.1.8).

The newly synthesized protein into the ER meets the chaperone BiP that helps it
to fold correctly. In the following step, the a-galactosidase A is packed in COPII
vesicles that travel from the ER to the cis-Golgi. The protein leaves the trans-
Golgi (TGN) in clathrin-coated vesicles, as suggested by the identification of
HSPA8 and MYOL1B. The exit of GLA from TGN might either involve Gelsolin,
as well as also demonstrated in a previous study, addressed to the identification of
protein associated with the a-glucosidase traffic. The vesicles then reach the

endosome where, with Vimentin and Plectin help, GLA reaches the lysosome.
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Fig. 2.1.8 The hypothesized pathway of GLA from the endoplasmic reticulum to the
lysosome.

2.1.3.2 Investigation of trafficking of exogenous recombinants GLA

The study of the partners involved in the uptake and the trafficking of the two

® was carried out in human

recombinant enzymes Replagal® and Fabrazyme
fibroblasts (F83), not expressing the endogenous enzyme and representing a

model of FAD.

Fibroblasts were harvested after being incubated with each recombinant enzyme
for three hours at a concentration of 3ug/mL (enzyme/cell medium), and each
cellular extract was quantified as previously explained and as reported in section

2.1.2.1. Fibroblasts not treated were employed as control.

5 mg of each protein extracts were immunoprecipitated by using an anti-GLA
antibody. A 2 hours pre-cleaning step was performed on the samples to remove

unspecific proteins with affinity for Dynabeads- G protein.

The anti-GLA antibody was added to the pre-cleaned extract overnight, followed
by 3 hours of incubation with Dynabeads- G protein; the unbound proteins were
removed, and beads were washed with lysis buffer. The retained proteins were

eluted using Glycine at pH=2.5, separated by SDS-PAGE, and the gel stained by

53



colloidal blue Coomassie. Thirty-two protein bands for each sample were excised
from the gel (Fig. 2.1.9), in situ hydrolysis with trypsin followed, and the resulting
peptide mixtures were analyzed by LC-MS/MS.

FABRAZYME® NOT TREATED

M
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100 kDa . E

75 kDa — f—:1

e
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KD W lE '

2510 1—‘

0KDa |:

e

15 kDa }_4

10KD2 e B

Fig. 2.1.9 Preparative SDS-PAGE gel: the grid shows the excised bands for the proteins
of each sample.

The software Mascot was used for protein identification.

The proteins identified in the control were discarded from both sample lists. The

remaining proteins, putative interactors of the two recombinant enzymes, are

following reported (Table 2.1.3).
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. Peptides Peptides
. Uniprot
Protein Name Gene
code |Replagal® [Fabrazyme®)
Plectin PLEC |Q15149-9| 40(4) 28(10)
>250kDa Utrophin UTRN | P26939 | 8(3) 73)
Tensin-1 TNS1 |Q9HBLO| 12(5) 5(2)
Fibronectin FN1 P02751 11(3) 14(4)
250kDa
Unconventional myosin-Va MYOS5A | Q9Y4I1 7(3) /
Poly [ADP-ribose] polymerase 4| PARP4 |Q9UKK3 3(2) 5(3)
Triple functional domain protein| TRIO |075962-5 / 4(2)
Unconventional myosin-XVIlla | MYO18A | Q92614 7(2) 17(10)
250<kDa<150
) ) Q9Y2D5-
A-kinase anchor protein 2 AKAP2 A 7(2) 5(3)
Tight junction protein ZO-2 TIP2 |Q9UDY2| 20(6) 13(8)
Uveal autoantigen with coiled-
) ] ) UACA | Q9BZF9 19(5) 15(6)
150kDa |coil domains and ankyrin repeats
Band 4.1-like protein 2 EPB41L2 | 043491 14(2) 9(4)
Coatomer subunit alpha COPA | P53621 4(2) /
Tight junction protein ZO-1 TJP1 Q07157 28(8) /
. . QIUMbB4-
Unconventional myosin-VI MYO6 5 25(9) 17(5)
150<kDa<100 — -
Leucine zipper protein 1 LUZP1 |Q86V48-2] 11(2) /
Kinesin-1 heavy chain KIF5B | P33176 / 6(5)
Neurabin-2 PPP1R9B | Q96SB3 15(7) /
Unconventional myosin-Id MYO1D | 094832 34(16) 27(13)
Myosin phosphatase Rho-
MPRIP |Q6WCQ1| 21(8) 8(6)
interacting protein
100 kDa Actin filament-associated
AFAP1 | Q8N556 | 16(6) /
protein 1
AP-2 complex subunit beta AP2B1 | P63010 14(1) 10(2)
Drebrin DBN1 | Q16643 10(4) 8(4)
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AP-2 complex subunit alpha-1 | AP2A1 | 095782 11(2) 5(4)
Phostensin PPP1R18 |Q6NYC8 8(2) /
Alanine--tRNA ligase,
AARS | P49588 / 7(2)
cytoplasmic
Catenin alpha-1 CTNNA 1| P35221 / 2(2)
Protein flightless-1 homolog FLII Q13045 5(3) /
. Q9POK7-
Ankycorbin RAI14 A 34(10) 10(2)
Junctional protein associated
JCAD | Q9P266 14(3) /
with coronary artery disease
Unconventional myosin-le MYO1E | Q12965 10(2) /
Unconventional myosin-Ib MYO1B |043795-2 5(1) /
Palladin PLLD |Q8WX93 6(1) /
Calnexin CANX |P27824-2 5(2) /
LIM domain and actin-binding
. LIMALl |Q9UHB6| 23(11) 12(8)
protein 1
) ) Q8WWI1-
LIM domain only protein 7 LMO7 3 21(9) 6(3)
100<kDa<75 ATP-dependent 6-
phosphofructokinase, platelet PFKP | Q01813 / 19(9)
type
X-ray repair cross-
XRCC5 | P13010 / 10(2)
complementing protein 5
Caldesmon CALD1 | Q05682 14(6) /
Ezrin EZR P15311 12(3) /
Nexilin NEXN |Q0ZGT2| 10(1) 5(1)
Far upstream element-binding
KHSRP | Q92945 8(4) 6(3)
protein 2
Protein transport protein
SEC23A | Q15436 8(2) 5(2)

Sec23A
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Unconventional myosin-lc MYO1C |000159-3 8(2) /
DNA replication licensing factor
MCM7 | P33993 5(3) /
MCM7
Vacuolar protein sorting-
VPS35 |Q96QK1 5(2) /
associated protein 35
Protein S100-A8 S100A8 | P05109 3(2) /
Threonine--tRNA ligase,
TARS | P26639 3(2) /
cytoplasmic
Calpain-1 catalytic subunit CAPN1 | P07384 3(1) /
Synaptopodin-2 SYNPO2 |Q9UMS6| 25(12) 10(4)
TRIO and F-actin-binding Q9H2D6-
TRIOBP 18(3) /
protein 3
Major vault protein MVP Q14764 12(3) /
. . Q96RFO-
Sorting nexin-18 SNX18 ) 10(5) 7(4)
75 kDa —

Optineurin OPTN | Q96CV9 / 6(1)
Calpain-2 catalytic subunit CAPN2 | P17655 / 5(3)
Fermitin family homolog 2 FERMT2 | Q96AC1 / 5(3)

Glycine--tRNA ligase GARS | P41250 10(2) 4(2)
Trifunctional enzyme subunit
HADHA | P40939 8(1) /
alpha, mitochondrial
ATP-dependent RNA helicase
DDX3X | 000571 5(2) /
DDX3X
Probable ATP-dependent RNA | DDX17 [Q92841 |4(4) /
helicase DDX17
BAG family molecular BAG3 (095817 [3(2) /
chaperone regulator 3
Synaptopodin SYNPO |[Q8N3V7 3(1) /
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75<kDa<50

Protein phosphatase 1 regulatory

PPP1R12A| 014974 15(5) /
subunit 12A
Dihydropyrimidinase-related
DPYSL3 |Q14195-2| 10(5) /
protein 3
Cytoskeleton-associated protein
CKAP4 | Q07065 11(4) 8(3)
4
Plastin-3 PLS3 P13797 10(3) 10(6)
EH domain-containing protein2| EHD2 |Q9NZN4 8(3) 9(4)
5'-nucleotidase NT5E P21589 9(2) 4(3)
1,4-alpha-glucan-branching
GBE1 | Q04446 8(3) 8(4)
enzyme
WD repeat-containing protein 1 | WDR1 | 075083 / 18(7)
Transketolase TKT P29401 / 13(6)
T-complex protein 1 subunit
CCT3 | P49368 / 13(7)
gamma
TRIO and F-actin-binding
TRIOBP | Q9H2D6 / 11(4)
protein (ISOFORM 1)
Protein LTV1 homolog LTV1 [Q96GA3 / 9(5)
Coatomer subunit delta ARCN1 | P48444 / 10(4)
Actin, cytoplasmic 1 ACTB | P60709 / 8(5)
Prolyl 4-hydroxylase subunit
P4HA2 | 015460 / 7(4)
alpha-2
Pre-rRNA-processing protein
TSR1 | Q2NL82 / 6(2)
TSR1 homolog
Bifunctional purine biosynthesis
ATIC P31939 / 5(2)
protein PURH
T-complex protein 1 subunit
CCT6A | P40227 / 5(2)

zeta
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Peptidyl-prolyl cis-trans

FKBP10 |Q96AY3 / 5(2)
isomerase FKBP10
Probable ATP-dependent RNA
DDX5 | P17844 / 4(2)
helicase DDX5
Phosphoglucomutase-1 PGM1 | P36871 / 5(2)
26S proteasome non-ATPase
PSMD3 | 043242 / 3(2)
regulatory subunit 3
Heterogeneous nuclear
HNRNPK | P61978 8(2) 13(5)
ribonucleoprotein K
Peptidyl-prolyl cis-trans
FKBP9 | 095302 5(2) /
isomerase FKBP9
Serine/threonine-protein
phosphatase 2A 65 kDa
. PPP2R1A | P30153 6(2) 7(4)
regulatory subunit A alpha
isoform
Actin-binding LIM protein 3 | ABLIM3 | 094929 5(2) 12(7)
Phosphatidylinositol-binding
PICALM | Q13492 3(1) /
clathrin assembly protein
Vimentin VIM P08670 26(13) /
Pyruvate kinase PKM PKM P14618 20(15) 24(14)
Beta-2-syntrophin SNTB2 | Q13425 12(4) /
RAC-alpha serine/threonine-
AKT1 | P31749 12(4) 5(4)
protein kinase
D-3-phosphoglycerate
PHGDH | 043175 6(4) 6(5)
dehydrogenase
Prolyl 4-hydroxylase subunit
P4HAL | P13674 7(5) 9(6)
alpha-1
T-complex protein 1 subunit
CCT8 | P50990 7(4) 6(3)

theta
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Inosine-5'-monophosphate

IMPDH2 | P12268 7(3) 8(5)
dehydrogenase 2
Actin, cytoplasmic 1 ACTB | P60709 10(2) /
Beta-1-syntrophin SNTB1 | Q13884 3(2) /
T-complex protein 1 subunit
CCT2 | P78371 8(2) 9(4)
beta
UDP-glucose 6-dehydrogenase | UGDH | 060701 6(2) 6(3)
Tryptophan--tRNA ligase,
WARS | P23381 4(3) 4(3)
cytoplasmic
Nucleosome assembly protein 1-
NAPL1L4|Q99733-2 4(3) /
like 4
Glucose-6-phosphate 1-
G6PD | P11413 / 5(4)
dehydrogenase
Rab GDP dissociation inhibitor
GDI1 P31150 / 3(2)
alpha
tRNA-splicing ligase RtcB
RTCB | Q9Y3I0 / 4(2)
homolog
Atlastin-3 ATL3 |Q6DD88 / 4(2)
Heat shock protein HSP 90-beta [HSP90AB1| P08238 4(2) /
Tubulin alpha-1B chain TUBAILB | P68363 22(13) /
Leucine-rich repeat flightless-
LRRFIP2 |Q9Y608-4/  15(8) /
interacting protein 2
PDZ and LIM domain protein 7 | PDLIM7 | QINR12 14(9) /
50kDa Alpha-actinin-1 ACTN1 | P12814 15(8) /
Caveolae-associated protein 1 | CAVIN1 | Q6NZI2 10(8) 3(3)
Fascin FSCN1 | Q16658 11(4) /
Glutamate dehydrogenase 1,
GLUD1 | P00367 12(6) /

mitochondrial
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ATP synthase subunit alpha,

ATP5F1A | P25705 8(5) /
mitochondrial
Plasminogen activator inhibitor
SERBP1 | Q8NC51 7(3) /
1 RNA-binding protein
Calreticulin CALR | P27797 8(2) /
CAMP-dependent protein Kinase
PRKAR2A| P13861 5(4) /
type Il-alpha regulatory subunit
Annexin All ANXA11 | P50995 5(2) /
Death-associated protein kinase
DAPK3 | 043293 3(2) /
3
Alpha-aminoadipic
ALDH7A1|P49419-2 4(2) /
semialdehyde dehydrogenase
Nucleosome assembly protein 1-
NAP1L1 | P55209 4(2) /
like 1
Dihydrolipoyllysine-residue
succinyltransferase component of]
DLST | P36957 8(4) /
2-oxoglutarate dehydrogenase
complex, mitochondrial
50<kDa<37 -
RuvB-like 2 RUVBL2 | Q9Y230 4(3) /
Ribonuclease inhibitor RNH1 P13489 13(4) /
Tubulin alpha-1A chain TUBA1A | Q71U36 6(3) 5(4)
Elongation factor Tu,
TUFM | P49411 12(7) /
mitochondrial
Alpha-centractin ACTR1A | P61163 3(2) /
Annexin A7 ANXA7 |P20073-2 4(1) /
37 kDa Interleukin enhancer-binding
ILF2 Q12905 6(2) /
factor 2
Reticulocalbin-3 RCN3 | Q96D15 3(3) /
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Isocitrate dehydrogenase

IDH2 P48735 / 4(2)
[NADP], mitochondrial
PRKC apoptosis WT1 regulator
PAWR | Q96120 4(1) /
protein
CcAMP-dependent protein kinase
PRKACA | P17612 4(1) 4(1)
catalytic subunit alpha
Erlin-2 ERLIN2 | 094905 3(1) /
Reticulocalbin-1 RCN1 | Q15293 / 3(2)
Mitotic checkpoint protein
BUB3 | 043684 / 4(1)
BUB3
Transaldolase TALDOL1 | P37837 / 12(2)
Tropomyosin alpha-1 chain TPM1 | P09493 / 13(8)
Succinate--CoA ligase
[ADP/GDP-forming] subunit | SUCLG1 | P53597 / 3(2)
alpha, mitochondrial
Nascent polypeptide-associated
NACA | Q13765 / 2(2)
complex subunit alpha
Ribose-phosphate
PRPS1 | P60891 / 2(2)
pyrophosphokinase 1
Cathepsin Z CTSZ |Q9UBR2 / 2(2)
37<kDa<25
Chloride intracellular channel
CLIC1 | 000299 / 9(6)
protein 1
Annexin A4 ANXA4 | P09525 / 4(2)
Four and a half LIM domains
FHL1 |Q13642-5 / 5(3)
protein 1
S-formylglutathione hydrolase ESD P10768 / 4(2)
Arginase-1 ARG1 | P05089 / 2(2)
Cathepsin B CTSB P07858 / 3(2)
High mobility group protein B1 | HMGB1 | P09429 / 8(4)
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Eukaryotic translation initiation

EIF4H |Q15056-2 5(1)
factor 4H
25kDa Vesicle-associated membrane
VAPA | Q9POLO 3(1)
protein-associated protein A
Triosephosphate isomerase TPI1 P60174 16(15)
T 7(6)
Rho GDP-dissociation inhibitorl |ARHGDIA| P52565
GTP-binding nuclear protein Ran| RAN P62826 9(7)
Ubiquitin carboxyl-terminal
UCHL1 | P09936 8(7)
hydrolase isozyme L1
Glutathione S-transferase P GSTP1 | P09211 5(5)
Protein/nucleic acid deglycase
PARK7 | Q99497 6(3)
DJ-1
Vesicle-trafficking protein
SEC22B | 075396 5(2)
SEC22b
25<kDa<20 28 kDa heat- and acid-stable
PDAP1 | Q13442 3(3)
phosphoprotein
High mobility group protein B2 | HMGB2 | P26583 5(3)
Protein-L-isoaspartate(D-
PCMT1 | P22061 4(2)
aspartate) O-methyltransferase
Peroxiredoxin-6 PRDX6 | P30041 4(4)
Reticulon-3 RTN3 |095197-3 4(2)
Membrane-associated
progesterone receptor component| PGRMC1 | 000264 3(2)
1
Myosin light chain 6B MYL6B | P14649 4(1)
Ras-related protein Rab-8A RABSA |P61006-2 4(1)
Flavin reductase (NADPH) BLVRB | P30043 2(2)
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Peroxiredoxin-1 PRDX1 | Q06830 / 9(2)

Ras-related protein Rab-1A RABIA | P62820 / 6(3)
GTP-binding protein SAR1a SARIA | Q9NR31 / 3(2)
Caveolin-1 CAV1 Q03135 / 6(2)
Ras-related C3 botulinum toxin

20 kDa RAC1 | P63000 / 4(1)

substrate 1

Fibroblast growth factor 2 FGF2 |P09038-3 3(1) /
Calmodulin-3 CALM3 | PODP25 / 4(1)
Cofilin-1 CFL1 | P23528 / 4(2)
20<kDa<15 —
Rho-related GTP-binding
RHOG | P84095 / 3(1)
protein RhoG
Golgi-associated plant
15 kDa _ _ GLIPR2 |Q9H4G4|  3(1) 3(2)
pathogenesis-related protein 1
Galectin-1 LGALS1 | P09382 3(2) 3(3)
Protein S100-A4 S100A4 | P26447 4(1) 6(4)
10kDa 7403 ribosomal protein S15a | RPS15A | P62244 / 302)
Protein S100-Al11 s100A11 | P31949 / 4(2)
40S ribosomal protein S29 RPS29 | P62273 / 5(3)
Ubiquitin-60S ribosomal protein
<10kDa UBA52 | P62987 / 6(1)
L40

40S ribosomal protein S28 RPS28 | P62857 / 3(3)

Tab. 2.1.3 List of putative interactors of Replagal® and Fabrazyme®. The table reports the name
of the protein, the name of the gene, the Uniprot code, and the number of peptides for both
conditions. In the brackets, the number of peptides overcoming the Mascot significant statistical
threshold is also reported. The symbol / means that a specific protein was not identified in that
condition.

Among the 184 identified proteins, 50 were common to both conditions while 61
were unique for the cells treated with Replagal® and 73 the fibroblasts incubated

®

with Fabrazyme™, as reported in Fig. 2.1.10.
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Fig. 2.1.10 Graphical representation of proteins unique for Replagal®in lilac, unique for
Fabrazyme® in green, and the ones in common for both conditions in light blue obtained
with the software Cytoscape.
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The proteins were separately classified according to their main biological
functions using bioinformatic tools such as STRING and/or information reported
in the literature (Fig. 2.1.11).
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Fig. 2.1.11 Functional classification of the two recombinant a-galactosidase A interacting
proteins based on protein databases and literature information. Replagal® pie chart on top
and Fabrazyme® pie chart on the bottom.

In both conditions, we found several proteins involved in endocytosis and
vesicular trafficking processes and many proteins involved in actin cytoskeleton

remodeling and polymerization.

Endocytosis is a key mechanism by which cells collect extracellular material and
package it into vesicles that pinch off and enter into the cytosol. Internalized
vesicles then fuse with other internal compartments so that their contents can be
recycled or degraded®. Cells exhibit different endocytic pathways: Clathrin-
mediated endocytosis, caveolar-type endocytosis, CLIC/GEEC-type endocytosis,

flotillin-dependent endocytosis, phagocytosis, micropinocytosis®’.

Clathrin-mediated endocytosis (CME) is the best characterized of all the
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endocytic pathways and involves many actors that concentrate transmembrane
cargo proteins and form clathrin-coated vesicles (Fig 2.1.12). In CME, adaptor
proteins recognize sorting signals in the cargo proteins and directly link the cargo
to clathrin. We found several proteins belonging to this pathway, such as AP2AL,
AP2B1, SNX18, and MYOS, in both conditions.

SNX9/18
\ Myosin VI
~\ Myosin 1E

B ar2

\ Dynamin ring

Actin

Fig. 2.1.12 Representation of the proteins involved in the formation of clathrin-coated
vesicles.

AP2A1 and AP2B1 belong to the adaptor complex AP-2 which localizes at the
plasma membrane and facilitates clathrin-mediated endocytosis of a wide range
of proteins®®. AP-2 is involved in the binding of sorting signals in the cytoplasmic
tails of cargo proteins, recruiting clathrin and other accessory proteins, and then
concentrating the cargo proteins into vesicular carriers. MYOG6, a member of the
“unconventional” myosins, iS an unusual member of its family since it moves
along actin filaments towards the minus end, in opposition to other myaosins,
playing a crucial role in endocytosis. It is involved in vesicle transport through
direct interaction with adaptor proteins®. Moreover, the presence of MYO6
among identified proteins might be also associated with the process of
endosome/lysosome fusion®, the last step expected in the trip of recombinant

proteins towards lysosomes.
SNX18 is a member of sorting nexins, which are concentrated at the membrane,
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and induce membrane curvature and form the intermediate tubular membrane
structures. Evidence has shown that SNX18 is functionally redundant to SNX9, a

sorting nexin that plays a key role in clathrin-mediated endocytosis*.

In the results of the cells treated with Replagal®, we also found PICALM and
MYOLE. PICALM (phosphatidylinositol-binding clathrin assembly protein) is a
protein that drives clathrin-coated pit formation together with the AP-2 complex*2.
MYOL1E may play a role in both cargo internalization and the transport of the
newly internalized clathrin-coated vesicles to their target endosomal

compartments*,

For both conditions, proteins involved in caveolar-mediated endocytosis, such as
CAVIN1 and EHD2, were identified. Caveolae are plasma membrane
invaginations and are expressed in various tissues and cell types such as
fibroblasts. The functions of caveolae are diverse and include endocytosis,
transcytosis, potocytosis, calcium signaling, and regulation of various signaling
events*. CAVIN1, also known as PTFR (polymerase | and transcript release
factor), belongs to the Cavins family. Cavins are peripheral membrane proteins
that coat the caveolar surface, with caveolins embedded in the interior membrane

layer, as shown in Fig. 2.1.13%.

Fig. 2.1.13 Representation of the main proteins involved in the formation of caveolae.
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EDH2 is one of the EHDs that are dynamin-related proteins involved in
nucleotide-dependent membrane remodeling; EHD2 binds and hydrolyzes ATP.
It interacts with CAVIN1 and is involved in the remodeling of caveolae®. In the
Fabrazyme® network, we also found other proteins involved in this endocytic
pathway, such as CAV1, RHOG, and ARHGDIA. CAV1 is the principal
constituent of caveolae, and it is enough to induce caveolae formation. It is
predominantly expressed on the plasma membrane (PM) and is inserted into the
inner leaflet of the PM*4. Prieto-Sanchez et al., in 2006, using dual fluorescence
microscopy and other experiments, proved that RHOG, a GTPase member of the
Rho/Rac family, is involved in caveolar trafficking*”. ARHGDIA (Rho GDP-
dissociation inhibitor 1) is a regulator of Rho/Rac family GTPases, and it prevents
nucleotide exchange and membrane association. It also prevents the GTPases
from switching from their inactive GDP-bound state to the active GTP-bound
state*®. Our proteomic findings accord to data already published by Ivanova et al.
in 2020, which demonstrated that both CME and caveolar endocytosis mediate
the recombinant GLA uptake®. In addition, by evaluating all the proteins
identified as partners of both recombinant GLA, we can also speculate that

®

Replagal® is up taken in the cell mainly by the CME, while Fabrazyme™ might

be majorly internalized by caveolae-mediated endocytosis. To support this

hypothesis, a larger number of proteins involved in CME was found as Replagal®

®

partners, whereas Fabrazyme™ showed an interactome higher enriched in proteins

associated with caveolae-mediated endocytosis.

Among the proteins associated with internal trafficking SEC23A, a GTPase-

activating protein (GAP) involved in the COPII coat?* was found. In Fabrazyme®’

we identified SAR1A, a small GTPase that when activated, can initiate the

assembly of COPII coat proteins involving SEC23A on the ER membrane®;

whereas in Replagal®' we found SEC22B, a SNARE (Soluble NSF attachment
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protein receptor) functioning in the ER-Golgi circuit, that cycles between these

compartments and acts in both anterograde and retrograde vesicle fusion events®?.

As suggested by the pie charts (Fig. 2.1.11), we also found many proteins involved
in the actin-related cytoskeleton. The rearrangement of the actin cytoskeleton is
essential for endocytosis. We found proteins involved in cytoskeleton
organization common to both conditions, such as Utrophin that binds to actin and
stabilizes actin filaments against depolymerization®?; Synaptopodin-2 that assists
actin polymerization®; Plastin-3, which is involved in the formation of
filamentous actin (F-actin)>, in turn, stabilized by TrioBP®. In Fabrazyme®'s
interactome, Ezrin, a member of the ERM protein family responsible for the

plasma membrane linking to the cytoskeleton®, was present. Analogously,

Palladin was identified as a specific Replagal® interactor, and it is known to have
a direct role in stabilizing F-actin and/or enhancing actin polymerization®’.

®

Among the identified cytoskeleton proteins common to Fabrazyme™ and

Replagal®, another unconventional myosin MY O18A was found. MYO18A links

the Golgi complex to the actin cytoskeleton®, In Replagal®’ we also found
MYOS5A, an unconventional myosin involved in the ER movement®®. These
identifications strengthen the idea that a fraction of both recombinant proteins,
one internalized, travel between ER and Golgi compartments, according to the
presence of COPII coating proteins. MYO18A is also involved in the traffic from
the Golgi to the plasma membrane®, suggesting that some of the recombinant

proteins might go back outside the cell.

® since we also

The latter hypothesis is more robust when refers to Fabrazyme
found Optineurin, RABB8A as specific interactors. Optineurin has been identified,
as a binding partner for MYO6, both colocalize at the Golgi complex and in

vesicles close to the PM. Optineurin also plays a role in colocalizing MYO6 and
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RAB8A, a member of the Rab family of G-proteins, which are important

regulators of traffic events®. These three proteins are involved in exocytosis®?,

MYOL1D, already identified among the endogenous GLA interactors, is involved
in trafficking from early endosomes to recycling endosomes®. We also identified

® and Replagal®. As expected, the

Plectin among the proteins in Fabrazyme
presence of interactors shared with endogenous GLA confirms that, following the
internalization, a quote of the recombinant proteins is addressed to the same route

of endogenous protein to reach lysosomes.
In light of all results, we can speculate about the pathways involved in the

internalization and the traffic of the two recombinant enzymes Replagal® and

Fabrazyme® (Fig. 2.1.14).

Replagal® and Fabrazyme®

are endocytosed by CME and caveolae. The delivery
of both enzymes to the endo/lysosomal system is accomplished by MYOS.
However, it seems that a fraction of both molecules are transported to the ER and

the Golgi apparatus, as suggested by the presence of SEC23A, SEC22B, SAR1A,

MYO5A, and MYO18A. We also hypothesize that Fabrazyme® might be
partially exocytosed when associated with Optineurin, RAB8A, and MYO6. The

identification of MYO1D suggests that a quote of Replagal® might also be

secreted.
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Fig. 2.1.14 The hypothesized pathway of Replagal® and Fabrazyme®. The proteins in
black are common, the ones in purple are unique for Replagal® while the ones in green
are unique for Fabrazyme®.

Moreover, functional experiments aimed to silence targets of such specific

processes might demonstrate the robustness of our hypotheses.

2.1.4 Conclusions

The study of the interactome of the endogenous a-galactosidase A helped us to
understand better the route followed by the enzyme when it moves within the cell.
The knowledge of the endogenous protein trafficking is important to better
understand the results concerning the uptake of the two recombinant enzymes
available for ERT to gather information on which molecular mechanisms are
involved from the entrance into the cell until lysosomes or other organelles

achievement. Using the same approach, the routes followed by the two
recombinant enzymes agalsidase alfa (Replagal®) and agalsidase beta

(Fabrazyme®) used in ERT of Fabry Disease were investigated, finding the
caveolae- and clathrin-mediated endocytosis the common pathways involved in

the drug uptake. Algasidase beta has showed a marked dominance of the caveolae-
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mediate pathway. Further studies on the differences between the two recombinant
proteins could improve the knowledge about the enzymes hence their efficacy. To
confirm the hypotheses formulated, other functional experiments such as co-
immunoprecipitation and co-localization need to be performed. Moreover,
functional experiments aimed to silence targets of such specific processes might

demonstrate the robustness of our hypotheses.
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2.2 ADAMI10 interacts with Piccolo at pre-synapsis and

affects synaptic vesicle stores in Huntington’s disease

2.2.1 Introduction

Disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) is
one of the 22 members of the ADAM family of transmembrane proteases found
in humans and one of the most widely expressed in the brain. Nascent ADAM10
is produced as an approximately 95 kDa zymogen that matures into a 60 kDa
active protease (m-ADAM10) after cleavage of its prodomain by furin or
proconvertase 7 (PC7) in the trans-Golgi secretory pathway!. Within neurons,
ADAMI10 localizes specifically at the synapse and is associated with the
postsynaptic compartment, together with the scaffold protein synapse-associated
protein 97 (SAP97)?, which is required for insertion of ADAM10 into the synaptic
membrane, as shown in Fig. 2.2.1. This enzyme exerts the main physiological
neuronal alpha-secretase activity, responsible for non-amyloidogenic cleavage of
B-amyloid precursor protein (APP)!. Besides APP, ADAM10 has a large number
of synaptic substrates, indicating extensive flexibility of the protease concerning

substrate recognition and cleavage activity in the brain® (Fig. 2.2.1).
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Postsynaptic

Fig. 2.2.1 ADAM10 has metalloproteinase activity and localizes at postsynaptic sites via
its association with synapse-associated protein 97 (SAP97). ADAM10 acts on several
postsynaptic substrates, including N-cadherin and amyloid precursor protein (APP)%.

Consequently, the biological effect of ADAM10 activity may change over time
and in different conditions, as it relies on the presence and function of the target
substrates and cleavage products. Accordingly, ADAM10 plays fundamental roles
during brain development and in the homeostasis of adult neuronal networks'?, as
it is involved in dendritic spine formation, maturation, and stabilization; axon
guidance and extension; neuronal migration; myelination; and regulation of the
molecular organization of the glutamatergic synapse!®. ADAM10-dependent
cleavage of N-cadherin, Nectin 1, and Neurologin 1 also represents a new
modality for regulating the strength and activity of the glutamatergic synapse®®.
Glutamatergic synapses are the main excitatory synapses in the brain. These
synapses contain glutamate localized inside presynaptic vesicles and glutamate
receptors on the postsynaptic membrane (Fig. 2.2.2).
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Fig. 2.2.2 Schematic drawing of a glutamatergic synapse®.

An excess of ADAM10-mediated N-cadherin proteolysis in the brain has been
reported to compromise adhesion between the presynaptic and postsynaptic
membrane and reduces the overall long-term stability and neurotransmission of
the glutamatergic synapse’®°. Defects in this circuitry have been implicated in
Huntington’s disease (HD), an autosomal dominant neurodegenerative disorder
caused by an unstable CAG triplet repeat expansion in exon 1 of the huntingtin
gene (HTT)X. An alteration in presynaptic and/or postsynaptic compartments has
been demonstrated in several mouse models of the disease since the early stages
and documented in HD patients in cross-sectional and neuroimaging studies**2%,
ADAM10 has been linked to HTT and dysfunction of the glutamatergic synapse
in HD. Previous studies in embryonic stem cells depleted of HTT demonstrated
that the homotypic interaction between neuroepithelial cells is dependent on the
presence of normal HTT, which acts physiologically to inhibit ADAMZ10 and the
maturation of its substrate N-cadherin, allowing cell-cell contacts'®. It was also
reported in the adult brain, HTT similarly affects synapse remodeling through

ADAMI10 activity on N-cadherin®. In HD, this pathway is hyper-activated, with
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deleterious consequences on the morphology and functionality of the
glutamatergic synapse®®. In particular, ADAM10 accumulates at postsynaptic
densities (PSDs) and causes excessive N-cadherin proteolysis®®, leading to loss of
excitatory synaptic contacts, synapse deficiencies, and cognitive decline in HD
mice. Previous studies also demonstrated that pharmacological, molecular, and
genetic approaches aimed at normalizing the level of the active enzyme in the HD
mouse brain prevent electrophysiological synaptic defects at the excitatory
synapse and cognitive impairment in the mice®®. Taken together, these previous
studies point to a critical role of ADAM10 at the glutamatergic synapse in the HD
brain. To unravel the molecular mechanisms through which ADAMI10 is
associated with glutamatergic synaptic dysfunction in HD, in collaboration with
the research group of the Professor Chiara Zuccato of the Department of
Biomedical Sciences for Health at the University of Milan, we performed a
system-level study of ADAM10 interactors in the brains of HD mice. A functional
proteomic experiment based on immunoaffinity purification-mass spectrometry
identification (IP-MS) of endogenous ADAM10 interactors in the brains of wild-
type and HD mice model (zQ175) revealed a never described role at pre-synapsis

for ADAML0, as well as its involvement in unexpected synaptic processes.

2.2.2 Experimental methods

2.2.2.1 Mice brain tissue lysis and protein extract quantification

Total protein lysates from n=4 wild-type and n=4 homozygous 50-week-old
zQ175 mice were obtained by pestling tissues in an N pre-chill mortar to grind
small frozen tissue samples to a fine powder. Mouse tissue homogenization was
carried out by 20 strokes in a Teflon-glass homogenizer (clearance 0.25 mm, 700
rpm) in RIPA buffer (50 mM Tris HCI pH 8, 150 mM NaCl, 0.1% SDS, 1% NP40
(Sigma-Aldrich) with 1 mM PMSF (Sigma-Aldrich) and 1x protease inhibitor

cocktail. Tissue lysates were then passed through a 25 gauge needle attached to a
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1 ml syringe. After 20 minutes on ice, lysates were put 15 minutes on a rotating
wheel at 4°C. Lysates were then cleared by centrifugation for 30 minutes at 12,000
g and 4°C. The resulting supernatants were collected and protein concentrations

were determined by Bradford.

2.2.2.2 Isolation of protein complexes by immunoprecipitation

Tissue lysates from n=4 mice/genotypes were pooled and 6 mg of protein lysates
for wild-type and zQ175 mice were pre-cleared by incubation with Dynabeads
Protein G (Thermo Fisher Scientific, Waltham, Massachusetts, US) for 2h at 4°C
on a rotating wheel. The pre-cleared extracts were immunoprecipitated by the
addition of 24 pl of rabbit polyclonal anti-ADAM10 provided by P. Saftig
(University of Kiel) and followed by the overnight incubation at 4°C on a rotating
wheel. The pre-cleared-antibody mixture was incubated with Dynabeads Protein
G (40 pl of slurry resin each milligram of protein extract). The elution from pre-
clearing (control) and immunoprecipitated beads was carried out in Sample Buffer
2% (200 mM Tris HCI pH 6.8, 40% glycerol, 8% SDS, 200 mM DTT, 0.01%
bromophenol blue) at 99°C for 10 minutes.

2.2.2.3 Preparative SDS-PAGE

Eluted samples were fractionated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The 8-15% gradient SDS-PAGE gel was run
starting from 200 V and stained with GelCode™ Blue Safe Protein Stain (Thermo
Fisher Scientific). Each lane was cut into 1 mm slices, and the gel bands digested

in situ with trypsin as previously reported in section 2.1.2.4.

2.2.2.4 LC-MS/MS analysis and protein identification

Peptide mixtures were analyzed by nano LC-MS/MS using LTQ Orbitrap XL
mass spectrometer coupled to Proxeon nanoEasy Il capillary HPLC (Thermo
Fisher Scientific Inc., Waltham, MA). Peptides were fractionated onto a C18

reverse-phase capillary column (3 um biosphere, 7.5 pm internal diameter, 100
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mm length) working at 300 nl/min flow rate and adopting a linear gradient from
5% to 100% of eluent B (0.2% formic acid, 95% acetonitrile LC-MS Grade) over
49 min. Mass spectrometric analyses were carried out in Data Depending
Acquisition (DDA): from each MS scan, spanning from 400 to 1800 m/z, the five
most abundant ions were selected and fragmented. Output data were further
processed into mgf files suitable for protein identification procedure by Mascot
licensed software (Matrix Science Boston, USA) searching for proteins in the
NCBI database. Proteins identification was carried out by using 10 ppm as
peptides mass tolerance for MS and 0.6 Da for MS/MS search; Mus Musculus as
taxonomy, carbamidomethyl (Cys) as fixed modification and GIn->pyro-Glu (N-
term GIn), Oxidation (Met), Pyro-carbamidomethyl (N-term Cys) as variable

modifications.

2.2.2.5 Bioinformatic filtering of immunoprecipitation contaminants

For the definition of the proteins that are non-specific contaminants of
immunoprecipitation, we relied on the Contaminant Repository for Affinity
Purification (CRAPome) 2.0 web tool (https://reprint-apms.org), querying the
human experiment collection. To this end, starting from the list of Mouse Genome
Informatics (MGI) symbols for ADAM10 interactors in wild-type and zQ175
mice, human homolog genes were retrieved by biomaRt R package (Ensembl
version 98)'%, CRAPome was then interrogated using ‘Workflow1l’ and ‘H.
sapiens - All’ parameter. Contaminants were defined as proteins reported in at

least 50% of the experiments.

2.2.2.6 Bioinformatic analysis of ADAM10 protein networks

A network visualizing ADAM10 interactors in wild-type and zQ175 striata was
generated in Cytoscape software (version 3.7.2). Interactors are visualized as
nodes connected to ADAMI10 in WT and/or MUT conditions. Moreover,
ADAMI10 interactors identified for wild-type and zQ175 mice were subjected to
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gene ontology enrichment analysis. Gene ontology enrichment analysis was
performed in R with TopGO package considering the Cellular Component domain
of the ontology and using the Fisher statistics and the Weight01 algorithm. Terms
were considered significant with a P-Value < 0.01 and an enrichment value of at
least 2. The top-three categories (ranked by p-value) in both wild-type and zQ175
mice were: (1) glutamatergic synapse; (I1) post-synaptic density; (111) pre-synaptic
active-zone cytoplasmic component. Starting from the interactome generated
from the proteomics data, the genes associated with the “glutamatergic synapse”

category were highlighted in the network as blue nodes.

2.2.2.7 Co-immunoprecipitation and western blot analysis

Co-IP was performed on total protein lysates and synaptosomes prepared from
cortical tissues of wild-type and R6/2 mice at 12 weeks of age. Cortical tissues
were pooled in an N pre-chill mortar and pestle to grind small frozen tissue
samples to a fine powder, and homogenization was carried out in RIPA buffer (50
mM Tris HCI pH 8, 150 mM NacCl, 0.1% SDS, 1% NP40 with 1 mM PMSF and
1x protease inhibitor cocktail (Roche Scientific). Tissue lysates were then passed
through a 25gauge needle attached to a 1 ml syringe. After 20 minutes in ice,
lysates were put 15 minutes on a rotating wheel at 4°C. Lysates were then cleared
by centrifugation for 30 minutes at 12000 g and 4°C. The resulting supernatants
were collected, and protein concentrations were determined by Bradford assay
with Protein Assay Dye Reagent Concentrate (Bio-Rad). 1 mg protein lysate was
pre-cleared using Dynabeads Protein G according to the manufacturer’s
instructions and then incubated with 50 pl of rabbit polyclonal anti-PCLO
antibody (Synaptic Systems, Gottingen, Germany) overnight at 4°C on a rotation
wheel and then loaded onto Dynabeads Protein G according to the manufactured
instruction, and incubated for 3 hours at 4°C on a rotation wheel. After washing,
the beads were eluted in Sample Buffer 2x (200 mM Tris HCI pH 6.8, 40%
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glycerol, 8% SDS, 200 mM DTT, 0.01% bromophenol blue) at 99°C for 10
minutes. For the Western blot analysis, Co-IP samples were denatured at 99°C
and loaded on a 6% and 10% SDS-PAGE gel. Input samples (5% of the amount
of the corresponding lysate used for IP) were loaded as controls. Separated
proteins were transferred onto a nitrocellulose membrane (Bio-Rad) using Trans-
blot Turbo Transfer System (Bio-Rad) (standard protocol: 1.5 A constant; up to
25 V; 10 minutes). Membranes were blocked with 5% nonfat milk (Bio-Rad) in
PBS for 1 hour and were incubated overnight at 4°C with rabbit polyclonal anti-
ADAM10 antibody provided by P. Saftig (1:1000 in PBS and 0.2% TweenZ20),
with rabbit polyclonal anti-PCLO antibody (1:1000 in 5% nonfat milk; Synaptic
System), and with mouse monoclonal anti-a-Tubulin (1:5000; MilliporeSigma,
Massachusetts, US). After washing, filters were incubated for 45 minutes at room
temperature with 1:200 Very Blot for IP Detection Reagent (HRP) (Abcam,
Cambridge, UK) in 5% nonfat milk in PBS and 0.2% Tween20. Immunoreactive
bands were developed by Pierce™ ECL Western Blotting Substrate (Thermo
Fisher Scientific), and the proteins were visualized by exposing the membrane to
autoradiography films or by using the ChemiDoc MP Imaging System from Bio-
Rad. Densitometric analyses were performed by using Image Lab version 6.0.1 or
Quantity One 4.6.8 (Bio-Rad).

To verify the fractionated lysis of pre- and post-synaptic cell lysates, the protein
extracts were loaded onto a 10% SDS-PAGE and transferred onto a nitrocellulose
membrane as described above. The membranes were incubated with rabbit
polyclonal anti-ADAM10 provided by P. Saftig (1:1000 in TBST), mouse
monoclonal anti-PSD95 antibody (1:2000 in TBST; Thermo Fisher Scientific),
and mouse monoclonal anti-SYP antibody (1:500 in BSA 5%; Abcam) at room
temperature for 3 hours or at 4°C overnight. After washing, filters were incubated
for 1 hour at room temperature with a peroxidase-conjugated secondary antibody
(1:3000 in 5% BSA; Bio-Rad, goat anti-rabbit horseradish peroxidase (HRP) and
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goat anti-mouse HRP) and then washed 3 times with TBST. The Clarity Western
ECL Substrate (Bio-Rad) was used to visualize immunoreactive bands. Blot
visualization was performed by using the ChemiDoc MP Imaging System from
Bio-Rad. Densitometric analyses were performed by using Image Lab version
6.0.1.

2.2.3 Results and Discussion

2.2.3.1 The ADAM10 interactome is enriched in synaptic proteins

The ADAMI10 interactome was analyzed in the striatum wild-type mice and
compared to that of homozygous (zQ175) knock-in mice, a model for HD.
ADAMI10 protein complexes were isolated by immunoprecipitation, and each
component was identified by mass spectrometry. Proteins retained onto
dynabeads- G Protein during pre-clearing of wild-type or zQ175 tissue lysates in
the absence of specific antibodies were eluted and used as controls. Both samples
and controls were fractionated by SDS-PAGE, and the lanes were cut into 33 gel
bands (Fig. 2.2.3), which were digested in situ with trypsin?’.
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Fig 2.2.3 Preparative SDS-PAGE gel. Samples loaded are IP from zQ175 (lane 2), pre-

clearing zQ175 (lane 3), IP WT(lane 5), pre-clearing WT (lane 6). The molecular-weight
size markers were loaded in lanes 1 and 4.

The resulting peptide mixtures were directly analyzed by nanoLC-MS/MS. Mass
spectral data were used to search a non-redundant protein database using Mascot
software. Proteins detected in the samples and in the corresponding pre-clearing
controls were discarded, and only those solely present in the sample lanes were
considered as candidates for ADAM10 interactors. Two lists of 178 and 146
proteins were found in the ADAM10 interactome for WT and zQ175 mice,
respectively. Among them, 101 proteins were shared (Table 2.2.1).

. Sequence . Sequence .
. Uniprot Peptid Peptide
Protein Name Gene name coverage coverage
code es WT szQ175
(WT) (zQ175)
AP2-associated Q3UHJ
L Aakl 9.91 6 22.49 8
protein kinase 1 0
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Alanine--tRNA Q8BGQ
. . Aars 4.44 4 10.33 9
ligase, cytoplasmic 7
4-aminobutyrate
aminotransferase, Abat P61922 18.80 8 22.37 6
mitochondrial
3-ketoacyl-CoA
. Q8BWT
thiolase, Acaa2 1 12.09 4 1.15 4
mitochondrial
Long-chain specific
acyl-CoA
Acadl P51174 16.28 6 11.57 11
dehydrogenase,
mitochondrial
Acetyl-CoA
Q8CAY
acetyltransferase, Acat2 5 7.81 3 7.51 5
cytosolic
ATP-citrate synthase Acly Q91Vv92 6.23 7 4.40 6
Peroxisomal acyl-
. Q9R0OH
coenzyme A oxidase Acox1 0 34.04 20 11.63 10
1
Long-chain-fatty- Q91wC
. . Acsl6 8.46 6 6.83 14
acid--CoA ligase 6 3
Alpha-actinin-2 Actn2 QaJI91 / / 22.59 11
Actin-related protein
3 Actr3 Q99JY9 25.84 10 32.10 18
Disintegrin and
metalloproteinase
. . Adam10 | 035598 40.19 31 23.65 12
domain-containing
protein 10
Arf-GAP with
GTPase, ANK repeat Q8VHH
) Agap3 7.47 5 19.28 11
and PH domain- 5
containing protein 3
Adenosylhomocystein
Ahcy P50247 16.20 6 5.61 7

ase

89



Jouberin Ahil Q8K3E5 4.39 4 6.98 3
Alpha-aminoadipic
] Q9DBF
semialdehyde Aldh7al 1 / / 5.25 4
dehydrogenase
) Q8C8R
Ankyrin-2 Ank2 3 1.69 6 11.32 9
Acidic leucine-rich
nuclear
. Anp32a 035381 / / 6.79 5
phosphoprotein 32
family member A
Annexin A4 Anxad P97429 / / 10.77 7
Annexin A7 Anxa7 Q07076 47.52 23 4,08 2
AP-2 complex
] Ap2al P17426 7.78 8 7.49 32
subunit alpha-1
Bifunctional purine
. ) . . QICWJ
biosynthesis protein Atic 9 / / 5.83 6
PURH
V-type proton
. Atp6vlcl | Q9Z1G3 11.52 6 13.22 7
ATPase subunit C 1
V-type proton
. Atpévld P57746 / / 32.04 25
ATPase subunit D
V-type proton OWTT
yPep ] Atpbvig2 Q 25.42 3 7.62 6
ATPase subunit G 2 4
Phospholipid-
transporting ATPase Atp8al P70704 / / 7.32 5
1A
Methylglutaconyl-
CoA hydratase, Auh Q9JLZ3 14.97 5 7.52 3
mitochondrial
D-beta-
hydroxybutyrate 80XN
bt Bdhl Q / / 8.64 4
dehydrogenase, 0
mitochondrial
Protein bassoon Bsn 088737 14.16 47 4.92 6
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BTB/POZ domain- Q9DB7
o . Btbd17 22.59 7 17.91 7
containing protein 17 2
. B2RQC
CAD protein Cad 5 9.98 19 15.27 12
Calcium-dependent
. . Cadps Q80TJ1 7.60 9 29.73 8
secretion activator 1
Calcium/calmodulin-
dependent protein
) ) Camk2a P11798 43.93 21 7.34 6
kinase type Il subunit
alpha
Calcium/calmodulin-
dependent protein
. . Camk2b P28652 34.87 16 17.87 20
kinase type Il subunit
beta
Calcium/calmodulin-
dependent protein Q6PHZ
. . Camk2d 17.64 9 5.85 2
kinase type Il subunit 2
delta
Calcium/calmodulin-
dependent protein
. . Camk2g | Q923T9 25.52 14 18.05 9
kinase type Il subunit
gamma
Calnexin Canx P35564 10.83 7 13.91 10
Caprin-1 Caprinl Q60865 7.36 5 21.81 6
F-actin-capping
protein subunit alpha- Capzal P47753 18.88 6 10.97 6
1
F-actin-capping
) ) Capzb P4AT757 22.74 5 9.63 7
protein subunit beta
Caskin-1 Caskinl | Q6P9K8 10.76 12 10.66 4
Carbonyl reductase
Cbrl P48758 / / 12.00 3
[NADPH] 1
T-complex protein 1
Cct2 P80314 / / 3.85 5

subunit beta
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T-complex protein 1

. Cct4 P80315 / / 9.66 4
subunit delta
T-complex protein 1
. . Cct5 P80316 14.97 8 10.67 10
subunit epsilon
T-complex protein 1
. Cctba P80317 / / 8.22 3
subunit zeta
T-complex protein 1
. Cct7 P80313 3.49 2 5.54 2
subunit eta
T-complex protein 1
. Cct8 P42932 8.58 4 4.86 5
subunit theta
Charged
- Q9D8B
multivesicular body Chmp4b 3 / / 8.14 3
protein 4b
Citron Rho-
. L Cit P49025 3.55 7 23.25 7
interacting kinase
Chloride intracellular ) Q9QYB
. Clic4 / / 25.06 15
channel protein 4 1
CAP-Gly domain-
containing linker Clip2 Q9Z0H8 7.45 6 8.10 3
protein 2
COP9 signalosome
. Cops7a | Q9CZ04 / / 13.42 5
complex subunit 7a
C-terminal-binding
. Ctbpl 088712 6.58 3 14.78 22
protein 1
Catenin alpha-2 Ctnna2 Q61301 / / 15.38 4
Catenin beta-1 Ctnnbl Q02248 6.02 5 5.41 11
Cytochrome c1, heme Q9DOM
. . . Cycl / / 4.96 6
protein, mitochondrial 3
Cytoplasmic FMR1- 5SQX
) yiop . ) Cyfip2 Q55Q 6.86 7 11.79 15
interacting protein 2 6
9QXS
Drebrin Dbnl Q E 7.93 4 7.34 9
Dynactin subunit 1 Dctnl 008788 8.12 10 11.22 5
Dynactin subunit 2 Dctn2 Q99KJ8 15.67 5 2.92 7
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ATP-dependent RNA Q91VR
. Ddx1 7.30 5 6.12 5
helicase DDX1 5
Disks large homolog
1 Dlgl Q811D0 3.09 3 28.14 18
Disks large homolog
. Dlg4 Q62108 10.36 7 25.18 24
Dihydrolipoyllysine-
residue
succinyltransferase
component of 2- Q9D2G
Dlst 13.00 6 19.16 5
oxoglutarate 2
dehydrogenase
complex,
mitochondrial
DnaJ homolog
. ) Q9QYJ
subfamily A member Dnaja2 0 9.22 4 16.59 6
2
Dynamin-1-like Q8K1M
. Dnm1l 26.55 16 4.14 2
protein 6
Cytoplasmic dynein 1 Q9JHU
yiop -y Dynclhl 5.84 27 32.35 13
heavy chain 1 4
Elongation factor 2 Eef2 P58252 2.80 2 29.95 14
EF-hand domain- QoD8Y
o . Efhd2 / / 11.59 38
containing protein D2 0
Eukaryotic translation
S L Q9QzD
initiation factor 3 Eif3i 9 18.77 6 4.10 18
subunit |
Eukaryotic initiation .
Eif4a2 P10630 13.02 5 27.74 6
factor 4A-11
Eukaryotic initiation . Q91vC
Eif4a3 / / 7.64 8
factor 4A-111 3
Echinoderm Q8VvCo
. EmI3 9.36 7 11.58 6
microtubule- 3
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associated protein-

like 3
Band 4.1-like protein QIWV9
Epb4113 11.73 9 20.00 9
3 2
EPM2A-interacting ] Q8VEH
. Epm2aipl 5.12 3 32.16 18
protein 1 5
ERC protein 2 Erc2 Q6PHO08 19.54 22 29.25 13
. . Q8BFZ
Erlin-2 Erlin2 9 10.59 3 9.81 10
Ermin Ermn Q5EBJ4 14.23 4 3.17 5
Electron transfer
flavoprotein subunit Etfa Q99LC5 28.53 7 14.18 6
alpha, mitochondrial
Ezrin Ezr P26040 16.38 10 17.97 9
Phenylalanine--tRNA QIwWU
Farsb 9.17 5 5.97 14
ligase beta subunit A2
Fatty acid synthase Fasn P19096 / / 21.31 40
Fragile X mental
retardation protein 1 Fmrl P35922 6.84 4 30.90 17
homolog
Fascin Fscnl Q61553 23.53 13 30.00 31
Fragile X mental
retardation syndrome- Fxrl Q61584 3.99 3 17.60 26
related protein 1
Ras GTPase-
activating protein- G3bpl P97855 34.19 13 17.93 9
binding protein 1
Ras GTPase-
activating protein- G3bp2 P97379 19.50 9 16.73 10
binding protein 2
Rab GDP dissociation .
S Gdi2 Q61598 20.90 9 26.09 14
inhibitor beta
Glyoxalase domain- Q9CPV
. . Glod4 15.44 4 13.70 4
containing protein 4 4
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GMP synthase

. Q3THK
[glutamine- Gmps . 9.52 6 22.79 7
hydrolyzing]
Glycerol-3-phosphate
dehydrogenase 1-like Gpd1l Q3ULJO 18.52 6 21.66 7
protein
. Q8BUV
Gephyrin Gphn 3 7.15 5 11.31 8
Hyaluronan and
) Q80WM
proteoglycan link Hapln4 A 9.00 3 3.35 6
protein 4
Potassium/sodium
hyperpolarization-
activated cyclic Henl 088704 11.21 8 14.34 4
nucleotide-gated
channel 1
Heterogeneous
Q8BGO
nuclear Hnrnpa3 . 12.14 4 27.31 5
ribonucleoprotein A3
Heterogeneous
nuclear
) . Hnrnpab | Q99020 12.98 3 19.75 5
ribonucleoprotein
A/B
Heterogeneous
nuclear Hnrnpk P61979 / / 5.16 5
ribonucleoprotein K
Heterogeneous
nuclear Hnrnpm | Q9DOE1 16.32 11 7.59 3
ribonucleoprotein M
Heterogeneous
Q8VEK
nuclear Hnrnpu 3 10.50 8 25.81 15
ribonucleoprotein U
Homer protein
Homerl | Q9Z2Y3 18.58 6 3.69 5

homolog 1
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3-hydroxyacyl-CoA

Hsd17b10 | 008756 11.11 2
dehydrogenase type-2
Isocitrate
dehydrogenase Idhl 088844 11.59 5
[NADP] cytoplasmic
1Q motif and SEC7
domain-containing lgsec3 Q3TESO 6.03 7
protein 3
Integral membrane Q91VK
] Itm2c 12.27 2
protein 2C 4
Kinesin-1 heavy )
. Kif5h Q61768 / /
chain
Kinesin heavy chain .
. Kif5c P28738 13.49 12
isoform 5C
Importin subunit beta-
1 Kpnbl P70168 / /
LanC-like protein 2 Lancl2 Q9JJK2 11.11 4
Protein lin-7 homolog )
Lin7c 088952 / /
C
Protein LSM12 Q9DOR
Lsm12 15.90 3
homolog 8
Mitogen-activated
protein kinase kinase Map3k5 035099 22.68 35
kinase 5
Microtubule-
) ) Map6 Q7TSJ2 44.04 28
associated protein 6
Mitogen-activated
o Mapk1 P63085 18.99 7
protein kinase 1
Mitogen-activated
o Mapk3 Q63844 19.21 7
protein kinase 3
Myeloid leukemia Q99KX
Mif2 11.74 3
factor 2 1
Cytochrome ¢ oxidase
Mtco2 P00405 18.94 4

subunit 2

96



Myosin-10 Myh10 Q61879 20.85 42
Myosin light
. Myl6 Q60605 21.85 3
polypeptide 6
Unconventional
. Myob5a Q99104 9.61 17
myosin-Va
Alpha-soluble NSF Q9DBO
) Napa 18.31 6
attachment protein 5
Neurocan core protein Ncan P55066 / /
Nck-associated
. Nckapl P28660 7.71 9
protein 1
NADH
dehydrogenase
o Q7TMF
[ubiquinone] 1 alpha Ndufal2 3 25.52 4
subcomplex subunit
12
NADH
dehydrogenase
o Q9ERS
[ubiquinone] 1 alpha Ndufal3 ) 22.22 3
subcomplex subunit
13
NADH
dehydrogenase
o Ndufa? Q9Z1P6 38.94 4
[ubiquinone] 1 alpha
subcomplex subunit 7
NADH
dehydrogenase
. y J Q9DC6
[ubiquinone] 1 alpha Ndufa9 9 / /
subcomplex subunit
9, mitochondrial
NADH
dehydrogenase 9CQC
. y J Ndufb4 Q9CQ 27.13 4
[ubiquinone] 1 beta 7

subcomplex subunit 4
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NADH

dehydrogenase
T ) Q91WD
[ubiquinone] iron- Ndufs2 . 15.12 7
sulfur protein 2,
mitochondrial
NADH
dehydrogenase
[ubiquinone] Ndufv2 Q9D6J6 20.56 3
flavoprotein 2,
mitochondrial
Adaptin ear-binding
. QICR9
coat-associated Necapl . / /
protein 1
Neogenin Neol P97798 18.35 22
Neurofascin Nfasc Q810U3 8.23 11
Cysteine desulfurase,
) . Nfsl Q97133 10.46 4
mitochondrial
Nuclear receptor-
o ) Nrbpl Q99J45 10.47 6
binding protein
Neuronal cell
) Nrcam Q810U4 / /
adhesion molecule
2-oxoglutarate
dehydrogenase, Ogdh Q60597 / /
mitochondrial
Dynamin-like 120
kDa protein, Opal P58281 / /
mitochondrial
Ubiquitin thioesterase
Otubl Q7TQI3 19.93 5
OTuB1
Oxidation resistance Q4KM
) Oxrl 6.24 5
protein 1 M3
Polyadenylate-
Pabpcl P29341 29.09 21

binding protein 1
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Phosphofurin acidic

cluster sorting protein Pacsl Q8K212 42.66 39
1
Platelet-activating
factor acetylhydrolase | Pafahlbl | P63005 17.80 7
IB subunit alpha
Multifunctional . Q9DCL
. Paics 10.12 5
protein ADE2 9
Pyruvate carboxylase,
) . Pc Q05920 8.49 9
mitochondrial
Propionyl-CoA
carboxylase alpha Pcca Q91ZA3 6.63 4
chain, mitochondrial
- Q9QYX
Protein piccolo Pclo ; 5.84 25
Pyruvate
dehydrogenase 8BKZ
. verog Pdhx Q 8.18 4
protein X component, 9
mitochondrial
Pyridoxal kinase Pdxk Q8K183 / /
Pyridoxal phosphate
Pdxp P60487 20.89 5
phosphatase
Profilin-1 Pfnl P62962 42.14 4
Glucose 1,6- Q8CAA
) Pgm2I1 14.98 8
bisphosphate synthase 7
Plastin-3 Pls3 Q99K51 7.94 4
Liprin-alpha-2 Ppfia2 Q8BSS9 5.57 6
Liprin-alpha-3 Ppfia3 P60469 8.96 9
Protein phosphatase 1 Q3UM4
. Ppplr7 14.96 6
regulatory subunit 7 5
Serine/threonine-
) Q76MZ
protein phosphatase Ppp2rla 3 / /

2A 65 kDa regulatory
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subunit A alpha
isoform

Serine/threonine-

protein phosphatase

2A 55 kDa regulatory Ppp2r2a | Q6P1F6 10.74 4
subunit B alpha
isoform
Serine/threonine-
protein phosphatase
. . Ppp3ca P63328 22.07 12
2B catalytic subunit
alpha isoform
cAMP-dependent
protein Kinase type I1-
Prkar2a P12367 10.72 4
alpha regulatory
subunit
Protein arginine N-
Prmtl Q9JIFO 37.47 15
methyltransferase 1
Protein arginine N- Q6PAK
Prmt8 29.95 14
methyltransferase 8 3
Proteasome subunit
Psma4 Q9R1PO / /
alpha type-4
26S protease
. Psmc5 P62196 / /
regulatory subunit 8
26S proteasome non-
ATPase regulatory Psmd3 P14685 5.66 3
subunit 3
Tyrosine-protein
phosphatase non- Ptpnll P35235 9.27 5
receptor type 11
Receptor-type
-p yp- B9EKR
tyrosine-protein Ptprzl 1 / /
phosphatase zeta
Glutaminyl-peptide 9CYK
yipep Qpct Q 9.39 3
cyclotransferase 2
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Ras-related protein

RablA P62821 48.78 9 /
Rab-1A
Ras-related protein
Rab7a P51150 28.50 5 /
Rab-7a
Rap guanine
Pe QIEQZ
nucleotide exchange Rapgef4 5 / / /
factor 4
RNA binding motif
) ] Q91VM
protein, X-linked- RbmxI1 . 19.33 7 /
like-1
Rho-associated
o Rock?2 P70336 4.61 6 /
protein kinase 2
Rabphilin-3A Rph3a P47708 52.57 36 /
60S ribosomal protein
Rpl12 P35979 28.48 4 /
L12
60S ribosomal protein
Rpl23 P62830 27.14 3 /
L23
60S ribosomal protein
Rpl6 P47911 9.12 3 /
L6
Dolichyl-
diphosphooligosaccha
p _IO g | Q01YQ
ride--protein Rpni . 12.17 6 /
glycosyltransferase
subunit 1
40S ribosomal protein
Rps3 P62908 20.58 4 13.55
S3
Reticulon-4 Rtn4 Q99P72 11.79 12 8.11
UPF0568 protein Q9CQE
RTRAF 20.08 5 21.05
C140rf166 homolog 8
Septin-6 Sept6 Q9R1T4 34.33 14 9.09
. Q80UG
Septin-9 Sept9 . / / 11.52
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Plasminogen activator

i Q9CY5
inhibitor 1 RNA- Serbpl g 9.83 3 6.86 3
binding protein
Leukocyte elastase )
o Serpinbla | Q9D154 14.25 5 17.24 5
inhibitor A
Serpin B6 Serpinb6 | Q60854 12.96 5 11.99 5
Splicing factor 3A
. Sf3al Q8K4Z5 / / 24.67 16
subunit 1
Splicing factor 3A
] Sf3a2 Q62203 9.68 5 22.02 6
subunit 2
SH3 and multiple
. Q4ACU
ankyrin repeat Shank3 5 2.14 3 11.54 11
domains protein 3
Tyrosine-protein
phosphatase non- ]
Sirpa P97797 12.09 4 11.16 2
receptor type
substrate 1
) ) ) A2AQ2
Sickle tail protein Skt . 11.66 21 19.76 4
Solute carrier family
Slc12a2 P55012 / / 18.18 5
12 member 2
Calcium-binding
] ) _ Q8BH5
mitochondrial carrier | Slc25a12 9 / / 16.00 4
protein Aralarl
Clathrin coat
assembly protein Snap9l Q61548 8.99 7 17.49 5
AP180
_ Q6NZL
Protein SOGA3 Soga3 0 5.19 4 9.48 10
SRC kinase signalin 9QWI
9 J Srcinl Q9Q 35.60 42 33.75 7
inhibitor 1 6
Serine-threonine
kinase receptor- Strap Q97172 7.14 2 7.54 3

associated protein
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Succinyl-CoA ligase
[GDP-forming]

) Suclg2 Q97218 11.55 4 2.64 6
subunit beta,
mitochondrial
Synapsin-3 Syn3 Q8JzP2 28.32 12 18.79 9
Ras/Rap GTPase-
activating protein Syngapl | F6SEU4 11.64 13 3.42 3
SynGAP
o . Q8CHC
Synaptojanin-1 Synjl A 19.00 30 12.25 12
Transaldolase Taldol Q93092 31.75 11 12.20 5
Tubulin-folding
Thcb QID1E6 / / 3.71 5
cofactor B
Nucleolysin TIAR Tiall P70318 15.05 7 3.66 4
Mitochondrial import
inner membrane
. Timm50 | Q9D880 9.35 3 4.47 4
translocase subunit
TIM50
Tropomyosin alpha-1
) Tpml P58771 / / 27.20 8
chain
Tropomyosin alpha-3
. Tpm3 p21107 / / 18.78 4
chain
Nucleoprotein TPR Tpr F6ZDS4 5.80 12 12.50 4
TSC22 domain family
) Tsc22d1 P62500 3.90 4 7.91 9
protein 1
Translin Tsn Q62348 / / 2.03 4
) Q8QzY
Tetraspanin-14 Tspanl4 6 10.74 3 11.32 5
] F7BWT
Tetraspanin-15 Tspanl5 ; 22.79 7 11.71 7
Tetraspanin-7 Tspan7 Q62283 / / 6.97 7
Ubiquitin carboxyl-
Usp5 P56399 4.90 3 4.55 3

terminal hydrolase 5
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Vesicle-associated
. QIWV5
membrane protein- Vapa . 11.24 2 24.86 13
associated protein A
Vesicle-associated
. Q9QY7
membrane protein- Vapb 5 19.75 4 13.91 7
associated protein B
Vinculin Vel Q64727 8.26 8 13.18 6
Wiskott-Aldrich
syndrome protein Wasf3 Q8VHI6 6.59 3 12.85 3
family member 3
WD repeat-containing Q8CBE
) Wdr37 28.63 15 13.16 3
protein 37 3
WD repeat-containing
) wdr7 Q92019 3.02 4 27.82 9
protein 7
Serine/threonine-
o Wnk1 P83741 9.63 22 26.67 9
protein kinase WNK1
Serine/threonine- Q3UH6
o Wnk2 26.24 50 12.30 3
protein kinase WNK2 6
Zinc finger C2HC
domain-containing Zc2hcla | Q8BJH1 1451 4 23.48 4
protein 1A

Table 2.2.1 Table of the identified ADAM10 putative interactors in WT and zQ175 mice. Protein
name, gene name, Uniprot code, sequence coverage, and peptides are reported for each protein.
In the brackets, the number of peptides overcoming Mascot significant statistical threshold is also
reported. The symbol / means that a specific protein was not identified in that condition.
Both lists were then filtered according to the Contaminant Repository for Affinity
Purification database (CRAPome), a web-accessible resource that stores and
annotates negative control experiments generated by the proteomics research
community®. Considering non-specific contaminant proteins frequently
occurring in at least 50% of the experiments collected by the database, we
excluded 25 proteins, thus obtaining a final list of 197 putative ADAMI10’s

interactors: 91 shared among the two conditions, the 68 and 38 proteins found
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exclusively in the wild-type or HD brain, respectively.

By analyzing ADAM10 WT and MUT interactomes by Cytoscape, the pools of
shared and specific interactors were obtained and reported in Fig. 2.2.4, where in
blue, “Glutamatergic synapse”-related proteins are highlighted.
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Fig. 2.2.4 Cytoscape network representing putative ADAMI10 interactors. Nodes
(proteins) identified selectively in wild-type (ADAM10WT) and zQ175 (ADAM10
MUT), and interactors identified in both the wild-type and zQ175 striatum are shown.
Genes associated according to Gene Ontology enrichment analysis with ‘Glutamatergic
synapse’-related proteins are highlighted in blue.

Next, we analyzed proteomics data by a Gene Ontology enrichment functional
analysis. By interrogating the Cellular Component domain and imposing the
thresholds P < 0.01 and enrichment > 2, 38 enriched ontology categories were
found for the wild-type and 34 for the zQ175 system. Fig 3.2.5 displays the top-
12 categories (ranked by P-value); as expected, most of them were shared between
the two conditions, with similar enrichment and P-values. Notably, this holds true
for the top-three terms: glutamatergic synapse, post-synaptic density (PSD), and
presynaptic active zone (AZ). The latter category suggests for the first time an

ADAM10 localization and biological activity at the level of pre-synapsis, never
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described before.

Gene Ontology Enrichment Analysis
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Fig. 2.2.5 Gene Ontology enrichment analysis of the ADAM10 interactome in wild-type
(green) or zQ175 (purple). The plot depicts the top-12 terms for each condition (ranked
by their P-value); the x-axis reports the enrichment folds and the y-axis the significance
(as -log10 P values), whereas the size of each dot is proportional to the number of genes
assigned to the category.

The ADAM10 distribution between pre- and post-synapsis was then investigated
by immunaoblotting of separated fractions and by using synaptophysin and PSD95
as pre- and post-synaptic markers, respectively. As shown in Fig. 2.2.6, ADAM10
is present in both synaptic compartments, and its levels in R6/2 is always higher

than that estimated for wild-type littermates.

SYN PSD pre-SYN
kDa wt R6/2 wt R62 wt R6R

o [ ) [== g [ ] - r0am10

37 - |- | | |- - synaptophysin
100- | gy | (. o | | | PsD-95

Fig. 2.2.6 Western blot for m-ADAM10 on PSDs and PRE-SYN from a pool of three
cortices from 12-week-old wild-type and R6/2 mice. Synaptophysin, PRE-SYN marker.
PSD95, PSD marker.
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2.2.3.2 Active ADAM10 and the presynaptic protein Piccolo form a
complex that is altered in the HD brain

To validate the predicted interactions of ADAM10 with proteins at the AZ, we
performed co-immunoprecipitation experiments in cortices from wild-type and
R6/2 mice, another certified model for HD. We focused on Piccolo, because of its
recognized role in the structural and functional assembly of presynaptic AZ, in
guiding synaptic vesicles (SVs) from the backfield of the synapse to the AZ for
release, and in the recycling and maintenance of SVs'®2°, We found that the active
form of ADAM10 co-immunoprecipitated with Piccolo in total protein lysates
prepared from the wild-type mouse cortex, as showed in the western blot assay

reported in Fig. 2.2.7.

WT R6/2
kDa Input IP PC Input IP PC
= o — IP Piccolo
350 - BLOT.: Piccolo
o= - - ~ e BLOT: m-ADAM10
1.0 047 m-ADAM10 / piccolo

Fig. 2.2.7 Co-IP experiments for the ADAM10/Piccolo complex in cortical protein lysates
from a pool wild-type and R6/2 mice, respectively.

Interestingly, western blot assay showed that the amount of ADAM10 co-
immunoprecipitated with Piccolo was largely lower in the R6/2 than in wt mice
cortices. Indeed, although ADAM10 is overexpressed in HD brains, estimating an
increase of approximately about 60%° (Fig. 2.2.8, panel A and panel B), the quote
interacting with Piccolo was decreased about 50% in the cortices of symptomatic
R6/2 mice (Fig. 2.2.7).
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Fig. 2.2.8 Representative Western blot and quantification of m-ADAM10 in cortices from
12-week-old wild-type (n =3) and R6/2 mice (n = 3). a-Tubulin was the loading control.
Data are presented as mean = SEM; *p < 0.05, unpaired t-test.

To exclude the possibility that the observed changes in interaction abundance
were due to changes in the Piccolo protein level in HD, we performed Western
blot for Piccolo in 3 biological replicates for wt and R6/2 transgenic mice. A
shown in Fig. 2.2.9, protein levels of Piccolo were similar between all genotypes

and replicates.
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Fig. 2.2.9 Representative Western blot and quantification of Piccolo in cortices from 12-
week-old wild-type (n = 3) and R6/2 mice (n = 3). RNA polymerase Il was the loading
control. Data are presented as mean + SEM.

As already mentioned, Piccolo exerts multiple functions at the AZ at the level of
endosome formation and the maintenance of the SV reserve pool®. Piccolo also
regulates the translocation of SVs from the reserve to the readily releasable pool?
and safeguards a fraction of them for delayed action potential-induced release.
This enables the synapse to sustain high-frequency synaptic transmission over
long periods?.
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We used transmission electron microscopy (TEM) to test SV density and
distribution in WT, R6/2, and R6/2-ADAM10cKO cortical neurons. TEM
analyses revealed a reduction in vesicle density in R6/2 cortical presynaptic
boutons compared to the wild-type mice with similar synaptic area, active zone
(AZ) length, and vesicle diameter (Fig. 2.2.10, panel A). Next, we compared the
cumulative % of SV distribution 0 to 500 nm from the AZ in the wild-type and
R6/2 presynaptic terminal. SVs whose centers were located within 25 nm from
the presynaptic membrane (the whole vesicle is contained within 50 nm) were
considered docked, whereas the non-docked SVs were classified as reserve
(vesicle centers located 50-300 nm from membrane) or resting (vesicle centers
located > 300 nm from membrane) pools? (Fig. 2.2.10, panel B).

o
A‘_v § ¥of ’ - ", 5
R6/2 - A10cKO =

Fig 2.2.10 (A) Representative TEM images from wild-type, R6/2, and R6/2-A10cKO
cortical synapses. Scale bar: 100 nm. (B) Diagram showing synaptic vesicle classification
based on distance from the presynaptic membrane.

In R6/2 mice, the cumulative SV distribution had a markedly disturbed profile,
with a significant reduction in the cumulative % of SVs located within 50 nm
(docked vesicles) and between 50-300 nm from the AZ (reserve vesicles). In R6/2
KO (Fig. 2.2.10, panel B), a rescue of the physiological profile has been restored,
confirming that the unbalance of ADAM10 and Piccolo interaction induces a

perturbation in vesicles density and distribution at pre-synapsis.
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2.2.4 Conclusions

Altogether these data have revealed that ADAM10 is involved in presynaptic
functions, specifically in the regulation of SV dynamics at the AZ. We also
demonstrated the presence of morphological presynaptic defects, particularly an
altered distribution of SVs at the AZ, in the HD mice in vivo. Mutant HTT reduces
the density of SVs in the reserve and docked pools, and we showed that, despite
the presence of increased m-ADAM10, the formation of m-ADAMZ10/Piccolo
complex is reduced in HD. We also demonstrated that the observed presynaptic
defects in the HD cortex correlate with reduced formation of the m-
ADAM10/Piccolo complex. These findings indicate that ADAM10 and Piccolo
at the presynapse can be a relevant component of HD pathogenesis and reinforces
the role of the cortex and the presynaptic compartment in HD, which have to be
considered in future therapies. This study suggests a novel aspect of ADAM10
biology and creates a paradigm for future investigation of the ADAM10
physiological role at the presynaptic terminal. Additional studies are also needed
to understand the contribution of presynaptic and postsynaptic ADAM10 to HD
cortico-striatal dysfunction. Hyperactive ADAM10 in the postsynaptic terminal
causes excessive proteolysis of the synaptic cell adhesion protein N-cadherin.
Notably, postsynaptic N-cadherin proteolysis has been proposed to influence SV
dynamics and release from the presynaptic terminal?+?52.2’ Targeting ADAM10
selectively in the presynaptic or postsynaptic terminal will help elucidate the
relevance of the action of the enzyme in the two synaptic compartments and could
reveal which site of the HD cortico-striatal synapse could be the primary target
for future ADAM10-modulating therapies.

The results discussed in this chapter (including figures and tables) have been
published in the following article: Cozzolino, F.; Vezzoli, E.; Cheroni, C.;

Besusso, D.; Conforti, P.; Valenza, M.; lacobucci, I.; Monaco, V.; Birolini, G.;
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Bombaci, M.; Falqui, A.; Saftig, P.; Rossi, R. L.; Monti, M.; Cattaneo, E.;
Zuccato, C. ADAM10 Hyperactivation Acts on Piccolo to Deplete Synaptic

Vesicle Stores in Huntington’s Disease. Hum Mol Genet 2021.

https://doi.org/10.1093/hmg/ddab047.
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2.3 Mapping of OPN-ICOSL interacting regions

2.3.1 Introduction

ICOSL (B7-H2, CD275) belongs to the B7 family and regulates the immune
response by delivering costimulatory signals through ICQOS, a surface receptor
mainly expressed by activated T cells*?3, ICOSL is constitutively expressed by
antigen-presenting cells (APCs) as well as some non-lymphoid cells, including
several tumor cell types*S. The expression of ICOSL in non-lymphoid tissues,
such as the brain, lungs, heart, kidney, liver, and gut, suggests that it regulates the
activation of antigen-experienced effector/memory T cells. However, ICOSL is
expressed at high levels in T helper follicular (TFH) cells, and 1COS deficiency
has been associated with the defective formation of lymphoid follicles in mice and

the development of common variable immunodeficiency in humans®.

The main known function of ICOSL is triggering ICOS, which serves as a
costimulatory molecule for T cells and supports cytokine-driven polarization of T
helper (Th) cells. Conversely, when ICOS binds, ICOSL triggers “reverse
signaling” into the ICOSL expressing cell. In particular, following the interaction
between ICOSL and a recombinant soluble form of ICOS (ICOS-Fc),
adhesiveness and migration of human umbilical vein endothelial cells (HUVECS)
and several tumor cell lines were inhibited, as well as the development of lung
metastases in the B16 melanoma model”®. Other effects of ICOSL triggering have
been detected in dendritic cells (DC), whose treatment with ICOS-Fc not only
impairs cell migration and adhesion but also modulates cytokine secretion and

antigen cross-presentation in class I MHC molecules®01%,

Osteopontin (OPN) is a phosphoprotein secreted by several cell types, such as
macrophages, DC, and Th cells; it can function both as a matricellular protein and

a cytokine mediating several biological functions. These include migration,
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adhesion, activation of inflammatory cells, and modulation of T cell activation
supporting differentiation of proinflammatory type 1 (Th1) and type 17 (Th17) Th
cellst?. 1t is highly expressed and secreted in several types of tumors, promoting
invasion and metastatic dissemination®. Importantly, current research indicates
that OPN inhibition would be a good therapeutic approach to counteract metastatic
diseases. In preclinical models, knocking down OPN by RNAI, aptamers, or
antibodies lead to promising results in cancer containment. Due to its autocrine
and paracrine activities, OPN appears to be a crucial mediator of cellular cross-

talk and an influential factor in the tumor microenvironment.

OPN’s pleiotropic activities are partly due to its capacity to interact with multiple
ligands, including several cell surface receptors, namely several integrins and
CD44, calcium, and heparin. OPN’s biological functions are also influenced by
post-translational modifications, such as phosphorylation, glycosylation, and

protein cleavage mediated by thrombin and metalloproteinases®“.

OPN is an intrinsically disordered protein (IDP), and this feature confers to OPN
the ability to adopt different functional structures by folding upon binding and to
interact with multiple binding partners®®. Thrombin cleaves OPN in the middle of
the molecule, near to an RGD motif, and generates two fragments with slightly

different functional activities®2.

Recent findings depict a functional network between ICOS, ICOSL, and OPN.
Firstly, all these molecules support Th17 cell responses. Moreover, they are
involved in cell migration tuning since it is activated by OPN and inhibited by
ICOS-mediated 1COSL triggering?®. Finally, they are involved in bone
metabolism since OPN is a key bone component produced by osteoblasts, whereas
ICOS-mediated triggering of ICOSL expressed by osteoclasts (OC) inhibits OC
differentiation from monocytes and bone resorption activity of mature OC in vitro,

and the development of osteoporosis in vivoe.
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A prior study showed that HUVECs treatment with 1COS-Fc inhibits ERK
phosphorylation induced by OPN, but not that induced by ATP8. In a more recent
work, it has been reported that ICOS-Fc inhibits HUVEC tubulogenesis induced
by OPN, but not that induced by VEGFa.

The structural and functional crosstalk between ICOS/ICOSL and OPN was
further in vitro and in vivo investigated in collaboration with the research group
of the Professor Annalisa Chiocchetti of the Department of Health Sciences of the
University of “Piemonte Orientale”. In detail, I have dealt with conformational
studies to define the interacting regions between OPN and ICOSL by employing
an experimental strategy that relied on limited proteolysis and crosslinking

reagents.

2.3.2 Experimental methods

2.3.2.1 ELISA-based interaction assay

OPN (60 nM) (Bio-techne) in PBS was used to coat Nunc MaxiSorp™ flat-bottom
plates (Life Technologies, Carlsbad, California, USA) overnight at 4°C. After one
wash with PBS + 0.25% Triton X-100 (Merck, Darmstadt, Germany), 3% of
Bovine Serum Albumin ((BSA) Merck) in PBS + 0.05% Tween-20 (Merck) was
added for 1h at 25°C. After three washes, the plate was incubated with titrated
amounts (from 60 nM to 1.8 nM) of ICOSL-Fc (Bio-techne system) in PBS +
0.05% Tween-20 for 1 h at 25°C with or without 60nM of 1ICOS-Fc (competition
assay). After washing, ICOSL-Fc binding to OPN was evaluated using HRP
conjugated anti-human 1gG1 antibodies (1:4000) (Dako, Santa Clara, California,
USA) in PBS + 0.05% Tween-20 for 1h at 25°C, followed by washing and
addition of the TMB substrate (Merck). The reaction was stopped after 2 min with
H>S04 2M (Merck), and absorbance was assessed at 450 nm using a Victor-X1
plate reader (PerkinElmer, Waltham, Massachusetts, USA).
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For the inverted ELISA, 60 nM of ICOSL-His in PBS was used to coat the ELISA
plates, and titrated amounts of OPN (from 60 nM to 1.8 nM) were incubated in
the wells to assess binding. After washing, the bound OPN was revealed using
polyclonal anti-OPN antibodies Biotinylated (Bio-techne) with an incubation of
2h at 25°C; after three washes Streptavidin-HRP (Bio-techne) was added for 20
min at 25°C; the signal was developed following the above protocols.

In other experiments, 60 nM of OPN-GST or home-made OPN-FL were used to
compare the interaction between commercial OPN and the others, and 60 nM of
OPN-N terminal and OPN-C terminal respectively were used to map the

interaction site of ICOSL-OPN following the below protocol.

2.3.2.2 Limited Proteolysis experiments

Limited Proteolysis experiments were carried out on commercial recombinant
His-tagged Osteopontin (OPN), produced by R&D (Minneapolis, Minnesota, US)
in a mouse myeloma cell line, containing the physiological post-translational
modifications but lacking 15 aa of exon 5, on ICOSL-Fc provided by R&D
(Minneapolis, Minnesota, US) and on OPN/ICOSL-Fc. The three samples were
treated with trypsin and chymotrypsin (Sigma-Aldrich) in phosphate Dulbecco's
buffer (pH=7.4), following set-up experiments to optimize enzyme:substrate (E:S)
ratios for each protein. For both proteases, the E:S ratio was 1:5000 for both
isolated OPN and OPN/ICOSL-Fc complex and 1:100 for isolated ICOSL- Fc. In
the complex analysis, OPN and ICOSL-Fc were pre-incubated with a 2:1 molar
ratio for 1h at room temperature before starting the proteolysis experiment to
allow complex formation. Enzymatic digestions were run for 30 min, after which
2% TFA was added to halt the reaction. The proteolysis mixtures were resolved
on a 15% acrylamide SDS-PAGE gel, and differential bands were cut and
subjected to in situ hydrolysis with trypsin. Tryptic peptide mixtures were
analyzed both by 4800 MALDI TOF/TOF Analyzer (Sciex, Framingham,
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Massachusetts, USA) and by nanoLC-MS/MS using a Proxeon-nanoEasy I1-LTQ
Orbitrap XL (Thermo Fisher Scientific). In this latter, peptide fractionation was
performed on a C18 capillary reverse-phase column (200 mm, 75 um, 5 um)
working at 250 nl/min flow rate, using a step gradient of eluent B (0.2% formic
acid, 95% acetonitrile LC-MS Grade) from 10% to 60% over 69 min and 60% to
95% over 3 min. Mass spectrometric analyses were performed using data-
dependent acquisition (DDA) mode over the 400 to 1800 m/z range, followed by
acquisition in MS/MS mode of the five most abundant ions present in each MS
scan. Peptides were identified using MASCOT software (Matrix Science Boston,

USA) searching in a database containing only OPN and ICOSL-Fc sequences.

2.3.2.3 Cross-linking experiments

In-house purified GST-OPN (OPNa accession number NP_001035157.1) and
His-tagged ICOSL (Biotechne, Minneapolis, Minnesota, US) were pre-incubated
at 2:1 molar ratio for 1h at room temperature, as described above, and once the
complex was formed the DTSSP cross-linker (3,3'- dithiobis (sulfosuccinimidyl
propionate, Life technologies, Carlsbad, California, USA) was added in a molar
excess of 1:50 and incubated for 30 min at 4°C. The reaction mixtures were loaded
onto 8% non reducing SDS-PAGE gel. Bands corresponding to isolated proteins
and to the complex were excised from the gel and subjected to in situ hydrolysis
with trypsin, skipping the reduction and alkylation steps so as to preserve DTSSP
disulfide integrity. Peptide mixtures were analyzed by MALDI-MS and by
nanoLC-MS/MS, as described above. Peptide identification was carried out both
manually and using software such as MASCOT and Batch-Tag, MS-Bridge, and
MS-Product tools within the Protein Prospector package. An aliquot of each
peptide mixture was reduced in 20mM dithiothreitol for 2h at 37°C and then
alkylated with 55mM of iodoacetamide for 30 min in the dark at r.t.; the mixtures
thus obtained were analyzed by MALDI-MS and nanoLC-MS/MS, as described

above.
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2.3.3 Results and Discussion

2.3.3.1 Conformational analysis of the OPN/ICOSL complex by limited
proteolysis

Limited proteolysis and chemical cross-linking experiments were employed for
conformational studies to map the interacting regions of OPN and ICOSL. Limited
proteolysis experiments were run in parallel both on isolated and complexed
proteins; the best experimental conditions were set up to limit the number of
hydrolytic events on each protein. In these conditions, only the most exposed and
flexible regions of OPN and ICOSL were hydrolyzed: by comparing proteolytic
patterns of isolated proteins with those obtained for the complex, the interacting
regions can be recognized as those exposed to proteolysis in the isolated proteins
and hidden in the complex. In set-up experiments carried out to optimize
hydrolysis conditions, OPN demonstrated to be more susceptible to hydrolysis
than ICOSL-Fc; indeed, the enzyme vs. substrate ratio (E:S) need for controlling
the proteolysis was 50 times lower for OPN than for ICOSL-Fc. These data
demonstrated that OPN has greater flexibility and less compact structure than
ICOSL-Fc, according to the intrinsically disordered nature of OPNY. This
extremely different structural degree between the two proteins made hard the
setting of common experimental conditions to probe both conformations
contemporarily. Therefore, to better address and control proteases activity, the
experiments were performed on the complex using the lower E:S ratio, thus giving
priority to the conformational analysis of OPN rather than ICOSL-Fc, whose
properly digestion would require more protease. Trypsin and chymotrypsin were
chosen as proteolytic probes. Once hydrolyzed, samples of complex and of

isolated proteins were fractionated by SDS-PAGE.

As shown in panel A of Fig. 2.3.1, some differences among the digestion profiles

of isolated proteins and complex were highlighted in the SDS-PAGE gel. As
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expected, in both tryptic and chymotryptic hydrolyses of complex, a large amount
of ICOSL-Fc remained undigested. By contrast, OPN was almost completely
digested. Moreover, the proteolytic profiles of isolated OPN displayed low-
molecular-weight bands (indicated in the Figure with the numbers from 1 to 5)
that are absent in the complex lanes, suggesting that the cleavage sites that
generate them might be located in regions of OPN exposed in isolated protein but
buried upon interaction with ICOSL (Fig. 2.3.1, panel A).

Trypsin Chymotrypsin
1 2 3 4 5 6 7 8
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Fig. 2.3.1 Conformational analysis of the OPN/ICOSL complex by limited proteolysis.
(A) SDS-PAGE of the proteolytic mixture of OPN, ICOSL-Fc, and their complex, after
30 min of proteolysis with trypsin and chymotrypsin. Lane M: molecular weight markers;
lane 1: OPN (5 ug) digested with trypsin, E:S 1:5000; lane 2: OPN/ICOSL complex
digested with trypsin, E:S 1:5000; lane 3: ICOSL (5 ug) digested with trypsin, E:S 1:100;
lane 4: OPN (2 pg); lane 5: ICOSL (2 pg); lane 6: OPN (5 pg) digested with chymotrypsin,
E:S 1:5000; lane 7: OPN-ICOSL 2:1 complex digested with chymotrypsin, E:S 1:5000;
lane 8: ICOSL (5 ug) digested with chymotrypsin, E:S 1:100. (B) Sequence coverages
were obtained by tryptic mass mapping experiments performed on bands 1, 2, 3, 4, and 5,
which were discriminant among isolated proteins and complex. In bold the regions
mapped by LC-MS/MS analyses. RGD is boxed in red, and the Thrombin cleavage site in
pink.

These specific bands were analyzed using a mass mapping approach. Results
showed that the bands with electrophoretic mobility of about 25-26kDa (bands 1,
2, and 4) mapped in the middle of OPN, upstream of position 130, suggesting that
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residues close to this amino acid residue are exposed and accessible to proteases
in the isolated protein, but become hidden in the OPN/ICOSL-Fc complex (Fig.
2.3.1, panel B). Bands 3 and 5 mapped in the same OPN C-terminal portion as
bands 1, 2, and 4, but they covered a substantially shorter sequence, which
suggests that they might be generated by sub-digestion events. These data suggest
that the region of OPN interaction with ICOSL-Fc is located in the central part of
the protein near the RGD motif highlighted in pink and the physiological thrombin
cleavage site highlighted in purple. Conversely, these experiments gave no hint
concerning the ICOSL-Fc counterparts, since it was not substantially digested at
the E:S ratio used.

2.3.3.2 Conformational analysis of the OPN/ICOSL complex by cross-
linking

In order to describe in more detail the OPN-ICOSL interacting regions, additional
experiments were carried out using the bifunctional cross-linker 3,3'-
dithiobis(sulfosuccinimidyl propionate) (DTSSP). DTSSP is a lysine-lysine
specific reactive with a spacer arm 12 A in length that can be cleaved under
reducing conditions. Cross-linkers can also provide information on the tertiary
structure since they may be considered as actual chemical labels: the
presence/absence of DTSSP-mediated modification of specific lysine residue is
indicative of their exposure within isolated proteins or in the complex. The
experiments were carried out in parallel on both isolated proteins and their
complex. Then, the samples were separated by non-reducing SDS-PAGE and
stained by colloidal Coomassie (Fig. 2.1.2, panel A). In lane 2, where the complex
was loaded after reaction with DTSSP, a 100 kDa band (marked with a bracket)
with electrophoretic mobility in agreement with that expected for the GST-
OPN/ICOSL complex was present. This band was cut out and in situ digested with
trypsin in non-reducing conditions to preserve the integrity of the cross-linker
moiety.
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Fig.2.3.2 Non-reducing SDS-PAGE of DTSSP treated samples. Lane 1: GST-OPN; lane
2: complex GST-OPN-ICOSL; lane 3: ICOSL. The bracket indicates a band with the
electrophoretic mobility expected for the complex GST-OPN-ICOSL.

LC-MS/MS and MALDI-MS analyses of the peptide mixture detected the
presence of peptides derived from both OPN and ICOSL, confirming the identity
of complex and the occurrence of direct interaction between the two molecules.
However, the mass spectrometer data analysis, performed both manually and
using suitable software for cross-linked peptide identification (i.e., Batch-Tag,
MS-Bridge, and MS-Product tools within the Protein Prospector package), did not
provide direct and conclusive identification of the OPN-ICOSL cross-linking
sites. Detecting actual cross-linked peptides within digested mixtures has long
been problematic because some cross-linked peptides are too large to be detected,
their fragmentation is more complicated than usual linear peptides, and not every
protein or peptide is cross-linked in the same way*®. Therefore, we decided to
analyze data considering the reactive as a conformational probe, capable of
labeling only exposed and reactive lysine residues both on isolated proteins and
when they are bound*®. To this aim, an aliquot of each peptide sample produced
by digestion of the bands containing the cross-linked proteins was reduced,
alkylated with iodoacetamide, hydrolyzed by trypsin, and peptide mixtures
analyzed by MALDI-MS and LC-MS/MS. In the presence of modification, lysine
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residues are not recognized anymore by trypsin as a potential hydrolysis site,

becoming missing cleavages within longer peptides.

Overall comparison of MS data from oxidized and reduced samples was

informative concerning lysine exposure in OPN and ICOSL, or their complex
(Tables 2.3.1 and 2.3.2, respectively).

Peptides from the Peptides from
Lysi Peptides Peptides from complex the complex
ysine &b P P (OPN-ICOSL +
Residue | from OPN (OPN+DTSSP) (OPN-ICOSL + DTSSP)
DTSSP) REDCAM
K20 / / / /
21-35
K30 / / Exp 1682.84 /
Theor 1682.77
31-51
Exp 31-51(+1CLH20) 21-35
K35 2447.01 Exp 2639.19 Exp 1682.84 /
Theor Theor 2639.21 Theor 1682.77
2447.21
36-51
Exp 36-51
K51 1800.78 Exp 1800.80 / /
Theor Theor 1800.87
1800.87
52-77
Exp 52-77 52-77
K70 2887.33 Exp 2887.37 Exp 2887.31 /
Theor Theor 2877.42 Theor 2877.42
2877.42
52-77
Exp 52-77 52-77
K77 2887.33 Exp 2887.37 Exp 2887.31 /
Theor Theor 2877.42 Theor 2877.42
2877.42
K170 / E 162;&;260 (+1CLi2609+125LINTRA) (+3é6L?+§g:5AM)
Th’;‘;r 130475 Exp 1245.46 Exp 1314.54
) Theor 1245.53 Theor 1314.53
<172 / oo (+1CLif§+i7cSL|NTRA) (+3é6Li§é5AM)
Th)égr 139"1 75 Exp 1246.46 Exp 1314.54
) Theor 1245.53 Theor 1314.53
169-175 169-175
K173 / / (+1CLH20+1CLINTRA) (+3CL+3CAM)
Exp 1246.46 Exp 1314.54
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Theor 1245.53 Theor 1314.53
176-203
Exp 176-203 176-203
K203 3223.33 Exp 3223.38 Exp 3223.25 /
Theor Theor 3223.42 Theor 3223.42
3223.42
221-244
221|'5244 (+1CLr20) | 951 244 (41CLo) | (+1CL+1CAM)
Xp 292522 Exp 2925.13 Exp 2878.16
Theor 2925.22 : )
Theor 2925.22 Theor 2878.22
K222 /
(+§2clL_.2NiiA) 221-244 (+1CLinTra) 221-244
Exp 290724 Exp 2907.14 (+2CL+2CAM)
Theor 2907 22 Theor 2907.22 Exp 3023.18
' Theor 3023.22
223-244
(+1CL+1CAM)
Exp 2693.04
223-244 (+1CLizo) |  221-244 (+1CLkzo) Theor 2693.11
223-241 Exp 2740.08 Exp 2925.13 991-244
Exp Theor 2740.11 Theor 2925.22 (+1CL+1CAM)
K241 2176.82 Exp 2878.17
Theor 221-244 (+1CLH20) 221-244 (+1CLINTRA) Theor 287é 22
2176.91 Exp 2925.22 Exp 2907.14 '
Theor 2925.22 Theor 2907.22 291-244
(+2CL+2CAM)
Exp 3023 .18
Theor 3023.22
242-268
242-268 Exp 3175.57
Exp Theor 3175.55 245-268 (+1CLH20)
K247 3175.62 Exp 2996.27 /
Theor 245-268 (+1CLH20) Theor 2996.36
3175.55 Exp 2996.10
Theor 2996.36
242-268
Exp 3175.57
Theor 3175.55
, 249-268 (+1CL12o) 249-268 (+1CL20)
49-268 Exp 2435.95
Exp Exp 2435.99 Theor 2436.01 249-268
Theor 2436.01 ' (+1CL+1CAM)
K249 2243.92 Exp 2388.94
2;22051 245-268 (+1CLs10) 245368 (+1CLz0) Theor 2389.01
. Xp 2996.27
Exp 2996.10 Theor 2996.36
Theor 2996.36 '
249-271
(+1CLinTRA)
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Exp 2760.20
Theor 2760.22
249-271 (+1CL20) 249271 (+1CLrno)
Exp 2778.19 Exp 2778.19
Theor 2778.22 Theor 2778.22
249-268
Exp 249-271 (+2CL120) | )49 921 (+2CLono) 249-271
K268 | 224392 Exp 2970.22 Exp 297012 (+2CL+2CAM)
' Theor 2970.22 Xp 29179, Exp 2876.17
Theor ' Theor 2970.22 p 2ore.
Theor 2876.22
2244.01 249-271
249-271 (+1CLiNTRA)
(+1CLinteA) Exp 2760.12
Exp 2760.20 :
2rEz? 272-299
Exp
K290 2534.01 / / (+E2ch|_3+720%A4|;/|)
Theor .
2534.16 Theor 3703.61
pre-2z 272-299
Exp
K292 2534.01 / / (+E2xCpL3+7ZOC:ﬁlA)
Theor .
2534.16 Theor 3703.61
272-299
(+2CL+2CAM)
e / ! / Exp 3703.41
Theor 3703.61
272-299
(+2CL+2CAM)
e / / / Exp 3703.41
Theor 3703.61

Table 2.3.1 List of peptides identified by the mass mapping procedure and relative to isolated
OPN, isolated OPN + DTSSP (indicated with CL); OPN/ICOSL complex +DTSSP (indicated
with CL); OPN/ICOSL + DTSSP (indicated with CL) following reduction and alkylation
treatment (indicated with CAM). REDCAM term indicates the procedure of reduction and thiol
carbamidomethylation.

Penti Peptides from the | Peptides from the
. eptides :
Lysine from Peptides from complex complex
Residue ICOSL (ICOSL+DTSSP) | (OPN-ICOSL + (OPN-ICOSL +
DTSSP) DTSSP) REDCAM
19-23 10-
Exp 619.24 19-26(+1CLinTrA) | 19-26(+1CLiNTRA) 26(+1CL+1CAM)
Exp 1177.44 Exp 1177.44
Theor Exp 1148.47
619.28 Theor 1177.49 Theor 1177.49 Theor 1148.49
N-TERM ' '
19-26 19-26(+1CLHz0) 19-26(+1CLH20) 19-
Exp 1195.45 Exp 1195.45
Exp 1003.47 26(+2CL+2CAM)
Theor Theor 1195.49 Theor 1195.49 Exp 1293.47
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1003.49 Theor 1293.49
19-
19-26(+1CLinTrRA) | 19-26(+1CLiNTRA) 26(+1CL+1CAM)
19-26 Exp 1177.44 Exp 1177.44 Exp 1148.47
Theor 1177.49 Theor 1177.49 Theor 1148.49
K23 Exp 1003.47
1;3;3{9 19-26(+1CLizo) | 19-26(+1CLizo) 19-
' Exp 1195.45 Exp 1195.45 26(+2CL+2CAM)
Theor 1195.49 Theor 1195.49 Exp 1293.47
Theor 1293.49
45-60 45-60
45-60 Exp 1992.86 Exp 1992.83
Theor 1992.91 Theor 1992.91
K60 Exp 1992.86 /
oo 61-79 61-79
: Exp 2158.01 Exp 2158.00
Theor 2158.06 Theor 2158.06
100-110
K110 Exp 1317.61 / / /
Theor
1317.66
EX172$;413 175-194
K174 F’Theor' Exp 2307.99 / /
230712 Theor 2307.12
240-252
240-252 240- Ti)égrlfiff;"l 240-252
K241 Exp 1416.67 | 252(+1CLhz0) ' (+1CL+1CAM)
Theor Exp 1608.70 Exp 1562.66
240-252(+1CLH20)
1416.71 Theor 1608.71 Exp 1609.64 Theor 1562.71
Theor 1609.71
242-264 242-264(+1CLHz0)
(+1CLz0) Exp 2818.18
K252 "’Theor' : Exp 1470.61
262622 253-264 253-264 Theor 1470.64
Exp 1470.61
Exp 1470.61 Theor 1470.64
Theor 1470.64 '

128



Table 2.3.2 Peptides identified by the mass mapping procedure and relative to isolated ICOSL,
isolated ICOSL + DTSSP (indicated with CL); OPN/ICOSL complex +DTSSP (indicated with
CL); OPN/ICOSL + DTSSP (indicated with CL) following reduction and alkylation treatment
(indicated with CAM). REDCAM term indicates the procedure of reduction and thiol
carbamidomethylation.

Residues modified have been reported in Fig. 2.3.3 on the sequences of both
proteins.

A ISOLATED ICOSL + DTSSP B ISOLATED OPN + DTSSP

301 RIs: SAS SEVN 314

COMPLEXED ICOSL + DTSSP COMPLEXED OPN + DTSSP

PVK OADSGSSEEK QLYNKYPDAV ATWLNPDPSQ K

Fig. 2.3.3 ICOSL (B) and OPN (C) sequences with all lysine residues indicated in red and
lysine residues modified with squares and triangles in both the isolated proteins (upper
panels) and the complex (lower panels). Filled squares indicate lysine residues modified
as dead-end by DTSSP; empty squares indicate those modified as dead-ends or intra-
molecule cross-linking. Black triangles on OPN/ICOSL complex indicate lysine residues
found modified in the complex before and after the REDCAM reaction (reduction and
thiol carbamidomethylating). Gray triangles represent lysine residues found modified only
in the complex after the REDCAM reaction. Empty triangles are lysine residues found
modified only before the REDCAM reaction. RGD is boxed in green and the thrombin
cleavage site in orange

With regard to ICOSL, all expected peptides containing a lysine residue were
identified, in both isolated ICOSL and the complex, except for Kizs. This residue
was recognized by trypsin in isolated and untreated ICOSL, generating the peptide
175-194, but not in the complex. Our hypothesis was that, once modified, the
residue escaped trypsin hydrolysis and occurred within an excessively large
tryptic peptide that would be difficult to detect. This finding suggested that the
protein region including this residue might be involved in a conformational

change upon OPN binding, which made Kis4 more exposed than in the isolated
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ICOSL (Fig. 2.3.3, panel A). Concerning OPN, in both the complex and the
isolated GST-OPN, the lysine residues Kaz2, Kaa1, K249, and Kzgg were labeled with
a single dead-end molecule of DTSSP in all cases. Since these residues are equally
exposed in both isolated and complexed GST-OPN, the possibility that they are
located in regions involved in the interaction with ICOSL may be ruled out.
Moreover, peptides 221-244 and 249-271 displayed a mass increased of 174Da
(accounting for the introduction of a DTSSP moiety cross-linking two lysine
residues within the linear peptides), suggesting the occurrence of intramolecular
cross-links between Kz and K241 and between Kasg and Kaes. Therefore the two
pairs of cross-linked lysine residues are spatially close, and their side chains are
oriented appropriately to be cross-linked.

K247 was always detected in peptides including Kzag, both in the isolated protein
(242-268 and 245- 268+1CL20) and in the complex (245-268+1CLz0); although
a certain assignment of its state is not allowed, it is plausible to suppose it behaves

similarly to K1 and Kaag given its nearby location (Fig. 2.3.3, panel A).

Residues Kz, Kso, Kss, Ks1, Kzo K77, and Kzos were in no case labeled by DTSSP
within the complex, as is indicated by the occurrence of unlabeled peptides
including some of these residues (e.g., 21-35, 52-77, 176-203), nor they were
generated by a cleavage event in correspondence with a non-modified lysine (e.g.,
21-35, 52-77). These findings suggest that, in the GST-OPN/ICOSL complex as
well as in OPN alone, none of these residues is ever exposed to be modified by
the cross-linking agent. Intriguingly, Kiz, Kiz, and Kizz acted differently from
the other residues, in that they were modified by DTSSP only when OPN was
bound to ICOSL, suggesting that the region including these three residues
undergoes to a significant conformational change upon complex formation,
exposing residues whose side chains are concealed or are involved in local

interactions in the isolated protein. Interestingly, these three lysine residues are
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located next to the thrombin cleavage site (Ries-S1s9) and are thus downstream of
both the RGD motif and the potential interaction region with ICOSL, as suggested
by the limited proteolysis experiments. When the cross-linked complex was
reduced and alkylated, the peptide 272-299 was identified, suggesting that Kzgg
may not be modified by DTSSP. Moreover, this peptide, which contains three
other lysine residues (Kzeo, K292, and Kzgs), was found to be doubly modified: upon
both reduction and alkylation reactions. This finding suggests that two of these
three lysine residues are labeled within the complex. The reduced and alkylated
forms of this peptide might be generated either from inter- or from intra-molecular
cross-links, not ruling out the possible involvement of this C- terminal region in
ICOSL binding (Fig. 2.3.3, panel B).

Collectively, the limited proteolysis and cross-linking experiments suggested that
ICOSL binds both the N-term and the C-term thrombin-generated fragments of
OPN. Collectively these data suggest that, on ICOSL, the OPN binding site is
located in the IgC domain (Fig. 2.3.4, panel A), whereas within OPN, two
different binding sites for ICOSL exist. One is upstream of the RGD domain, and
the other on the C-terminal portion of the protein (Fig. 2.3.4, panel B).
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Fig. 2.3.4 Conformational analysis of the OPN/ICOSL complex. (A) Model for ICOSL
created with the SWISS-MODEL server using 4f9p.1.A (CD277/ Butyrophilin-3) as a
template. Residues buried at the interface with ICOS are blue-stained, K74 is red-stained.
(B) OPN is an intrinsically disordered protein that simultaneously exhibits extended,
random coil-like conformations and stable, cooperatively-folded conformations®. OPN
model from Dianzani et al., 2017%. RGD in red, Kizo, K172, and K7z in blue, while Kag,
K292, and Kagg are in green. The thrombin cleavage site (RS) is shown in pink.

The direct interaction between OPN and ICOSL was also validated by an ELISA-
based assay using OPN as the capture protein and evaluating the binding of titrated
amounts of soluble recombinant ICOSL-Fc. A commercial OPN produced in
mammalian cells was used to ensure the presence of the physiological post-
translational modifications. Moreover, the titration was carried out also in the
presence of ICOS-Fc, thus verifying a possible competition of OPN and ICOS on
the same interacting region on ICOSL. These experiments confirmed that ICOSL
binds OPN in a concentration-dependent manner and that ICOSL binds OPN at
different sites with respect to ICOS since they do not compete for binding (Fig.
2.3.5). This finding agrees with the results of chemical cross-linking experiments,
which suggested that the OPN binding site on ICOSL involves a region around

K174 located in the membrane-proximal IgC domain of ICOSL, whereas ICOS is
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known to bind the membrane distal to the IgV domain?.
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Fig. 2.3.5 ELISA-based interaction assay. Recombinant OPN was used as capture protein
on 96 well plates and the binding of titrated amounts of soluble recombinant ICOSL-Fc
was evaluated alone (black circle) or mixed 1:1; with ICOS-Fc (black square) or of ICOS-
Fc alone (black triangle). Data are expressed as means * standard error (n = 3 technical
replicate).

The role of OPN post-translational modifications in OPN/ICOSL binding was also
assessed by ELISA assay, using a recombinant OPN (OPN-GST) produced in
E.Coli. As shown, with both preparations, the results were similar to those
obtained using the commercial mammalian OPN-b and OPN-a (Fig. 2.3.6),
indicating that ICOSL/OPN binding is not influenced or mediated by post-

translational modifications.
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Fig. 2.3.6 ELISA-based interaction assay. The graph shows the interaction of titrated
amounts of soluble ICOSL-Fc with a fixed amount of OPN-GST, OPN isoform-a, and
OPN isoform-b coated on the plate. (black circle) shows OPN-GST, (black square) OPN-
b, and (black triangle) OPN-a. Data are expressed as means + standard error (n=3 technical
replicate).

Since the putative interaction region, shown by the limited proteolysis
experiments on OPN, is located upstream of the thrombin cleavage site (R1esS169)
and does not contain lysine residues, for the long stretch to K77, the cross-linking
experiments were uninformative for that region. However, they suggested the
possible existence of a second interaction site for ICOSL, comprising the OPN
residues Kago, Kag2, and Kags, located close to the OPN C-terminus. ELISA-based
assays using recombinant truncated forms of OPN (Fig. 2.3.7), corresponding to
N-term (aa 17-167) and C-term (aa 168-314) portions of OPN, confirmed that both
retained the capability to bind ICOSL, although to lesser extents than the full-
length molecule.
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Fig. 2.3.7 ICOSL binds both the N-term and the C-term thrombin-generated fragments of
OPN. (A) Western blot showing the OPN recombinant proteins (FL: full length, N and C-
terminal fragments) probed with the anti-His-tag antibody. (B) ELISA-based interaction
assay. The graph shows the interaction of titrated amounts of soluble ICOSL-Fc with a
fixed amount of OPN-FL, OPN N- or C-fragments coated on the plate. (black circle) shows
OPN full length, (black square) OPN-N, and (black triangle) OPN-C. Data are expressed
as means = standard error (n = 3 technical replicates).

In the light of these multiple interactions, it is worth noting that the cross-linking

experiments suggest that, upon its binding to ICOSL, the C-terminal portion of
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OPN, involving the residues Kizo, Ki7z, and Kizs, located close to the ICOSL
binding site, undergoes a conformational change, which might influence the
accessibility to integrin of the nearby RGD motif of OPN. The flexible and
dynamic structure of OPN enables it to adopt different functional structures, i.e.,
folding upon binding, while permitting it to enter into multiple interactions with
different binding partners®’. It is, therefore, possible that OPN acts as a scaffold
that can interact contemporarily with several different cell-surface receptors, and
its interaction with ICOSL might modulate this activity. This would be in line with
the hypothesis that integrins co-operate with other receptors (e.g., RTK, Tie2, and
growth hormones receptors) on the cell surface?’. However, the present findings
indicate ICOSL to be an essential component of the signaling machinery recruited
by soluble OPN, and it appears to be required for soluble OPN-induced motility
even in the presence of integrins. This requirement might be due to the mechano-
sensing nature of integrins, which require traction for full activation, making

soluble molecules poor activators?:.

2.3.4 Conclusions

To delineate the ICOSL binding sites on OPN, we performed limited proteolysis
and crosslinking experiments coupled to mass spectrometry analysis. The first
approach mapped the ICOSL binding site in the central part of OPN, upstream of
the RGD motif and the thrombin cleavage site. Furthermore, cross-linking
experiments indicate that the region downstream the RGD domain (including Ki7o,
K172, and Kiz3) becomes exposed upon ICOSL binding, which in turn indicates
that, although OPN is known to behave as an IDP in solution, it may acquire a
specific conformation in the complex with ICOSL. This conformational change
might influence the accessibility of the nearby thrombin (RiesSie9) and
(S162LAYGLR16g) MMP3/7 cleavage sites. This may be biologically relevant,
since the full-length OPN, and each fragment generated by its enzymatic

processing in inflammatory conditions, have partly distinct activities. For
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instance, full-length OPN induces both cell adhesion and migration, whereas the
N-terminal and C-terminal fragments have selective effects on cell adhesion and
cell migration, respectively. The OPN fragments generated by thrombin cleavage

also increase hepatocellular carcinoma cell invasion?,

The results discussed in this chapter (including figures and tables) have been
published in the following article: Raineri, D.; Dianzani, C.; Cappellano, G.;
Maione, F.; Baldanzi, G.; lacobucci, I.; Clemente, N.; Baldone, G.; Boggio, E.;
Gigliotti, C. L.; Boldorini, R.; Rojo, J. M.; Monti, M.; Birolo, L.; Dianzani, U.;
Chiocchetti, A. Osteopontin Binds ICOSL Promoting Tumor Metastasis. Commun
Biol 2020, 3 (1), 615. https://doi.org/10.1038/s42003-020-01333-1.
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Chapter 3 — Investigation of molecular mechanisms

In host-virus interactions

3.1 Long-chain inorganic polyphosphates bind ACE2

receptor impairing SARS-CoV-2 infection and replication

3.1.1 Introduction and preliminary results

In December 2019, a novel coronavirus was discovered because of several cases
of pneumonia. It was denominated “Severe acute respiratory syndrome by
Coronavirus 2” (SARS-CoV-2), or Covid 19. The emergency started in China, in
Wuhan, a city in Hubei province, but it rapidly wafted globally, causing a

pandemic.

SARS-CoV-2 belongs to the Coronaviridae family, which includes 4 genera
known as a-/p-/y-/6-CoV. Among them, a- and B-CoV can infect mammals, while
v- and 3-CoV primarily infect birds'. The SARS-CoV-2 virus belongs to the B-
CoV? and is transmitted via respiratory droplets, with possible fecal-oral
transmission®. All coronaviruses contain a positive-sense, single-stranded RNA
that encodes for many proteins: non-structural RNA-dependent RNA polymerase
(RdRp), and some structural proteins, hamely Nucleocapsid protein (N), Matrix
protein (M), Envelope protein, and Spike- glycoprotein (S)* (Fig. 3.1.1). The latter
is located on the spherical surface of the virus, protruding from the viral membrane
and giving the peculiar “halo” appearance, and it is responsible for the entering of
the virus in human cells since it binds the ACE2 receptor (Angiotensin-

Converting-Enzyme 2)°.
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Spike Glycoprotein (S}

Fig. 3.1.1 External and internal structure of the new SARS-CoV-2 (credit:
https://www.scientificanimations.com/wiki-images).

The S-glycoprotein is an integral membrane protein (known as Spike) consisting
of an extracellular N-terminal and a C-terminal intracellular domain and
transmembrane segment, showing a molecular about 200 kDa®. The Spike protein
enables the viral entrance in the host cell, which is also possible thanks to the
polysaccharide coat (common in Spike proteins) that camouflages them to avoid
the immune system’. It consists of 1273 total amino acids, a signal peptide, the S1
domain, which binds the cell receptor, and the S2 domain consisting of
heptapeptide repeat sequence 1 (HR1) and heptapeptide repeat sequence 2 (HR2)
that plays an essential role in the fusion of the membranes® (Fig. 3.1.2, panel a).
The full Spike is structured in a tri-domains protein, with a characteristic bulbous
form, which gives the virus the peculiar “halo” structure. It exists as an inactive
form that activates thanks to hydrolysis using specific host cell proteases, which

cleave the S protein into S1 and S2 domains®*° (Fig. 3.1.2, panel b).
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Fig. 3.1.2 a) Schematic representation of the SARS-CoV-2 spike. b-c) The S protein RBD
closed and opened status®.

Long-chain inorganic polyphosphates (PolyPs) comprise chains of a few to many
hundreds of inorganic phosphates (Pi). They are ubiquitous, with prevalence in
peripheral blood mononuclear cells and erythrocytes’ and in the subcellular
locations, namely nucleus, cytoplasm, plasma membranes, and mitochondria?
PolyPs are involved in blood coagulation®® and inhibition of the complement
pathway4. They are also involved in the chelation of calcium for bone
mineralization®® and activation of apoptosis*?, and they act as chaperone-like¢ and
neuronal excitability molecules!”*8, For their large diffusion within human
cellular and extracellular districts, PolyPs are not toxic and do not trigger immune
responses. Moreover, linear PolyPs have been reported to have cytoprotective and
antiviral activities against human immunodeficiency virus type 1 (HIV-1)
infection in vitro®®. Furthermore, and of particular relevance here, PolyPs (as Pi
x40) were recently shown to significantly inhibit the interaction of the receptor-
binding domain of the SARS-CoV-2 S protein with ACE2 in vitro®. All these

features make PolyPs molecules of inestimable potential.

In this project carried out in collaboration with Professor Massimo Zollo of the
Department of Molecular Medicine and Medical Biotechnologies of the

University of Naples “Federico II”, we show that long-chain inorganic PolyPs
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have antiviral activities against SARS-CoV-2 in different cellular models (i.e.,
Vero EB6).

Antiviral activities of linear PolyPs with average chain lengths of 15, 34, and 91
Pi residues have been shown previously for HIV-infected cells'®. To measure the
antiviral effects of PolyPs in SARS-CoV-2 infection, Prof. Zollo and collaborators
used viral particles obtained from a Korean patient who was positive for COVID-
19 (BetaCov/Korea/KCDC03/2020; registered ID: EPI_ISL_407193) for
infecting Vero E6 cells. At 24 h from infection, the cells were treated with
increasing concentrations of PolyPs (9.37-300 uM) of different chain lengths (Pi
x8, x16, x64, x94, x120). After 24 h of PolyP treatment (i.e., 48 h after infection),
the viral RNA in the cell culture supernatants was quantified for RdRp expression
using quantitative real-time polymerase chain reaction (QRT-PCR). These data
showed that PolyP x120 (PolyP120) significantly decreased values of RdRp at all
concentrations tested. None of the other PolyPs tested here had significant effects
at doses <300 uM, except PolyP94, which also significantly decreased the RdRp
values at 150 uM and 300 uM (Fig. 3.1.3).
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Fig 3.1.3 Viral RdRp expression from real-time RT-PCR performed on viral RNA
extracted from cell-culture supernatants from Vero E6 cells (4 x105) infected with SARS-
CoV-2 for 24 h, and then treated with increasing concentrations of PolyPs (9.375, 18.75,
37.5, 150, 300 uM) of the different chain lengths (as indicated: P8, PolyP8; P16, PolyP16;
P64, PolyP64; P94, PolyP94; P120, PolyP120) for additional 24 h. Of note, ACt was
calculated as the difference between the cycle threshold (Ct) for RdRp expression in
SARS-CoV-2-infected cells treated with PolyPs and the Ct for RdRp expression in SARS-
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CoV-2-infected cells without PolyPs. Data are means tstandard deviation. *, P <0.05;
***P<(.001 (unpaired two-tailed Student’s t-tests; RdRp vs. untreated Vero E6 cells
[black column]; n = 3 independent experiments per group).

These results prompted us to study in deep the antiviral effects of P120 and its

target on host cells.

In order to understand how PolyPs exert this role, multidisciplinary approaches
were employed. Among all, the interaction between ACE2 and a specific PolyP
(P120) was investigated through size exclusion chromatography (SEC) and
limited proteolysis-mass spectrometry approaches.

3.1.2 Experimental methods

3.1.2.1 Size Exclusion Chromatography (SEC) experiments

The SEC runs were performed injecting 2.5ug of the sample onto a Superdex 200
Increase 3.2/300. The proteins were eluted with a Phosphate buffer (pH=7.4) in
isocratic conditions at a flow rate of 50 uL./min by monitoring the peptide bond's
absorbance wavelength (215nm). To highlight the effects of P120 on ACE2 and
S1, they were individually incubated with a 13 folds molar excess of P120
overnight, and then the chromatographic experiment was done. To assess if P120
could affect the S1-ACE2 complex, the addition of the PolyP was done on the
preformed protein complex. In particular, ACE2 was first incubated with S1 for
1h at room temperature, performed SEC on half of the sample, and then P120 was

added to the mixture for 2h.

3.1.2.2 Limited proteolysis-mass spectrometry experiment

The limited proteolysis experiment was carried out onto a commercial human
recombinant Fc tagged ACE2 expressed in a human cell line. ACE2-Fc was pre-
incubated either with P120 and P8 for 2 hours at room temperature in a 10 times
molar excess of polyPs. The limited proteolysis experiment was executed onto the
three samples constituted by ACE2-Fc, ACE2-Fc/P120, and ACE2-Fc/P8 using
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chymotrypsin with an enzyme:substrate (E:S) ratio of 1:50 w/w. The digestion
reactions were run for 30 minutes, 1 hour, and 2h. The digestion products were
resolved onto a 10% SDS-PAGE gel, as well as an aliquot of 4ug of intact ACE2-
Fc used for protein apparent molecular weight reference. The differential bands
displayed in the three samples were cut and in situ hydrolyzed with trypsin. The
peptide mixtures were analyzed by nanoLC-MS/MS using a Proxeon-nanoEasy
[1-LTQ Orbitrap XL. The peptide fractionation was performed onto a C18
capillary reverse-phase column (200 mm, 75 um, 5 um) working at 250 nl/min
flow rate, using a step gradient of eluent B (0.2% formic acid, 95% acetonitrile
LC-MS Grade) from 10 to 60% over 69 min and 60 to 95% over 3 min. The mass
spectrometric data were collected in data-dependent acquisition (DDA) mode by
fragmenting the most 10 intense ions with a dynamic exclusion of 40 seconds. The
peptide identification was performed using MASCOT software searching in a
database containing only the sequence of ACE2-Fc using the search parameters:
10 ppm as peptides mass tolerance for MS and 0.6 Da for MS/MS search;
carbamidomethyl (Cys) as fixed modification and GIn->pyro-Glu (N-term GIn),

Oxidation (Met), Pyro-carbamidomethyl (N-term Cys) as variable modifications.

3.1.3 Results and Discussion

3.1.3.1 Interactions of PolyP120 with ACE2 by size-exclusion
chromatography and limited proteolysis

To further evaluate the binding of PolyP120, hereafter P120, and a His-tagged
form of ACE2, we estimated the retention times shift of the isolated and PolyP
incubated protein by a gel filtration experiment. The PolyP was incubated in a 13
folds molar excess overnight at room temperature. The SEC experiment exhibited
an earlier retention time (RT) of the ACE2 protein incubated with P120 (Fig.
3.1.4, panel B) compared with the isolated protein (Fig. 3.1.4, panel A).
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Fig. 3.1.4 Size exclusion chromatogram of (A) ACE2 and (B) ACE2 with P120. The
absorbance wavelength was set at 215 nm.

The interaction of PolyPs and ACE2 was also confirmed by our collaborators by
enzyme-linked immunosorbent assays (ELISA). In this assay, PolyPs of different
chain lengths, as PolyP8 (P8), PolyP34 (P34), PolyP120 (P120), PolyP137 (P137),
and PolyP189 (P189) (all at 416 nM coating concentration). The interaction with
ACE2increases with PolyPs molecular weight (Fig. 3.1.5). In particular, PolyP120
showed the greatest binding here (p = 9.4E%; unpaired two-tailed t-test, adjusted
with the Bonferroni method).
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Fig. 3.1.5 ELISA assays using 2 pM human ACE2-Fc chimera protein and 416 nM PolyPs
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at different chain lengths (as indicated: P8, P34, P120, P137, P189) coated on 96-well
plates. Absorbance at 450 nm was measured after 1 h at 25 °C. Comparison among the
different PolyPs for the binding to ACE2-Fc was evaluated comparing them to PolyP8
(i.e., 0.1 pM). Data are means tstandard deviation. **, P <0.01; ***, P <0.001 (unpaired
two-tailed Student’s t-tests; n = 3 independent experiments per group).

The stoichiometry of the binding is not readily calculable because of the chemical
nature of the PolyP, which could alter the hydrodynamic properties of the protein
upon binding.

Then, the interaction between viral spike S1 and P120 was also tested in the same
experimental conditions used for ACE2. Two chromatographic peaks at
comparable retention times (Fig. 3.1.6, panel A and B) were recorded for the
isolated and P120-incubated protein, thus suggesting the absence of direct

interaction between the viral Spike S1 protein and P120.
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Fig. 3.1.6 Size exclusion chromatogram of (A) Spike S1 and (B) Spike S1 with P120. The
absorbance wavelength was set at 215 nm.

P120 was then added to the ACE2-S1 complex, which was previously analyzed
and showed an RT of 79.63min (Fig. 3.1.7, panel A).

The retention time shift at earlier minutes (Fig. 3.1.7, panel B) showed by the
unique chromatographic peak suggests that P120 can still bind ACE2 even if it is
involved in the complex with S1, probably occupying a different binding site

respect S1 on the receptor.
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Fig. 3.1.7 Size exclusion chromatogram of (A) Spike S1-ACE2 and (B) Spike S1-ACE2
with P120. The absorbance wavelength was set at 215 nm.

To map more in detail the interaction regions of ACE2 and P120, limited
proteolysis coupled to mass spectrometry experiment was performed. The
proteolytic probe used was chymotrypsin, which preferentially cleaves peptide
bonds at the C-term of aromatic amino acid residues. The isolated recombinant
ACE2-Fc was digested in parallel with protein incubated with PolyP120 or PolyP8
(P8). The latter was used as a control because it does not bind ACE2 (Fig. 3.1.5).
The reactions were monitored over time for 30, 60, and 120 minutes. As shown in
Fig. 3.1.8, the proteolytic profiles of isolated ACE2 and its complex with PolyP8

were identical, confirming that P8 does not influence ACE2 conformation.

In contrast, these proteolytic profiles were different from those for the complex
ACE2-Fc-P120, indicating such an interaction, with the main difference being a
band with electrophoretic mobility of about 50 kDa (Fig. 3.1.8, panel A,
highlighted with a red arrow). The band was excised, in situ hydrolyzed, and the
peptide mixture was analyzed by nano liquid chromatography-tandem mass
spectrometry. The mass spectrometry data allowed the identification of peptides
belonging to the C-term moiety of the ACE2 amino acidic sequence (Fig. 3.1.8,
panel B and Table 3.1.1). The mass mapping data and the band's apparent
molecular weight analyzed suggested that, both in the isolated and P8 treated

ACE2, the chymotrypsin cleavage site is located upstream of R514, within
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fragment 510-518, which contains several aromatic amino-acid residues. The
band disappears in the P120 pre-treated sample, indicating that the cleavage site
is hidden in the complex of ACE2-Fc—PolyP120. The SEC and limited proteolysis
findings are in accordance with Lan and colleagues?, which structurally
characterized the Spike S1-ACE2 binding region mainly at the N-term of ACE2,
while our work suggested an ACE2 pocket located at the C-term of the protein
able to bind P120. However, further experiments have to be carried out with other
enzymatic probes to define the ACE2-P120 interacting region/s better.
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Fig. 3.1.8 (A) SDS-PAGE of intact ACE2-Fc and chymotrypsin limited proteolysis
profiles of ACE2-Fc, ACE2-Fc pre-incubated with either P120 and P8. The proteolytic
reaction mixtures after 30 minutes, 1 hour, and 2 hours are displayed. In the red box are
indicated the discriminant bands that were analyzed by mass mapping (B) Sequence
coverage obtained by tryptic mass mapping of the ACE2 and ACE2+P8 slices indicated
within the red box. Peptides identified by LC-MS/MS are highlighted in red. The green
box indicates the putative position of the chymotrypsin cleavage site.

151



Mass

Peptide Observed | Theoretical | Calculate error lon Aminoacidic peptide
P m/z MW d MW score sequence
(ppm)
358363 | 3832061 | 764.3976 | 764.3925 | 6.79 28 ILMCTK
51953 | 9734823 | 104495 | %990 1 408 37 | TLYQFQFQEALCQAAK
645-652 | 442.7219 | 8834292 | 8834222 | 8.02 71 SSVAYAMR
660-671 | 7258596 | 1449705 | 409 | g5 69 NQMILFGEEDVR
672678 | 399.2562 | 796.4978 | 796.4919 | 7.47 38 VANLKPR
679-689 | 6358442 | 1260674 | OO | i 23 ISENFFVTAPK
711716 | 368.1963 | 734378 | 7343711 | 9.43 45 INDAFR
2843.450 THTCPPCPAPELLGGPS
745770 | 711.8764 | 2843477 ) 9.22 39 b
771777 | 4182242 | 834.4338 | 834.4269 | 83 44 DTLMISR
778796 | 1070028 | 2138041 | 213500 | g4 78 | TPEVICVAVDVSHEDP
797-810 | 830.4105 | 1676806 | ‘007 7 57 | FNWYVDGVEVHNAK
849-856 | 419.7588 | 837503 | 837496 | 845 26 ALPAPIEK
867-877 | 643.8464 | 1285678 128%666 9.03 50 EPQVYTLPPSR
883-802 | 5813228 | 1160.631 116%622 75 54 NQVSLTCLVK
1272579 2543.124 GFYPSDIAVEWESNGQ
893-914 1 2543.144 > 77 51 AN
1872914
915-931 | 937.4736 | 1872933 . 9.65 84 | TTPPVLDSDGSFFLYSK

Table 3.1.1 List of peptides identified by a bottom-up proteomic approach based on LC-MS/MS
analysis of the 50kDa gel band released from ACE2-Fc following 2 hours of chymotrypsin
limited proteolysis experiment. For each peptide, the detected m/z, the theoretical and calculated
molecular weight, the mass error, the MASCOT ion score, and the amino acid sequence are

reported.

The binding region suggested by limited proteomic results was very close to the

R514 residue, which is one of the residues included in the binding pocket

described by the docking calculations. The latter, indeed, described a potential

binding pocket for shorter PolyPs (e.g., PolyP20) in which the binding was mainly
mediated by four ACE2 amino-acid residues: Arg514, His401, His378, Arg393
(Fig. 3.1.9).
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Fig. 3.1.9 Molecular docking of PolyP20 on the SARS-CoV-2 ACE2 domain (PDB
structure: 6MO0J chain A). Left: ACE2 is depicted transparent molecular surface colored
according to electrostatic potential. PolyP20: orange sticks. Right: Expanded view of the
ACE?2 receptor binding domain as a cyan transparent surface, to indicate the binding
interface. Bottom: Alignment analysis of ACE2 protein regions with the potential binding
sites for PolyP20. The amino-acid residues mainly responsible for the interactions between
ACE2 and PolyP20 are shown as blue boxes (His378, Arg393, His401, Arg514).

3.1.4 Conclusions

In this work, we have shown that long-chain PolyPs (i.e., PolyP120, with 120 Pi
residues) can inhibit the expression of SARS-CoV-2 viral genes (genomic and
sub-genomic transcripts), and thus impair the replication of the virus in the host
cells targeting ACE2. The long-chain PolyP120 has been demonstrated to directly
bind ACE2 receptor imposing a conformational change differently to the short
polyP8 with SEC and limited proteolysis experiments. Furthermore, the SEC data
suggests that P120 and Spike S1 have different binding sites on ACE2. Although
these need to be verified in cells, the data presented here highlight the potential
importance of using PolyPs in vivo to limit virus entrance into human host cells.
Of note, in directing any treatment at ACE2 as the receptor for SARS-CoV-2 entry
into cells, the use of ACE inhibitors has been discouraged for patients with
COVID-19. This is because of the consequent increased levels of ACE2 mRNA,
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which might facilitate engagement and entry of SARS-CoV-2 into cells?.
However, the future use of PolyPs might overcome this side effect of using ACE
inhibitors. Thus, the combination of ACE inhibitors with PolyPs can be postulated
to treat patients with COVID-19. These activities might be important for
preventing infections and progression of SARS-CoV-2 and other viruses,

underlining the importance of PolyPs due to their powerful antiviral functions.

The results discussed in this chapter (including figures and tables) have been
reported in the following article under revision: Ferrucci V., Kong D.Y,
Asadzadeh F., Marrone L., Boccia A., Siciliano R., Anastasio C., Quarantelli F.,
Comegna M., Pisano ., Passariello M, lacobucci I., Della Monica R., 1zzo B.,
Cerino P., Fusco G., Viscardi M., Brandi S., Pierri B.M, Tiberio C, Atripaldi L.,
Bianchi M., Paolella G., Capoluongo E., Castaldo G., Chiariotti L., Monti M., De
Lorenzo C, Yun K.S,, Pascarella S., Cheong J.H, Kim H.Y and Zollo M. Long-
chain polyphosphates impair SARS-CoV-2 infection and replication. Science

Signaling. Under Revision
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3.2 Study of the Spike S1 “receptorome” in human cells

3.2.1 Introduction

The pandemic of the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) that emerged in the last part of 2019 in China is still posing
significant threats worldwide. Although vaccines and drugs are in development,
effective therapeutic and preventive approaches are not still available.
Furthermore, in recent times many SARS-CoV-2 variants! have been isolated that
complicate the scenario. The most significant part of the mutations is borne by the
viral glycoprotein spike (S). Indeed, it is the crucial viral protein responsible for
the virus attachment and fusion to the host cell receptor angiotensin-converting
enzyme 2 (ACE2)2. In particular, the first step of recognition has been reported to
be played by the S1 subunit of the glycoprotein, while the S2 and S2’ take place
in the membrane fusion and viral entry. The subunits are formed and activated by
human proteases (e.g., furin)®. Since ACE2 shows a low expression level in the
lung and the upper respiratory tract*S, alternative receptors could be responsible
for the viral recognition on the host cells. Furthermore, Yang and colleagues
investigated the binding of the S1 subunit to ACE2 on living cells by force-
distance (FD) curve-based atomic force microscopy (FD-curve-based AFM),
founding that S1 was able to interact even on control cells with a frequency of

~10%, although the expression levels of ACE2 were low®.

S1 residue contains the receptor-binding domain (RBD), which binds the ACE2
receptor on the host cell through the opening of the RBD domain (Fig. 3.2.1), and
the C-terminal and N-terminal domains (CTD and NTD).
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Fig 3.2.1 The S protein binds to ACE2 with opened RBD in the S1 subunit”.
S2 subunit is responsible for membrane fusion and viral entry, and it is made of a
fusion peptide (FP), a heptapeptide repeating sequence 1 and 2 (HR1, HR2), TM
domain, and cytoplasmic domain fusion (CT). FP portion is made of 15-20
hydrophobic amino acids (Glycine, Alanine) and plays an important role in the
membrane disruption and fusion with the membrane of the host cell®. HR1 and
HR2 are composed of a repetitive heptapeptide and form a six-helical bundle,
essential for the membrane fusion and entry function of the S2 subunit®. The first
is located on the C-terminal of the FP portion, while the second is attached to the
TM domain, which is essential to anchor the S protein to the viral membrane,

where the S2 subunit ends in a CT tail®°.

Although ACE2 is the primary Spike S1 host receptor currently studied, it shows
a low expression level in the lung and the upper respiratory tract*. This result
indicates that SARS-CoV-2 may have alternative receptors on the host cells that
allow virus entry. Above the lung, ACE2 is reported to be mainly expressed in
other tissues such as the enterocytes of colon and kidneys?!. To date, alternative
SARS-CoV-2 binding receptors have been proposed mainly based on
computational approaches or meta-proteomics analyses. The most extensive parts

of the information on SARS-CoV-2 have been retrieved by comparing the
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previous SARS-CoV, other Coronaviruses, and/or other viruses. ACE2 receptor
itself was initially investigated because it was known to be the receptor
responsible for SARS-CoV entry!?. Bioinformatic and computational analyses
have also been carried out to predict alternative spike S binding proteins based on
known human receptors for other viruses®® or coronavirus host-virus interaction*,
Very few or preliminary experimental data are available on these topics. In
particular, the investigation of alternative receptors can better elucidate the
pathogenicity of SARS-CoV-2, also in other tissues than lungs.

In this project, we studied the Spike S1 protein-protein interactions with
membrane protein extracts derived from kidney (HK-2 cell line) and colon
(NCM460D cell line) human cells employing a pulldown assay on the membrane
proteins. The finding of other S1 interacting proteins may be responsible for
SARS-CoV-2 infectivity and might suggest different targets in COVID-19

treatment.

3.2.2 Experimental methods

3.2.2.1 Cell lysis and protein quantification

To obtain the membrane protein extracts, the two cell lines were treated with
Mem-PER™ Plus Membrane Protein Extraction kit, according to the
manufacturer protocol. The cytosol and membrane proteins were quantified by the

Bradford assay as described in section 2.1.2.1.

3.2.2.2 Western Blot assay for the verification of fractionated lysis

We performed a Western Blot assay to verify the membrane proteins enrichment
for the sample used in the pulldown assay. In particular, 20ug of cytosolic and
membrane extracts were loaded onto a 10% SDS-PAGE gel. The samples were
prepared with Laemli Buffer (100mM Tris HCI pH=6.8, 4% SDS, 20% glycerol,
bromophenol blue, 100mM DTT) and boiled at 99°C for 10 minutes. The
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electrophoretic run started at 100V. Separated proteins were transferred onto a
nitrocellulose membrane using Trans-blot Turbo Transfer System (standard
protocol: 1.5 A constant; up to 25 V; 10 minutes). Membranes were blocked with
5% nonfat milk in PBS for 1 hour and were incubated overnight at 4°C with rabbit
polyclonal anti-Caveolin 1 (Abcam) (1:1000 in PBS, 0.2% Tween 20), as
membrane marker, and 90 minutes at room temperature with rabbit polyclonal
anti-GAPDH (Santa Cruz, California, US) (1:200 in PBS, 0.2% Tween20), as a
cytosolic marker. Membranes were incubated with an anti-rabbit HRP secondary
antibody (Invitrogen, 1:10000 in PBS, 0.2% Tween20) for 45 minutes at room
temperature. Immunoreactive bands were developed by ECL Western Blotting
Substrate, and the proteins were visualized by exposing the membrane to
autoradiography films.

3.2.2.3 Isolation of Spike S1 interacting proteins

The spike S1 protein used for the pulldown experiment was purchased by Abcam
(Cambridge, UK) as a chimera protein fused with a sheep Fc. Spike S1 was
immobilized on Dynabeads protein G (Thermo Fisher Scientific), adding 2.5ug of
protein each 40pl of slurry resin and incubating 2h at 4°C. For the pre-clearing
step, the membrane extract of HK-2 (1.1 mg) and NCM460D (0.65 mg) cell lines
were incubated with Dynabeads Protein G (Thermo Fischer Scientific) for 2h at
4°C considering 40ul of slurry resin for 1 mg of extract. The supernatants were
incubated with the resin derivatized with the S1 protein overnight at 4°C. The
supernatants were removed, and the resin washed five times with membrane
extraction buffer provided by the Mem-PER kit. The resin immobilized with S1,
containing its interactors, and the pre-clearing resin, on which the S1 non-specific
proteins were absorbed, were eluted with 5% SDS. The pre-clearing eluates were

used as control.
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3.2.2.4 Protein digestion with S-Trap cartridges and mass spectrometry
analysis

S1 pulled-down and control eluates from the three cell lines and were digested
with the S-Trap cartridges (Protifi, New York, US) according to the manufacturer
protocol. The latter led to the obtainment of a non-separated peptide mixture
suitable for a shotgun proteomics approach. In particular, the mixture peptides
were analyzed by nano LC-MS/MS, using the Easy-nLC Il chromatographic
system coupled with an LTQ Orbitrap XL mass spectrometer. The peptide
fractionation was performed onto a C18 capillary reverse-phase column (200 mm,
75 pm, 5 um) working at 250 nl/min flow rate, using a step gradient of eluent B
(0.2% formic acid, 95% acetonitrile LC-MS Grade) was employed and a non-
linear 5% to 50% gradient of eluent B (95% acetonitrile, 0.2% formic acid) over
260min was applied. Mass analyses were performed in Data Dependent
Acquisition (DDA) mode by fragmenting the 10 most intense ions in the collision-
induced dissociation (CID) modality. Protein identification was carried out by
MaxQuant software (v.1.5.2.8), using UniProt Homo Sapiens as the database. The
peptide tolerance was set as 10 ppm and 1% FDR cutoff for each peptide and
protein identification. The fixed modification was the carbamidomethyl (Cys),
while the variable modifications were GIn->pyro-Glu (N-term GIn) and Oxidation
(Met).

3.2.2.5 Bioinformatic analysis

The datasets derived from the pulldown of HK-2 and NCM460D were analyzed
with the platform STRING?™. The latter allowed the visualization of the protein-
protein interaction networks based both on functional and physical interaction.
The interaction's confidence was set as high (score: 0.7) for both cell lines. Then,
the over-representation analysis was done considering statistically significantly

enriched categories carrying a p-value<0.05.
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3.2.3 Results and Discussion

To identify new potential receptors for the Spike S1 domain, HK-2 and
NCM460D were subjected to a lysis protocol suitable to separate membrane
proteins from the remaining cell protein content. To verify the fractionated lysis
procedure, we performed a Western Blot assay. The presence of Caveolin-1, a
marker for membrane proteins, and GAPDH, a marker for soluble cytoplasmic
proteins, was verified in cytoplasmic and membrane protein extracts. As clearly
shown in Fig. 3.2.2, enrichment in the membranous protein content in all the cell

lines was reached.

NCM460D HK-2
o\ R

NCM460D HK-2
«© W © W

\l" "' -

Fig 3.2.2 Western Blot of membrane and cytoplasmic protein extract for NCM460D and
HK-2 cell lines developed using anti-Caveolin-1 (a-Caveolin-1) and anti-GAPDH (a-
GAPDH) antibodies.

The membrane protein extracts of HK-2 and NCM460D were incubated with a
Protein G-derivatized solid support on which S1-Fc recombinant protein was
immobilized. The control was represented by the protein extract incubated with
the Protein G solid support alone (pre-clearing step). The proteins eluted both
from Sl-derivated and pre-clearing resins were digested with the S-Trap
cartridges, and the peptide mixtures were analyzed with a “shotgun” proteomics
approach using LC-MS/MS methodologies. The proteins identified both in the
pulled-down and control samples were discarded, obtaining a list of specific
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putative spike S1 binding partners. This approach aimed to identify other

receptors/ancillary proteins responsible for the viral recognition in several human

tissues. The presence of other mechanisms of entry of SARS-CoV-2 above the

ACE2 receptor could explain the observed infectivity of SARS-CoV-2 at an even

low expression level of ACE2513,

3.2.3.1 Results on HK-2 cell line

The pulldown experiment associated with shotgun proteomics analysis allowed

the identification of 50 putative Sl-interacting proteins from the HK-2 cell

membrane. The identified proteins are reported in the table below (Table 3.2.1).

Protein name Gene name Uniprot Peptides Sequence
code coverage (%0)
Peroxiredoxin-1 PRDX1 Q06830 10 64.8
Protein S100-A9 S100A9 P06702 6 63.2
Prohibitin-2 PHB2 Q99623 15 59.9
Prohibitin PHB P35232 12 52.9
Cytoskeleton-associated protein 4 CKAP4 Q07065 25 49.8
ATP synthase subunit O, ATPS5PO | P48047 7 455
mitochondrial
40S ribosomal protein S19 RPS19 P39019 8 441
Voltage-dependent anion- VDACL | P2179 10 424
selective channel protein 1
Calreticulin CALR P27797 10 40.8
Phosphoglycerate kinase 1 PGK1 P00558 12 40.8
Fructose-bisphosphate aldolase A ALDOA P04075 11 39.3
Stomat_ln-llke prgtem 2, STOML2 QoUIZ1 7 35.7
mitochondrial
Dolichyl-
d|pho_sphoollgosaccharlde-- RPNL P04843 16 351
protein glycosyltransferase
subunit 1
Ras-related protein Rab-7a RAB7A P51149 6 34.8
ATP synt.hase subu.nlt alpha, ATPSFLA P25705 14 344
mitochondrial
Cytochrome ¢ oxidase subunit 4 COX4l1 P13073 5 32
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isoform 1, mitochondrial

Ras-related protein Rab-1A RAB1A P62820 6 31.2
Ubiquitin carpoxyl-termmal UCHLA P09936 4 291
hydrolase isozyme L1
Dolichyl-
d|pho§phoollgosacchar|de-- RPN2 P04844 1 279
protein glycosyltransferase
subunit 2
Endoplasmic ret_lculum resident ERP29 P30040 5 279
protein 29
Calnexin CANX P27824 12 24.8
Calumenin CALU 043852 5 24.1
Elongation factor 2 EEF2 P13639 14 241
L-lactate dehydrogenase A chain LDHA P00338 235
Ras-related protein Rab-5C RAB5C P51148 22.2
Cytochrome b-c1 complex
subunit 2, mitochondrial UQCRC2 P22695 6 21
Clusterin CLU P10909 6 20.9
Aldo-keto reductase family 1 AKRIB1 P15121 4 206
member B1
ATP synthase subunit gamma, | \rpeet o | pagsap 4 205
mitochondrial
Transcription intermediary factor TRIM28 013263 10 20.1
1-beta
OCIA domaln-c;mtalnlng protein OCIADL QINX40 4 176
Serine hydrgxymethy_ltransferase, SHMT? P34897 7 173
mitochondrial
Polyadenylate-binding protein 1 PABPC1 P11940 9 171
Moesin MSN P26038 9 16.6
Sorting and assembly machinery SAMMS0 QY512 5 16.6
component 50 homolog
Aspartatg ammotrz%nsferase, GOT? PO0505 6 14.9
mitochondrial
Integrin beta-1 ITGB1 P05556 8 13.2
Cytochrome b-c1 complex
subunit 1, mitochondrial UQCRCL P31930 4 131
4F2 cell-surface.antlgen heavy SLC3A2 PO8195 7 13
chain
Signal transducer and activator of STAT1 P42294 7 128

transcription 1-alpha/beta

166



catalytic subunit

Protein ERGIC-53 LMAN1 P49257 6 12.7
Inhibitor of nuclear factor kappa-
B kinase-interacting protein IKBIP Q70UQO 4 12
Prolyl 4-hydroxylase subunit PAHAL P13674 5 118
alpha-1
Fascin FSCN1 Q16658 5 11.6
Neuroblast differentiation-
associated protein AHNAK AHNAK 209666 18 114
T-complex protein 1 subunit delta CCT4 P50991 5 11.3
Mitochondrial ant|IV|raI-S|gnaI|ng MAVS Q72434 4 107
protein
Leucine-rich PPRmotif- | ) poppc | pagroa 9 9.9
containing protein, mitochondrial
Laminin subunit gamma-1 LAMC1 P11047 4 4.4
DNA-dependent protein kinase PRKDC P78527 4 14

Table 3.2.1 List of putative S1 interactors. The table reports the protein name and gene, the

Uniprot code, the identified peptides, and protein sequence coverage.

The proteins in Table 3.2.1 were used as input for the STRING platform to detect

the protein-protein network (Fig. 3.2.3) and perform an over-representation

analysis.
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Fig. 3.2.3 STRING protein-protein network of potential S1 binding proteins in HK-2 cell
line. In red are highlighted proteins belonging to the cell surface (p-value=5.7E-4)
category; in blue, those are associated with virus-host interaction (p-value=0.037).

The STRING network analysis showed 61 edges and a protein-protein interactions
(PPIs) p-value of 2.33E-15, indicating that the nodes (proteins) are not random
and the number of edges is significant.

Furthermore, the over-representation analysis of the cell component category
displayed proteins belonging to the cell surface (p-value=5.7E-4, red nodes in Fig.
3.2.3) and proteins involved in the host-virus interaction process (p-value=0.037,
blue nodes in Fig. 3.2.3).

These indications could be very attractive to depict SARS-CoV-2 still unknown
entry molecular mechanisms relying on the interaction with new targets on the
host cells. Among these, Integrin beta-1 stands out. As reported above, integrins
are emerging as novel receptors for SARS-CoV-2 due to virus integrin-binding

RGD motif in spike protein’®. Furthermore, ITGB1 is known to interact with
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SARS-CoV-2 protein ORF3al’. Other proteins listed in the cell membrane
compartment are found responsible for other viruses' viral processes but not yet in
the Coronaviridae family. The amino acid transporter SLC3A2 is specifically
required for the entry step but not for other stages of the Hepatitis C virus life
cycle®®; the chaperone Clusterin (CLU) has been identified as related to herpes
simplex virus cellular entry and intracellular transport®®; the actin cytoskeleton-
to-plasma membrane crosslink Moesin (MSN) promotes HIV binding and entry
through the polymerization of actin that is required to assemble high
concentrations of the co-receptors at the plasma membrane of the target cell?.

An additional comment should be made for PHB/PHB2/STOML2 complex,
MAVS, and Calnexin/Calreticulin chaperones. Prohibitin-1 (PHB), -2 (PHB2),
and Stomatin-like 2 (STOML2) proteins are involved in mitochondria
homeostasis and localize in the inner mitochondrial membrane?t. Cornillez-Ty et
al. previously highlighted SARS-CoV non-structural protein 2 (nsP2) interactions
with prohibitins PHB and PHB22?, and STOML2 was also present in their dataset.
Interestingly, Gordon et al. also identified an interaction of ORF3B from SARS-
CoV-2 with STOML2%. These cellular proteins regulate mitochondrial
homeostasis and are involved in processes such as mitophagy and mitochondrial
fusion. By targeting these proteins, coronavirus proteins may also impact essential
mitochondrial functions such as respiration, lipid homeostasis, and innate
immunity. As prohibitins also regulate mitochondrial fusion and fission, for which
the impact on antiviral signaling has been well documented?, this could have
indirect consequences on the antiviral response. Recent studies have established
physical interactions between components of the prohibitin complex and
Mitochondrial antiviral-signaling protein (MAVS), a pivotal adaptor in viral RNA
sensing and interferon induction?. An interaction between MAVS and SARS-
CoV-2 M membrane glycoprotein has also been identified, leading to attenuation

of the innate antiviral response.
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Calnexin (CANX) and calreticulin (CALR) are homologous lectin chaperones that

assist the maturation of cellular and viral glycoproteins in the mammalian

endoplasmic reticulum. Fukushi et al. have found that SARS-CoV spike

glycoprotein (S protein), a key molecule for viral entry, binds to calnexin, a

molecular chaperone in the endoplasmic reticulum (ER), but not to calreticulin, a

homolog of calnexin®. However, this interaction might occur following virus

entrance during the synthesis, folding, and assembly process of viral proteins.

3.2.3.2 Results on NCM460D cell line

Proteins identified in NCM460D cells as putative S1-binding proteins were 115

and are listed in Table 3.2.2.

Protein name Gene name Uniprot Peptides Sequence
code coverage %)
Peptld_yl-prolyl cis-trans PPIA P62937 8 64.2
isomerase A

Protein S100-A7 S100A7 P31151 53.5
Ras-related protein Rab-7a RAB7A P51149 44.9

Protein S100-A9 S100A9 P06702 4 43.9

Endoplasmic reticulum ERP29 | P30040 9 425

resident protein 29

Ras-related protein Rab-11A RAB11A P62491 7 41.2
Hypoxia up-refulated protein HYOUL Q9v4L1 28 40

Cathepsin D CTSD P07339 12 39.8

Protein S100-A8 S100A8 P05109 4 39.8
Electr(?n transfer .flavoprotgm ETFA P13804 9 387

subunit alpha, mitochondrial

Alpha-actinin-4 ACTN4 043707 29 38.6

Protein dlsul'iléje-lsomerase PDIA3 P30101 16 374

Ras-related protein Rab-1B RAB1B Q9HOU4 6 37.3

14-3-3 protein beta/alpha YWHAB P31946 4 36.6

14-3-3 protein theta YWHAQ P27348 8 35.9

14-3-3 protein zeta/delta YWHAZ P63104 4 355
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Protein disulfide-isomerase P4HB P07237 15 33.7
Pyruvate dehydrogenase E1
component subunit beta, PDHB P11177 9 329
mitochondrial
Heat shock protein 75 kDa, TRAPL | Q12931 18 325
mitochondrial
Protein dlsulilje-lsomerase PDIA4 P13667 16 321
Adipocyte plasma mer_nbrane- APMAP QIHDCY 10 3
associated protein
Lipocalin-1 LCN1 P31025 4 31.8
Enoyl-CoA hydratase, ECHSI | P30084 6 317
mitochondrial
Delta(3,5)-Delta(2,4)-dienoyl-
CoA isomerase, mitochondrial ECHI Q13011 8 314
Peroxiredoxin-3, PRDX5 | P30044 5 313
mitochondrial
Galectin-3 LGALS3 P17931 7 31.2
Chloride |ntrace_llular channel CLICI 000299 4 30.7
protein 1
Membrane-associated
progesterone receptor PGRMC1 000264 5 30.3
component 1
Myosin light polypeptide 6 MYL6 P60660 4 29.8
14-3-3 protein epsilon YWHAE P62258 294
Chromobox protein homolog 5 CBX5 P45973 5 29.3
Thioredoxin-dependent
peroxide reductase, PRDX3 P30048 5 28.9
mitochondrial
Caspase-14 CASP14 P31944 28.1
Calreticulin CALR pP27797 9 27.8
Tubulin beta-4B chain TUBB4B P68371 10 27
Peroxiredoxin-2 PRDX2 P32119 26.8
Ras-related protein Rab-18 RAB18 QINP72 26.7
Transferrin receptor protein 1 TFRC P02786 16 26.7
Succinate--CoA ligase [ADP-
forming] subunit beta, SUCLA2 Q9P2R7 12 26.3
mitochondrial
Transcription intermediary TRIM28 Q13263 15 261
factor 1-beta
Protein ABHD11 ABHD11 Q8NFV4 7 25.7
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Malectin MLEC Q14165 6 25.7
Phosphoglycerate kinase 1 PGK1 P00558 24.9
GrpE protein homolog 1, GRPELL | QOHAV7 4 244
mitochondrial
Nuclea'se-'sensmve.element- YBX1 P67809 5 244
binding protein 1
Persulfide dioxygenase
ETHEL, mitochondrial ETHEL 095571 S 24
Ras-related protein Rab-10 RAB10 P61026 4 24
Alpha-enolase ENO1 P06733 23.7
60S acidic rlt;o()somal protein RPLPO P05388 4 937
Fumarate hydratase, FH PO7954 7 233
mitochondrial
Endoplasmic reticulum
resident protein 44 ERPa4 Q9BS26 ! 224
Electron transffar flavoprotein ETFB P38117 6 294
subunit beta
Transforming protein RhoA RHOA P61586 4 22.3
NADPH--cytochrome P450 POR P16435 12 29
reductase
Carcinoembryonic antigen-
related cell adhesion molecule | CEACAM®6 P40199 4 215
6
Methylcrotonoyl-CoA
carboxylase beta chain, MCCC2 Q9HCCO 8 21
mitochondrial
L-lactate dehy_drogenase B LDHB PO7195 5 204
chain
Chromobox protein homolog 3 CBX3 Q13185 4 20.2
Aldehyde dehydrogenase, ALDH2 | PO5091 8 197
mitochondrial
Glutamatg dehydro_genase 1, GLUDL P00367 9 19.4
mitochondrial
Stomat_m-llke prgtem 2, STOML2 QoUIZ1 5 194
mitochondrial
Cytochrome b-c1 complex
subunit 1, mitochondrial UQCRCL P31930 ! 19.2
Dihydrolipoyllysine-residue
succinyltransferase component DLST P36957 6 19

of 2-oxoglutarate
dehydrogenase complex,
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mitochondrial

Semenogelin-1 SEMG1 P04279 7 184
Peptidyl-prolyl cis-trans
isomerase FKBP4 FKBP4 Q02790 7 18.1
2-0xog|ut§rate dehygrogenase, OGDH Q02218 13 178
mitochondrial
Medium-chain specific acyl-
CoA dehydrogenase, ACADM P11310 5 17.6
mitochondrial
Glutamlngse k|dne¥ isoform, GLS 094925 8 176
mitochondrial
HLA class | histocompatibility
. . HLA-A P01891 17.
antigen, A-68 alpha chain 0189 S S
RuvB-like 2 RUVBL2 Q9Y230 7 175
Trans@onal endoplasmic VCP P55072 9 174
reticulum ATPase
Heat shock protein HSP 90- HSPIOAAL PO7900 5 172
alpha
Serine
hydroxymethyltransferase, SHMT?2 P34897 7 17.1
mitochondrial
Progranulin GRN P28799 9 17
Acon_ltate hydriatase, ACO2 099798 10 16.9
mitochondrial
Clathrin heavy chain 1 CLTC Q00610 20 16.7
L-lactate dehy_drogenase A LDHA P00338 5 166
chain
Aldehyde dehydrogenase X, | 11157 | p3ogay 6 16.4
mitochondrial
Calumenin CALU 043852 4 16.2
Lactotransferrin LTF P02788 10 16.2
Pyruvate dehydrogenase E1
component subunit alpha, PDHA1 P08559 6 16.2
somatic form, mitochondrial
Neutral alpha-glucosidase AB GANAB Q14697 13 15.7
NAD kinase 2, mitochondrial NADK2 Q4GON4 5 14.3
Synaptic vesicle membrane
protein VAT-1 homolog VATL (299536 4 135
Glucose-6-phosphate GPI PO6744 6 131
isomerase
Polyadenylate-flndlng protein PABPCL P11940 8 129

173



Dihydrolipoyllysine-residue
acetyltransferase component

DLAT P10515 5 12.7
of pyruvate dehydrogenase
complex, mitochondrial
Dipeptidase 1 DPEP1 P16444 5 12.2
Importin subunit beta-1 KPNB1 Q14974 11.8
N I ami i
eutral amino acid transporter SLC1AS Q15758 5 118
B(0)
Nucleobindin-1 NUCB1 Q02818 5 115
S§rcoplasm|c{endoplasm|c ATP2A2 P16615 9 112
reticulum calcium ATPase 2
ERO1-like protein alpha ERO1A Q96HE7 4 111
Mitochondrial import inner
membrane translocase subunit TIMM44 043615 4 111
TIM44
Lon protease homolog, LONPL | P36776 7 107
mitochondrial
Thioredoxin domain- TXNDC5 | Q8NBS9 4 10.6
containing protein 5
Elongation factor G, GFML | Q96RP9 7 10.4
mitochondrial
Succinate dehydrogenase
[ubiquinone] flavoprotein SDHA P31040 5 10.1
subunit, mitochondrial
Plastin-1 PLS1 Q14651 4 10
Heat shock protein 105 kDa HSPH1 Q92598 7 9.7
Prosaposin PSAP P07602 4 8.8
Transketolase TKT P29401 4 8.8
Vesicle-fusing ATPase NSF P46459 6 8.7
IsoIeuu_ne--tRNA_ ligase, IARS? QINSE4 8 8.4
mitochondrial
Lysosome-assouate_d LAMPL P11279 4 8.4
membrane glycoprotein 1
Nuclear pore complex protein
Nup93 NUP93 Q8N1F7 5 8.3
Mltochondrla_l intermediate MIPEP 099797 5 8.1
peptidase
Integrin alpha-2 ITGA2 P17301 6 7.3
Transmembrane 9 superfamily TMOSF2 099805 4 79
member 2
Reticulon-4 RTN4 QI9NQC3 5 7
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Procollagen COLGALT
galactosyltransferase 1 1 QBNBJS 4 69
Cell cycle and ap(?pt05|s CCAR2 Q8N163 4 6.1
regulator protein 2
Non-specific Ilpld-transfer SCP2 22307 4 57
protein
Nuclear pore complex protein NUP155 075694 4 43
Nup155
UDP-glucose:glycoprotein UGGTL QINYU2 5 34
glucosyltransferase 1

Table 3.2.2 List of putative S1 interactors. The table reports the protein name and gene, the
Uniprot code, the identified peptides, and protein sequence coverage.
The proteins listed in the Table 3.2.2 were used as input for STRING obtaining
the network in Fig. 3.2.4. STRING displayed the overall presence of 230 edges in
the network with a total PPIs interaction p-value <1.0E-16.

The biological processes enrichment analysis showed the presence of proteins
related to the viral entry into the host cell (p-value=3E-3, blue in Fig. 3.2.4) and
the host cell receptor for virus entry (p-value=7E-3, red in Fig. 3.2.4).
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Fig. 3.2.4 STRING protein-protein network of potential S1 binding proteins in NCM460D
cell line. In blue are highlighted proteins belonging to the “viral entry into host cell”
category (p-value=3E-3); in red, those annotate as the “host cell receptor for virus entry”
category (p-value=7E-3).

STRING over-representation analysis of the colon dataset displayed 4 proteins as
potential receptors responsible for virus entry. Among these, Lysosome associated
membrane glycoprotein 1 (LAMP1), a known lysosome marker, was reported to
mediate the entrance of human Lassa virus (LASV), belonging to the Arenaviridae

family, through the interaction with a subunit of the trimeric class 1 viral
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glycoprotein complex (the spike complex) in a pH-dependent manner?’-2¢, Of
interest, the transferrin receptor protein 1 (TFRC) was also identified, which was
reported as a target of several mammalian retroviruses®®. A recent work
proposed TFRC as an alternative SARS-CoV-2 receptor for viral entry3!; it was
identified as closely interacting with ACE2 in infected cardiomyocytes® and up-

regulated in the severe pathogenesis of COVID-19 disease.

The remaining component of the “host cell receptor for virus entry” category are
Integrin alpha-2 (ITGA2) and Neutral amino acid transporter B(0) (SLC1A5),
which are receptors for human and/or animal viruses®3343, Integrins are of
particular interest and are supposed to be the main alternative as S protein
receptors in alveolar epithelial cells through its RGD consensus sequence to

accelerate the infection process®®.

Three other proteins have caught our attention as known to participate in viral
and/or SARS-CoV-2 processes: Carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAMBS), Cyclophilin A (PPIA), and Galectin-3 (LGALS3).

CEACAMBG is a cell surface glycoprotein that plays a role in cell adhesion and
tumor progression, but this family of proteins was reported to bind S1 in other
coronaviruses and trigger membrane fusion reactions mediated by integral
membrane S2 fragments®’. Cyclophilin A is a member of a family of highly
conserved and ubiquitous proteins with peptidyl-prolyl cis/trans isomerase
activity, crucial for protein folding®. In addition to its canonical roles, the PPlase
activity of PPIA has recently been demonstrated to have other effects, including
intracellular trafficking, signal transduction, transcription regulation, cell cycle
regulation, and stress response®. In recent years many studies showed that PPIA
was involved in the pathogenesis of viral infection. PPIA plays a critical role in
the successful replication of viruses such as human immunodeficiency virus
(HIV), hepatitis C virus (HCV), hepatitis B virus (HBV), etc.*° PPIA was also
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reported to regulate SARS-CoV replication by binding to the nucleocapsid protein
and incorporating it into particles®#2, The inhibition of cyclophilins with drugs
has been reported to block the replication of CoVs of all genera, including SARS-
CoV, human CoV-229E and -NL-63, feline CoV*, and recently it was also
proposed as a therapeutic target for SARS-CoV-2*. Galectin-3, a member of the
galectins family, is a carbohydrate-binding protein that exhibits pleiotropic effects
and has been implicated in the disease process of various inflammatory
conditions®. LGALS3 is highly expressed in the lung, followed by the
gastrointestinal tract (stomach, duodenum, small intestine, colon, and rectum) and
brain. Recent discoveries have begun to shed light on its role in viral infections “.
For example, in HIV and HTLV, Gal-3 serves as an attachment factor that
facilitates viral entry into T-cells*®. A role also in SARS-CoV-2 infection and/or
entry has been suggested through the triggering of the “cytokine storm” typical in
COVID-19 patients*’ and the interaction with Spike S1 Receptor Binding Domain
(RBD), respectively*49,

3.2.4 Conclusions

In conclusion, we identified some putative Spike S1 targets on renal and colon
cells and which could be associated with viral entry through a proteomics
approach. High-throughput experiments have not yet been done to elucidate the
S1 interactome. The combined results obtained by NCM460D and HK-2 cell lines
are displayed in the Cytoscape network in Fig. 3.2.5, finding twelve common
proteins. Above the previously discussed proteins, putative S1 targets not strictly
related to the cell surface were detected. These proteins may be further
investigated to detect potential host-virus interactions downstream involved in the

viral internalization processes.
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Fig 3.2.5 Cytoscape networks for NCM460D (blue nodes), HK-2 (yellow nodes) cell
lines. In green, the proteins present in both datasets are displayed.

Overall, the interactions detected in our results have to be confirmed and
functionally investigated to go deeper in their meaning. Experiments on full-
length Spike (S1+S2) and/or on SARS-CoV-2 infected cells are needed to better
unravel the complete molecular mechanisms of these alternative ways used by the

virus to enter host cells.
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3.3 The interaction between the F55 virus-encoded
transcription regulator and the RadA host recombinase
reveals a common strategy in Archaea and Bacteria to
sense the UV-induced damage to the host DNA

3.3.1 Introduction

Sulfolobus spindle-shaped virus 1 (SSV1) is an Archaeal virus, well known as
extremophiles, that can thrive in some of the most extreme and inhospitable
environments. SSV1 was initially isolated from its natural host (Saccharolobus
shibatae B12) in a (>70°C) hot spring in Beppu, Japan?, but it has also been shown
to infect the archaeon Saccharolobus solfataricus isolated from a solfataric field
near Naples, Italy?. To date, SSV1 is the only UV-inducible member of the

Fuselloviridae family, comprising 9 members (Table 3.3.1)345.

Virus name | Sampling Genome size NCBI Reference
NCBI site (bp) number
number

Ssvi1 Japan 15,465 NC_001338 Palm et al. 1991

SSV2 Iceland 14,796 NC_005265 Stedman et al.
2003

SSv4 Iceland 15,135 EU030938 Redder et al. 2009

SSV5 Iceland 15,330 EU030939 Redder et al. 2009

SSV6 Iceland 15,684 NC_013587 | Redder et al. 2009

SSv7 Iceland 17,602 NC 013588 | Redder et al. 2009

SSv8 USA 16,473 NC_005360 Wiedenheft et al.
2004
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SSV9 Kamchatka 17,385 NC_005361 Wiedenheft et al.
2004

ASV1 USA 24,186 NC_013585 | Redder et al. 2009

Table 3.3.1 Features of all known Fuselloviridae.

The complete sequence of its genome was determined in the ‘90s®, after which
SSV1 promptly became a model to study the genetics of archaeal viruses’891°,
For instance, transcription analyses of fuselloviruses and other episomic genetic
elements have laid the basis for the understanding of how gene expression is
regulated in archaeal microorganisms!t2, However, the lack of sequence
homology between the SSV1-encoded proteins and those already characterized in
other viruses, has hindered the in silico identification of the SSV1 transcription
regulators and a reliable prediction of their function'®*4. Therefore, biochemical
studies'>*%17 are essential to reveal the physiological role of these viral proteins as

well as some unexpected®®® or cryptic?®21-22 properties.

Upon the infection of the host cell, one copy of the SSV1 genome (Fig. 3.3.1,
panel B) is site-specifically integrated into the host chromosome (provirus)?,
whereas about 5-6 additional copies are maintained as episomes®*. Once the
infection is established, the virus expresses a minimal set of genes that are required
for the replication and packaging of its genome into virus particles. These genes
include those encoding for: i) the structural proteins (VP1, VP2, and VP3) which
form the spindle-shaped viral particles (Fig. 3.3.1, panel A), ii) the integrase
(D335), iii) the transcription repressor F55 as well as iv) proteins of unknown
functions (A291 and C124)%.
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Fig 3.3.1 Panel A: electron microscopy images of Fuselloviridae virions displaying the
typical lemon-/spindle-shaped morphology?6. Panel B: genomic map of SSV1 and the
three-dimensional structures of SSV1 proteins (determined for D63, F93, F112, B129, and
D335-int C-terminal domain and predicted for F55) are shown®.

Unlike A lysogeny, in which the phage DNA is present in the host cells only as a
provirus and the only viral gene expressed is cl, in the SSV1 lysogeny (better
defined as carrier state), the SSV1 provirus coexists with some episomal copies,
and a constitutive extrusion of the viral particles occurs without causing cell
lysis?’. The F55 regulator binds, in a concentration-dependent manner, to tandem
repeat sequences that overlap the transcription start sites and/or the B recognition
element (BRE) within the promoter regions of: i) the early transcripts Ts and Ts,
ii) the UV-inducible Tinq as well as iii) the F55 transcript (named Tyys) (Fig. 3.3.2).

Lysogenic state T, T

D
Negative feedback

Fig. 3.3.2 In the lysogenic state, F55 (cyan ovals) binds as dimers to the target sequences
in the promoters of Ts, Ts, Tina (red and yellow boxes) as well as to its promoter (orange
box). As shown by red crosses, transcription of Ts, Ts, and Ting is locked, while the
expression of its gene is progressively turned off following a negative feedback control®.
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Sequence analysis of these repeats revealed a 22-bp consensus sequence (5-
ATAGATAGAGTATAGATAGAGT-3). A dimer of F55 interacts with a
minimal binding site of 11-bp (5-ATAGATAGAGT-3) to form a stable dsDNA-
protein complex?*. The transcription of T12 (VP1, VP2, and VP3), T3 (A291), and
Tx (C124) during the carrier state is in accordance with the absence of F55 binding
sites in the promoter region of these transcripts?®. Moreover, once F55 has reached
a high intracellular concentration, it is also able to bind to target sites located in
the promoter of the transcript Tis, thus repressing its expression through a
negative feedback mechanism (Fig. 3.3.2)¥". Accordingly, Tys is strongly
downregulated during the carrier state and reaches its lowest expression level in
the late-stationary phase of the host cell growth?*. Therefore, F55 acts as a key
regulator involved in the maintenance of the SSV1 carrier state, likewise the ClI
repressor protein of the A bacteriophage. However, in the case of A, CI is the only
virus protein expressed in E. coli lysogens?®. This repressor binds to the operators
within the promoter regions P. and Pg; thus, repressing the expression of lytic

functions, i.e., cro, cll, and N%.

As for F55, the CI repressor auto regulates its synthesis by repressing transcription
at the promoter Prm When it reaches a high intracellular concentration. This
strategy might have been evolved to keep a functional concentration of the

lysogenic regulator (ClI or F55) and avoid its counterproductive overproduction?’.

Upon exposure to UV light, a temporally coordinated pattern of gene expression
is triggered in SSV1 infected cells. This involves the rapid expression of a UV-
inducible transcript (Ting), followed by the transcription of the early (Ts, Ts, and
To), late (Tuz, Ts, Tx, and Tar), and late-extended (T7s) RNAS'. In accordance,
F55 has been shown to dissociate first from the UV-inducible Ting promoter (2 h
post-UV-exposure) and subsequently from those of the early Ts and Te transcripts

(4 h post-UV-exposure) as shown in Fig. 3.3.3%3,
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Fig.3.3.3 Schematic representations of the infected cell and the UV-inducible region of
the SSV1 genome are presented. The operators recognized by F55 are in green, yellow,
and blue. Bent arrows indicate the transcription start sites, and dashed lines represent
transcripts. Dimers of F55 are represented by purple ovals. In the lysogenic cell, the
amount of F55 is suitable to saturate most of its binding sites and to keep SSV1 in a steady
carrier state. At 2 h post-irradiation, a decrease of the F55 concentration and a concurrent
increase of the viral copy number led to the dissociation from the lower-affinity operators
in the promoter of Tingand Tiys. Later, at 4 h post-irradiation, the dilution effect is enhanced
by a further accumulation of the viral DNA, which results in the release of the early
promoters (i.e., those of Ts and Te), thus allowing transcription derepression?’.

This progressive release of the binding sites by F55 is a consequence of two
conditions: i) the differential affinity of F55 for the target sequences in the
promoter regions of these transcripts (Kd: Ts=Ts < Ting) and ii) the reduction of
the F55:binding sites ratio, upon UV-induced copy number increase of SSV1%,
This cascade of events is then followed by the onset of the induction of SSV1

genome replication, packaging, and release of virus particles.

Although SSV1 has been extensively characterized over the last three decades, the
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regulatory mechanisms governing the switch from the carrier to the induced state
are still not completely unraveled. This project, carried out in collaboration with
the research group of the Professor Patrizia Contrusi of the Department of Biology
of the University “Federico II” of Naples, focused on the investigation of the
protein-protein interaction network responsible for the crosstalk between the host

Saccharolobus solfataricus and the virus SSV1.

3.3.2 Experimental methods

3.3.2.1 Protein identification by mass spectrometry analysis

The molecular mechanisms influenced by F55 were investigated through the
identification of host S. solfataricus proteins interacting with F55 onto Te-
promoter probe by using an original EMSA-MS approach. Protein crude extract
of S. solfataricus supplemented with 2.2 uM F55 was incubated in the presence
of a Te-promoter probe. The crude extract incubated only with the oligonucleotide
probe was used as control. Sample and control were loaded onto a 10%
polyacrylamide native gel, and the band showing an electrophoretic mobility shift,
detected by the UV lamp, was excised from the sample lane. A gel band was cut

in the control lane at the same migration point.

Gel bands were in situ hydrolyzed by trypsin®, and peptide mixtures were
analyzed by nano LC-MS/MS using LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific). Peptides were fractionated onto a C18 reverse-phase
capillary column (5um biosphere, 75um internal diameter, 200mm length)
working at 250nL/min flow rate and adopting a step gradient from 10% to 60% of
eluent B (0.2% formic acid, 95% acetonitrile LC-MS Grade) over 69 minutes and
60% to 95% over 3 minutes. Mass spectrometric analyses were carried out in data
depending acquisition (DDA): from each MS scan, spanning from 400 to 1800
m/z, the five most abundant ions were selected and fragmented. Output data were

further processed into mgf file extension to perform protein identification by using
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Mascot licensed software (Matrix Science Boston, USA) and a protein in-house
database containing S. solfataricus and SSV1 protein sequences in FASTA
format. Proteins identification was carried out by using 10 ppm as peptides mass
tolerance for MS and 0.6 Da for MS/MS search; carbamidomethyl (C) as fixed
modification and GIn->pyro-Glu (N-term Q), Oxidation (M), Pyro-
carbamidomethyl (N-term C) as variable modifications.

3.3.3 Results and Discussion
3.3.3.1 Isolation and identification of F55 protein partners

To find F55 interactors in the crude extracts of S. solfataricus cells, we have set
up an original EMSA-MS assay: the recombinant F55 was added to the crude
extract of S. solfataricus cells, and the Te-promoter was used as a “bait” for the
dsDNA-F55-interactors complexes that were subsequently separated on a native
electrophoretic gel. Surprisingly, the addition of an increasing amount of F55 in
the crude extract led to the appearance of a fast-migrating (FM) specific complex
at the expense of a slow-migrating (SM) unspecific complex (Fig. 3.3.7 panel A)
already present at 0 concentration of F55. To be sure of the presence and position
of F55 along the gel, a WEMSA using total IgG against F55 was performed. By
comparing the western blot profile containing the F55 positive band with the
preparative EMSA gel, we could unambiguously recognize in the FM band the

solely containing F55 (Fig. 3.3.7 panel B).
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Fig 3.3.4 Fishing of molecular interactors of F55 through WEMSA.. Panel A: EMSA assay
using the Te-promoter probe and S. Solfataricus protein extracts from SSV1-infected (I)
and not infected (NI) cells. Increasing amounts of F55 (0.5-2.2 uM) were added to the
crude extract. The shifted signal B is the F55/dsDNA complex formed when the
recombinant F55 is mixed with the probe Ts-promoter (positive control, P). The shifted
signal FM corresponds to a specific protein/ DNA complex formed when F55 is
supplemented to the protein extract from S. Solfataricus cells, whereas SM is detectable
when crude extracts from both infected and not infected S. Solfataricus cells are mixed
with the probe Te-promoter. Panel B: WEMSA assay using an anti-F55 antibody. The only
detectable complex containing the F55/interactors/dsDNA was (FM), which was identified
using chemiluminescence imaging. A re- presentative result of three independent
experiments is shown.

This band was then excised from the preparative EMSA gel (Fig. 3.3.5, black
frame lane 2), in situ hydrolyzed by trypsin and the proteins identified by nanoLC-
MS/MS strategy. To discriminate between the proteins belonging to the dsDNA-
F55 complex(es) from those randomly migrating in the same region, a gel band
with the same electrophoretic mobility was excised from the control lane 3 (Fig.
3.3.5, black frame lane 3) containing the oligonucleotide probe and S. solfataricus

protein extract but not F55.
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Fig 3.3.5 Preparative EMSA gel for the identification of the F55 interactors. The band
labeled as FM (black framed) in lane 2 (containing F55), and the control band with the
same electrophoretic mobility from lane 3 were cut and processed for protein

identification.

In the FM band, besides F55, 23 proteins, absent in the control, were identified,

suggesting that they bind Te-promoter probe only in the presence of F55 (Table

3.3.2).
%
. . . MW
Protein name Gene name Uniprot code Peptides (kDa) Sequence
a
coverage
RHH transcription regulator
LysR R7RTW8 5 6 74
(F55)
3-Ketoacyl-ACP reductase fabG AOAOE3K740 9 27 44
Glutamate dehydrogenase gdhA-4 Q97WS2 9 46 30
Thermosome subunit SULA 1299 | AOAOQOE3K8S3 18 60 28
Universal stress protein A
SSOP1_3274 | AOAOE3K798 2 14 26
(UspA)
Succinate dehydrogenase sdhA AOAOE3MCA7 12 62 24
Glutamine synthetase SSOP1_0348 | AOAOE3K7R3 10 53 24
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50S ribosomal protein L14e rpllde AOAOE3K7T1 2 11 22
Acyl-CoA dehydrogenase SSOP1_2886 | AOAOE3MF90 5 44 21
Adenylate kinase adkA AOAQE3MJD3 3 21 20
Cupin SSOP1_1694 | AOAOE3K920 2 15 16
50S ribosomal protein L4 rpldlp AOAOE3GWP6 4 29 15
Isocitrate dehydrogenase, .
idh Q97WNO 3 46 13
probable (ldh)
Uncharacterized protein SULA 2252 | AOAOE3JVF8 2 20 12
Allantoate amidohydrolase SSOP1_2839 | AOAQE3GW22 4 45 11
Tyrosine—tRNA ligase tyrS AOAOE3GWC2 3 41 11
DNA repair and recombination
. radA AOAOE3MIVE 2 36 11
protein (RadA)
Ornithine carbamoyltransferase | SSOP1 0912 | AOAOE3MGK?Y 3 34 10
Cytidyltransferase SSOP1_0984 | AOAOE3MD44 2 26 9
Transcriptional activator, TenA
. Ssol_2802 DOKPYO0 2 24 8
family
UPF0173 metal-dependent
SSOP1_0092 | AOAOE3GT97 2 25 7
hydrolase SSOP1_0092
S-adenosylmethionine synthase mat AOAOE3MIU3 3 45 6
Phosphoglycerate kinase pgk AOAQOE3K5Z0 2 45 6
FAD-linked oxidase SSOP1_3253 | AOAOE3GUQ6 2 51 5

Table 3.3.2 S. Solfataricus proteins binding the Ts promoter in the presence of F55. For each
protein the protein and gene name, the Uniprot code, the peptide identified by mass
spectrometry, the molecular weight, and the percentage of sequence coverage are reported.

Among the F55 protein partners, the DNA repair and recombination protein
(RadA; UniProt code: AOAOE3MIV8) caught our attention. RadA is the archaeal
homolog of the bacterial RecA, and it is a recombinase enzyme essential for
genome stability®2. In particular, it promotes the repair of double-stranded DNA

breaks and the rescue of collapsed DNA replication forks®.
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The DNA-binding activity of RadA was tested by band-shift assays using the
double-stranded Ts-promoter as a probe. As shown (Fig. 3.3.6, panel A), unlike
F55, the protein RadA alone does not cause a band shift. Therefore, the interaction
observed through mass spectrometry between RadA and Te-promoter was not
direct and might be mediated by F55. To test this hypothesis, a band shift assays
with both proteins was performed, showing a slower band in the lane containing
both proteins in respect to the control, containing the probe incubated with F55
(Fig. 3.3.6, panel B). This finding confirmed that F55 acts as a molecular bridge
for the interaction between RadA and the dSDNA. As above-mentioned, upon UV
exposure, RadA mediates the repair of double-stranded DNA breaks and the
rescue of collapsed DNA replication forks by interacting with sSDNA regions and
ATP. Therefore, we have added ssSDNA as a competitor to the mixture containing
F55, RadA, and the Te-promoter probe. The increasing amounts of ssDNA cause
the appearance of the Te-F55 complex at the expense of the Te-F55-RadA band as
a consequence of the recruitment of RadA onto the ssDNA to form the activated
RadA* (i.e., RadA bound to ATP and ssDNA). The formation of the fast-
migrating complex (Fig. 3.3.6 panel C, FM) clearly indicates that F55 does not
interact with the activated RadA*. Noteworthy, unlike one would expect by
analogy with the bacteriophage A, the presence of RadA* does not apparently
induce the proteolysis of F55 in vitro. Altogether, these evidences indicate that
although the archaeal molecular partners of response to DNA damage (RadA-F55)
are functionally homologs to the bacterial counterparts (RecA-Cl), the host-viral

mechanisms underlying this process are different.
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Fig. 3.3.6 Analysis of the interaction between F55 and RadA. The band-shifts were
performed using the Te-promoter dsSDNA probe (22 nM) and a fixed concentration of F55
(2.2 pM). Panel A: two different RadA concentrations (2.2 uM lane 2 and 4.4 uM lane 3)
were tested. Panel B: molar ratios of F55:RadA of 1:1 and 1:2 were employed in the lane
2 and 3, respectively. Panel C: RadA (2.2 uM) is displaced from the complex T6-F55-
RadA by adding dsDNA:ssDNA at a ratio of 1:1 (lane 4), 1:10 (lane 5) and 1:100 (lane 6).
The F55-DNA complex, as well as the free probe (Te-promoter), are indicated by arrows.

Therefore, these results highlight a strategic crosstalk between a host-encoded
protein, which is involved in the surveillance of the genome integrity, and a virus
protein, which regulates the transition from the carrier to the induced state of the
SSV1 life cycle. Although our data do not demonstrate unequivocally that the
interaction of F55 with its operator sites is destabilized by the detachment of RadA
as a consequence of its recruitment at sSDNA regions, we propose that the
equilibrium of association/dissociation of RadA from F55 is the molecular sensor
evolved by SSV1 to detect the compromised viability of the host cell (Fig. 3.3.7).
In our model, the carrier state the concentration of F55 is optimal to saturate all
the target sites in the UV-induced region of the SSV1 genome?®*?7; thus, repressing
the expression of the early transcripts. RadA interacts with F55 bound to the
dsDNA. Upon irradiation, UV-induced host DNA damage causes the
accumulation of stalled replication forks as a consequence of DNA unrepaired
lesions or lesions undergoing repair®*. The increase of ssDNA regions fosters the
recruitment of RadA that forms nucleoprotein filaments on the exposed ssDNA.

This event results in the progressive release of RadA from F55 and, later on, in
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the dissociation of F55 from its target sites with the consequent activation of the

temporary coordinated transcription pattern of SSV1.
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Fig. 3.3.7 Model that describes how SSV1 senses the host DNA damage.

This kind of molecular crosstalk between a key virus transcription regulator and
one of the main players of the host DNA repair mechanisms has already been
described for the phage A that infects E. coli. In this system, the CI transcription
regulator inhibits the expression of all A genes in E. coli lysogens and this
transcriptional block is released upon CI autoproteolysis that, in turn, triggers the
switch from the lysogenic to the lytic cycle. The CI proteolytic cleavage is induced
by the direct interaction with the activated RecA* (i.e., RecA bound to ATP and
ssDNA), which is formed as a consequence of UV-induced damage of the host
DNA. In the SSV1-Saccharolobus system, F55 was found to interact with the not-
activated RadA, and the formation of the RadA* does not apparently induce F55
proteolysis. Therefore, although the A and SSV1 responses to the host DNA

damage seems to be mechanistically different, both viruses have evolved a
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transcriptional repressor able to interact with a host regulator of the DNA repair

pathways.

In the case of the bacteriophage A, the transcriptional derepression of the lIytic
genes is an irreversible process because the cleavage of Cl leads to its complete
inactivation. Besides the control at the protein level, the switch from lysogeny to
the lytic cycle is amplified by a strict transcription regulation of CI (repression)®
and RecA (induction)®. Conversely, as it concerns SSV1, we did not observe such
a tightly regulated response neither at protein nor at transcription level for both
F5527 and RadA?¥. Instead, the switch from the carrier to the induction of the viral
life cycle is characterized by a fluctuation in the levels of the bound F55 to DNA
and its free form?’. From an evolutionary point of view, this kind of host-virus
“communication” that is not based on an all-or-none response mirrors the non-
lytic nature of this fusellovirus. Indeed, unlike the case of A, the SSV1 response
to UV irradiation does not impose a metabolic burden on the host physiology that
evolves into cell lysis but consists in the amplification of the viral particles
production, possibly through the dynamic variation of the intracellular
concentration of the dsDNA-F55-RadA and dsDNA-F55 complexes.
Furthermore, the fairly constant expression levels of F55 and RadA transcripts,
even upon UV exposure, indicate that the system is self-consistent in restoring the
carrier state once the host has recovered from the stress, as one could expect in the
case of the harmonic host-virus coexistence between SSV1 and Saccharolobus.
Noteworthy, the absence of CRISPR spacers for SSV1 in the Saccharolobus
genome supports the hypothesis of a mutual beneficial interaction in this

host/virus system.

3.3.4 Conclusions

Using an original EMSA-MS approach, we unraveled the biological function of

the SSV1 protein F55 by identifying its interactors. Among all the interactions
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with RadA was investigated. Functional experiments allowed us to propose a
model explaining the effect of the interaction of the F55-RadA complex on the Tg
promoter. Of course, we cannot exclude that the switch from the carrier to the
induction phase of SSV1 relies on an even more complex interactome involving
other factors that complement the primary signal of RadA detachment. However,
the proteomic approach turned out to be powerful in straightforward identification
of the main F55 interacting factors and, therefore, in unraveling the critical
components of the virus/host cross-talk.

The results discussed (including figures and tables) have been published in the
following article: Fusco, S.; Aulitto, M.; lacobucci, I.; Crocamo, G.; Pucci, P.;
Bartolucci, S.; Monti, M.; Contursi, P. The Interaction between the F55 Virus-
Encoded Transcription Regulator and the RadA Host Recombinase Reveals a
Common Strategy in Archaea and Bacteria to Sense the UV-Induced Damage to
the Host DNA. Biochim Biophys Acta Gene Regul Mech 2020, 1863 (5), 194493.
https://doi.org/10.1016/j.bbagrm.2020.194493.
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Chapter 4- Study of metal-based compounds as

potential pharmacological drugs

4.1 A structural study of B-lactoglobulin binding to

cisplatin and oxaliplatin

4.1.1 Introduction

B-Lactoglobulin is a whey carrier protein of 18.4 kDa'. Thanks to its biochemical
and biophysical features, including high solubility, abundance, and stability
against pepsin,? it can be used to prepare micro- or nanoparticles for
pharmaceutical and food industries.® B-Lactoglobulin is a good system in the
fabrication of delivering vehicles with controlled release properties for orally
administered bioactive molecules.* It has been reported that B-lactoglobulin

interacts with metallodrugs.*®

The discovery of cisplatin (CDDP, Fig. 4.1.1) as an anti-tumor agent by Barnett
Rosenberg in 1971 and the following Food and Drug Administration (FDA)
approval for the treatment of some advanced cancers has opened the doors to the
investigation of metal compounds as potential drugs. However, CDDP suffers
from some toxic effects, and this prompted the researchers to develop CDDP
derivates able to ameliorate its undesired side effects. Several second-generation
compounds containing dicarboxylate leaving groups in place of the more labile
chloride ions of the parent compound cisplatin were investigated in the 1980s
based on the hypothesis that platinum(ll) diamine compounds containing more
stable leaving groups would retain the desired anticancer properties while
imparting lower toxicity and more predictable pharmacokinetics®’. This
hypothesis turned out to be correct for carboplatin (CBDCA, Fig. 4.1.1), which

was granted FDA approval in 1989, and is now widely used in clinics primarily
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in the treatment of ovarian cancer. A prominent third-generation drug as an
anticancer agent is represented by oxaliplatin (L-OHP, Fig. 4.1.1), which was
demonstrated to perform better than cisplatin while showing reduced side effects
in early murine leukemia®. The first studies regarding the mechanism of action of

CDDP and its derivatives indicated to carry out their antineoplastic effects by

forming adducts with DNA.
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Fig 4.1.1 Chemical structures of Cisplatin (CDDP), Carboplatin (CBDCA), and
oxaliplatin (L-OHP).

Beyond their mechanistically relevant DNA interactions, cisplatin, carboplatin,
and oxaliplatin have been implicated in the extensive formation of Pt—protein
adducts. Though the involvement of these adducts in the mode of action and
toxicity of Pt drugs is still unclear, more and more attention is being placed on
protein—Pt drug interactions concerning their overall pharmacological and

toxicological impact®?°,

Above cisplatin, B-lactoglobulin is also able to bind transplatin and oxaliplatin*2
while it is unable to bind carboplatin'?; interestingly, in the complex with
oxaliplatin, non-covalent interactions (electrostatic interactions, hydrogen bonds,
and hydrophobic interactions) between the metallodrug and the protein are
supposed to be formed?2. In this work, carried out in collaboration with Professor
Antonello Merlino of the Department of Chemical Sciences at the University of
Naples “Federico 117, the interactions between B-lactoglobulin and either cisplatin

(CDDP) and oxaliplatin have been investigated’” to shed light on complexes
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stoichiometry, Pt-conjugated binding sites on the protein. In particular, we
characterized the interactions of CDDP and L-OHP with B-lactoglobulin by using

native electrospray ionization mass spectrometry, collecting data over time.

4.1.2 Experimental Methods

4.1.2.1 ESI-MS analysis

B-lactoglobulin reaction with CDDP and L-OHP was carried out in water by
mixing them in a 1:5 (protein:CDDP) and 1:3 (protein:L-OHP) molar ratios at 25
°C. A time course was performed acquiring ESI-MS spectra upon 0 h (free
protein), 3 h, 9 h, 18 h, 33/36 h, and 72 h of incubation of B-lactoglobulin with
metal compounds in order to delineate the time-dependent reaction development.
Following dilution in 10 mM ammonium acetate pH 6.8, each mixture was
analyzed using a Q-ToF Premier (Waters, Milford, MA, USA) mass spectrometer
by direct injection mode at a 10 pl min! flow rate. The source parameters were
set at 3 kV for capillary voltage, 42 kV for cone voltage, and 80 °C for the
temperature. The m/z acquisition range spanned from 900 to 3500, and the raw
data were processed by the MassLynx 4.1 software (Waters, Milford, MA, USA).

4.1.3 Results and discussion

4.1.3.1 ESI-MS analysis of f-lactoglobulin/CDDP adducts

In order to evaluate the nature of Pt-adducts with the protein and if they increase
over time, we have collected electrospray ionization mass spectra of the CDDP/j-
lactoglobulin as a function of time. As expected, ESI-MS spectra of metal-free f3-
lactoglobulin reveal the presence of two species with molecular weights of
18362.89 + 0.79 Da and 18276.39 + 0.47 Da, for B-lactoglobulin variants A and
B, respectively® (Fig. 4.1.2, panel A). Both variants are able to bind CDDP, as
demonstrated by the presence in the spectra of the peaks attributable to the

formation of adducts for both proteins at all incubation times (Table 4.1.1). At the
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shortest reaction time (3 h), an analysis of the ESI-MS spectrum reveals the
presence of metal-free protein and the formation of an adduct in which B-
lactoglobulin variant A binds a [Pt(NH3).CI*] fragment. This indicates that after
3h, CDDP binds the protein in a monodentate mode after releasing one Cl~ ion
(Fig. 4.1.2, panel B). After 9 h, for both B-lactoglobulin variants, the spectra show
the presence of a mixture of this latter form, of metal-free protein, of an adduct
with a [Pt(NH;),OH?*] fragment bound to the protein and of a bidentate adduct,
in which both Cl~ions are released by CDDP.

Following 18 h of incubation, the relative amount of adducts increased compared
to the metal-free proteins (for molecular weights, see Table 4.1.1). Mass spectra
acquired after 36 h and 72 h of incubation display the presence of the adducts of
B-lactoglobulin variants with fragments from one and two molecules of CDDP,
while only at the longest incubation time adducts formed by the protein coupled

to fragments from three CDDP molecules were present (Table 4.1.1).
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Fig. 4.1.2 Transformed ESI-MS spectra of free B-lactoglobulin (t = 0, panel A) and
following 3 h (B), 9 h (C), 18 h (D), 36 h (E) and 72 h (F) of incubation with CDDP. The
label on each peak represents the respective species interpretation as reported in Table

4.1.1.
Time EX&WTSQ; al T,\P;ﬁlc\)/n(altjlg?l Species Components

oh 18276.39+0.47 18277.2 BLG (B variant) /
18362.89+0.79 18363.3 BLG (A variant) /
18278.03+0.93 18277.2 BLG (B variant) /

3h 18363.54+0.58 18363.3 BLG (A variant) /
18626.36+1.09 18626.86 BLG (A)+ [Pt(NH3).CI*] Al
18277.15+0.92 18277.2 BLG (B variant) /
18363.16+0.99 18363.3 BLG (A variant) /
18504.38+0.79 18504.31 BLG (B)+ [Pt(NH3)2**] B1

o9h 18522.97 £ 0.30 18522.53 BLG (B)+ [Pt(NH3)20H2?"] B2
18540.92+0.83 18540.76 BLG (B)+ [Pt(NH3).CI*] B3
18590.36+0.44 18590.41 BLG (A)+ [Pt(NH3)2*] A2
18605.33 + 0.95 18608.61 BLG (A)+ [Pt(NH3)20H:**] A3
18626.42+1.18 18626.86 BLG (A)+ [Pt(NHs)2CI*] Al

18h 18277.53+0.40 18277.2 BLG (B variant) /
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18363.45+0.52 18363.3 BLG (A variant) /
18505.82+1.60 18504.31 BLG (B)+ [Pt(NH3)2*] B1
18524.93 +£0.28 18522.53 BLG (B)+ [Pt(NH3)20H2?"] B2
18541.58+0.06 18540.76 BLG (B)+ [Pt(NH3)2Cl*] B3
18590.26+2.26 18590.41 BLG (A)+ [Pt(NHs)2**] A2
18609.53 £ 0.72 18608.61 BLG (A)+ [Pt(NH3)20H2?*] A3
18627.29+1.97 18626.86 BLG (A)+ [Pt(NH3).CI*] Al
18275.56+2.57 18277.2 BLG(B variant) /
18362.04+0.57 18363.3 BLG (A variant) /
18503.97+0.50 18504.31 BLG (B)+ [Pt(NHs) %] Bl
18522.38 £ 0.71 18522.33 BLG (B)+[Pt(NH3)20H2**] B4
18541.22+0.80 18540.76 BLG (B) +[Pt(NH3).CI*] B3
18588.43+0.98 18590.41 BLG (A)+ [Pt(NH3)2**] A2
18608.39+0.78 18608.62 BLG (A)+ [Pt(NH3)20H2*] Al
36h 18626.94+0.98 18626.86 BLG (A)+ [Pt(NH3)2CI*] Al
18730.84+0.59 18731.42 BLG (B)+ 2[Pt(NH3)*] B5
BLG (B)+ [Pt(NH3)2>*]+
18749.26+0.52 18749.44 [Pt(NHs):0H:2"] B6
18768.45+0.53 18767.46 | BLG (B)+ 2[Pt(NH3)20H2?"] B7
18815.45+0.74 18817.52 BLG (A)+ 2[Pt(NHa)2*"] Ab
BLG (A)+ [Pt(NH3)2%"] +
18834.52 £0.78 18835.54 [Pt(NHz):0H.?*] A6
18853.48+0.78 18853.56 BLG (A)+2[Pt(NH3)20H2%*] A7
18276.90%0.60 18277.2 BLG (B variant) /
18362.31+0.22 18363.3 BLG (A variant) /
18502.82+0.77 18504.31 BLG (B)+ [Pt(NH3)2%] B1
18589.62+0.25 18590.41 BLG (A)+ [Pt(NH3)2**] A2
18730.97+0.41 18731.42 BLG (B)+ 2[Pt(NH3)2*] B5
BLG (B)+ [Pt(NH3)2%*]+
18750.96+0.79 18749.44 [Pt(NH:):0H?] B6
BLG (B)+
18770.71+0.37 18767.46 2[Pt(NH3)20H%] B7
72h 18817.00+0.09 18817.52 BLG (A)+ 2[Pt(NH3)2?*] A5
BLG (A)+ [Pt(NHa3)22*]+
18835.25+0.80 18835.54 [Pt(NH:):0H?] A6
BLG (A)+
18854.51+0.92 18853.56 2[Pt(NH3)20H%] A7
18957.83+0.55 18958.53 BLG (B)+ 3[Pt(NH3)2*"] B8
BLG (B)+ 2[Pt(NH3)2>"]+
18976.03+0.50 18976.55 [Pt(NH3):0H?*] B9
BLG (B)+ [Pt(NH3)2%*]+
18994.26+0.18 18994.57 2[Pt(NH3)20H?] B10

Table 4.1.1 Results of ESI-MS analysis. Incubation times of B-lactoglobulin and CDDP,
experimental and theoretical molecular weights, the chemical formula, and the acronym used in
Fig.4.1.2 of the corresponding species detected in the ESI-MS spectra are reported. (A) B-
lactoglobulin A variant, (B) p-lactoglobulin B variant.

The mass spectrometry time-course experiment results are summarized in the bar
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graph in Fig. 4.1.3, where the relative abundance of all detected species was

reported for all time of analysis.

600

Fig. 4.1.3 Bar graph of the relative abundances of B-lactoglobulin and its adducts with
CDDP as a function of time as revealed by ESI-MS. Species intensity, obtained by
summing values for the A and B variants for each reaction time, are reported. Metal-free
B-lactoglobulin is reported in blue, the monodentate adduct with the [Pt(NH3)?CI*] or
[Pt(NH3),0H?"] fragment bound to the protein is in yellow, the adduct with the [Pt(NH3)?*]
fragment bound to the protein is in red, the adduct with two CDDP fragments bound to
the protein is in green, while the adduct with three CDDP fragments bound to the protein

isin grey.

4.1.3.2 ESI-MS analysis of p-lactoglobulin/L-OHP adducts

To investigate the B-lactoglobulin/oxaliplatin adducts we performed ESI-MS
analysis. Furthermore, the time-dependent evolution of the adducts has been
evaluated by a time-course experiment at Oh, 3h, 9h, 18h, 33h, 72h of j-
lactoglobulin and oxaliplatin incubation. The spectrum of the free protein (Oh)
showed the presence of two species at a molecular weight of 18276.67+0.40 Da
and 18362.46+0.52 Da corresponding to the B and A B-lactoglobulin variants,
respectively (Fig. 4.1.4, panel A). Both the variants displayed the capability to
bind oxaliplatin as demonstrated by the presence of signals attributable to the non-
covalent interaction of the two variants with the intact metallodrug at all longer
incubation times (Table 4.1.2). Nevertheless, some differences have been detected

among the adducts over time.
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At the shortest reaction time (3h), ESI-MS analysis revealed that both B-
lactoglobulin forms bound intact metallodrug, as suggested by the detection of
species of 18674.96+0.67 Da and 18759.92+0.86 Da molecular weight for the B
and A variant, respectively (Fig. 4.1.4, panel B). In addition to the latter, at 9h of
incubation, a small amount of both isoforms bound two molecules of oxaliplatin
(19069.13+1.20 Da for B variant, and 19157.68+0.89 Da for A variant). These
species did not accumulate over time while starting from 9h of incubation, a
species showing a molecular weight of 18583.11+1.64 Da appeared. The latter
was assigned to the B variant bound to the fragment Pt(DACH)?
(DACH=(NHy).CsHs, Fig. 4.1.4, panel C), generated from the adduct with
oxaliplatin and increasing in terms of relative abundance with respect to the free
protein over 18h, 33h, and 72h (Fig. 4.1.4, panels D-F). The correspondent species
involving isoform A was not immediately evident since its expected molecular
weight (18672.56 Da) differs for only about 2Da from the one showed by the BLG
(B variant)+1L-OHP (18674.48 Da). However, at the longest time, the decreasing
of the signal of the A variant bound to 1 L-OHP (18760.27+0.76Da) and the
concomitant increasing of a species showing an experimental molecular weight
(18672.47+1.14Da) strictly in accordance with the expected for the A variant
bound to Pt(DACH)?* confirmed the accumulation of this species over the time,
analogously to the B isoform. This finding suggests the occurrence of a
progressive releasing of oxalate moiety from the bound oxaliplatin that at longest
incubation times (18h, 33h, 72h) also involved the adducts of both B-lactoglobulin
isoforms carrying two ligands, in which one of the two intact oxaliplatin
molecules released the oxalate fragment (for molecular weights see Table 4.1.2)

generating heterogeneous adducts.
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Fig. 4.1.4 Transformed ESI-MS spectra of free B-lactoglobulin (t = 0, panel A) and
following 3 h (B), 9 h (C), 18 h (D), 33 h (E), and 72 h (F) of incubation with L-OHP.

Time Experimental Theoretical MW Species
MW (Da) (Da)
oh 18276.67+0.40 18277.2 BLG(B variant)
18362.46+0.52 18363.3 BLG(A variant)
3h 18277.16+0.15 18277.2 BLG(B variant)
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18363.11+0.33 18363.30 BLG(A variant)
18674.96+0.67 18674.48 BLG(B variant)+10xaliPt
18759.92+0.86 18760.58 BLG(A variant)+10xaliPt
18276.24+0.85 18277.2 BLG(B variant)
18362.74+0.20 18363.3 BLG(A variant)
18583.11+1.64 18586.46 BLG(B variant) + 1 Pt(DACH)2*
9h 18673.84+1.01 18674.48 BLG(B variant)+10xaliPt
18760.18+0.14 18760.58 BLG(A variant)+10xaliPt
19069.13+1.20 19071.76 BLG (B variant)+20xaliPt
19157.68+0.89 19157.86 BLG(A variant)+20xaliPt
18276.78+0.16 18277.2 BLG (B variant)
18362.59+0.56 18363.3 BLG(A variant)
18584.21+0.29 18586.46 BLG(B variant) + 1 Pt(DACH)*
18674.48 BLG (B variant)+10xaliPt
18h 18673.30+0.76 18672.56 BLG (A variant)+ 1Pt(DACH)?*
18759.98+0.41 18760.58 BLG(A variant)+10xaliPt
BLG(B variant) + 1
18978.73+0.86 18983.74 PH(D AE:H)” +10)xaIiPt
BLG(A variant) + 1
19069.70+0.80 19069.84 Pt(DA(CH)2++1O)xaIiPt
18276.21+0.29 18277.2 BLG (B variant)
18362.59+0.36 18363.3 BLG(A variant)
18584.21+0.29 18586.46 BLG(B variant) + 1 Pt(DACH)*
18674.48 BLG (B variant)+10xaliPt
- 18673.33£0.80 18672.56 BLG (A variant)+ 1Pt(DACH)?*
18759.95+0.70 18760.58 BLG(A variant)+10xaliPt
18977.96+1.67 18983.74 PtE(”[;i(CBH‘)’?ﬂal”gX;"lPt
BLG(A variant) + 1
19069.76+1.09 19069.84 Pt(DA(CH)2*+1O)xaIiPt
18277.50£1.04 18277.2 BLG (B variant)
18363.80+0.97 18363.3 BLG(A variant)
18584.56+0.91 18586.46 BLG(B variant) + 1 Pt(DACH)*
18674.48 BLG (B variant)+10xaliPt
Do 18672.47+1.14 18672.56 BLG (A variant)+ 1Pt(DACH)?*
18760.27+0.76 18760.58 BLG(A variant)+10xaliPt
18980.31+1.52 18983.74 PtE(“[;i(CBH‘)’ﬁﬂflngX;"lPt
BLG(A variant) + 1
19069.38+0.96 19069.84 Pt(DA(CH)z"+10)xaIiPt

Table 4.1.2. Results of ESI-MS experiments. For each time of incubation the calculated, the
theoretical molecular weights, and the chemical formula of the detected adducts are reported.

4.1.4 Conclusions

In the present study, we investigated the interaction of B-lactoglobulin with
anticancer metallodrugs cisplatin (CDDP) and oxaliplatin (L-OHP). The ESI-MS
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analysis of CDDP incubated with B-lactoglobulin evidenced the formation of
adducts with more than one Pt-containing fragment coordinating protein residue
side chains in a time-dependent manner. The CDDP/protein adducts amount
increased over time as determined by the relative abundance of each species.
Finally, the monodentate and bidentate mode of binding are both possible, but the
first precedes the latter. The ESI-MS results of the L-OHP incubated with -
lactoglobulin confirmed the non-covalent and covalent binding of the
metallodrug. L-OHP approaches to the protein in a non-covalent mode. -
lactoglobulin showed the capability to bind up to two oxaliplatin molecules.
Together with in vivo and other in vitro evidences, these findings may suggest
how to develop other cisplatin-derived drugs that can be better delivered in B-

lactoglobulin nanocages®*.

The results discussed in this chapter (including figures and tables) have been
published in the following article: Balasco, N.; Ferraro, G.; Loreto, D.; lacobucci,
I.; Monti, M.; Merlino, A. Cisplatin Binding to pB-Lactoglobulin: A Structural
Study. Dalton Trans 2020, 49 (35), 12450-12457.
https://doi.org/10.1039/d0dt02582h.
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Chapter 4- Study of metal-based compounds as

potential pharmacological drugs

4.2 Investigation of metallodrugs potential inhibitory
activity towards the aggregation of Ap21.40 amyloidogenic

peptide

4.1.1 Introduction

The AP peptide is the proteolytic degradation product of a transmembrane
precursor protein called APP (Amyloid Precursor Protein). Contrary to popular
belief, the AP peptide is a regular product also present in healthy people and not
only in patients affected by neurodegenerative diseases such as Alzheimer’s®. The
APP degradation process involves three different enzymes: a-secretase, [-
secretase, y-secretase and depending on how these enzymes operate. Degradation
may encounter a non-amyloidogenic pathway and an amyloidogenic pathway, as
shown in Fig. 4.2.1.

Normal cleavage of Abnormal cleavage of amyloid precursor protein

amyloid precursor protein leading to excess amyloid accumulation
Oligomer

aggregate

APP

APP mutations \ (L W
increase
B-secretase W y
a-secretase cleavage @ Q y
PB-secretase @ })
? \J ) W\) AP peptide «
P Au@ / Q
i X4
e

ysecretas

Extracellular space
(oll,"
PSEN1/PSEN2 @

"'bfa,,
mutations increase Cytoplasm o
y-secretase

activity

Fig. 4.2.1 APP degradation process in amyloidogenic and non-amyloidogenic
pathways?.
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In the amyloidogenic pathway, the AB-amyloid peptide (1-40 and 1-42) forms
oligo- and multimeric aggregates that evolve into fibrils recovered in the brains of
patients affected by Alzheimer's disease (AD)*. The research field involving the
use of metal-based drugs as inhibitors of amyloid fibril formation and toxicity,
targeting neurodegenerative diseases like Alzheimer’s (AD) and Parkinson’s
Disease (PD), is experiencing a great flowering®*. In general, transition metal
complexes have tunable properties, depending on the oxidation and spin states of
the metal center as well as the coordination geometry. These features could
influence the reactivity of these compounds with amyloidogenic species and,
consequently, modulate their aggregation pathways®®.

The amyloid inhibitory activity of the metal-based drugs can be exploited through
different mechanisms’: i) coordination chemistry, ii) oxidative, iii) proteolytic
reactions® for peptide modifications. Metal complexes of relatively stable
Kinetically inert metal ions (such as Pt(ll) square-planar complexes) can form
stable coordinate bonds with amyloidogenic peptides in their monomeric state®,
thus, can prevent toxic effects of AP oligomerization and serve as potential neuro
drugs. In general, Pt(11) and Ru(l1)1° complexes are more stable and redox inert
with respect to Zn-, Cu-, or Fe-based compounds; thus, they can have major
chances of success to prevent toxic effects of AP oligomerization in a coordinative

mechanism and to serve as potential neurodrugs.

Starting from cisplatin as pioneering antineoplastic metal-based compounds®?,
many analogs of 2" and 3" generation'? compounds were investigated for their
interaction with DNA, and several examples of square-planar Pt(ll)-complexes
bearing phenanthroline, bipyridine, and terpyridine as intercalating ligands were
reported!®1415 Several studies demonstrated the capability of Pt(11) complexes to
interfere with amyloid-aggregation, many of these involving hydrophobic

phenanthroline(phen)-based bidentate ligands along with two monodentate
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ligands (e.g., chlorides)'®. n- interactions between the phen moiety and aromatic
Phe4, Tyr10 and Phel9 aid the formation of the [Pt(11)(phen)- AB]?" adduct that
suppresses aggregation and limit the neurotoxicity of AP in mouse hippocampal
tissue'®. Direct coordination of the Pt center to amyloid peptides/proteins is not
the only strategy that has been identified to inhibit the formation of amyloid fibers.
It has been shown that metal-driven oxidation of crucial residues could be also
exploited®. Indeed, the oxidation of Met35 affects the aggregation of AB1.40'". The
formation of the hydrophilic Met35 sulfoxide influences the electronic properties
of AP peptides causing an enhancement of peptide’s polarity, which hampers
hydrophobic interactions that are crucial for the initiation and progression of Af
aggregation. Thus, it is possible to trigger the oxidation of Met in amyloid peptides
utilizing metal compounds that can act as reducing agents or produce reactive
oxygen species (ROS), which can be responsible for the oxidation. Beyond the
Pt(I1) complexes, other metal complexes have been used as amyloid fiber
formation inhibitors. Due to the ligand field similarities between Pd(I1), Au(ll),
and Pt(I1) compounds, the ability of Pd(Il) and Au(lll) compounds to inhibit the
fiber formation has been investigated!®1%202L_ Pd(I1l) compounds can exchange
ligands 10° times faster than their Pt(1l) analogs, enhancing their capability to

interact with the cellular components such as sulfur-donor biomolecules.

The current project has been carried out in collaboration with Professor Daniela
Marasco and Antonello Merlino research groups of the Department of Pharmacy
and Chemical Sciences, respectively, of the University of Naples “Federico 11”.
We focused our attention on the study of the 21-40 C-terminal fragment of the Ap
peptide (Table 4.2.1), for which few works are reported in the recent literature,

although its propensity to form amyloid aggregations.

We have investigated the anti-aggregation effects of three cisplatin analogs
bearing 1,10-phenanthroline (Pt(ll)-phen) or 2,2’-bipyridine (Pt(l1)-bipy), or
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2,2:6’,2”-terpyridine ligands (Pt(Il)-terpy) (Fig. 4.2.2). These metal compounds
have been demonstrated to be able to bind the entire beta-amyloid polypeptide.

Q@ <)
SN c
~ Y N\ *
Pt\ \_/' Pt—cl
Z~ Na N/
x | < P,

Fig. 4.2.2 Chemical structure of the Pt(ll) complexes analyzed in this study. A)
Dichloro(1,10-phenanthroline)platinum(Il); B) (2,2’-bipyridine) dichloroplatinum(ll); C)
Dichloro(2,2":6',2"-terpyridine)platinum(l1).

Peptide Sequence pl Net charge at pH7
AP21-40 AEDVGSNKGAIIGLMVGGVV 3.93 -1
Table 4.2.1. The aminoacidic sequence, the isoelectric point (pl), and the charge at pH=7 is
reported for AP2i-0.

Furthermore, to investigate the incidence of the metal ion on the aggregation
process of APo1-40, We studied the activity of square-planar complexes of Pt(ll),
Pd(Il), Au(lll) carrying 2-(2’-pyridyl)benzimidazole and chlorides as ligands
(Fig. 4.2.3) on the AP21-40 peptide.

A ~ —*
f; (A 2097
i . Y A
B PNPAS Ly ..
e & o &, s
KO3S =\ HO4S /:\ 3 S
\ 7/ \_/ 7/
1 2 3

Fig. 4.2.3 Chemical structure of the 2-(2’-pyridyl)benzimidazole 1) Pt(I1), 2) Pd(Il), 3)
Au(l1T) complexes.

The native ESI-MS approach, combined with other physicochemical techniques,
allowed us to investigate if the metal complexes could bind the AP21-40. Once

detected the adducts, the binding mode and the stoichiometry were determined to
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understand the different mechanisms of action of the potential neuro drugs.

4.2.2 Experimental methods

4.2.2.1 ESI-MS analysis

Solutions of 50 pM A21.40in 15 mM AMAC (Ammonium acetate) buffer pH=6.8,
at 1:1 ratios with complexes were incubated for 0 and 24h for Pt-(phen), Pt-(bipy),
and Pt-(terpy), and Oh, 3h and 17h for 1, 2, and 3. The samples were analyzed by
Q-ToF Premier (Waters, Milliford, MA, US) mass spectrometer. The analysis
were done by direct injection at 10 uL/min and the source parameters were set as
3 kV for capillary voltage and 42 kV for cone voltage. The acquisition range was
spanned from 700 to 2500 m/z, and the raw data were processed with MassLynx
4.1 software (Waters, Milliford, MA, US).

4.2.3 Results and Discussion

4.2.3.1 Electrospray-mass spectrometry analysis

The ESI-MS spectra of AB2i40 in the absence of metal complexes highlight a
weakness of the peptide bonds under the experimental conditions used for this
analysis. During spectra acquisition using standard source settings, the peptide
undergoes to a fragmentation process, as evidenced by the presence in the spectra

of several b-series signals (Fig. 4.2.4, panel A and B).
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Fig. 4.2.4 ESI-MS spectrum of AP2-40 peptide alone at Oh (A) and 24h (B). AP2i-40
fragments belonging to b-series and spontaneously in source-generated are also present.

Then, AP2i1-40 incubated with Pt-(phen), Pt-(bipy), Pt-(terpy) compounds at 1:1
ratios, were analyzed at two different times (0 and 24h) by electrospray ionization
mass spectrometry (ESI-MS)*. As reported in Figs. 4.2.5-4.2.7 and Tables 4.2.2-
4.2.4, ESI-MS spectra showed that all the three Pt complexes are able to bind one
chain of the AP21.40 at longer as well as shorter incubation times. By a detailed
inspection of MS spectra of AP21.40 cOMplexes with bi-dentate adducts (Pt-phen
and Pt-bipy), two double-charged ions were present: one at higher m/z values (Pt-
phen m/z=1168.52; Pt-bipy m/z=1156.50) generated by the loss of one chloride
ion, and a second peak, at lower m/z values (Pt-phen m/z=1150.52; Pt-bipy
m/z=1138.02), deriving by the loss of both chloride ions. These latter peaks
increased over time. In addition, the species missing two chloride ions are flanked

by the presence of an adduct deriving from the substitution of a chloride with an
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acetate ion, deriving from the buffer (Pt-phen m/z=1180.04 Da; Pt-bipy
m/z=1168.05 Da). AB21-40 formed an adduct with one molecule of Pt-terpy losing
the only chloride present, as demonstrated by the presence of the double charged
ion at m/z 1176.57. Moreover, in the ESI-MS acquiring conditions, the isolated
AP21-40 peptide provided an in-source fragmentation phenomena, generating b
series fragments. The fragmentation of free AP2140 peptide also persisted in the
presence of Pt(ll)-phen (Fig. 4.2.5) and Pt(Il)-terpy (Fig. 4.2.7), since a large
amount of peptide was unbound. Conversely, in the presence of Pt(ll)-bipy, no
free peptide fragmentation was detectable (Fig. 4.2.6), being the largest part of
peptide bound to the Pt-compound. However, differently from other complexes,
AP21-a0/ Pt-bipy is the unique adduct to give fragmentation, as confirmed by mono
and double-charged species of big C-terminal fragment evidenced in the ESI-MS

spectrum.

MS data demonstrated that all Pt-compounds bind Ap21-40 With 1:1 stoichiometry
and that the adduct with bipy resulted more abundant and stable in respect to the
others, as demonstrated by the dominant species in the spectrum associated with

the complex and its bis fragment.
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Fig. 4.2.5 ESI-MS spectra of Ap.1-40 peptide at Oh (A) and 24h (B) of incubation with Pt-
phen. Fragmentation ions are also indicated.

_ Experimental | Experimental | Theoretical | by poige
Time m/z, (charge Monoisotopic | Monoisotopic Complexes
state) Mass (Da) Mass (Da) P
AB2140+1 Pt(ID)-
1150.52 (+2) 2299.06 2299.29 phen -2HCI
Aﬁ21_40+1 Pt(II)-
Oh 1180.04 (+2) 2358.07 2358.29 phen -2HCI+1
AcO"
Aﬁ21_40+] Pt(“)—
1168.52 (+2) 2334.18 2335.74 phen -1HCI
Aﬁ21_40+] Pt(“)—
1150.53 (+2) 2299.06 2299.29 phen 2HCI
Aﬁ21_40+1 Pt(II)-
24h 1180.04 (+2) 2358.07 2358.29 phen -2HCI+1
AcOr
Aﬁ21_40+] Pt(“)—
1168.50 (+2) 2335.00 2335.74 phen -1HCI

Table 4.2.2. Summary of main ion species occurring in the ESI-MS spectra of Aai-
40 with the Pt-phen, at Oh and 24h of incubation. Each detected adduct is reported
with the corresponding experimental m/z values, the charge state, the calculated and

theoretical monoisotopic molecular weight. Fragmentation ions are not reported.
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Fig. 4.2.6 ESI-MS spectra of AP21-40 peptide at Oh (A) and 24h (B) of incubation with Pt-
bipy. Fragmentation ions are also indicated.

) Experimental Exper'lment?l Theo'retlca! Pt(Il)- Peptide
Time m/z, (charge Monoisotopic Monoisotopic Complexes
state) Mass (Da) Mass (Da) P
AP2140t+1 Pt(1D)-
1138.02 (+2) 2274.04 2275.27 bipy-2HCI
AB2i-40+1 Pt(1D)-
Oh 1168.05 (+2) 2234.10 2334.27 bipy -
2HCI+AcO
AB21-40+1 Pt(1I)-
1156.50 (+2) 2311.00 2311.72 bipy -1HCI
1138.02 (+2) 2274.04 2275.27 Apa1aot] PYIT)-
bipy -2HCI
24h AB21-40+1 Pt(1I)-
1156.50 (+2) 2310.00 2311.72 bipy -1HCI

Table 4.2.3. Summary of main ion species occurring in the ESI-MS spectra of ABai-
40 with the Pt-bipy, at Oh and 24h of incubation. Each detected adduct is reported
with the corresponding experimental m/z values, the charge state, the calculated and

theoretical monoisotopic molecular weight. Fragmentation ions are not reported.
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Fig. 4.2.7 ESI-MS spectra of APa1-40 peptide at Oh (A) and 24h (B) of incubation with Pt-
terpy. Fragmentation ions are also indicated.

) Experimental Exper'lment?l Theo'retlca! Pt(11)- Peptide

Time m/z, (charge Monoisotopic Monoisotopic Complexes

state) Mass (Da) Mass (Da) P
AB21_4()+1 Pt(H)-
Jr

Oh 1176.56 (+2) 2351.14 2353.35 terpy -1HCI
Aﬁ21_40+] Pt(“)—

24h 1176.57 (+2) 2351.14 2353.35 terpy -1HCI

Table 4.2.4. Summary of main ion species occurring in the ESI-MS spectra of Aai-
40 with the Pt-terpy, at Oh and 24h of incubation. Each detected adduct is reported
with the corresponding experimental m/z values, the charge state, the calculated and
theoretical monoisotopic molecular weight. Fragmentation ions are not reported.

The same binding mode of the Pt-based complexes described above was also

found probing the interaction between A4 and Pt(ll) carrying 2-(2’-

pyridyl)benzimidazole ligand. Therefore, just after adding 1 to AP21-40 (Fig. 4.2.8,

panel A and Table 4.2.5), one and two chloride ligands are substituted by the

peptide, as indicated by the presence of the species at 2471.54 Da and 2435.59

Da. The latter increases over time, as observed in the other Pt(I1) complexes.
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On the contrary, when AP21 40 is incubated with 2 (Fig. 4.2.9 and Table 4.2.6), it
immediately binds one molecule of the Pd(I1) compound that has released two CI-
ligands, as inferred from the species of 2346.03 Da molecular weight. Moreover,
the presence of an adduct of 2029.00 = 0.02 Da suggests that AP21 40 also binds a
naked Pd(Il) ion. In addition to the AP21 40 peptide fragmentation signals and
contrarily to the other investigated compounds, the adducts formed by AB21-40 With
1 and 2 showed signals belonging to b-series. This finding suggests that the APa1-

40 N-terminal tail is directly involved in recognizing these metal compounds.

Unlike the other metal complexes, 3 does not form adducts with APz 40 (Fig.
4.2.10, Table 4.2.7). However, the presence of the metal complex affects the
oxidation state of the peptide. In particular, it promotes the oxidation of Met35, as
demonstrated by a slight increase of AP21 40 Oxidized form over time (1941.68
Da).

These findings suggest that both the direct binding of metal complexes to the
peptide and the oxidation of Met35 can be used as valuable strategies to inhibit
the AP21-40 aggregation.
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Fig. 4.2.8 ESI-MS spectra of AP21-40 incubated with 1 at t=0h (A) and t=17 h (B). Signals
belonging to the fragmentation b series of AP2140 are indicated.

; Signal Experimental | Theoretical .
Metal ion (m/2) Charge MW (Da) MW (Da) Species
1927.48 A+1
96427 A+ | 192650£0.02 | 1926.00 AB 2140
1943.49 B +1
972.12 B +2 1942.35+0.13 1942.00 AP 2140 + 10x
1218.583 C+2
Pt )
813.429 C +3 2435.59+0.56 2436.45 AP 2140 + 1(1) - 2HCI
1236.599 D +2
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Table 4.2.5 Results of the ESI-MS analysis of the adducts formed upon Oh and 17h of incubation
of AB21-40 with 1. The experimental m/z values, the ion charge status, the experimental and

theoretical monoisotopic mass values, and the corresponding ion species are reported.
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Fig. 4.2.9 ESI-MS spectra of AB21-40 incubated with 2 at t=0h (A) and t=17 h (B). Signals
belonging to the fragmentation b series of AB21-40 are indicated.

. Signal Experimental Theoretical .
Metal ion (m/2) Charge MW (Da) MW (Da) Species
1927.09 A+l
964.03 A+2 1926.07+0.02 1926.00 AP 2140
Pd
1943.07 B +1
971.48 B 42 1941.50+0.56 1942.00 AP 2140 + 10X
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2030.029 | C+1
1015500 | C+2 2029.00+0.02 2028.42 AP 2140 + 1 Pd

1174.035 D +2 AP 2140 + 1(2) -
783.022 D +3 2346.03+0.02 2347.79 2HCI

Table 4.2.6 Results of the ESI-MS analysis of the adducts formed upon Oh and 17h of incubation
of AB21-40 with 2. The experimental m/z values, the ion charge status, the experimental and

theoretical monoisotopic mass values, and the corresponding ion species are reported.
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Fig. 4.2.10 ESI-MS spectra of AB21-40 incubated with 3 at t=0h (A) and t=17 h (B). Signals
belonging to the fragmentation b series of AP2140 are indicated.
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. Signal Experimental Theoretical .
Metal ion (ml2) Charge MW (Da) MW (Da) Species
1927.31 A+l
963.60 A 42 1925.74+0.56 1926.00 AP 21-40
Au
1943.28 B +1
971 56 B +2 1941.68+0.58 1942.00 AP 21-40 +10X

Table 4.2.7 Results of the ESI-MS analysis of the adducts formed upon Oh and 17h of incubation
of AB21-40 with 3. The experimental m/z values, the ion charge status, the experimental and

theoretical monoisotopic mass values, and the corresponding ion species arereported.

The use of the transition metals as potential drugs for neurodegenerative diseases
treatment has been inspired from the observation that in senile plagques found in
the Alzheimer Disease (AD)-affected brain, mainly composed of AP aggregates,
highly concentrated metals, such as Cu, Zn, and Fe?*%2* have been found
coordinated to the amino acid residues, such as His6, His13, and His14, of AB

peptide?®>26#',

Therefore, transition metal complexes have been investigated as a class of
chemical modulators against AP aggregation, considering their tunable
characteristics, including the oxidation state and coordination geometry around
the metal center. The adducts between the transition metal complexes and Ap can
affect intramolecular and intermolecular interactions essential for the folding and
aggregation of AB peptides (Fig. 4.2.11)6:28.29,
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Fig. 4.2.11 Schematic drawing of modulating AB aggregation upon coordination of
transition metal complexes to ApE.

However, other mechanisms have been reported to inhibit amyloid aggregation.
Among them, the AB oxidation is reported®®%. The main amino acid residues that
can be oxidized are His and Met'’*!. The higher polar generated species vary the
electronic properties of AP peptides and cause an enhancement of peptide’s
polarity, which hampers hydrophobic interactions that are crucial for the initiation

and progression of A aggregation.

In particular, Pt-based complexes with 1,10-phenanthroline (Pt(Il)-phen) or 2,2’-
bipyridine (Pt(11)-bipy), or 2,2°:6”,2°’-terpyridine ligands (Pt(11)-terpy) ligands as
well as Pt(I)-, Pd(ll)-, Au(lll) based complexes carrying 2-(2’-

pyridyl)benzimidazole were investigated (labeled as 1, 2, and 3, respectively).

In this project, the physicochemical data collected by our collaborators have
revealed the ability of the investigated metal complexes to modulate the
aggregation of the 21-40 C-term moiety of Ap amyloid peptide by time-course
Thioflavin T (ThT) fluorescence emission. ThT is a fluorescent dye that, when
bound to beta-sheet rich structures, displays an enhanced fluorescence emission
at about 480 nm upon excitation at 440 nm. All the tested compounds showed to

be able to suppress the aggregation process (Fig. 4.2.12, panels A and B). As a
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control of non-aggregating peptide, AP1-40 bearing the point mutation G37D,
which was reported to suppress aggregation of the entire ABi.42, was subjected to
the ThT assay. The no-zero starting value of fluorescence is ascribable to an

immediate partial aggregation during sample preparation as already observed?®,

Pt-(phen), Pt-(bipy), and Pt-(terpy) was detected able to inhibit amyloid
aggregation of AP-1.40, as displayed in panel A of Fig. 4.2.12. Moreover, two ratios
for peptide:metal complexes were possible only for Pt-terpy, i. e., 1:1 and 1:5,
while Pt-phen and Pt-(bipy) resulted insoluble for 1:5 ratio (500 pM). In addition,
AP21-40 alone reached a saturated signal after 6h of stirring while mut ApP2i-40
cannot aggregate for 20 h, as expected. The anti-aggregation ability is more
evident for terpy and bipy complexes while almost negligible for Pt-(phen). A
complete inhibition of the aggregation is displayed by 1:5 ratio of Pt-(terpy)
complex that provides a signal similar to mut APi40 for the entire analysis
duration. The 1, 2, and 3 also displayed an effect on the aggregation process
(Fig.4.2.12, panel B). 1 provided a slight ThT signal decrease, while the presence

of 2 and 3 seems to have a faster effect in amyloid formation inhibition.
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Fig. 4.2.12 Time course of ThT fluorescence emission intensity of AB21-40 peptides alone
and upon the incubation with (A) Pt(I1)-phen, -bipy,-terpy complexes and (B) with 1, 2, 3
at indicated molar ratios.

The ESI-MS experiments revealed a 1:1 stoichiometry of the AB adducts formed

with the metal complexes. In particular, all the Pt(Il)- based compounds have
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shown to exhibit an early recognition towards the Ap peptide by substituting the
monodentate chloride ligand. Over time, the peptide binding develops in a

bidentate mode inducing the release of the chloride ion ligand.

Compared to the analog Pt(ll) compound, the Pd(I1)-based has shown the ability
to bind the AP2i1-40 directly in the bidentate mode. It can be explained because
Pd(I1) exchange ligands 10° times faster than their Pt(I1) analogs®.

Otherwise, the Au(Ill) compound was found not to bind the AP21-40 peptide, as
expected by the UV/Vis experiments in which the ligand field of this metal
complex has not been influenced by the presence of the peptide, differently from
the other compounds under investigation. However, an increase in the oxidized
form of the peptide has been observed when incubated with the Au(lll)-based
complex. These data indicate that the compounds can use different mechanisms
of action in the peptides' aggregation process. The modulation of the aggregation
process of amyloid peptide by metal compounds depends on many factors that
include, but are not limited to, oxidation state of the metal, redox potential,

stability, strength of metal-bond, total charge of the complex.

4.2.4 Conclusions

Several metal-based compounds have been investigated to bind the AP2i-0
amyloidogenic peptide. In particular, the binding features were probed fixing
ligands or metal ion centre. All the tested complexes were able to bind the peptide,
except the Au(ll1)-based compound, in a 1:1 stoichiometry. The coordination of
side chains of amino acids of the peptide to the Pt(Il) ion occurs upon the release
of the two or one coordinated Cl- ions. On the other hand, the Au(lll)-based
complex may mediate the amyloid inhibition through the Met35 oxidation,

suggesting a different mechanism of action.

The investigated compounds have demonstrated to modulate the overall
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aggregation process of the peptide in vitro, strongly suggesting an inhibitory

action, even though only future morphological data deriving from electronic

microscopy investigations can definitively assess the inhibition of the formation

of amyloid fibers. Thus, future studies carried out on the different full-length

amyloid proteins could confirm the anti-aggregation properties of this class of

complexes and its potential therapeutic application in neurodegenerative diseases.

On the other hand, our data provide exciting information on the peptide/metal

compound recognition process.
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