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RESUMO

RANGEL, Victor Lopes. X-ray crystallographic fragment screening against the
human prion protein. 2021. 218f. Tese. Faculdade de Ciéncias Farmacéuticas de
Ribeirdo Preto — Universidade de S&do Paulo, Ribeirdo Preto, 2021.

Doencgas pridnicas resultam do acumulo de conférmeros mal enovelados da proteina
pridnica celular (PrP°), uma proteina de ancoragem glicosilfosfatidilinositol, expressa
na superficie de membranas celulares. O evento critico da doenga pridnica é a
conversdo da PrP¢ em um conférmero capaz de se automultiplicar, o prion scrapie,
cuja propagacao e acumulo resulta em morte neuronal e amiloidogénese. O
prognostico da doenga € devastador, com uma média de sobrevida de
aproximadamente um ano apds o inicio dos sintomas. Apesar dos tremendos
esforcos, a fungao e mecanismo de conversao da PrP ainda sdo desconhecidas. Esse
trabalho teve como foco a utilizacdo da técnica de varredura de fragmentos por
cristalografia de raios-X para mapear o espago quimico da PrP para ajudar na busca
de compostos de referéncia para o desenvolvimento de farmacos. A triagem da PrP,
que atualmente carrega o estigma de proteina “ndo-drogavel”’, pode se beneficiar da
estratégia de empregar fragmentos como fontes de novos hits. Essa abordagem se
baseia na utilizagdo de moléculas de baixo peso molecular para rastrear a superficie
da proteina na busca de regides de interagdo, aumentando as chances de encontrar
ligantes que possam oferecer uma rota alternativa para o tratamento da doenca.
Fragmentos identificados como ligantes podem ser explorados no i) aumento da
estabilidade da PrP¢, aumentando a barreira de energia para a convers3o, ii) redugao
da estabilidade, induzindo a internalizagéo e degradagdo da PrPC, iii) bloquear sitios
de interagdo proteina-proteina entre a PrP¢ e a PrPS° inibindo o processo de
conversao. Nesse trabalho, foi estabelecido um protocolo reprodutivel para produgao
e cristalizacado da PrP, para a qual mais de 1000 conjuntos de dados foram coletados
e mais de 600 fragmentos foram testados. Os dados mostraram dois ligantes
interagindo com a PrP, e revelaram o pirazol como motivo quimico de interagdo em
uma pequena cavidade gerada pela fechamento da cadeia lateral da Lys185 sobre o
fragmento. A analise in silico dos dados coletados também revelaram uma rigidez
inesperada para a regiao globular da PrP. Para superar a dificuldade em encontrar
mais ligantes, foi realizada uma segunda varredura de fragmentos, que usou um cristal
em condigdo mais favoravel para esse tipo de experimentos. A busca por essa
condicdo envolveu a varredura por uma nova forma cristalina, o uso de nano
anticorpos especificos para PrP e condigcbes com PEG. A segunda varredura de
fragmentos testou mais de 100 fragmentos, sem positivos. Reunindo os dados
gerados, o trabalho tem o potencial de ajudar na busca de farmacos baseado na
estrutura da proteina pridnica, além de providenciar uma analise profunda sobre
varredura de fragmentos que pode auxiliar futuras campanhas.

Palavras-chave: Proteina pribnica. Cristalografia de proteinas. Varredura de
fragmentos. Doenca pridnica. Descoberta de farmacos baseada em estrutura.



ABSTRACT

RANGEL, Victor Lopes. X-ray crystallographic fragment screening against the
human prion protein. 2021. 218f. Thesis. Faculdade de Ciéncias Farmacéuticas de
Ribeirdo Preto — Universidade de Sao Paulo, Ribeirdo Preto, 2021.

Prion diseases result from the ordered accumulation of the misfolded conformer of
cellular prion protein (PrP°), a glycosyl-phosphatidylinositol (GPI)-anchored protein
expressed on the cell surface. The critical event in prion diseases is the conversion of
PrPC into the self-propagating conformer scrapie prion protein, PrPS¢, with resultant
propagation and accumulation resulting in neuronal death and amyloidogenesis.
Prognoses are devastating, with an average survival time of approximately one year
after the onset of symptoms. Despite the tremendous efforts, PrP physiological function
and its mechanism of conversion to PrPS¢ remain elusive. This research focuses on X-
ray crystallographic fragment screening technique to map PrP chemical spaces in
order to find lead compounds as part of the drug discovery process. Screening against
human PrP, currently stigmatized as an “undruggable” target, can benefit from the
fragment screening strategy. This approach relies on low molecular weight compounds
to scan the protein surface in search of binding spots in the protein, enhancing the
chances of finding ligands that could offer an alternative route to quest a treatment to
prion disease. Any hits could be explored to be used for either i) increase PrPC
stabilization, increasing the energy barrier for the protein conversion, ii) destabilization,
to induce PrP removal from the cell, thus reducing the quantity of PrP available for
conversion, or iii) block protein-protein interaction sites between PrPC¢ and PrPSc,
inhibiting the conversion process. We have established a reproducible crystal system
for which we collected over 1000 X-ray datasets and screened over 600 fragments.
Our data shows two ligands interacting with the prion protein and reveal a pyrazole
chemical binding motif for an unprecedented small cavity created by a conformational
change of the Lys185 sidechain. The in silico analysis of the collected datasets showed
that the globular domain of the PrP is unexpectedly rigid. To overcome the difficulty of
finding PrP binder molecules, we performed a second fragment screening assay. The
second screening was enabled by achieving a more fragment screening-friendly
crystal. This search involved screening for a new crystal system, the use of a PrP-
specific nanobody, and PEG-based conditions. Our second screening tested over 100
fragments, with no hits. Together, we believe that our work has the potential to provide
structural basis to aid the drug discovery regarding the prion protein while also
providing an in-depth analysis that can support other X-ray fragment screening
endeavors.

Keywords: Prion protein. Protein crystallography. Fragment screening. Prion disease.
Fragment-based drug Discovery
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1. INTRODUCTION
1.1  High-throughput screening in drug discovery

Drug discovery is a time-consuming, expensive, and complex learning process.
Developing a drug from scratch can take 12-15 years and around $3 billion (DIMASI;
GRABOWSKI; HANSEN, 2016; HUGHES et al., 2011). It commonly starts with early
drug discovery studies, which involve target identification and validation, screening of
compounds, hit and lead identification, and lead optimization. Preclinical studies and
clinical trials then follow this stage. The early stage of this process can be roughly split
into two steps: target selection and lead selection.

Target selection is defined as the decision to focus on finding an agent with a
biological action anticipated to have therapeutic utility (GASHAW et al.,, 2012;
KNOWLES; GROMO, 2003). It involves considering the disease pathologies and
possible approaches to tackle them. Identifying a biological pathway and a target, such
as an enzyme, a receptor, a modulator, or a gene using genomics, bioinformatics,
biochemical assays, and previous knowledge about related diseases, consists of
possible strategies to achieve it. This process ends with a validated and effective model
linked to the pathology and can have a therapeutic effect on the disease.

The lead selection involves the path to discover a lead compound — or even a
class of molecules(LAMOREE; HUBBARD, 2017). To do so, one will need to develop
an assay to monitor binding — a biophysical technique, for example — and test
candidates. The high throughput screening (HTS) is one of the many approaches
available to select a lead compound. It has been increasingly gained attention in the
past years and is particularly effective if no previous information is known about
possible candidates to interact with the target. This approach involves the testing of a
large scale (hundreds of thousands) of compounds against your chosen model. The
success of this approach consists of the balance between time, quality, and costs. HTS
assays are optimized to allow miniaturization to use small amount of reagents and
sample, in a fast and automated way, generating thousands of data. On the downside,
the development of a robust platform can be costly in terms of infrastructure and assay
development, and intrinsic problems related to the screening such as technical
variations and distinguish biologically active compounds from assay variability pose
challenge to HTS(BLUCHER; MCWEENEY, 2014; SHUN et al., 2011). The quality of
the results is related to the biophysical method chosen to perform the screening. Each
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technique has its own advantages and disadvantages, which should be pondered on
the situation; the selected method will not only define the throughput-ness of the results
but also carry intrinsic features embedded with the technique, such as sensitivity and
selectivity. The HTS can be used with a broad number of biophysical techniques that
can be used solo or coupled. Some of the most employed biophysical techniques
include surface plasma resonance (SPR)(HUBER et al., 2017), differential fluorometry
scanning (DSF)(SORENSON; SCHAEFFER, 2020), microscale thermophoresis
(MST)(RAINARD; PANDARAKALAM; MCELROQY, 2018), mass spectrometry
(MS)(ROHMAN; WINGFIELD, 2016), nuclear magnetic resonance (NMR)(WU et al.,
2015), and X-ray crystallography(SCHIEBEL et al., 2016).

1.2  Fragment screening

The fragment-based drug discovery, or FBDD for short, is an approach that
relies on the use of low molecular weight compounds to scan the target protein for
binders(LIl, 2020). These spots are often referred to as ‘warm’ or ‘hot’ spots (RATHI et
al., 2017). The main goal of this approach is to identify chemical probes for drug
targets: because of their small nature, each atom a fragment hit is often involved with
binding interactions and exhibit thermodynamic-driven profiles(FERENCZY; KESERU,
2016), providing an efficient starting point for lead generation(FATTORI, 2004), and
also helping to identify which region of the protein is more likely to bind a particular
functional motif(MURRAY; REES, 2009). The identified hits can be optimized in a
rational way by considering the mode of binding to the protein structure and nearby
binding fragments, and common approaches include linking, growing and
replacing(BAKER et al., 2020; LAMOREE; HUBBARD, 2017).

By definition, fragments are small molecules that follow the “rule of three”
criteria, typically with molecular weight < 300 Da; clogP < 3; number of hydrogen-bond
donors < 3; number of hydrogen-bond acceptors < 3(OSBORNE et al., 2020). The
fragment-based drug discovery is being increasingly more used because of its
advantages over the common libraries HTS libraries. Some of them are a) the low
complexity nature of fragment libraries, which makes them cheaper and easier to
obtain; b) being small allows them to access chemical space of the target more
efficiently; c) because of their efficiency, the fragment libraries can carry only a few
hundred small molecules (O'REILLY et al., 2019; RESNICK et al., 2019; WOQOD et al.,

2019). On the downside, fragments usually make weak interactions with the proteins
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because of their simple nature, with dissociation constant values ranging from 1 mM
to 100 uM, posing a challenge to correctly identify and evaluate the hits (KONTEATIS,
2021; ROBSON-TULL, 2018). Fragment screening has become increasingly more
used in the last 25 years, with four approved drugs and over 40 in the clinical trials
(ERLANSON et al., 2016; LI, 2020).

1.3 X-ray crystallography fragment screening

HTS and FBDD results are the basis for the design of lead compounds that
display both improved potency and physicochemical properties. The use of structural
biology techniques is key for this purpose: the optimization ad efficient progression of
hits usually rely on the identification of the correct binding mode of the ligand to the
target so that follow-up molecules can be rationally selected and tested, and the
absence of these information pose challenge to design iterations of
chemistry(MURRAY; REES, 2009). In this scenario, the application of X-ray
crystallography as the leading biophysical technique to drive the FBDD has been
rising, mainly because X-ray crystallography is widely recognized as one of the most
sensitive and least prone to false-positive technique (PATEL; BAUMAN; ARNOLD,
2014), while also providing extremely high-resolution information - these features have
risen the popularity of this approach, leading many groups to employ this strategy in
the process of drug discovery. Despite those advantages, crystallography was
historically deprecated in screening approaches because it requires a crystallized
sample and because of its low-throughput nature(LIN, 2018). However, robots in the
crystallization procedure (LUFT; SNELL; DETITTA, 2011) improved reproducibility,
increased the number of tested conditions, lowered the amount of sample used, and
increasing the process throughput, thus significantly reducing costs and time. The
improvement of synchrotron light sources also resulted in better data collection
outcomes. The automated recharge of crystal pins and crystal centering (ABOLA et al.,
2000), together with the fact that crystallographic fragment screening relies on using
crystal ‘clones’ made room for a fully automated data collection pipeline, hastening one
of the low throughput steps in X-ray crystallography. Further improvement in data
processing software’s such as XDS and DIALS and its implementation in the beamline
pipeline allowed the collected data to be fully and automated processed in situ.

The development of automated imaging and soaking experiments represented

the final touch required to make X-ray crystallography fragment screening a high-
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throughput technique (COLLINS et al., 2017). In particular, the XChem facility at
Diamond Light Source, under the supervision of Prof Von Delft, gathered all the
mentioned resources and display a streamlined process where one could go from the
crystal drop to PDB deposition, being consolidated as the first high throughput X-ray
crystallography fragment screening facility in the world. Many other platforms are now
under development, such as FragMAX, hosted by Lund University in Sweden (LIMA et
al., 2020).

1.4  The prion concept

The Scrapie Syndrome in sheep and goats was the first prion disease to be
reported. It was identified in 1732 in imported Spanish merino sheep. The disease
name was derived from one of the significant clinical signs of the condition in which the
affected animal had the unusual habitude to scrape against rocks, trees, and fences
(LEE et al., 2013). One of the first insights about the scrapie disease agent was
introduced in 1950 by Greig. After the Animal Disease Research Association
inadvertently attempted to build a vaccine against the agent, causing many sheep to
be contaminated by the disease, he inferred that the agent was present in the brain,
could remain infective in a concentration of 35% formalin, could be transmitted
subcutaneously, and had a long incubation period. He also acknowledges Cuillé and
Chelle (1938) for providing experimental evidence that the scrapie agent was an
infective disease that could be transmitted by inoculation after being filtered by a
porcelain filter, indicating it was potentially a filterable virus (GREIG, 1950).

In 1954, Bjor Sigurdsson was working in Iceland on scrapie and visna of sheep
provided microscopic information of infected sheep brain. In his lecture, Bjor discusses
Rida, the Icelandic name for the disease, which was prevalent in Iceland sheep. As
Greig, Cuillé, and Chelle, he also noticed that the condition had a very long incubation
period and could be transmitted artificially to healthy sheep through the intracerebral
inoculation of extracts of diseased brains even after the extract was filtered through a
bacterial filter, leading him to propose the agent should to a group of “slow virus”
infections (SIGURDSSON, 1954).

On the opposite side of the globe, Gajdusek, who later was awarded the Nobel
Prize, discovered Kuru (KLATZO; GAJDUSEK; ZIGAS, 1959) in Papua New Guinea,
which in the Fore language means “to shiver”. Kuru is a neurodegenerative disorder

and was an endemic disease among tribes of New Guinea aborigines, and was proven
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transmissible (GAJDUSEK et al.,, 1967) and linked with the mortuary cannibalism
culture of the Fore tribe, in which they ate the brains of dead people as part of a funeral
ritual.

Two years later, a clairvoyant observation by William Hadlow noted
epidemiological, clinical, and neuropathological similarities between Kuru and scrapie,
leading him to suggest that Kuru could also be caused by a slow virus (HADLOW,
1959). In the same way, Igor Klatzo confirmed the similarities between Kuro and CJD,
a human neurodegenerative disease, over the comparison of their microscopic
pathology, revealing that kuru, scrapie, and CJD were distinct forms of the same
neuropathy and transmissibility of Kuru, Scrapie, and CJD agents were experimentally
demonstrated to various species (CHANDLER, 1961; GAJDUSEK et al., 1967).

The search involving the molecular architecture of the scrapie agent was majorly
twisted when data pointed out that the agent’s infectivity was resistant to procedures
that alter nucleic acids. In 1966, Alper noticed the exceptionally small size of the
scrapie agent and published many data reporting the ability to remain infective even
after exposure to high doses of ultraviolet light (ALPER et al., 1967; ALPER; HAIG;
CLARKE, 1966). He noted in 1966:

the evidence that no inactivation results from exposure to a huge dose of
ultraviolet light, of wavelength specifically absorbed by nucleic acids, suggests
that the agent may be able to increase in quantity without itself containing
nucleic acid. This possibility is supported by the data from electron
irradiations, since these yield a target size which is implausibly small as a
nucleic acid code. In any event, our data strongly support the conclusion of

Pattison (1965) that this agent is likely to be of an unusual nature. (ALPER;
HAIG; CLARKE, 1966, p. 283)

In 1982, Prusiner, who was awarded the Nobel prize for his research with prions
in 1997, introduced the new term “prion” to denote this “a small proteinaceous
infectious particle which is resistant to inactivation by most procedures that modify
nucleic acids” (PRUSINER, 1982), that the protease-resistant PrP extracted from
affected brains was of 27-30 kDa and became known as PrP?-3°_ and confirmed that
this protein was responsible for the disease came with the observation that no

replication of prions in PrP-deficient was found (BUELER et al., 1993).
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1.5 The prion disease

The prion disease belongs to an invariably fatal group of neurodegenerative
disorders that affect humans and other animals. In humans, include kuru, Creutzfeldt-
Jakob disease (CJD), Gerstmann-Straussler-Scheinker (GSS) syndrome, and fatal
familial insomnia (FFI) (COLLINS; MCLEAN; MASTERS, 2001; LIBERSKI et al.,
2012). The prion disease is also responsible for the chronic wasting disease (CWD) in
cervids; bovine spongiform encephalopathy (BSE) in cattle, and its analogs in
antelopes and wild felids; scrapie in sheep and goats; transmissible mink
encephalopathy (TME) in ranch-reared mink; and feline spongiform encephalopathy
(FSE) in domestic cats (AGUILAR-CALVO et al., 2015).

The scrapie prion protein, PrPSe, are originated by a misfolding of the cellular
prion protein, PrPC, into the self-propagating conformer PrPS¢ (PRUSINER, 1998).
PrPS¢ is synthetized from its normal isoform PrPC through a post-translational process
whereby it acquires 3-sheet content from its a-helical structure. This new conformer
not only has the tendency to aggregate but also drives the formation of nascent PrPSc
by binding to its homolog PrP®¢ (PRUSINER et al., 1990). After attaining some
threshold, the accumulation of the abnormal protein isoform in neural tissue leads to
the manifestation of the disease. It may manifest as sporadic (1), genetic (2), or
infectious disorders (3) and can be hastened by exposure to exogenous prions or
mutations(GAMBETTI et al., 2003). The worldwide incidence of prion disease is
roughly 1 per 108 population per year for sporadic disease and 1 per 107 per year for
familial disease(CHEN; DONG, 2016). Currently, Kuru is virtually extinct due to a ban
on ritualistic cannibalism in the area of Papua New Guinea, where it was endemic.
Active surveillance programs exist in Europe, the USA, Canada, Japan, China, Korea,
Argentina, Australia, and Brazil (WATSON et al., 2021). They are demonstrated to be
critical for disease mapping, control, and prevention. Approximately 85-90 % of CJD
cases occur sporadically, familial/genetic CJD (fCJD/ gCJD) account for about 10 % of
CJD cases worldwide, and acquired prion diseases include variant CJD (vCJD) and
iatrogenic CJD (iCJD) and are observed in 2-5 % of CJD cases (CHEN; DONG, 2016;
COLLINGE, 2001).

1.6  Prion gene and structure

The human PRNP gene is located on the short arm of chromosome 20 between
the end of this arm and the position 12. The entire open reading frame (ORF) of all
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known mammalian and avian PrP genes (PRNP) resides within a single exon,
annulling the possibility of PrP¢ and PrPS¢ isoforms to be the product of alternatively
splice MRNAs (SCHATZL et al., 1995). PrPC is ubiquitously expressed in mammals,
and the alignment of the amino acid sequence of human against mouse, sheep, and
chimpanzee sequences demonstrates that PrP°¢ is highly conserved across those
species, revealing a high sequence identity of 89%, 89.7%, and 99.2% respectively

(Figure 1).
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Figure 1. PrP sequence alignment of human (Homo sapiens), chimpanzee (Pan troglodytes), rabbit
(Oryctolagus cuniculus), sheep (Ovis aries), bank vole (Myodes glareolus), horse (Equus caballus),

cattle (Bos taurus), dog (Canis lupus familiaris), mouse (Mus musculus) reveal a high sequence

identity among prion protein of different species. Aligned in Multialin using ENDscript server(ROBERT;

GOUET, 2014).
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Over 40 mutations in the PRNP gene have already been directly linked to the
development of prion diseases and lead to different clinical phenotypes, including CJD,
GSS, and FFI (MASTRIANNI, 2010). Mutations of the prion protein gene can be
classified as point mutations, silent, or can cause the coding to prematurely terminate
(stop or nonsense mutation) or insertions and deletions. These mutations affect the
primary structure of PrP and may lead to changes in the secondary and tertiary
structure that could result in the emergence of PrPS¢ conformers. Meanwhile,
polymorphisms do not cause prion disease but may influence a person’s risk of
developing it. These mutations can lead to prion strains that differ in their clinical
phenotype (CJD, FFI, GSS), incubation times, transmission properties, and
neuropathological profiles. A penetrance quantification of prion diseases (MINIKEL et
al., 2016) acknowledged strong pathogenicity for four missense variants: P102L,
A117V, D178N, and E200K.

The human cellular prion protein is a glycosyl phosphatidyl inositol (GPI)-linked
glycoprotein that undergoes facultative N-linked glycosylation at two sites (N181 and
N197). It contains 253 amino acid residues in length and has a MW of 35-36 kDa
depending on its glycosylation. It encodes a cleaved signal peptide (1-22) that
addresses it to the outer membrane of cells, an octapeptide repeat-containing unfolded
domain (51-91) with binding sites for Cu?*, three a-helices (H1, H2, and H3), a disulfide
bound (C179 - C214), one small antiparallel B-sheet (1 and 32), and a GPI- anchoring
signal at the C-terminus (Figure 2).

Figure 2. Scheme of the primary and secondary structure of the human prion protein PrP with the
signal peptide, octapeptide repeats, hydrophobic region, and GPI anchor, N-glycosylation sites, and

disulfide bond highlighted
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Source: own elaboration.

The first structure of PrP was solved via NMR at Kurt Wuthrich lab (PDB
ID:1QM3), a pioneer on the use of NMR for biomolecules and who later was awarded
the 2002 Nobel Prize in Chemistry “for the development of methods for identification
and structure analyses of biological macromolecules”. The first crystallographic
structure was solved in 2001 (PDB: 114M) (KNAUS et al., 2001), and at the moment
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there approximately 44 human PrP structures available at the Protein Data Bank
(https://www.rcsb.org/) including native, fragments and mutant structures solved by
NMR, X-ray crystallography and electron microscopy. Besides subtle differences
related to the methodology and/or resolution, PrP was found in both monomeric and
dimeric arrangements (Figure 3) (KNAUS et al., 2001). In the dimeric structure, the
monomeric prion protein was shown to be able to undergo a dramatic conformational
transition, described as a 3D domain-swapped dimer (KNAUS et al., 2001), where a
rearrangement of a3 allows its packing against a2’ from the other monomer (Figure 3).
At this point, it remains unclear whether these interactions can represent the functional
dimer.
Figure 3. Cartoon representation for both monomeric (PDBID 6du9) and dimeric (PDBID 6DU9 and

3HAF) forms of PrP Dimerization is achieved by reducing an intramolecular disulfide bridge, torsion of

the loop connecting helices 2 and 3, and forming an intermolecular bridge between a2 from one
monomer to a3 from the neighbor monomer

Monomer 6du9 J »g al '
/ 3 al Dimer 6du9 7’/
a3 - mas W L) \
\ N \ Ao
4 ’<,‘<\$ ¥ /v o » 2
Qg . ( Y e b 4
\v |4 ’\ ) ( a\}
2 Vs H - \ " a ~
Y < : [P
Zz »
Monomer 3haf ~ « Domain swap dimer

/ 3ha N &
§ q al 4 u\ ‘ J y
) (,v_.' ’ 4 ’\
é . ‘ ',r'f;’ < VWY
¢ ‘ - ” 4 /

Source: own elaboration.

Recently, Prof Nonato, during her work at Broad Institute of MIT and Harvard
(March 2017 to Feb 2018, FAPESP 2016/22929-0, Bolsa de Pesquisa — Exterior),
crystallized PrPC using a new and reproducible crystallization condition. In this new
crystal form, human PrP¢ was found in its monomeric form, providing an attractive
model for X-ray fragment screening. Moreover, essential regions like the a2-a3 loop

required for PrPc to undergo domain swapping are found solvent-exposed in this new


https://www.rcsb.org/

23

crystal packing contacts. We hypothesized that binders might stabilize the domain
swapping by binding to the a2-a3 loop.

The conversion of PrPC into PrPS¢ is thought to be the critical event in prion
disease (PRUSINER, 1998). Profound changes in PrP physicochemical properties
mark the structural transition. PrPC presents as soluble, monomeric, protease-
sensitive, while PrPS¢ has an insoluble profile, protease-resistant, presents an
oligomeric form, and is more resistant to heat and sterilization (JUNG; PISTOLESI;
PANA, 2003; MEYER et al., 1986; PRUSINER, 1982). Another intriguing aspect is that
PrPS¢ does not evoke any immune response (ZABEL; AVERY, 2015). These
differences appear to be based on their structural differences. Among the structural
changes, data based on circular dichroism and infrared spectroscopy have shown that
PrPC is composed mainly of a-helices (42%) and has only a tiny fraction of B-sheet
content (3%). In contrast, PrPS¢ contains predominantly B-sheets (>43%) (COHEN et
al., 1993; SPAGNOLLI et al., 2019).

While conversion of a-helical into B-sheet features in the formation of PrPS¢ and
thus seems to be the critical events underlying prion disease, the existence of scrapie
strains remains perplexing (FRASER; DICKINSON, 1968). Different prion strains
produce distinct patterns of PrPS¢ deposition in the brain and often have different
incubation times.

Although the scrapie prion can transmit between the organism of the same
species, a structural feature within the prion protein limits some interspecies transfer
and is referred to as species barrier (RAYMOND et al., 2000); for example, human and
mouse prion were found to be fully compatible, whereas hamsters and humans prions
seems incompatible (VANIK; SUREWICZ; SUREWICZ, 2004). In the same study,
amino acid positions 138 and 139 (isoleucine-isoleucine for humans, methionine-
isoleucine for mouse and methionine-methionine for hamsters) were identified as
responsible for the species barrier (VANIK; SUREWICZ; SUREWICZ, 2004). In
another study, residues within the a-helix two and B-sheet two-loop were also
determined to play a role in the prion disease and species barrier between humans
and deer and elk (KURT; KONG; SIGURDSON, 2015), and the presence of individual
substitutions Y169G, S170N or N174T are referred to increase the resistance to prion
disease by introducing rigidity to the a-helix 2/B-sheet two loops (KURT et al., 2014).
Another example of the importance of this region to the formation/resistance to scrapie

prion formation is the observation of animals very resistant to the prion disease, such
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as dogs, horses, and rabbits. Their naturally occurring amino acids D159 (dogs) and
S167(horses) are known as ‘protective’ against the prion disease (FERNANDEZ-
BORGES et al., 2017; SANCHEZ-GARCIA; FERNANDEZ-FUNEZ, 2018; VIDAL et al.,
2020; ZHANG, 2011).

1.6.1 PrP physiological function

In humans, PRNP is mainly expressed as a GPIl-anchored protein (Figure 4)
outer membrane of neuronal cells in adult, uninfected brains (OESCH et al., 1985).
Even though PRNP knockout mice exist since 1992, PrP¢ physiological function
remains elusive. A significant number of functions have been attributed to PrPC. PrPC
is proposed to act in stress-protection, cellular differentiation, neuronal excitability,
circadian rhythm, metal ion homeostasis in the immune system, mitochondrial
homeostasis, among others (reviewed in Castle and Gill, 2017). One accepted role of
PrP in the peripheral nervous system is myelin maintenance (BREMER et al., 2010)
through FT-mediated Gpr126 agonism (KUFFER et al., 2016) in Scwhann cells where
it is highly expressed (FOLLET et al., 2002). On the opposite hand, this evidence does
not explain the PrPC role in the central nervous system, which is where the prion

disease takes place.
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Figure 4. Schematic diagram of PrPC structure. The carbohydrate moieties that are linked to Asn 181
(down) and Asn 197 (up) are shown in pink. The C-terminal GPl-anchor is shown in green and is
extending into the cell membrane in blue and red. OR residues in the N-terminal domain are known to
bind copper ions (shown in blue)
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Source: adapted from Acevedo-Morantes and Wille (2014).
Because PrP€ has binding regions for Cu?* in its N-terminal-octapeptide repeat
region, it is hypothesized to participate in copper metabolism. Also, PrPC is thought to
be involved in zinc metabolism because of PrPC’s ancestral relationship with ZIP
proteins. Zinc is the most abundant trace metal in the brain and plays a significant role
in axonal and synaptic transmission, and is necessary for nucleic acid metabolism and
brain tubulin growth and phosphorylation (PFEIFFER; BRAVERMAN, 1982). Recent
findings indicate that the PrPC octapeptides and C-terminal domain’s tertiary structure
are driven upon Zn?* binding. Interestingly, the C-terminal region that participates in
this interaction happens to carry the majority of the point mutations that confer familial
prion disease. The investigation of mutant PrPS¢ has found a relationship between the
type of mutation and the apparent strength of this domain structure, suggesting it could
be a mechanism by which physiologic metal ions control prion disease (SPEVACEK et
al., 2013). This hypothesis corroborates with previous reports that both Cu?* and Zn?*
inhibit in vitro amplification of prions (OREM et al., 2006). Another theory holds that the
octapeptide repeats, along with the N-terminal region, mediates the influx of zinc into

neuronal cells via  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
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receptor (AMPA receptors). In this theory, the PrP° role would be zinc sensing or
scavenging, while AMPA receptor as zinc transporter (WATT; GRIFFITHS; HOOPER,
2013). Mutations associated with familial disease have shown to prevent inter-domain
interaction between PrP¢ and AMPA receptors, providing insights for the reduction of
zinc in brains affected with prion disease (WATT, GRIFFITHS; HOOPER, 2013).

PrP was described to interact with other proteins, the excitatory amino acid
transporter 3 , the multi-drug resistance protein 1, and y-glutamyl transpeptidase,
acting on the regulation of the astroglia and neuronal metabolism of the antioxidant
glutathione and suggesting that these interactions play an essential role in the
metabolic cross-talk between astrocytes and neurons and the protection of neurons by
astrocytes from oxidative and glutamate-induced cytotoxicity (GUITART et al., 2015).
And most recently studies are closing the gap and pointing PrP function to be centered
in interacting with the Neuronal cell adhesion molecule 1 in the context of
mesenchymal to epithelial transition(LINDEN et al., 2008; SCHMITT-ULMS et al.,
2021).

1.7 Therapeutical strategies for prion disease, PrP as a drug target and anti-
prion compounds

Despite the tremendous efforts, to date, no treatment is available to seize or
delay the clinical disorder course of any prion disease. The prion disease holds a
stigma of being undruggable because of the difficulty in finding micro molecules that
interact with it. In addition to that, there is no structure of the scrapie form of PrP, and
PrPC has a ‘small’ globular domain, with shallow cavities, and a disordered N-terminal
and. Also, little is known about the conversion of PrP into PrPS¢, limiting a more rational
approach to develop a drug based on the inhibition of PrP into PrPS¢ conversion.

A key achievement towards understanding the conversion was the development
of the Protein Misfolding Cyclic Amplification (PMCA) (SABORIO; PERMANNE;
SOTO, 2001). This technique resembles the polymerase chain reaction and is capable
of detecting and reproduce the scrapie prion in vitro with minimal components
(DELEAULT et al., 2007), enabling the test of conversion-inhibitor candidates and the
identification of additional players in the conversion, such as polyanionic molecules,
including RNA and DNA (GOMES; CORDEIRO; SILVA, 2008).

Despite the absence of treatment for prion disease, many therapeutic
approaches to treat the disease have been proposed and many compounds with anti-
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prion activities are known(ALTIERI et al., 2020; CONCEICAO et al., 2019; IMBERDIS
et al., 2016; MASHIMA et al., 2020). For instance, the reduction of PrP expression has
an extremely strong proof of principle as a therapeutic strategy. Knockout mice are
resistant to prion disease (BUELER et al., 1993), and incubation time is inversely
correlated with PrP expression level all the way from heterozygous knockouts to 10x
overexpressors (BUELER et al., 1994; FISCHER et al., 1996). Treatments aimed at
the laminin receptor, an important accessory molecule in the conversion of PrPC to
PrPS¢ — neuroprotection, immunotherapy, siRNA, and antisense approaches, have
provided some experimental promise (PANEGYRES; ARMARI, 2013). Cre-mediated
conditional knockout of PrP around the time of first symptoms can reverse prion
disease (MALLUCCI et al., 2003), and conditional downregulation to ~20% of wild-type
levels using a Tet-off system can dramatically delay prion disease (SAFAR et al., 2005).
Moreover, polyanionic compounds, like RNA aptamers, can prevent the conversion of
PrPC to PrPSc and might also sequester and down-regulate PrPS¢ (MASHIMA et al.,
2020; PANEGYRES; ARMARI, 2013)

Anti-prion compounds also offer proof of principle that the proposed
therapeutical approaches work, including chaperone-like compounds that increases
PrP stability, such as the GN8(KUWATA et al., 2007; YAMAGUCHI et al., 2019), which
binds to a small hydrophobic patch close to helix 3. Other compounds with anti-prion
activity (some depicted in Table 1) in cell culture include Quinacrine, Hematein,
Tacrolimus and Congo Red, with proposed mechanism of action ranging from removal
of PrP from cellular membrane, promoting PrP degradation, stabilization of PrP, and
blockage of PrPS¢ oligomer formation (BIGGI et al., 2020; SPEVACEK et al., 2013;
WOOK HYEON et al.,, 2015). As so, one of the most popular and acceptable
approaches to target the prion disease has been searching for compounds that (1)
prevent PrP aggregation or (2) prevent the conversion of healthy PrPC to misfolded
PrPSc. Targeting PrPC with ligands that may stabilize PrPC native structure and
preventing PrPS¢ replication constitutes a promising strategy to treat prion
disease(PANEGYRES; ARMARI, 2013).
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Table 1 — Examples of compounds with known anti-prion activity.

Compound Proposed Interacting region Reference
mechanism
Quinacrine Improved Tyr225, Tyr226, and (DOH-URA; IWAKI;
clearance of PrPs¢ GIn227 CAUGHEY, 2000; M et
al., 2003)
Chlorpromazine Pharmacological Helix 2 and the two B- (BARAL et al., 2014)
chaperone sheets
Methylene Blue Inhibit oligomer Asn146, Asn156, Tyr160, (CAVALIERE et al.,
formation Lys188, Thr191, Val192, 2013)

Thr194, Thr195, GIn215
Fe(ll)-TMPyP Pharmacological C terminus of H3 / loop (CAUGHEY et al.,

chaperones between residues 160 1998; PRIOLA,;
and 180 RAINES; CAUGHEY,
2000)
Congo red Non-specific Non-specific interaction (B; D; RE, 1993)
interaction
GN8 Pharmacological Asn159 and Glu196  (KUWATA et al., 2007)
chaperones

Source: own elaboration

1.8  Tackling prion disease with X-ray fragment screening

Within this context, the present work focuses on using the state-of-art
methodology in drug discovery to search for compounds that could potentially bind and
stabilize the native form of PrPC and enlighten the path for treating prion’s diseases. In
this work, we employed X-ray crystallography fragment screening to shed light on the
elusiveness surrounding the PrPC structure and mechanism of action.

This work was conceived in the BROAD Institute of MIT and Harvard, in Prof
Stuart Schreiber laboratory, and where Prof. Nonato began to work during her
sabbatical year (FAPESP, grant number 2016/22929-0), taking advantage of X-ray
crystallography and fragment screening to study this target. By using X-ray
crystallography fragment screening associated with biophysical and biochemical tools,
we expected to map ligand binding sites of PrPC, elucidate ligand/PrP¢ mechanism of
interaction, and offer an alternative route to quest a cure/treatment to prion disease.
This project continued to be developed in Brazil and received financial support from
FAPESP (2017/26559-5) under the supervision of Prof Nonato. Here, we propose that
the random fragment-screening profile of this approach may offer an advantage over
standard libraries, which has been proven unsuccessful for screening compounds
against protein-protein interaction(HUBBARD, 2016). Moreover, the high efficiency of

fragment libraries may help overcome the ‘undruggability’ profile observed by the prion
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protein. Because of the elusiveness surrounding this protein, hits identified within our
X-ray crystallographic fragment screen can be explored in many ways, providing
structural basis for hit optimization and information regarding exploitable sites in the
prion protein. Fragments can serve as starting points to compounds that can be later
used to: i) increase PrPC stabilization, increasing the energy barrier for the protein
conversion, ii) destabilization, to induce PrP removal from the cell, thus reducing the
quantity of PrP available for conversion or iii) block protein-protein interaction sites

between PrP¢ and PrPS¢, inhibiting the conversion process.
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2. OBJECTIVES

This work aimed to use the fragment screening approach combined with X-ray
crystallography technique. Our goal is to map PrP chemical spaces, identify regions
capable of being explored in the prion structure, relevant function motifs for binding,
and fragment hits that can provide starting point for optimization. Throughout the
research, the high throughput pipeline for X-ray fragment screening XChem, was used
and in-depth described to support future fragment screening endeavors. The
identification of “hot spots” within the human PrP structure will provide basis that could
further be used for the development stages of a lead compound. This project employed
a broad range of techniques, including heterologous protein expression, purification,
dynamic light scattering, X-ray crystallography, computational analysis, and other

biophysical methods.

2.1  Specific objectives

Produce soluble, folded protein to support our follow-up experiments, which
were enabled by the establishment of a protocol for protein heterologous expression
and purification that fits our budget and yields enough soluble, stable, and correctly
folded protein that will be confirmed with additional biophysical techniques.

Achieve a suitable crystal system to support X-ray fragment screening, followed
by full characterization and in-depth structural studies to understand our target.

Identification of fragment hits that interact with the human prion protein through
screening of fragments using X-ray crystallography technique.

Support future fragment screening endeavors by providing in-depth description

of XChem'’s streamlined process.
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3. MATERIAL AND METHODS
3.1 Protein Production

The protocol developed for protein expression, purification, and refolding was
adapted from the original protocol shared by our collaborators at the Broad Institute
and available at http://www.cureffi.org/2014/07/30/recombinant-prion-protein-rocky-

mountain-style and reported by us in a manuscript (BORTOT et al., 2020).
3.1.1 Heterologous Expression

The human prion protein (PrP) construct 90-231 (amino acid sequence
MGQGGGTHSQWNKPSKPKTNMKHMAGAAAAGAVVGGLGGYMLGSAMSRPIIHFG
SDYEDRYYRENMHRYPNQVYYRPMDEYSNQNNFVHDCVNITIKQHTVTTTTKGEN
FTETDVKMMERVVEQMCITQYERESQAYYQRGSS) was previously cloned into the
plasmid peT24. Our collaborator, Prof Stuart Schreiber, kindly donated the construct
from the Broad Institute at MIT and Harvard.

Transformation and expression were carried out using chemically competent
Escherichia coli ROSETTA BL21 (DE3) cells. Bacteria cultures stored at -80 °C as a
glycerol stock were transformed by heat shock and plated in LB agar containing
kanamycin (30 pug/mL) and chloramphenicol (34 ug/mL). Bacteria grew overnight at
37 °C. A single colony of cells harboring the construct was used to inoculate 10 ml LB
media in the presence of the same antibiotics and incubated under agitation (180 rpm)
overnight at 37 °C. The starter culture was diluted 100-fold in LB media and grown at
37 °C. When 0O.Deoo nm reached 0.5-0.6, isopropyl-B-D-1-thiogalactopyranoside (IPTG)
(Sigma-Aldrich) was added to 1 mM final concentration, and PrP expression was
carried out overnight at 37 °C. The cells were harvested by centrifugation at 10,000 g

for 6 minutes at 4 °C and stored at -20 °C until used.
3.1.2 Protein Purification and Refolding

Cells pellets corresponding to 250 mL of culture were resuspended in lysis
buffer (100 mM Na2HPO4, 10 mM Tris pH 8.0, 1 mM PSMF, 10 pg/mL DNAse, 10 pg/mL
RNAse, 1 yg/mL lysozyme), with a 10 mL of buffer for each 1 g of cell. The system was
incubated for 20 minutes on a rocking shaker at 4 °C to allow membrane fragilization.
Cells were lysed using 10 cycles of 30 s sonication with 30 s interval on ice, 10 W, and


http://www.cureffi.org/2014/07/30/recombinant-prion-protein-rocky-mountain-style
http://www.cureffi.org/2014/07/30/recombinant-prion-protein-rocky-mountain-style
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centrifuged at 16,000 g for 30 minutes at 4 °C. Since the protein is expressed as
inclusion bodies, the pellet was retained, and soluble fraction was discarded.

The “washing procedure” described above (resuspension, rocking shaker,
centrifugation) was repeated 9 times. The pellet was washed three times with lysis
buffer, three times with lysis buffer plus 0.5% Triton X-100, and three times with buffer
A (100 mM Naz2HPO4, 10 mM Tris pH 8.0) to remove the detergent. The protein was
denatured in the two final washes with denaturing buffer (buffer A with 8 M guanidine)
to solubilize the inclusion bodies. The supernatant was injected into a C1/10 column
containing 5 mL Ni-NTA resin (QIAGEN®), previously equilibrated with buffer A
supplemented with 6 M guanidine. The protein was refolded by dialysis using an AKTA-
Purifier system (GE Life Sciences). An isocratic chromatographic run was carried out
to fully and slowly remove the guanidine: 5 column volumes (CV) from 6 M to 0 M
guanidine (buffer A) at 0.1 mL/min, followed by 2 CV of 100% buffer A for equilibration.
The refolded PrP was eluted using a linear gradient of 2 CV from buffer A to elution
buffer (100 mM Na2HPO4, 10 mM Tris pH 5.8, 500 mM imidazole) at 0.1 ml/min. The
PrP was readily dialyzed against 5 L of 10 mM NaC2H3O2 pH 5 using a 3.5 kDa cutoff

dialysis membrane (Fisherbrand) and finally concentrated in a 10 kDa cutoff (Amicon®)

centrifugal filter unit. Concentration was estimated using its theoretical extinct
coefficient ~ of  ¢X®0nmlem = 136/(mg/mL) calculated by ProtParam
(https://web.expasy.org/protparam/). Protein was stored at 4 °C until further used. All

steps were monitored by SDS page.

3.2 Biophysical studies

3.2.1 Dynamic Light Scattering

After purification and refolding protocols to access protein quality as a function
of its homogeneity and polydispersity, the DLS technique was employed to evaluate
protein integrity after storage and prior to crystallization assays. DLS was performed
in Nano Zetasizer S90 (Malvern®©) using quartz cuvette ZEN2112 (Hellma®). The
assay was performed at 4.5 mg/mL PrP in triplicates at 18 °C. Data were interpreted

using Zetasizer software.


https://web.expasy.org/protparam/
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3.2.2 Protein Mass Spectrometry

For acquisition and analysis of native intact mass spectrum, we used
electrospray mass spectrometry (ESI-TOF). A size exclusion chromatography was
performed in-line prior to mass spectrometry using an Agilent 1100 HPLC system
(Agilent Technologies inc. — Palo Alto, CA, USA). 20 ul of protein at a concentration of
1 mg/mL was injected onto a 2.1 mm x 12.5 mm AdvancedBio SEC 120 A 1.9 ym
housed in a column oven set at room temperature. The isocratic solvent system used
consisted of 50 mM ammonium acetate (Sigma®) in Optima® LC/MS water (Fisher
Chemical) with a final pH of 6.8. Chromatography was performed at a constant flow
rate of 0.2 mL/min for 15 min. Protein native intact mass was determined using an
MSD-ToF electrospray ionization orthogonal time-of-flight mass spectrometer (Agilent
Technologies inc. — Palo Alto, CA, USA). The instrument was configured with the
standard ESI source and operated in positive ion mode. The ion source was conducted
with the capillary voltage at 3500 V, nebulizer pressure at 30 psig, drying gas at 325 °C,
and drying gas flow rate at 10 L/min. The instrument ion optic voltages were as follows:
fragmentor 425 V, skimmer 65 V, and octopole RF 300 V.

The data were interpreted using MassHunter Qualitative Analysis B.07.00 SP1,
Agilent Technologies, Inc (with MassHunter BioConfirm B.07.00, Agilent Technologies,
Inc). They consisted of extracting the m/z spectrum, deconvolution of the m/z spectrum
to obtain the neutral mass and interpreting the m/z spectrum’s different charge states

by inputting the neutral mass in a charge table.

3.3 X-ray crystallography

3.3.1 Crystallization

Crystallization assays were performed using vapor diffusion methods in sitting
or hanging drops. Crystallization experiments were optimized by screening variables
such as protein concentration, protein to reservoir ratio in drop, pH, precipitant
concentration, additives, and temperature based on conditions previously described
(KNAUS et al., 2001; LEE et al., ) and optimized during Prof Nonato sabbatical
developed at the Broad Institute: 100 mM Tris pH 7.6, 2.0-3.5 M NaCl, 15 mM CdCl2
and glycerol 0-10%. Also, a broad range of protein volume/reservoir solution rates with
final droplet volume varying from 2 to 4 pL was tested. The drops were equilibrated
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against 500 uL of the reservoir at 21 °C, with protein concentration set to 4.5 mg/mL in

a 24-well 1-drop plate.
3.3.2 Quest for a different crystal form

Several crystallization commercial kits (such as Hampton Crystal Screen, MDL
JCSG +, MDL BCS, MDL MIDAS +, MDL MORPHEUS) were used to establish a new
crystal form for the human prion protein. These assays were performed using a
Mosquito ® crystallization robot and 96- well 3-drop Swissci plates utilizing a range of
protein to reservoir ratio (1:1, 2:1, and 1:2), different protein concentrations (from 4 to
10 mg/mL), and temperatures (4 °C and 20 °C) in the ROCK IMAGER 1000 by
Formulatrix. Because of the nature of fragment screening, PEG-based conditions were
prioritized. Promising conditions were optimized by varying pH, PEG percentage, and
different salts as additives. Optimizations included conditions with additives such as
zinc acetate, magnesium chloride, ammonium formate, rubidium chloride, cobalt
chloride combined with different PEGs and pHs.

Attempts to reproduce our crystallization condition with cadmium while
exchanging the NaCl to PEG were also made and included the screening of different
pHs, buffers, cadmium concentrations, and PEG Smears low, broad, medium, and
high, also at different concentrations. As the project progressed, attempts to reproduce

crystal forms reported for in PDB 3hak, 1i4m, and 4n90 were also made.
3.3.3 Nanobody production

The Nb484 was expressed in an attempt to produce a crystal complex for our
fragment screening. The pNIC-CTHO vector containing the Nb484 sequence was
purchased from Twist Bioscience. The sequence encodes the nanobody fused with a
non-cleavable 6x His C-terminal tail and a cleavable N-terminal signal peptide PelB for
periplasm expression. E. coli BL21 (DE3) competent cells were transformed by heat
shock and plated in LB agar containing kanamycin (30 ug/mL). A single colony was
used to inoculate 10 ml LB media in the presence of the same antibiotic and incubated
under agitation (180 rpm) overnight at 37 °C. The starter culture was diluted 100-fold
in autoinduction media for bacterial growth and protein expression. The system was
incubated under agitation (180 rpm) for 48 hours, the first 5 hours at 37 °C and
remaining at 18 °C. Cells were harvested by centrifugation, and 250 mL of pellet was
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resuspended in 25 mL of base buffer (BB - 20 mM HEPES pH 7.5, 500 mM NaCl, 5%
glycerol) supplemented with 1% Triton X-100 and 0.1 mg/mL lysozyme and stored at -
80 °C for later use.

The frozen pellet was thawed centrifuged, and the pellet was discarded. The
supernatant was injected into a 1 mL IMAC column pre-equilibrated with BB and 20
mM imidazole for affinity purification. The column was subjected to multiple washes:
40x CV with BB supplemented with 20 mM imidazole, and 40 CV with BB
supplemented with 40 mM imidazole. The Nb484 was eluted from IMAC with 2.5 CV
BB with 500 mM imidazole directly into a PD10 column (GE Healthcare), pre-
equilibrated with BB. Nb484 was eluted from PD10 with 3.5 mL of BB. All steps were
monitored by SDS-PAGE.

3.3.4 PrP-Nb484 complex

Purified PrP and Nb484 were mixed in equal ratios for complex formation. The
mixture was incubated for one hour at 4 °C, centrifuged at 16,000 g for 10 minutes,
and submitted to a size exclusion chromatography in an SRT-10 SEC-300 (SEPAX)
using 100 mM Tris pH 7.5, 150 mM NaCl as mobile phase at a flowrate of 3 mL/min.
Pools containing the co-elution of PrP and Nb484 were subjected to analysis in MS for
native spectrum acquisition for complex confirmation. The confirmed, purified PrP-
Nb484 complex was concentrated using a 10 kDa cut-off membrane and submitted to

crystallization procedures.
3.3.5 In-house fragment screening

Fragments identified by our collaborator in the Broad Institute, Dr. Andrew
Reidenbach, as possible PrP binders were tested in our in-house fragment screening,
in which soaking experiments were done manually. Around 50 fragments were tested.
Drops containing fully grown crystals were unsealed, followed by gentle dispense of
highly concentrated (100-500 mM) fragment stock solution on the drop, and resealed
again. After the soaking period, crystals were harvested, and cryo-cooled All crystals
were grown in the same condition: 100 mM Tris pH 7.6, 2.5 M NaCl, 15 mM CdClz,
10% glycerol. Only one fragment was tested per drop. In order to maximize resolution
and crystal survival, total volume dispensed (which dictates the final ligand
concentration) and soaking time were set as a function of crystal damage and
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dissolution by the DMSO. The crystals were shipped to Synchrotron Soleil for X-ray

data collection.
3.3.6 Fragment libraries

We have used three different fragment-based libraries in our screenings. The
main one, the DSi-poised (Enamine) contains a total of 860 fragments in d6-DMSO,
and has been designed by Diamond, SGC and iNEXT to allow quick synthesis of
analogues. Its components contain at least one functional group that can be
synthesized with well-known reactions like amide coupling, reductive aminations,
synthesis of sulfonamides and Suzuki-Mayaura coupling, among others. It is obtained
from Enamine, and its entire content is available at:
https://www.diamond.ac.uk/Instruments/dms/MX/FragmentsResources/DSI_poised
Enamine_fragment_libraryO/DSI_poised_Enamine_fragment_library.xlIsx.

The FragLite (WOOD et al., 2019) is a small library of 31 fragments. It is defined
as ‘as small (€13 heavy atoms) compounds bearing a pharmacophore doublet and a
heavy halogen atom’. This library is unique because it counters the central issue of X-
ray crystallography fragment screening: the lack of affinity between the fragment and
the protein can result in low occupancy and increased mobility of the binder, making it
sometimes not shape-recognizable. The main feature involving this library is that the
incorporation of a heavy halogen atom into these compounds that allows an
unambiguous identification and orientation of the fragments by their anomalous signal.

The MiniFrag (O’'REILLY et al., 2019) was specifically constructed to sample
chemical space in the ultra-low-molecular-weight, with a heavy atom count of 5-7. It
comprises a total of 81 chemically diverse compounds. The critical advantage, in this
case, is that they are highly soluble ligands, employing high-concentration aqueous
soaks (1 M) to identify ligand-binding hot and warm spots on proteins. The aqueous
feature of this library helps to overcome eventual issues with DMSO soaking. It can
also be used coupled with a known binding molecule, mapping close binding areas

that could be explored in the rational drug design.
3.3.7 High-throughput fragment screening at XChem

At XChem, all steps from crystallization to data collection and structural analysis
were designed to allow the use of high-throughput X-ray crystallography techniques in


https://www.diamond.ac.uk/Instruments/dms/MX/FragmentsResources/DSI_poised_Enamine_fragment_library0/DSI_poised_Enamine_fragment_library.xlsx
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fragment screening and drug discovery. In order to enable the testing of hundreds of
compounds at once, standardization of experimental tools, the crosstalk between
software, and automation in data collection and data processing are crucial steps.

The first step was to adapt the crystallization protocol to be performed in 96-
well 3-drop Swissci plates. These steps took place at the Research Complex at
Harwell, located next to the Diamond Light Source. The experiments were performed
using the Mosquito ® crystallization robot (Figure 5_A), and plates were stored at 20
°C in the ROCK IMAGER 1000 by Formulatrix (Figure 5_B). A barcode was generated
for each tray, and images could be visualized either on a local computer using
RockMaker software or online via rockmaker.diamond.ac.uk server. The plate hotel is
set to take images of all drops following the Fibonacci sequence for the number of
days.

From crystal images and beyond, all experimental steps were monitored and
controlled by SoakDB. SoakDB is an excel-based sheet that records your experiment
setup and generates inputs and outputs for all steps in the sample preparation pipeline.

In this pipeline, the TexRank software (NG et al., 2014) was then used for crystal
selection. Ranking the images taken by the imager enables the selection of the best
crystals for the follow-up experiments. The user can save the coordinates of the exact
position for soaking experiments targeting a coordinate in the drop for acoustic
dispensing of the selected fragments to areas that were less likely to inflict damage to
the crystals. The selection of the best crystals also allows the user to know how many
fragments will be tested. The coordinates are then loaded by the Echo 550 (Labcyte)
(Figure 5_C) acoustic liquid handling technology (COLLINS et al., 2017), which is used
to transfer fragments to each individual crystal drop at the chosen coordinates. The
Echo can precisely dispense a fixed size of 2.5 nL droplets at a rate of 200 Hz.
(COLLINS et al., 2017).
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Figure caption

A: Mosquito ® crystallization robot.

B: ROCKIMAGER 1000 (Formulatrix).

C: Echo 550 (Labcyte).

D: Shifter Device (Oxford Lab Technologies). Photos were taken at Diamond Light Source and Research
Complex at Harwell

Source: personal file.

After soaking, crystals were manually harvested and cryo-cooled with the aid of
crystal Shifter Device (Oxford Lab Technologies) (Figure 5_D), which keeps a complete
audit trail of the experiment, moves the plate to the desired drops chosen in the
TeXRank software, assigns crystal IDs automatically and captures destination (puck
and pin position) location. It is also possible to add information about the crystal
environment —e.g., if the drop is clean or precipitate - and about the crystal itself — if it
is normal, cracked, jelly, or melted. After cryo-cooled, the pucks and pins have their
QR code scanned and are stored in a cryocooled dewar. The information is compiled
by SoakDB and exported to the ISPYB server (Information System for Protein
CrystallographY Beamlines), enabling the assessment of live data collection statistics
and data processing outcomes.

The following steps are guided through the XChemExplorer (XCE) (KROJER et
al., 2017). The molecular replacement and initial model refinement are generated with
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DIMPLE (KEEGAN et al., 2015). Compound restrains generated with ACEDRG(LONG
et al., 2017), Grade (http://grade.globalphasing.org/), or Phenix eLBOW (ADAMS et
al., 2010). The density analysis can be made manually, using Coot (EMSLEY et al.,
2010b) and PanDDA (PEARCE et al., 2017). PanDDA creates the pre and final ground
state maps, and the models are refined using Coot and REFMAC5 (MURSHUDOV et
al., 2011), calculate the event maps to allow an aided manual hit inspection. At the end
of the pipeline, structures with ligands are refined with REFMACS or Buster
(https://lwww.globalphasing.com/buster/), and a batch deposit system allows you to

submit all the final models to PDB in a single move.
3.3.8 Data Collection

Crystals were manually loaded into a BART sample charger (Figure 6_B), with
a sample capacity of 37 pucks (592 crystals). Collection and processing were
controlled from the hutch control room (Figure 6_A and C) using the Generic Data
Acquisition (GDA) software. Crystals were automatically loaded into the beam by the
BART sample charger and aligned (Figure 6 D) using manual, X-ray, or optical
centering depending on the crystal size.

Cryogenic X-ray diffraction data for the HuPrP fragment 90-231 was collected
at the Diamond Light Source (beam line 104-1) using a single wavelength X-ray of
0.9159 A. A broad range of data collection parameters was tested. Our deposited
model was collected with the following strategy: 500 images with an oscillation angle
(Q) of 0.12° were collected using a beam of 0.04 s of exposure to a 1.6 e*"" ph/s flux

with 30 ym aperture.


http://grade.globalphasing.org/
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Figure 6 - Data collection features of 104-1 beam line
— » =

Figure caption

A: System control interface.

B: BART sample charger.

C: Control room.

D: PrP Crystal auto aimed and aligned. Photos were taken at Diamond Light Source and Research
Complex at Harwell.

Source: own elaboration.

3.4 Data processing, structure determination and analysis

Images were indexed with either XDS(KABSCH, 2010) or DIALS (WINTER et
al., 2018), and reduction was performed with Aimless (EVANS; MURSHUDOQV, 2013)
in the autoPROC (VONRHEIN et al., 2011) or CCP4i2 (POTTERTON et al., 2018)
software package. The structure was determined to 2.3 A resolution using the
previously deposited model 3HAK (LEE et al., ) as a search model in Phaser (MCCOY
et al., 2007), implemented in the PHENIX suite (ADAMS et al., 2010). Model building
and refinement were performed with Coot (EMSLEY et al., 2010a) and REFMAC5
(MURSHUDOV et al., 2011) in the CCP4i2 suite (POTTERTON et al., 2018). Cd?*and
CI- sites were confirmed by Fourier anomalous difference map from data collected at
4.1,3.1,and 2.7 keV (3.02, 3.99, and 4.59 A) at the beamline i23). The wavelengths
were chosen considering the theoretical absorption edge of cadmium and chloride ions

(Figure 7). The data were also phased with Phaser Phenix, using the SHELXD



41

(SCHNEIDER; SHELDRICK, 2002). The quality of the final model was validated by
MolProbity (CHEN et al., 2010). Figures were prepared with PyMOL. The structure was
visualized with Coot and PyMol. Coordinates were deposited under the access code
6DU09.

Figure 7. X-ray absorption edges of CI- and Cd2+
X-ray wavelength in A
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All datasets derived from the in-house fragment screening were analyzed using
our deposited structure 6DU9 as the model for ligand search using either the described
method or utilizing the DIMPLE pipeline implemented in the CCP4i2 suite.

To evaluate and identify different conformations in the prion structures, the real-
space correlation coefficient (RSCC) was calculated for every dataset collected at
XChem. This was performed using fttmap (TEN EYCK, 1985) and edstats (TICKLE,
2012), available in the CCP4 suite(WINN et al., 2011). We used the DIMPLE output as
an input model for our RSCC calculations. In order to increase the number of datasets
in the analysis, a maximum resolution range was set to 2.5 A. The mean RSCC was
calculated for the main chain of every residue, and we establish an ‘outlier’
classification for residues in datasets with a deviation of —3*0. All the datasets with

outlier RSCC residues were manually (visually) investigated.
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4. RESULTS AND DISCUSSION
4.1  Protein production

We successfully managed to establish an adapted protocol for protein
expression, purification and refolding. HuPrP was expressed in Escherichia coli
ROSETTA BL21 (DE3) cells as inclusion bodies. It is essential to highlight that a high
temperature during the protein expression stage was key to make sure the protein was
produced as inclusion bodies — a mild temperature would produce protein in the soluble
form. The protein was initially purified by pellet-washing steps. Over the cycles of
homogenization-and-centrifugation, the supernatant got progressively colorless, and
the pellet changed from a brown appearance to an almost white color (Figure 8).

Figure 8. Coloration different of PrP-containing pellets. Pellets became progressively clear after
multiple washes. Initial (left) and last pellet wash (right)

Source: personal file.

The inclusion bodies were solubilized by 8 M guanidine, which acts as a
chaotropic agent, disrupting the inter and intramolecular network of hydrogen bonds,
causing its denaturation. The protein sample was injected into a previously equilibrated
Ni-NTA resin for refolding. After the slow removal of guanidine, the refolded PrP was
successfully eluted from the column by a linear gradient of 500 mM imidazole (Figure

9). The protein eluted around 70% imidazole proportion, astonishingly high for a protein
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without 6x His-tag. PrP was readily dialyzed to 10 mM NaC2Hs3O:2 pH 5, concentrated
to 4.5 mg/mL, and stored at 4 °C until further used. Our protocol had a protein yield of
approximately 8 mg of pure, soluble, and refolded PrP per liter of cell culture.

Figure 9. Chromatogram profile (280 nm) of refolding (top) and elution (bottom) with 500 mM
Imidazole step
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Source: personal file.

The main differences between our collaborator’s protocol are at costly steps.
These modifications were introduced to fit our budget. The modified steps are:
I.  Use of autoinduction kits for protein expression.

[I. 750 mL of cell pellet purified per purification.



44

lll.  This requires a column filled with 56 mL of Ni-NTA, which is discarded after each
use.
IV. Athird of a BugBuster bottle per purification.
V. 300 mL of 6 M guanidine per purification.
We successfully expressed PrP as inclusion bodies using IPTG as a protein
expression inductor(l) to overcome those challenges. We managed to replace

BugBuster® (Novagen) with lysis buffer(IV); in turn, we have increased the number of

pellet-washing steps from 3 to 9. The first washes are essential to disrupt the bacterial
membrane, release inclusion bodies, and get rid of soluble proteins. The subsequent
washes contain 0.5% Triton x-100, removing membrane debris, lipids, and membrane
proteins without solubilizing the inclusion bodies (PALMER; WINGFIELD, 2012). In the
end, buffer A is used to remove the detergent. We also reduced the amount of resin to
5 mL, reused after cleansing with sodium hydroxide and guanidine(lll), thus reducing
the amount of guanidine used in the refolding step(V). This was possible by reducing
the amount of purified pellet from 750 mL to 250 mL (II).

Our current protein yield of approximately 8 mg per liter of cell culture
corresponds to 30% of our collaborator’s yield. Despite being enough to perform our
studies, we are aware that there is still room for improvement: we believe that a
refinement of the refolding process can increase recovered protein. It is also important
to further acknowledge our collaborators who have supplied us with protein, enabling

many assays throughout this work.
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4.2  Dynamic Light Scattering

Obtaining high-quality crystals is a major challenge in protein crystallography
studies. It is a complex, multi-factorial technique, not yet fully comprehended. Multiple
steps precede the crystallization experiments and directly impact the crystallization
outcome, and the quality of the protein is a key one. Numerous studies point purity and
homogeneity as crucial factors to obtain high-quality, reproducible crystal systems
(GLUSKER, 2003; MCPHERSON; GAVIRA, 2014).

Since purification and refolding processes can yield a heterogenous mixture of
folded and unfolded protein, we used the dynamic light scattering technique to assess
the quality of our purified, refolded protein sample. DLS pointed the purified protein as
homogeneous, with only one peak in the volume vs size distribution plot, pure, with
99.8% of the mass belonging to this peak, a low polydispersity index of only 9%. The
sample was characterized by a hydrodynamic diameter of approximately 4 nm,
compatible with the monomeric state of the PrP. We employed DLS assays as a quality
control experiment, after the purification, and before the crystallization. The reported
profile (Figure10) of size distribution by mass was identified as suitable for our
crystallization assays, reproducibly yielding protein crystals. This assay also allowed
us to save time and resources as proteins that did not follow this profile would not

generate crystals.



Figure 10. Particle size and size distributions for human PrP after purification and refolding. Triplicate measurements were performed for each sample
Distribution Results
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*The molecular weight reported here iz only an estimate, calculated using an empirical mass vs. size calibration curve.
Source: personal file, generated in Malvern Zetasizer software.
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4.2.1 Mass Spectrometry

We initially intended to do an orthogonal validation for the hits from our fragment
screening assays. A possible binding assay is the utilization of native mass
spectrometry as the biophysical technique to evaluate binding events. Mass
spectrometry has excellent advantages for this purpose since it is exceptionally
accurate, sensitive while also requiring very few amounts of samples. We expect that
m/z shifts could identify binding events to the native state of the prion protein in
accordance with the ligand mass. The first step for this was to evaluate if our protein
system was suitable for this technique, and for that, an apo native mass spectrum was
acquired. Our results (Figure 11) show that PrP appears as partially folded monomer,
folded monomer, and possibly folded dimer, with a deconvoluted m/z peak of 16146.82
Da (Figure 12). This assay confirms the overall integrity of the protein in solution and
the cleavage of the N-terminal methionine during protein expression in E. coli: our
protein sequence has a calculated molecular weight of 16279.17 Da 16147.97 Da (A
mass of 131 Da) for protein lacking the N-terminal methionine.

The presence of the folded protein in the spectrum is imperative for this type of
binding assay since this is the form to which we expect a ligand to bind. The spectrum

also confirms our system to be compatible with native MS.



Figure 11. Convoluted native mass spectrum

of HPrP 90-231 shows PrP is in solution as partially folded, folded monomer and folded dimer.
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Figure 12. Deconvoluted native mass spectrum of our HUPrP 90-231 sample. Spectra contain the expected mass for the protein 16,278 Da, but the one main

peak has Amass of 131 Da corresponding to the loss of methionine initiator
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4.3 Structural studies

4.3.1 Structure determination

The bipyramidal-shaped crystals (Figure 13) of recombinant HuPrP 90-231
appeared within 3-4 days in the presence of 100 mM Tris pH 7.6, 2.5 M NaCl, 15 mM
CdClz2, 10% glycerol. Data processing showed the crystals belong to the tetragonal
14122 space group. The prion structure was solved at 2.3 A by molecular replacement
method using a previous deposited structure (PDB ID 3HAK) (LEE et al., ) as the

search model and contains sixteen protein chains in the unit cell.

Figure 13. HuPrP Crystals

Source: personal file.

The final model contains 725 protein atoms, 1 Cl, 3 Cd?*, and 18 water
molecules. The final round of refinement reached Rwork of 19.2% and Riree 0f 23.5%.
The coordinates were deposited in the Protein Data Bank under accession code 6DU9
(Figure 14). More details of the data collection and refinement statistics are shown in
Table 1.

Figure 14. Overall percentile scores for global validation metrics of our deposited model. Generated by
wwPDB Validation

Metric Percentile Ranks Value

Rfrec I [ N 0235
Clashscore N L
Ramachandran outliers [N 0
Sidechain outliers NN 0

RSRZ outliers N T 2%

Worse Better
0 Percentile relative to all X-ray structures

0 percentile relative to X-ray structures of similar resolution

Source: personal file.
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Table 2 — Data collection and refinement statistics. Statistics for the highest-resolution shell are shown
in parentheses

Data processing

Space group

Cell dimensions

a, b, c(A)

a, B,y (°)

Wavelength (A)
Resolution (A)

Total reflections

Unique reflections
Multiplicity
Completeness (ellipsoidal) (%)
<l/( ol)>

Wilson B-factor

Rmerge

Rmeas

Rpim

CC (72)

Refinement

Reflections used in refinement
Reflections used for Riee
Rwork

Rfree

Number of non-hydrogen atoms
Macromolecules
Ligands

Solvent

Protein residues

RMS deviations

Bonds (A)

Angles (°)
Ramachandran plot
Favored (%)

Allowed (%)

Outliers (%)

Rotamer outliers (%)
Clash score
Average B factor (A2)
Macromolecules
Ligands

Solvent

14122

72.17 72.17 158.55
90.00 90.00 90.00
0.91587

65.71 - 2.31 (2.42 -2.31)
28629 (1373)

6581 (329)

4.4 (4.2)

92 (71.5)

9.7 (1.4)

58.87

0.092 (0.983)

0.105 (1.122)

0.049 (0.532)

0.997 (0.597)

5921(18)

660 (2)

0.1924 (0.3342)
0.2350 (0.3011)
747

725

4

18

91

0.012
1.59

98.85
1.15
0.00
0.00
5.14
56.41
56.81
53.34
41.11

Source: own elaboration.
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The cadmium sites were manually modeled in Coot, with several refinement
rounds using REFMACS5. The modeling started with water placement into those sites,
in which extra electron density was still spotted, as well as exceptionally low B-factors.
To achieve the correct model, heavier atoms than water and that were present in the
mother liquid were placed and refined. The positioning of cadmium ions suited well for
these sites — Cd302 and Cd303 — required only further addition of coordinating waters
to model the region correctly. However, the third site — Cd301 — showed still extra
electron density after placement of the neighboring coordinating water. The solution
came with its replacement by a chloride ion, which satisfied the electron density. Cd301
is positioned along a 2-fold symmetry axis; therefore, it was modeled with 0.5
occupancy. It intermediates the contact of two asymmetric units by coordinating with
the imidazole sidechain of His177 and CI304, with the interaction mimicked by the
neighboring AU, so the Cd301 also coordinates with His177* and CI304*. Cd302
connects the N-terminal loop with a1 by coordinating with the imidazole sidechain of
His140 and the acidic side chain of Asp147. Additionally, three water molecules
coordinate with it. The Cd303 is at the border of the asymmetric unit and intermediates
the contact with the same protein chain of Cd301 through coordination with Glu207,
Asp178*, and two additional water molecules.

Although satisfying the electron density, we decided to validate these atoms
before moving on. To do so, we explored the anomalous signal for both Cd?* and CI-
ions. Our experiment was designed by Ramona Durma and Kamel El Omari in the
beamline i23 at Diamond Light Source. Three wavelengths were chosen to maximize
either Cd?* or CI- signal. The wavelengths were chosen based on the theoretical
absorption curves of these atoms (Figure 7). They were selected to be above Cd?*
absorption edge (4.1 keV) — maximizing Cd?* signal — below Cd?* edge and above CI-
edge (3.1 keV) — minimizing Cd?* signal and maximizing Cl- — and below both edges
(2.7 keV). The data collected at 4.1 keV confirmed the position of all the three modeled
Cd?* ions (Figure 15). At this wavelength, the Cd?* signal is so strong that it masks
Cl’s. We noticed that the Cd?* signal was still very strong, even below its edge for the
following data. At 3.1 keV, the anomalous signal showed a triangular-shaped density
(Figure 16_A), which confirmed the presence of both Cd?* and CI- atoms. The 4.1 keV
and 3.1 keV signals are superposed in Figure 17 for clarification. Importantly, this Cd?*

is situated in a symmetry axis, so it is coordinated with a second CI- molecule from the
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symmetry mate. At 2.7 keV, both signals should have disappeared, but we still

observed a signal for Cd?* (Figure 16_B).

Figure 15. Anomalous signal resulted from SHELXD collected at 4.1 keV from Cd ions in our PrP
structure, confirming the correct position of the modeled atoms

’
7 - N

Source: own elaboration.



54

Figure 16. Anomalous signal for Cd301 site for data collected at 3.1 and 2.7 keV (Aand B
respectively). A show a triangular shaped density compatible with Cd-CI coordination. CD atoms are

shown in blue, Cl are shown in green

Source: own elaboration.

Figure 17. Superposition of 4.1 keV signal (blue) and 3.1 keV signal (green) clarifies the triangular

shape of the signal

Source: own elaboration.
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4.3.2 6DU9 Structure

The deposited structure has a monomer in the asymmetric unit with residues
127 to 224, which comprise the globular domain of PrP. The residues 90 to 126 are not
modeled in our structure - the lack of electron density for the N-terminal portion was
expected since this region is known to be intrinsically disordered (ZAHN et al., 2000).
As expected for the globular domain of PrP, the deposited structure has a high a-helix
content: the three conserved a-helices of the globular domain of PrP are present and
span residues 143-157, 171-187, and 199-224, accounting for about 60% of helix
content. Additionally, there is a small helix spanning residues 165-169. The structure
contains an intramolecular disulfide bond between Cys179 and Cys214 that connects
a2 and a3. Finally, the residues 190 to 196 were also not modeled. This loop connects
helices 2 and 3 and is known to undergo conformation changes in the formation of a
domain-swapped dimer (KNAUS et al., 2001) (Figure 18_C).

The monomer described by the asymmetric unit of the deposited structure is
similar to other published structures of PrP. In particular, the most similar is PDB ID
2W9E (ANTONYUK et al., 2009) with an overall Ca Root Mean Square Deviation
(RMSD) of 0.79 A (Figure 18_A). Residue-wise RMSD analysis showed that the region
in which the structures differ the most is around residues 140-145 (Figure 18 B),
through which PrP is interacting with the ICSM 18 antibody in PDB ID 2W9E
(ANTONYUK et al., 2009; BORTOT et al., 2020) (Figure 18_C). This novel packing
reported here has the highest solvent fraction among all published crystallographic

structures for PrP, namely 61.82% (Figure 18_D).
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Figure 18. Comparison of our structure with all 94 structures of the globular domain of PrP that are
currently available at the Protein Data Bank
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Figure caption

A: Overall Ca RMSD distribution.

B: Residue-wise Ca RMSD for all structures (gray) and for PDB ID 2W9E (ANTONYUK et al., 2009),
which is the most similar to ours.

C: Structural alignment of PDB ID 2WCE showing PrP in green and the antibody in blue and our structure
colored according to the residue-wise RMSD value (white = 0.0 A, red 2 2.0 A).

D: Distribution of the solvent fraction for all 28 crystallographic structures of the globular domain of PrP
currently available at the Protein Data Bank (gray bars) and the value for our structure (black bar).
Source: adapted from Bortot et al. (2020). Special thanks to L. Bortot for his support and assistant with
this analysis.

A series of oligomeric arrangements can be observed by applying different
symmetry operations to the monomer at the asymmetric unit (Figure 19_A, Table 3). It
is possible to observe the dimer, which is already described in the literature, by
applying the (x,-y-1/2,-z+1/4) symmetry operation to the monomeric PrP present in the
asymmetric unit (Figure 19_B). This dimer is stabilized by the interface formed between
a1 and the loop that connects a2 and a3 and will be called “a1 dimer”. Specifically, the
a1 dimer is mainly stabilized by the hydrogen bonds Arg148—-Glu146, Glu152—Thr201,
and Asn153-Tyr149 and stacking interactions involving Arg148 and Tyr145 from both

chains.
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Figure 19. Cartoon representation of oligomeric arrangements observed in the crystal packing

Figure caption

A: Monomer

B: a1 dimer

C: a3 dimer

D: Tetramer. Water molecules, cadmium, and chloride ions are represented as red, blue and green
spheres, respectively.

Source: own elaboration adapted from Bortot et al. (2020).

Our structure also revealed a novel quaternary form for the human prion protein.
This finding was deposited in the biorxiv repository in the form of a manuscript
(BORTOT et al., 2020). We observe a new type of dimer formed by the packing of the
N-terminal loop and the full extension of a3, and can be seen after applying the (-x+1,-
y,z) symmetry operation to the monomeric asymmetric unit (Figure 19_C). Because of
how the dimer is assembled, we referred to it as “a3 dimer”. This new dimeric form is
stabilized by the hydrogen bonds between Arg208—-Glu219, Arg208-Thr216, amine
backbone of Gly142-Glu219, and a series of interaction mediated by the water 403
with GIn212 to Glu211, GIn212*, Arg208 (Figure 20, Bortot et al., 2020). The flexible
N-termini of each monomer stack against one another, and we observe His140—
Arg136 hydrogen bonding and a possible secondary structure formation in which
lle138 of both chains interact by a hydrogen bond through their main chain, forming an
interchain B-bridge, and by hydrophobic contacts via their side chains (Figure 20).
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Figure 20. Interacting residues in the new dimer form. Interacting residues are shown as sticks. Cd
and cl atoms are shown as blue and green spheres \respectively. Image created in Pymol\

Source: own elaboration.

Although there is no reason to suggest that this novel dimeric arrangement is
biologically relevant, this new oligomeric arrangement can possibly inspire new
insights regarding the dimerization of the prion protein. Endogenous PrPC dimers were
observed in N2a cells, and the dimerization domain was mapped to an N-terminal
region close to what we report here (amino acids 112 to 133) (RAMBOLD et al., 2008).
Despite the presence of Cd?* near the dimerization interface, the cation is not involved
in interchain contacts.

The dimerization process of the prion protein was explored in a broad number
of studies, many of which antagonize against one another, so it is fair to say that the
dimer impact and relevance are still elusive. For instance, the dimerization was
proposed as a physiologically relevant event for signal transduction role (ROUCOU,

2014) and having protection against the scrapie prion propagation (ENGELKE et al.,



59

2018), but also proposed as an intermediate and rate-limiting step in the prion
conversion (HAFNER-BRATKOVIC et al., 2011; LUHRS; ZAHN; WUTHRICH, 2006).
Pisa (KRISSINEL; HENRICK, 2007) also detected two additional interfaces with

low AiG, which are mainly stabilized by cadmium coordination. By considering other
symmetry mates, we observed a tetramer and a dimer that are stabilized by interchain
Cd?* complexation and are likely to be artifacts caused by the crystallization process.
The tetramer is formed by two a3 dimers tighten together by Cd?* ions and can be
observed after applying symmetry operations to the asymmetric unit (Figure 19_D).
Our observations are backed up by results from the PDBePISA server (Table 3,
Krissinel and Henrick, 2007), which detected the interface of the a3 dimer as the most
stable in the unit cell, with an interface area of 647.4 A2 and solvation free energy of -
3.7 kcal/mol, followed by the interface that corresponds to the a1 dimer with an area
of 533.5 A2 and stability of -2.5 kcal/mol. Although we cannot imply about the relevance
of this new dimer from the physiological or disease point of view, the dimerization of
PrP has been studied as it is considered relevant. The presence of this new dimer will

supply structural information for future insights.

Table 3 — Interface analysis in PDB 6DU9 crystal generated by PDBePISa

Assembly Symmetry operation Number of interacting Interface Area  AiG

residues (A2) (kcal/mol)
o3 dimer
-X+1,-y,z 19 647.4 -3.7
ol dimer
X,-y-1/2,-z+1/4 14 533.5 2.5
Cd C‘(’j‘?rd'”at'”g Ly H1/2,x+1/2,-2+1/2 12 387.4 03
imer
Cd C‘(’j‘?rd'”at'”g yH1/2,x-1/2,2+1/2 15 363.9 2.1
imer

Source: own elaboration.

4.3.3 Reducing cadmium usage

Since cadmium is an extremely toxic metal, a few attempts were made to
remove the cadmium from the crystallization condition, mainly by trying to replace it
with zinc. These attempts were unsuccessful, thus demonstrating this metal as
essential for crystal formation. In previous studies, cadmium was noted to promote or
improve protein crystallization (TRAKHANOV et al., 1998). We observe 3 Cd?* per
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asymmetric unit (AU), two of them are found at the interface of the asymmetric unit
inter-mediating contact with the neighbor AU.

We designed an assay to reduce cadmium consumption in the crystallization
plates, thus minimizing the environmental impact of cadmium-contaminated waste. We
removed the cadmium from the reservoir solution but not from the crystal drop (Figure
21). This represents a slight change in the ionic strength that could negatively impact
the vapor diffusion rate between the drop and reservoir. Our move successfully
obtained crystals, hugely decreasing cadmium consumption from 500 uyL to 2 uL -
reducing by 99.6% the amount of cadmium used.

Figure 21. Schematic representation of a 24-well crystallization plate used in our experiments. The

cadmium in the reservoir solution was successfully removed, reducing the amount of cadmium-
contaminated waste

100 mM Tris pH 7.5 100 mM Tris pH 7.5
2.5 M NaCl 2.5 M NaCl

Source: own elaboration.

4.3.4 Handling cadmium-induced radiation damage

This event was not the only obstacle imposed by the presence of cadmium. In
some of our data, we noticed warnings in parameters such as unit-cell expansion,
inconsistent Rmerge, and loss of resolution during the course of the collection. Also,
during the refinement step, we often observe some diffuse, noisy electron density in

the surroundings of the cadmium sites, especially for the cadmium that coordinates
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with His177. We attribute those effects to radiation damage induced by the cadmium
atoms (Figure 22).

The radiation damage results from the absorbance of photons from the beam
by the crystal. This can be derived from two physical effects: the photoelectric effect
and Compton scattering. Those effects can result in ionization of an atom, which in turn
generates the diffusion of hundreds other of low-energy electrons causing further
ionization and excitation events. These events can increase unit cell volume, increase
movement within the crystal, and cause structural changes to change the protein
conformation during the measurements. As the damage progresses, radiation damage
affects the crystalline order, and the diffracting spots fade away. Worth mentioning,
data collection at cryogenic temperatures as a significant accomplishment in X-ray
crystallography improved dose tolerance by lowering the diffusion rate of the radical
species formed within the crystal structure.

In macromolecular crystallography (MX), radiation damage can be split into two
types: the global and the specific. The global damage accounts for the loss of the
measured intensities during the course of the collection and, in some cases, can be
seen by eye by comparing initial and final diffraction patterns. Another way to identify
this issue is during the data processing, as the radiation damage to the crystal can be
detected through a series of data processing parameters, such as Wilson B-factors,
that are routinely analyzed by processing pipelines. Some of these parameters usually
include the time scale changes: in the unit-cell volume due to expansion, in the
consistency between equivalent reflection measures (Rmeas) (DIEDERICHS, 2006), in
space group likelihood throughout the collection, and also elevated mosaicity and
isotropic B factor (KMETKO et al., 2006). Since beamlines have data integrated
processing software, this type of damage can be ‘easily identified’, allowing the

scientist to address the problem through new data collection strategies.
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Figure 22. Prion protein crystals before (left) and after (right) data collection. X-ray damage to the
crystal (brownish color — right) is visible

Beam size: 60.0 x 50.0 ym, Omega 198.0* Beam size: 60,0 x 50.0 ym, Omega 378.0°

Source: own elaboration.

The specific damages are responsible for structural changes within the protein
structure (HOLSTI, 1962). One of the significant difficulties related to specific effects
of the radiation damage is that a refined structure is needed, making it a not trivial
feature to monitor. Some of these changes can be seen in the electron density as
blurry, diffuse, or absent densities, ultimately making it even uninterpretable or
misleading. Some of the main symptoms felt in the structure are cleavage
(AUGENSTEIN, 1958) of disulfide bridges, decarboxylation of glutamates and
aspartates, removal of hydroxyl groups from tyrosine, and cleavage of carbon-sulfur in
methionine. Heavy metals are also a concern because of their high absorption. This
absorption results in the local heat of the crystal which facilitates the diffusion of radical
molecules and inducing more damage. It is reasonable to say that the specific events
have more impact from the structural point of view because they introduce structural
changes that can mislead the apparent biological proprieties of the protein. Therefore,
radiation damage must be managed to avoid compromising the biological information
extracted from deduced structures.

We have optimized the data collection strategy to minimize the radiation
damage. We could lower the dose by changing exposure time, oscillation angle, and
reducing the number of images, taking advantage of the high symmetry order of our
crystal. This enabled us to collect a lower number of images without compromising
completeness (DAUTER, 2017). Initially, our strategy was set to collect 60°, and later

on changed to 45°, just enough to achieve a full data set — all reflections within the AU
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or symmetry equivalents have to be measured at least once — while also increasing
the throughputness of data collection by making it faster.

Since data collection is done automatically, optimizing the data collection
strategy was a must for our X-ray high-throughput fragment screening. After this

accomplishment, we headed to our pre-screening and pre-fragment screening tests.

4.4 XChem

The complete characterization of our crystal system was a prerequisite to begin
our fragment screening efforts. Our fragment screening campaign took place at the
XChem facility in the Diamond Light Source and will be described in detail in the
following sections. The screening workflow is sectioned into three main stages: solvent

screening, pre-screening, and full screening.
4.4.1 Solvent Screening

The solvent screening was part of the initial training sections in XChem. Our
goal was to establish a reproducible crystallization condition in a 96-well 3-drop plate
and determine the best experimental setup for soaking experiments. The solvent
screening is not only the first contact with the pipeline but also one of the most critical
steps in the workflow and allowed us to evaluate cryo-protectant agents, determine
what the optimal DMSO concentration (%) and incubation time that crystals can handle
for fragment soaking, therefore minimizing losses in terms of diffraction power is. We
also optimized the data collection strategy to avoid radiation damage induced by the
cadmium ions in this step.

The in-situ crystallization of the prion protein was not straightforward as we
expected. We have successfully miniaturized the crystallization experiments using the
Mosquito ® crystallization robot to set the 96-well 3-drop Swissci crystallization plates
after a deep optimization to suit the local conditions, such as temperature, drop, and
reservoir volume was carried. The best condition was achieved by changing the
protein:reservoir ratio to 125:25 nL while holding to the same crystallization condition.
This was concluded after 50 crystallization trays, which represent more than 15840
crystal drops. The plates were set in a cold room to minimize the effects of drop
evaporation. The drops were equilibrated against a 20 yL reservoir solution and stored
at 20 °C in the ROCK IMAGER 1000 (Formulatrix). The drops with the best crystals

were chosen, and the coordinates for liquid dispensation by the ECHO were selected.
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A total of 327 crystals were tested in the first two visits. Eighteen crystals were
used to evaluate the need for cryo-protectant. Both glycerol (5, 20, and 40%) and
ethylene glycol (5, 10, 20%) agents were tested as cryo-protectants with 1.5-hour
soaking, from which we concluded that they were negatively impacting the diffraction
power of our PrP crystals. None of the crystals soaked with ethylene glycol diffracted,
while for glycerol, the mounting success rates were only 66, 33, and 0% for 5, 10, and
20% ethylene glycol. Since crystals without cryo-protectant had an almost 90%
success rate, and our images were not affected by ice rings formation, we decided not
to include this step.

The DMSO tolerance experiments were performed in two different ways, one
with the simple addition of DMSO to the crystal drop and another with the addition of a
few nano liters of reservoir solution to the crystal drop prior to soaking with DMSO. The
goal of this experiment was to minimize the effects of the drop drying out, a constant
issue that followed our assays throughout our journey. Increasing the drop volume by
33% by adding 50 nL of reservoir solution helps us harvest our crystals. However, it
was not considered the ideal way out since it would add one step in the process,
increasing time to perform the full screening, while also requiring a higher amount of
fragment, thus increasing costs of the fragment screening.

We observed that our crystals were extremely sensitive to ethylene glycol and
higher DMSO concentration and soaking times with this set of experiments. DMSO
concentrations over 10% v/v solubilized the crystals, and soaking time over 2 hours
negatively impacted the diffraction outcome. We concluded that a concentration of 5%
DMSO for one hour without the addition of reservoir solution was the optimal condition
for soaking our crystals. This system appeared to be more consistent, yielding a better

average resolution and requiring one more minor step to execute the pipeline.
4.4.2 Pre-fragment Screening

After deciding 5% DMSO with 1-hour soaking was the best option, we headed
to a pre-fragment screening test. In this test, our goal was to check our chosen
parameters in a real situation: crystals were tested against a subset of 68 fragments
of the DSi-Poised library (Enamine). The fragments used were selected randomly. The
entire library contains 769 fragments, and one of the main features is that closely
related compounds are commercially available, hastening future structure-activity
relationship (SAR) studies.
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The outcomes were assessed with maybe the most powerful software in the
pipeline: the XCE (KROJER et al., 2017). Because the fragment screening generates
an impressive amount of data, it is easy to lose track of the progress. The XCE is a
software developed by the XChem group that combines the soaking information and
integrates it to all steps that follow the data collection, helping the user to manage the
high amount of data while also guiding you through all the steps until the structure
deposition on PDB. These steps include assessing the diffraction results and auto
processing pipelines while also allowing to reprocess with DIALS and XDS pipelines.
A handy tool is the auto sorting of datasets with the highest score of resolution,
completeness, and I/al, which allows you to identify the best mtz files.

All the data collection and experimental settings are loaded in the ‘Overview’
sheet from your SoakDB SQL file. This enabled the rapid review of all experiment
settings such as soaking time, compound ID, DMSO concentration, and diffraction
outcome in terms of processing parameters such as resolution, CC(1/2), Rmerge, and
completeness. Data processing statistics such as resolution, CC(1/2), Mn<lI/sig(l)>,
space group, and Rmeas, and four crystals pictures are available in the next tab,
‘Datasets’. This tab also allows to reprocess images manually. In this step, we have
selected the best processing pipeline for our datasets and set the data collection
outcome as ‘success’ or ‘failed’. ‘Failed’ option contained additional comments such as
‘low resolution’, ‘processing’, ‘no X-ray’, ‘unknown’, ‘no diffraction, ‘centering failed’,
‘loop empty’, ‘loop broken’. These comments allow to run an experiment diagnostic
and improve the following data collection.

Our pre-fragment screening used 68 crystal drops, each soaked with a different
compound. Of them, 65 were successfully harvested and cryo-cooled. Data collection
failed for eight samples, resulting in 56 fully collected data sets with an average
resolution of 2.61 + 0.32 A (Figure 23). The datasets selected are analyzed with
DIMPLE, which uses a reference model for molecular replacement, automated model
refinement, and water addition. We have used our deposited model for PrP 6DU9 as
input in this stage. A key feature in this step is that every dataset is linked to the
compound ID and smiles code, so by selecting the datasets you want to move on with,
you can generate CIF, PDB, and PNG files for all compounds. In the next step, we
prepared to run PanDDA. We assessed DIMPLE results in terms of Rwork and Rfree and

select/ignore any dataset.
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When comparing the quality of the outcome of the solvent screening with the
pre-fragment screening in terms of resolution, we were astonished by their difference.
We had an average resolution of 2.87 A (data not shown) for the first, and for the
second, 2.61 A (Figure 23). Since all the experiment setups were the same, we
concluded that the difference relied on the crystals: although they belong to the same
batch, the later had more time to grow and was visibly thicker. Due to limitations in
terms of time, our crystals had a maximum of four days to grow for the first solvent
screening assay, while for the pre-fragment screening, they had seven days. With so,
we concluded that for the next visit — the full screening - larger crystals should be
prioritized.

Before running PanDDA analysis, a PanDDA pre-run is necessary to calculate
a mean map using all selected data sets. As noted in the PanDDA work (PEARCE et
al., 2017), its usage relies on the fact that it might not be easy to pursue the structural
changes that may occur upon ligand binding in macromolecular crystallography even
the ligand itself, unless the signal is strong. Some of the critical difficulties in this
process involve noisy data and weak signal — the last one resulting from either low
occupancy or increased flexibility (or both). This problem is particularly accentuated in
fragment screening, in which we expect the compounds to be low-affinity binders.
PanDDA addresses this matter based on the assumption that the crystal structure is a
superposition of all states. If not de-convoluted, a relevant part of the information is
‘lost’ or ‘ignored’. By subtracting a proportion of the ground-state map from your data
set, PanDDA clarifies the electron density map for the changed state, thus extracting
relevant signals from the background. This signal is called ‘residual partial difference
map’, which is the same as ‘event map’. The software aligns multiple maps, divides
them into grids, and calculates a Z-score for each. By comparing the Z-score of each
grid against individual datasets, it can identify portions of that individual map that
deviates from the ensemble of the datasets. Apart from highlighting these weak but
significant density changes, PanDDA is particularly useful to eliminate ‘strong electron
density blobs with no statistical significance’ from not modeled atoms.

For our PanDDA run, we selected a minimum resolution cut-off of 2.62 A, from
which we ended up with 36 datasets. Since PanDDA requires at least 40 datasets to
correctly perform the statistical density analysis for building the mean map, we added
ten datasets from our solvent screening. Our final set comprised 46 datasets with 2.46

+ 0.10 A resolution range (Figure 23). This represented the last preparation step before
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analyzing our pre-fragment screening with PanDDA. This selection is particularly
important because PanDDA will work at the resolution shell in which there are at least
40 datasets. In our selection, 40 datasets are achieved at 2.57 A; thus, the mean maps

‘looked like’ 2.57 A map structures.

Figure 23. Left: Pre-fragment screening outcome: resolution distribution of the 56 collected datasets.
Datasets in the red area (<2.6 A) were excluded to avoid ‘harming’ our mean map; Right: PanDDA run
of the pre-fragment screening datasets. The run was performed with 46 datasets 36 from the pre-
screening plus 10 from the solvent screening
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Source: own elaboration.

This map is imperative to build the ground-state model, which should be
carefully modeled and refined. In this step, the main modification to the 6DU9 model
was adding a few amino acid side chains. Our ground state model achieved a final
R/Riee of 0.185/0.202 and used dataset number 237 with 2.26 A resolution. The final
ground-state model was then used for further DIMPLE run for model refinement
against our selected data sets from the pre-fragment screening.

Our PanDDA analysis run returned 11 interesting events out of the 46 datasets.
They are grouped into four sites: sites 1 and 2 contained 7 and 4 events, respectively,
configuring a ‘cluster’. Site 1 is located in a protein-protein interface, close to Cd303
binding site, while Site 2 is close to Asp167 and C-terminal. The event maps were
manually reviewed in PanDDA inspect. The signal was compared against the ligand
shape, and in some cases, DIMPLE maps were also loaded to aid ligand modeling.
We carried on to the refinement stage with four possible hits.

After the refinement, all possible hits showed a week or absent density for the
ligands. The weaker mode of binding and the flexibility and low occupancy poses are
expected and a well-known issue in the fragment screening. Although they could be
hits, the uncertainty of correct pose and the lack of electron density make them

unreliable for the follow-up experiments.
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4.4.3 The full fragment screening

For our full fragment screening, it was imperative to grow larger crystals. Our
initial efforts were to modify our crystallization setup. Some options included lowering
the precipitant concentration, changing protein concentration, or adding water diffusion
modifying components to the crystallization solution. However, it was important to grow
bigger crystals without modifying our crystallization to avoid generating possible
conformational changes within the protein structure.

We were able to successfully optimize our crystallization protocol (Figure 24) to
yield larger crystals. They were obtained reproducibly by increasing the drop volume
from 150 nL to 400 nL and re-testing a broad range of protein to reservoir ratios and
reservoir volume. The crystals achieved a desirable size using the same crystallization
solution, but significantly increasing the proportion of protein to reservoir to 7:1 ratio,
15 uL of reservoir volume, and 4.5 mg/mL of protein at after 8 days. In some cases,
crystals grew until the 13" day of the experiment. The time-scale crystal growth is

reported in Figure 25. Images were taken after 1, 2, 3, 5, 8, and 13 days.
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Figure 24. HuPrP crystals optimization. The first two images represent the size of majority of the
' crystals in oEr initial visits. The third is optimized in our third visit
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Source: own elaboration.

Figure 25. Time-scale crystal growth. From top left to bottom right, images were taken after 1, 2, 3, 5,
8 and 13 days
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Source: own elaboration.

More than 25 crystallization trays were set, and about 800 crystals were used
for the full screening. Because a new DSi-poised library with ethylene glycol (EG) as
solvent became available, we decided to perform a new study to evaluate the stability
of our crystals in the presence of EG. Thirty-two crystals were used for DMSO testing
and 33 for EG. Again, our crystals showed to be extremely sensitive to EG, discarding
this possibility. For the DMSO, we found that our larger crystals could withstand a
greater concentration of DMSO, 10%, for 1 hour of soaking time and 2 hours for 5%.
This larger time window for the 5% DMSO soaking was found very useful, enabling a
longer exposure time of the crystals in the presence of the fragments and for facilitating

our hands-on. Since our average mounting time was 13 minutes per puck, it enabled
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us to soak and mount around 100 crystals in the same soaking batch, keeping the
soaking time in the range of 50 minutes to 2 hours before starting the following one.

The fragment screening involved testing three libraries: the DSi-poised, the
FragLite, and the MiniFrag. The libraries, number of fragments tested, and their final
concentration in the drop are shown in Table 4.

Table 4 — Summary of the libraries used, number of fragments tested and final fragment concentration
after soaking are shown

Library Fragments Tested Fragment Concentration
DSi-poised (5% DMSO) 417 25 mM
FragLite (10% DMSO 31 10 mM
FragLite (5% DMSO) (2x) 62 5mM
MiniFrag (DipSoak) 78 1M

Source: own elaboration.

Their main library, the DSi-poised, containing 500 mM stock fragments, was
tested once for 417 fragments, totalizing 482 tested. The FragLite library, at 100 mM
in DMSO, was tested three times: once with 10% DMSO and twice with 5% DMSO.
The FragLite was screened more times because it is under development. The MiniFrag
is another in-development library that was tested using quick dip-soaking for 1-5 s. In
this case, the fragments were provided in powder and were manually weighted and
solubilized in water at 2.5 M concentration. Each fragment was then mixed in a ratio of
4:6 with 4 M NaCl, 160 mM Tris pH 7.6 in a crystallization plate; therefore, we were
able to achieve a 1 M final fragment concentration in our crystallization condition
because of the high solubility of the fragments. 32 crystals were used to test if the dip-
soaking method was harmful to our crystals, and no problems were observed. In the
dip-soak procedure, you harvest the crystals and quick soak them into a new drop that
contains the fragment into your crystallization solution. Out of the 81 fragments in the
library, three were incompatible with our crystallization solution and were not used.

All the crystals were submitted to X-ray diffraction in the 104-1 beamline: a total
of 513 datasets were successfully collected. The larger crystals and the student
practice in handling all the steps in the pipeline yield a better outcome, with an average
resolution of 2.58 + 0.26 A (Figure 26_B), and yielded the highest resolution for the
prion protein in our work, 1.84 A.

To generate a new, better mean map, we excluded the datasets with Rfree above
0.26 and resolution lower than 3 A for the PanDDA Analysis calculation. The mean

map for density analysis was generated at 2.37 A. The software chose the dataset
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HuPrP-x0382 as the mean model (Riee= 0.257 and 2.12 A resolution). No datasets
were excluded by the analysis using the RMSD threshold of 1.5 A: all 512 datasets
analyzed with PanDDA aligned with the dataset HuPrP-x0382 with an average
dispersion of RMSD of 0.16 + 0.03 A (Figure 26_C) and Rire distribution of 0.23 + 0.03
(Figure 26_D). The default run ignored the datasets with Rfee above 0.4, so two data
sets were excluded. The program identified 206 events (Figure 26_A), spread to all the
protein surfaces but grouped into 5 clusters. All the events were manually inspected,

from which nine interesting fragments were exported to the refinement step (Table 5).

Figure 26. Fragment screening outcome
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Table 5 — List of datasets with promising events taken to the refinements step
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Crystal ID Compound Library
HPrP-x0305 TN ,
HPrP-x0335 N ;>*Bf FraglLite
NN
HPrP-x0309 | EraaLite
HPrP-x0369 _ 9
H,N [
NH
\/o / \
HPrP-x0611 / e DSi-poised
(o]
HPrP-x0655 ? Q DSi-poised
\u/\
HPrP-x0723 o DSi-poised
HO
I " \
HPrP-x0728 | DSi-poised
/ NH — p
ol
HPrP-x0733 DSi-poised

Source: own elaboration.
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The datasets were inspected multiple times to avoid losing any fragment hits.
Their dimple maps were individually checked for difference peaks above three rmsd,
and we also ran the pandda.analysis twice, one by generating another mean map with
the same 100 best datasets and another one by reducing the grid spacing fin the
PanDDA Analysis from 0.5 to 0.3 A. No significant changes were observed, and no
further hits were identified. Of all interesting fragments, only those from datasets HPrP-
x0723, HPrP-x0611, and HPrP-x0305 responded well to refinement (Figure 27), but
because fragment HPrP-x0723 bound in the interface of a dimer stabilized by Cd?*
coordination, we chose to discard it. After exporting to the refinement stage, fragments
from datasets HPrP-x0728 and HPrP-x0733 misbehaved and were totally displaced
after the refinement run, a clear indication of overfitting. Different refinement strategies
were employed, like lowering its occupancy or fix its positions, but the resulting electron
density was always incompatible. Even if we believe that such molecules could be
potentially low-affinity binders, we had to make the decision to discard them to avoid
follow-up experiments based on a bad chemical matter.

The fragment from dataset number HPrP-x0611, ethyl 4-pyrazolecarboxylate,
showed very clear electron density, and its mode of interaction of PrPC could be
precisely described (Figure 28). It explores a shallow hydrophobic region formed by
lle184 and Val203 and induced a conformational change in the Lys185 sidechain,
which closes on top of the fragment and exposes an unprecedented cavity (Figure 29),
and the pyrazole ring binds to the acidic side chain of Glu207. Although the fragment
has a clear 2Fo-Fc signal, the conformational change observed for the Lys185 could

only be spotted in the PanDDA event map.



Figure 27. Fragments fitted into their event map. Fragments from datasets number

Figure caption
A: HPrP-x0723
B: HPrP-x0611
C: HPrP-x0305
D: HPrP-x0728
Source: own elaboration.
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Figure 28. Binding mode of the fragment in dataset HPrP-x0611. Image adapted from LigPlot
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Source: own elaboration.

The design of larger ligands based on the identified fragment could explore even
more the hydrophobic patch. This fragment connects the last residues of helix 2 with
the beginning of helix 3 of the prion protein, and represents an attractive spot for drug
design. This region has already been shown to have high intrinsic flexibility and play a
role in disulfide reshuffling and domain swapping (TOMPA et al., 2002). In previous
studies, domain swapping was shown to be of great importance in prion protein
conversion(HAFNER-BRATKOVIC et al., 2011). In addition, the loop connecting these
two helices has diffused electron density in our structure (dashed line in the structure).
We hypothesize a ligand exploring this region may induce structural stabilization of the
protein, which could be explored as a lead compound for the design of anti-prion
therapeutics.

We were very excited to see that both fragments identified as hits, in HPrP-
x0611 and HPrP-x0305, share the same pyrazole ring motif and bind precisely in the
same position in PrP structure (Figure 30). Indeed, fragments are usually low-affinity
binders; therefore, further experiments are necessary to demonstrate pharmacological
evidence, but we believe that these finding increases the relevance of the identified
binding fragments and suggests this is a chemical binding motif for this region. To our
knowledge, these are the first binder with reported mechanism of interaction with PrP
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to be reported. Moreover, previous efforts to identify hot and warm spots in PrP
structure identified a small hydrophobic close to where the fragment binds(KUWATA et
al., 2007), on the other side of helix 3 (Figure 31), and to which anti-prion compounds,
such as GN8, are known to interact(CONCEICAO et al., 2019; YAMAGUCHI et al.,
2019), thus suggesting that the fragment bind to an important region in the PrP
structure. The GN8 anti-prion activity is attributed to a chaperone-like interaction,
increasing the PrP stability and the proximity between GN8 and 4-pyrazolecarboxylate
could be explored in merging approaches by linking through the loop 2.

Figure 29. Superposition) of 6DU9 (left) and dataset HPrP-x0864 (right). The red arrow highlights the
structural chances induces by a simple movement of Lys185 and that “traps” the fragment in a shallow

Source: own elaboration.
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Figure 30. Cartoon representation of datasets HPrP-x0611 and HPrP-x0305. Structures are
superposed and the pyrazole group of Qoth fragments superposes perfectly

Source: own elaboration.

Figure 31. Proximity of the 4-pyrazolecarboxylate binding region to hydrophobic pocket where anti-
prion compounds bind. Fragment site is depicted in blue and hydrophobic pocket in green.

Source: own elaboration.
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After analyzing our screening results, we decided to test all compounds flagged
as interesting but were discarded in the refinement stage, including the fragment from
dataset HPrP-x0611. These fragments were tested in triplicates at 5 and 10% of
DMSO. Our new screening showed that none of the previously rejected fragments
were confirmed as a hit. To our excitement, the ethyl 4-pyrazolecarboxylate bound
again, in the same place and same pose. The dataset HPrP-x0864 diffracted to a lower
resolution (2.22 vs 2.11 A), however the electron density for the ligand looked sharper
in the new dataset (Figure 32).

Figure 32. Surface representation of HPrP-x0864 structure. 2Fo-Fc signal for the fragment contoured
at 1.0 0. Cd2+and CI- ions represented as wheat and green spheres
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Source: own elaboration.

Despite having found the first ligand for the prion protein, we were somewhat
disappointed with the outcome of our fragment screening. On average, XChem
campaigns have around 4 to 8% of hit rate (not published), depending on how
challenging the target is and intrinsic characteristics of the crystal system. Our
campaign had a roughly 0.4% of hit rate with only two hits — way below the average —
which highlights why the prion protein is considered a target not able to be modulated
by small molecules.

We also believed that we could have had more hits with a different crystal
system. First, the cadmium ions induce radiation damage to our sample, reducing the
quality of our datasets, creating abnormal density around the region, which misleads

the PanDDA analysis. In addition to that, the cadmium sites represent potential binding
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sites that cannot be explored in our screenings. As we discovered, cadmium is
essential to maintain the crystal packing, so removing it was not an option as it would
disrupt the crystals. Second, our resolution was in the lower edge for fragment
screening, making it more complicated and trickier to identify hits. Third, our crystal
system was too sensitive to DMSO, resisting to 5-10% DMSO for approximately 1 hour.
Finally, our crystallization condition contains a huge amount of salt, 2.5 M of sodium
chloride, which precipitates some of the compounds, reducing the actual concentration
of fragment being soaked while also competing for the binding sides. Some of these

features are discussed in further detail in the following sections.
4.4.4 Structural analysis

Our fragment screening generated an unprecedented amount of crystallography
data for the prion protein. We tried to get the maximum out of it by exploring
conformational changes within the protein crystal. The prion protein is the key role
player in the prion disease, and the conversion process to PrPS¢, considered the critical
event, is surrounded by elusiveness. Despite the actual structure of PrPS¢ being still
unknown, the PrPC certainly suffers a profound structural change, marked by changes
in the prion physicochemical properties, such as protein solubility and stability.
Therefore, we expect the PrPC itself to have some plasticity. Plastic regions within the
globular domain could be associated with features of the prion protein such as function,
disease, or even drug development.

To identify potential plastic regions, we calculated the RSCC of the main chain
residues of all the collected datasets in the XChem. Since the RSCC measures how
the electron density map for the calculated model correlates with the electron density
map for the model from the experimental data, we believed that residues with a
significant deviation of RSCC value would indicate structural changes in the protein
model. We also supposed that the automated refinement ran by REFMACS5 in the
DIMPLE pipeline would not correct meaningful structural changes. However, since we
did not know how sensitive this parameter was, we established a cutoff for defining
‘outlier’ residues as three times the standard deviation for that residue. We also set a
low-resolution cutoff of 2.5 A to avoid the inclusion of problematic datasets in the
analysis while also excluding datasets for which the low resolution would not provide
enough information to correctly position the atoms in case any structural change was

identified. With that, 278 datasets were analyzed.
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We identified 214 residues across 71 structures that contained main chain
outlier residues (Figure 33). Most of the outliers were concentrated in regions N- and
C-terminal, close to the flexible loop around residue 190 or close to cadmium sites. All
the 214 outlier residues were visually investigated using Coot. To our surprise, none of
the outlier residues could be correlated with meaningful electron density that could
support structural changes within the protein. Thus, we concluded that the RSCC was
not sensitive enough to identify structural changes in our datasets, or the globular
domain of PrP is highly rigid, and it is legit that no significant structural changes are
present in the datasets. It is important to add that the rigidity observed in our structures
could also be driven by the crystal packing in our crystal system.

Figure 33. Distribution of the real-space correlation coefficient for the main chain residues in each
dataset. Error bars correspond to three times the standard deviation for that particular residue
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Source: own elaboration.
4.5 In house fragment screening

During this work, we have collected over 100 datasets at Proxima 1 and Proxima

2 beamlines at the Soleil synchrotron in France. The crystals used in the in-house
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fragment screening were grown in 24-well sitting drop plates, cryo-cooled, and shipped
to the beamline.

Our screening was mostly directed to test new potential ligands similar to the
fragment Prof Nonato has identified at the Broad Institute (Figure 34_A) and ligands
identified by our collaborators using transverse relaxation optimized spectroscopy
(TROSY).

Figure 34. ‘B9’ fragment and analogs tested in our in-house screening
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Source: personal file.

Although we could reproduce the electron density for the fragment ‘B9’ (Figure
33), we were unable to correctly model the ligand into it because of the round shape
of the density. The B9 fragment binds to a region close to His187, on the opposite side
of helix 2, where the ethyl 4-pyrazolecarboxylate binds. We attribute this difficulty to
the low occupancy together with some mobility. We were also able to identify some
electron density for analogs B, E, and F (Figure 34). However, the same problems

arose. These fragments were tested at 10 mM by our collaborators at the Broad
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Institute using TROSY, and because no convincing binding was identified, they were
no further pursued.

In addition, 19 compounds from Broad institute Fragment Library and 30
benzimidazole derivatives (some depicted in Figure 35) were identified as potential
binders to PrP in their screening fragment screening using NMR. These fragments
were provided and tested using soaking. The structures were solved with DIMPLE, and
after refinement and manual investigation of the datasets, no electron density
compatible with compounds was identified. Therefore, we concluded that none of the
tested fragments were bound to PrP under the tested conditions.

Figure 35. Some of the promising benzimidazole compounds identified by our collaborators in the

Broad Institute and further tested in our in-house fragment screening
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4.6 The quest for a new crystal form and new fragment screenings

Until this point of the project, we had successfully established a reproducible
protocol for in-house protein production, characterized our crystal system, optimized
our crystallization to yield reproducible crystals, and performed an extensive X-ray
fragment screening against our protein target. Combined, our XChem campaign and
our in-house fragment screening, we have screened more than 600 fragments, and
almost 1000 datasets were collected in Diamond and Soleil synchrotrons for this
purpose. This considerable effort represents a very collaborative work between our
collaborators and us.

We found two small fragments that may bind to a promising region within the
prion protein throughout our screening attempts, and these fragments shared a
pyrazole ring. Although we had hits, the general feeling was that we could have had
more. Moreover, more chemical matter would be required to support pretended efforts
in computational and medicinal chemistry.

Our collaborators shared the struggle to find prion protein binders at the Broad
Institute. Over the course of our project, we were part of the beautiful work with them,
to which we contributed with our in-house fragment screening. They screened over
300,000 fragments combining multiple biophysics techniques, with no obvious hit
(REIDENBACH et al., 2020). Their screening showcases how difficult it is to target the
prion protein and helps to explain the low hit rate of our X-ray fragment screening.
However, we believe that factors not related to the target itself may have contributed
to this outcome, such as i) the high salt concentration in our crystallization assays ii)
the cadmium iii) our crystal system. With that in mind, we performed a research in the
protein data bank to help us understand in further detail our pitfalls.

By querying the pdb for structures related to fragment screening at XChem
(QUERY: (Full Text = "pandda" AND ( Structure Title NOT CONTAIN SPHRASE "ground"
AND Structure Title NOT CONTAINS PHRASE "no ligand modeled") ) AND Experimental
Method = "X-RAY DIFFRACTION") we observe that 1289 out of 1441 of the structures
deposited are PEG-based conditions (Table 6).

To understand why salt-based conditions are deprecated, we need to take into
consideration several factors that go from hands-on difficulties to fragment libraries
and fragment binding. On the hands-on, one of the difficulties encountered throughout

our XChem campaign was the drop drying out fast — and the high salt concentration
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contributes to crystal dehydration and heavy precipitation. On the fragment library,
fragments usually bind with low affinity to the protein. A turnaround is the use of high
concentration fragment libraries (usually between 100-500 mM), solubilized mainly in
100% DMSO. However, the actual amount of the fragments soaked into the crystal
drop will be less than the calculated since it will depend on its solubility in the
crystallization condition, which is heavily reduced in conditions like ours (2.5 M NaCl).
Lastly, salts in high concentration can compete with fragments for binding spots or
induce a hydrophobic patch within the protein to become more promiscuous.

Table 6 — Query of the Protein Data Bank reveals that PEG-based conditions are preferred over states
based on (in)organic salts (92.80% vs. 5.90%) considering structures with fragments

Crystallization condition Number of entries
PEG-based 1289 (92.80%)
(In)organic salts 82 (5.90%)
Not specified 18 (1.30%)

Source: own elaboration.

The impact of cadmium is related to the radiation damage, which was previously
discussed (Handling cadmium-induced radiation damage) and the fact that they
occupy reactive regions of the protein. Because we cannot soak them out of the
protein, these potentially interesting regions are unavailable for screening. The only
way out is a structure with a different crystal packing.

Finally, by comparing our deposited structure 6DU9 with the structures using
the same query, we observe that our system is in a good range of parameters such as

pH, Rfactors, and solvent content but is on the lower edge of resolution (Figure 36).
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Figure 36. Resolution, Rfactors, pH and solvent content distribution of deposited PDB structures in our
query. Our deposited structure 6du9 is in a good range of pH, solvent content and Rfactors, but in the
lower edge of resolution
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With this information in hand, we concluded that the low resolution, the
cadmium, and the high amount of salt could have played a negative role in our
screening. With that in mind, we decided to perform a new screening. Three different
approaches were pursued: i) identify a new crystal form for the prion protein, ii)
reproduce an existing crystallization condition iii) exchange the salt in our existing
crystallization condition for PEG.

The three approaches were pursued simultaneously. The quest for a new crystal
form involved screening multiple crystallization conditions and several rounds of
optimization of promising conditions.

Our initial screening for a new crystal form made use of the state-of-the-art
infrastructure available at the Structural Genomics Consortium at the Oxford
University. The screening comprised 30 crystal trays, representing over 8000 unique
crystallization conditions tested, followed by eight trays of optimization. These attempts
to produce a new crystal form from scratch were unsuccessful. Attempts to reproduce

existing PDB 3hak and 1i4m crystallization conditions were also made and were also
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unsuccessful. Our most considerable effort attempted to reproduce the reported
structure for PDB 4n9o0. In this structure, the same HuPrP fragment 90-231 is
crystallized in the presence of a nanobody. The nanobody interacts with the prion
through a discontinuous epitope, as shown in Figure 37. Regarding our fragment
screening intentions, this structure has interesting sites around K185 and H187, where
previous hits were identified, solvent-exposed, benefits from being high resolution (1.5
A), and PEG-based condition (15% PEG 20000). Moreover, the Nb484 stabilizes the
N-terminal portion of the HUPrP 90-231, driving the formation of an additional 3-strand.
The presence of electron density for additional residues (from 118) enabled the
fragment screening to target the palindromic region of the prion protein, which was
pointed as necessary to the formation of the scrapie prion, and for which pathogenic
mutations like G113 and A11V have been reported (BIASINI et al., 2010; COLEMAN
et al.,, 2014; NORSTROM; MASTRIANNI, 2005; SABAREESAN; UDGAONKAR,
2016).

Figure 37. Representation of HPrP bound to a nanobody in the 4n90 structure. Nb484 (orange)
interacts with HPrP-90-231 through residues in the N-terminal, a2-a3 loop, and a3

Source: own elaboration.
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The nanobody sequence was purchased (Twist Bioscience), and the expression
and purification protocols were adapted from the reported in the literature
(ABSKHARON et al., 2010, 2014). The main difference between the vector used for
our experiments, pNIC-CTHO, and the reported in the literature, pHENG, is the latter
contains the PelB leader sequence preceding the protein sequence. The PelB
sequence directs the expressed protein to the periplasm of gram-negative bacteria
such as E. coli, where protein folding and disulfide bond formation are enhanced by
chaperones such as Dbs (disulfide bond formation) family proteins. The construct was
designed to include the PelB sequence as an attempt to mimic the reported literature
vector (CHOI; LEE, 2004) because Nb484 contains an internal disulfide bond (Cys22-
Cys96). The protein was successfully expressed using autoinduction in E. coli and
purified with affinity column using increasing amounts of imidazole instead of pH
variations. Our protein production yielded around 10 mg of soluble protein, with high
purity, per liter of cell culture (Figure 38).

Figure 38. SDS-page gel of Nb484 purification steps. Elution from PD10 (well 6) shows a band close
to 15 kDa and corresponds to the Nb484
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We were concerned that the introduction of changes in the expression and
purification could affect the protein stability and folding. The correct folding of the
nanobody was key for our crystallization experiments since it could affect epitope
recognition and binding to the prion protein. After this first step of purification, the
sample was analyzed with native and naturing MS. This revealed the Nb484 was folded
in solution and had the expected MW (Figure 39). In the next step, the incubation of
Nb484 with HuPrP 90-231 allowed the complex formation in solution, which was also
verified by native MS, in which the observed mass peaks of 30,500 Da and 30,369 Da
match the expected theoretical values for complex intact mass (30,505 Da) and the
loss of the methionine initiator (30,374 Da) (Figure 40).



Figure 39. Deconvoluted native(below) and denaturing (top) mass spectrum confirms Nb484 in solution, with compatible MW of 14,226 Da (predicted:
14227,73 Da). Native mass spectrometry suggest native Nb484 binds to HEPES molecule in solution (Amass of +238 Da)
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Figure 40. Confirmation of PrP-Nb484 complex in solution. After incubation of HUPrP 90-231 with Nb484, native mass spectrometry confirmed the native
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complex was being formed in solution. Observed mass peaks of 30,500 Da and 30,369 Da match the expected theoretical values for complex intact mass

(30,505 Da )
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Before being used in crystallization, the complex was then further purified using
size exclusion chromatography, marked by the co-elution of both HuPrP 90-231 and
Nb484 (Figure 41). Since in the size exclusion, bigger particles elute first, a shift to the
left in the chromatogram indicates a bigger particle was eluting.

Figure 41. Overlay of the size exclusion chromatography elution profile of samples containing only
HuPrP 90-231, only Nb484, or both
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Our initial efforts screened conditions close to the reported crystallization
condition but failed to generate crystals for the complex. The complex was then
submitted to multiple crystallization experiments around the reported condition and
using crystallization screens. One of our latest screenings yielded some needle-like

crystals that would require further optimization before fragment screening (Figure 42).

Figure 42. Initial crystals identified for Nb484-HuPrP 90-231 complex. Left: 0.1 M MES 6.5 25 % v/v
PEG Smear Medium; Right: 0.05 M Ammonium acetate 0.15 M Magnesium sulfate heptahydrate 0.1
M HEPES 7.0 12 % v/v PEG Smea\r Medium
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Source: own elaboration.
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Another attempt related to exchanging the salt in our existing crystallization
condition for PEG proved successful at this stage. Although we have failed to generate
crystal from conditions combining multiple PEGs, PEG Smear, and seeding, fully
grown crystals could be successfully transferred to a PEG-based condition. In a study
reported by Schreuder et al., 1988 it was proposed that “in order to keep the protein
crystals intact in different solvents, the solution with the alternative precipitant should
neither attract water from the crystal, nor donate water to the crystal.”. To test that, we
transferred fully grown crystals (Figure 43_A) to drops containing different PEGs and
PEG concentrations. We observed that crystals became fragile and changed their color
for less concentrated PEG conditions (Figure 43 B). As the PEG concentration
increased, the crystals appeared more rigid (Figure 43 _C). The best condition
observed in this experiment was 0.1 M Tris pH 7.0, 15 mM CdCl2, 30% PEG Smear

medium for which no change in the crystal morphology was observed (Figure 43 _D).
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Figure 43. PEG-transfer experiment

A

Figure caption

A: Fully grown crystals were transferred to drops containing different PEGs and PEG concentrations.
B: Crystals transferred to drop containing 15% PEG 10k became fragile and brown.

C: Crystals transferred to 30% PEG 10k were still rigid, but still brown.

D: Crystals transferred to 30% PEG Smear medium maintained its morphology.

Source: personal file.

This result was considered very promising for our fragment screening
experiments, not only for not containing salt but also because the crystal system was
already characterized, which meant that we would be able to use our previous
knowledge of solvent screen and our ground state model. Moreover, the screening of
some repeated fragments would potentially allow us to identify fragments that did not
bind to the protein in our first screening because of the heavy salt content.

The new fragment screening followed the same steps reported in ‘High-
throughput fragment screening at XChem’, page 36, the only difference was the
addition of a further step: the setup of a source plate, containing crystals of

approximately 100 pm which were grown in our previously established condition, and
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a destination plate, containing drops with 30% PEG Smear medium replacing the NaCl,
and to which the fragments and the crystals were transferred to. It is important to
highlight that the soaking time of 4 hours was longer than what we initially intended
due to logistical issues.

The screening comprised the testing of 112 fragments from the DSI-poised
library, of which 82 were new (Figure 44). We observed that the resolution was slightly
lower than our previous run, potentially due to the longer soaking time but also because
of the PEG condition. It is interesting to note that our previous solvent screening
pointed soaking times longer than two hours as having a significantly negative impact
on the crystals. In that sense, the transition to a PEG condition might have increased
its resistance to DMSO. This unexpected finding leaves us to wonder which other
screening parameters could have been impacted by the transition to a PEG-based
condition; it is reasonable to say that the transition to a new system open opportunity
to use higher solvent concentrations — leading to higher fragments concentration - and
different solvents, such as ethylene glycol.

Figure 44. Top images: picture of a HPrP 90-231 crystal mounted in a loop before data collection and

its respective diffraction pattern—bottom images: an overview of the fragments tested in our new
screening and resolution distribution of crystals tested
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The incorporation of the datasets into our XChemExplorer session and analysis
with our previous PanDDA datasets enabled a faster data analysis. All event maps
were investigated manually, but unfortunately, no signal compatible with a hit was
observed.

Overall, we believe that the transition to a PEG-based condition improved the
crystal system and turned it more fragment-screening friendly. Still, the shorter number
of fragments tested, combined with the ‘undruggable’ nature of the target, hindered

finding fragment hits.

4.7 Final considerations

Compared to the traditional screening libraries, the fragment-based drug
discovery takes advantage of the smaller, less complex nature of fragment molecules
(PATEL; BAUMAN; ARNOLD, 2014) to more effectively probe the chemical space of a
protein target, providing chemical matter for the development of lead compounds.
When paired with X-ray crystallography, the user can obtain direct three-dimensional
readouts of the structures of protein-small molecule complexes (DAVIES et al., 2011)
that can be used for fragment expansion and identification of additional binding sites.
Despite being a powerful tool in structural biology, the low throughput nature and high
costs hindered its use as a primary screening tool. As the first Brazilian project to use
the XChem platform, we were able to explore the X-ray fragment screening at its best
as a high-throughput technique. Taken together, our fragment screening campaign
collected over 1000 datasets for solvent testing, pre, and full screening. In total, 808
crystals were soaked with 463 unique fragments for two crystal systems (Table 7). Full
details of fragment tested, such as compound structure and library name, and
experimental parameters like soaking time, tested concentration, and resolution, can

be found in the ‘Appendix’.
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Table 7 — Overall number of collected datasets and fragments screened throughout our screening

efforts
Fragment screening campaign Number of entries
Collected datasets 1063
Crystal systems 2
Screened fragments 808
Unique fragments tested 463
Fragments successfully mounted 735
Fragments failed to mount 73
No diffraction 155

Source: own elaboration.

The XChem team improved and streamlined the fragment screening pipeline by
tackling low-throughout steps in the sample’s preparation, data collection, and
analysis. The streamlined process implemented at the XChem enabled the rapid
analysis of 620 datasets that diffracted better than 3.5 A (Figure 45). Moreover, the use
of specific equipment’s such as the Echo Acoustic Liquid Handler (Labcyte) and the
Shifter Device (Oxford Lab Technologies), greatly hastened the sample preparation
steps. For example, the Echo can dispense the fragment for an entire 96-well 3-drops
plate in 60 seconds, an action that could take a full day if done manually, while the
Shifter eases the crystal mounting step. As a result, we obtained an average crystal
mounting time of as little as 37 seconds - 10 minutes per puck (Figure 45)!

Figure 45. The XChem platform enabled the performance of high-throughput crystallography by
tackling low-throughput steps in sample preparation and analysis. Left graph: Final overall resolution

of all fragments tested combined. Right graph: distribution of crystals mounting time with the Shifter
Device, with an average of 37 seconds per crystal
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Finally, it is rewarding to see that our three goals were accomplished, from prion
characterization, fragment screening, and in-depth description of the high-throughput
method. We hope our journey will provide relevant information for other groups. As a

crystallographer, it will be exciting to see crystallography groups in Brazil using the
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successful implementations of the XChem and taking full advantage of the new 4t
generation synchrotron, Sirius. But also, for another unexpected aspect. Like so many
other projects, our work was heavily impacted by the devastating COVID-19. According
to John Hopkins University & Medicine Coronavirus Resource Center, there were over
180 million cases and 3.9 million deaths worldwide, over 500 thousand deaths only in
Brazil. As an academic visitor in Prof Frank von Delft's laboratory in the Structural
Genomics Consortium, the student had the opportunity to contribute, even if slightly, to
the Moonshot collaboration and international consortium initiative to develop a COVID
antiviral. The student was part of a team effort and helped to analyze the fragment
screening outcome against the main protease (Mpro) and Nsp3 macrodomain of
SARS-CoV-2, resulting in 106 deposited structures in PDB, two manuscripts
(ACHDOUT et al., 2020; SCHULLER et al., 2021) and helped to develop and maintain
a SARS-CoV-2 assay tracker (http://sarscov2.assaytracker.net/). This was only

possible with the knowledge gained throughout this challenging Ph.D. project.
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5. CONCLUSION

The prion protein, the key role player in the prion disease, has been drawing
attention from the scientific community for having a misfolded conformer with the ability
to self-replicate and drive the misfolding of other functional prion protein into the
misfolded form, resulting in an invariably fatal outcome. Therapeutical approaches
proposed for prion disease can explore multiple steps in the disease process, such as
protein expression, promotion of protein degradation, relocation of the protein, binding,
or stabilizing the prion to block the neurotoxic pathway. Despite being in the spotlight
for so long, there are still no ways to cure the disease, and the difficulty to target this
protein leads many to classify the prion protein as an undruggable target. The present
work describes the journey to shed light upon the prion protein using the X-ray
fragment screening approach since fragment hits can provide chemical matter and
insights to understand the prion protein and help with drug discovery. This extremely
collaborative work took advantage of state-of-the-art infrastructure at the XChem,
Diamond Light Source, and the SGC, University of Oxford. Using multiple biochemical
and biophysical assays, we prepared the ground to perform one of the most extensive
X-ray fragment screenings ever done in a Brazilian project. The in-depth analysis of
our crystal system revealed a novel oligomeric arrangement of the prion protein and
provided a solid background to perform our fragment screening. The prion protein
proved itself a challenging target, and throughout our work, over 800 fragments were
tested, and the first structures of prion binders were elucidated. The fragment hits
share a pyrazole ring and bind between helix 2 and 3 in a shallow pocket created by
the movement of the sidechain of K185. This region has an important role in
conformational changes suffered by the prion protein and could potentially be explored
in future drug-developments projects.

The fragments were re-tested and bound to the same place with the same pose,
a promising indication that it can be further explored. After analyzing other fragment
screening campaigns, we concluded that a second screening could be valuable, so a
second crystal system was pursued and screened. We believe that the transition to a
PEG-based condition improved the crystal system and turned it more fragment-
screening friendly, highlighting the importance of a well-structured crystal system for
X-ray fragment screening. Moreover, as the first Brazilian project approved to use the

XChem pipeline, we thoroughly described our search for prion binders, and we hope
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to contribute to the growth and development of fragment screening in Brazil, which is
now empowered with one of the first fourth-generation synchrotron light sources in the

world.
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