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Abstract
This thesis collects the work | have done during the three-year PhD Course. The results obtained
are divided according to the research topics addressed:

e Drug discovery of anticancer agents and development of synergistic associations (Part |);

* Studies on the prion structure and the pathogenesis of prion diseases (Part I).

Studies referring to the Part | have been carried out at the University of Cagliari and were focalized
on the evaluation and experimental validation of the method known as Artificial Neural Network
(ANN), which allows to determine, and also to predict, types and degree of interaction of two or
more drugs in combination with one another(s). | have successfully applied the ANN approach to
combinations of two cytotoxic compounds, i.e. cis-platinum (CDDP), a potent antineoplastic used
in the therapy of some types of carcinoma, with Cu(ll) complexes that were previously shown to
be endowed with potent cytotoxic activity in vitro (Pivetta et al., J Inorg Biochem. 2011 and 2012).
Binary combinations comprising CDDP and Cu(ll) complexes revealed (Part I, Chapter I) a strong
synergistic cytotoxic effect against leukemia cell lines (Pivetta et al., Talanta 2013). The synergistic
effect was confirmed in CDDP-resistant leukemia and ovarian cancer cell lines (Part I, Chapter II).
Investigations on molecular bases of the CDDP — Cu(ll) complexes synergism are in progress.

As for the Part Il of my research, | firstly investigated the mechanisms underlying the process of
generation of pathogenic prion protein (PrPSc). These studies were carried out in part at the
University of Cagliari, and in part at the Rocky Mountains Laboratories (RML) of the NIAID/NIH in
USA (Hamilton, Montana), during my 14-month research internship as supplemental visiting fellow
in a graduate partnership program. The studies carried out in Cagliari have investigated 1H NMR
modifications of brain metabolite profiles in sheep from a Sardinian farm hit by natural Scrapie
with the aim to discriminate infected vs. Uninfected, and early vs. late phases of the prion
infection (Part Il, Chapter 1). The overall results, obtained by different chemometric tools, were
able to describe a metabolite profile of scrapie-infected sheep brain, with and without clinical sign,
different to that of healthy ones, and to suggest Ala as a biomarker of PrPSc deposition (Scano et
al., J Molecular Biosystem, 2015)

Studies conducted at the RML of NIAID/NIH have addressed the structural features of PrPSc in
order to identify regions of the protein involved in the process of misfolding (Part Il, Chapter Il). So
far, data suggest that i) the N-terminal portion of the prion protein may have a role in the
modulation of the protein aggregation process, typical of prion diseases, while ii) the central
portion seems capable to undergo aggregation into fibrils even in the absence of other regions of
the protein. However, further studies are needed to confirm the proposed role in
promoting/hindering the misfolding and subsequent aggregation process of the various protein
regions.
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Part | - Drug discovery of anticancer agents and development of synergistic
associations

Chapter | - Artificial Neural Networks and Experimental Design to assess the synergism of
drugs

The first part of my researchs has focused on the study of combinations of cytotoxic drugs by using
a new method named Artificial Neural Networks (ANN).

The association of multiple drugs in the treatment of cancer allows: a) the administration of each
drug at doses significantly lower than the maximum tolerated, by reducing the overall systemic
toxicity for the patient, b) the reduction of drug-resistant cell mutants, c) to simultaneously inhibit
several cellular processes and thus determining the cell death in various cellular stages.

Platinum derivatives, such as CDDP (cis-diammineplatinum (ll) dichloride), are widely used in
clinical practice for the treatment of several types of cancer, such as breast, ovarian, prostate,
testes, and non-small cell lung carcinomas (Eckstein et al., J Exp Clin Cancer Res. 2011; Dhar et al.,
Proc Natl Acad Sci U S A. 2008; Rixe et al., Biochem Pharmacol. 1996; Michels et al., Cancer
Res. 2013). However, continuous administration of this drug, as of any other antitumor agent, is
limited by the onset of drug resistance, which may emerge in the neoplastic cells in response to
various mechanisms (reduction/increase of the influx/efflux in the cells, enhanced drug
inactivation by biomolecules, a greater capacity to repair or tolerate DNA damage, etc.), that
reduce the drug's effectiveness. Previous findings from my lab have shown an interesting
antiproliferative activity in vitro against human prostate and lung caricinoma cell lines, as well as
against T and B leukemia derived cells of a class of complexes of copper (ll) with phenantroline
(Pivetta et al., J Inorg Biochem. 2011 and 2012).

Although the mechanism of action of the latter compounds has not yet been fully clarified, it
seems to be different than that of CDDP. It was therefore decided to evaluate the effect of
combinations of CDDP with the three most potent Cu(ll)-phen complexes. The purpose of this
combination was to verify if it was possible to obtain a synergistic effect of the two compounds
that would allow to reduce the effective dose of CDDP and the frequency of the onset of
resistant mutants. The cytotoxic effect of the compounds, alone and in combination, was first
evaluated against cells of the human lymphoblastic leukemia T, CCRF-CEM, which were shown to
be the most sensitive to the cytotoxic activity of Cu(ll)complexes.

Since we have set this goal, we stumbled early in the definition of synergy between the two
compounds. The synergistic effect is currently assessed using the Combination Index (Cl) and
Isobologram (IB) methods. The CI method is used to measure the degree of interaction between
the two drugs; if the value of Cl is less than 1 the combination of the two drugs has an antagonistic
effect, if it is equal to 1 an additive effect and if it is greater than 1 an additive effect. The
isobologram indicates the possible toxicological responses to a binary mixture of chemical
compounds through a graphical representation in a Cartesian system. The isobolgramma has the
same function of Cl, but the type of interaction between the two compounds is defined by the
resulting curve in the cartesian system, wherein the additive effect is represented by a straight
line, while the curves above and below this straight line define the synergistic effect and
antagonist, respectively. The Cl method assumes that the compounds have a direct effect on
enzymes, inhibiting their enzyme kinetics (Chou et al., Eur J Biochem. 1981). However, it is known
that the compounds can carry out their function also through other mechanisms and therefore
this assumption can not be considered valid for all compounds. Also, both Cl and IB methods do
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not have a predictive effect, establishing only the efficacy of the drug combinations experimentally
tested.

However, both CDDP and Cu(ll)complexes are examples of cytotoxic drugs that do not have a
direct effect on enzymes; therefore, the IC and IB methods are not totally reliable for the
evaluation of the potential drug interactions. Due to these limits of current methods, we have
proposed a new approach that would allow not only to quantify the degree of synergism of a
mixture of drugs, but also to predict the effect of all possible combinations of the drug, leading to
the identification of optimal combinations with the most synergistic effect: these are the known
methods such as Artificial Neural Network (ANN) and Experimental Design (ED). The results of this
study, that have been already published (http://www.ncbi.nlm.nih.gov/pubmed/24054565) in
Talanta in 2013 are fully described below.
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The platinum compounds such as cisplatin (CDDP),
carboplatin and oxaliplatin, are believed to kdhcer cells by
binding to the nuclear DNA [1, 2], distorting itsiecture and
thereby triggering cellularprocesses that resudtpoptosis [3].

Only a tiny fraction of the cellular platinum bintisthe nuclear
DNA, being mainly engaged and inactivated by thethara of
sulphur-containing ligands present in the cytopla@BDP is
highly effective in treating a variety of cancery put both
inherited and acquired cell resistance serioushgitdi its
applications [5]. Different mechanisms have beeppsed to
explain the cellular resistance to CDDP, such asaedsed
accumulation of the drug, a higher deactivation tube more
efficient extracellular detoxification system, adsased action
on DNA or an increased capacity of DNA repair [§, In
recent years, the treatment of the tumours wasfisigntly
improved through the use of appropriate combinatio
chemotherapeutic agents. The combination of
chemotherapeutic drugs gives the possibility to iathter
each drug in a dose significantly lower than theximam
tolerated one, reducing the overall systemic toxiéor the
patient [8]. Moreover, because the cancer cellshimizge in
different stages of their metabolism (proliferating
differentiating or resting), the combination of gsithat acts on
different stages of the cell cycle, lead to an ease in the
overall mortality of cancer cells.

Also, the complexes of copper(ll) with

1,10-ortho-phenanthroline (phen) show antitumdifalots [9],
both in vitro and in vivo. In this context the colexes
Cu(phen)(OH)(OCIOs), (1), [Cu(phen)OH,)(CIOL), (2)
and [Cu(phen)imidazolidine-2-thione)](CIQ), (C1) showed
a high cytotoxic activity against mouse neuroblastphuman
hematologic and solid tumor-derived cell lines [111].
Therefore we decided to investigate the cytotogiivay of a
series of mixtures containing CDDP aid 2 and C1 in
different molar ratios (the studied compounds amorted in
Table 1) against the human acute T lymphoblasti&dmia
(CCRF-CEM).

In this work we also propose a new method, baseattificial
Neural Networks (ANNs) and Experimental Design (E)
study the toxicity of the drug combinations anda$mthe best
one in terms of toxicity and drug levels.

Three different sets of experiments were carrigt @ach one
repeated at least three times, for the systdn@DDP,
2-CDDP and C1-CDDP. For each system, solutions
containing one drug alone at the time and comtonatpf the
two drugs were prepared following an experimentsigh
(Supporting Information (S. 1.), Fig. S2). Concetitnas of 1
was in the range 0 — @M while concentration of2, C1 and
CDDP were in the range 0 —®1. The percentage of vitality
was measured for each solutions with respect tadnérols,
and converted in mortality (as 100 % minus vitalitfhe
concentrations and the cytotoxic activity of all eth
combinations are reported in S. I., Tables S1,82, S

Table 1. Formula and acronyms of the studied compounds

7z | 0ClO;
N "'/////Cu\{OHz o0,
7z N/ | OH;
| 0Clo3
1
Cu(phen)(OH,), (OCIOz),  [Cu(phen),(OH)](CIO ),
CI\ NHj
(CIOy), /Pt
Cl NH3
CDDP

[Cu(phen),(imidazolidine-2-t
hione)](CIO,), PY(NH2):Cl,
The data matrix (concentration of copper complex,
concentration of CDDP and cytotoxicity) was evaldatéth

the programs EasyNN-plus [12] and Trajan [13]. ésviound
that both the programs gave comparable results. niEueal
network architecture was optimised and it was fotlvad either

4 or 5 hidden neurons were needed. Standard bagagation
algorithm was used to train the network (for moetads see S.

l., sect.s 2.1-2.2).

The agreement between estimated and experimenliz¢sva
confirms the goodness of the training of the nekw&. 1., Fig.
S3). The dose-response curves Ip2, C1 and CDDP were
calculated (S. 1., Fig. S4); fdr, 2 andC1 a sigmoidal curve is
obtained. The threshold doses for2, C1 and CDDP are 1
uM, =0.5puM, 0.25uM and 0.375uM, respectively.

The CC50 (the dose of the drug which inhibits the
proliferation of 50 % of the cells) is in the ord€&1 (0.989
uM) > CDDP (0.922uM) > 2 (1.26uM) >>1(3.01uM). 2

is more cytotoxic thad due to the presence of two phen units,
Cl is more toxic than2 for the presence of the
imidazolidine-2-thione auxiliary ligand. The pretive ability

of the network was used to calculate the % of ntiytan the
whole concentration space (according to a 40x4d).gim this
way, a surface is obtained from the non-linear dit
experimental data obtained by the trained neuedvaork.
The response surface and its contour plotlf@DDP system
are shown in Fig. 1a and 1b, respectively. Theutated and
experimental values are in good agreement (Sd.,54).
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Fig. 1. Response surface (a) and contour plot of iso-gatfie
cytotoxicity (b) as a function of the concentrasmf1 and
CDDP

As can be seen in the Fig. 1a the mortality in@sagith the
concentrations of the two drugs with a trend simila a
dose-response curve. The two drugs alone show tlityor
90% for a concentration higher thanud and 1.7uM for 1
and CDDP, respectively. In the contour plot the sreé
cytotoxicity isovalues for the various mixtures cdme
explored in order to choose the most suitable méxtbat has
a desired cytotoxicity value, with the lowest da$doth the
drugs. For example, for a toxicity of 70%, instedahoosing
1 alone at a concentration of about 8/ or CDDP alone at
a concentration of about 1.284, a combination of the two
drugs at concentrations of @M and 0.78uM, for 1 and
CDDP respectively, can be selected, minimizing tide s
effects related to the doses. Results ®ICDDP and
C1-CDDP systems are shown in the S. 1., Fig.s S6 ahd S
respectively. In Table 2, some selected combinatiohthe
three copper(ll) complexes and CDDP that produc8% 6f
antiproliferative effect are shown. As can be seinis
possible to choose the proper combination depenadinthe
desired doses of a drug, for example for a padicul
tolerability of the treated patients.

Table 2. Selected combinations of Cu(ll) complexes and
CDDP producing an antiproliferative effect of 50 %ainst
CCRF-CEM cell lines.

[CDDP] [Cu(In]
System M M
0.10 2.88
0.40 2.38
1-CDDP 0.75 0.75
0.70 1.38
0.80 0.38
0.05 1.25
0.30 1.15
2-CDDP 0.40 1.10
0.55 1.00
0.90 0.60
0.15 0.85
0.20 0.80
C1-CDDP 0.25 0.75
0.30 0.70
0.55 0.35

Associations of two or more drugs exhibit syneigjst
antagonistic or additive effect [14, 15] when tlytoxicity of
the combination is respectively greater, lowerequal to the
additive effect of the individual drugs. Thus ttencept of
synergism and / or antagonism strongly depends hen t
definition of purely additive contribution of twa more drugs.
This definition has been proposed and interpretedy v
differently by various authors [16-21] but in oygioion, the
traditional approaches used to assess whether tdragl
mixture shows synergistic, antagonistic or puretidifive
effect are limited because they do not consider vthele
complexity of the system and force the applicatiba certain
defined model, in particular the enzymatic kinetime.
Nowadays the drug action is known to occur not oojy
enzymatic reaction but also by drug-receptor irmtoas
(drugs act on the cell membrane by physical anchiemical
interactions, through specific drug receptor skeswn to be
located on the membrane) and by non specific iotem
(drugs act exclusively by physical means outside ¢hblls,
external surfaces of skin and gastrointestinalt tr@icoutside
the cell membranes by chemical interactions). Wiibse
considerations, we decided to start from the singalecept
proposed by Webb and Bliss in 1963 [22, 23], andxiend
and express it in a rigorous mathematical form #ilaws to
evaluate the effects of a virtually infinite numioédrugs. This
approach leads to a new operational definition dditave
contribution. Summarising, our method allows toedeine
which combinations give a certain percentage obtoyic
activity and seem optimal in terms of concentrationreduce
the cost and the possible side effects) and, antasg suitable
combinations, which present the greatest synecgisffiect.
This method has the advantage that no assumptiomg the
mechanism of action of the drugs is made (moreilddta
comments on the choice of the method are repontéiei S.1.
sect. 2.3). In brief, given drugs with individual percentage of
mortality valuesa;, a,, ..., &, the additive contribution is
calculated as in (1) for each mixture.

Effect = NIy a; + Npop(~ 1)kt sllitzntal )
Where C,{&;, @, ..., a,} are the simple combinations
without repetition of the cytotoxicities of thedrugs takerk
at a time (withk > 2). The values given by equation 1 are
bounded because no mixture of drugs can have atteff
greater than 100% and/or lower than 0%. The terins o
Equation 1 provided by the simple combinations, farened
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by linear combinations of products loElements (with k R").
The number of terms is given by Eq. (2):

1 1
Effect = Xity a; — 7= [Einj ait] + o5 [injmr i) =
k— 1
et (—1)RE oot [aiaj an] 2)

The first term counts n elements, the second 0@ [m-2)!)]
elements, the third one [n!/(3!(n-3)!)] elementsiao on, the
last term counts only 1 element. Then for two druilye
additive effect is expressed according to eq. 3jlewfor 3
drugs according to eq. 4 and so on.

Effect = a,+a, — ‘1110‘22 ?3)

Effect =a; +a, +az; —

a;a+aaz+a,as + a;a;as (4)
100 1002

Following this definition of additive effect and eh
corresponding mathematical description given abawe,
effect of the combined drugs might be calculateditisrence
between the mortality value of the combination ahe
calculated additive effect. In fact, from the resgp® surface we
subtract what we defined as the non-algebric addéifect of
the drugs in the mixture. The resultant surface sty either
positive or negative peaks respect to a “zero levehe
positive and negative peaks so revealed correspiond
combinations of the drugs that give synergic olaganistic
effect, respectively. The non-algebric additive eeff is
calculated as due to the sequential action of tlugsd Our
definition of non-algebric additive effect does m&ted to be
justified on biochemical basis. In fact, the ED-AdIBpproach
here described does not take into account the mialeisasis of
the mechanism of action of the multidrug mixtureack
phenomenon that occurs at the molecular levelagepted on
the shape of the response surface. Selected nsxofréhe
drugs (training and verification sets), are usedntudel the
response surface by ANN and then the % of mortalisy
estimated on the whole space.

The response surface for th&CDDP system, is shown in Fig.

2a and in Fig. 2b the contour plot is given. As barseen, no
antagonistic zones are present, while a synergata is
evident, with a maximum at] = 2.63uM and [CDDP] = 0.55
uM. This combination produces a 73.6 % of mortalitfile 1
and CDDP alone, show at the same concentrations,
mortality of 29.3 and 11.8 %, respectively. In oteconfirm
the predicted maximum of synergism and to checlotrezall
predictive ability of the network, a set of 11 neembinations
were prepared (test set) and the correspondingtoxyto
activities were measured. The test data values eamected
for the pure additive effect and compared with ¢akulated
values confirming all the predicted data and irtipalar the
maximum of synergistic effect (35.0 % and 34.5 %raslicted
and measured synergism, respectively).

The same method was applied to the data of theeragst
2-CDDP and C1-CDDP. For 2-CDDP a maximum of
synergistic effect is observed & F 1.05uM e [CDDP] = 0.85
uM with a mortality equal to 81.6 %, fo€1l-CDDP a
maximum is observed atfl] = 0.87uM e [CDDP] = 0.45uM
with a mortality equal to 82.8 %. The calculatadaces with
all the experimental values and the contour plogyafergism
isovalues are reported for all the systems in tHe Big.s
S8-S10.

In all the cases, the mortality of the combinatimnisigher than
the effect of the drugs alone. Slight differencesoag the
cytotoxicity values of CDDP obtained in the threpexments
are due to the variability of the cell reactivitprrelated to the
growing time and the final density of the suspemgioltures.

% of synergism
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a Fig. 2. Synergism surface (a) and contour plot of isatealof

% of synergism (b) as a function of the conceruretiof thel
and CDDP. As “% of synergism” is intended the défece
between the experimental mortality and the addiifect,
both expressed as %.

Since the maximum of synergistic effect occurs dmost
integer ratios of copper complexes and CDDP conagotrs,
we wanted to verify the possible formation of mixed
complexes betweerl, 2 and C1 with CDDP by mass
spectrometry.

We collected both Laser Desorption lonization (Lind
Matrix Assisted Laser Desorption lonization (MALDiass
spectra. Mass spectra of the mixtures of Cu(ll) demgs and
CDDP at 1:5 and 5:1 molar ratios were recorded, ramd
mixed copper-platinum complexes were detected.

In conclusion, we propose a new method to assess th
synergism of mixture of drugs. Our approach istiebdy easy,
fast, and highly reproducible. The use of ANNs vi@sd to
be appropriate also for the evaluation of a smathiber of
data. Moreover, the use of ED, to distribute thpegxnents
on the working space, improves the quality of teeuits.
The cytotoxicity values of the drugs can be preictor all
the possible mixtures in the studied concentratidarvals,
without any assumption about the mechanism of actio
Applying our method to the study of the combinasiail, 2
and C1 with CDDP, a synergistic effect was revealed for al
the systems. In particular the combinations with treximum
synergistic effect for the three systems, presenhigh
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cytotoxic activity toward the tested cancer celgith a
required doses significantly lower than those ndefde the
drugs taken alone.

"Matteo Manca and Daniela Perra gratefully acknolgk
Sardinia Regional Government for the financial suppud

their PhD scholarship (P.O.R. Sardegna F.S.E. @pee

Programme of the Autonomous Region of Sardinia, Eega

Social Fund 2007-2013 - Axis IV Human Resources,
Obijective |.3, Line of Activity .3.1.)".

Keywords: copper complexescisplatinum- cytotoxicity
synergistic effect artificial neural network

[1]A. Estman, N. Schulte, Biochem 1988 27, 4730-4734.
[2] A.C.M. Plooy, M. van Dijk, P.H.M. Lohmar€ancer Res
1984 44. 2043-2051
[3]T. Faruta, T. Ueda, G. Aune, A Sarasin, K.Ha&mer, Y.
Pommier,Cancer Res2002 62, 4899-4902.
[4]C.X. Zhang; S.J. LippatrdCurr. Opin. Chem. BioR003
7(4), 481-489.
[5]L.R. Kelland,Drugs200Q 59, 1-8.
[6]K.J. Scanlon, M. Kashani-Sabet, H. Miyachi, LSawers,
J. RossiAnticancer Resl989 9, 1301-1312.
[7]1P.A. Andrews, S.B. HowellCancer Cellsl99Q 2, 35-43.
[8]F. Kratz, P. Senter, H. Steinghagen, Drug aeginin
oncology: from basic research to cancer therapyedit,
WILEY-VCH Verlag GmbH & Co. KGaA2012

[9] F. Carvallo-Chaigneau, C. Trejo-Solis, C. GomezzRu
E. Rodriguez-Aguilera, L. Macias-Rosales, E.

Cortes-Barberena, C. Cedillo-Pelaez, |. Gracia-Mora, L.
Ruiz-Azuara, V. Madrid-MarinaBiometals2008 21, 17-28.
[10] T. Pivetta, M.D. Cannas, F. Demartin, C.Castal|cS.
Vascellari, G. Verani, F. Isaid, Inorg. Biochem2011, 105,
329-338.

[11] T. Pivetta, F. Isaia, G. Verani, C. CannasSérra, C.
Castellano, F. Demartin, F. Pilla, M. Manca, A. Raninorg.
Biochem2012 114, 28-37.

[12] EasyNN-plus 2011 v. 14.0, Neural Planner Safeni_td.
[13] Trajan Software, The Old Rectory, Low Toynton,
Horncastle, Lincs., LN9 6JU, UK

[14] V.L. Damaraju, D.Y. Bouffard, C.K.W. Wong, M.L.
Clarke, J.R. Mackey, L. Leblond, C.E. Cass, M. Grey, H.
GourdeauBMC Cancer2007,7, 121-131.

[15] E. Frei, A. Elias, C. Wheeler, P. Richardson,M#niuk,
Clin. Cancer Resl998 4, 2027-2037.

[16]W. Greco, G. Bravo, J.C. ParsoRfiarmacol. Rev1995
47, 331-385.

[17] M.C. BerenbaunPharmacol. Rey1989,41, 93-141.
[18] T.C. ChouMol. Pharmacol 1974 10, 235-247.

[19] T.C. Chou, P. Talalagur. J. Biochem1981, 115,
207-216.

[20] S. LoeweArzneim. Forsch1953 3, 285-290.

[21] T.C. ChouPharmacol. Re\v2006 58, 621-681.

[22] Webb, J. L. 1961. Effect of more than one lnitoir, p. 66
and 488. In Enzymes and metabolic inhibitors, %ol.
Academic Press, New York, N.Y.

[23] C.I. Bliss,Ann. Appl. Biol1939 26, 585-615.

10



Entry for the Table of Contents

-5.000
Layout 2: .
.. ,//3':‘:\‘\“&\\ 5.000
Tiziana PIVETTA*, Francesco N 1000
ISAIA, Federica TRUDU, 1500
Alessandra PANI, Matteo MANCA, = 20,00
Daniela PERRA, Filippo AMATO, 2 25.00
Josef HAVEL 3 o 3000
Artificial Neural Networks and % /,;;:,;:::“ { ) \t\%‘\\\@s\\\S . 35.00
Experimental Design to assess the s ‘///,'"," TN .
synergism of drugs: the case of X s ‘.«‘:‘:\“N a0
| R i NN
copper(ll) complexes with cisplatin

A new method to assess the synergism of drugslamake their optimal combination in terms of acyivitd drug levels, by using
Artificial Neural Networks and Experimental Desigrproposed. The reliability of this method is exskd for mixture of some

copper(ll) complexes and cisplatin. In figure, theface of synergism for Cu(phen)(@HDCIOs), (1) and cisplatin (CDDP) is
shown.

11



SUPPORTING INFORMATION:

1. Experimental part

1.1Reagents. Cuy(COs)(OH),, 1,10phenanthroline monohydrate, cisplatin, perchloricida ethanol, ethyl ether, DMSt
imidazolidine-2thione, and acetonitrile were purchased from S-Aldrich and used without any further purificatioRed
phosphorus was purchased from Riedel den (Hannover, Germany). The t8«droxy picolinic acid was purchased fr
SigmaAldrich (Prague, Czech Republic). Water was douldéliéd from a quartz apparatus from Heraeus acmmelze, (Hanau
Germany). CAUTION: Perchlorate complexes are pa@énexplosive, handle these compounds even in small atsaith care.
1.2Mass spectrometry.Mass spectra were recorded using AXIMA Resonances nsgp&ctrometer from Kratos Analytic
(Manchester, UK), equipped with a quadrupole i@p t(QIT) and a reflectrc time-offlight analyzer. The instrument for dryit
samples was from Kratos Analytical. Calibration WWase using red phosphorus clusters as descridadl

Laser desorption ionization (LDI) and ma-assisted-laser-desorptidonization (MALDI) were 1sed. From several matrices
examined, 3ydroxo picolinic acid (HPA) was found to be thegneuitable. It was found that all the speciesaeteboth in LDI
and MALDI analysis were singly charged. The mixtugg1, 2, andC1 complexes with CDDP (5:1 mc ratio) were prepared in
50% acetonitrile/water. For LDI analysiqib of the mixture was deposited on the metallic ¢éamf the instrument and af drying,
the mass spectra were recorded. For MALDI anafysis5 pL of saturated solution of matrix \s deposited and, after dryingub
of the mixture was deposited on the matrix layat dried again. Mass spectra were recorded in lefkbctron positive annegative
ion mode after the pressure was below T@rr. Mass spectra recorded in negativerimte were found to be not suitable. Posi
ion mode mass spectra were used further as iooizatiefficient even at lower laser ene

1.3Synthesis. 12 andC1 were prepared as previously reported [2

1.4Studied combination for the systems -CDDP, 2-CDDP and C1-CDDP.42 combinations of 1 and CDDP, 9 solutions
CDDP alone and 9 solutions of 1 alone were prepéskowing the Experimental Design reported in FERa. Among the 6
solutions, 25 were used as training set, 24 asatitig set ad 11 as test set (Table S1). 34 combination of ?@RDDP, 6 solution
of CDDP alone and 4 solutions of 2 alone were pegpéollowing the the Experimental Design reportedrig. S2c. Among th44
solutions, 18 were used as training set,16 aslatalic set and 10 as test set (Table S2). 33 combinatbisl and CDDP,
solutions of CDDP alone and 5 solutions of C1 aloreevprepared following the Experimental Design reggbin Fig. S2d. Amng
the 46 solutions, 21  were used as training setsh@aldating set and 6 as test set (Table S3).

1.5Cell lines.The CCRF-CEM (acute Tymphoblastic leukemia) human cell line was pureltaom the American Typeulture
Collection. The cell line was grown at 37°C in a 5%, atmosphere in its specific media aatording to ATCC instructions in tl
presence of 10% fetal calf serum (FCS), 10ml penicillin, and 100ug/ml streptomycin. The cell line was maintained
exponential growth by periodically splitting higbrikity suspensiorultures (i.e. 106/ml). Cell cture was periodically tested for t
absence of mycoplasma contamination.

1.6Cytotoxic assayThe cytotoxic effect of test compounds was evallizteexponentially growing cellultures. Stock solutions of
test compounds were made at 1 mM in DN and stored at 4°C in the dark. For the evaluatiocytdgtoxicity, each compound w
serially diluted in specific growth medium so tlila¢ concentration of DMSO was never higher tha®.Cell growth in absece
and in presence of test compounds wasrmined after 96 h of incubation, correspondinghieé duplication rounds of untrea
cells, by the 3-(4,5- dimethylthiazol-2-y®£-diphenylietrazolium bromide (MTT) method [4]. Numbers o@bie cells were als
determined by the trypan blue dye esitin method. Cell growth at each drug concentratvas expressed as the percentag
untreated controls. Each compound was tested 8t theee independent assays. Statistical analyassperformed with Stunt's
t-test, and significance was set at@05. The antitumor agen-mercaptopurine was used as a reference comg

2.Theoretical basis

2.1 Artificial Neural Networks. The mathematical description of the processes doguin a physic-chemical system is generally
called “model” and it allowshie estimation of the system's response for diffegperimental conditions. A model is called “Ha
when it is derived from a rigorous physical theorfis a consequence, for systems with intricate Wiehd'hard” models ar often
difficult to be fourd. An approach in which a set of conditi-response data is used to model the system witheuige of a rigorot
physical theory, is usually called “soft” modelinilultiple regression techniques are generally empldyetisuch methods suffer
sevenl disadvantages that restrict their 7).

Artificial Neural Networks (ANNSs) are a powul mathematical tool by which the limitations of hiple regression methods can
avoided. An ANN is a formal object that ulates the structure of the brain and ieafning’ ability. A series of logic units, calle
“neurons, is organized in layersnput, hidder andoutput Generally, the ANN architecture is represente(i, j, k) wherei, j, k are the
number of neurons in the input, hidden and outayeis, respectively. An example of ANN architecturgiigen in Fig. S

Hidden layer

Input layer

Concentration Output laycr
Temperature

pH Cytotoxicity

AN\ Absorbance
SN

Z’é ““\( IAA
<\\

Yield

ete.

Fig. S1. A general ANN architecture with one hidden layer
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The role of the neurons in the hidden layers igexdorm simple mathematical operations on the inngrdata from the input layers
and to transfer the result to the neurons of theaguent layers. At the end, the neurons in thaublayer generate the network output.
The links connecting each neuron of a layer tahal neurons in the subsequent layers are weigftedrole of the weights is to
modulate the information flowing from the input émytoward the output one. As for a biological brain artificial neural network
needs to be trained before its use faetlictiori’. This is done using araining set formed by knownconditions-responsdata (e.qg.
concentrations of the drugs — cytotoxicity). Thenditions and the corresponding response are callguts” and ‘outputs”,
respectively. Inputs are iteratively processedh®yrietwork in order to estimate the actual outputke training set. The root mean
square error (RMSE) is calculated according to Ef. (

RMSE=J 5:12¥:1(0pk_0;k)

Nx*xM

where N, M0, opk* are the number afiput-outputdata used for training, the number of responsiabkas, the estimated output value
and the actual one, respectively. Theafning’ is improved by using the actual value of RBISEto alter the values of the weights
after each iteration. This is done according taitable mathematical rule callettdining algorithni. Several training algorithms are
available f] as for example, standard back-propagation [Zhrépagation ] and quick-propagatior”][ During the training, the
RMSEvalue decreases after each iteration and wheraitdeptably low, the learning is stopped. ThearalRMSEdepends strongly
upon the architecture of the network used and ttrenpptimal number of hidden layers and that afraes therein is searched for
using the criteria of the loweRMSEvalue. In fact, as the numbgof neurons in a hidden layer increases RMSEvalue decreases
rapidly at first but, after an optimal value @fthe improvement becomes rather poor orRIMSEvalue starts to increase. Once the
network is trained, its generalization ability ishecked with theVerification step by presenting another seriesinput-outputdata
that were not previously used to train the netwtrthe estimation of the actual output valuestfa verification dataset is acceptable,
this means that it is possible to use the networkife prediction of the system response for nenditmns (e.g. new combinations of
drugs) otherwise the network must be trained adairce the network is trained and verified, it skddu tested. This is done in the so
called ‘test step The network is tested by comparing the estimaited experimental response for selected combiratbthe drugs.
2.2Experimental DesignModeling techniques deal with the approximationhaf response surface corresponding ‘warking
space”defined by the values of the input variablesr(ditiong. The distribution of the experiments on the wogkspace influences
the quality of the model. The experiments are regmted by points on the working space. A set @fperiments can be distributed in
various ways on the working space. However, theilbigion of the experiments, as well as their nemhaffect the quality of the
approximation of the response surface. Experimémeaign (ED) allows to distributeexperiments on the working space in a way
suitable to get the highest content of informatiwibuild the model.

2.3 Considerations on the isobologram and combinain index methods.The isobologram method (1.B.), introduced by Loewe
[11], consists in the construction of a graph inchirequally effective doses of two drugs (isobosg)reported for a single effect level.
Once a specific level is chosen, such as 50% ahtisémum, the doses of two drugs A and B that dieesame % of effect, are plotted
as axial points in a cartesian plot. The straigfiet tonnecting A and B defines the combinationspghadiuce a pure additive effect. The
experimental points which fall below or above tlia¢, have synergistic or antagonistic effect respely. As the 1.B. analysis, the
combination index method (C.1.) [12] tries to prawid qualitative and quantitative measure of therdf the drug interactions. It
considers the existence of a relationship betwkeriraction affected and unaffected by a drug hedatio(D/D,,)™, whereD is the
dose of the drug ard,, is the dose that kills a defined number of c&@isce defined m and Dm a C.I. have to be calculatddct a C.1.
lower than, equal to, and higher than 1 indicayeggism, additivity, and antagonism, respectively.

Following the C.I. and |.B. methods, the concentretiof the drugs alone and the combinations thatigeedhe same cytotoxic effect
have to be compared. For example, let considetringsl and CDDP with a concentration of 30 and 0.9uM respectively; at these
concentrations they both show a cytotoxicity of 50ftile their combination presents a cytotoxic dtfiwf 94.3 %; these two
solutions should be compared with all the drugshioations which show the same cytotoxic activibr, é&xample the combination
1-cddp with concentration of 1.88 and QuBl, respectively. Applying the C.I. or B.l. methodsstitombination shows a strong
antagonistic effect.

In our view, instead, the effects that the drugmelprovide for a given combination at the samecentration, should be compared
with the final effect of the combination. In fadtwe compare the cytotoxic activity @fat the concentration of 1.884, which is equal
to 8.5%, and that of the CDDP at the concentratidh@®uM, which is equal to 17.7%, it appears evident thatcytotoxic activity of
the combination (94.2%) is really higher than eaesimple algebraic sum of the effects, then a gteymergistic effect is present.
Let now analyze some other results reported itlitdr@ture by T.C. Chou for the system CDDP-paclitgk8], the following data are
shown: the cytotoxic activity of paclitaxel (pa¢)01uM is 88.2% and that of CDDP at 1ub/ is 82.1%, their combination has a
cytotoxic activity of 96.8%. According to the methof C.I. this combination has a strong synergistiect (C.1. = 0,602 << 1), but if
we apply our method, we find that the purely addigffect of two drugs is equal to 97.9%. Compathig value with the effect of the
combination, which is 96.8 (difference is -1.1qjtpear impossible to talk about synergy, but attrmbsut additivity. Let compare
another combination with pac at 0,00®1 and CDDP at 0.21M, with cytotoxic activity of the drugs alone of 22 and 30.1%
respectively, this combination has cytotoxic atyivequal to 70.1. %. According to Chou [13], thigrdmnation has a synergistic
effect, but lower than the previous combinationause C.1. (0.815) is closer to 1 than the otherev§0u602). According to our
calculation the purely additive effect of the dradsne is 60.1% which is lower than the experimevahue of 70.1 % (difference is
10), then there is a clear synergistic effect,kenthe previous case.

In our opinion the C.I. and I.B. methods fail becathsy try to explain the cytotoxic effect consiagronly the inhibition of enzymatic
activity.

The first assumption of the C.I. method is thatr#ationship between the fraction affectéa) @and unaffectedif = 1 -fa) depends on
the ratio D/Dm)™, whereD is the dose of the drug aBun is the dose that kills a defined number of cétisexample 50%, according
to Eq. 2.
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fa D \™
Ta (ﬂ) )
The determination of the valuesandDm, is done by applying the logarithm to eq. 2, whiieslog (fa / fu) = m log (D) - m log
(Dm). By plotting the functiory = log (fa / fu)vs.x = log (D), a straight line is obtained, whose slope is #gablem and whose
intercept allows the calculation Bim (10”(-intercept/slope)).
If a system does not respond according to the eaZynetics, then the application of the method i€ & force when it tries to linearize
a pattern which is na priori exponential. In fact the application of the math#&oal operator logarithm to linearize a functisn i
justified only when the trend of the function igpexential on its whole existence interval, the cedd consider only the points that lie
on a portion of a straight line, i.e. those whighdround the inflection point on the original ceiris not mathematically rigorous and
shows even more the inability of the method to galiee, leading only to the estimation of then value.
As a second step of the method, according to tie &af the enzymatic kinetics, the valueldf for each drugs, according to Eq. 3, and
finally the Combination Index (Eq. 4), have to bé&cakated (the numbers 1 and 2 are the indiceseoflo drugs).
1

D, = Dy, (1f_afa)m (3)

1 2
C.l.= g— + g— )
Then, the experimental values of the toxicity @ thixtures are interpreted with the same key preshoapplied, that was not able to
accurately describe the behavior of the drugs alone
The method introduced by Webb [14] and later reei@gwy Bliss [15] has been widely criticized by GreBkavo, and J.C. Parsons
[16] with extremely fragile points. In fact, let agnsider two drugs A and B with equal cytotoxiaifues, 5% at a concentration of 0.5
uM and 70 % at a concentration ofilll, and suppose also that a their combination %A and 0.5uM B) presents a toxicity value
equal to 60%. According to the method proposed ligsBthe reference toxicity value, i.e. the purditaik effect, is equalto (5 +5 -
5 *5/100) or 9.75%, and since the measured agfi6i1%, is greater than 9.75% then the combindtasa synergistic effect.
In their review, Greek, Bravo, and J.C. Parsons §t&ie that this method of calculation is surelymg,dfor two reasons:
1) if we consider a drug alone, A or B, at the conicgion of 1uM, its toxicity value of 70% is already greaterrittae value of 60%.
2) If we imagine mixing two solutions which contaithe same drug, without our knowledge, we woulithale absurdly that the
drugs shows a synergistic effect, for the sameoresaset out in the point 1.
These two assertions are not correct: the autlwonpare the cytotoxic activity of the mixture of AdaB (both at 0.,wM) with that of
the two drugs alone at concentration oMl as if the concentration of the mixture would heM and this is chemically incorrect.
Moreover, they suggest (see point 2), that mixisgu¥ of A with 0.5uM of A, it leads to a new solution in which A isgsent at 1M
of concentration. Of course, this conclusion ismeal at all. In fact, in the final solution, Alstias a concentration of 0\BJ; as a
consequence, no Bliss synergism could be obseregt the cytotoxic activity equal to 5%.
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Table S1 Concentrations, experimental and calculated mitrtedlues for thel-CDDP system

Sol. [1] [CDDP] Experimental Calculated | Sol. [1] [CDDP] | Experimental | Calculated
n° pM pM mortality % mortality % n° M pM mortality % | mortality %
Training set 31 0.50 0.13 0 0.3
1 0.00 0.06 0.0 0.0 32 0.50 0.25 5.8 2.5
2 0.00 0.13 0.0 0.0 33 0.50 0.50 18.2 22.9
3 0.00 0.25 0.0 0.1 34 0.50 1.00 66.5 69.0
4 0.00 0.50 5.7 6.9 35 0.50 1.50 92.1 92.4
5 0.00 0.75 37.0 35.8 36 0.50 2.00 97.3 98.5
6 0.00 1.00 55.9 57.3 37 1.00 0.06 8.0 1.6
7 0.00 1.50 85.7 84.0 38 1.00 0.13 4.0 3.4
8 0.00 2.00 94.0 95.9 39 1.00 0.25 10.3 9.2
9 0.00 0.60 18.0 17.7 40 1.50 0.50 35.7 315
10 0.25 0.00 0.0 0.0 41 2.00 0.06 22.4 12.9
11 0.50 0.00 0.0 0.0 42 2.00 0.13 17.9 15.9
12 1.00 0.00 0.1 0.7 43 2.00 1.00 88.3 86.5
13 1.00 1.00 76.7 76.6 44 2.00 2.00 99.7 99.8
14 1.00 2.00 99.9 99.4 45 3.00 0.50 81.3 83.2
15 1.50 0.00 5.45 4.2 46 3.00 1.00 96.7 95.6
16 2.00 0.00 11.0 10.5 47 3.00 1.50 99.5 98.8
17 2.50 0.00 21.9 24.0 48 3.00 2.00 100.0 99.6
18 2.50 1.00 91.5 91.8 49 3.50 0.50 91.0 92.7
19 2.50 1.50 99.2 98.5 Test set
20 3.00 0.00 50.6 49.1 50 0.25 0.25 1.6 0.5
21 3.50 0.00 73.0 75.0 51 0.50 0.06 0.0 0.0
22 3.50 1.00 98.2 97.6 52 1.00 0.50 29.5 27.7
23 5.00 0.00 98.0 97.5 53 1.50 1.00 80.0 81.5
24 5.00 2.00 100.0 99.6 54 2.00 0.25 25.9 23.0
25 5.00 1.00 100.0 99.3 55 2.00 0.50 46.8 43.8
Validating set 56 2.50 0.50 63.7 64.8
26 0.25 0.06 0.0 0.0 57 3.00 0.75 92.0 91.4
27 0.25 0.13 0.0 0.0 58 3.50 1.50 100.0 99.1
28 0.25 0.50 11.3 15.9 59 1.50 0.75 61.2 58.0
29 0.25 1.00 57.7 63.7 60 2.50 0.60 72.0 72.5
30 0.25 2.00 95.4 97.5
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Table S2 Concentrations, experimental and calculated mitrtedlues for the2-CDDP system

Sol. [2] [CDDP] Experimental Calculated
n° M pM mortality % mortality %
Training set
1 2.00 2.00 99.7 99.9
2 2.00 1.00 100.0 99.8
3 1.00 1.00 82.4 84.8
4 2.00 0.50 99.3 99.2
5 2.00 0.25 97.1 97.9
6 0.25 0.25 0.4 4.2
7 2.00 0.13 97.6 96.4
8 2.00 0.06 95.3 95.3
9 0.00 2.00 93.4 94.7
10 0.00 1.00 37.4 374
11 0.00 0.50 12.3 5.9
12 0.00 0.25 2.1 3.6
13 0.00 0.13 25 3.1
14 0.00 0.06 0.7 2.9
15 2.00 0.00 92.9 94.2
16 1.00 0.00 16.8 18.1
17 0.50 0.00 9.1 4.0
18 0.25 0.00 10.0 3.1
Validation set
19 1.00 2.00 99.2 97.2
20 0.50 2.00 97.1 95.1
21 0.25 2.00 93.5 94.8
22 0.50 1.00 60.3 56.4
23 0.25 1.00 41.7 46.1
24 1.00 0.50 48.2 45.1
25 0.50 0.50 6.9 7.0
26 0.25 0.50 5.4 7.6
27 1.00 0.25 21.0 25.8
28 0.50 0.25 0.9 5.7
29 1.00 0.13 23.9 20.9
30 0.50 0.13 8.1 4.6
31 0.25 0.13 1.6 3.5
32 1.00 0.06 17.6 19.2
33 0.50 0.06 5.9 4.28
34 0.25 0.06 2.3 3.29
Test set

35 1.50 1.50 99.2 99.9
36 1.00 1.50 96.2 94.3
37 0.50 1.50 90.2 87.4
38 1.50 1.00 96.9 98.9
39 1.25 0.75 87.1 914
40 1.00 0.75 70.2 70.0
41 1.50 0.50 89.9 95.4
42 0.50 0.50 13.6 11.2
43 0.75 0.75 51.5 43.9
44 0.25 0.25 3.6 4.2
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Table S3 Concentrations, experimental and calculated mrialues for theC1-CDDP system

Progr. [C1] [CDDP] Experimental Calculated
n° pM pM mortality % mortality %
Training set
1 2.00 0.00 100.0 99.2
2 1.50 0.00 96.6 96.8
3 1.00 0.00 53.0 53.1
4 0.50 0.00 9.0 7.7
5 0.25 0.00 6.0 4.2
6 0.00 2.00 98.5 97.6
7 0.00 1.50 93.6 93.5
8 0.00 1.00 75.7 77.5
9 0.00 0.50 35.6 32.6
10 0.00 0.25 9.5 11.6
11 0.00 0.13 5.5 5.9
12 0.00 0.06 2.0 3.9
13 2.00 2.00 100.0 100.0
14 1.00 2.00 100.0 99.9
15 1.00 1.00 100.0 99.2
16 1.00 0.50 87.0 94.1
17 0.50 1.50 99.2 97.4
18 0.50 0.50 54.5 55.1
19 0.25 2.00 100.0 98.3
20 0.25 0.06 5.3 6.0
Validation set
21 2.00 1.00 100.0 100.0
22 2.00 0.50 100.0 99.9
23 2.00 0.25 100.0 99.7
24 2.00 0.13 100.0 99.5
25 2.00 0.06 100.0 99.4
26 1.50 1.50 100.0 99.9
27 1.50 1.00 100.0 99.9
28 1.50 0.50 100.0 99.7
29 1.00 0.25 77.4 82.6
30 1.00 0.13 65.0 70.5
31 1.00 0.06 63.0 62.0
32 0.50 2.00 100.0 99.2
33 0.50 1.00 89.0 89.4
34 0.50 0.25 27.3 26.5
35 0.50 0.13 13.2 15.1
36 0.50 0.06 16.0 10.8
37 0.25 1.00 82.0 82.3
39 0.25 0.50 36.4 40.6
39 0.25 0.25 19.0 16.3
Test set
40 0.75 1.25 94.5 100.0
41 1.25 0.75 94.3 100.0
42 0.75 0.75 86.6 89.9
43 0.75 0.5 56.2 67.8
44 1.25 0.25 84.6 90.0
45 0.75 0.25 31.3 37.8
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Chapter Il - Copper-Platinum complexes as a mechanism to explain the synergism of
combinations of CDDP with Cu(ll)complexes

The ANN method was also used to assess if the CDDP-Cu(ll)complexes associations proved to be
synergic also in CDDP-resistant cells.

Human acute T-lymphoblastic leukemia (CCRF-CEM) and human ovarian carcinoma (A2780) cell
lines, as well as their respective cisplatin-resistant sublines (CCRF-CEM-res; A2780-res) were used
in the study. The CCRF-CEM-res subline was obtained by us, by serial passages of the wild type
cells in the presence of increasing cisplatin concentrations, starting from a sub-inhibitory
concentration (0.5 uM); A2780 and A2780-res cells were a generous gift from Dr. Fischer Eva
(Tumor Biology Laboratory, The lon Chiricuta Oncology Institute, Cluj-Napoca, Romania). The
choice of A2780 cell lines in this study, lies in the fact that the CDDP represents in clinical therapy
the drug of choice in the treatment of this type of neoplasm.

The combinations of drugs used have proved able to suppress the CDDP resistance in both cell
lines. The synergistic effect shown by cisplatin in combination with complexes of copper could be
due to the simultaneous involvement of the same or different targets (DNA, proteins, enzymes,
biomolecules), or by the formation of adducts, containing copper and platinum. To verify the
presence of these adducts, have been measured mass spectra of solutions containing CDDP and,
one at a time, the complexes of Cu (ll), using the atmospheric pressure Electrospray lonisation at
atmospheric pressure Mass Spectroscopy (ESI-MS). This method was more useful than others,
because the processes of fragmentation are greatly reduced, allowing the detection of even weak
complexes, which can not be put in evidence with the other systems of ionization stronger which
detected only the signals of the individual complexes. The stoichiometry of the complex observed
with this method was then evaluated based on the models and the results of isotopic
fragmentation spectroscopy tandem MS-MS. In all cases, regardless of the copper complex used,
it was detected the formation of a mixed complex in which the ions of copper and platinum are
connected by a bridge of two chlorine atoms, with stoichiometry
[CuPt(1,10-phenathroline)(NH;)(H,0)CI]". In reactions of Cu(ll)-phen 2 or Cu(ll)-phen C1 with CDDP
it is also released a phenanthroline, that being itself cytotoxic, could explain the higher
antiproliferative activity shown by the mixtures containing these two complexes, rather than the
one containing the Cu(ll)-phen 1.

In conclusion, our combinations showed a synergistic cytotoxic effect in both CDDP-resistant cell
lines, CCRF-CEM-res and A2780-res, and have proved able to suppress the drug-resistance. The
ED-ANN approach used to assess the interaction of the drugs has produced valid and reliable
results since, in all cases, the data expected from the network have been confirmed
experimentally. The spectrometry ESI-MS and tandem MS-MS results are instruments suitable to
verify adduct formation in solution from the combinations which we used. Despite the process of
transition from solution to the gas phase can influence the structure of the complexes (especially
of large molecules), they may be obtained relevant information on the stability of the solution and
the reactivity of complexes that are not easily isolable in the solid state. The formation of the
mixed compound detected with this method, could be a possible mechanism at the basis of the
synergistic effect observed with our combinations against the cell line tested. Since the synergistic
effect was observed also against cisplatin-resistant cell lines, it could also be involved in one or
more of the mechanisms that lead to resistance to cisplatin. The results of this study are described
in the manuscript below reported, which is presently under review for publication in the Journal of
Inorganic Biochemistry.
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Abstract

Cisplatin,cis-diammineplatinum(ll) dichloride, is a metal comyplgidely used in clinical practice for the treatrhefcancer. Despite
its great efficacy it causes adverse reactionstlamanost of the patients develop resistance tdatiapTo overcome these issues, a
multidrug therapy was introduced as a modern agprémexploit the drug synergy. A synergistic effeas been found testingvitro
binary combinations of cisplatin and three coppeompglexes, namely Cu(1,10-phenanthroline)fR{DCIOs),,
[Cu(1,10-phenanthroling)OH,)](ClO,4), and [Cu(1,10-phenanthrolingmidazolidin-2-thione)](CIQ),, against the human acute
T-lymphoblastic leukaemia cell line (CCRF-CEM). Binagnibinations of cisplatin and [Cu(1,10-phenanthrglif@H,)](CIO,),
were tested also on the cisplatin-resistant sublofdiuman acute T-lymphoblastic leukaemia ce# [BCRF-CEM-res) and ovarian
(A2780-res) cancer cell line. The tested combimaslbowed on the resistant cells a synergistic effédee possibility that this effect
was due to the formation of new adducts was corsitlend mass spectra of solutions containing ¢isgad one at a time of the three
copper complexes were measured by using the edpctrg ionisation at atmospheric pressure massregeopy. A mixed complex
was detected and its stoichiometry was assess#tedrasis of the isotopic pattern and the resititsrmlem MS-MS experiments. In
the formed complex with stoichiometry [CuPt(1,104pgroline)(NH)(H,O)CI]" the copper and platinum ions are linked by two
bridging chlorines. The coordination spheres ofpsads completed by one 1,10-phenathroline unitlandn hydroxide ion, that of
platinum by an ammonia and a water molecules.

1. Introduction

Cisplatin, cis-diammineplatinum(ll) dichloride, is a metal complaidely used in clinical practice for the treatrhexf cancer.
Cisplatin is able to enter the celis passive diffusion and with protein-mediated tramspystems as human organic cation transporter
hOCT2 and copper transporter Ctrl [1-3]. Cisplatirtsxes biological activity by interaction with DNAn fact, once inside the cell,
the chloride ligands of the complex are displacgdvater molecules in a two-steps mechanism to faith DNA a bi-functional
adduct [Pt(DNA)(NH),]*'[4-7]. Despite its great efficacy against very dg&éhds of tumour, such as breast, ovarian, ptestastes,
and non-small cell lung cancers[8-11], it causesem reactions with dose-dependent side effectthé&more, after the first
treatments, the most of the patients develop esistto cisplatin[12], and to reach the same tleertipefficacy higher doses of the
drug are required, with a higher incidence of tite ®ffects related to the doses. The cisplatirsta@sce could be due to several
mechanisms, such as a decreased influx insidedhean increased deactivation by the biomolecplesent in the cytosol, an
increased capacity of DNA repair and an increasiuaxeoutside the cell [13,14]. To defeat the dmggistance and reduce the side
effects, a multidrug therapy (MD) was introducedaasiodern approach. Under MD regimen, two or mougs are administered
simultaneously to exploit their synergism[15] reiachseveral advantages. Synergism arises when tkteirsn of drugs shows a
cytotoxic activity higher than the pure additivéeet of the single drugs. In synergistic drug camaltions, lower doses of each drug
can be administered achieving equal or higher geeriac effect while reducing side effects and theadopment of the resistance. As
a matter of fact, cisplatin has often been propasemmbinatorial therapies with other drugs orhwiatural products [16-22]. In a
previous work, we testeid vitro several binary combinations of cisplatin with thidifferent copper complexes against the human
acute T-lymphoblastic leukaemia cell line (CCRF-CEMJ}fng a synergistic effect [15]. Copper(ll) compexare supposed to act on
cancer cells in different way with respect the leiip, but the real mechanisms are not completdédyified up to date [23].
Furthermore, as both copper(l) and copper(ll) imedlin several biological functions, it is not usigally accepted if the cytotoxic
properties of the copper complexes are relatedadax reaction of the metal ion. In the most efstudies, cell apoptosis and enzyme
inhibitions (proteasome, topoisomerase | and Hogin protein kinase) are involved [24,25] while tBNA appears the target of
copper complexes containing nitrogen chelators B3-fthenanthroline (phen) [26]. The synergistieefshown by cisplatin and our
copper complexes containing one or two phen modscuhay then arise from several mechanisms, nailsineous involvement of
same or different targets, such as DNA, proteinsymes, biomolecules, but also through formationesf adducts. This possibility is
due to a some chemical affinity of the ions. Irtfatatinum(ll) and copper(l) are both of them sofis, and copper(ll) has an hard-soft
intermediate character. The affinity of these iémisthe same ligands provides the possible formatid polinuclear complexes
containing both platinum and copper. Starting it above considerations, we decided to verifyfdh@ation of mixed complexes
measuring the mass spectra of solutions contatisgatin and one at a time of the three copperptexes. Moreover, we extended
the study of the cytotoxic activity of the most piising copper complex on cisplatin-resistant leukg{@CRF-CEM-res) and ovarian
(A2780-res) cancer cell lines. We measured the spestra of binary combinations of the chosen coppmplexes and cisplatin by
using the electrospray ionisation at atmospherigsqure mass spectroscopy (ESI-API-MS). This ioimisasystem limits the
fragmentation processes allowing the detection @fiseeak complexes. Preliminary measurements mgdesing stronger ionisation
systems, such as laser desorption ionisation (bDHatrix assisted laser desorption ionisation (NDAL. put in evidence signals of
platinum ion and of copper-phen complexes only. Bing ESI-API-MS, instead, polynuclear complexestaiming copper and
platinum were found and their stoichiometry waseassd on the basis of the isotopic patterns arldeofragmentation results of the
tandem MS-MS  spectroscopy. The copper complexes diestu in  combination with  cisplatin  were
Cu(1,10-phenanthroline)(G)3(OCIOy), 1), [Cu(1,10-phenanthroling)OH,)](CIO,), (%) and
[Cu(1,10-phenanthrolingjmidazolidin-2-thione)](CIQ), (C1). The molecules studied in this work are repoitellig. 1.
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2. Experimental section

2.1Reagents and apparatus

Methanol (CHOH), dimethylsulfoxide (DMSO), imidazolidine-2-thie (H.dit), 1,10-phenanthroline (phen) and trifluoro &cecid
(HTFA) were purchased from Sigma-AldriaBis-diammineplatinum(ll) dichloride (cisplatin) was nghased from Alfa-Aesar. The
commercial reagents were used without any furthieifipation. ultra-pure water obtained with Milli@illipore was used for all the
experiments. Mass spectra in positive ion mode wbétained on a triple quadruple QgQ Varian 310-M&snspectrometer, with
atmospheric pressure electron spray ionization -@&8) technique. The sample solutions were infudedctly into the ESI-API
source using a programmable syringe puwith a flow rate of 1.50 ml/h. A dwell time of 14&c was used and the spectra were
accumulated for at least 10 min in order to inceeth®g signal to noise ratio. Tandem MS-MS was peréal with Argon as collision
gas (1.8 PSI) using needle voltage at 6000 vdiis)d voltage 800 volts, housing temperature 60di€ing gas temperature 120 °C,
nebuliser gas pressure 40 PSI, drying gas pre28uP&S|, detector voltage 2000 volts. Collision epsvgs varied from 2 to 45 V. The
isotopic patterns of the signals in the mass spewtre analyzed using mMass 5.5.0 software pacRZgap].

2.2 Preparation

Synthesis ofl, 2 andC1 were previously reported [30,31]. However, in thigrk we report new synthesis with less-toxic sotge
and/or with higher yield.

Cu(1,10-phenanthroline)(OH,),(OCIO53), (1): Basic carbonate of copper(ll) £G0;)(OH), (1.0 g, 4.54 mmoles) was suspended in
isopropanol (50 ml) and the suspension was wariti@wdiling point. Concentrated perchloric acid waswly added to the suspension
under stirring, until a clear blue solution is ab&al. The solution was boiled for 10 min to remall¢he formed carbon dioxide, then
it was cooled to room temperature. An isopropansdilition of phen (0.4 g, 2.22 mmoles) was slovdged drop by drop under
stirring. In presence of opalescence, the additfophen was interrupted and the solution was leften stirring until the precipitate
disappeared, then the phen addition was resumeal.efitire process required 3 hours. The resulting Bblution was filtered,
concentrate under vacuum (10 ml) and let crys&llBlue crystals were obtained after 12 hours. Téregnt yield was 95 %
(calculated on the basis of the phen amount). ABalcd. for Cu(phen)(OpL(CIO,),: C 30.11, H 2.53, N 5.85, found: C 30.87, H 2.66,
N 5.79.

[Cu(1,10-phenanthrolineh(OH,)](CIO 4), (2): Basic carbonate of copper(ll) £§G0O;)(OH), (1.0 g, 2.22 mmoles) was suspended in
isopropanol (50 ml) and the suspension was warrieddiling point. Concentrated perchloric acid walkwly added to the
suspension under stirring, until a clear blue sotuis obtained. The solution was boiled for 10 tarremove all the formed carbon
dioxide, then it was cooled to room temperature artopanolic solution of phen (1.64 g, 4.44 mmpleas slowly added. The
resulting turquoise precipitate was filtered ofiden vacuum, washed with isopropanol and dried atrtemperature. The percent
yield was 88%. Anal. Calcd. for Cu(phef@H,)(ClO,4),: C 44.98, H 2.84, N 8.74, found: C 44.30, H 2.963.811.
[Cu(1,10-phenanthroline}(imidazolidin-2-thione)](ClO 4), (C1): 0.30 g of2 and 0.048 g of ktlit (clourless) were suspended in 50
ml of distilled water. The suspension was stirred¥2 hours at room temperature, after this tingeegn powder was recovered by
filtration under vacuum. The product was washechwitater and dried at room temperature. Yield 80 Anal. Calcd. for
Cu(phen)(H,dit)(ClO,),: C 44.73, H 3.06, N 11.59, found: C 45.01, H 2.98,IN30.

2.3ESI-MS measurements
2.3.1.Copper complexes

Solutions of 1 was prepared dissolving the propssunt of compound in water containing 0.05 % of KATW/v). Solutions of 2 and
C1, insoluble in water, were prepared dissolvingpieper amount of compound in 100 ul of DMSO aridtittig to 50 ml with water
containing 0.05 % of HTFA (v/v). All the sample gtibns were mixed with methanol in 1:3GtCH;OH volume ratio immediately
before the mass measurements to improve the quélitye spectra. Mass spectralp andC1 were recorded in the 100-1000 m/z
range, at a final concentration of 0.5 mM. The saxyerimental conditions were used for the threepmunds (needle voltage 4500
volts, shield voltage 600 volts, housing tempe0 °C, drying gas temperature 120 °C, nebulisepgessure 40 PSI, drying gas
pressure 20 PSI, detector voltage 1450 volts).

2.3.2. Cisplatin

Solution of cisplatin was prepared dissolving theper amount of compound in water containing 0.06fdTFA (v/v). The solution
was mixed with methanol in 1:1,8:CH,OH volume ratio immediately before the mass measargs to improve the quality of the
spectra. Mass spectrum of cisplatin was recordetlénl00-1000 m/z range, at a final concentratio@. mM. The experimental
conditions were: needle voltage 6000 volts, shiglfage 600 volts, housing temperature 60 °C, drgag temperature 120 °C,
nebuliser gas pressure 40 PSI, drying gas preg26ups|, detector voltage 2000 volts.

2.3.3. Binary Combinations

Solutions containing copper complex and cisplatih0:1, 5:1 and 1:1 Pt/Cu molar ratios were prepkeeging constant the cisplatin
concentration (1.0 mM). Sample solutions were miwéth methanol in 1:1 KD:CH;OH volume ratio to improve the quality of the
spectra. In order not to alter the complex formagquilibria, methanol was added immediately befbeemass spectra measurements.
Solutions containing cisplatin and the copper caxplere analysed at 4500, 600 and 1500 volts adleeshield and detector
voltages, respectively, for studying masses inréimge 100-450 m/z, and at 6000, 800 and 2000 asltseedle, shield and detector
voltages for studying masses in the range 450-b@@0The other parameters were kept constantsglatitthe experiments (housing
temperature 60 °C, drying gas temperature 120 °Gjliseb gas pressure 40 PSI and drying gas pre28ursSl).
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2.3.4. Biological assays
2.3.4.1 Cell lines

Human acute T-lymphoblastic leukemia (CCRF-CEM) anddmuvarian carcinoma (A2780) cell lines, as welthasr respective
cisplatin-resistant sublines (CCRF-CEM-res; A2780-ve=e used in the study. CCRF-CEM cells were purchiasedthe American
Type Culture Collection (ATCC, USA) while the CCRF-CEM-gembline was obtained by us (see below); both étielines were
maintained in culture between 1x105 cells/ml antibBxcells/ml of RPMI 10% FBS with 1% kanamycin (grbwitedium). A2780 and
A2780-res cells were a generous gift from Dr. FgcBva (Tumor Biology Laboratory, The lon Chiricu@ncology Institute,
Cluj-Napoca, Romania) and were grown in RPMI medaddicted with 2mM Glutamine and 10% FBS; A2780-resexcultured in
the presence of 1 uM cisplatin after subcultureattdched cells (necessary only 2-3 passages). n@eiblayers reached 70%
confluency in 3-4 days and then they need a siit.& a seeding at 1xi6otal cells in 75chflaskes using 0.25% trypsin/EDTA.

2.3.4.2 Selection of the cisplatin-resistant CCRFEM subline

A CCRF-CEM sub-line able to grow at the same extemhénabsence and in the presence phbcisplatin (CCRF-CEM-res) was
obtained by serial passages of the wild type delthe presence of increasing cisplatin concermtnatistarting from a sub-inhibitory
concentration (0.5M). At each cell passage (every 3-4 days), the rarmbviable cells of cisplatin treated-culturessveampared to
that of duplicate untreated cultures. The cisplatincentration was increased at each cell passade 4.50uM; from then on,
cisplatin-treated cultures grew much slower andlgdban their untreated counterparts, and weret &a (5 to 10 passages) at the
same concentration until the cell population haghired original viability and growth timing. At iervals during the selection process,
the level of cisplatin resistance was checked byMAT method in cells grown for one passage withbetdrug; doxorubicin was used
as reference compounds to evaluated the drugaesestspecificity. Given that cell cultures nevervaied at concentrations over
5uM, the cell population growing atu cisplatin was stabilized by 15 further passagiesn grown without drug for one passage,
checked for resistance as described above, antyfstared in aliquots in liquid nitrogen.

2.3.4.3 Cytotoxic assays

Stock solutions of cisplatin, 1, 2 and C1 were madeMSO at 50mM. Dilutions of stocks for biologitvestigations were made in
RPMI medium at 2x the final concentration for sindkeig evaluations, or at 4x the final concentrafimnevaluation of dual drug
combinations. The concentration of DMSO on thésosbs never higher than 0.1%. Effects of drugs dmd) combinations were
evaluated in exponentially growing cell culturest &xperiments in cisplatin-resistant cell culturesth the CCRF-CEM-res and
A2780-res cells were allowed to grow in the abseosfcdrug for one passage. CCRF-CEM and CCRF-CEM-res werkedeat a
density of 1x105 cells/ml of growth medium in atfbottom 96-well plate and simultaneously expdedtie 2x or 4x concentrations
of drugs. A2780wt and A2780-res were seeded atEodlts/well in flat-bottom 96-well plate and allodiéo adhere overnight before
the addition of the 2x or 4x concentrations of dru@ell growth in the absence and in the presencemigs and drug combinations
was determined after 96 hours of incubation at 3#f€5% CO2 (corresponding to three to four duplicatounds of untreated cells),
by both cell counting with the trypan blue exctusimethod and the MTT method (ref). Cell numbers\dability in drug-treated
samples were expressed as percentage of thoslesif rdspective controls. Dose-response curvesdohn drug were determined and
the IC50s of single drug and drug combinations wateulated with OriginPro8.

Results and discussion

3.1. Synthesis

The new synthesis df led to a crystalline product with high purity IéWe 95%) and with high yield. The obtained compound is
hygroscopic and deliqguescent and must be storeerwaduum. It is stable for months at room tempeesin desiccator, but if warmed
it converts eventually i@, more stable thermodynamically. In this case,ange in the colour, from blue to turquoise, is séethe
synthesis 0€1, the previously used solvent @EN was changed with . The reagents are not water soluble, howevargstrring

(= 12 h) gives the necessary energy to drive theiogamwards the formation of the product, alsowater soluble. The yield (80%)
could be slightly enhanced (85 %) extending theisj time to 24 h.

3.2. Cytotoxicity measurements

The cytotoxic activities 02 and cisplatin, alone and in dual drug combinatiovese evaluated against cisplatin-resistant Tdeuhkia
(CCFR-CEM-res) and ovarian carcinoma (A2780-res) huoedl lines. Dose-response curvesZand cisplatin were obtained, and
the IC50 values (concentration required to inhibit proliferation by 50% with respect to untreatadls) were determined. Copper
complex2 showed IC50 values of 0.75 uM and 0.24 uM in CCFR-@Edkand A2780-res cells, respectively. Cisplatowadd IC50
values of 6.98 uM and 5.3 uM for CCFR-CEM-res and AR#&S cells, respectively. Dose-response curve® @nd cisplatin in
cisplatin-resistant cell lines are shown in FigTBe effects of single drugs and dual drug comimnaton the tested cell lines are
reported in Table 1 as % of untreated controls.allicases, combinatorial treatments gave risedgnargistic type of interaction of
cisplatin with the studied copper complexes. Intipalar, it is worth mentioning the synergistic exff shown by combinatorial
treatments against cisplatin-resistant cell lireest evident potential in the clinic of cisplatiesistant cancers.
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3.2. ESI-MS results
3.2.1. Copper complexes

In the mass spectra &f 2 andC1, only mono-charged species containing copper¢lfopper(l) were put in evidence. Reduction of
Cu(ll) to Cu(l) is commonly observed in ESI phase dolutions of Cu(ll) salts[32]. Characteristic ispé peaks for copper- and
copper-chlorine-containing ions were clearly seet the isotopic patterns of these peaks confirhedtemental composition of the
observed ions. The most relevant peaks are assigried shown spectra (Fig. 3) while calculated erplerimental isotopic patterns
for selected peaks are reported in the Supportifyrhation (Fig. S1). In the spectrum bfFig. 3A) the signals with the highest
intensity correspond to [€¥(phen)(TFA)T (356 m/z), [CH(phen)CIf (278 miz), [CH(phen)F (262 m/z), and [Cl(phen)f
(243 m/z) ions. A low signal of [Gl(phen)(TFA)]" is present at 536 m/z. In the spectrur@ (fig. 3B) some species observed in the
spectrum ofl are present ([Cli(phen)CI}, [Cu" (phen)(TFA)T, [Cu™(phen}(TFA)]") together with [phen+H* (181 m/z),
[Cu®(pheny]* (423 m/z), [CY (phen)}CI]* (458 m/z), [CU" (phen)}(CIO,)]* (522 m/z).

Also in the spectrum of1 (Fig. 3C) some species observed in the spectruhafd2 are present ([phen+H, [Cu”(phen)],
[cu(phen)Clf, [Cu™(phen)(TFA)], [CUW(pheny]* , [CUH (phen)Cl]*, [CU™ (phen}(ClO,)]*, [CU" (phen}(TFA)]") together
with species containing the thionic ligangdi, i.e. [CU" (phen}(Hdit)]* (524 m/z), [C{" (phen)(Hdit)] (344 m/z), [Hdit+H"] (103
m/z). It is interesting to remark that, althoughk ttopper complexes have been measured at the sarentration, their mass spectra
presented different intensity, from 4.5 x1for 1) to 1.75 x 18 a.u. (for2). The different intensity was related to the iaitity of the
complexes, in the ord@&<C1<1.

3.2. Cisplatin

The ESI-MS spectrum of cisplatin is reported fro@020 600 m/z in Fig. 4. The signal related to fitetonated cisplatin,
[Pt(NH3),Cl+H"]* appears at 300 m/z. Other signals related to fP§(Cl,] ", [Pt(NHs)CI]" and [Pt(NH)]" are present at 263, 246 and
210 m/z, respectively. A signal interpreted as thu@ mixture of [Pt(NH)s(H,0),CI]* (78%) and [Pt(NK),(H,O)Cl]* (22%) is
present at 319 m/z. At 547 and 564 m/z signalstdube polynuclear complexes jH3)sCls]* and [Pi(NHs),Cls]* can be seen.
Calculated and experimental isotopic patterns facsed peaks are reported in the Supporting InfdomgFig. S2). In the species
containing platinum and NH a double bond between platinum and nitrogen isn@esent, as also reported from other authors
[33,34]. Itis important to remark that the massctpal profile of cisplatin solutions starts chamggafter 1 h from the preparation as the
compound undergoes hydrolysis. In fact, the sigaB00, 263 and 246 m/z decrease in intensityadddcts with water and methanol
are formed.

3.3. Binary Combinations
3.3.1. Cisplatin and copper complexes

The number and the aspect of the signals preseheispectra resulted strongly dependent on theechexperimental conditions of
needle, shield and detector voltage. Generallingithe voltage of needle, shield and detectorfrdgmentation processes increase.
The fragmentations are helpful since they are dberiatic of the molecule and provide structurdbimation. However, as the
fragments themselves can undergo to a further feagation, the resulting spectra could became diffito understand. On the other
hand, a too low voltage determines a fall in therall ion current and then in a reduction of thaiZzation efficiency. These issues
could determine non-reliable signals [35]. The nesactra of the binary combinations were collect@ging the voltage values in
order to find the optimal conditions. In all thgpeximents, signals with isotopic pattern charastierof species containing both copper
and platinum were observed. However at needleldshie detector voltage of 4500, 600 and 1500 yvadspectively, the signals with
reliable intensity (1®magnitudo order) were characteristic of speciegaining only copper as metal ion. In particularevpresent
signals of the species [€l(phen)(TFA)T (356 m/z), [CH (phen)(HO)]* (261 m/z) and [Cl(phen)} (243 m/z). To observe with
sufficient intensity also the signals of the ottoers, needle, shield and detector voltage of 6800,and 2000 volts, respectively, were
used. The binary combinations were tested alsxdess of cisplatin (at 1:1, 5:1 and 10:1 platinwopfger molar ratios) being the
signals originated by the copper complexes moens# than those originated by cisplatin at the sameentration, due to a greater
ionizability of the copper complexes. The measunads spectra of the solutions containing cispkatil? at the three different molar
ratios, are reported as an example in Fig. S3sigmals of the mixed complexes containing both eogmd platinum appeared at any
molar ratios for all the studied systems, howewér]:1 platinum/copper molar ratio, the more ingeagnals (marked with “*” in
Fig.S3) were due to mononuclear and polynucleapeopomplexes. The stoichiometry of these complevere identified from the
m/z value and from the isotopic pattern as §G(pheny(TFA)CL]* (671 m/z), [CP(pheny(TFA)(OH)(H,0)]* (717 miz),
[Cu™ ,(phen)(TFA),CI]* (749 m/z), [CH(phen)(TFA),(CIO,)]* (811 m/z). At 10:1 platinum/copper molar ratiogether with
signals of copper and mixed copper-platinum comgsealso signals of polynuclear complexes contgitwo or more platinum ions
and a variable number of chlorine, ammonia and matdecules, were present in the range 800-1000The lack of a good pattern
resolution prevented the determination of the tleaact stoichiometry. From these results, it fobothat the combination at 5:1
platinum/copper molar ratio was the best one tdysthe mixed platinum-copper complexes. In Figh& inass spectra of solutions
containing cisplatin and, cisplatin and2 and cisplatin an€C1 at 5:1 platinum/copper molar ratio are reportégn@s due to the
copper complexes are marked with “*"). As can bensgéhe mass spectra of all the systems presantilarsprofile, even if with
different intensity, indicating that the same mixemnplexes were formed. In particular, the sigmadl the isotopic pattern typical of
mixed platinum-copper complexes fall in the rand®-660 m/z. As for the copper complexes, the stoiktry of these mixed
complexes were identified from the m/z value amanftheir isotopic pattern. In many cases, convadlsignal were observed due to
the simultaneous presence of complexes with simigses. In this case the experimental patterrdu@s$o a weighted combination
of the isotopic pattern of the different molecul&@se weights, i.e. the % in which each molecules weesent, were obtained by
multivariate regression analysis of the experimetidita. An example of this treatment is reportefign S4, where the experimental
pattern can be compared to the theoretical oneuledibd as a contribution of 4 molecules.
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From the analysis of the spectra, we identifiede¢hrprincipal complexes, all mono-charged, with chtimmetry: I)
[CuPt(phen)(HO),(OH)Cl,] (561 m/z) Il ) [CuPt(phen)(HO)(NHz)(OH)CL]" (560 m/z) andll ) [CuPt(phen)(HO),Cl,]* (544 m/z).
Together witH -1l , other 9 complexes were identified, but they reslito be adducts with TFA or product of excharegetions with
the fluorine carried out by the TFA. These 9 cometecould be thought as byproducts (the completefithese complexes is reported
in the Supporting, Table S1).

3.3.1.1 Tandem MS-MS

The tandem mass spectrometry (MS-MS) was esse¢ati@nfirm the proposed stoichiometry and to hypstike the structure of the
formed complexes. The MS-MS consists in multiplepst of mass spectrometry selection and betweere thieps several
fragmentation processes occur. On a triple quadeuR@,Qs it is possible to select an ion of a certain m{@ssent ion) in the first
quadrupole Qand send it in the second quadrupgléhqt represents a collision cell. Here the iopresence of an inert gas such as Ar,
He, or N, is fragmented. The resulting fragments are paséthih the third quadrupole Qtherein scanned and detected. The correct
stoichiometry and structure of the parent ion camiéduced from the fragmentation profile. Alsoéhergy required to fragment the
ion gives information on its stability. In fact, et the MS-MS is applied on a metal complex, asunaase, the collision-induced
dissociation determines the loss of neutral ligaswsh as water or ammonia at low collision enefgfg)((~2-15 V), the breaking of
bonds and also the macro-cycle destruction at medi& (~15-30 V), and even the expulsion of the fne¢al ion at high CE (~30-50
V). The necessary CE is highly specific for eactcpss and for each complex and it is strictly relatethe strength of the bonds and
to the stability of the complex. Once obtained filagmentation profile, the structure of the parentmay be reconstructed starting
from the littlest fragments whose structure coudddasily hypothesized, as the fragments were pietcaspuzzle. Of course the
fragments may re-arrange in ESI phase, but thibodegenerally leads to the most probable strudfitee parent ion.

The fragmentation profile obtained for compourtdd are reported in Fig.s 6-8. As can be seen in Fifpr I, species with
stoichiometry [Cu(phen)](243 m/z), [Cu(phen)CI](278 m/z), [CuPt(phen)gl (508 m/z), [CuPt(phen)g@H,0),]" (544 m/z) were
visible as fragments of the parent compound. Thekires of these ions were easily proposed, asrshothe figure. To define the
structure of the parent compound at 561 m/z, iteeevenient to consider it as (544 m/z + 17 m/zhonia or hydroxide ion have 17
m/s, then two possibilities were considered: hydtexor ammonia linked to the copper. If Oias linked to the copper, the resulting
complex should have had +1 as charge, while ifi$ present the ammonia, the charge of the comptaxd have been +2 (note that
when copper is tetra-coordinated or penta-coordihditas +1 or +2 as oxidation number, respectivedging the fragment
mono-charged, only the OH- ion were considerednThe structure of the parent ion were proposae@asrted in the figure.

The study of the compound appeared more complicated. As farthe structures of the [Cu(pheh)[Cu(phen)CI], and
[CuPt(phen)CJ* ions were easily proposed, as shown in the Figs8egards the fragment at 525, it was considasg®08 m/z + 17
m/z). Then four possibilities were considered: loyifte linked to platinumi) or to copperi{), ammonia linked to platinuniii() or to
copper {v). If OH or NH; were linked to platinum, the resulting complexeasgs andiii) should have had 0 or +1 as charge,
respectively. If OHor NH; were linked to copper, the resulting complexesdsa andiv) should have had +1 or +2 as charge,
respectively. Being the fragment mono-charged, tirdycasé andiii were considered. As regards the fragment at 542as/before,

it was considered as (525 m/z + 17 m/z). Then Bipiiies were taken into account starting frora firevious casesi \and {ii ): (ii)

+ OH or NH;linked to platinum (casesandvi); (iii) + OH or NHslinked to copper (casas andix); (iii) + OH or NHslinked to
platinum (casesii anduviii); being the fragments mono-charged, the only pd&gs that were considered weveandvii. The last
fragment was considered as (525 m/z + 18 m/z), éhemter molecule was addedvicandvii, to obtainx, with +1 as charge, and
with +2 as charge. Then, the most probable straatithe parent ion was thatxfThe entire route is shown in Fig. S4. As fartes t
compoundill , similar considerations were made to obtain asrbst probable structure, that shown in the FigAIBthe reported
fragmentations were obtained with a CE of 20 eV.fifBgment also the complex [Cu(phen} collision energy of 45 eV was
necessary, but at this energy value, the othenfeags were no longer observable.

CompoundlIl can be considered as a fragmerit, ¢tiat itself can be considered as a hydrolysidyebofll . A precursor with formula
[CuPt(phen)(NH),(OH)Cl,]" can be hypothesized in solution, however, thisigsavas not detected in our experiments. The [segho
reaction between copper complexes and cisplatfin@ly resumed in Scheme 1. As can be seen, thee ssomplex is formed
regardless which copper complex2 or C1 is involved. In the reaction @or C1 with cisplatin, one phen unit is released; in¢hse

of C2, a dit unit is also released. In the formed comptepper and platinum are linked by two bridgitdocines, the coordination
spheres of copper is completed by a phen and wydwoxide ion, that of platinum by an ammonia anglader molecules. From the
mass spectral evidences, the mixed copper-platsmmplex was formed in aqueous solution after fewutas from the mixing of the
reagents and it was stable for at least one wek&. skme reaction carried out in water-acetonitelguired three weeks to be
completed.

3.Conclusions

A mixed complex containing copper and platinum iaesformed by reaction of Cu(1,10-phenanthroline)@{DCIOs),,
[Cu(1,10-phenanthroling)OH,)](CIO,), and [Cu(1,10-phenanthroliné)midazolidin-2-thione)](CIQ), with cisplatin in aqueous
solution. In the mixed complex, copper is coordigaby one phenanthrolinic unit and by an hydroxate platinum is linked by
bridging chlorines and is coordinated by one ammonand one water molecule. In the reaction of
[Cu(1,10-phenanthroling)OH,)](ClO,4), and [Cu(1,10-phenanthrolingmidazolidin-2-thione)](CIQ), one phenanthrolinic unit is
released. The 1,10-phenanthroline itself present€a0 values of approx. 2 pM towards the testeldioels, then the higher cytotoxic
activity shown by the mixtures containing cisplaim?2 or C1, with respect to that shown by the mixture viitimay be due also to the
freed 1,10-phenanthroline. Also an imidazolidingbne molecule is released during the reactio@l-oWith cisplatin but it is devoid
of any biological activity against the tested cellbe formation of the mixed copper-platinum compadbuhat was experimentally
established could be a possible mechanism to exfiai synergistic effect that combinations of theled copper complexes with
cisplatin shown towards the tested cell line. Gitleat the synergistic effect was evident also agadisplatin-resistant cells, the
formed copper-platinum complex could likely integfavith one or more of the mechanisms that ledtdaisplatin resistance. In this
regards, as future perspective we intend extersktbeidies to other cisplatin resistant cell linesrder to obtain more useful insights
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and possibly clarify the underlining molecular macism(s). From the reported results, the ESI-M8 #ne tandem MS-MS
altogether appear as suitable tools for the stdidjeometal complexes formed in solution. Of coursehe transition process from
solution to gas phase, the structure of the coneglexay be affected, and this is particularly rai¢¥ar big molecules, such as metal
complexes with biomolecules. Nevertheless, relewaformation on the solution stability and readivof complexes not easily
isolable in the solid state can be obtained, alseieral experimental conditions such as diffemeedia, pH, or ionic buffer.
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Captions

Fig. 1. Formulas and acronyms of the molecules studiedhia work. 1 is Cu(1,10-phenanthroline)(QH(OCIOy),, 2 is
[Cu(1,10-phenanthrolinglOH,)](ClO,),, C1 is [Cu(l,10-phenanthroling)midazolidin-2-thione)](CIQ), and cisplatin is
cis-diammineplatinum(ll) dichloride.

Fig. 2. Dose-response curves @A) and cisplatinB) on leukemic cisplatin-resistant cancer cells (CCRPFGESs, @) and ovarian
cisplatin-resistant cancer cells (A2780-ra9, Antiproliferative effect is expressed as % otreated controls.

Fig. 3. ESI mass spectra (+) df(A), 2 (B) andC1 (C); 0.5 mM, 50:50 methanol and water with 0.05 %rifiiroacetic acid. Phen is
1,10-phenanthroline, it is the imidazolidine-2-thione, TFA is triflurcatate ion.

Fig. 4. ESI-MS (+) spectrum of cisplatin; 0.5 mM, 50:5@thmnol and water with 0.05 % of trifluroaceticchav is water.

Fig. 5. ESI mass (+) spectra of cisplatin dn@\), cisplatin an® (B), cisplatin andC1 (C) (cisplatin 0.5 mM, copper complex 0.1 mM,
50:50 methanol : water with 0.05 % of trifluroacedicid). In the spectra copper complexes are manfibd*”.

Fig. 6. Tandem MS-MS spectrum of the signals at 561 méz © the low intensity of the signals, the isotgpéttern is lost (collision
energy 20 V, charges are omitted for clarity).

Fig. 7. Tandem MS-MS spectrum of the signals at 560 mie © the low intensity of the signals, the isotqmattern is lost (collision
energy 20 V, charges are omitted for clarity).

Fig. 8. Tandem MS-MS spectrum of the signals at 560 mie © the low intensity of the signals, the isotqmattern is lost (collision
energy 20 V, charges are omitted for clarity).

Table 1. Antiproliferative activity (%) against leukemic mmzer cells (CCRF-CEM), cisplatin resistant leukemic ceancells
(CCRF-CEM-res), cisplatin resistant ovarian cancesd@R780-res) exhibited by the studied copper cenxgs, cisplatin and their
binary combinations.

Scheme 1Reaction mechanism betwegmnd cisplatin4) and2 or C1 and cisplatinB).

34



FIGURES:

0CIO;
”'”’”C _-OHz
. N/ | \OH2
OCIO;

(ClO4)2

2+

(ClO4)2

HaN.,, _ Cl
HNY el

cisplatin

Fig. 1. Formubhs and acronyms of the mcules studied in this workl is Cu(1,10phenanthroline)(0,),(OCIO),, 2 is

[Cu(1,10-phenanthroling)OH,)](ClO,),, C1
cis-diammineplatinum(ll) dichloride.

is [Cu(1,10-phenanthroling)midazolidin-2thione)](CIC,)»

100 A A e
3 /1)/
2 80+
3 1
Z .
®© 60 /
o
3 1
®
..‘:’ 40
2
£ 20+
& —&— CCRF-CEM-res
0 —&— A2780-res
T T T T
0.0 0.5 1.0 15 20

Concentration (uM)

Antiproliferative activity (%)

100 A

80+

60+

and cisplatin is

—&— CCRF-CEM-res
—A— A2780-res

5 10 15 20
Concentration (M)

Fig. 2. Dose-response curves @A) and cisplatinB) on leukemic cisplatin-resistao&ncer cells (CCF-CEM-res,e) and ovarian
cisplatin-resistant cancer cells (A2780-ra9, Antiproliferative effect is expressed as % otreated control

35



Intensity (x10°)

Intensity (x10°)

Intensity (x10°)

2.0 [Cu(phen)]”
] A 243 [Cu(phen)(CH,CO0)]
1.5 [CU(phen)V\y
J/ [Cu(phen)(TFA)]
1.0 - 261 302 356
0'5- 4.4+ +
[phen+H] [Cu(phen),(CIO,)]
181 522
0'0- ' 1 T I ' LI“JJ 1 L“:‘.‘J’uﬁLL‘-r‘JLTw: I ' I i L I ' 1
100 150 200 250 300 350 400 450 500 550 600
m/z
2.0 -
] B [phen+H'T
bt 181 [Cu(phen)(TFA)DMSO)]’
[Cu(phen) (TFA)]
10- [Cu(phen)] 536 .
[Cu(phen)(TFA)]"
356
0.5-
L 423M
00 l' Ih- 'J I’LI H‘TLHlJ: 1 A'LI N IM-L' IML I i 1
100 150 200 250 300 350 400 450 500 550 600
m/z
3.0 -
2.5 1 C [phen+HT
1 181
2.0- .
! P— [Cu(phen), (TFA)]
15 [Cu(phen)(H,L)] (53%)+ Es 2
] [Cu(phen)(HL)]" (47%)
1.0 1
054 [Cu(phen)]” AJ{[c:u(phen)(TFA)]‘
; 243 344 356
00 == IJh 'l J'L—‘h\_h: 1 ¥ 1 J I I"L‘h I‘ I I " 1
100 150 200 250 300 350 400 450 500 550 600
m/z

Fig. 3. ESI mass spectra (+) df(A), 2 (B) andC1 (C); 0.5 mM, 50:50 methanol and water wittd5 % of trifluroacetic acid. Phen
1,10-phenanthroline, it is the imidazolidin-2-thione, TFA is trifluroacetate ion.
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TABLE

Table 1. Antiproliferative activity (%) against leukemic a@r cells (CCR-CEM), cisplatin resistant leukemic cancer ¢
(CCRF-CEM-res)cisplatin resistant ovarian cancer cells (A2-res) exhibited by the studied copper complexegp|ati® and thei
binary combinations.

1(uM) 2 (uM) C1(uM) Cisplatin (uM) A”;'g?\‘ji';;e(’f/:)"e Cell line Effect S';‘:;’é)‘,’f
2.63 - 29.3
0.55 11.8
2.63 0.55 73.6 synergism 36 %
1.05 - 19.7
- 0.85 18.5 CCRF-CEM*
1.05 0.85 81.6 synergism 47 %
0.87 32.9
0.45 275
0.87 0.45 82.8 synergism 31 %
0.67 40.0
5.0 28.2
0.67 5.0 88.0 CCRF-CEM synergism 31%
0.60 24.0 cisplatin resistant
4.0 17.5
0.60 4.0 59.5 synergism 22 %
0.20 32.7
4.0 6.0
A2780 -
gig 4.0 2804 cisplatin resistant synergism 22%
0.10 4.0 20.0 synergism 8 %

* From ref. [36], ** calculated as in [36]
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Fig. S1.Calcuhted (red line) and experimental (blue line) isatgttern for A) [Cu(phen)(TFA)] (356 m/z), B) [Cu(phen)(TFA)]*
(536 m/z), C) [Cu(phen)(ClO,)]" (522 m/z)
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Fig. S2.Calculated (red line) and experimental (blue lisejopic pattern forA) [Pt(NH,)]" (210 m/z), B) [Pt(NHs)CI]* (246 m/z),
(C) [Pt(NH3),CII" (263 m/z), D) [Pt(NHz),Cla+HT" (300 m/z), E) [Pt(NH3)sCls]* (547 m/z), E) [Pt(NH3),Cli" (547 m/z).

Calculated pattern@, black line) as a sum of [Pt(NH(H»0),Cl]" (78%, red line) and [Pt(NBL(H,O):CI]* (22%, orange line) and
experimental dateH, blue line) in 314-320 m/z range.
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[Cu(phen)CJPt(H,0),]" (2 %, red line).
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Fig. S4 ESI mass (+) spectra of cisplatin 2 at 1:1 @A), 5:1 B8) and 10:1 C) platinum/copper molar ratios (concentration sptatin
is 0.5 mM, 50:50 methanol and water with 0.05 %rifuroacetic acid). In th spectra copper complexes are marked w*”,

polynuclear complexes containing two or more platirions and a variable number of chlorine, ammantghwater moleules are also
pointed out.
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Table S1 List of the species containing copper and platindentified from the ESI-MS studies

N° | Stoichiometry m/z
1 [CuPt(phen)(HO)FChL]" 545
2 [CuPt(phen)RCl,]* 546
3 [CuPt(phen)(HO),F.CI* 547
4| [CuPt(phen)(TFA)(HOXH,O)* 620
5 | [CuPt(phen)(TFA)HOYH,0),]* 621
6 | [CuPt(phen)(TFA)(HO)F(ED),]" 623
7 | [CuPt(phen)(TFA)(HO).F,]* 625
8 | [CuPt(phen)(TFA)(HO)CI]® 640
9 | [CuPt(phen)(TFA)(HO),CIF]* 641
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Part Il — Studies on the prion structure and pathogenesis of prion diseases

Introduction

Transmissible Spongiform Encephalopathies (TSEs) or prion diseases are fatal neurodegenerative
disorders that include Creutzfeldt-lakob disease (CID, in human), bovine spongiform
encephalopathy (BSE, in bovines), Scrapie (in sheep and goats) and Chronic Wasting Disease (CWD,
in cervids).

The infectious agent, or Prion, of TSEs appears to be composed primarily of an abnormal,
misfolded, oligomeric form of the prion protein (PrPSc). PrPSc is formed post-translationally from
the normal cellular prion protein (PrPC; Borchelt et al., The Journal of Cell Biology 1990; Caughey
et al., J Biol Chem. 1991), a raft-resident protein expressed in cells of many tissues, particularly in
neuronal and immune cells (Johnson, Lancet Neurol. 2005; Ramasamy et al.,, Lancet Infect
Dis. 2003). The normal function of PrPc is unclear, although there is increasing evidence to suggest
it may be involved in the binding and transport of copper ions and cell survival in the face of
oxidative stress (Deleault et al., Proc Natl Acad Sci U S A 2007).

TSEs, which together with Alzheimer’s and Parkinson’s diseases among many others, are classified
as protein-based diseases, are chronic neurodegenerative disorders characterized by a long
preclinical phase in which progressive neuropathological events follow one another before any
clinical sign is evident. Consequently, relevant results in the clinic will be obtained only if therapy is
given to pre-symptomatic, or mildly symptomatic, subjects. At present, the major limiting factor
for the achievement of this goal is the lack of early peripheral biomarker(s) signaling the ongoing
neurodegeneration (Pani et al., Curr Drug Targets. 2010) that would allow, on the one hand, the
early in vitam diagnosis, and on the other, the development of effective drugs that target the
aggregation/deposition of the pathogenic protein (Pani et al., Curr Drug Targets. 2010).

The primary structure of PrPC is not different in the pathogenic isoform (PrPSc); the differences
between the two isoforms rely instead the their 3D structure. While the 3D structure is well
known for many mammalian PrPCs, in the case of the pathogenic forms the conformational
analysis and the resulting characterization are hampered due to the unavailability of PrPSc in the
crystalline form. Moreover, PrPSc is insoluble and therefore cannot be analyzed by X-ray
diffraction and NMR in solution.

Current studies are therefore aimed at: a) understanding the structural changes that the PrPC to
PrPSc undergoes in his metamorphosis, essential to identify the mechanism that underlies the
process of aggregation; b) the identification of which regions (aa sequences) of PrPC play a key
role in enabling its conformational rearrangement into PrPSc; c) the identification of the
metabolic/molecular changes that favor/arise as a result of the misfolding/aggregation process in
the brain; d) the identification of peripheral biomarkers that would allow the early diagnosis of the
disease; e) the design of drugs targeting the misfolding of PrPC and/or the aggregation process of
PrPSc.
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Chapter | - NMR analysis of metabolic changes in the brains of sheep naturally infected
with Scrapie

Reasearch rational / Aims of the project

The interaction between PrPC and PrPSc occurs in specific regions of the plasma membrane rich in
cholesterol and sphingolipids named raft domains, and is therefore affected by the cholesterol
content. Lipid rafts act as organizing centers for various cellular processes, including membrane
trafficking and membrane-protein functions.

During the first phase of Scrapie disease, sheep appear clinically healthy. Following a 2 year-long
incubation time, the onset of clinical Scrapie is associated with diffuse PrPSc deposition, neuronal
vacuolation, astrocytosis and microglia activation in the CNS (Prusiner, Proc Natl Acad Sci U S
A. 1998).

All these changes may involve changes in the affected tissues, and in the level of brain metabolites
and molecules. Determining the metabolite and molecule modifications in the asymptomatic and
symptomatic phases of the disease might thus help to clarify some of the molecular mechanisms
of the pathogenesis of prion diseases. Alterations of cellular metabolites have been studied by
means of low resolution Magnetic Resonance Spectroscopy (MRS) in in vivo and ex vivo mouse
brains and by High Resolution Proton Nuclear Magnetic Resonance (1H NMR) in brain extracts
(Tsang et al.,, J Proteome Res.2006; Holmes et al., NeuroRx. 2006; Broom et al., Neurobiol
Dis. 2007).

Studies in brains of mice and in neuronal murine cell lines experimentally infected with scrapie,
revealed the presence of major molecular and biochemical modifications in the cholesterol
network (Bach et al., J Biol Chem. 2009; Bate et al., BMC Biol. 2008; Pani et al., Antimicrob Agents
Chemother. 2007; Vascellari et al., Lipids Health Dis.2011). On the other hand, no major
differences were reported in the content/composition of fatty acids, polar lipids, neutral lipids,
phospholipids, and plasmalogens in the brain of scrapie-infected mice and hamsters (Pamplona et
al., Free Radic Biol Med. 2008; Guan et al., J Neurochem. 1996; Dees et al., ] Gen Virol. 1985;
Heitzman and Skipworth S, J Neurochem. 1969).

In a previous work from my lab, in an attempt to identify a lipid profile linked to prion ailments,
brain extracts of three groups of Sarda breed sheep, i.e. uninfected (healthy), scrapie-affected
(symptomatic, I/sympt), and scrapie-infected asymptomatic (I/asympt), all coming from the same
farm hit by Scrapie, were analyzed for the lipid composition by gas chromatography(GC) and high
performance liquid chromatography (HPLC) methods. GC fatty acid data were studied by means of
multivariate statistical analysis (MVA), and the unsupervised Principal Component Analysis (PCA)
was applied to picture the fatty acid profiles of healthy and infected sheep.

Although the results of the study failed to reveal severe alterations in brain lipids among the
different groups, some interesting differences were observed in the I/sympt group vs. healthy and
I/asympt groups; these latter two showing similar lipid characteristics. Interestingly, however, the
analysis revealed abnormalities in the brain FA unsaturation of the I/sympt animals, indicating the
loss of many crucial membrane-associated functions in the clinical stage of disease. An alteration
of the FA unsaturation in cell membrane has also been reported by others in a variety of other
pathological states, including neurological diseases (Ariyama et al., J Biol Chem. 2010).

The observed increase in the cerebral saturated fatty acids provides a rough indication of
presumed alterations in lipid raft domains of nervous cells during scrapie, suggesting that they
may exist in a notable viscous liquid-ordered state. Such physicochemical alteration would have a
profound impact on the raft thermodynamic properties, its spatial organization, signal
transduction, and raft-resident protein functions and trafficking, all potentially relevant for the
generation of prion.
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In an attempt to identify a metabolite profile linked to prion ailments, we then analyzed and
compared by means of 'H NMR spectroscopy coupled with different MVA, the pool of
hydro-soluble low molecular weight compounds in the brain hydro-soluble extracts of the Sarda
breed sheep, previously investigated in terms of lipids. The results we obtained show that clinically
scrapie-affected sheep have a different brain metabolite profile compared to the healthy ones,
while the asymptomatic scrapie-affected animals, although more similar to the healthy group,
have also their own metabolite features. The results of this study are fully described in the
manuscript  attached below (accepted April 2015 in  Molecular  BioSystem:s.
Doi: 10.1039/C5MB00138B.
http://pubs.rsc.org/en/content/articlepdf/2015/mb/c5mb00138b?page=search). Worth to
mention is that, to our knowledge, this is the first metabonomic study performed in sheep
naturally infected with scrapie.
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Abstract

While neurochemical metabolite modifications, foumddifferent techniques,have been diffusely regmbit human and mice brains
affected by Transmissible Spongiform EncephalopatfiTSESs), this aspect has been little studiedematural animal host with the
same pathological conditionso far.Hereir, investigated, by High Resolutidid NMR spectroscopy and Multivariate Statistical data
Analysisthebrain metabolite profile of sheep exposed tageragent in a naturally affected floOk the basis of clinical examinations
andWestern Blotting analysis for pathological prwatein (Pr9 in brain tissues,sheep were catalogued as rexttid (H),infected
with clinical signs (S), and infected without ctial signs (A).By discriminant analysis of specttata,comparing 8sH, we found a
different metabolite distribution, with inosine,togine, creatine, and lactate being higher in & theH brains, while the branched
chain amino acids (leucine, isoleucine, valine)erphalanine, uracil, tyrosine, gamma-amino butyacid, total aspartate
(aspartate+N-acetylaspartate) being lower in S. Bgpfaindependent modelling of class analogy apgrpa out of 3 A samples
wasassigned to H class. Furthermore, A brains ¥eened to be higher in choline and choline-contagna@mpounds. By means of
Partial Least Squares regression, an excellen¢lation was found between Ff@mount andH NMR metabolite profile of infected
(S and A) sheep, the metabolite mostly correlatit RrP°° wasalanine. The overall results, obtained by dfie chemometric tools,
were able to describe a brain metabolite profilanéécted sheep with and without clinical sign, gared to healthy ones, and
indicated alanine as a biomarker forBaountsin scrapie brains.

Introduction

Scrapie is a fatal neurodegenerative disease ffadt &heep and goats. This disease belongs td tiesmissible Spongiform
Encephalopathies (TSESs), or prion diseases,a grbp@thologic conditions that includes bovine sptorgnencephalopathy (BSE) of
cattle, chronic wasting disease (CWD) ofdeer, CfeldizJakob disease (CJD), and variant CJD (vCJD)an[fj. TSEsconsist in the
deposition, within the central nervous system (CHB8J in anumber of peripheral nervous and lymphsue districts, of the
pathologicalisoform (Pr¥) of a normal host protein fgtion proteirt, PrP) [1].Studies in rodent models and field observaiin
sheep suggested that the classical scrapie agens o the host’'s body through the mucosa ofl## tract of the gut, with thefirst
PrP*° deposition being observed in Peyer's patches (BRd)then in other districts of the lymphoreticudgstem (LRS) [2].From
theLRS, prions enter inside the CNS through the syhgiic and parasympathetic fibers of the autonamaiwous system, with the
first appearance of PtPdeposition at the level of theicleus parasympathicus nervi vgbiPNV) and the intermedio-lateral (IML)
cell column of the thoracic spinal cord [3].Duritig lymphoid spreading of Pifand its early phase of neurodeposition, sheepaaippe
clinically healthy. Following a 2 years-long inctioa time, onset of clinical scrapie is associatgth diffuse Pr°deposition,
neuronal vacuolation, astrocytosis and microgli@ation in the CNS[1]. All these changes resultamplex alterations of cellular
metabolites that have been studied by means ofdealution Magnetic Resonance Spectroscopy (MR@yo andex vivobrains and
tissues and by High Resolution Proton Nuclear MagrResonanced NMR) in brain extracts [4-6]. In our previous \ker
analyzingby different techniques lipid compositintbrain extracts from healthy and naturally scedpfected sheep it was observed a
significant enrichment in symptomatic- sheep bi@isaturated fatty acids, which may affect thernratyic properties and phase
behavior of neuronal membranes [7].

“Metabonomics” has been defined as the “understanttie metabolic responses of living systems thqgtysiological stimulvia
multivariate statistical analysis (MVA) of biologit NMR spectroscopic data’[8].MVA is apowerful totilat allows to extract
qualitative andquantitative information from largta sets.Among MVA, qualitative techniques as telusnalysis,principal
components analysis (PCA), soft independent modgtiihclass analogy(SIMCA)are aimed at find simtles and dissimilarities
among samples. For sample classification and bikengdentification,discriminant analysis (DA) areora appropriate. Among
regression techniques, Partial Least Squares (RhShe used to linearly correlate multivariate daith measured response.
Multivariate statistical approaches, differentlyfrainivariate tests, takingintoaccount correlatiangong variables,highlightall the
concomitant changes of metabolites, thus givingpbeeramplepicture of biomarker candidates and a mudrest classification.

In this work, in the attempt to identify a metab®lprofile linked to prion ailments, we studiedjogans ofH NMR spectroscopy
coupled with different MVA the pool of hydro-solgblow molecular weight compounds in brain extraotsf Sarda breed sheep
exposed to scrapie agent in a historically affediedk. To accomplish this goal, brains were cdkec from healthy (H),
scrapie-infected symptomatic (S), and infected gggmatic (A) sheep.Modifications of brain metabmlirofile were correlated with
PrP*¢ deposition,as measured by WB analysis, in brairkeaffected animals.

Material and Methods

Sheep selection, scrapie diagnosis and brain treaénts

Ascrapie-affected Sarda sheep flock, located idiSir (Italy), was studied.The flock was randomiyested among those with high
incidence of clinical scrapie. After notificatiofidinically suspect cases, inside the context sépge surveillance for scrapie,presence
of the diseasein the flock was assessed by comveitprotocols. In this flock, inside the framewark appropriate actions for
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eradicating scrapie, all the susceptible animaik, @ without clinical signs, were euthanized. Wéhorains were removed by standard
necropsy procedures as soon after death as poSdilected brains were divided into two hemi-pérsa medial cutting before being
frozen at —86C. One half underwent Western Blotting (WB) examina{i@] and Prf° relative quantification. Eighteen brains were
selected, based on WB results they were classifiedobows: n=7, Prf negative, as healthy (H-1 to H-7);among 11 PrP
positive,when clinical signs were previously repdrithey were classified as symptomatic (n= 8, fisrh to S-8), otherwise
asymptomatic (n=3, from A-1 to A-3).The second Hatiin wasweighed and immediately homogenized érfac 2 min in saline
solution, 1:1 weight:volume, using an ultra Turlkd@nder. Aliquotsof homogenates werestored at€80

Extraction of the water-soluble low molecular weiglhcomponents

For each brain threealiquots were submitted taaetitn. The low molecular weight water-soluble comgnts were extracted from
homogenized brain samples using a solution of GMM&OH/H,O (2/1/1 viviv) according to the Folch method [1Biiefly, 12 ml of
CHCI/MeOH were added to brain homogenates (500 mg bbveén/ml of saline solution). After 1 h, 3 mbB were added in order
to solubilize the hydrophilic components. After tdngation at 90@ for 1 h, the HO/MeOH mixture, containing the water soluble
low molecular weight components, was separated fhen€CHC} phase, that contains the lipid fraction. The watduble phase (4 ml)
was dried by rotor vacuum and redissolved in gloéf D,O. From each brain, three samples were preparedMiiR analysis.

'H NMR experiments

'H NMR spectrawere recorded at 499.839 MHz, usingudavi UNITY INOVA 500 spectrometer (Agilent Techogles, CA, USA).
Experiments were carried out at 300K,with an adtjoistime of 3 s, 20 s relaxation delay,a 90° pubnd 128 scans.For suppression
of residual water resonance, the 1-D NOESY puls@egce with a mixing time of 1 ms was applied. fie free induction decays
(FID) a zero-filling to 128K and a line broadeninfy 0.3 Hz were applied.Chemical shifts were refert@dheresonance of the
standardsodium 3-trimethylsilyl-propionate-2,2,313(TSP) set at 0.00 ppm. Assignment of signals ttabadites was based ondata
reported in the literature[11-14],and with the afd®2D NMR experiments. FID processing, manual pt@dimseline correction and
area integration were performed usingMestReNovarprogVersion 7.1.2. Mestrelab Research S.L.).

Data pre-treatment and multivariate statistical dai&a analysis

Spectral data pre-treatmentswereperformedto makeamples comparable and the overall data suifablgtatistical analysis. To
overcome dilution problems, within each sampleitiegrated area of the spectral regions of intevastreported as percentage of the
total integratedareas. The resulting data madrim which the rows are samples and columns thetsgéntegral values (as mean over
three spectra from as many as extracts for ea¢h)lwas imported into the SIMCA-P+ program (Versi#0, Umetrics, Sweden),
and mean centered and scaled to unit variancencoliise. When distribution of a variable preser8&dwness, column wise, it was
log-transformed.

The multivariate statistical approaches for datalysis here employed were: (i) the unsupervised FR@Asample distribution
overview, where information regarding class menttigrare not given. PCA results were graphically regmbin the score plots where
samples are projected in the multivariate spadeth@ supervised Partial Least Square - Discrimin@nalysis (PLS-DA) and its
Orthogonal variant (OPLS-DA)for classification aidentification of the most discriminant variablésit characterize classes. In the
2-classes OPLS-DA, the between classes variaregigssed in the first component, further orthogoomponents are irrelevant to
the discrimination, this is of particular inter@gten a high intra-class variability exist [15]. RD& model quality was evaluated on
the basisof the parameteréYRgoodness of fit) and €¥(goodness of prediction, determined through cradislation), and tested for
overfitting by permutation test (n=400), as implenegl in the SIMCA program.Results of two OPLS-DA nledman be depicted in
theSUS-plot (Shared and Unique Structures—plot}, i a 2D scatter plot of the loading correlaticectors of the predictive
components of the two separate models [16]; ({i§ supervised classification technique Soft Inddpah Modelling of Class
Analogy (SIMCA) to classify samples as belongin@ioalready givenclass,forwhich they show the ldrgmsilarity. In contrast to
other supervised pattern recognition techniquesS(PIi for example), SIMCAis a more versatile approgabfit modeling) which
allows the classification of a sample in one or estasses, or in none of them, while discriminachiéques (hard modelling) only
allows to classify a sample in a singleclass.In G\ for each class of samples a PCA is performedyevtiee appropriate number
Principal Components (PCs) to be included isbaseti@iross-validation procedure, in fact, althouuh ariance explained by the
PCA model (BX) increases with additionalPCs, the analogous asssvalidation, expressed byXQdoes not continuouslyincrease
with incremental PCs, indicating, at a certain paimat the addition of more PCs into the model wiily add noise. SIMCA results
were plotted as Cooman'’s plot, it provides the agtmal distance from samples to be classified to selected PCA classes. The
critical cut-off class membership limits are alsgported,they define distance of samples from ed@hA Blass model,if a sample
belongs to a predefined class it should liewithtg boundaries. PLS regression is used to find linelations between a set of
independent variableX] and ameasured variablg).( This technique uses measured properties, tarcmtmodels, often based on
minimaldifferences between similar samples, thaksegularities in variable changes linked to treasured property under study.
The orthogonal variation of PLS (OPLS) separatesiistematic variation in X into two parts, one plaat is correlated (predictive) to
y and the other is uncorrelated (orthogonal).tfL7].

PrP>¢ quantification in brain

To determine the relative amount of BYRig inthe whole brain of asymptomatic and clificatrapie sick sheep, we compared the
intensity of the WB signals of each brain to a staddcurve generated from WB signals of serial n#ijusarapie-infected brain
dilutions.To this purpose we used a WB procedurdiitivthe quantification of the total loaded braintgins was performed with the
BCA Protein Assay Kit (23-225 BCX' Protein Assay Kit, Pierce) and the intensity & WB signals of the typical P¥#bands were
captured and quantified by densiometric analysisgua Chemidoc Imager System (BioRad)[18].
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Ethics statement

The protocol used for the slaughtering procedureslving the sheep investigated herein was offigiapproved by the Service for
Animal Welfare of the Istituto Zooprofilattico Sperentale della Sardegna according to the guideliné®9 044, in tight agreement
with the guidelines of Italian National Law n. 11892. Sheep were humanely euthanized with a batbitsolution, followed by

injection of 4 ml of embutramide and mebenzonidded Hoechst Roussel Vet, Italy).

We declare that the study was carried out on misatmals under the request of the owners antiediswere institutionally examined
in the framework of the scrapie surveillance pltrgreby no permission from an ethics committee wasded. The Istituto
Zooprofilattico Sperimentale della Sardegna has lweenmissioned by Italian Health Ministry to caowt all the analysis related to
the regional scrapie surveillance plan.

Results

'H NMR experiments

TheH NMR technique was applied to study the brain n@tabprofile of infected and healthy sheep. TReNMR spectra of the
aqueous phase of brain extracts are characterizatidyp peaks assigned to functional groups ofrt@miecular weight metabolites
found in a free state. A representafilNMR spectrum of brain extract is shown in Fig. heneit has been divided intwomain spectral
regions having different intensities. The firsig BiA, from 0.5 to 5.0ppm, contains signals fromatighatic groups of free amino acids
and derivatives, including the three branched chaimo acids (BCAA: valine, leucine, isoleucine),tghaine (GIn), alanine (Ala),
aspartate (Asp), N-acetylaspartate (NAA),gamma-amityric acid (GABA),taurine (Tau); signals of onja acids such as lactate
(Lac) and acetate (Ace), the trimethylamine group of choline and choline-containing compounds:
3-glycero-phosphocholine/phosphocoline (Chatyainositol (MI), and creatine (Crt).In the spectrairfion between 5.5 and 9.0
ppm, Fig.1B, resonate less intense signals, at&ibtat the aromatic protons of amino acids suchirasine (Tyr), phenylalanine (Phe),
and of nucleosides and nucleobases such as ulhai), (cytosine (Cyt), inosine (Ino), and hypoxanghiHyp);of nicotinammide
adenin dinucleotide (NAD),formate (Form) and funtar@um). Other detected NMR peaks were not unamshigly identified, also
due to the possible loss of information, linkedtoexchange of labile protons [19]. Once the spasgee fully assigned,those areas
representative of the most relevant metaboliteg werasured by means of spectral area integratiom Bethe intrinsic nature dH
NMR spectroscopy to detect, in principle, all hydrng in a molecule, excluding the fast changing osmgeral metabolites, such as
MI, exhibit resonances in different regions of §pectrum, taking into consideration this observatiweas to be integrated, diagnostic
of a single metabolite, were carefully chosen amitroge being not overlapped and baseline well vedolResults arereported in
Table 1. Seldom, when the 3different extracts ef dame brain were examined,quantitative differelnéd®\A and its hydrolysis
products:N-Ace (N-acetyl) and Asp were observedar@jitative analysis of the 3 compounds indicateat,tto a certain extent,
hydrolysis of NAA has takenpla¢20-21]during samplehandling.Considering the reportééelvance of NAA in brain diseases [5,22]
to do not lose these information and to, on themtiand, overcome this bias, these molecular coergewere considered as an unique
variable, therefore NAA (2.67 — 2.65 ppm) and A388 — 2.76ppm) normalized integrals were summeangpthe new variable was
named Asp-tot;analogously, Ace-tot was obtainedsbynmingup N-Ace (singlet at 2.01 ppm) and Ace(shglt 1.91 ppm)
integrals.Following these proceduresfor each baaiatal of 24 variables (reported as means ovettiaas) ready for MVA were
obtained.

Data set overview by PCA

At a glance, no spectral differences weredetediaileeen théH NMR spectra of healthy and infected symptomatioved as
asymptomaticbrain extracts. To extractthe inforomgtiin terms of similarities and dissimilarities sfmples based on metabolite
characteristics, contained in the set of specR&A of the spectral data(20 samples and24 variabias)performed.The first twoPCs
described 59% of the variance and no outliers wetected. From the analysis of the score plot ®FIC2, shown in Fig.2, it can be
seen that S samples lie, although scattered irgtaaps, in the left side of the plot, while H ands@mples, that tend to cluster, are
projected in the right side. The results of thiswgervised analysis showed that the healthy aedtied brains had different metabolite
profiles, and that A brain samples shared commatufes with the H ones.

Discriminant analysis for metabolite identification of H vsS samples

The results of the PCAshowedthat the H and Ssanmgldifferent metabolite profiles and that the Biglas presented a higher
intra-class variability. To find thosemetabolitestidiscriminate the different classes of sampleSBhS-DA was performed on 2
sample classes, #S. Thisproduced a 2 componentsvalidated model Rith= 0.94 and &= 0.89, indicating a good fitting and a
good classification power. Loading values alongghedictive component were studied to attributeritisinant metabolites to each
class. Results are reported in Table 2, whereomynibst important metabolites, i.e. those havinghilghest loading values that
indicate a higher importance (weight) of the vaegah discriminating sample class, are reportedmbet discriminant variables were
found to be Ino, Cyt, Crt, andLac, up regulated saBiples, while Asp-tot, GABA, Tyr, Ura, Phe, and BC#A#re down-regulated.

Characterization of A samples

The PCA score plot of Fig. 2 showed that H and Alasclustered. To deeper investigate the chaistitsrof A samples, although
numerically very limited, we performed further MV@MCA was used for predicting class belonging ofadnples with regard to H
and S classes and results visualized in the Coamalat reported in Fig.3, where the multivariatacgs pertinent to H and Sclasses
are shown.This showed that all the S and H sanwége placed in their class membership zone. On@)Alt of the 3 infected
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asymptomatic samples projected into this spaceclaasified as healthy, while the remaining 2, @islying within the boundaries of
any of the 2 (H and S) predefined classes, wessifiad to neither of the 2 classes.

With the aim of finding thosemetabolites that clotedze the A class of sampleswe performed andserompared results of two pair
wise OPLS-DA models: “HisA”, and “H vs S”, that were satisfactorily validatedqR= 0.97 and &y = 0.62; RY = 0.94 and &y =
0.89, respectively). The results,in terms of logdialues, are showed as SUS-plot (Fig.4). It iartyevisible that Chol was the
variable that mostly characterized the A samplesés worth reminding that Chol variable comprisestabelites predominantly
involved in choline phospholipid metabolism (cheliphosphocholine and glycerol phosphocholine).[IBg two classes of infected
samples (S and A) shared the metabolite Ino. Métabaip-regulated in A samples are reported indab

PrP*amounts and correlation with spectral data by PLS egression

The WB analysis, applied to the brain samples @fdrefd symptomatic and asymptomatic sheep, revélatesame P molecular
signature, thus suggesting that the same scraget agas involved in all the examined affected shd&*° deposition was
demonstrated in all the examined brains of S arsthéep and data reported in Table 3 and(Fig. 5)PFR&€amounts weregenerally
higherin the Ssheep compared to those in A shéwpajh Student's test indicated that means are not statisticalfieint. To
ascertain whether the metabolite profile of brambnked to Prf quantities, we performed anOPLS regression on N dith
PrPamount as response. Qualityof the OPLS regressimehwashigh satisfactory (1+2 component®y0.997 and @Y=0.87),
thus indicating that there were modifications ia thetabolite profile strongly linearly linked toFamounts. In Table 4 we report the
metabolites having the strongest (either positiveamative) correlation with Pifevels. Result of-test on Ala data of infected and
healthy samples reject the null hypothesis at 5:0.0

Discussion and Conclusions

Our results indicated that clinically scrapie aféetsheep have differentbrain metabolite profilmpared to healthy ones, while the
asymptomatic affected animals, although more sirtilghe healthy group, have also their own metébt#atures.To our knowledge,
this is the first metabonomic study performed iturally infected sheep with scrapie.

In this study, although the number the sheep censitiis relatively small, assessing the metabpiitéle in the whole brain using
NMR and different MVA,we found different metabolipeofiles in H, S, and A sheep.As results of the A “SvsH” and, as
shown in the SUS-plot, Ino is the metabolite havielgtive higher level in the infected sheep (S Ahdvhen compared with the
healthy ones.Cyt, Crt, Lac are discriminant of S @as) and as we can see in the SUS-plot, cholirk ciwoline containing
compounds(phosphocholine and glycerol phosphoabptiharacterized the A samples.Healthy brains weegacterized by higher
relative levels of BCAA, Phe, Ura, Tyr, GABA, and pAtot. It is interesting to note that, correlatitig@ metabolite profiles to the
PrP%amounts, Ala was the most important metabolitejrttpthe strongest positive correlation with Pafnount. GABA, Ura, and
Asp-tot werethose metabolites that both were irahgrsorrelated with P levelsand discriminated H samples.

We found a higher levelof Lac in the extracts ofgdfis when compared to the H ones. It, generatlicates a more intense anaerobic
metabolism which can be observed under hypoxicfarstress situations affecting the brains or otligans and can indicate ischemic
processes and apoptosis. Being not significantlgtated with PrBamounts, it can be hypothesizethat increase ofsLadign of
general sickness althoughnot specifically linkg@ré8generation. Ino was found to be in relatively higheantity in S and A brains,
it is the breakdown product of ATP, it is formed dyamination of adenosine, mainly at high intradatl concentrations, which are
associated with hypoxia, ischemia and other forfreetiular stress [22]. Crt is higher in S brainsl atso correlated with PP Crt is
thought to have a multifaceted role in the brainsiBes being involved in brain osmoregulation, i hecently been implicated in
energy homeostasis and direct antioxidant eff@ts2p]. Furthermore, Crt plays an integral role éfuar energy metabolism, and
thus an increase in concentration of this compouag be a result of metabolic stress. Dysregulaifa@rt may implicate an energetic
shift in the brain, suggesting an increased metalaaitivity and/or a depletion of energy storagpagity [22, 24].Crt has several
potential neuroprotective effects [25], includingfering intracellular mitochondrial energy resesystabilizing intracellular calcium,
and inhibiting activation of the mitochondrial pezatility transition pore, which have all been lidke apoptotic and oxidative cell
death [27]. Asymptomatic samples are charactetigecholine, phosphocholine and glycerol phosphdnbolCholine is an essential
nutrient with a complex role in the body. It is végd for synthesis of the neurotransmitter acéiline and of phosphatydilcholine
the major constituent of membranes [11]. It is ats@lved in cell-membrane signaling (phospholipjdipid transport (lipoproteins),
and methyl group metabolism (homocysteine redulf2&h In MRS, choline is a marker of cellular memibe turnover, and is
therefore elevated in neoplasms, demyelinationgliodis. Phosphocholine, that contributes to thelink resonance, may act as a
biomarker for membrane phospholipid metabolism/twar [29].Choline is also a constituent of sphigids that participate to the
formation of the lipid rafts where the GPI prot&ranchored. Naslavsky [30]reported that in newrstoima cells infected with prions,
sphingolipid depletion increases formation of the*® Deregulation of sphingolipids metabolism in Alizher’s disease has also been
reported [31]. Choline biomarker in A brains coutdn early sign of brain cellular membrane damagetd lipid raft formation and
protein anchorage.Amino acids play important fumtis neurotransmitters providing both excitatony mhibitory stimuli. Here, we
found that the amino acid levels of Asp-tot, TynePBCAA are lower in the brains ofS sheep. This tmayhe consequence of the
neurodegenerative phenomena affecting pre- andsgasiptic processes, a commune pattern obsenaidtinct brain regions when
exposed to prion [32] or to beta-amyloid olygomardlzheimer’s disease. The loss of a selectivepsphilation GABAergic neurons
has been demonstrated in experimentally prion iateamouse [33]by detecting immunohistochemicallg tutamic acid
decarboxylase, the GABA synthesizing enzyme. Tbisatates well with our observation of lower le@€lGABA in the S brains when
compared to H. Moreover, the lower GABA levelseambe relegated to the clinical stage of scrapéebeing not observed as
discriminant in the asymptomatic sheep. In thipees a decrease of the GABA activity has been robdeat the clinical stage in
scrapie infected hamster [34].Asp-tot (comprisinfgMand Asp) level is lower in S and A sheep. Deseeaf NAAis a finding already
described also at earlier stages of disease imeuanbdel after experimental prion infection [6]. A& an abundant metabolite which
is present only in neurones in the adult brain, atfibugh its role in the cell is little know, & widely considered to be a marker of
functional neurons. [6].A lower level of Urahas begbserved in brains of symptomatic sheep when aoeapto the healthy ones.
Although little is knownon the neuronal functions of Uitahas been suggested that it modulates many manswhitters or
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neuromodulators, especially in the mature centes/ous system [35]and its glycosylated form, Urilinas been proposexs
neuroprotectivagent in neurodegenerative disorders [36].Ala Wwasietabolite more strongly linked to Pr@mount in scrapie sheep
brains. Ala has been indicated as a biomarker@btsis and/or cellular stress processes in brdiith are both normally observed in
scrapie neuropathology [37]. In addition, increas&la has been observed also in meningioma ano\iolg ischemia [38], as well as
concentration of plasma Ala was significantly iraged P < 0.05) in infected BSE dairy cattle [39].

Among the biases that could affect the reliabgitpur results, the potential presence of diffesemapie agent strains implicated in our
cases should be taken into account. In generakopathological changes, including BfRnolecular signature and its regional
distribution in the brain, are strictly relatedtih@ TSE agent strain involved and to the PrP gereoty the host, thus these differences
related to the host might influence th¢MRS neuro-metabolic profile [40]. Our study has #uwantage that all cases belong to the
same flock, and only one identical molecular sigratvas found among the different examined casesddition, it is worth to recall
that only one identical scrapie agent strain hanlbeund in Italy so far [41].

The approach here described was able to identifierdint metaboliteprofilespertaining to healthy aimfiected sheep brains,
physiopathological roles of metabolitesmainly iniedl may explain their different expression in thése extreme situations.
Determining the metabolite modifications in the rapyomatic and symptomatic phases of the diseasatmlgrify some of the
molecular mechanisms of the prion disease andsbg@@gression. As in previous studies, our finslicanfirm the close relationship
between scrapie and other neurodegenerative diseslfeough to compare ruminant brain metabolibelsuman’s can be, to some
extent, hazardous.This study concérngtro analysis of the whole brain, whereas the pathologyete widespread has specific
neuroanatomical locations,in this respect, futimeestigations will be dedicated to the study of abetite fingerprint in different
affected areas.
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Metabolites (abbreviations)

Functional group

multiplicity °

range (ppmyf

BCAAY -CHs M 1.06 - 0.89
Alanine (Ala) -CHs S 1.49 - 1.46
Acetate (Ace) -CHs S 1.91

N-Acetyl groups (N-Ace) -CHs S 2.01

GABA -BCHz 2.32-2.27
Glutamate (Glu) -yCH, M 2.37-2.32
Glutamine (Gln) -yCH; M 2.48 -2.42
N-acetyl aspartate (NAA) -BCH, Dd 2.67-2.65
Aspartate (Asp) -BCH;, Dd 2.83-2.76
Choline® (Chol) -N(CHz)s S 3.25-3.19
Scyllo-inositol (SI) -CH S 3.37-3.33
Taurine (Tau) S-CH, T 3.46 - 3.41
Creatine (Crt) N-CH, S 3.95-3.92
Myo-inositol (M) -C2H T 4.09 - 4.04
Lactate (Lac) -CH Q 4.15 - 4.08
Uracil (Ura) -C5H D 5.83-5.79
Nucleosides (Nucl) -C3H, -C5H D 5.94 - 5.90
Cytosine (Cyt) -C5H D 6.12 - 6.09
Fumarate (Fum) -(CH), S 6.51

Tyrosine (Tyr) -C3H, -C5H D 6.92 - 6.88
Phenylalanine (Phe) -C3H, -C4H, -C5H, -C6H M 7.45-7.31
Xanthine (Xan) -CH S 7.94

Hypoxanthine (Hyp) -CH S 8.28 -8.17
Inosine (Ino) -CH S 8.36

ATP/ADP/AMP (AP) -CH S 8.45

NAD -C6H D 8.75 - 8.68
NAD -C8H S 8.96 - 8.90

Table 1. Selected spectral regions and assigned eslites used for this study.
a) The molecule numbering system follows IUPAC rutgs= singlet, d= doublet, t = triplet, m= mulép c) ppm with respect to
TSP; d) branched chain amino acids; e) cholinechiatine-containing compounds.
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Classes
Metabolites S A
Ino? 1P 1
Chol - 1
Asp-tot ! !
GABA ! 1
Lactate 1 1
BCAA 1 !
Cyt 1 -
Phe ! -
Tyr ! -
Crt 1 -
Uracil ! -
Ala 0 1
Fum - !

Table 2. OPLS-DA most discriminant metabolites of Srad Aclassescompared to H class.

a) Inosine (Ino), choline/phosphocholine/3-glycefmsphocholine  (Chol),aspartate  + N-acetylaspartat&sp-tot),
gamma-aminobutyric acid (GABA), lactate (Lac), BCf#anched chain aminoacids: isoleucine, leucine vatine), cytosine (Cyt),
phenylalanine (Phe), tyrosine (Tyr), creatine (Qutgcil (Ura), alanine (Ala), fumarate (Fum).)p-regulated |down-regulated,
and- stable, with respect to the H class
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Density
Sample OD/mnf
Infected symptomatic
S-1 181.89
S-2 130.02
S-3 223.09
S-4 198.06
S-5 187.92
S-6 176.35
S-7 204.60
S-8 167.03
Mean 183.62
SD 27.85
I nfected asymptomatic
A-9 104.26
A-10 171.93
A-11 124.01
Mean 133.40
SD 34.79

Table 3.PrP°%amounts’, as calculated by WB analysis in brains of infectesheep.

a) means are not statistically different.
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Metabolites P R? loadings loadings cV

Directly correlatedt

Ala 0.861 0.742 0.327 0.099
Cyt 0.803 0.645 0.300 0.103
Crt 0.639 0.408 0.248 0.119

Inversely correlatedq

Asp-tot -0.780 0.608 -0.302 0.162
Ura -0.609 0.370 -0.237 0.183
GABA -0.602 0.363 -0.218 0.102

Table 4. OPLS metabolites having the strongest (pdisie or negative) correlation with PrP*® amounts in brain homogenates.

a) coefficient of correlation and b) coefficientddtermination of metabolitesPrP° amounts; c¢) loading weights along the predictive
component;d) Jack-knife standard error of loadieigits computed from all rounds of cross validatianine (Ala), cytosine (Cyt),
creatine (Crt), aspartate + N-acetylaspartate (Agp-tracil (Ura), gamma-aminobutyric acid (GABA).
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Fig. 1
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Figure captions

Fig. 1. A representative'H NMR spectrum of brain extract. (A) spectral region from 0.5 to 5.0 ppm and (Bctpal region from 5.5
to 9.0 ppm (magnified). Major assignments are rggbiBranched chain aminoacids: isoleucine, leugind,valine (BCAA), lactate
(Lac), alanine (Ala), acetate (Ace), N-acetyl greufN-Ace), gamma-aminobutyric acid (GABA), glutanigtetamine (GIx),
N-Acetylaspartate (NAA), aspartate (Asp), creatf@et), choline/phosphocholine/3-glycero-phosphoai®Il{(Chol), taurine (Tau),
myainositol (MI), scylloinositol (SlI), Cytosine (Cyt), Nucleosides (Nucl),radil (Ura),Fumarate (Fum), Tyrosine (Tyr),
Phenylalanine (Phe), Xanthine (Xan), Hypoxanthidgp), Inosine (Ino), ATP/ADP/AMP (AP), NAD.

Fig. 2. PCA of brain extracts spectral data.PCA of*H NMR spectral data of brain extracts, P@PC2 score plot of S (boxes), H
(circles), and A (triangles) samples. The explainadance is reported in brackets. Ellipse encléise95% Hotelling fconfidence
region.

Fig. 3. Cooman'’s plot of brain extracts spectral dataSIMCA Cooman'’s plot. In the x-axis PCA of H sampi8% of total variance
expressed, 2 components; in the y-axis PCA of S lemmb% of total variance expressed, 2 comporients. The plot is divided into
four regions by the intersection of 95% confidetiogt lines for each class. These regions iderntify class membership: the NW
region defining H only, the SE region defining Sypthe SW region containing both H and S, andNEeregion containing neither H
nor S membership.

Fig. 4. SUS plot of brain extracts spectral datalLoading SUS-plot of OPLS-DA models tf NMR data of brain extracts. In the
x-axis the loading correlation values of YdA” model and in the y-axis the loading correlati@ues of “Hvs S” model. Variables in
the lower left corner are unique for H samplesialdes in the higher right corner are shared iadtédd (S and A) samples. Variables
higher in S and A samples exhibit high correlatiatues in the y- and x-axes, respectively. Branattedn aminoacids: isoleucine,
leucine, and valine (BCAA), lactate (Lac), alaninda)f acetate + N-acetyl groups (Ace-tot), gammaraimityric acid (GABA),
glutamate (Glu), glutamine (GIn), aspartate + Negaspartate (Asp-tot),creatine (Crt), choline/phusgholine (Chol), taurine (Tau),
myo-inositol (MI), scyllo-inositol (SI), Cytosine (®y Nucleosides (Nucl), Uracil (Ura),Fumarate (Funf)yrosine (Tyr),
Phenylalanine (Phe), Xanthine (Xan), Hypoxanthidgp), Inosine (Ino), ATP/ADP/AMP (AP), NAD.

Fig. 5. Quantification of PrP*® in brain homogenates of naturally scrapie-affectecsheep. (A)Western blot (WB) analysis of
whole-brain homogenate after proteinase K (PK)stiga from independent symptomatic (lines 2 torgj asymptomatic (lines 10 to
13) scrapie affected sheep. A molecular weight eviskloaded in lane 1. (B) Quantification of the \&IBnal of the Pr&¥ present in
the brain homogenates is represented as PrP opéinaity (OD) signals. Our results indicate thathifgher average amount of BfP
was detected in the symptomatic scrapie affectedshThe brain homogenate samples were normalizediation to the total protein
amount.
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Chapter Il — Biochemical studies of PrPSc

Research rational / Aims of the project

As stated above, several aspects of prion disorders remain unclear, and among these also the
molecular mechanism through which prions replicate it is not fully understood yet (Atarashi R et
al., Prion. 2011). In this context, understanding the PrP structure seems critical to get more insight
on the molecular processes leading to neurodegeneration during prion infections. Moreover, the
knowledge of the prion structure can help to understand the molecular basis supporting the
persistence of different prion strains, each of which exhibits distinct disease phenotypes as
defined by incubation times, features of clinical disease, neuropathological targeting, and
physicochemical properties, all of which remain stable over serial transmission (Telling, Genome
Biol. 2004; Solforosi et al., J Biol Chem. 2007).

The N-terminal domain (aa residues 23-124) of PrPC is more flexible and less structured than the
C-terminus (aa residues 125-231, sequence of hamster) which is characterized (see Figure 1) by
the presence of three a-helices (H1: residues 145-153 , H2: 172-194, and H3: 200-226), and by a
short B-sheet (B1: B2 and residues 129-133: 160-163).
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Figure 1. Amino acid sequence and post-translational modifications of hamster PrP. 1-22, ER signal peptide (cleaved); 23-231,
major prion protein; 34—39 and 45-50, 2 hexarepeats; 51-91, 5 octarepeats; 113-128, conserved hydrophobic region; 121-231,
NMR structure of rec SHa PrP; 129-133, B-strand 1; 145-153, a-helix 1; 160-163, B-strand 2; 166—194, a-helix 2; 179/214,
disulphide bridge; 181, N-glycosylation 1; 197, N-glycosylation 2; 200-226, a-helix 3; 231, GPl-anchor; 232-254, GPI signal peptide
(cleaved). Riesner D, Biochemistry and structure of PrP(C) and PrP(Sc). Br Med Bull. (2003); 66:21-33. ©2003 by Oxford University
Press.

The prevalent structural model implies that PrPSc retains most of the native a-helices of the
normal, non-infectious prion protein, PrPC, but evidence is now accumulating that these helices
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are absent in the PrPSc amyloid fibrils. Moreover, recombinant PrPC can form fibrils in vitro that
have parallel in-register intermolecular B-sheet architectures in the domains originally occupied by
helices 2 and 3.

In the last decade, a number of cell-free assays depicting the metamorphosis of PrPC into PrPSc
were developed; among them, the amplification technique QuIC (Quaking-Induced Conversion;
Atarashi et al., Nat Methods. 2008) emerged as one of the most practical, fast and reliable
method. The Real-Time Quaking Induced Conversion (RT-QuIC) is a variant of the QuIlC method
that exploits the capacity of the pathogenic prion protein (PrPSc) to convert the normal prion
protein (Wilham et al.,, PLoS Pathog. 2010; Atarashi et al., Prion.2011). This test allows the
detection of PrPSc using ultrasensitive amplification reactions of the prion protein, which acts as a
seed causing the conversion process, with consequent formation of amyloid fibrils. It uses a
recombinant prion protein (rPrP), purified from a bacterial expression system, as a substrate
allowing the conversion to occur using a minimum quantity of seed, and so far it has been adapted
to different types of TSEs. Biological tissues that have proved compatible with these methods are
brains, cerebrospinal fluids and nasal washes.

Studies conducted by the Caughey’s group have shown that the RT-QulC method is more efficient
in converting the substrate (rPrPC) of the reaction into its proteinase-K (PK) resistant isoform
(rPrPres) than the QulC method originally described by Atarashi and colleagues (Atarashi et al., Nat
Methods. 2008). The formation of the amplification product in the RT-QuIC is displayed in real
time through the presence of Thioflavin T (ThT), a dye that fluoresces when it is associated with
amyloid fibrils. A further advantage of this method is the ability to analyze numerous samples or
variables simultaneously.

Approximately 50-60% of the substrate is used during the reaction to amplify PrPSc (initial seed)
compared to about 10% in the standard QuIC (Atarashi et al., Nat Methods. 2008). These data
suggest that the RT-QuIC is an efficient and easily reproducible method. Currently, the sensitivity
of the method is 85 to 89% and the specificity is 100%. Because this technique is easily
reproducible, highly sensitive, ensures maximum specificity, is more efficient in the conversion of
the substrate than the other techniques, and it also offers the ability to analyze multiple samples
or variables simultaneously, | have chosen to use it for the studies | have been involved in during
my 14-month residency at the National Institutes of Health (NIAID/NIH, MT-USA).

Firstly, | focused my attention on the ability of the N-terminal portion of rPrPC (here indicated as
rPrP 23-106) to inhibit the prion misfolding/aggregation process by RT-QuIC. In a previous study, in
fact, the N-terminal portion of the prion protein showed a potent inhibitory effect on the
aggregation of the amyloidogenic peptide AB1-42 of Alzheimer (Nieznanski et al., J Biol Chem.
2012). It was therefore considered that this portion of the protein could have inhibitory activity
also in the process of conversion of the prion protein. Unfortunately, the results obtained,
although showed some inhibitory activity on the formation of PrPSc fibrils, showed high variation
in the inhibitory concentration of the rPrP 23-106 fragment (i.e. 5 uM - 25 uM). At the time, the
continuation of these studies, aimed at finding application of the rPrP 23-106 fragment in the clinic
of human TSEs, seemed problematic. The N-terminal region 23-106 might, in fact, be a portion too
big to be effective in therapy, thus before to carry on further in vitro experiments, studies of the
pharmacodynamic and pharmacokinetic properties of the peptide are necessary.

My attention was then moved to another aspect of the aggregation process and PrPSc fibrils
structure. The main aim of the project was to verify if the portion indicated as the central hairpin
(~aa 127-161), was able to form fibrils with parallel in-register intermolecular B-sheet structures,
as recently proposed by the Caughey’s group (Groveman et al., J Biol Chem. 2014). This study lead
to some interesting results which are fully described below.
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1. PrPSc fibril structure: evaluation of the capacity of Syrian Hamster rPrP 23-106 fragment to
inhibit the infectivity/aggregation of the pathogenic prion protein

Newly synthesized PrPC polypeptide is composed of ~250 amino acids, and it undergoes a series
ofprocessing before it reaches residency on the plasma membrane: it is removed a 22-amino acid
N-terminal signal peptide, and a 23 C-terminal aa sequence upon the addition of the
glycosylphosphatidylinositol (GPI)-anchor to Ser-231 (Donne et al., Proc Natl Acad Sci U S A. 1997).
The N-terminal domain of PrPC (aa residues 23-121) contains a number of unusual sequence
features including four or more octapeptide repeats (eg. PHGGGWGQ) , whose high degree of
conservation suggests an essential contribution to the function of PrPC, whatever that may be
(Yao et al., ) Neurochem. 2003; Wopfner et al., ] Mol Biol. 1999).
The three-dimensional structure is characterized by a globular domain, consisting of residues
125-231 (depending on the Prnp genotype) that contains three a-helices, loops, and a short
antiparallel, two-stranded B-sheet. The PrPC amino-proximal half (aa residues 23-124) is
intrinsically disordered and highly dynamic (Taubner et al., ] Mol Biol. 2010). This plastic region
could feature in the conversion of PrPC to PrPSc by template-assisted formation of B-structure
(Donne et al., Proc Natl Acad Sci U S A. 1997).
Circular dicroism (CD) and Fourier transform infrared (FT-IR) studies suggested conversion of
a-helices into B-sheets features in the formation of PrPSc (Pan et al., Proc Natl Acad Sci U S
A.1993). It is therefore important to study the role of these portions in the PrPC to PrPSc
conversion process.
Recently, it has been demonstrated that the soluble portion of the prion protein (i.e.
glycophosphatidylinositol anchor-free) and its N-terminal fragment have a strong effect on the
aggregation pathway of AB1-42 by inhibiting its assembly into amyloid fibrils, a step considered
critical in the pathogenesis of Alzheimer's disease (Nieznanski et al., J Biol Chem. 2012).
During my residency at the National Institutes of Health (NIH, USA), | have undertaken a project to
analyze the capacity of the N-terminal portion of rPrP (aa residues 23-106) to inhibit the infectivity
of pathogenic prion protein. To this end, | used two different approaches:

- investigating the role of the N-terminal segment of PrP in the conversion process using the

RT-QuIC assay.
- evaluating the effect of the N-terminal segment of PrP on the PrPSc propagation in
scrapie-infected neuroblastoma mouse cells.

1.1 Results and Discussion

1.1.1 Bacteria screening

A consistent part of the work was aimed at purifying the Syrian Hamster rPrP 23-106 fragment. We
started by identifying a bacterial clone that was a high expresser of this fragment. We analyzed
protein levels of 4 bacteria clones, before and after centrifugation, by running the samples on a
denaturing SDS-PAGE gel and stained the gel for total protein content (Coomassie blue).

15 KD
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Figure 2. SDS-PAGE gel: Total protein staining of Rosetta DE3 bacteria. The gel was stained with a total protein stain (Coomasie
Blue) to detect the Syrian Hamster rPrP 23-106 fragment. The stain show bands at about 10 KDa probably due to a different speed
of migration of the attempted fragment.

Figure 2 shows, from left to right , the marker, the 4 different samples loaded before
centrifugation (designated as A-D, cell suspensions) and 4 different samples loaded after
centrifugation (designated as A -D pellet, cell pellets).

Because the 23-106 fragment has a molecular weight of 8.2 KDa , in the figure are shown only the
bands at which the marker has a weight of 10 - 15kDa .

A band at about 10KDa is present in all samples. The molecular weight of the protein of interest is
8.2Kda, but it is not uncommon to see a several KDa shift with this type of sample on this type of
gel. The bands observed with the lowest molecular weight are probably our protein of interest,
which following binding with SDS, may be subject to a slowdown in the migration.

Electrophoresis showed the presence of several bands at different molecular weights which are
likely due to impurities present in the sample.

Clone A seems to show a strong band only after centrifugation, while for the B clone the opposite
situation is observed. For the C and D clones we observe a strong band that seem more intense for
the C clone.

For this reason we concluded that clone C was our highest rPrP 23-106 expressor and thus grew a
stock of these cells for purification.

1.1.2 Purification of Syrian Hamster rPrP 23-106 fragment

rPrP 23-106 was purified using Immobilized metal ion affinity chromatography (IMAC), which is an
affinity chromatography that selects the protein through interactions between the resin with
which the column is packed and chemical groups present in the protein of interest, such as N, O, S.
Isolated inclusion bodies were incubated in the presence of Denaturing Buffer to solubilize them
and to allow denaturation of PrP. Next, the denatured protein was incubated with Ni-NTA
Superflow (Qiagen) to allow binding of the protein to the beads. Beads were then loaded onto a
column and washed once using AKTA Explorer (Ge Healthcare) with denaturing buffer to eliminate
excess unbound protein.

Figure 3 shows the UV absorbance following an 80minute wash.
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Figura 3. Wash UV absorbance with denaturing buffer in AKTA Explorer.

We initially observed a UV peak most likely due to loss of unbound protein followed by a plateau.
We performed a second wash of the column with refolding buffer, which showed no protein loss
(Figure 4).
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Figura 4. Wash UV absorbance with refolding buffer in AKTA Explorer.

This second wash gave no UV absorbance peak indicating that all unbound proteins were
eliminated with the first wash.
Next, we moved onto the protein recovery step (or elution step) using Elution Buffer.
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Figura 5. Elution UV curve of Syrian Hamster PrP 23-106 fragment using Immobilized metal ion affinity chromatography (IMAC).

Figure 5 shows an absorbance peak that corresponds to the moment in which the protein is
eluting from the column. From minute 35 different fractions were collected (designated as F1-F5)
to chose the fractions more concentrated. All fractions collected were considered suitable to
proceed to the next step and were combined into a single pool.

To further purify the eluate, we performed an lon-exchange chromatography. Different proteins
bind the column with different affinity. Using the method of elution with gradients, the salt
concentration of the solution that passes through the column is continuously increased and the
different proteins are eluted sequentially depending on their affinity for the column

The protein was loaded directly into the SP Sepharose FF 1ml column (GE Healthcare) and the
impurities washed away with a solution which has the same reagent (NaAc) of Elution Buffer but
without salt (Solution A), using AKTA Explorer.
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Figura 6. Wash UV absorbance with a solution non-saline (Solution A).



Figure 6 shows initially a UV peak, most likely due to loss of unbound protein, followed by a
plateau. The elution was performed by increasing gradually the NaCl concentration from 0% to
100%, for which gradually the solution B replace the solution A in the column.
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Figura 7. Elution UV curve of Syrian Hamster rPrP 23-106 fragment using an lon-exchange chromatography.

Figure 7 shows an increase in UV absorbance from 33 minute, for which the protein is been
collected from this moment. The maximum absorbance is observed at around 43 minutes, in
correspondence with the fraction A.

Fractions were subsequently analyzed by Coomassie Blue method to analyze the proteic profile
regarding to each aliquot (Figure 8).
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Figure 8. SDS-PAGE gel: Total protein staining of eluate after purification processes. The gel was stained with a total protein stain
(Coomasie Blue) to detect Syrian Hamster rPrP 23-106 fragment. The stain show bands at about 10 KDa probably due to a different
speed of migration of the attempted fragment.

A total of 7 aliquots were analyzed using an SDS-PAGE gel. Following staining, we found that
fractions F4, F5 and F6 were the ones with a high concentration of the protein of interest. These
fractions are collected to submit them to the dialysis process.

These three fractions were combined and transferred into dialysis tubing with a 3KDa cutoff and
left for 24h within dialysis buffer, which is changed approximately every 6 hours.

At the end of the dialysis the protein was filtered and its concentration measured
spectrophotometrically. The value of absorbance is measured 3 times with the spectrophotometer
NanoDrop 2000 (Thermo Scientific) and the average is 0.485. The molar extinction coefficient for
this fragment is 41480. By applying the Beer-Lambert law, the concentration calculated is 11.7 uM.
We concentrated the protein using tubes Amicon ultra-4-Centrifugal filter ultracel-3K (Millipore)
because we need high concentrations for RT-QuIC experiments. After centrifuging the protein in
these tubes, the absorbance was 1.85, and the calculated protein concentration was 44.6uM.

1.1.3 RT-QuIC analysis with Syrian Hamster rPrP 23-106 fragment

RT-QuIC was used to determine if the Syrian Hamster rPrP 23-106 fragment inhibits the normal
prion protein conversion into PrPSc using either hamster or human scrapie-infected brain
homogenates as seeds. Full Length (FL, aa23-231) and truncated (rPrP 90-231, aa90-231) rPrP
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were used as substrates. We started to analyze uninfected (HaNBH) vs. infected (263KBH) Hamster
brain homogenates to test the inhibition by Hamster 23-106. The brain homogenate dilution used
was 10-7 (corresponding to the concentration of 2fg/ul) and the substrate used was the FL.

RT-Quic- FL + rPrP 23-106
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Figura 9. Analysis of the inhibitory capacity of the Syrian Hamster 23-106 (rPrP 23-106) in [2fg/ul] Hamster brain homogenate
using Full Length (FL, aa23-231) as substrate.

Figure 9 shows that the amplification reaction starts approximately at 30 hours for the positive
control non-treated with the rPrP 23-106 (263KBH, red), and for the brain homogenate treated
with a final concentration of 8.25uM of this fragment (blue). The reaction seems to proceed more
slowly in the latter case. For the negative control (green) there isn't, as expected, amplification
reaction. Since the reaction started with a certain delay, we decided to repeat the experiment
using an higher dilution of seed (10-8, concentration of 0.2fg/ul) and 23.5uM final concentration
for our fragment.

Figure 10 shows that the amplification reaction starts around 20 hours for the untreated 263KBH
(red), while for 236KBH (blue) treated with our fragment and for HaNBH (green) it is not observed
any amplification reaction.

We then decided to repeat the experiments using brain homogenates of human patients suffering
from sporadic Creutzfeldt—Jakob disease (sCDJ, with both substrates to analyze if the rPrP 23-106
shows the same activity in different conditions. The substrate concentration is the same as
previous experiment (23.5uM).
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RT-Quic + FL+rPrP23-106
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Figura 10. Analysis of the inhibitory capacity of rPrP 23-106 in [0.2fg/ul] Hamster brain homogenate using Full Length (FL,
aa23-231) as substrate.
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Figura 11. Analysis of the inhibitory capacity of rPrP 23-106 using brain homogenate of human patients suffering from sporadic
Creutzfeldt-Jakob disease (sCDJ) and Full Length (FL, aa23-231) and truncated (rPrP 90-231) as substrate.

Figure 11 shows immediate amplification reactions for both positive untreated (sCJDBH+ rPrP
23-231 and sCIDBH+rPrP 90-231) controls, and the infected brain treated with the rPrP 23-106
fragment when the substrate was rPrP 90-231. Using FL as substrate the conversion reaction is
retarded.

To analyze the activity of the fragment at different concentrations we performed a RT-QuIC
titration, starting from a concentration higher than that used previously (25um), two intermediate
concentrations (10 and 5uM) and a concentration lower than that used previously (2.5uM). To
validate and amplify my earlier experiments, | used the hamster brain homogenate as seed and FL
as substrate.
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Figura 12. RTQuiC titration in [0.2fg/uL] Hamster brain homogenate using four different concentration (25, 10, 5, 2.5 uM) of rPrP
23-106 and FL as substrate.

Figure 12 shows that for the untreated 263KBH (red) and 263KBH treated with concentrations of
2.5, 5 and 10uM the conversion reaction starts at the same time and shows the same type of
trend. For 263KBH treated with a concentration of 25uM the conversion reaction is retarded. The
reaction, however, does not get to 260000 of fluorescence in any case.

The samples were also analyzed (Figure 13) in the presence of the Dialysis Buffer (sodium acetate,
NaAc, in the fig), to exclude the possibility that the inhibition was due to reagents). In this case,
the untreated 263KBH and the brain homogenate treated with NaAc (red) show the same trend.
For the 263KBH treated with the rPrP 23-106 at a final concentration of 5, 10,25 uM (purple), we
observe a retarded conversion reaction.

Then, | have simultaneously pre-incubated the brain homogenates, uninfected and
scrapie-infected, for 30 minutes with the rPrP 23-106 in order to see if the fragment exerts its
inhibitory activity by binding to the seed or to the substrate; in this latter case, a curve similar to
that of Figure 14 should be obtained. However, given that all infected samples (Figure 13),
untreated and pre-treated with NaAc or the rPrP 23-106, show the same kinetics, the inhibition
appears not to be due to the binding of rPrP 23-106 to the seed.
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Figura 13. RTQuIC titration in [0.2fg/uL] Hamster brain homogenate using three different concentration (25, 10, 5 uM) of rPrP
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Figura 14. Analysis of the inhibitory capacity of rPrP 23-106 after incubation of [0.2fg/uL] Hamster brain homogenate with three

different concentration (25, 10, 5 uM) of this fragment, using FL as substrate.

Therefore, we can conclude that the inhibitory activity of rPrP 23-106 is likely due to its interaction

with the substrate (rPrP 23-231).

These results were confirmed in similar experiments using rPrP 90-231 (truncated rPrP) as a

substrate in the RT-QuIC reaction (Figures 15 and 16).
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Titration: rPrP 90-231 + rPrP 23-106 (withoutincubation)

10-18-13 ——NBH +NaAc + rPrP 90-231

30000000 ~=~NBH + rPrP 23-106 + rPrP 90-
231

-#-NBHincub.+ 10uM rPrP 23-
250000,00 106 + rPrP90-231

——263K + NaAc+ rPrP 90-231

200000,00

——263K + only rPrP 90-231

150000,00 263K+ 25uM rPrP 23-106 +

rPrP90-231
263K+ 10uM rPrP 23-106 +

rPrP90-231

263K+ 5uM rPrP 23-106 +
rPrP90-231

ThT Fluorescence units

100000,00

50000,00

0 10 20 30 40 50 60 70 80 90 100
Hours

Figura 15. RT-QuIC titration in [0.2fg/uL] Hamster brain homogenate using three different concentration (25, 10, 5 uM) of rPrP
23-106 and the rPrP 90-231 (Truncated, aa 90-231) as substrate.

Figure 15 shows that the 263KBH, untreated and NaAc treated (red), have the same trend. A
strong inhibitory activity of the rPrP 23-106 (yellow) was confirmed at all concentrations (5, 10,25
M) with the substrate rPrP 90-231.

Again, no differences in the kinetics of the reaction were observed using rPrP 90-231 substrate in
the conversion reaction of 263KBH pre-incubated (30 minutes) or not with the rPrP 23-106 (Figure
16).

Then | performed two more titration experiments using the rPrP23-231 as substrate: the fragment
has proved able to totally inhibit the aggregation reaction at a concentration of 10uM (Figures 17
and 18).
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RT-QuIC ——NBH+only rPrP 90-231.
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Figura 16. Analysis of the inhibitory activity of the rPrP 23-106 after preincubation (25, 10, 5 uM) with Hamster brain
homogenates [0.2fg/uL], using rPrP 90-231 (Truncated, aa 90-231) as RT-QuIC substrate.
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Figure 17. RT-QuIC titration in [0.2fg/uL] Hamster brain homogenate using seven different concentrations (50, 25, 10, 5, 2.5, 1,
0.5 uM) of rPrP23-106 and the Full Length rPrP (FL, aa 23-231) as substrate.
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Figure 18. RT-QuIC titration in [0.2fg/uL] Hamster brain homogenate using four different concentrations (25, 10, 5, 2.5 uM) of
rPrP23-106 fragment and the Full Length rPrP (FL, aa 23-231) as substrate.

Instead, two further titration experiments, conducted using rPrP90-231 as a substrate, have
shown that in this case the compound is less active, leading to a slowing of the reaction at a
concentration of 10uM in the first experiment (Figure 19), and of 25uM in the second experiment
(Figure 20).
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Figure 19. RT-QuIC titration in [0.2fg/uL] Hamster brain homogenate using seven different concentrations (50, 25, 10, 5, 2.5, 1,
0.5 uM) of rPrP23-106 fragment and the rPrP 90-231 (Truncated, aa 90-231) as substrate.
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igure 20. RT-QuIC titration in [0.2fg/uL] Hamster brain homogenate using four different concentrations (25, 10, 5, 2.5 uM) of
rPrP23-106 and the rPrP 90-231 (Truncated, aa 90-231) as substrate.
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1.1.4 Inhibitory effect by Syrian Hamster rPrP 23-106 fragment on prion propagation in mouse
neuroblastoma cells persistently infected with hamster-adapted scrapie

Cell-prion in vitro systems, such as mouse neuroblastoma N2a cell lines (N2aSC-) persistently
infected with the 22L strains of scrapie (N2aSC+), have been widely used as a model for studying
TSEs and for testing potential prion inhibitors. Therefore, | used this prion model in vitro to
evaluate if cells grown up to five consecutive passages (P0O-P4) in the constant presence of
fragment 23-106, gave rise to reduced amounts of PrPSc, up to total loss of the signal of the prion
protein. When cell monolayers reached about 90-95% of confluency, were lysed and analyzed
with the Western blot method for the presence of PK-resistant bands.

It has been decided to examine two positive controls (N2aSc+ cells not treated with the fragment)
treated with PK (SC cells + PK, PO/P4) corresponding to the first (P0O), and the last (P4) treatment
process carried out (Figure 19; lanes 1 and 2, respectively). The non-glycosylated,
monoglycosylated and diglycosylated forms are displayed by the three characteristic bands of the
pathogenic prion protein.

Line 3 shows the negative control (N2aSC- cells not treated with the fragment) treated with PK (Sc-
cells +PK) corresponding to the P4 treatment process; the absence of bands has confirmed that
the cells were not infected for the duration of the experiment.

Lines 4-8 are N2aSc+ cells treated with the fragment and the PK (PO-P4Sc+, +PK) in the five PO-P4
steps ; it was not possible to observe any type of band.

Lines 9-10 show N2aSc+ cells treated with the fragment, but not subjected to digestion with PK
during treatment processes PO and P4, respectively (PO/P4Sc+, -PK); curiously, only the sample
(P4Sc +, -PK), showed a strong signal indicative of the presence of protein in the lysate. Instead,
the sample (POSc+, -PK) is devoid of protein signals, probably due to a non-specific lysis, which
could be due to the treatment with the trypsin used to resuspend the cells.

Lines 11-12 show N2aSc- cells treated with the fragment and subjected to digestion with PK during
treatment processes PO and P4, respectively (PO/P4Sc-, +PK); the absence of the bands confirms
the absence in the cells of infected proteins.

Lines 13-14 show N2aSc- cells treated with the fragment but not subjected to digestion with PK
during treatment processes PO and P4, respectively (PO/P4Sc-, -PK); also in this case, only the
sample (P4Sc-, -PK), showed the proper signal of non-infected cells, albeit weak, indicative of the
presence of cellular proteins in the lysate. Instead, the sample (POSc-, -PK), devoid of signal,
confirmed that the process of lysis on the sample corresponding to the passage of PO treatment,
has probably undergone a non-specific digestion of proteins.
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Figura 19. Proteic pattern of N2aSc- and N2aSc+ cells after treatment with the Syrian Hamster 23-106 fragment. The primary
antibody used is 6D11 antibody, which recognizes the region into aa 93-109 of the prion protein.

1.2 Conclusions

The Syrian Hamster rPrP 23-106 fragment was used to evaluate its ability to inhibit the amyloid
aggregation process and reduce the amount of PrPSc in scrapie-infected cell cultures.

RT-QuIC experiments have shown variable results. The fragment seemed to inhibit the process of
aggregation at concentrations between 5uM and 25uM, both when using the Full Lenght (FL:
rPP23-231), and when using the Truncated (rPrP90-231) as substrate. Moreover, it would seem
that, when positive controls containing rPrP23-231 as substrate show a slowed trend, higher
concentrations of the fragment are required in order to perform its activities. This could either be
caused by an abnormality in the substrate used in the experiment or to other reaction
components.

In the analysis carried out using as a seed the brain homogenate of human patients suffering from
the disease of Sporadic Creutzfeldt-Jakob (sCDJ), it was observed that, even if the peptide was
seeded at a concentration of 23.5uM, the reaction was not entirely inhibited, as in previous cases,
but only slowed. This could indicate that the fragment probably exerts greater activity only when
incubated in the presence of specific recombinant proteins, probably of the same species from
which the fragment was derived.

Experiments performed with the fragment at three different concentrations (5, 10, 25 uM), have
shown inhibitory activity at all concentrations. In parallel, experiments were conducted in which
the fragment 23-106, instead of being used as a substrate during RT-QuiC assay, it was
pre-incubated with the seed (hamster brain homogenate) and then added to normal RT-QuIC
mixtures (rPrP23-231 and rPrP90-231 as substrate, without rPrP 23-106): in this case, all fragment
concentrations (5, 10, 25 uM), contrarily showed positive reactions to the ThT, similarly to the
positive control (ie seed not preincubated with the fragment). This suggests that the inhibition
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appears not to be due to the binding of rPrP23-106 fragment to the seed, but to its interaction
with the substrate.

The observation that 1) the inhibition appears to be due to the fragment interaction with the
substrate; 2) reactions are almost completely inhibited at a concentration of 25uM in the hamster,
while in humans almost at the same concentration (23.5uM), are slowed only; and 3) higher
concentrations of the fragment were necessary when the control reaction was slowed down,
altogether suggesting that the inhibitory role strongly depends on the conformation of the
substrate. In this regard, one might think that the fragment can bind the rPrP in regions that serve
as the attachment point for other proteins during the aggregation process. Slight modifications of
the recombinant protein, may for example facilitate, or conversely make it difficult, the bond with
the fragment. The model PIRIBIS (parallel in-register intermolecular B-sheet) proposed by Byron
Caughey et al (Groveman et al., J Biol Chem. 2014), in which the proteins are superimposed one on
the other, could be consistent with this theory.

Since inhibition was observed in the experiments RT-QulC, we decided to analyze mouse
neuroblastoma cells (N2aSc- and N2aSc+) to assess whether the same trend is observed in a
system closer to in vivo systems. The Western blot analysis of cell lysates treated for five passages
(PO-P4) with the fragment, seems to suggest that the fragment leads to a loss of PrPSc. In fact, the
negative (N2aSc-) and positive (N2aSc+) samples were confirmed as such, for the absence and
presence of bands following treatment with PK, respectively. Interestingly, P1-P4 lysates of cells
N2aSc+ treated with the fragment, were similar to the negative control, because showed no bands
after PK digestion. In conclusion, these preliminary findings suggest a possible inhibitory role of
the fragment 23-106 in the process of conversion / aggregation of the prion protein, probably due
to an interference of that fragment in the process of overlapping of PrPSc protein monomers, one
above the other.

Unfortunately, despite the maximum accuracy payed to each step of the protocol in repeated
experiments, the results were quite variable (inhibitory activity varied between 5 and 25um in
RT-QuIC experiments); thus, further experiments are needed to understand the reasons of data
variability and obtain totally reproducible results. Moreover, the size of N-terminal fragment of
PrP may be too large to find a clinical application in the human TSEs; consequently, before
proceeding in this direction, positive data of the pharmacodynamic and pharmacokinetic
properties of the N-terminal region are required.
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2. PrPSc structure: the central hairpin

The PIRIBS (Parallel In-Register Intermolecular Beta Sheet) structure, which has recently been
proposed for PrPSc amyloid fibers (Groveman et al., J Biol Chem. 2014) is characterized by the
parallel overlapping in-register of PrPRes molecules; each molecule is perpendicular to the fibril,
by occupying the entire cross section, and is connected to the one below and above by
intermolecular beta-sheet structures.

Several studies has indicated that most of the secondary helical structure of rPrPC (in particular
the domains originally occupied by helices 2 and 3 and also the N-terminal residues 113-125 and
130-140; see Fig 1) can fold into parallel in-register intermolecular beta sheet structures, both
spontaneously in vitro and in native conditions-like (Adrover et al., J Biol Chem. 2010).

The use of Fourier Transform Infrared Spectroscopy (FTIR) and mass spectrometry of H / D
exchange for comparing the fibrils of rPrP generated spontaneously in vitro with the fibrils derived
from the infected brain, would seem to confirm that, even in the latter case, there is a greater
helical folding of the domains in both the N-terminal and C-terminal portion.

Parallel intermolecular B-sheet structures were also observed in some of yeast prions and in the
case of AR amyloid peptide (Toyama and Weissman, Annu Rev Biochem. 2011).

The studies conducted on the PIRIBS structure, have involved experiments on oligomer constructs
of rPrP 90-231, which were subjected to energy minimization and molecular dynamics simulations.
The results confirmed the biochemical and biophysical data that were obtained on the amyloid
fibrils of prion-seeded rPrP 90-231: residues ~ 124-227 have maintained a more ordered and
tightly packed structure than residues ~ 90-120; in particular, the C-terminal region 160-231, has
preserved most of the B-sheet originally present.

These constructs were analyzed in the presence or in the absence of disulfide bridges on the pairs
of residues: 127-161, 135-153, 140-145, 179-214 and 190-195. Artificial disulfide crosslinks within
PrPC, compatible with PrPC secondary structures as well as with PrPRes formation in RML
scrapie-infected cells, were described by Hafner-Bratkovic et al., J Biol Chem. (2011). These
authors have interpreted their results to mean that the native PrPC secondary structure domains
containing these residues, including the a-helices, are retained in PrPSc. However, these bridges
may be also compatible with the formation of two different kind of hairpin in a parallel in-register
B-sheet intermolecular configuration: an hairpin indicated as native disolfure (ND), since contains
the disulfide bridge present in the physiological PrPC, and the hairpin comprising residues
127-161, here indicated as the central hairpin.

In this case, the term "B-hairpin" thus refers to a structure in which the bond occurs along the axis
of the fibrils, between intermolecular hairpins, and not the classical B-hairpin in which the link
occurs within of the same molecule.

Furthermore, studies on PIRIBS model suggest that variations in the relative orientations of
B-sheets, hairpins and loops, may lead to different conformers, or to distinct prion strains.

Other groups have shown by ssNMR analysis that polymorphisms within the amyloid could lead to
the displacement of B-sheets, while maintaining the architecture and global features (Jones et al.,
J Biol Chem. 2011; Wickner et al., FEMS Yeast Res. 2010). These structures could propagate
faithfully via a nucleated polymerization mechanism in which the incoming PrP molecules would
align along the template established by the polypeptide backbone of the preceding molecule at
the end of the fibril (Wickner et al., FEMS Yeast Res. 2010). Indeed, nucleated polymerization in
highly a-helical models seems more difficult as much smaller portions of incoming PrP molecules
could contact the fibril template.

Analysis with Electron micrograph (EM) of amyloid fibers scrapie-associated, show axial elements
within which the dye is often accumulated; most authors consider such structures as parallel
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protofilaments, each containing one or more molecules PrP (Govaerts et al., Proc Natl Acad Sci U S
A. 2004; DeMarco and Daggett, Proc Natl Acad Sci U S A. 2004).

However, such structures may actually be a single filament composed by a variety of overlapping
molecules, characterized by the presence of one or more hairpins interconnected by flexible
portions, indicated as "hinges", creating a type of conformation "stalk celery "or" half pipe ", inside
which the dye could accumulate. In particular, the region between the central hairpin and the
native hairpin, housing the binding sites of glycans, could represent a hinge, whose width varies
according to the presence or not of them.

Fibrillar sub-structures have been observed with EM and are interpreted by most authors as
individual protofilaments. Instead, according to the PIRIBS architecture, similar structures might
result from proteolytic cleavage in the hinge regions that determine a complete separation of
central and native hairpins.

With the aim of get better insight on the prion fibril structures | used the central hairpin region
(aa127-161) of PrP to investigate if: i) only this portion of the protein was capable to aggregate
spontaneously into fibrils; ii) the fibrils were generated in a beta sheet conformation, confirming
the PIRIBS model;and thus iii) the EM images would show only fibrillar sub-structures (i.e. devoid
of accumulated dye), further supporting the hypothesis implying proteolytic cleavages in the
hinge, between central and native hairpins.

For the study of this region, peptide fragments, with and without the disulfide bridge between the
Cysteine amino acids in the extremities (referred to hereinafter 127CC and 127notCC,
respectively), comprising the entire amino acid sequence 127-161 have been analyzed. Since the
position of the disulfide bonds is based on studies conducted in mice, we thought that in the
hamster could involve amino acids of different positions, due to the lack in the mouse of an amino
acid in position 55 which determines a shift of the amino acid sequence; consequently, were
analyzed two additional peptide fragments containing a greater number of amino acids in the
C-terminal portion: the amino acid sequence 128-164, with and without the disulfide bridge
(referred to hereinafter 128CC and 128notCC).

2.1 Results and Discussion
2.1.1 RT-QuIC analysis of peptides from central hairpin

The fragments 127 CC, 127not CC, 128CC and 128notCC were used in the RT-QuIC mix as
substrates of the reaction:

The negative and positive control of the reaction are represented by incubation of the full-length
protein rPrP23-231 (one of the classic substrates in the reactions of RT-QuIC) with hamster brain
homogenate, uninfected (NBH) and infected (263K), respectively (Figure 17). Both samples have
confirmed the reaction as expected: the negative control showed no positive signal to the ThT for
the duration of the experiment (110 hrs); the positive control showed positive signal to the ThT,
but with a slowed down trend compared to the classical one. The choice of a high concentration of
brain homogenate (20pg/ul 263K), in order to promote contact of PrPSc with the peptides (ie a
template-driven propagation), may have caused the "choking" of the reaction due to an excess of
the reagent, causing a slowdown in the curve of the positive control.
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Figure 17. RT-QuIC analysis of control reactions. Along the abscissa axis is reported the time within which the reaction was
monitored; in the axis of ordinates are represented the fluorescence values of ThT for the four wells in replicated. Over a period
of 110 hrs, the negative control (rPrP23-231 incubated with the NBH, in green) showed a rectilinear trend non-increasing,
confirming the specificity of the reaction. The positive control (rPrP23-231 incubated with 263K, in red), confirmed the infectivity of
the brain, showing an increasing trend, although slowed down due to the excessive concentration of seed.

The peptides 128notCC (Figure 18) and 128CC (Figure 19) showed a similar trend, both in the
incubation with the NBH and with 263K. The concentration of 0.1mg/ml was found to be the
optimal one in this type of reaction, because the positive signal to the ThT, and then the probable
formation of fibrils, is displayed after a short latency period, less than five hours. The differences
observed between the two peptides are not statistically significant as they fall within the range of
variability of the reaction, usually including in ten hours.
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Figure 18. Peptide 128n0otCC incubated in the presence of NBH (in blue) or 263K (in pink) and analyzed by RT-QuIC. The reaction
showed the formation of fibrils after an incubation period of less than five hours.

RT-QuIC
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Figure 19. Peptide 128CC incubated in the presence of NBH (in blue) or 263K (in pink) and analyzed by RT-QuIC. The reaction
showed the formation of fibrils after an incubation period of less than five hours.
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Peptides 127notCC (Figure 20) and 127CC (Figure 21) showed a completely different trend. At a
concentration of 0.1 mg/ml, the positive reaction to the ThT has been observed only in the case of
the fragment devoid of disulfide bridge, and took place after a short latency period, before ten
hours; instead, in the case of the fragment with the disulfide bridge, it was not observed any

positive reaction within 110 hrs.

RT-QuIC
P T e e AR -=-NBH[10-4]+127-161[0.1mg/mL]
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Figure 21. Peptide 127notCC incubated in the presence of NBH (in blue) or 263K (in pink) and analyzed by RT-QuIC. The reaction

showed the formation of fibrils after an incubation period of less than ten hrs.
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RT-QuiC -=-NBH[10-4]+127-161C-C[0.3mg/mL]

-8-263K[10-4]+127-161C-C[0.3mg/mL]

Figure 21. Peptide 127notCC incubated in the presence of NBH (in blue) or 263K (in pink) and analyzed by RT-QuIC. The reaction

has not showed any formation of fibrils.
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Peptides 128CC and 128notCC were able to form fibrils much more quickly than the 127notCC
peptide. At the concentration of 0.05mg/ml, the peptide 128CC shows a positive reaction in a time
span of about 5 hours (blue and pink lines), while the peptide 127notCC shows a weak positive
reaction, but only after 30 hours of incubation with 263K (only 1/4 positive wells at 110 hours,
green line) or after 55 hours of incubation with the NBH (only 2/4 positive wells at 110 hours,
yellow line).

RT-QuIC -=-NBH[10-4]+128-164C-C[0.05mg/mL]
NBH/263K[10-4]+128CC/127notCC
07-05.14 -0-263K[10-4]+128-164C-C[0.05mg/mL]

300000,00 <©-NBH[10-4]+127n0otCC[0.05mg/mL]

£A-263K[10-4]+127n0otCC[0.05mg/mL]

250000,00

200000,00

33333388

150000,00 &@

100000,00 V0001810000000 0009001 /nim///m/m//n/m/////llfyyymsmmmnmm/ 9000000000000090000084

N ’ ’
B L

ThT Fluorescence units
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Figure 22. Comparative analysis by RT-QuIC of the peptide 128CC (incubated with the NBH, in blue, or with 263K, in pink) and the
peptide 127notCC (incubated with the NBH, in yellow, or with 263K, in green) at 0.05 mg/ml. The reaction takes place
immediately for the peptide 128CC, while occurs with difficulty with the peptide 127notCC.

2.1.2 Western blot analysis of peptides from central hairpin

The Western Blot analysis of all RT-QuIC products with the peptide 128notCC (ie incubated with
NBH and 263K) at a concentration of 0.1 mg/ml, were completely digested by PK (Figure 23, b). At
a concentration of 0.2 mg/ml, the control (ie peptide not subjected to RT-QuIC) showed a band
slightly above to 3.5 kDa in the absence PK treatment (Figure 23 a), and no bands after treatment
with PK; the peptide at the same concentration incubated with the 263K in RT-QuIC experiments
showed a faintly visible band at 3.5KDa also following treatment with PK (Figure 23, b). At a
concentration of 0.3mg/ml, in the absence of treatment with PK, the band was observed just
above the 3.5KDa in all three cases (peptide and RT-QuIC products incubated with NBH and 263K,
Figure 23 c); following treatment with PK, the band was lost in the case of 3mg / ml, whereas both
RT-QuIC products are visible exactly in correspondence of 3.5KDa (Figure 23 d).
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Figura 23. Western blot analysis of 128notCC peptide incubated with NBH and 263K. In the left column, were reported samples
that have not been subjected to digestion with PK; on the right, are shown the corresponding samples treated with PK. In the first
row (Figures a, b), were placed the samples to the concentration 0.1 mg / ml and 0.2 mg / ml; in the second line (Figures c, d)
samples at a concentration of 0.3mg/ml.

The peptide 128CC confirms the results obtained with the peptide 128notCC: at a concentration of
0.3mg/ml, in the absence of treatment with PK, the band was in all cases (peptide stock and
samples incubated with the NBH or 263K) observable at 3.5KDa (Figure 24, a); following treatment
with PK, the band was lost in the case of the peptide stock at 3mg/ml, while RT-QuIC products
were visible in correspondence of 3.5KDa (Figure 24, b). The peptide 128notCC was analyzed in the
same experiment (data not shown), but did not reveal any band. It is known that PrPSc is
characterized by the tendency to adhere to the tube, then 128notCC may have such properties;
alternatively, the 128CC signal may be too strong and to cover 128notCC.
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Figura 24. Western blot analysis of 128CC peptide incubated with NBH and 263K. In the left column, were reported samples that
have not been subjected to digestion with PK; on the right, are shown the corresponding samples treated with PK. The analysis was
performed on the sample at a concentration of 0.3mg / ml.

The 127n0otCC peptide showed no bands; having been analyzed with the peptide 127C, as for the
case of the peptide 128n0otCC, the explanations may be the same.

The 127CC peptide at a concentration of 0.3mg / ml showed the expected band in all three cases,
both in the absence and in the presence of the PK treatment (Figure 25, b). In this case the
differences observed between 127CC peptide and 128notCC and 128CC peptides appeared less
pronounced and more difficult to interpret because bands appear to be different even before the
PK treatment, reason for which it is difficult to perform any type of comparison.
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Figura 25. Western blot analysis of 127notCC and 127CC peptides incubated with NBH and 263K. In the left column, were
reported samples that have not been subjected to digestion with PK; on the right, are shown the corresponding samples treated
with PK. The analysis was performed on the sample at a concentration of 0.3mg/ml.
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2.1.3 EM analysis of central hairpin peptides

The EM analysis of the RT-QuIC products with 0.1mg/ml of 128notCC peptide showed fibrils very
weakly defined when incubated with the NBH (Figure 26, a); instead, the samples incubated with
the 263K showed fibrillar EM structures better defined. In the latter case it was possible to
measure the thickness of a fibril, presumably single, corresponding to 19nm (Figure 26, b);

New RT-QuIC mixtures were created in order to improve the capacity of isolation of the individual
fibrils: 128notCC was incubated with a higher concentration of control and 263K brain
homogenate with the aim to promote the process of template-driven propagation, ie the
formation of amyloid fibrils as a result of contact of the peptide with the protein of the infected
BH. In order to avoid that the fibrils would be fragmented, the new mixtures have not been
subjected to agitation, and the incubation temperature was lowered from 42°C to 37°C so as to
make the conversion process slower and avoid the formation of clusters that make difficult the EM
observation. The peptide has been brought to the maximum possible concentration for the
reaction (0.42mg/ml), in order to facilitate the process of fibril formation. Compared to the
previous analysis, the fibrils were better defined, although they were more aggregated but less
ordered in the samples incubated with the NBH than in those incubated with 263K (Figure 26, c,
d). Incubations with 263K resulted in a large number of isolated fibrils, their thickness varying
between 3.8 and 11.5nm, and some of which characterized by the classic twist.

To obtain a good compromise between formation of isolated fibrils and relatively short incubation
times, it was decided to incubate the samples at 37 ° C but at a speed of 300rpm. The mixture led
to the formation of fibrils in a few days in the case of the samples incubated with 263K, while it
was not possible to observe fibrils in the same period of time in the samples incubated with NBH.
The thickness of 128n0otCC fibrils in this case ranged from 4.52nm to 11.2nm (Figure 26e).
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128n0tCC [0.42 mg/ml]

NO FIBRILS

128n0otCC [0.45 mg/ml]

Figure 26. Peptide 128notCC analyzed by EM at the concentrations 0.1 mg/ml, 0.42 mg/ml, 0.45 mg/ml. The left column shows
the samples incubated with NBH, recovered from experiments RT-QuIC (a, c); on the right are shown the corresponding samples
incubated with the 263K (b, d, e). In the first row (a, b) have been reported samples at a concentration of 0.1 mg / ml; in the second
line (c, d) those at 0.42 mg / ml and in the third (e) those at 0.45 mg/ml. In Figure d is reported the characteristic twist of parallel
in-register B-sheet structures.

The EM analysis of RT-QuIC products with 128CC peptide showed a higher number of fibrils
compared to 128notCC. Fibrils were also observed in the incubation with NBH at 37°C and
300rpm, unlike the peptide 128n0otCC, although much less numerous and less defined with respect
to the incubation with the 263K (Figure 27, b). The thickness of the fibrils observed in the latter
case ranged from 8.19nm to 10.7nm.

The 127n0otCC peptide incubated at 0.45mg / ml, 37°C and 300rpm, gave numerous fibrils rather
ordered even in the incubation with the NBH (Figure 28, a). However, also in this case both the
structure and fibril measures (ranging from 9.2nm to 18.7nm) suggest an aggregation of the fibrils
in the bundles and thus a less ordered structure than that observed in the incubation of the
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peptide with the 263K. Fibrils made with the 263K showed thickness ranging from 5:54 to 11.5nm;
within the same fibril was possible to observe a twist, ie the thickness reached 13.1nm in the point
of maximum width, and 8.03nm in the twist point (Figure 28, b).

The 127CC peptide incubated at 37C and 300rpm with both brain homogenates gave no rise to
fibrils up to the maximum time of incubation.

RT-QuIC mix+NBH RT-QuIC mix+263K

128CC [0.45 mg/ml]

Figura 27. Peptide 128tCC analyzed by EM at the concentration 0.45 mg/ml. The left column (a) shows the sample incubated with
NBH, recovered from experiments RT-QuIC; on the right are shown the corresponding samples incubated with the 263K (b).

RT-QulC mix+NBH RT-QuIC mix+263K

127n0otCC [0.45 mg/ml]

a b
Figura 28. 127n0otCC peptide analyzed by EM at the concentration 0.45 mg/ml. The left column shows the sample incubated with
NBH, recovered from experiments RT-QuIC (a); on the right are shown the corresponding samples incubated with the 263K (b). In b
the characteristic twist of parallel in-register B-sheet structures is reported.
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2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) of central hairpin peptides

To test if the RT-QuIC products of ThT-positive reactions were in parallel beta-sheet
conformations, they were performed analysis of the secondary structure of proteins by Fourier
transform infrared spectroscopy (FT-IR).

Considering altogether the data obtained in RT-QuIC assays, and western blot and EM analysis, the
128-164, but not the 127-161, portion of the PrP seems actually involved in the formation of a
hairpin in hamster. Furthermore, structural analysis of peptides lacking the disulfide bond would
suggest how they fold in the absence of artificial links, as the disolfude bridge, which are
actually present neither in the PrPC nor in PrPSc. Finally, for obtaining IR spectra of high quality,
relatively high concentrations of fibrils are necessary; so far, however, RT-QuIC with the 127CC and
127n0otCC peptide did not produced enough fibrils to allow IR analysis. For these reasons, | decided
to focus my further studies only on peptide 128notCC.

The 128n0otCC peptide incubated with the RT-QuIC mixture at the concentration of 0.42mg / ml, in
the presence of NBH or 263K, at 37°C and in the absence of agitation, has revealed the presence of
peaks in the two regions of the spectrum, known as Amide | and Amide Il.

The Amide | band is due to carbonyl stretching vibrations, while the Amide Il is due primarily to
N-H bending vibrations. Because C = O and N-H bonds are involved in hydrogen bond established
between the different elements of the secondary structure, their positions in the spectra give us
information on the secondary structure of a protein.

The Amide Il band is not a good predictor for the quantification and characterization of the
secondary structure of proteins; its frequency band ranges between 1510 and 1580 cm’l, and its
spectrum is more complex than Amide | band. Amide | is the most intense absorption band in
proteins, its frequency ranging between 1600 and 1700 cm™,

A large number of synthetic polypeptides having a known structure, have been used for the IR
characterization. Therefore, this technic is based on theoretical and experimental work, which
provided insights into the variability of wavelenght frequencies for particular conformations of the
secondary structure of proteins. The location of the peaks are more easily obtained from the
second derivative of the spectrum. The RT-QuIC products with 128notCC peptide had an FTIR
absorbance maximum at: 1) ~1515 cm™, in the Amide Il region, revealing the presence of protein
in the sample; and 2) at 1611 and 1625 cm™, in the Amide | region, which is indicative of a high
beta sheet paralleli content, confirming that aggregates from RT-QuIC assays actually contain
parallel beta sheet structures.
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Figure 29. Original spectra (a) and second derivative amide | and amide Il FTIR spectra (b) of 128n0otCC peptide at a concentration of
0.42mg/ml, incubated at 37°C, in the absence of agitation.
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2.2 Conclusions

Peptides 127CC, 127notCC, 128CC and 128n0otCC were included in reaction mixtures of RT-QuIC
assays instead of the normal substrates of the reaction (rPrP23-231 and rPrP90-231) to verify their
ability to act as a substrate for the aggregation process or for ability to aggregate spontaneously.
The 127CC peptide did not show a reaction of conversion and amplification to the same
concentration of the substrates classical (0.1 mg/ml); only at a concentration three times higher
(0.3 mg/ml, data not shown) it was possible to observe a positive reaction, although after sixty hrs.
The same peptide analyzed in the absence of the disulfide bridge (127notCC), and at the same
concentrations, showed a positive reaction suggesting that the bond between the two amino acids
and the relative position of these play an important role in the aggregation process. The peptides
128CC and 128notCC were faster in the formation of fibrils with respect to the peptide 127notCC:
at the concentration of 0.05mg/ml the first ones have a positive signal over a few hours, while for
the peptide 127n0otCC the reaction is much more slower, not observable before 55 hours.

Our hypothesis is that the disulfide bridge, designed by Hafner-Bratkovic et al., J Biol Chem. 2011,
in the mouse, involves different amino acids in the hamsters ; this could be due to differences in
amino acid sequence between the proteins of the two animals and to the shift of amino acids
caused by the lack of an amino acid at position 55 in the mouse (hamster prion sequence:
http://www.ncbi.nlm.nih.gov/protein/P04273.1, mouse prion sequence:
http://www.ncbi.nlm.nih.gov/protein/NP_001265185.1). The presence of the disulfide bridge in a
wrong position in the sequence of the hamster may prevent the normal process of assembly into
fibrils with PIRIBS structure. Another important difference between the different peptides, regards
the region B2, ie the region involved in the formation of intramolecular antiparallel beta sheet in
the protein constituent; fragments 128notCC and 128CC possess the entire amino acid sequence
of this structure, while the sequence 127-161 is devoid of two of its four amino acids. This
secondary structure could provide a certain degree of stiffness/stability to the peptide, and
consequently to the hairpin, by promoting the process of packaging in PIRIBS structures. Because
peptides 128CC, 128notCC and 127notCC have showed similar behavior both with NBH
(uninfected) and 263K (infected) brain homogenates, we have hypothesized that the aggregation
process is not determined by the contact with the pathogenic form of the prion protein
(template-driven propagation), but by a process of self-assembly. The conformation adopted
seems to be in agreement with the PIRIBS structure, in which the proteins are stacked one above
the other with a parallel in-register intermolecular beta-sheet structure. Each single protein should
possess a conformation characterized by at least two important areas of folding, or hairpins, one
comprising the loop C-terminal disulfide-linked formed by helices 2 and 3 in PrPC (called native
hairpin) and the other comprising the hairpin central, formed from the amino acid sequences here
analyzed.

Western blot analysis of RT-QuIC products with 127CC peptide showed that there were not
significant differences compared to the control (ie, the peptidic stock) either before or after
treatment with PK. The 128CC and 128notCC peptides showed bands mostly identical in the
absence of treatment with PK, while after PK-treatment the bands were present only in RT-QUIC
samples, but not for the peptidic stocks. This might indicate that the RT-QUIC products are located
in complex structures, such as that PIRIBS, that do not allow easy access to the PK, by preventing it
from degrading the structure.

Then, EM analysis have been carried out to verify the actual presence of fibrillar structures which
were hypothesized based on the results of the previous experiments. In general, all the peptides
incubated with the NBH were devoid of fibrils, or these appeared in disordered clusters, difficult to
be isolated, surrounded by electrondense material. We think that these could be the components

95



of RT-QuIC mixture accumulated around sites genesis of the fibrils, with the task of facilitating their
formation. If our model was correct, each fibril should have a thickness of about 10.8nm (value
obtained by multiplying the measure of a single amino acid, 0.3nm, by the number of peptides,
~36). Given that the fibril obtained from a RT-QuIC experiment with 0.1mg/ml 128notCC peptide
and 263K showed a thickness of 19nm, we think that the image observed could actually be that of
two closely spaced fibrils.

Further investigation with the aim to obtain a greater number of individual fibers, have shown that
the RT-QuIC products of peptides incubated with the 263K were: i) rich in fibrils with a thickness
comprised between 3.8 nm and 11.5 nm, for the 128n0otCC peptide ; ii) between 10.7nm and
8.19nm for the 128CC peptide ; iii) between 5.54 and 11.5nm for the 127notCC peptide; while iiii)
for the 127CC peptide, again, no fibrils were observed. We hypothesized that these differences in
the thickness could be due to different positions of the fibrils in the grids of analysis. In the case of
128CC peptide, the fibrils were much more numerous, suggesting the possibility that these are
formed more quickly than the corresponding peptide lacking the disulfide bond 128notCC. In
addition, it was possible to observe the presence of a twist along a discrete number of fibrils of all
three types of peptides (128notCC, 128CC and 127notCC), in particular those of the 128CC
peptide. This structural feature is typical for parallel in-register beta sheet conformation, and
corroborate our hypothesis. Moreover, the observation of FT-IR spectra of the RT-QuIC products
with 128notCC peptide, has showed the position of peaks in the sprectrum at wavelengths
indicative of high content of parallel beta sheet structures in the fibrils analyzed.

In conclusion, the results so far obtained seem to indicate that the 127notCC, 128notCC and 128CC
peptides are able to form fibrils spontaneously, with a structural organization that is in agreement
with the presence of the PIRIBS structures previously hypothesized. The thickness of most of the
EM fibrils observed was about 11nm, in accordance with the aforementioned theory; the
variability observed could be explained as: a) the ability to form hairpins with extremities more or
less close together and/or as a different arrangement of the fibrils in the grids of analysis, b) the
parallel association of more fibrils, in the cases where they reach higher dimensions to 11nm.

The EM observations have not detected zones of accumulation of dye between the fibrils; as
already reported above, similar structures have been observed in EM images of scrapie-associated
fibrils (Govaerts et al., Proc Natl Acad Sci U S A. 2004; DeMarco and Daggett, Proc Natl Acad Sci U S
A.2004). This seems to confirm the existence of proteolytic cleaveges which determine a
complete separation of the central and native hairpins, with consequent visualization of individual
protofilaments in EM images. The ability of prion rPrPC seeded to form amyloid fibrils in vitro with
parallel-in register beta-sheet architectures in the C terminal region, between the helices 2 and 3
(linked by disulfide bond) had been established previously by the Byron's group (Groveman et al., J
Biol Chem. 2014); here is provided an evidence that these structures are formed also by the
central portion of the peptide, usually considered less stable in PrP.

96



3. Materials and methods
3.1 Purification of 23-106 PrP fragment
3.1.1 Buffers

- DENATURING BUFFER (inclusion body SOLUBILIZATION BUFFER):
Guanidine HCl solution [6M] and Sodium Acetate [20mM], pH=8
- REFOLDING BUFFER:
Sodium Acetate solution [20mM], pH=8.0
- ELUTION BUFFER:
Sodium Acetate solution [20mM], pH=3.5
- SOLUTION A:
Sodium Acetate solution [10mM] and Ethylenediaminetetraacetic acid (EDTA) [ImM], pH=5.0
- SOLUTION B:
Sodium Acetate solution [10mM] and Ethylenediaminetetraacetic acid (EDTA) [ImM], and NaCl
[1M]
- DIALYSIS BUFFER:
Sodium Acetate solution [20mM], pH=5.0

3.1.2 Biological samples

We used a recombinant expression system to synthesize the rPrP 23-106 fragment of Syrian
Hamster. The Escherichia Coli Rosetta2(DE3) strain is transformed with the plasmid pET-41a which
is modified to contain this PrP sequence.

This strain, which is used to express the recombinant proteins, has been engineered to be able to
control the expression of the gene of interest. The recombinant protein expression starts only at
the appropriate time, so the toxicity that the foreign protein may cause is reduced.

This strain contains the T7 phage RNA polymerase gene which is under the control of the lac
operon. This operon is present in bacterial DNA but is constitutively repressed by the product of
the gene lac | and the T7 polymerase is not transcribed in significant amounts until the lac operon
is activated. It is inducible with lactose or with its analogues such as isopropyl
b-thiogalactopyranoside (IPTG). This molecule must be added from the outside because it isn't a
bacterial product.

The gene of interest is placed under the control of the T7 promoter, so the messenger and the
corresponding protein are synthesized only when the T7 RNA polymerase is synthesized. This
occurs only after the addition of the IPTG to the culture medium, which induces the detachment
of the lac repressor | from the T7 promoter RNA polymerase.

3.1.3 Bacterial cultures screening and stock bacterial preparation

The Escherichia Coli Rosetta2(DE3) stock was provided by the Caughey laboratory (NIH, Hamilton
(USA)).

The bacteria stock, was stored at -80°C in the presence of glycerol. This was a mixture of bacteria
clones which may express the rPrP 23-106 differently.

We stored four different cultures at +4°C in LB-agar starting from this stock and we analyzed the
amount of protein produced in each clone with Coomassie Blue method. To do this we thawed the
stock and incubated an aliquot for about 8 hours at 37°C, 200 rpm in LB medium supplemented
with the Kanamycin and Chloramphenicol antibiotics. We streaked each culture in LB-agar medium
and incubated overnight at 37°C, 5% CO,. We chose 4 colonies from this plate and we incubated
them in four tubes containing 10 ml fresh medium and then we stored them at 4°C on LB-agar.
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The 4 liquid cultures were also induced in the production of the Syrian hamster rPrP 23-106
fragment using the reagent IPTG and leaving them to incubate for about 2 hours.

| analyzed these total cultures and also their pellet with Coomassie Blue method solubilizing them
in SaBu (Sample Buffer) 1:1.

Once we established which colony produce more protein of interest, we created several stocks:
the bacteria were grown in traditional medium, supplemented with 20% glycerol and stored
at-80C.

3.1.4 Inclusion bodies preparation

The bacteria were grown for 8 hours in LB medium supplemented with appropriate antibiotics and
then induced using the kit Overnight ExpressTM Autoinduction Systems, Novagen. After 24 hours,
the bacterial culture was centrifuged and the bacterial pellet was stored at-20C.

We solubilized the pellet in Bug Buster Master Mix which is a reagents mixture containing
nuclease, lysozyme and a reagent for the protein extraction. We broke the bacteria membranes to
release the inclusion bodies using OMNI International TH (Tissue Homogenizer).

After a series of washes- homogenization and centrifugations to remove impurities, the pellet was
weighed and stored at-20C.

3.1.5 Immobilized metal ion affinity chromatography (IMAC)

The rPrP 23-106fragment can be purified by IMAC (Immobilized metal ion affinity
chromatography). The proteins are able to form complexes with certain metal ions due to the
presence of polarizable chemical groups (such N, O, S) present in the amino acid residues. This
feature is exploited in IMAC chromatography (Porath et al., 1975; Hochuli, 1990).

The column is packed with a resin derivatized with chemical groups capable of chelating the
metals. To increase the resolving power of this technique and to facilitate the chromatographic
separation of the protein one generally introduces six contiguous histidines (6xHis-tag) into the
sequence of the protein (at the N or C-terminal) through the use of an appropriate plasmid. This
step isn’t required to purify the rPrP because this fragment itself contains in the N terminal portion
five non-continuous histidines that strongly binds the IMAC resin through the formation of
coordinated bonds between the 6 rings of imidazole and the metal of the stationary phase. Other
proteins that don't bind the column so strongly will be eluted during the washing steps.

The inclusion bodies are resuspended in denaturing buffer and then homogenized and centrifuged
at 9000 rpm. The supernatant obtained is incubated with “Ni-NTA Superflow” (Qiagen) for 40
minutes, to allow the proteins to bind to the beads. This resin contains Ni2+ fixed to Sepharose
beads through the chelating nitrilotriacetate (NTA).

We packed the chromatographic column with the inclusion bodies bound to the resin and we have
eliminated the impurities (as proteins which bind the column with low affinity) by washing the
column with denaturing and refolding buffer using AKTA Explorer (Ge Healthcare).

The fragment of interest was recovered using elution buffer. The pH change in the buffer allows
the detachment of proteins. The fractions were collected by monitoring the absorption signal at
280 nm.

To further eliminate non-specific proteins, we did an additional step of purification using
cation-exchange chromatography with SP Sepharose FF 1ml column, GE Healthcare.

lon-exchange chromatography (or ion chromatography) is a process that allows the separation of
ions and polar molecules based on their charge. It can be used for almost any kind of charged
molecule including large proteins, small nucleotides and amino acids.
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Proteins have numerous functional groups that can have both positive and negative charges. lon
exchange chromatography separates proteins according to their net charge, which is dependent
on the composition of the mobile phase. By adjusting the pH or the ionic concentration of the
mobile phase, various protein molecules can be separated (Wikipedia).

The protein was loaded directly into this column and the impurities washed away with a solution
without salt (Solution A) using AKTA. The rPrP 23-106 fragment was elute using a gradient elution,
that needs an ionic strength increase, using two different buffers, one without salts (Solution A)
and one with high ionic concentration (1M NaCl, Solution B). The ionic strength increases gradually
from 0% to 100%.

Each portion of the peak was collected by monitoring the absorption signal at 280 nm and
analyzed with SDS-PAGE electrophoresis.

The more concentrated aliquots have been subjected to the process of dialysis, where the small
molecules move from the dialysis tubing with a 3KDa cutoff to the Dialysis buffer following a
concentration gradient which allows us to remove the components that could alter the protein
properties or that could interfere with future studies .

After about 6 hours the external solution was replaced with fresh solution, to facilitate further
removal of small molecules from the bag. The use of a large excess of the external solution, as
well as the repeated exchange of this solution allowed us to eliminate or completely replace the
small molecules of the protein solution.

3.2 Real-Time QuIC
3.2.1 RTQ buffer

The solution for the RT-QuIC (RTQ Buffer) had the following ingredients: 10 mM phosphate buffer
(pH 7.4), 300 mM NaCl, 0.1 mg / ml of substrate (rPrP 23-231 or rPrP 90-231, Full Length and
Truncated, respectively), 10 uM Thioflavin T (ThT), and 10 uM ethylenediaminetetraacetic acid
tetrasodium salt (EDTA). The RTQB (98 ul / well) was loaded into the wells of a 96 multi-well plate
with the transparent bottom (Nunc) and the reactions had as seed 2uL of sample for a final
volume of 100 pL per reaction. The multi-well was sealed with a transparent film (Nalgene Nunc
International sealer) and incubated in a BMG Fluostar plate reader at 42-46°C for about 100 hours
with cycles of 1 minute of agitation (700 rpm double orbital) and 1 minute of rest throughout the
incubation period of the reaction. The measurements of fluorescence (ThT, 450 +/- 10 nm
excitation and 480 +/- 10 nm emission; reading from the bottom) was performed automatically by
the instrument every 45 minutes.

3.2.2 Biological samples

We used hamster non-infected (NBH) and infected (263KBH, 263K prion strain) brain
homogenates, human non-infected (HNBH) and infected (sCID, from sporadic CJD patients)
human brain homogenate as seed in RT-QuIC reactions.

3.2.3 Substrate

We used Truncated (rPrP90-231) and Full Length (rPrP23-231) hamster recombinant prion protein
(rPrPC) as a substrate in the RT-QuIlC control reactions (NBH/263K incubated with
rPrP90-231/rPrP23-231 in RT-QuIC buffer, without the addition of other peptides or fragments) .
The recombinant prion protein was purified as described by Wilham et al., PLoS Pathog. 2010.

RT-QuIC has been used to: 1) detect the ability of the N-terminal fragment 23-106 (rPrP 23-106) to
inhibit the conversion reaction; 2) observe whether portions of the prion protein were able to
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form fibrillar aggregates. To this end, the RT-QuIC mixture was modified by adding the rPrP23-106
fragment as a substrate, in the first case, and, in the second case, by replacing the substrate with
one of the peptides to be analyzed (127CC, 127notCC, 128CC, 128n0otCC).

The rPrP 23-106, the N-terminal fragment, was purified as described above.

The 127CC, 127n0otCC, 128CC, 128notCC peptides were synthesized according to our requests by
the company Peptide 2.0.

The 127n0otCC peptide was synthesized in order to contain the aal27-161 sequence of hamster
PrP: vvgglggymlgsamsrpmmhfgndwedryyrenmnrypnqv.

The 128n0tCC peptide was synthesized in order to contain the aal28-164 sequence of hamster
PrP: glggymlgsamsrpmmhfgndwedryyrenmnrypnqvyyr.

The corresponding peptides with the disulfide bridge, had the amino acids at the extremities
substituted by Cysteine linked with a disolfure bridge.

5 mg of each peptide, in lyophilized form, were diluted in 5ml of solution (4.6/4.9ml of water +
400/100pl of Acetic acid) to obtain a final concentration of approximately 1mg/mL. The use of
Acetic acid was required to facilitate the dilution.

3.3 N2aSc- and N2aSc+22L cells treatment
3.3.1 Biological Samples

For our cell culture testing of rPrP 23-106 we used a mouse neuroblastoma cell line, non-infected
(N2aSc-) and prion-infected (N2aSc+22L). Cells were grown using Opti-Mem growth medium
(Gibco) enriched with 10% FBS (Fetal Bovine Serum), 1 mM glutamine, 1% antibiotic
penicillin/streptomycin (10,000 U/ml, Gibco).

3.3.2 Cell lysis

For biochemical analysis cells were washed with 2 ml of Trypsin to remove the excess medium
(which inhibits trypsin’s enzymatic activity); next they were incubated in the presence of 2 ml of
trypsin for about 2 minutes. Part of the cells were passaged and maintained for future
experiments and an aliquot was centrifuged at 2000 rpm for 5 minutes to recover the cell pellet
for western blot analysis. Cells were lysed with Lysis Buffer (0.5% Triton-100, 0.5% DOC in PBS) to
recover intracellular prion protein; spun at 3000 rpm for 5 minutes to eliminate cell debris, and
PrP containing supernatant was recovered and stored at-20°C.

3.4 Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE (Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis, electrophoresis on
polyacrylamide gel in the presence of sodium dodecyl sulfate) is an analytical technique which
allows the analysis of protein extracts. The principle underlying this technique is the
electrophoretic activity of proteins which have been denatured by the SDS. The protein separation
happens for the difference between the molecular weights because the correlation mass-charge
to denatured protein with SDS remains constant. Cell lysates or inclusion bodies were diluted 1:1
in 2X sample buffer supplimented with urea that allows the denaturation and reduction of protein
disulfide bonds), boiled for 10 minutes to complete denaturing reaction and loaded onto a
NuPAGE 10%-12% Bis-Tris Gel, Novex®. We used a “Precision Plus Protein™ Dual Color Standards”
or “Precision Plus Protein™ All Blue Standards” as a molecular weight marker to determine the
molecular weight of the bands. Electophoresis was done at 200 mA for 30-60 min. Using MOPS
SDS Running Buffer, Novex®. The gel was either Commassie blue stained for total protein content
or proteins were transferred onto a PVDF membrane for western blot analysis. Coomassie Blue
total protein staining was done as follows: gel was incubated for about 45 minutes in Coomassie
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Brilliant Blue R-250 solution with Methanol-Acetic Acid-R-250 (50%:10%:0.1mg). Next the gel was
destained using a solution of Ethanol an Acetic Acid (50%:10%). Results were visualized using a
scanner connected to a personal computer.

3.5 Western Blotting

The Western Blotting protocol requires an initial separation of proteins by SDS-PAGE and then the
transfer of the proteins from the gel to a PVDF membrane, previously treated with methanol and
then washed in water and balanced in transfer buffer (33L H20, 57.6g Glycine, 12.1g Tris/HCl,
800m| MeOH, 2ml 10%SDS). Constant electric field was applied to the gel to transfer the proteins
out of the gel and onto the membrane; at the end of the transfer the membrane was submitted to
saturation for one night with a 0.5% milk solution in TBS-T, to block all the free sites of
hydrophobic interaction present on the PVDF sheet. Then, the blot was placed in contact for 1
hour with the primary antibody 6D11, 1:7500) that which recognizes a epitope of prion protein
between amino acids 93-109. We did three fast washes and then 3 washes of 5 minutes each to
wash away the antibody with a solution of TBS-T (TBS+tween20 Sigma-Aldrich). | proceeded with
an incubation for 1 hour with the anti-mouse secondary antibody conjugated with the enzyme
alkaline phosphatase (Sigma) diluted 1:5000 in milk. We repeated the wash with TBS-T to wash
away the secondary antibody, then the membrane was treated for a maximum of 5 minutes with
the reagent AttoPhos (Promega). This step is necessary for the development of the membrane,
because it provides a substrate for alkaline phosphatase which produces a fluorescent signal which
can be visualized. The membrane is dried for a minimum of 20 minutes and subsequently analyzed
with the instrument “Molecular Dynamics (GE Healthcare) Typhoon 9410 Variable Mode Imager”.

3.6 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is an experimental technique established to study the composition of the
secondary structure and the structural dynamics of proteins. Fourier Transform Infrared
Spectroscopy (FTIR) is a method that exploits a mathematical tool known as Fourier transform (FT,
Fourier Transform) in combination with the infrared spectroscopy. Infrared (IR) spectroscopy
exploits the capacity of the different functional groups to absorb at specific frequencies, according
to their structure. When an organic molecule is hit by an IR radiation the energy transferred by the
radiation itself is converted into vibrational energy; the fundamental ways in which the molecule
can vibrate are two: i) stretching, due to rhythmic stretching along the axis of binding, and ii)
bending, due to variation of the angle of bond. When these vibrations result in a variation of the
dipole moment of the molecule, then you have a vibration IR active. When it has such a variation,
in fact, the molecule, vibrating, produces an oscillating electric field: this makes possible the
exchange of energy with electromagnetic waves. The IR spectrum, obtained by plotting the
intensity of the absorption as a function of the wavelength of the absorbed radiation, although it is
reported to the molecule in its entirety, it is characterized by the peaks attributable to specific
functional groups, forming part of its structure. It is thanks to the reproducibility of these peaks,
and especially of the characteristic values of absorption, that we are able to be traced back to the
structure of the molecule under examination.

FTIR allows to obtain infrared spectra by first collecting an interferogram of a sample signal using
an interferometer, and then performing a Fourier Transform (FT) on the interferogram to obtain
the spectrum. Most of the peak positions were easily found in the second derivative spectra.

They were established correlations between IR spectra and secondary structures of proteins. A
large number of synthetic polypeptides was used for the characterization of infrared spectra for
proteins with a defined secondary structure content. The work (theoretical and experimental) on a
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large number of synthetic polypeptides provided useful information about the variability of
frequencies for particular secondary structure conformations. The peptide group, a repeat unit of
structural proteins, gives up to 9-band characteristics referred to as amide A, B, I, 11 ... VII. Of these,
the Amide | and Il bands are the two most important IR vibrational bands of the protein (Susi
and Byler, Methods Enzymol. (1986).

In the Amide | region (1700-1600 cm™), each type of secondary structure gives rise to a somewhat
different C=0 stretching frequency due to unique molecular geometry and hydrogen bonding
pattern. The Amide Il band, in contrast, is mainly associated with in-plane N-H bending and with
C-N stretching vibration. Amide Il is more complex and shows much less protein conformational
sensitivity than the Amide | region ancounterpart (Kong and, Acta Biochim Biophys Sin
(Shanghai). 2007). High sensitivity to small variations in molecular geometry and hydrogen
bonding patterns makes the Amide | band uniquely useful for the analysis of protein secondary
structural composition and conformational changes. The nature of hydrogen bonding involving the
C=0 and NH moieties, determines the exact frequency of the vibration band. In turn, this is
determined by the secondary structure adopted by the polypeptide chain, reflecting the backbone
conformation and hydrogen-bonding pattern. In brief, the bands observed in Amide | region,
consist of overlapping component bands, representing a-helices, B-sheets, turns and random
structures.

It is very important to recognize that there is no simple correlation between IR spectra and the
elements of protein secondary structure. FTIR spectra are complicated by the fact that each single
spectrum has its own characteristics due to several micro-situations. Estimations of the side chain
absorption in a protein spectra analysis is important because someone peptide may change the
Amide | spectral band parameters (Venyaminov and Kalnin, Biopolymers. 1990). This must be kept
in mind in analyzing spectra of proteins, in particular when the content of certain residues is high.
To obtain IR spectra of high quality, it is necessary relatively high concentrations of protein (eg> 10
mg / ml). Sometimes the FTIR spectrum is complex: bands of the secondary structure elements
can overlap, and the procedure for background subtraction could lead some experimental error.

In my experiments, FTIR was performed using a PerkinElImer Spectrum 100 FT-IR spectrometer
equipped with a diamond attenuated total reflectance sample unit and an MCT detector. For
analysis of the 128notCC peptide, 1 ml of a freshly thawed 0.42 mg/ml solution prepared as
described above for use in RTQuIC was applied to the diamond. RT-QuIC products with 128notCC
peptide, seeded and not seeded (ie, incubated with 263K and NBH respectively) were pelleted by
centrifugation at 20,800 x g at 4 °C for 20 min, the supernatant was removed, and the pellet was
resuspended with ultrapure water and centrifuged two times. The pellet was resuspended in
nanopure water to a 50% (w/v) slurry and applied to the diamond. Then, the samples were dried
under a stream of nitrogen while collecting serial background-subtracted spectra, each comprised
of 32 accumulations (4 cm™ resolution; 1 cm/s OPD velocity; strong apodization). Second
derivative spectra were calculated with nine data points using Spectrum software (PerkinElmer
Life Sciences).

3.7 Transmission Electron Microscopy

For negative stains of the fibrils, Formvar and carbon-coated grids (Ted Pella, Inc., Redding, CA)
were subjected to glow discharge, quickly placed onto 10ul droplets of RT-QuIC products with
the peptides (127CC, 127notCC, 128CC, 128notCC), and incubated for 30 min at room
temperature. The grids were washed for 5 min each onto one/two droplets of deionized water,
stained negatively with methylamine tungstate diluted 1:1 with water (Nanoprobes, Inc.,
Yaphank, NY) for 15 s, the excess liquid from the grids was removed and then air-dried.
Negatively stained grids were examined at 80 kV on a model H-7500 transmission electron
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microscope (Hitachi High Technologies, Dallas, TX) equipped with a model HR-100 digital
camera system (Advanced Microscopy Techniques, Woburn, MA).
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