Adam Mickiewicz University
Faculty of Physics
Department of Biomedical Physics

Folding and aggregation of the human
prion protein: biophysical studies of
interactions with metal ions and the

NCAM1-Ap peptide construct

Doctoral Thesis in Physics

Maciej Gielnik

Supervisor
Prof. dr hab. Maciej Kozak
Assistant supervisor
Dr. Sebastian K. T. S. Warmlander

UM

Poznan 2022






Acknowledgements

I would like to express my sincere gratitude to my supervisor Prof.
dr hab. Maciej Kozak. Thank you for the possibility to conduct
research for my thesis at the former Department of Macromolecular
Physics, current Department of Biomedical Physics, Faculty of
Physics, Adami Mickiewicz University. Also thank you for the
motivation, belief in me and the opportunity to perform SAXS studies
at P12 beamline, PETRA 11, DESY.

My assistant supervisor dr. Sebastian K. T. S. Warmlander, thank
you for the valuable suggestions involving peptide/protein titrations
with metal ions. Thank you for discussion of the results despite the
long distance between Poland and Sweden and for the help to visit
other laboratories.

I would like to express my gratitude to Prof. Astrid Graslund. It has
been a privilege to visit your laboratory, where | had a look on metal
binding experiments from a different perspective. Thank you very
much!

| would like to acknowledge Prof. UG dr hab. Aneta Szymanska for
peptide synthesis and Dr. Lilia Zhukova for PrP® expression and
purification. Without you | would not have any material to perform
the experiments.

Prof. Zeljko Svedruzi¢, thank you for the possibility to visit your
laboratory in Croatia, expertise on molecular dynamics simulations,
and access to the Croatian supercomputer Bura.

Dr. Igor Zhukov, thank you for performing NMR experiments on
PrPC-Zn(I) complex. Your experiments brought invaluable
contribution to the PrP®-Zn(11) binding phenomenon and connected
all spectroscopic, scattering and computational techniques into one
piece of knowledge.

Dr. Zuzanna Pietralik-Molinska, thank you very much for
performing TEM and for teaching me about AFM measurements.

Dr. Michat Taube, thank you for the introduction to SAXS and for
valuable discussions.

I would like to acknowledge all present and past members of the
former Department of Macromolecular Physics, current Department



of Biomedical Physics. Thank you for the help and good working
environment.

Last but not least | would like to thank to my wife Patrycja and my
mother Aleksandra for constant support during my doctoral studies,
my father-in-law Zbigniew, who always believed in me, but passed
away shortly before completion of my doctoral thesis, my sister Dr.
Anna Gielnik for helpful discussions, and my whole family. | also
thank my friends Lukasz, Zbigniew, Hubert, and Bartosz for help with
maintaining a healthy work-life balance.

The work presented in this thesis was supported by the National
Science Center under the project “Molecular basis of
amyloidogenesis - structure and conformational dynamics of selected
human PrP® prion protein complexes with metal cations
(2014/15/B/ST4/04839)”, granted to Prof. dr hab. Maciej Kozak.

N NATIONAL SCIENCE CENTRE
‘ POLAND



Abstract

Misfolding of the cellular prion protein (PrP<) is associated with
the development of fatal neurodegenerative diseases known as
Transmissible Spongiform Encephalopathies (TSEs), such as
Creutzfeldt-Jakob disease in humans and the corresponding “mad
cow” disease in cattle. The misfolding of PrPC is not unique process:
under specific conditions all proteins can undergo structural
transitions from a native soluble state into insoluble and fibrillar
amyloid state. Such misfolding followed by aggregation of the
proteins is connected with several different neurodegenerative
diseases.

The 208-residue long human PrPC¢ protein consists of two
structurally distinct domains: an intrinsically disordered N-terminal
domain (NTD), and a structured, mainly a-helical, C-terminal domain
(CTD). The NTD contains the so-called octarepeat (OR) region,
which is known to bind Cu(ll) and Zn(ll) ions by histidine residues.
Many cofactors, including metal ions, seem to play an important role
in PrP® misfolding. Here, | have used multiple complementary
biophysical methods to investigate the structural effects of Cu(ll) and
Zn(I1) binding to the human full-length PrP¢ protein, and to the
isolated OR peptide.

Circular dichroism (CD) spectroscopy suggest that OR peptide
binds up to four Cu(ll) ions, and up to two Zn(lIl) ions. At sub-
stoichiometric concentrations, both metal ions induce polyproline
type II helix to B-turn transitions in the OR peptide secondary
structure, whereas stoichiometric concentrations of the metal ions
seem to induce formation of an antiparallel -sheet secondary
structure. Molecular dynamics (MD) simulations of the isolated OR
peptide together with bound metal ions indicate formation of hairpin
structures with antiparallel B-sheet properties. Direct addition of
Zn(Il) ions to the OR peptide results in binding of the amyloid-
specific dyes such as Thioflavin T and Congo Red, indicating amyloid
formation. After incubation of the OR peptide with Zn(Il) ions,
imaging with atomic force microscopy (AFM) and transmission
electron microscopy (TEM) revealed the presence of fibrillar



structures. X-ray diffraction (XRD) analysis identified the amyloid-
specific cross-p structure. Hence, binding of Cu(ll) and Zn(ll) ions to
the OR peptide may induce formation of fibrillar amyloid structures.

For the full-length human PrP€ protein, binding of Zn(l1) to the OR
region results in an intra-domain interaction between the NTD and
CTD. CD spectroscopy suggest loss of a-helical secondary structure
upon Zn(1l) binding, possibly at helices 2 and 3 from the CTD,
together with formation of B-turn secondary structures, probably
around the Zn(l1) ion. Fluorescence and CD spectroscopy titrations
suggest a low micromolar apparent dissociation constant for the
PrP®-Zn(Il) complex, which makes such interactions possible under
physiological conditions. MD simulations of the PrP®- Zn(II) complex
indicate stabilization of a-helix 3, while small angle X-ray scattering
(SAXS) data suggest an overall more compact conformation of the
Zn(I1)-bound PrP¢ protein. As Zn(I1) binding to PrP€ favorites intra-
domain interactions and stabilization of a-helix 3, Zn(Il) might have
an inhibitory effect on PrP® aggregation or fibrillation.

Furthermore, | have investigated a possible inhibitory effect of a
bioengineered NCAM1-Amyloidp (NCAM1-AB) peptide on PrP¢
aggregation and fibrillation. PrP® and NCAM1-AB peptide alone
formed fibrillar structures. However when incubated together up to
three days only small aggregate clumps were observed. The results
suggest a direct interaction between the PrP® and NCAMI1-AB
molecules, resulting in inhibition of PrP¢ aggregation, probably
involving hydrophobic forces.



Streszczenie

Proces nieprawidlowego fatdowania komoérkowej formy biatka
prionowego (PrP®), jest zwiazany z rozwojem $miertelnych choréb
neurodegeneracyjnych znanych jako pasazowalne encefalopatie
gabczaste, do ktéorych nalezy choroba Creutzfeldta-Jakoba
wystepujaca u ludzi lub choroba ,,szalonych krow” wystepujaca u
bydta. Proces ten nie jest zjawiskiem wyjatkowym: w odpowiednich
warunkach wszystkie biatka mogg ulec zmianie strukturalnej z dobrze
rozpuszczalnego stanu natywnego do nierozpuszczalnego i
wloknistego stanu amyloidowego. Takie btedne faldowanie biatek
polaczone z ich agregacja zwigzane jest roOwniez z kilkoma innymi
chorobami neurodegeneracyjnymi.

Ludzkie biatko PrP® jest zbudowane z 208 aminokwasow i sktada
si¢ z dwoch strukturalnie réznych domen: nieustrukturyzowanej
domeny N-terminalnej (DNT) oraz ustrukturyzowanej, gtéwnie a-
helikalnej, domeny C-terminalnej (DCT). DNT posiada
osmioaminokwasowa powtarzajaca si¢ sekwencje¢ (ang. octarepeat,
OR), ktora poprzez reszty histydynowe wiaze jony metali Cu(Il) i
Zn(I1). Wiele kofaktorow, wiaczajac w to jony metali, wptywa na
btedne fatdowanie biatka PrP¢. W niniejszej pracy zastosowatem
réznorodne, komplementarne metody biofizyczne do zbadania
strukturalnych skutkéw wigzania jonéw Cu(Il) 1 Zn(II) przez ludzkie
biatko PrP® oraz przez peptyd zawierajacy sekwencje OR.

Wyniki spektroskopii dichroizmu kotowego (ang. circular
dichroism, CD) sugeruja, ze peptyd OR wiaze cztery jony Cu(Il) oraz
dwa jony Zn(Il). Bliskie stechiometrycznym st¢zenia jonéw obu
metali wywotuja zmiang helisy poliprolinowej typu II w zwrot f,
natomiast stechiometryczne st¢zenia obu jondw metali wywotuja
powstanie antyrownolegtych arkuszy . Symulacje dynamiki
molekularnej peptydu OR zwigzanego z jonami metalu wskazuja
formowanie  struktur spinek do  wlosow  posiadajacych
antyrownolegte arkusze . Bezposrednie dodanie jonéw Zn(II) do
peptydu OR skutkuje wigzaniem barwnikow, charakterystycznych
dla wtokien amyloidowych takich jak tioflawina T oraz czerwien
Kongo. Po inkubacji peptydu OR z jonami Zn(ll) obrazowanie z



zastosowaniem mikroskopii sil atomowych oraz transmisyjnej
mikroskopii elektronowej ujawnito obecnos¢ wioknistych struktur.
Charakterystyczny obraz dyfrakcji promieniowania rentgenowskiego
wykazal obecnos¢ poprzecznych arkuszy B, typowych dla wiokien
amyloidowych. W zwigzku z powyzszym wigzanie jonow Cu(Il) i
Zn(Il) przez peptyd OR moze prowadzi¢ do powstania struktur
amyloidowych.

W przypadku ludzkiego biatka PrP¢ wigzanie jonow Zn(II) przez
region OR skutkuje oddzialywaniem pomiedzy DNT 1 DCT.
Spektroskopia CD wskazuje na utrate struktury a-helikalnej na skutek
wigzania jonéw Zn(II), prawdopodobnie w obrebie helisy drugiej 1
trzeciej, zlokalizowanych w DCT, oraz powstanie zwrotow J3,
prawdopodobnie dokota zwigzanego jonu Zn(II). Wyniki
miareczkowania z zastosowaniem spektroskopii fluorescencji oraz
CD sugeruja, ze pozorna stata dysocjacji dla kompleksu PrP¢-Zn(II)
miesci si¢ w granicy niskich stezen mikromolowych, przez co mozna
wnioskowaé, ze takie oddzialywanie jest mozliwe w warunkach
fizjologicznych. Symulacje dynamiki molekularnej dla kompleksu
PrP¢-Zn(II) wskazuja stabilizacje trzeciej o-helisy, podczas gdy
wyniki matokatowego rozpraszania promieniowania
rentgenowskiego sugeruja bardziej kompaktowe zwinigcie biatka
PrPC zwigzanego z cynkiem. Jako ze wigzanie cynku do biatka PrP¢
faworyzuje oddziatywanie mi¢dzydomenowe 1 stabilizuje trzecig a-
helisg, cynk moze hamowac proces agregacji lub tworzenia wtokien
amyloidowych przez biatko PrPC.

Ponadto zbadano wptyw zaprojektowanego peptydu NCAM1-AB
na agregacje i tworzenie wtokien amyloidowych przez ludzkie biatko
PrP¢. Biatko PrP® i peptyd NCAMI1-AB same tworza struktury
amyloidowe, jednak ich wspodlna inkubacja przez trzy dni skutkowata
powstaniem wylacznie niewielkich agregatow. Uzyskane wyniki
sugeruja bezposrednie oddzialywanie peptydu NCAM1-AR z ludzkim
biatkiem prionowym, prawdopodobnie poprzez oddziatywania
hydrofobowe, oraz inhibicje agregacji biatka PrPC.
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1. Introduction

Scrapie is a Transmissible Spongiform Encephalopathy (TSE) — a
fatal neurodegenerative disease of sheep and goatst. Up to the early
80’s of the last century it was believed that scrapie is caused by a
strain of slow viruses?. In 1982 Stanley Prusiner gathered all the
available pieces of information and published a review in the Science
Magazine, where he proposed that the infectious agent responsible for
the development of scrapie might be a prion protein. The term prion
was defined as “small proteinaceous infectious particles which are
resistant to inactivation by most procedures that modify nucleic
acids™3. The resistance to inactivation included UV radiation, ionizing
radiation and treatment with formalin or heat. The term prion is still
used today and it refers to a “proteinaceous infectious particle that
lack nucleic acid™?.

What is special about prions? According to the central dogma of
molecular biology stated by Francis Crick, information cannot flow
from one protein to another. At that time in the 1950’s, there was a
lack of evidence and lack of a mechanism for such signal
transduction®. Nevertheless, a flow of information from protein to
protein is present in TSEs. The normal, cellular form of the prion
protein (PrPC) is expressed in the central nervous system (CNS)°. In
TSEs, this mainly a-helical and well soluble transmembrane protein
undergoes a structural transition into an aggregated isoform, denoted
as PrPS¢, PrP* isoform acts as a template and induces refolding of
PrP¢ into PrPS¢ form. This process results in accumulation of the
insoluble, aggregated PrP¢ isoform in the CNS causing spongiform
degeneration?.

Misfolding of the PrP® protein is not limited to scrapie in sheep or
goats. This fatal process is associated with at least seven diseases
occurring in different animals species, and at least eight different
diseases in humans, including Cruetzfeldt-Jacob disease (CJD) and
Gerstmann-Striussler-Scheinker syndrome (GSS)®’. PrP¢ misfolding
is an ambiguous process, as different prion strains can originate from
the same protein and result in different clinical symptoms, attributed
to distinct diseases®®. PrPS¢ can be transmitted between species??,
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particularly to humans, which was prominent in the 1990’s during the
bovine spongiform encephalopathy (BSE) epidemy in the UK, Prion
diseases are rare, and affect approximately one person per million*?,
However, prion-like mechanisms of protein misfolding and
aggregation have also been attributed to other neurodegenerative
disorders!3. This includes self-aggregation of the a-synuclein protein
in Parkinson’s disease!*, the amyloid-B (AP) and tau proteins in
Alzheimer’s disease®®, and the islet amyloid polypeptide in type 2
diabetes?®.

The prion protein binds different divalent transition metal ions,
including Cu(ll) and Zn(ll). Such behavior suggests, that the
physiological function of PrP° is likely connected with metal ion
binding'"~°. This suggests a role for PrP¢ in metal ion homeostasis,
and metal ion imbalance has been suggested to be part of the
pathology of prion diseases'®2'. However, exactly how metal binding
to PrP¢ might be connected with TSEs is still unknown.

So far, no drug or treatment procedures have been approved to cure
or reduce the symptoms of TSEs. Studies on bio-engineered cell-
penetrating peptide constructs have shown that such constructs can
reduce the amount of PrP aggregates in neuronal cell cultures,
inoculated with different prion strains?®%. The molecular
mechanisms underlying this effect are, however unknown.

Biophysics is a discipline in the field of physical science and
applies techniques commonly used in physics to investigate properties
of biological systems. In particular, biophysical techniques have been
useful for the characterization of intrinsically disordered proteins
(IDPs) and proteins with intrinsically disordered regions (IDRS),
including PrP?*. In this work, | have used several complementary
biophysical methods to characterize the binding of Zn(Il) and Cu(ll)
ions to PrPC, and to investigate how such binding affects the protein’s
folding and aggregation properties. | have also investigated if the bio-
engineered NCAM11-10-AB16-20 peptide construct can inhibit PrPS
formation in vitro. Answering these questions may give valuable
clues for understanding the prion diseases.



1.1. Structure of the human prion protein

The primary structure of human PrPC€, i.e. its sequence, is encoded
by the PRNP gene®2° located in the short arm of chromosome 20?7,
The PrPC sequence is encoded as a single exon, which eliminates the
possibility of PrPS¢ formation by alternative RNA splicing®®. The
initial PrP¢ precursor is a 253-residue long protein that undergoes
posttranslational modifications to yield the 208 amino acids long
mature PrP® form (Fig. 1, A). The posttranslational modifications in
details include: (i) formation of a disulfide bond between Cys179 —
Cys214?8, (ii) cleavage of the 22-residue long N-terminal signal
sequence responsible for directing PrP° to the endoplasmic reticulum
(ER)?>?°, (iii) removal of 23 C-terminal residues in the ER with (iv)

A Asn181 Asn197
128131 161164 GPI
23 60 91 144 154 173 194 200 228230
S-S
Octarepeat region Cys179 Cys214

{
B >

(&

Figure 1. (A) Schematic representation of the mature human PrP€ protein. The OR
region is shown in orange, B-strands are green, a-helices are blue, the hexagons
represent glycosylation sites, S-S is a disulfide bridge, and GPI represents the
glycosylphosphatidylinositol anchor. (B) Tertiary structure of human PrP€ with the
OR region shown in orange, B-strands in green, a-helices in blue. The figure was
made in the PyMOL software (Version 2.3.0, Schrodinger, LLC., New York, USA).



attachment of a glycosylphosphatidylinositol (GPI) anchor?®2°, and
finally (v) glycosylation of the two asparagine residues Asn181 and
Asn197, where PrP¢ can be glycosylated at both positions, one
position, or none3-®, Another post-translational modification is
endoproteolytic cleavage. PrP¢ can undergo a-cleavage around
His111, and p-cleavage around Tprg893334,

The PrP® molecule consists of two structurally distinct domains:
the flexible and unstructured N-terminal domain (residues 23-120)
and the structured C-terminal domain (residues 121-230). The N-
terminal domain contains four tandem octapeptide repeats (ORs),
which are important for metal binding to PrPC. Circular dichroism
studies suggest that the secondary structure of the N-terminal domain,
including the OR regions, is a mixture of random coil and polyproline
Il helix®>38 — a left-handed, extended helical conformation®. On the
other hand, nuclear magnetic resonance (NMR) studies suggest that
the secondary structure of the OR region is a mixture of B-turns and
structured loops*%4L,

In contrast to the flexible N-terminal domain, the secondary
structure of the C-terminal domain is more uniform, and the NMR
spectroscopy?® and X-ray crystallography*? studies show similar
features. The C-terminal domain consists of two short antiparallel -
strands and three a-helices (Fig. 1, B). The first B-strand comprises
residues 128-131, and the second B-strand comprises residues 161—
164. Residues 144-154 form the first a-helix, residues 173-194 form
the second a-helix, and residues 200-228 form the third a-helix.
NMR solution studies suggest that the C-terminal fragments of a-
helices 2 and 3 are in equilibrium with random coil structures.
Interestingly, these helical PrP® fragments seem to form tertiary
contacts with the flexible N-terminal domain, and such interaction can
have an overall stabilizing effect on the protein’s structure?®43,

1.2. Function of the human prion protein

PrP¢ is widely expressed in the human body, with the highest
expression levels in the central nervous system, including the
amygdala, prefrontal cortex, and hypothalamus*. In neurons, PrP¢ is
6



localized in the synaptic cleft>. The presence of PrP® in synapses
suggests that it is involved in synaptic transmission, or in maintenance
of synaptic structure, as progressive synaptic degeneration is an early
symptom of prion diseases*®.

In the first attempts to investigate the PrPC function, specific lines
of transgenic mice without the PRNP gene (knockouts) were
generated. Results on such PRNP knockouts showed that PrP¢
expression is required for development of TSE diseases, as the
knockouts were resistant to scrapie*®. Surprisingly, the first
generation of PRNP knockout mice showed development similar to
the control mice*’*®, although individuals with PRNP knockout
seemed to have a disturbed circadian rhythm. Under constant
darkness conditions, the daily activity of knockouts differed from the
control mice. Knockouts also showed signs of sleep fragmentation®®.
Newer mouse lines lacking the PRNP gene showed death of Purkinje
neurons, but this was probably a result of Doppel overexpression, a
protein encoded by the PRNP gene paralogue*+*,

Other proposed roles for PrP¢ include embryo development, myelin
maintenance, and cellular differentiation®*°%°!,  Bioinformatic
analysis suggests that PrP is evolutionarily related to the Zrt-, Irt-like
Protein (ZIP) family of zinc transporters, which makes PrP° a possible
player in metal ion homeostasis®. With the ability to bind divalent
metal ions®, the main PrPC functions connected with metal ion
homeostasis may include protection from metal-induced oxidative
stress, sequestering of metal ion concentrations, or signal
transduction®®*. Interestingly, some studies suggest that TSEs are
linked to metal ion dyshomeostasis?®?*.

1.2.1. Cu(ll) binding

Copper is the third most common transition metal ion in the human
brain®. In the human body copper mainly exists in ionic form, either
in the oxidized Cu(ll) state or in the reduced Cu(l) state®. The
concentration of copper ions in the synaptic cleft ranges from 1 uM
to 10 uM>’, and during synapse depolarization the local copper



concentrations can transiently reach up to 250 uM®. Free (non-
bound) Cu(ll) ions can catalyze a Haber — Weiss reaction:

'02_+H202_>02+'0H+0H_ (1)

As a result, highly reactive hydroxyl radicals are formed, which can
lead to the oxidative damage of nearby biomolecules®.

Human PrP® binds up to six Cu(ll) ions in vivo via two regions: the
OR region (involving His61, His69, His76 and His84) and the so-
called non-OR region (or amyloidogenic region, involving His96 and
His111). The ability to bind Cu(ll) ions has been attributed to PrP®
function®-®3, Located in the presynaptic membrane, PrP® during
synapse depolarization is directly exposed to changes in Cu(ll)
concentration®. When exposed to Cu(ll) concentration of 100 uM,
PrPC undergoes endocytosis, i.e. transport from the plasma membrane
into the cell®*%". Point mutations of histidine to glycine in the first
and second octarepeat or deletion of the N-terminal domain inhibits
endocytosis®® . This observation suggests that even if Cu(ll) can
bind to the other parts of the protein, binding to the OR region might
be necessary for the biological function of PrP®’. Cu(ll) ions
stimulate PrP® expression, which suggests direct involvement of PrP¢
in copper sequestration®®. Cu(ll) binding to PrP° is therefore an
important process that prevents the formation of harmful oxygen
radicals®®. Experiments in cell cultures suggest that PrP® has a
protective role as it prevents Cu(ll)-induced toxicity and PrPC¢
overexpression reduces oxidative damage’. Neuronal cells
expressing the PRNP gene are also more resistant to Cu(ll) toxicity
and oxidative stress than PRNP knockouts™. Moreover, addition of
the OR peptide to neuronal cells lacking the PRNP gene reduces
Cu(l1) toxicity™.

When investigating metal binding, there are some advantages in
studying protein fragments (oligopeptides) that contain the metal-
binding sites, rather than the full-length protein. The PrP® fragments
are less toxic to work with, easier and cheaper to produce, and easier
to study with some techniques. Circular dichroism spectroscopy and
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electron paramagnetic resonance (EPR) studies indicate that peptide
fragments are good models for PrP¢ metal ion binding. To some
extent, Cu(ll) coordination in full length PrPC is a sum of the Cu(ll)
coordination to the OR and amyloidogenic regions’>"3.

The OR region can bind up to four Cu(ll) ions®-62747 where the
binding modes depend on the Cu(ll) concentration’®. For up to 1:1
equivalents of Cu(ll) ions, the OR region coordinates a single copper
ion via the Ne2 atoms from the four histidine residues His61, His69,
His77, and His85’® (Figs. 1 and 2, A). Density functional theory
calculations have shown that Cu(ll) coordination by Ne&2 atoms is
favored over N&1 atoms’’. In this binding mode, the OR region seems
to have the highest affinity for Cu(ll) ions, with reported dissociation
constant (Kgq) values ranging from 0.1 nM to 3 nM8.7°,

At copper concentration between 1 and 2 equivalents, the OR
region binds two Cu(ll) ions. The structure of this binding mode
seems to be elusive, as different research groups have proposed
different models. However, in all models a single Cu(ll) cation is
coordinated by two histidine residues. In some models the Cu(ll) ion
is coordinated by two N&1 atoms from the histidine residues and two
deprotonated amide nitrogen atoms from the preceding glycine
residues®®® (Fig. 2, B). Other models suggest that the Cu(ll) ion is
coordinated by one N61 atom from one histidine residue, one Ne2
atom from the second histidine residue, two deprotonated amide
nitrogen atoms, and one carbonyl oxygen, where one histidine residue
is in axial position”"®78 (Fig. 2, B”). In principle both models could
be correct, as the Cu(ll) ions may switch between different binding
configurations. In this binding mode the OR region seems to have a
lower affinity for Cu(ll) ions than in the binding mode with four
histidine residues, as reported Kq values here are ~200 nM’8,

Above 2 equivalents of copper, up to four copper ions can be
coordinated, each by one histidine N1 atom, two deprotonated amide
nitrogen atoms and one carbonyl oxygen from a preceding glycine
residues’®7882 (Fig. 2, C). Even though this binding mode seems to
have the weakest affinity for Cu(ll) ions with reported Kq values in
the 1-10 pM range’®, it stabilizes the Cu(ll) oxidation state’®. This
stabilization prevents copper from cycling between Cu(ll) and Cu(l)
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oxidative states and therefore prevents generation of harmful reactive
oxygen species’®.

A His69
| /> His77
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His85

\
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Figure 2. Copper(ll) binding modes to the OR region of PrP®. (A) Low Cu(ll)
occupancy binding mode’®™, Intermediate Cu(ll) occupancy with (B) two
equatorial His residues®®! and (B’) one equatorial and one axial His residue’8. X
corresponds to two deprotonated amide groups, two water molecules or two
deprotonated amide groups and one carbonyl group. (C) High Cu(ll)
occupancy’®788.8_ The figure was made in ACD/ChemSketch (Version 2021.1.1,
Advanced Chemistry Development, Inc., Toronto, Canada).

10



The secondary structure of the OR region is a mixture of random
coil and PPII helix®~%", Binding of Cu(Il) cations by the His residues
should induce structural alterations within the sequence. Circular
dichroism spectroscopy data suggest that the Cu(Il)-bound OR region
forms turns or unstructured loops wrapped around the metal ions’.
Molecular dynamics (MD) simulations of a single Cu(ll) ion bound
to four Ne2 atoms from the OR domain showed a stable peptide
conformation with multiple loops formed by the peptide backbone’’.
For higher metal ion:OR ratios, i.e. 4:1, the MD results suggest
stacking of individual Cu(ll)-bound octapeptide repeats and
formation of extended structures®,

A 3 T ® )
@] - @]
; N = N-term \N V.
R \ 0 | 0
/N_CI:U‘N / O/CI:U'_N /
N-term N C-term N C-term

(/ (/

NH / NH /

Figure 3. Cu(ll) binding modes in the PrP¢ amyloid region. (A) Cu(ll) ions can be
coordinated by Gly94 (R1), Thr95 (R2), His96 and Met109 (R1), Lys110 (R2),
His1118485 (B) A second plausible Cu(ll) binding mode involves Thr95(R1), His96
and Lys(110), His11188, The O ligand represents an oxygen atom from a water
molecule or carbonyl group. The figure was made in ACD/ChemSketch.

Copper binding sites are located also in the so-called non-OR
domain, also known as the amyloidogenic region (residues 90-126).
This region contains two histidine residues, i.e. His96 and His111.
Each side chain of these histidine residues can independently bind a
single Cu(ll) ion®87 In the formed complex, the Cu(ll) ion is
coordinated by the N&1 atom of the His residue together with three
deprotonated amide nitrogen atoms (Fig. 3, A), or together with two
deprotonated amide nitrogen atoms and one oxygen atom from a
water molecule or a carbonyl group (Fig. 3, B). Out of the two
histidine residues present in the amyloidogenic region, Hislll
appears to be preferred over His96%. The amyloid domain binds
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Cu(ll) ions with similar affinities to the intermediate Cu(ll)
occupancy of the OR-domain, and the reported Kq values are in the
100-250 nM range’®.

Cu(Il) binding to the amyloidogenic region induces conformational
changes. The isolated amyloidogenic region in solution adopts a
random coil structure®’. Cu(ll) binding to His96 and His111 induces
B-sheet formation®:7"87 where the structural transition from random
coil to B-sheet is directly attributed to Cu(ll) coordination around His
residues®’,

A related question is if Cu(ll) binding alters the fold of the full-
length PrPC protein? Evans et al.8 performed NMR experiments on
full-length mouse PrP¢ complexed with Cu(ll) ions. In order to
exclude possible binding to the amyloidogenic domain, the His95 and
His110 residues (which correspond to His96 and His111 in human
sequence) were mutated to tyrosine. Therefore, the added Cu(ll) ions
could bind only to the OR region. After addition of one Cu(ll)
equivalent, a decrease in resonance intensity for amino acids located
in the C-terminal domain was observed. The authors concluded that
Cu(Il) binding to the OR domain results in interactions between the
Cu(I)-bound N-terminal domain and the C-terminal domain. These
intramolecular interactions affected the C-terminal part of the B1-al
loop, the N-terminal part of a-helix 2, and the N-terminal part of a-
helix 3. These observations were confirmed by MD simulations and
EPR distance measurements using spin labels incorporated to specific
residues®. It was concluded that the interaction between the Cu(l1)-
bound N-terminal domain and the C-terminal domain is driven by
electrostatic attraction between the Cu(ll) ion and the electronegative
surface of the C-terminal domain®®. The same researchers also
performed mass spectrometry (MS) on cross-linked apo and Cu(ll)-
bound PrPC¢, and observed the same cross-linked peptide pairs, but
with different intensities. It was therefore concluded that apo-PrP®
and Cu(ll)-bound PrP® exist in a conformational equilibrium, and that
Cu(l1) ions act as a switch shifting this equilibrum®.

Thakur et al.* observed similar intradomain interactions for the
Cu(1)-PrP® complex. NMR experiments on N-terminally truncated
mouse PrP(90-231) protein with Cu(ll) ions also suggest interactions
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between the B1-al loop and the Cu(ll) binding site, however in this
case metal binding was attributed to the amyloidogenic region. For
full-length mouse PrPC¢, addition of Cu(ll) ions resulted in the
disappearance of NMR peaks assigned to o-helix 2. The authors
interpreted this as a result of interactions between the Cu(ll)-bound
OR region and a-helix 2°.

It is still an open question if the Cu(ll)-driven intradomain
interaction is good or bad for the physiological role of PrP®. Thakur
et al. suggested that interaction between Cu(ll)-bound His96 or
His111 and a-helix 1 can be responsible for the inhibition of amyloid
formation®®. On the other hand, results provided by Younan et al.5!
indicate that Cu(ll) binding can destabilize the PrP® fold and as a
result promote aggregation.

1.2.2. Zn(Il) binding

Zinc, after iron, is the second most common transition metal in the
human body®. This divalent metal ion is redox neutral and plays a
crucial role as a catalytic, structural, and/or signaling component®,
Among all the organs, the highest Zn(Il) concentrations are present in
the brain®. Under neuronal depolarization Zn(11) is released from the
presynaptic into the synaptic cleft, where it can reach transient
concentrations in the 100 pM — 300 uM range®*®°.

PrPC is evolutionarily related to the ZIP family of zinc transporters,
therefore its function should be connected with Zn(ll) ions®2. Indeed,
PrP¢ facilitates uptake of Zn(1l) ions into neurons, where the Zn(I1)
uptake is lost in mutated PrP® forms associated with TSE®. Region-
specific Zn(ll) content in the brain also depends on the PrP¢
expression level®’. Moreover, treatment of neuronal cell lines with
100 uM of ZnSO4 stimulates endocytosis of PrPC in a similar way as
for CuSO4.

The OR region seems to play a crucial role in PrP¢ endocytosis, and
when deleted or when histidine residues were substituted to glycine
residues, the endocytosis was abolished®®®’. The first studies on
Zn(I1) binding to the isolated OR region yielded Kgq values ~ 0.4 pM>2,
Later studies with EPR and MS performed by Walter et al.®® suggest
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a weaker binding. Walter et al.®® measured PrP¢-zZn(11) affinity using
Cu(ll) as a competitor, and obtained a binding curve with a Kq of 200
uM. The same group in a set of NMR experiments used Cd(II) as a
Zn(11) surrogate, and obtained Kg of ~ 1 mM®. However, direct
titrations of PrP¢ with Zn(l1) using Isothermal Titration Calorimetry
(ICT) suggest much stronger Zn(ll) binding, with a Kg ~16 uM®.
Therefore, the use of metal ions mimicking the behavior of Zn(ll), or
competition studies between two metal ions, can possibly
underestimate the PrPC-Zn(11) affinity.

His69

ﬁ) His77

His61 N

His85
Figure 4. PrP€ binds a single Zn(ll) ion by the four His residues from the OR

region®. The figure was made in ACD/ChemSketch.

Full-length PrP¢ binds a single Zn(ll) ion by three to four His
residues from the OR region (Fig. 4)°%1%!, Spevacek et al.® titrated
full-length mouse PrP¢ with Zn(ll) ions using NMR spectroscopy,
and observed disappearance or shifts of amide backbone cross peaks
assigned to the C-terminal domain. The loss of signal involved
residues located in the B1-al loop, the N-terminal part of a-helix 2,
and the N-terminal part of a-helix 3, and was attributed to changes in
the chemical environment. The authors hypothesized that the Zn(ll)-
bound OR region can interact with the C-terminal domain. In order to
verify this hypothesis, they performed additional NMR titrations on
mouse PrP¢(91-230), i.e. a truncated protein lacking the OR region.
Most of the residues of the truncated PrP¢(91-230) were unaffected
by the addition of Zn(ll) ions. Therefore the authors concluded that
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the Zn(Il)-bound OR region forms a tertiary contact with a-helices 2
and 3 located in the C-terminal domain of PrP¢1%,

From a physiological point of view, the biological function of PrP¢
may be related to Zn(ll) sensing®. PrP¢ promotes Zn(ll) uptake via
the  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
channels, and might therefore have an important role in neuronal zinc
homeostasis®®.

1.3. Molecular basis of TSE

1.3.1. Misfolding of the prion protein

PrP¢ can undergo a misfolding into a pathogenic form known as
PrPS¢ 2. Unlike PrP®, PrPS contains high amounts of B-sheet
secondary structure, is highly insoluble and resistant to proteinase K
digestion'%21%  Accumulation of PrPS¢ form in the CNS results in
neuropathological changes in the brain and development of fatal
neurodegenerative diseases called Transmissible Spongiform
Encephalopathies (TSEs)?. It is now widely accepted that PrP%° is a
form of amyloid state!®1% and consists of fibrils with a high degree
of organization and a cross-p structure!®’.

According to the protein-only hypothesis, the only substrate
required for PrPS¢ formation is PrP¢ itself'%, Expression of PrP¢ is
necessary for PrPS¢ formation, as transgenic mice lacking the PRNP
gene are resistant to TSEs*®1%, Moreover, PrP*¢ is composed of PrP€,
and both conformers have the same posttranslational modifications®*°.
PrPS¢ formation appears to occur at the cell surface in cholesterol-rich
membranes!!. Interestingly, mice models expressing PrP¢ without
the GPI anchor, formed PrPS¢ after inoculation with TSE, however
with minimal clinical symptoms*2,

Neurotoxic PrPS* molecules can be reproduced in vitro from
recombinant proteins expressed in E. coli and still maintain
characteristic features of a prion strain!*%, A prion strain is an
important concept connected with prion diseases. PrP¢ can form
distinct PrP¢ states, each with different biochemical and biophysical
properties. These distinct PrPS¢ forms are connected with different
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clinical outcomes and called strains. The same prion strain can be
transmitted in one species with the same prion-disease
phenotype'®1%.116  Distinct prion strains can possess different
secondary structures, even though they originate from the same form
of PrPC11"118 Some prion strains can be transmitted between different
species with the same clinical symptoms. Nevertheless, interspecies
inoculation is less efficient than intraspecies or even sometimes
impossible. This phenomenon is called transmission barrier and
originates from the difference in PrP¢ sequence between the host and
the donor!?®,

1.3.2. Prion misfolding, propagation, and neurotoxicity

Studies on mice models suggest that prion diseases develop in two
distinct phases. The first phase is responsible for propagation, and the
second phase is responsible for neurotoxicity?’. The propagation
phase is characterized by exponential growth and saturation of prion
infectivity in mouse bioassays (Fig. 5, solid lines). This phase
probably involves formation of small proteinase K-resistant and
proteinase K-sensitive oligomers'?!, as the total PrP concentration
remains constant and no PrP> molecules are observed!?,
Interestingly, the PrP© expression level is not a rate-limiting step of
exponential growth. All mice lines expressing a different PrP®
concentrations reach the same level of infectivity, as this level seems
to be independent of the PrP¢ concentration!?,

When the propagation phase saturates, the neurotoxicity phase
starts (Fig. 5, dashed lines). Despite the constant level of prion
infectivity in mouse bioassays, the clinical symptoms of prion disease
begin to manifest themselves over time. The more PrP¢ the mice
models express, the faster the TSE onset is'?°, In this phase the levels
of PrPS¢and proteinase K-sensitive PrP oligomers increase over time,
with rates of production proportional to the PrP¢ expression.
However, the oligomers produced in the toxicity phase are probably
the main disease-associated forms, and they differ from the oligomers
formed in the propagation phase!®®'22, as highly purified prion fibrils
are not directly neurotoxic'?. Moreover, the neurotoxic oligomers
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must reach the same threshold concentration, independent of the PrP®
expression level, for the manifestation of clinical symptoms!122_ |t
is therefore possible that prion diseases are mediated by a soluble,
oligomeric species, similar to the case of the AB peptide oligomers

responsible for Alzheimer’s disease!6124125,
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Figure 5. Propagation and neurotoxicity of TSE in mice models: expressing PrP¢
eight times more than wild type (black), with normal PrPC expression (red) and with
50% of PrP¢ expression (blue). In the propagation phase (solid lines) all mice lines
reach the same infectivity. The neurotoxicity phase (dashed lines) starts when the
propagation phase reaches a plateau. Clinical symptoms of TSE appear when the
toxicity phase reaches the toxic threshold. Adopted from Collinge®. The figure
was made in OriginPro, Version 2019b, OriginLab Corporation, Northampton,
USA.

1.3.3. Structure of prion protein fibrils

Even though the prion fibrils may not be directly neurotoxic, the
structural models of PrPS¢ molecules are important for TSE research.
Understanding the atomic structures of PrPS¢ gives invaluable clues
about the conversion from soluble PrP® into insoluble fibrils?°,
Determined structures give clues about the protein refolding
processes required for fibril formation and elongation!?’. Recent
progress in cryo-electron microscopy (cryo-EM) has allowed to
determine the structures of many amyloid fibrils, including those of
APB(1-42), involved in Alzheimer’s disease, and those of a-synuclein,

involved in Parkinson’s diseasel28130,
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Glynn et al.*®! used cryo-EM to determine the three-dimensional
(3D) structure of fibrils of recombinant human PrP(94-178) (Fig. 6,
A). Those fibrils contained a fragment of PrP*¢ core, and have similar
biophysical properties to brain-derived PrP¢ molecules!32133,

A rPrP(94-178) sample incubated with 4 M urea formed long
fibrils, shorter rods, and amorphous aggregates. Incubation with
proteinase-K reduced the number of visible amorphous aggregates,
and shifted the equilibrium towards fibrillar structures that were
further analyzed. For rPrP(94-178), 40 out of 85 residues were
modeled with cryo-EM data to yield a structural model. The fibril core
consisted of two symmetric building blocks protofilaments - each of
which comprised four B-strands: B1 (Lys106-Met109), B2 (Alall5-
Leul25), B3 (Alal33-Ser135) and B4 (Ile138-His140). The two
protofilaments formed a large interface between each other,
stabilizing the fibrillar structure. Strands in each protofilament formed
a parallel, in-register structure with a spacing of 4.8 A, which is
characteristic for amyloids.

A

B6
Figure 6. Cryo-EM structure of (A) human PrP(94-178) fibrils (PDB 6UUR) and
(B) full length recombinant human PrP fibrils (PDB 6LNI). The N-terminus is
shown in blue, and the C-terminus is shown in red.

18



Wang et al.'** determined the atomic structure of full-length
recombinant human PrP fibrils using cryo-EM (Fig. 6, B). The fibril
structure consisted of two intertwined protofilaments that formed a
dimer. Each protofilament also formed a parallel, in-register structure
with 4.8 A spacing, characteristic for amyloids. In the final model,
each protofilament comprised residues 170-229 and contained six -
strands: Bl (GIn172-Aspl78), B2 (Vall80-GIn186), p3 (Thrl88-
Thr192), B4 (Asn197-Thr199), B5 (GIn212-Thr216) and p6 (Ser222-
GIn227). The results suggest immense rearrangements in the C-
terminal domain of PrP¢, as during refolding of PrP° to a PrP fibril,
a-helix 2 is converted to B-strands 1, 2, and 3, a-helix 3 is converted
to B-strands 5 and 6, and the 02-a3 loop is converted to B-strand 4.

1.3.4. Metal ions and prion protein misfolding

Binding of metal ions to the OR region of PrP® seems to have an
important role on PrP® misfolding. PrP% molecules isolated from
human brains are bound to Cu(ll) and Zn(I1) ions!!’, and inoculation
of cell cultures with PrP*¢ reduces the Cu(ll) uptake!®. Expansion in
the number of octarepeats from four up to sixteen results in the human
TSE called familial Creutzfeldt-Jakob Disease®®. Interestingly,
peptides with eight or nine ORs show ten times higher affinity to
Cu(ll) ions™®. On the other hand, supplementation of cell cultures
with Cu(ll) protects them from PrPS¢ accumulation after inoculation
with prions!®,

Biophysical studies of de novo full-length PrPC fibrillization
suggest that Cu(ll) and Zn(ll) ions can sequester amyloid fibril
formation in vitro®%4% Thakur et al.®* observed aggregation of
Cu(11)-bound full length mouse PrPC at pH 7.4. Aggregation occurred
at 15 °C and was reversible at the physiological temperature of 37 °C.
Interestingly, the N-terminally truncated mouse PrP€(90-231) protein
did not show any aggregation after addition of Cu(ll) ions. The
authors concluded that the Cu(ll)-bound OR region is responsible for
temperature-reversible PrPC aggregation. This lead to the suggestion
that Cu(ll) may not be responsible for PrP¢ aggregation at
physiological temperatures. The authors also observed interactions
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between the Cu(ll1)-bound N-terminal domain and a-helices 1 and 2.
This lead to the proposition that Cu(ll)-driven interactions between
the N-terminal and C-terminal domains may restrict interaction
between PrP® monomers and inhibit amyloid formation®:.

There is also the other side of the coin. Sigurdsson et al.!!
conducted studies on a mouse line supplemented with D-
penicillamine, a copper chelator used to treat heavy metal poisoning.
After inoculation with a prion strain, the mice received an injection
with D-penicillamine, which delayed the prion disease onset by 11
days!*l. Thus, the metal ion context in TSE is a rather complex
problem.

1.3.5. Interaction of cell penetrating peptides with prion
protein and implications for amyloid formation

Cell-penetrating peptides (CPPs) are a group of peptides, generally
shorter than forty residues, which can easily enter cells e.g. via
endocytosis. CPPs have a low toxicity, can enter a variety of cell
types, and conjugated with a cargo can deliver various molecules
across the cell membrane, like nucleic acids, nanoparticles or drugs.
The characteristic feature of CPPs, is that most of them have
positively charged amino acids, and a-helical secondary structure'4>
144 " Interestingly, the PrP N-terminal secretion signal fragment,
constituting residues 1-22, is also a CPP45-147,

As the PrP(19-30) peptide can bind to PrPS¢ fibrils}*®, and the
residues 23-30 of PrPC are responsible for the conformational stability
of the C-terminal domain'®®, L&fgren et al???® investigated
potentially beneficial properties of the PrP(1-28) peptides. Studies on
GT1-1 neuronal cell lines, inoculated with RML, or 22L prion strains,
showed an elevated levels of proteinase K-resistant form of PrP
(PrPR®s). Treatment the inoculated cell lines with mouse PrP(1-28)
(mPrP) peptide reduced the amount of PrPRe in cultured cells, where
a scrambled version of this peptide had no effect on the PrPR® [evels.
Similar inhibitory effects were also observed for the bovine PrP(1-30)
peptide. Shortening the N-terminus of mouse PrP of peptides to
mPrP(6-29), mPrP(12-28), mPrP(19-30), and mPrP(23-28) abolished
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the anti-prion effect, and the authors suggested that the peptide
requires an additional signal peptide motif for a sufficient anti-prion
effect?®?®, Other CPPs, including penetratin, transportan-10,
transactivator of transcription (TAT) protein fragment, TAT(48-60),
and their conjugates with mPrP(23-28) had no influence on the PrPRe
levels in the GT1-1 cells infected with RML and 22L prion strains.
Nevertheless conjugation of other CPP, the secretion signal peptide
from neural cell adhesion molecule-1 (NCAM1), harboring residues
1-19 with mPrP(23-28) restored the anti-prion properties, even with
higher efficiency than mPrP(1-28) peptide?2. The increased anti-prion
efficiency of NCAML1 construct is probably due to the natural
interaction between NCAM1 and PrP¢ at the neuronal cell
surface!®0151,

NCAM1(1-19) conjugates are promising CPPs, and can potentially
inhibit amyloid-related diseases'®?. NCAM1(1-19)-mPrP(23-28) and
NCAM1(1-19)-K-AB(16-20) are amyloidogenic themselves, as they
can form amyloid structures'>3*>*. However they can inhibit fibril
formation by AB(1-40) and AP(1-42), a different amyloid peptides,
shifting the equilibrium from amyloids towards nontoxic amorphous
aggregates’®>1%° On the other hand the same peptide conjugates
promote in vitro aggregation of S100A9, a protein involved in
amyloid-related and inflammatory processes!>4156:157,

1.4. Overview of TSEs

1.4.1. Human TSEs

Human TSEs can be grouped into three main categories: genetic,
sporadic, and acquired!®. Genetic TSEs are caused by mutations in
the PRNP gene and include familial Creutzfeldt-Jakob Disease
(fCJD), Fatal Familial Insomnia (FFI), and Gerstmann-Straussler-
Scheinker syndrome (GSS). Diagnosis with a mutation within the
PRNP gene is an inevitable sentence of being a TSE victim, as most
of the individuals will develop disease!®. However, some genetic
variants seem to protect against TSEs, such as the Glyl27Val
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substitution. Mice expressing this variant were resistant to all out of
18 isolated human prion strains®®,

The most common mutation resulting in GSS is the Pro102Leu
point mutation'®®, which is autosomal and dominant'®®. Patients
clinically diagnosed with GSS manifest early cognitive impairment
and ataxia, i.e. difficulties with balance, speaking, and walking*®°.
The average onset for GSS is around 45 years, with an average 44
month duration®®. FFI is caused by the Asp178Asn mutation'®?. This
dominant mutation is connected with the presence of methionine
residue at position 129. The average onset of this disease is 49 years,
with an average duration of ~18 months”63164 Clinical symptoms of
FFI include insomnia, dysautonomia, i.e. dysfunction of the
autonomic nervous system (ANS), and ataxia'®®>'%, The Asp178Asn
mutation, also present in GSS, but conjugated with valine residue at
position 129, induces fCJD. Other point mutations responsible for
fCJD include Glu200Lys and Val210lle as well as expansion or
partial deletion of the OR region. Expansion of the OR region
includes insertion of additional octapeptide repeats, from the natural
four tandem octapeptide repeats up to sixteen repeats’*3. The clinical
features of fCJD are similar to GSS and include cognitive impairment,
dementia, and behavioral changes®®. Together, the genetic TSE forms
account for up to 15% of all human prion disease cases'®’.

Sporadic TSEs include sporadic CJD (sCJD) and sporadic Fatal
Insomnia (sFl). sCJD, which accounts for ~85% of all human TSE
cases, has an unknown etiology'®. Even though sCJD is the most
common human TSE, it is a relatively rare disease that affects
approximately one person in a million per annum*®1°, The clinical
symptoms of sCJD include progressive dementia, ataxia, and vision
problems®?. Most of the patients diagnosed with sCJD die within the
first year after onset*’1"%, sFI has no established genetic background,
but in all cases the patients were homozygotes with the 129 MetMet
genotype. Clinical symptoms for sFI share similarities with FFI and
include insomnia, ataxia, and cognitive impairment'’2. The average
onset for sFI is 43 years, with a mean duration of 30 months'3,

Acquired TSEs are caused by transmission of a tissue material
contaminated with TSE to a healthy individual. These include
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iatrogenic CJD (iCJD), variant CJD (vCJD), and kuru'®’. Kuru was
the first human TSE to be discovered, by Daniel Gajdusek, who
showed that kuru can be transmitted to other species®’®. This finding
gave him a Nobel Prize in Physiology or Medicine in 1976". Kuru
was found in the Fore linguistic group of Papua New Guinea Eastern
Highlands. The cause of kuru were cannibalistic rituals, involving
consumption of deceased relatives’®. With a prohibition of
cannibalistic rituals introduced in the 1950’s by the Australian
government, the number of kuru cases began to decline over time!’®.
Kuru has three clinical stages: ambulant, sedentary, and terminal. In
the early ambulant phase, the patient has problems with gait, which in
a month advances to astasia (inability to stand without assistance) and
ataxia. The sedentary phase begins when the patient is unable to walk
without assistance. The terminal phase begins when the patient is
unable to sit without support and becomes bedridden. At this stage
patients show signs of dementia and are unable to speak. The mean
duration of kuru is 12 months”74,

vCJID was linked to consumption of beef contaminated with
Bowine Spongiform Encephalopathy, an animal TSE disease!”’.
Patients infected with vCJD show psychiatric or behavioral symptoms
like apathy, depression, insomnia, and/or aggression. Neurological
symptoms appear 6 months after the psychiatric symptoms and
include ataxia, cognitive impairment, and involuntary movements.
The average duration of vCJD is 14 months’ 76,

iCJD is the result of medical procedures’®, mainly treatment with
cadaveric human growth hormone!’®, dura mater grafts'®, cornea
transplants'®, or improperly sterilized medical instruments'®. With
the introduction of recombinantly produced human growth hormone,
expressed in E. Coli‘®3, treatment of dura mater before transplantation
in 0.1 M sodium hydroxide, and new recommendations for medical
instrument sterilization, the number of iCJD cases is decreasing®’®.
Clinicopathological features of iCJD depend on the type of infection:
patients infected with cadaveric human growth hormone show
symptoms similar to kuru, while patients after dura mater graft or
infected by insufficiently sterilized medical instruments show
symptoms similar to sCID’.
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1.4.2. Animal TSEs

Scrapie, the oldest animal TSE known to man-kind, was identified
almost 300 years ago in Spain*®4, Scrapie affects sheep and goats, with
similar clinical symptoms including pruritus, ataxia and tremor®°,
Two factors are connected with the spread of scrapie: tissue
distribution of PrPS¢, and the sequence of the PRNP gene. The main
factor responsible for scrapie transmission is ingestion of PrPS¢ from
contaminated materials in the environment. In the early phase, PrPs¢
replicates in guts, resulting in environmental contamination via saliva
and feces. The disease can be transmitted also to the offspring through
milk, the placenta, or placental fluids'. Ovine PRNP shows natural
polymorphisms at codons 136, 154, and 171, where Val136 together
with the Argl54 and GInl71 genotypes show the highest
susceptibility to scrapie, and the Alal36, Argl54, and Argl71
genotypes show the highest resistance to scrapiel®. Interestingly,
scrapie can be detected in living sheep by a third-eyelid biopsy*®. Up
to date, there has not been any evidence that scrapie can be transmitted
to humans®.

Bovine Spongiform Encephalopathy (BSE), also known as “Mad
Cow Disease”, is a fatal neurodegenerative TSE in cattle. Clinical
symptoms of BSE are similar to CJD and include ataxia, tremor,
aggression, and apathy®. BSE was first identified in the UK in 1986¢’,
and affected nearly 200,000 cattle worldwide®. The most likely cause
of the BSE epidemic was usage of meat and bone meal (MBM).
MBM, most likely prepared from infected cattle, was served as a high
protein product to calfs!®, which amplified the number of BSE cases
from 446 in 1987 to over 37,000 in 1992118 As the usage of MBM
was prohibited in the UK in 1996, and in the EU in 2001, the number
of BSE cases declined to a few cases per year!!. BSE is a public health
risk factor, as it can be transmitted to humans resulting in vCJD.
Therefore, in order to prevent the entrance of contaminated meat
products into the human food chain, it is still important to test cattle
for BSEY'",
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Transmissible mink encephalopathy (TME) is a neurodegenerative
disease of mink. It was first discovered in the 1950°s in mink farms in
Wisconsin, USA, The most like cause of TME was mink food
preparation from bovine meat contaminated with BSE*®, On the other
hand, healthy minks can become infected by biting individuals with
TME or by Kuru-like cannibalism®. Clinical symptoms are similar to
BSE and include aggression, depression and anxiety. At the later
stages of the disease the animals suffer from tremors, ataxia, and
problems with gait®11%2,

Feline spongiform encephalopathy (FSE) is a TSE that affects
domesticated cats and captive big cats. FSE was discovered in
19902, and its origin was connected with consumption of meat
contaminated with BSE*®4, The majority of FSE cases among captive
big cats were diagnosed in UK zoos, or in individuals originating from
the UK, during the BSE epidemic. The clinical symptoms of FSE are
similar to those of BSE'®.

Exotic Ungulate Encephalopathy (EUE) is a TSE that was
diagnosed among members of the Bovidae family kept in UK zoos
during the BSE epidemic. All infected animals were fed with MBM
possibly contaminated with BSE. The last animal diagnosed with
EUE died in 1998,

Chronic wasting disease (CWD) is a neurodegenerative disease of
cervids, discovered in the 1960°s in Colorado, USA. This disease
mainly affected animals in North Americal!, but has been found
recently among reindeer and moose in Norway*%. One possible cause
of the CWD outbreak in Norway is “antler cannibalism”. All reindeer
infected with CWD showed signs of antler gnawing, and this
phenomenon was especially visible among young females'®’. The
antler velvet contains PrPS¢ molecules®®, and the origin of CWD in
Norway may therefore be connected with a sort of cannibalism,
similar to kuru'®. The clinical symptoms of CWD include weight
loss, fixed gaze, ataxia, head tremors, teeth grinding, and loss of fear
of humans®. CWD prion strains are potentially harmful to humans as
they can convert human PrP® molecules into PrPS¢ in vitro'®®. As the
CWD prions are present in muscles, human consumption of venison
is a potential risk factor®.
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Camel prion disease (CPD) is the most recently discovered animal
TSE?%, It was discovered in 2018 among the dromedary camels in the
southeastern region of Algeria. It is estimated that CPD occurs in 3%
of the dromedary camels brought to the slaughterhouse. Brains of
dromedaries diagnosed with CPD showed signs of spongiform
degeneration with the presence of PrPS¢ deposits. Even though CPD
has an unknown origin, two possible ways of transmission have been
proposed. After the ban of MBM usage in the UK, MBM was
exported to third world countries including Algeria. Thus, dromedary
camels could have been infected by consumption of BSE-infected
MBM. Another possibility is that camels grazing on garbage dumps
near oil fields across the desert could have consumed prion-
contaminated waste?’?.
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2. Aims of the thesis

Description of the molecular processes underlying PrPC folding and
misfolding is crucial for the understanding of the mechanisms
responsible for amyloid formation and TSEs development.
Therefore, the main research aim of my thesis was to characterize
the interactions between human prion protein, or its octarepeat
(OR) fragment, and metal ions (Cu(ll), Zn(I1)), or NCAM1(1-19)-
K-AB(16-20) peptide construct using complementary biophysical
techniques, with the respect to PrPC¢ folding and amyloid
formation. The research objectives were as follows:

1.

Determine the dissociation constant for the OR-Cu(ll) and OR-
Zn(11) complex.

Identify the structural consequences of Cu(ll) and Zn(ll)
binding to OR peptide.

Determine the dissociation constant for the PrP<-zn(ll)
complex.

Identify the structural changes induced by the Zn(I1) binding to
the PrPC,

Determine experimental conditions sufficient for PrP¢ to form
fibrils in vitro.

Verify the anti-prion effect of NCAM1(1-19)-K-Ap(16-20)
peptide in vitro.
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3. Physicochemical principles of experimental
methods

3.1. Ultraviolet-visible spectroscopy

Let us consider light traveling through a cuvette containing a buffer
in a spectrometer. For each wavelength we can measure lo as the light
intensity passing through a reference cell. If we now place the test
sample solution in a cuvette and illuminate light through it, the
measured intensity of light passing through the sample (i.e., 1) will be
smaller than lo, therefore light was absorbed by the sample. We can
define this absorbance, A, as:

A =log (170) (2

According to the empirical Beer-Lambert law:
A = ecl 3)
The absorbance depends on the molar absorption coefficient, €, the

molar concentration of the sample, c, and the pathlength of the
sample, I.

E,

Ey

Figure 7. Absorption of the light corresponds to the electron transition between the
initial state E; and final state E,.
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The sample absorbs light when an electron undergoes a transition
between two states. As the electron energy levels are quantized, the
sample absorbs only defined wavelengths of the light (Fig. 7):

EZ - E1 == hV (4)

where E: is the electron energy in state 2, E; is the electron energy in
state 1, h is the Planck constant, and v is the light frequency.

Chemical groups with characteristic frequencies of light absorption
are called chromophores. In peptides and proteins there are two main
chromophores responsible for light absorption. The first is the
carbonyl group present in the polypeptide main chain. One electron
from the lone pair of oxygen nonbonding electrons can be excited into
an antibonding orbital of the carbonyl group, resulting in a #* < n
transition. The n* « n transitions in peptides are forbidden by
symmetry, and they absorb light weakly. The second group
responsible for light absorption is the C=C double bond, where a ©
electron can be excited into a =* antibonding orbital, resulting in a ©*
« m transition. The C=C double bonds, present in the aromatic rings
of tryptophan and tyrosine residues, form a conjugated system, and
are responsible for light absorption around 280 nm2°2203_ Therefore,
ultraviolet-visible (UV-Vis) spectroscopy allows the determination of
polypeptide concentration, where molar absorption coefficient can be
calculated from the polypeptide sequence®,

UV-Vis spectroscopy can be also used to detect the presence of
amyloid structures by the Congo Red (CR, full chemical name:
disodium 4-amino-3-[4-[4-(1-amino-4-sulfonatonaphthalen-2-
yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate) assay.
CR is a diazo dye with 38 conjugated = electrons (Fig. 8), and it
absorbs light at 338 nm and at 486 nm. CR binds to B-sheets of
amyloid fibrils via hydrogen bonds. Stacking of CR molecules
perpendicular to the fibril axis causes a spectral shift of absorption
from 486 nm to 542 nm, which can be used to identify amyloid
structures in vitro?%-207,
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O Na O Na
Figure 8. Chemical structure of Congo Red. The figure was made in
ACD/ChemSketch.

3.2. Fluorescence spectroscopy

The processes associated with light absorption and emission can be
described by a Jabtonski diagram (Fig. 9). Electrons in the ground
singlet electronic state (So) have vibrational energy levels (0, 1,2, ...),
where at room temperature the ground vibrational energy level is
predominantly occupied. After light absorption, an electron can be
excited to a higher singlet electronic state, and to a higher vibrational
energy level. Excited electrons undergo internal conversion, that is,
relaxation to the lowest vibrational state of the first singlet state. From
the lowest vibrational energy level of S; electrons can return to Sp by
emitting the extra energy as a photon, in a process called fluorescence.
S1 electrons can also be converted to the first triplet state, T1, by a
process called intersystem crossing. T1 electrons can return to the So
state via relaxation connected with light emission in a process called
phosphorescence?®,

-

52
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2
So |
Figure 9. Schematic representation of a Jabtonski diagram. Adopted from Principles

of Fluorescence Spectroscopy by J. R. Lakowicz?®%,
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Proteins have three fluorescent amino acids: tryptophan, tyrosine,
and phenylalanine. Tryptophan residues, which are present in the
metal-binding OR region of the PrP° protein, can be used to study
structural changes in the protein or peptide molecules. According to
Burstein?®, tryptophan fluorescence spectra can be divided into five
classes, each with different emission maxima (Am) due to differences
in the local environment of tryptophan residues:

- class A (Am = 308 nm), where tryptophan residues are located
in a structured fragment of a protein and do not form complexes
with other residues or solvent molecules,

- class S (Am =316 nm), where tryptophan residues are buried and
in excited states can form hydrogen bonds with a single
molecule,

- class I (Am = 330-332 nm), where tryptophan residues are buried
and in excited states can form hydrogen bonds with two
different molecules,

- class Il (Am = 340-342 nm), where tryptophan residues are
exposed to bound water molecules,

- class I (Am = 350-353 nm), where tryptophan residues are fully
exposed to unbound water molecules.

Therefore, binding of metal ions to the flexible OR region by histidine
residues should induce structural changes, and thereby shift the
maximum of tryptophan fluorescence towards shorter wavelengths.
The tryptophan fluorescence can decrease due to either structural
rearrangements in the peptide backbone, complex formation, or
collisions with molecules in solution. A process resulting in a large
decrease in fluorescence intensity is called quenching. The first trivial
mechanism of fluorescence quenching is an inner filter effect, where
the solute added to the protein absorbs light at wavelengths,
corresponding to the excitation and/or fluorescence emission
spectrum?1®2 Two other non-trivial mechanisms of fluorescence
intensity decrease are dynamic and static quenching. Dynamic
guenching occurs when a quenching atom/molecule collides with a
fluorophore (fluorescent compound) in its excited state. The
fluorophore then returns to its ground state by transferring energy to
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the colliding unit without light emission. Static quenching can results
from: (i) structural changes around the fluorophore, (ii) complex
formation between a fluorophore in a ground-state and a quenching
atom/molecule, and (iii) complex formation in an excited-state, called
Forster resonance energy transfer (FRET). In FRET, energy is
transferred from the fluorophore to the acceptor, therefore the
fluorescence emission spectrum must overlap with the acceptor
absorption spectrum, and the magnitude of this process depends on
the distance between fluorophore and acceptor?®210211 |n prpC
saturated with Cu(ll) ions, each octapeptide repeat binds one Cu(ll)
ion, which is indirectly coordinated by the tryptophan residues via
axially bound water molecules®?. Cu(ll) complexes with nitrogen and
oxygen ligands absorb visible light with Amax ~ 540 nm?*2, which
overlaps with the tryptophan emission spectrum?®, Thus, the Cu(ll)
ions strongly quench the tryptophan fluorescence upon binding due to
both structural changes around the tryptophan residues and FRET.
Consequently, measurements of tryptophan fluorescence can be used
to monitor Cu(ll) binding to the OR domain. The Zn(Il) ions are
spectroscopically silent, therefore Zn(11) complexes does not absorb
the light for wavelengths corresponding to tryptophan fluorescence,
and the weak quenching effect of these complexes is caused only by
structural changes around the tryptophan residues.

Fluorescence spectroscopy can also be used to monitor amyloid
formation. Thioflavin T (ThT, 2-[4-(dimethylamino)phenyl]-3,6-
dimethyl-1,3-benzothiazol-3-ium chloride, Fig. 10) is a benzothiazole
dye that binds to the cross B-structure present in amyloids. Upon
binding to amyloid material, the ThT excitation maximum shifts from
385 nm to 450 nm, and the emission maximum shifts from 445 nm to
482 nm, together with a significant increase in the fluorescence
intensity. In solution, the ThT benzylamine and benzathiole rings can
rotate around the central C-C bond, and this motion quenches the
fluorescence signal. When bound to amyloid material, the aromatic
rings can no longer rotate, resulting in increased fluorescence
emission?13214,
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Figure 10. Chemical structure of Thioflavin T. The figure was made in
ACD/ChemSketch.

3.3. Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy measures the difference
between absorption of respectively left- and right-circularly polarized
light. Only chiral molecules, i.e. those with a structure that cannot be
superimposed on its mirror image, show different absorption of left
and right circularly polarized light. By convention, molecules able to
rotate polarized light counterclockwise are called levorotatory, and
denoted with a minus (-) sign, while molecules able to rotate polarized
light clockwise are called dextrorotatory, and denoted with a plus sign
(+). Typical examples of chiral molecules are (R)-(-)-lactic acid and
(S)-(+)-lactic acid (Fig. 11)°.

o o H

|llm

i

HO

H,C ~ OHHO  cqy,
Figure 11. Chemical structures of (R)-(-)-lactic acid (on the left side) and (S)-(+)-
lactic acid (on the right side). The figure was made in ACD/ChemSketch.

We can define the difference in absorbance as AA:
AA = AL - AR (5)
where Ar is the absorbance of left circularly polarized light, and Ar
is absorbance of right circularly polarized light?*®. When AA # 0, then

light passing through the sample becomes elliptically polarized and
can be detected in terms of ellipticity (0) in millidegrees®!’:
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32.98 AA

0= 1000 (6)

According to the Beer-Lambert law AA depends on the molar
concentration, c, the pathlength of the sample, |, and molar CD, Ae:

AA = Aecl @)

Molar CD, Ae, is the difference between the molar extinction
coefficients for left-, ., and right-, &g, circularly polarized light?2:

Ae = g, — &g (8)
Therefore, AA can be expressed in units independent of concentration

and pathlength. For proteins, AA is often expressed as As or mean
residue ellipticity [0]:

(0] = S5, ©)

where 0 is the signal measured in millidegrees, MRW is mean residue
weight of peptide or protein, | is the sample pathlength in centimeters,
and c; is the polypeptide concentration in milligrams per milliliter?8,

The amide group is the most abundant chiral chromophore in
peptides and proteins. It absorbs light in the far ultraviolet at ~220 nm
and at ~190 nm, which corresponds to n* « n and n* < = transitions
respectively. As distinct protein secondary structures display different
backbone conformations, which can be described by the polypeptide
main chain dihedral angles v ( between the N and C, bonds) and ¢ (
between the C, and C bonds), they absorb circularly polarized light to
a different extent. Each secondary structure absorbs circularly
polarized light uniquely, resulting in a CD spectrum with a
characteristic shape involving characteristic maxima and minima
(Fig. 12). The CD spectrum of an entire protein can therefore be
treated as a sum of the CD spectra of the elementary secondary
structures present in the protein, and CD spectroscopy can be used to
investigate a protein secondary structure?:220,
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Figure 12. Far UV CD spectra for distinct protein secondary structures: a-helix
(red), parallel B-sheet (blue), antiparallel B-sheet (green), polyproline-helix
(orange), and disordered chain (purple). Figure comes from Micsonai et al.??! under
the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).

3.4. Fourier-transformed infrared spectroscopy

Molecules are in constant motion, and vibrate in stretching,
bending, rocking, wagging, and twisting modes. The frequency range
for molecular vibrations is located in the infrared region (IR) of the
electromagnetic radiation spectrum. The molecular bonds can absorb
infrared light when the frequency of vibration and light is the same,
and when bonds change dipole moment during vibration. The
vibrational energy states are discrete, and can only have the permitted
levels. For a harmonic oscillator:

E=(v+3)h |~ v=0,1,2,.. (10)

2 Meff

where h is the Planck constant divided by 2m, k is the force constant
of the bond, and mes is the effective mass of atoms202203,

In Fourier-transformed infrared (FTIR) spectroscopy, the IR light
is focused on a beam splitter. Half of the light beam is transmitted to
a moving mirror, and the rest is reflected to a fixed mirror. Mirrors

reflect the beams back to the beam splitter, where half of each beam
35



travels to the detector. As two beams travel to the detector, they can
interfere constructively or destructively, depending on the position of
the moving mirror. The recorded spectrum as a function of the moving
mirror distance is a Fourier transform of the IR spectrum. Calculating
the inverse Fourier transform of this spectrum creates the standard IR
absorption spectrum??2:223,

In a protein or peptide backbone, the peptide bond absorbs nine
characteristic IR frequencies, called amide bands. Amide | extends
from 1600 cm™ to 1700 cm™, and it is a major band in the polypeptide
IR spectrum. Amide I corresponds to C=O0 stretching vibrations, and
it is sensitive to the secondary structure composition. Each type of
secondary structure corresponds to different C=0 stretching
frequencies. Therefore, the amide I band is a convolution of IR spectra
from different secondary structure motifs. Deconvolution of the
amide | band by second-derivative analysis can be used to determine
the secondary structure of a polypeptide®?*.

3.5. Atomic force microscopy

Atomic force microscopy (AFM) is an experimental imaging
technique used to record the topography of a sample deposited on a
flat surface e.g. on a mica surface, ideally with sub-nanometer
resolution. The previously described methods, i.e. UV-Vis,
fluorescence, CD, and IR spectroscopy, are bulk techniques. Thus,
when the sample is heterogeneous, as usually is the case with amyloid
aggregates, they give only the average information on the sample.
AFM is a single molecule technique, which allows individual
molecules to be characterized in a heterogeneous sample. In amyloid
research, AFM allows for visualization and characterization of the
morphology of species present in the fibrillization process, such as
monomers, dimers, oligomers, protofibrils, and mature fibrils. In case
of early multimeric species, AFM is generally used to determine
height and width, but for protofibrils it can also be used to analyze
flexibility, and for mature fibrils it can be used to determine
periodicity, packing of single protofilaments, and mechanical
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properties??>-22, Modern high speed AFM units can even be used to
study growth kinetics of the amyloid fibrils in a real time??°.

In AFM, a micrometer-sized cantilever scans the sample line by
line. A small, sharp tip with a radius ideally smaller than 50 nm is
placed at the end of a cantilever. When this tip interacts with the
sample, a deflection is created in the cantilever. This deflection can
be measured as a change in the reflection angle of a laser beam,
focused on the cantilever, and this angle change can be converted to
sample hight®?,

There are two main AFM operation modes: static and dynamic. In
static mode, the tip is in close contact with the sample, and the
cantilever bends due to repulsive interactions between the tip and the
sample. During the scan, the tip force is kept constant by adjusting the
distance between the tip and the sample. In dynamic mode, the tip
oscillates a few nanometers over the sample surface, and is attracted
to the sample by electrostatic and van der Waals forces. The dynamic
mode can be divided into a tapping and a non-contact mode. In
tapping mode, the oscillating tip is periodically in and out of contact
with the sample, while in non-contact mode, the oscillating tip is
attracted to the sample completely without physical contact?2>22%,

3.6. Transmission electron microscopy

Transmission electron microscopy (TEM) is a robust experimental
technique which is used in the entire field of science?**?%, In the
studies of amyloid deposits, TEM is frequently used to characterize
the structure of amyloid fibrils. TEM can be used as a complementary
method to AFM, and allows to resolve structural features of early
aggregates, protofibrils, and mature fibrils, including width, length, or
fibril twist?®,

In a traditional light microscope, the image resolution & is
proportional to the light wavelength, A:

5~ (11)
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and it is limited to ~200 nm. TEM overcomes this problem, by instead
of a light beam using a beam of electrons. According to the de Broglie
relation any particle traveling with a momentum, p, has a wavelength,
A

A= (12)

SR

where h is the Planck constant. Thus, electrons accelerated with an
electric potential difference, V, have a wavelength:

A= (13)

where me is the electron mass, and e is the electron charge. For a
potential difference of 40 kV, A = 6.1 pm, which eliminates the
problem of resolution?®2,

A conventional TEM microscope uses thermionic emission of
electrons, or field emission in an electron gun, and the electrons are
accelerated in a vacuum by a high voltage. The electron beam is
formed and focused on a sample by condenser electromagnets.
Electrons can pass through the sample, or interact with it by elastic or
inelastic scattering. The transmitted electron beam is focused by
electromagnetic lenses on a CCD camera, and a digital image of the
sample is generated?®. Amyloid fibrils are hardly visible in standard
TEM imaging, therefore the contrast has to be improved. Incoming
electrons are scattered by the Coulomb potential of a nucleus, and
therefore atoms with higher atomic numbers, like uranium or
tungsten, scatter more electrons than e.g. carbon atoms. In the
negative staining technique, a contrasting agent containing e.g.
uranium or tungsten is deposited as a coating around the investigated
structures in the sample, which a generates a good contrast to the
background and also protects the sample from radiation damage?32233,
With the recent advances in direct detection devices and sample cryo-
fixation, cryo-electron microscopy (cryo-EM) has become the main
imaging technique in structural biology, and it can be used to
determine atomic structures of fibrils without negative staining?’:*%8,
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3.7. Molecular dynamics simulations

To fully understand the function of a protein, knowledge of the 3D
structure and dynamics is required. The atomic structures of proteins
solved by X-ray crystallography give good, but static pictures of the
protein structures, whereas NMR and to some extent also cryo-EM
can provide information about both structures and the dynamic
processes taking place in proteins?*#2%, When the protein is
intrinsically disordered, or when it has intrinsically disordered
regions, it is usually impossible to propose a single structural model
due to the high mobility of the protein backbone?¢2%". Molecular
dynamics (MD) simulations are a powerful method used in biophysics
to predict how atoms constituting a protein will move as a function of
time?®*. MD simulations can be used to investigate the protein folding,
or conformational changes occurring in the protein during ligand
binding, interactions with a lipid membrane, change of protonation
state, and/or incorporations of specific mutations?®+23-240 For
example, understanding how a metal-bound PrPC protein or OR
peptide folds or misfolds, can give valuable insights in the molecular
mechanisms causing TSE diseases.

During MD simulations, Newton’s laws of motion are used to
predict the positions of atoms as a function of time. In the first step,
the initial model of a studied protein obtained from experimental
studies, like X-ray crystallography or NMR, is solvated with explicit
or implicit water molecules. Then the force vectors, Fi acting on the
i"" atom are calculated as the negative derivative of the potential
energy, V, with respect to it atom position vector, ri:

av
Fi = — 6_r'l (14)

The calculated force is used to update the position and velocity of the
i atom, the force vectors are calculated from Eq. 14, and the whole
process repeats. The potential energy is calculated using a molecular
mechanics force-field, derived from a combination of quantum

mechanical calculations and experimental studies?3®24:242 The force-
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field potential V(r, s) can be split into two main parts: a potential of
bonded interactions, Vbon(r, s), and a potential of nonbonded
interactions, Vnpon(r, S):

V(rs) = Vbon(r' s) + Vibon(TS) (15)

where s is the force field parameter. The potential of bonded
interactions, Vuon(r, s) is a sum of the covalent bond stretching
potential, Voond(r, S), the potential of improper dihedral angles,
Vangle(r, S), and the potential of torsion angles, Viorsion(r, S):

Vbon(r: S) = Vbond (T, S) + Vangle (1‘, S) + Vtorsion(r' S) (16)

The potential of nonbonded interactions, Vapon(r, s) is a sum of the

Lennard-Jones potential, VLy(r, s), and the Coulomb potential, Vc(r,
8)2427245:

Vabon (1, 8) = Vi (1, 5) + Ve(r,5) (7)

3.8. Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is a powerful technique,
where the sample is illuminated with a monochromatic X-ray beam,
usually from a high-brilliance laboratory source or a synchrotron, and
scattered X-ray photons are collected at scattering angles (26)
generally smaller than 5° (Fig. 13). In biological SAXS experiments,
the scattering patterns for a protein in a buffer solution and for the
pure buffer are collected separately, and the latter is subtracted from
the former as a background signal. SAXS analysis of proteins and
peptides allows to: (i) determine structural parameters, i.e. the radius
of gyration (Rg), maximum particle dimension (Dmax), (ii) reconstruct
low resolution ab initio 3D shape, (iii) model missing fragments in
protein crystal structures, (iv) determine oligomeric, and (V)
conformational states®4°,
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Figure 13. Schematic representation of a small angle X-ray scattering experiment.
Adopted from Svergun et al.?,

Let us consider a case of elastic scattering, where the wavelength
of the scattered and the incident wave is the same. In SAXS a plane,
monochromatic wave of X-ray radiation, Kk, incidents at a molecule.
Electrons within the molecule become sources of spherical waves, k’.
The scattering vector s is defined as (Fig. 13):

s=k —k (18)

For molecules in a diluted solution the scattering is isotropic, i.e. the
same in each direction:

|S| — 41 iin@ (19)

where A is wavelength of the incident X-ray beam, and 6 is half of the
scattering angle. For monodisperse, noninteracting molecules the
scattering intensity, I(s), is an integral:

1(s) = 4 [} p(r) = ar (20)

where Dmax iS the maximum particle dimension, and p(r) is the
intramolecular pair distance distribution function — a probability
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function of finding two scatterers at a distance r within a molecule.
Therefore, the scattering data can be used to determine Dmax Of a
molecule?#6:247,

For compact, noninteracting particles the initial slope of the
scattering curve can be approximated by a Guinier equation:

_s2R2

I(s) =1(0)e” 3 (21)

where Ryq is the radius of gyration. The Guinier approximation holds
only for s < 1/Rg. Nevertheless, it allows calculation of scattering
intensity at zero angle, 1(0), and Rq from linear regression?46:247,

Scattering data contains low resolution (~2 nm) information, and
can be used to determine the overall shape of a molecule ab initio. It
can also be used to compare experimental SAXS curves with
theoretical scattering profiles of atomic models (eg. From Protein
Data Bank). For intrinsically disordered proteins, and proteins with
intrinsically disordered regions, the sample is a polydisperse mixture
of different conformers?*5-248, For a polydisperse sample consisting of
a mixture of K different non-interacting molecules, the scattering
curve is a linear sum of scattering intensities from each type of
scatterer, ix:

1(s) = YK_, agir(s) (22)

where ax is the fraction of scatterer in solution. This equation can be
used also in the case of shape polydispersity, where the sample
contains particles with different shapes and sizes?46:247

3.9. Fiber X-ray diffraction

Amyloid fibrils form one-dimensional structures with a crystal-like
translational/rotational symmetry element parallel to the fibril axis?*°.
In fiber X-ray diffraction, X-ray photons incident on a fiber,
perpendicular to the fibril axis. The one-dimensional lattice of the
amyloid fibrils reflects X-rays. When the reflected X-rays travel a
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distance of an integer number of wavelengths, they interfere
constructively, resulting in a reflection on a detector. When the
reflected X-rays travel a distance other than an integer number of
wavelengths, they interfere destructively i.e. without reflection.
Reflections are then observed at glancing angles, 0, that satisfy
Bragg’s law:

nA = 2d sin(0) (23)

where A is the wavelength, d is the lattice spacing, and n is the order
of reflection®®,

X-ray diffraction of aligned amyloid fibrils results in a specific X-
ray diffraction pattern, called the cross-p pattern, which arises from
B-strands ordered perpendicular to the fibril axis. This pattern
contains two sets of characteristic reflexes: meridional and equatorial.
The meridional reflexes are present at ~ 4.7 A — 8 A, and they
correspond to the distances between the B-strands ordered parallel to
the fibril axis. The equatorial reflexes are present at ~10 A — 12 A,
and they correspond to distances between repeating elements in the
fibril structure, organized perpendicular to the fibril axis?>%-23,

Fiber X-ray diffraction patterns with both meridional and equatorial
diffraction rings can confirm the presence of amyloid fibrils with a
cross-B structure. Moreover, high quality diffraction patterns of
ordered amyloid fibrils can be used to propose an atomic-level
structural model*27:2502%1,
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4. Cu(ll) and Zn(I1) binding to the octarepeat
fragment of PrP¢

4.1. The octarepeat fragment of PrP¢ forms amyloid
structures in the presence of Zn(ll) ions (Paper I)

In order to investigate the structural changes induced by the Zn(lI)
binding to the PrP(58-93) peptide (Fig. 14, from here onwards: OR) |
started with CD spectroscopy. The CD spectrum of OR peptide is well
documented in the literature and shows a strong negative band at
200 nm, and a weak positive band at 225 nm3¢3861747 Thijs spectrum
is interpreted as a mixture of random coil and polyproline 11 (PPII)
helix secondary structure3®-38, The direct addition of Zn(1l) ions to the
OR peptide resulted in a loss of the CD signal, which was attributed
to peptide precipitation or aggregation.

60 70
HN-GQPHGGGWGQPHGGGWGQ
PHGGGWGQPHGGGWGQGG-cooH

80 20

Figure 14. Sequence of the PrP58% (OR) peptide. Possible metal-binding histidine
residues are shown in red.

The ThT and CR assays confirmed that OR peptide does not form
B-strand structures on its own over time. However, addition of Zn(Il)
ions resulted in a rapid increase of ThT fluorescence, and CR
absorbance. This result is typical for formation of amyloid p-strand
structures. The amide | band, monitored by ATR-FTIR spectroscopy,
showed a shift toward shorter wavelengths after addition of Zn(ll)
ions. Second-derivative analysis of FTIR spectra suggested a
reduction in the amount of PPIl helix and formation of B-sheet
secondary structure. AFM imaging of OR peptide incubated with
Zn(I1) ions for 24 h revealed the presence of single fibrils, as well as
spherical oligomers. The fibrils height ranged from 1.5 to 1.8 nm, and
they were directly connected to spherical oligomers, a possible
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centers for nucleation. Fibrils had lateral branches, which is indicative
for a secondary nucleation. The presence of fibrillar structures was
also confirmed by TEM images. X-ray diffraction on fibrillar
structures confirmed the presence of the cross-p structure,
characteristic for amyloid fibrils. The SAXS analysis of apo OR
peptide suggested a presence of two predominant conformers:
compact with multiple loops, and extended with properties of PPII
helix. Addition of Zn(ll) ions to the OR peptide resulted in sample
aggregation. In order to analyze the SAXS curves for aggregated,
polydisperse samples, the shape of apo OR peptide was approximated
as a spheroid, and the shape of fibrils was approximated as a cylinder.
Treating the sample as a mixture of two components suggested that
Zn(11) binding to OR peptide decreases the fraction of monomers and
increases the fraction of fibrils. Therefore metal ion binding is a
primary event responsible for fibril formation.

4.2. The octarepeat fragment of PrP¢ forms
B-hairpin structures upon metal ion binding
(Paper 1)

The previous studies on OR peptide suggested that it possesses a
random coil secondary structure together with PPII helix and/or B-
turns®6:38.404L7475 Tq jnvestigate the inner secondary structure of the
OR peptide, CD thermal unfolding experiments were performed. An
isodichroic point at 204 nm, present at 20 - 65 °C range, suggested a
PPII helix to random coil transition, and it was estimated that ~45%
of OR peptide adopts a PPII helix at 37 °C temperature.

Earlier CD studies on Cu(ll) binding to OR peptide in water
suggested formation of p-turns or structured loops™"™. | was able to
recreate those experiments, however in our interpretation Cu(ll)
binding to OR peptide results in the formation of an antiparallel -
sheet secondary structure. CD titrations of OR peptide with Cu(ll) in
a phosphate buffer, pH 7.5 also suggested formation of B-sheet
secondary structure. In our interpretation up to 1:1 OR peptide:Cu(ll)
molar ratio p-turns are being formed, where above 1:1 molar ratio
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relaxed antiparallel B-sheet structures are being formed. The changes
in the secondary structure saturated at 1:4 OR:Cu(ll) ratio, suggesting
binding of four Cu(ll) ions by one OR peptide, which is consistent
with previous studies. The changes in secondary structure were used
to determine the apparent dissociation constants for Cu(ll) binding.
For the first Cu(ll) ion Kq1 was ~0.5 uM, for the second Cu(ll) ion
Ka2 ~7 uM, where for third and fourth Cu(ll) ions Kgz was ~20 pM.
Zn(11) ions induced changes in OR peptide CD spectrum, similar to
those observed for Cu(ll) ions, and were interpreted as formation of
an antiparallel B-sheet secondary structure, however, possibly with a
different geometry. Partial saturation of CD signal at 1:2 OR:Zn(ll)
molar ratio was interpreted as binding of two Zn(ll) ions to a OR
peptide. The calculated apparent Kq values were slightly lower for
Zn(11), than for Cu(ll) ions.

Copper ions were able to quench the OR peptide intrinsic
tryptophan fluorescence at pH 7.5, with the apparent Kq of ~4.5 uM,
probably corresponding to the average Kq value of three different
Cu(Il) binding modes. Under acidic conditions, pH 5.5, the apparent
Kq was ~7.5 uM, and suggested weaker binding due to protonation of
histidine residues. Zn(l1) ions also quenched tryptophan fluorescence
at pH 7.5, however the low signal to noise ratio did not allow us to
calculate the Kq. On the other hand, Zn(11) ions were unable to quench
the tryptophan fluorescence at pH 5.5, which implies no Zn(ll)
binding to OR peptide at acidic conditions.

During molecular dynamics simulations of OR peptide with a
single metal ion, the OR peptide mainchain formed a B-hairpin
structure, located in the N-terminal, or C-terminal region for Cu(ll)
and Zn(I1) ion respectively. When simulated with two Cu(ll) and two
Zn(11) ions the OR polypeptide mainchain formed multiple B-hairpin
structures enclosed by histidine bound metal ion. Interestingly in
simulations with two metal ions OR peptide main chain frequently
formed B-structures, which is consistent with CD studies. The
residues GIn67-Gly70 and Gly74-Pro76 showed the highest
propensity towards formation of B-structures and were proposed as a
core of OR amyloid fibrils. On the other hand, simulation of two OR
molecules with a single Cu(ll) ion revealed a stable intermolecular
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conformation over time, which may be a first step towards
aggregation and fibril formation.

In summary, the secondary structure of OR peptide is a
combination of random coil and PPII helix. OR peptide binds up to
four Cu(ll) ions or two Zn(ll) ions. The first metal ion binds with
apparent Kq of ~500 nM, and next ions bind with low micromolar K.
Metal ion binding to OR peptide up to 1:1 molar ratio results in
formation of B-turn secondary structure, where above 1:1 molar ratio
results in formation of antiparallel B-sheet secondary structure,
beneficial for amyloid formation. A single metal cation can be
coordinated by histidine residues from two different OR molecules,
what might be a first step toward aggregation and fibril formation.

5. Zn(I1) binding to the human prion protein

5.1. Zn(Il) binding causes interdomain changes in
the structure and flexibility of the human prion
protein (Paper I1I)

In Paper 11l we studied interaction between full length human
prion protein and Zn(l1) ions. CD titrations revealed an isodichroic
point at 242 nm, interpreted as a distortion of a-helices 2 and 3 with
simultaneous formation of B-like motifs around the Zn(lI)-bound
octarepeat region. The distortion of a-helices suggested interdomain
interactions between Zn(ll1)-bound octarepeat region and the C-
terminal domain. The structural transition was used to determine the
apparent dissociation constant for PrP<-zZn(Il) complex, which in
phosphate buffer, pH 7.4 was ~12 uM.

Zn(ll) ions were able to quench PrPC intrinsic tryptophan
fluorescence, with apparent Kg of ~17 uM and a blue shift in
fluorescence emission maximum. The shift in fluorescence maximum
was interpreted as change in tryptophan environment, from fully
exposed to the solvent, to buried, and exposed to bound water
molecules.
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The two dimensional *H-°N HSQC NMR solution spectra and °N
spin-spin relaxation rates for PrP®-Zn(l1) complex showed reduced
values for residues corresponding to a-helices 2 and 3, interpreted as
increased local dynamics of the protein mainchain. NMR diffusion
data showed increased value of the translational diffusion coefficient
for PrP¢, when bound to Zn(ll). Increased value of translational
diffusion coefficient was interpreted as a more compact PrP¢
structure, due to interdomain interaction between Zn(Il)-bound
octarepeat region and C-terminal domain.

Molecular dynamics simulations suggested a different folding path
for apo and Zn(ll)-bound PrPC, where in the latter Zn(Il) ions
indirectly stabilized C-terminal fragment of a-helix 3. Analysis of our
SAXS data with the ensemble approach, commonly used for proteins
with intrinsically disordered domains?#2%, together with changes in
the maximum particle diameter suggested a more compact PrP¢ fold,
when bound to Zn(ll) ions.

In previous studies Zn(ll) ions at concentration around or below
100 puM resulted in endocytosis of PrP from the cell surface® 2> and
increased Zn(ll) uptake into neuronal cells®, what was in line with
our calculated Kg values. As Zn(Il) ions seem to inhibit PrP®
conversion to amyloid fibrils**°, it may be a consequence of observed
interdomain interactions between Zn(ll)-bound octarepeat domain
and a C-terminal domain.

6. Interaction between human PrP¢ and
designed cell penetrating peptide

6.1. The engineered NCAM1-Ap peptide construct
inhibits fibril formation by the human prion protein
(Paper 1V)

So far no therapeutic agents for TSEs are available?®. In Paper 1V
| have investigated a possible effect of NCAM1(1-19)-KKLVFF as a
modulator of PrP® aggregation, and fibrillization. The bioengineered
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NCAM1(1-19)-KKLVFF (from here onwards: NCAM1-Ap) peptide
contains the N-terminal secretion signal fragment of mouse NCAM1
protein (residues 1-19), the KLVFF fragment of the AP peptide
(residues 16-20) and an additional lysine residue to increase
solubility. NCAM1 is a plasma membrane-anchored glycoprotein and
it interacts with PrP at the neuronal cell surface'® !, The KLVFF
sequence was chosen as it inhibits aggregation of the full-length AP
peptide?’. AFM images of PrPC incubated with 2 M urea at 50 °C for
8 hours showed the presence of long fibrils, with heights between 3
and 4 nm, and large aggregate clumps. NCAM1-Ap incubated for 8
hours formed small aggregate clumps and mature fibrils with heights
between 2 and 3 nm. PrP° incubated together with NCAM1-Ap for
up to 72 hours formed only small aggregate clumps with heights
around 3 to 4 nm. The results were interpreted as a direct
interaction between PrP¢ and the NCAMI-AB peptide,
interfering with PrP¢ aggregation, probably involving
hydrophobic forces. Therefore NCAM1-AB constructs can be
potentially used as a TSE drugs.

49



7. Conclusions

Using multiple, complementary biophysical methods, ranging from
experimental techniques, including spectroscopy, microscopy, and
scattering to theoretical computations, it was shown that metal ion
binding and interactions with bioengineered NCAM1-ApB peptide
alters PrP¢ folding and aggregation. Based on our findings, | conclude
that:

- The isolated OR fragment of PrP° binds up to four Cu(Il) and

two Zn(I1) ions.

- The first metal ion binds with a nanomolar apparent
dissociation constant, and the next metal ions bind with
micromolar apparent dissociation constants.

- Binding of the first metal ion by the OR peptide results in
formation of PB-turn secondary structure, and binding of
subsequent metal ions results in formation of antiparallel
[-sheet secondary structure.

- Excess of metal ion to OR peptide ratio results in amyloid fibril
formation.

- B-hairpin structures formed in the presence of metal ions may
be the intermediates in amyloid formation.

- Full length PrP¢ binds zn(ll) ions with a low micromolar
dissociation constant.

- Zn(1)-bound PrP® follows a different folding path compared to
PrPC alone.

- Intramolecular interactions between Zn(ll1)-bound OR region
and C-terminal domain of PrP® appears to inhibit fibril
formation.

- The designed cell penetrating NCAM1-Ap peptide construct
interacts with PrPC and interferes with fibril formation.
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PrP (58-93) peptide from unstructured N-terminal
domain of human prion protein forms amyloid-like
fibrillar structures in the presence of Zn?* ions+
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Many transition metal ions modulate the aggregation of different amyloid peptides. Substoichiometric zinc
concentrations can inhibit aggregation, while an excess of zinc can accelerate the formation of cytotoxic
fibrils. In this study, we report the fibrillization of the octarepeat domain to amyloid-like structures.
Interestingly, this self-assembling process occurred only in the presence of Zn(i) ions. The formed
peptide aggregates are able to bind amyloid specific dyes thioflavin T and Congo red. Atomic force
microscopy and transmission electron microscopy revealed the formation of long, fibrillar structures. X-
ray diffraction and Fourier transform infrared spectroscopy studies of the formed assemblies confirmed
the presence of cross-p structure. Two-component analysis of synchrotron radiation SAXS data provided
the evidence for a direct decrease in monomeric peptide species content and an increase in the fraction
of aggregates as a function of Zn(i) concentration. These results could shed light on Zn(i) as a toxic
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Introduction

Insoluble fibrillar polypeptide structures appear as a result of
a misfolding process in numerous proteins or peptides and
accompany the amyloid aggregation process."® The most
spectacular structures of this type are linked to the development
of fatal neurodegenerative disorders such as Alzheimer's
disease,”® Icelandic type amyloidosis®*® or Creutzfeldt-Jakob
disease.*> The latter belongs to the group of diseases called
transmissible spongiform encephalopathies (TSE) in which
a misfolding of human prion protein (PrP) is responsible for the
formation of fibrillar aggregates in the brain."™*

Mature form of cellular human prion protein (PrP“) is 208
residues long glycosylphosphatidylinositol-anchored to outer
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agent and on the metal ion induced protein misfolding in prion diseases.

membrane protein,'® located in the synaptic cleft and expressed
at high levels in striatum, hippocampus, cortex and olfactory
bulb."” As shown by NMR studies, human PrP“ protein is
composed of two structurally different domains: unstructured
N-terminal part of polypeptide chain containing residues 23-
120 and structured, globular C-terminal domain composed of
residues 121-231." For the development of TSE, a conforma-
tional transformation of the cellular form of the prion protein
into the pathogenic and insoluble PrP* is necessary. This
transformation involves the formation of the intermolecular
cross-f structure at the sacrifice of the helical structure of the
PrP C-terminal domain."** The molecular function of PrP® is
not known, however, it has been suggested that it might be
responsible for the upkeep of divalent transition metal ions and
disruption of such homeostasis may facilitate the formation of
PrP%¢.'*! Prion protein contains also two high-affinity metal
binding sites: the octarepeat region (residues 60-91) and non-
octarepeat region (residues 92-111), both located in unstruc-
tured N-terminal domain.”* Octarepeat region contains four
tandem octapeptide repeats characterized by PHGGGWGQ
sequence, which exhibits high binding affinity towards
Cu(u)*? and also binds Zn(u) with lower affinity.?>***'

Zinc is the second most abundant transition metal in living
organisms and it is responsible for many important biological
functions, including structure stabilization, catalysis of
biochemical reactions and regulation of enzymatic activity.* In
the highest concentrations Zn(i) occurs in the brains, it is on
average equal to 150 uM.* Zinc plays a key role in synaptic
transmission and during the synaptic excitation the local
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transient concentration of Zn(u) can reach values up to 300
uM.3*3 Assuming that the cellular function of PrP® is most
likely connected with metal binding, it was proposed that Prp®
is responsible for zinc homeostasis in the brain.> Three main
functions are attributed to PrP: zinc sensor, transporter or
sequester.?** Prp® enhances the rate of zinc uptake in
neurons and neuronal cell lines.*” Zinc at concentration 100 uM
also stimulates endocytosis of PrP® from the cell surface into
endosomes and Golgi apparatus.®®*® At the molecular level,
coordination of Zn(u) by octarepeat region of PrP® causes
a tertiary contact between Zn (i) saturated octarepeat region and
surface of helices 2 and 3 in C-terminal domain.*® Zinc may also
play an important role during TSE. In prion diseases, zinc
concentration in the brain decreases to 20%*" and inoculation
of neuronal cell lines with scrapie disrupts zinc uptake.*” Also
tertiary contacts between Zn(u) coordinated octarepeat domain
and helices 2 and 3 in pathogenic mutants of PrP® are altered.*

Here we studied the aggregation of isolated metal binding
PrP**® domain, naturally located in the unstructured N-
terminal domain of PrP” in the presence of Zn(u).

We report for the very first time the fibrillization of the
octarepeat domain to amyloid-like structures. This self-
assembling process occurred in the presence of Zn>" ions. The
assemblies obtained were analyzed by various spectroscopic,
microscopic and scattering techniques. The formed Prp**™?
fibrillar structures were characterized by the amyloid-specific
assays (thioflavin T, Congo red) and were visualized using
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). The presence of the cross-B-structure in the
formed fibrils was verified by the X-ray diffraction pattern
combined with Fourier transform infrared (FTIR) spectroscopy.
SAXS experiments suggested that Zn(u) had a direct impact on
PrP**"* monomeric state. The presented studies may be crucial
for better comprehension of the molecular etiology of TSE and
other amyloid diseases.

Materials and methods
Peptide synthesis and purification

PrP*®*™® was synthesized by standard Fmoc/tBu amino acid
chemistry and purified to at least 98% purity by means of
reversed-phase high-performance liquid chromatography. The
molecular weight of the peptide was confirmed by the mass
spectrometry method using an ESI-IT-TOF-LC-MS system (Shi-
madzu) with a C12 Jupiter Proteo column (150 x 2 mm, 4 um,
90 A; Phenomenex). The exact procedure of peptide synthesis
and purification is described in ESL{ For determination of
Prp*® ** concentration, we used extinction coefficient calculated
in protparam® equal 22 000 M ' em .

Thioflavin T assay

Spectrofluorometric measurements of Pre** ** were performed

in a 1 cm cuvette using an FP-8300 spectrofluorimeter (Jasco,
Tokyo, Japan). Excitation and emission wavelengths were 440
and 480 nm, respectively. 2 mM stock solution of Thioflavin T
(ThT) was prepared in 10 mM NaH,PO,/Na,HPO, buffer, pH 7.4
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and filtered through 0.22 pum syringe filter. Samples for thio-
flavin T assay contained 40 uM of ThT and 10 uM of Prpif
peptide in 10 mM NaH,PO,/Na,HPO,, pH 7.4. Zinc(u) ions were
added as ZnCl, solution directly into the cuvette after recording
the fluorescence intensity for 40 uM ThT with 10 pM peptide for
a few minutes. All ThT experiments were performed in triplicate
at room temperature and in quiescent conditions.

Congo red binding assay

Congo red (CR) stock solution was prepared in 10 mM
NaH,PO,/Na,HPO, buffer, pH 7.4 with 10% (v/v) ethanol and
filtered through an 0.22 um syringe filter. Concentration of CR
stock solution was determined in 1 mM NaH,PO,/Na,HPO,
buffer, pH 7.0 with 40% ethanol at 505 nm using the molar
extinction coefficient & = 59 300 M~ ' em .

Congo red binding assays were performed in a 1 cm cuvette
(2500 pl volume). CR at concentration of 2 uM with 10 uM Prp**-
peptide samples were incubated with or without 40 uM ZnCl, for
12 hours in 10 mM NaH,PO,/Na,HPO, buffer, pH 7.4. Spectra
were recorded every 15 minutes over the spectral range from 300 to
800 nm on a V-650 UV-Vis spectrometer (Jasco, Tokyo, Japan), with
bandwidth 1 nm, scan speed 200 nm min ', All CR experiments
were performed in room temperature and in quiescent conditions.

Fourier transform infrared spectroscopy

The absorption spectra within the Amide I bands region for
PrP**™* peptide solution (600 uM PrP**~** dissolved in 10 mM
NaH,PO,/Na,HPO,, pH 7.4) were collected with a resolution of
6 cm ' at room temperature. A small drop of PrP**** peptide
solution (20 pl) was placed on a horizontal single-reflection
diamond crystal of PLATINUM ATR (Bruker, Billerica, USA)
unit and then FTIR spectra (128 scans) were collected using
TENSOR 27 (Bruker, Billerica, USA) equipped with MCT
detector. After addition of 25 mM of ZnCl, solution (2 pl), the
FTIR spectra were collected every 5 or 10 minutes for up to 2
hours. The recorded FTIR spectra were corrected for buffer
absorption and smoothed with 10 point Savitzky-Golay filter.
Second-derivative analysis was performed as described by Yang
et al.™

Atomic force microscopy

The topographic images of peptide fibrils were collected using JPK
Nanowizard 4 atomic microscope (JPK, Berlin, Germany) operated
in air contact mode. The imaging was conducted using Tap150AL
AFM cantilevers (Ted Pella, Inc., Redding, USA). Sample prepara-
tion procedure for AFM imaging of 10 uM PrP**™* peptide (apo)
and 10 uM peptide incubated for 24 h with 40 uM of ZnCl, was
identical: 10 pul of solution was placed on a freshly cleaved mica
surface, adsorbed for 3 min, rinsed with a small amount of
distilled water and dried at room temperature. The AFM images
were analyzed using the Gwyddion 2.49 software.*

Transmission electron microscopy

The PrP™ % peptide solution at concentration of 10 uM was
incubated with 40 uM of ZnCl, in 10 mM NaH,PO,/Na,HPO,
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buffer, pH 7.4 for 24 h at room temperature. After incubation, 5
ul of samples were placed on PELCO® 300 mesh copper grid
(Ted Pella, Inc., Redding, USA) and adsorbed within 60 seconds
on the grid. Then the sample was removed from the grid using
filter paper strips. The peptide fibrils adsorbed on the grid were
contrasted by the use of 0.5% uranyl formate solution for 60
seconds. TEM images were recorded using JEM-1400 trans-
mission electron microscope (JEOL, Tokyo, Japan) operated at
120 kv.

Synchrotron radiation small angle X-ray scattering (SR-SAXS)

SR-SAXS data were collected at P12 beamline, PETRA III storage
ring (DESY, Hamburg), using a Pilatus 3X 6M pixel detector
(DECTRIS Ltd. Baden-Daettwil, Switzerland) and synchrotron
radiation (4 = 0.124 nm).* The sample-to-detector distance was
3.0 m and the scattering vector (s) range was: 0.026 < s < 7.288
nm™ % In SR-SAXS experiments 0.8 mM PrP°®*™** peptide was
dissolved in 50 mM HEPES, pH 7.4, 100 mM NacCl and ZnCl,
(concentration from 0 to 0.8 mM). For each sample, thirty
subsequent frames, 50 ms each, were recorded and radiation
damage was inspected. Due to radiation damage only the first
three frames were analyzed.

Buffer subtraction and Guinier analysis were performed in
PRIMUS"Y from ATSAS 2.8 package.” The pair distribution
function (P(r)) was calculated using GNOM.*

Due to the polydispersity of sample after addition of ZnCl,,
we performed two component analysis of SR-SAXS data in
SASfit.*® The shape of apo PrP**~** peptide can be reduced into
a spheroid and the form factor can be calculated analytically:™

Popheroia(s) = [ sinada (1)

Jo

["‘/‘z [3{Sin (sr) — srcos(sr)] ’

()’
r = s[Ry? sin’(a) + R cos*(a)]'? @)
where Rj, is the principal semi-axis and R. is the equatorial semi-

axis of spheroid. Moreover, the shape of PrP**°* peptide fibrils
can be simplified as cylinders of the following form factor:

Pyiinder(5) =

j'"fl [ZJ,(.\-R sin «) sin((sL cos a)/2) Zsm «da (3)

o SR sin « (sLcos a)/2

where J; is the regular cylindrical Bessel function of the first
order, R is the radius of the cylinder and L is its length.

X-ray diffraction

X-ray fiber diffraction experiment of PrP**™° fibrils was con-
ducted on XEUSS 2.0 SAXS/WAXS system (XENOCS, Sassenage,
France), using Ga Kz radiation from a MetalJet microfocus
generator with a liquid-metal jet anode (Excillum AB, Kista,
Sweden) and a Pilatus 3R 1M detector (DECTRIS Ltd. Baden-
Daettwil, Switzerland). The sample-to-detector distance was
calibrated by the use of silver behenate (reference goo; = 1.070
nm ™). 500 pul of 0.4 mM PrP**°* peptide prepared in 50 mM
HEPES, pH 7.4, 100 mM NaCl with 1.6 mM ZnCl, was incubated
at room temperature for 24 h. After incubation time, the
aggregated deposits, visible on the walls of the Eppendorf test
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tube, were transferred into thin-walled borosilicate glass and
the data were collected.

Results and discussion

PrP°®** peptide binds amyloid specific dyes only in the
presence of Zn(m)

For the initial characterization of PrP°*®® peptide, we per-

formed circular dichroism spectroscopy experiments (Fig. S1,
ESI{). The CD spectrum of this peptide is well-documented in
literature:******%%* and it shows a weak positive band at
225 nm, a strong negative band at 200 nm, which are inter-
preted to correspond to a mixture of random coil and
polyproline-II helix - extended left-handed helix.*"** Surpris-
ingly, we found that the investigated peptide was very stable -
1 mM stock solution incubated over six months at room
temperature and diluted into 5 uM concentration did not show
any significant changes in the secondary structure (Fig. S1,
ESIT). However, the addition of 20 pM ZnCl, into the cuvette
with 5 uM PrP** ** peptide resulted in a rapid loss of the CD
signal, which suggests precipitation or aggregation of the
peptide (data not shown). In order to check the possible
aggregation of Prp**®* peptide in the presence of Zn(n) we
performed ThT and CR assays.

ThT is an amyloid-specific dye whose fluorescence increases
upon binding via hydrophobic interaction with B sheets to
amyloid fibrils, therefore it is commonly used to monitor the
fibrillization kinetics.>*** The fluorescence of 40 uM of ThT with
10 puM of apo PrP** % peptide showed a slight increase in
intensity over time (Fig. 1a, black line), which can be attributed
to rather slow fibril formation and subsequent ThT binding. To
rule out a possible aggregation of apo PrP**™® peptide, we
conducted additional dynamic Congo red (CR) binding assay.
Congo red is a diazo dye highly specific for binding a cross-
B structure present in amyloid fibrils. When it binds to fibrils,
CR absorption increases and shows a red shift from 490 to
540 nm.* Time-resolved spectra obtained for PrP*®*™* peptide
revealed low and constant CR absorbance at 541 nm over time
(Fig. 1b, black squares). This result, together with the ThT and
CD data, strongly indicate that the PrP*®*** alone does not
aggregate and its structure is stable in solution.

Upon addition of ZnCl, (40 uM) to the 10 uM peptide sample,
ThT fluorescence increased rapidly and PrP**™* acquired the
ability to bind ThT (Fig. 1a, red line). This observation suggests
that upon interaction with Zn(n) PrP**°® peptide forms
amyloid-like structures. The kinetic ThT curve showed no lag
phase, what suggests that the induced fibrillization is a very
rapid process which quickly exhausts most of the monomeric
peptide form. Indeed, the fluorescence intensity reached
a plateau after ~1 h of incubation. Longer incubation resulted
in a decrease in the ThT fluorescence intensity and a final
stabilization of the signal at a constant level after ~11 h. The
loss of ThT signal was most probably caused by sedimentation
of the formed fibrils, visible as a yellowish precipitate at the
bottom of the cuvette after 12 h.

For the cross-validation of the possible fibrillization of Prp™* **
in the presence of Zn(n), we applied the Congo red (CR) binding

RSC Adv., 2019, 9, 22211-22219 | 22213

67



RSC Advances

7.0 T T T T T T T

(a)

o
o
.
=
.

Fluorescence intensity (a.u)
o
< = <
h

|

5.0 T T T T T T T

0.30

0.25

020%

0.15

0.10 4

Absorbance (541 nm)

0.05

0.00 T T T T T
0 2 4 6 8 10 12

Time (h)

Fig.1 (a) ThT binding assay for 10 uM PrP%8=2% peptide (black line) and
for 10 pM PrP°®%% peptide with 40 uM of ZnCl, (red line). (b) CR
binding assay for 10 pM Prp®-93 peptide (black squares) and for 10 uM
PrP*8%% peptide with 40 uM of ZnCl, (red squares). Both experiments
were performed in 10 mM NaH,PO.4/Na>HPO, buffer, pH 7.4.

assay (Fig. 1b, red squares). In the presence of Zn(u), the absor-
bance of CR at 541 nm increased significantly from 0.07 to 0.27
very quickly after metal ion addition. This elevation in the absor-
bance is an evidence for the binding of CR to the B-sheets and
suggests fibril formation by PrP™ °* peptide in the presence of
Zn(u). The shape of the kinetic curve in the CR assay resembles the
ThT curve (Fig. 1a red line). CR absorbance reached a plateau very
fast, in about 1 h after addition of ZnCl,, which confirms a rapid
fibril formation. Further incubation resulted in a decrease in CR
absorbance in a fashion similar to the ThT fluorescence intensity
for PrP**** peptide with Zn(n). At the end of CR assay, a reddish
precipitate was visible at the bottom of the cuvette, therefore
reduction of CR absorbance was probably caused by direct binding
of CR to the formed fibrils and sedimentation of the aggregates. In
conclusion, both ThT and CR assays indicated that Prp*®
peptide might form amyloid-like structures in the presence of
Zn(u) in contrast to the apo peptide that seemed to be stable over
time.
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Zn(u) induces B-sheet formation in Prp**

CD spectroscopy failed to monitor -sheet formation, probably
due to sedimentation of formed fibrillar structures. Therefore,
in order to observe a transition in the secondary structure of
PrP°®™® peptide after addition of Zn(u), we subjected the
samples to ATR-FTIR spectroscopy. Amide I band for Prp°®%?
peptide was broad and had a maximum of absorption at
1661 cm ' (Fig. 2, dark green line). Second-derivative analysis
suggested, that apart from the predominant absorption
maximum at 1645 cm™*, corresponding to the random coil
structure, the bands assigned to 3,4-helix, B-turns and B-sheets
were also present (Fig. S2, ESIf)." These bands, other than
assigned to random coil, seemed to be a consequence of the
inherence of PPII helix secondary structure in the Prp°®?
peptide.*"** Theoretical and experimental amide I FTIR spectra
of (PPG),, collagen peptides, forming triple PPII helix suggest
that the C=O0 stretching vibration of PPII amide group gives
rise to frequencies described in a standard secondary structure
analysis as 3,(-helix, B-turns and B-sheets®® and match well with
our data. As a consequence, the secondary structure of apo
PrP°®™% peptide is a mixture of a random coil and PPII helix, as
postulated in literature.>**

Addition of Zn(i) cations to the PrP**** sample resulted in
a gradual shift of the absorption maximum up to 1645 cm '
after 30 minutes (Fig. 2, red line). The accompanying decrease
in amide T band intensity at 1675 cm ' and the concurrent
increase at 1622 cm™' (Fig. 2, blue line) corresponded to
a structural transition in a PrP°*™* peptide induced by Zn(u).
These changes in FTIR spectrum indicated a reduction of B-turn
content and formation of B-sheets, respectively." Further
second-derivative analysis confirmed the formation of B-sheets,
the disappearance of peaks that might be assigned to PPII helix,
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Fig.2 FTIR spectra of 600 uM PrP®-93 peptide (olive), 600 M Prpe-93
peptide with 2.3 mM ZnCl, (lime), 600 uM PrP*®% peptide with 2.3 mM
ZnCl, after 15 minutes (orange), 600 pM PrP*®=% peptide with 2.3 mM
ZnCl, after 30 minutes (red), differential spectrum between 600 uM
PrP°8-%3 peptide with 2.3 mM ZnCl, after 30 minutes and 600 uM Prp¢-%3
peptide (blue)
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and an increase in random coil content (Fig. 3, ESIt). Zn(u)
binding with PrP**"** may cause the unfolding of the PPII helix
what, accompanied by the lowering of the energetic barrier for
nucleation and aggregation, might result in a conformational
transition unavailable for apo PrP*® ®’. The FTIR data are
consistent with the results from ThT and CR assays and provide
further evidence for B-sheet formation in PrP** peptide upon
interaction with Zn().

PrP**"%% upon interaction with Zn(n) forms structured fibrils
with cross-B structure

To further investigate the effect of Zn(n) on PrP**** peptide

aggregation and possible fibril formation, we performed also
microscopic studies. Fig. 3a presents the AFM image of mono-
meric 10 uM PrP*® %? peptide adsorbed on the mica surface and

(©)

log(1)

100 nm,
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dried at room temperature. The measured height of dried
peptide monomers varies from 1.5 to 2.5 nm. After 24 h incu-
bation of 10 uM PrP°* % peptide with 40 uM ZnCl,, some
spherical oligomers, as well as single peptide fibrils were visible
(Fig. 3b). PrP** ™ fibrils had a well-defined shape and quite
uniform height in the range 1.5 to 1.8 nm. Moreover, the AFM
images suggested that the formed fibrils had lateral branches,
directed at right angles from the main fibril axis. The shape of
the spherical oligomers was not well defined and their height
ranged from 5 to 16 nm. Interestingly, the spherical oligomers
were connected with the ends of the fibrils and therefore, the
observed spherical oligomers might be centers of fibril
nucleation.

The microstructure of PrP**** peptide fibrils with ZnCl, was
also verified by the transmission electron microscopy (TEM).
The formed structures show a high tendency to cluster and form
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Fig.3 (a) AFM micrograph of monomeric PrP*®=% peptide. (b) AFM micrograph of formed PrP*®~* fibrils and oligomers in presence of ZnCl,. (c)

TEM image of Prp>®-93

fibrils formed in presence of ZnCl,. (d) X-ray diffraction pattern for PrP°®=3 fibrils formed in presence of ZnCl. Three

reflections are visible: one meridional at 4.9 A and two equatorial at ~15 A and ~17 A
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well-defined parallel bundles (Fig. 3c), nevertheless the diame-
ters of individual fibrils could be assessed and ranged from 2.6
to 3 nm. Taking into account the grain size of uranyl formate
(~0.4 nm)* the diameter of fibrils measured in TEM images is
in good agreement with the height of single fibrils measured by
AFM. Spherical oligomers were not visible in TEM micrographs
probably because they could not be well stained with uranyl
formate. One possible reason for that is a high content of
random coil. Our FTIR spectra suggest that, upon the interac-
tion between Zn(u) and PrP*****, the content of random coil in
peptide increases. Therefore, the spherical oligomers might be
unstructured intermediates in fibril formation.

The cross-p structure of the formed peptide fibrils was
confirmed by X-ray diffraction (Fig. 4d). The diffraction pattern
shows an intense and sharp meridional reflection at 4.9 A, that
indicates a structural spacing of B-sheets along the fibril axis.®*
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Fig.4 SAXS analysis of PrP°®~3 peptide in solution. (a) SAXS data fitted
in SASfit as a spheroid for 0.8 mM apo peptide (pink, MSWD 1.06) and
as a mixture of spheroids and cylinders for 0.8 mM peptide with:
0.2 mM ZnCl, (gray MSWD 1.14), 0.4 mM ZnCl, (green, MSWD 1.09)
and 0.8 mM ZnCl, (blue, MSWD 1.16). SAXS curves were displaced
along the vertical axis for clarity. (b) Fractions of monomeric Prp?8-%
peptide (black squares) and fibrils (red dots) as a function of ZnCl,
concentration.
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Two weak and broad equatorial reflections at ~15 A and ~17 A
are also visible (Fig. S4, ESI¥). This result together with our
previously presented spectroscopic and microscopic studies,
indicates the existence of cross-B-structure for PrP*®*™** fibrils
formed in the presence of Zn(u).

Effect of Zn(n) on PrP**** peptide monomeric state

To gain structural information on the peptide structure in
solution we subjected it to synchrotron radiation small angle X-
ray scattering study. The initial apo PrP**™® sample was
monodisperse (DLS - Fig S5 and $6, ESIf). For PrP*® * at
a concentration of 0.8 mM, the peptide molecules were char-
acterized by the radius of gyration (R,) equal to 1.31 = 0.03 nm
(SmaxRg < 1.3, fidelity 0.74; Fig. S7, ESI%). This value is signifi-
cantly smaller than the theoretical Ry = 1.65 nm calculated for
an intrinsically disordered protein of the same length,* which
suggests compactness and nonlinear shape of the peptide
molecule. The shape of the calculated pair-distance distribution
function suggests that the peptide molecule adopts a spherical
shape with an elastic tail, characterized by Dy, = 4.3 nm
(Fig. S8, ESI¥).

On the basis of our initial SAXS analysis, the behavior of
PrP°*™* peptide seemed to be different than expected for an
unstructured peptide. SAXS data alone can be used for
a construction of a low-resolution model of a peptide structure®
therefore we performed molecular modeling with two different
approaches. In the first approach, commonly used for struc-
tured proteins, molecular envelope of a peptide was recon-
structed by ab initio bead-modeling in DAMMIN,* and in the
second, commonly used in the analysis of intrinsically disor-
dered proteins,” a large pool of random PrP**** peptide
conformations was created and a final ensemble of models best
matching the experimental data was chosen.®* Models gener-
ated by both approaches fitted well our data (Fig. S9, ESL{ x* =
1.013 and x> = 1.011 respectively). From the pool of random
conformations, PrP**** peptide apparently adopted two equally
distributed states: compact and extended. Even though each of
the two states is highly dynamic the compact state seemed to
form a loop and was similar to the NMR structure of Prps-*
published by Zahn (PDB: 10EI),** where the extended confor-
mation resembled the features of PPII helix (Fig. $10, ESI{).*
Both conformations could be superimposed with the calculated
ab initio bead-model (Fig. $10, ESIT), which suggested that the
molecular envelope may correspond to a volume available for all
conformational states of Prp>®™3,

Subsequent addition of ZnCl, up to the equimolar concen-
tration of the prion peptide (0.8 mM), resulted in an increase in
the scattering intensity at the scattering vectors s < 0.3 nm ',
which can be attributed to peptide aggregation® caused by zinc
(Fig. 4a, gray, green and blue circles Fig. 4a). Because of the
appearance of sample polydispersity after addition of ZnCl,,
further analysis was performed in SASfit"® upon three assump-
tions: (1) the molecular shape of apo peptide can be simplified
to a spheroid with the polar semi-axis = 2.86 nm, equatorial
semi-axis = 0.98 nm and scattering length density = 0.33, (2)
addition of Zn*' results in the appearance of the second
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scattering component in SAXS curve and (3) only the number of
scatters can change. The fitting procedure of the polydisperse
SAXS curve is complex because both, the particle shape, as well
as the particle size distribution of the second component can
vary. The second scattering component was chosen arbitrarily
as a cylinder of a radius 14.1 nm, length 36.7 nm, and scattering
length density = 0.33, because the cylinder shape corresponds
to the shape of fibrillar structures, observed by us in the TEM
and AFM images. After careful model selection, scattering
intensity weighted models were fitted well to experimental data
(red lines Fig. 4a).

The proposed models fitted well our SAXS data with the
highest MSWD = 1.16 for 0.8 mM PrP**** with 0.8 mM ZnCl,.
Two-component analysis of SAXS data revealed that the addi-
tion of zinc into PrP*** sample causes a gradual decrease in
the content of the monomer (spheroid) fraction in favor of the
oligomer (cylinder) fraction (Fig. 4b). The reported dissociation
constant for Zn(u)-octarepeat peptide complex differs from ~0.4
UM to ~200 pM,** however in the experiment with 800 uM
PrP** * concentration, the direct binding should give a linear
response up to the stoichiometric point. In our SAXS experi-
ments, the content of the monomer fraction changed linearly as
a function of zinc ions concentration, which can be interpreted
as a result of direct metal binding to the octarepeat peptide.

Many different metal ions modulate aggregation of amyloid
peptides or proteins.®® Here we reported the discovery of
amyloid-like structures formed by an isolated prion protein
octarepeat domain PrP°*®>. The fibrils formed from the
unstructured PrP**%* peptide in the presence of Zn*" ions fulfill
the fundamental criteria to be classified as amyloid structures:
they form cross-f structure, bind two amyloid-specific dyes and
form elongated structures, observed by AFM and TEM.® Even
though the outcome of our research is a model, we hypothesize,
that such a phenomenon might occur in the synaptic cleft,
where transient zinc concentration can reach millimolar
values.*

The results of ThT, CR assays and SAXS experiments suggest
heterogeneous primary nucleation of PrP*® ** peptide in the
presence of Zn(n) cations.* PrP**~* starts to aggregate after the
addition of zinc cations and the relative content of monomeric
peptide drops gradually only in the presence of the metal ion.
Nevertheless, branched fibrils visible in AFM micrographs
indicate the existence of secondary nucleation.®® Spherical
oligomers seem to be the centers of fibril nucleation, as fibrils
appear to grow directly from them, nevertheless, they could be
observed only in AFM images. The reason for the inability to
observe these oligomers in TEM images is the apparent lack of
structure, which can hamper staining with uranyl formate.
Oligomers were also not visible on the SAXS curves, probably
due to a concentration dependent shift of equilibrium towards
fibrils rather than to oligomers.

On the basis of our data we propose a hypothetical scenario
of PrP°® % aggregation that requires several steps: (i) Zn®*
cation is bound by four deprotonated histidine residues of
a single peptide molecule; (ii) direct binding induces structural
rearrangements that are not available for peptide in the apo
state; (iii) two newly formed Zn(u)-PrP*® ** species have low
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energetic barrier for nucleation and can form a dimer; (iv)
elongation occurs by addition of other Zn(u)-PrP**"** molecules
as building bricks (but not apo PrP*®*®? segments), (v) fibril
termini contain solvent-exposed hydrophobic residues, there-
fore, in order to minimize energy, they can connect to already
existing fibrils, forming perpendicular branches.

A similar heterogeneous primary nucleation has been
observed for the four-repeat domain of Tau protein in the
presence of heparin. In this case, two Tau protein molecules
bound to the same heparin molecule can form aggregation-
prone dimer and further fibril elongation occurs by the addi-
tion of monomers to the ends of the formed nucleation center.*
Our results are in contrast to the studies performed on the full-
length mouse and human PrP®, in which the presence of Zn(u)
cations inhibited the formation of amyloid fibrils.”"”" Never-
theless, these studies were performed under denaturing
conditions, where different conformational states of the Zn(u)-
occupied octarepeat domain are favored. Denaturing conditions
may disrupt the coordination of Zn(i) by the octarepeat domain
and therefore change the aggregation path. Other possible
explanation of the formation of PrP**™* fibrils in the presence
of Zn®" ions might be the lack of tertiary contact between the
Zn(n)-occupied octarepeat domain and helices 2 and 3.** Such
a tertiary fold is altered in the E199K point mutant of mouse
Prp®, which is responsible for familial Creutzfeldt-Jakob
disease, and a lack of such interaction might be responsible for
PrP” misfolding and formation of Prp*.*

Similar studies have been also performed for amyloid  (AB),
the peptide involved in the formation of amyloid aggregates in
Alzheimer's disease. Dissociation constant reported for Zn(i)-
AByo is in low micromolar range,”>” which is to some degree
similar to the reported Ky, for Prp“,>** nevertheless, zinc
seems to have a protective influence on AP aggregation. Stoi-
chiometric concentrations of Zn(n) induced precipitation of AR
oligomers,””* the form more cytotoxic than fibrillar struc-
tures.”® At sub-stoichiometric concentrations Zn(u) inhibited
fibril formation” and reduced toxicity in cultured primary
hippocampal neurons.’® Prion protein was shown to interact
with AB oligomers and fibrils,”*" therefore it would be inter-
esting to investigate AP fibrillization with PrP*®** at different
Zn(m) concentration.

The formation of fibrillar structures by various proteins or
peptides accompanies the protein misfolding processes. Some
of these proteins are characterized by the intrinsic flexibility of
their three-dimensional structure. A good example of such
flexible protein structure is human cystatin C (HCC) for which,
in the native state, the domain swapping phenomenon, the
formation of polymorphic structures, oligomers, fibrils, and
aggregates have been observed.®**

Conclusions

In our study we investigated the effect of Zn(i) on the aggrega-
tion of prion octarepeat peptide. Our results show that this
monomeric peptide upon interaction with Zn(u) forms ThT and
CR-specific fibrillar aggregates with cross-f structure. The
formed fibrils fulfill the main criteria of classifications as
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amyloid fibrils. Moreover, we proposed a hypothetical model of
Zn(n)-induced PrP**"** aggregation, that might be verified by
future kinetic or structural studies. Our results provide impor-
tant clues on protein misfolding and Zn(i) homeostasis that are
associated with prion diseases.

PrP*®%* peptide fibrils formed are also a potential functional
material.*® Therefore, from the bionanotechnological point of
view, we can expect that this system could be very useful in the
design of nanofibrils formed in the presence of divalent cations
(e.g. Zn®").
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Peptide synthesis

The peptide NH>-GQ(PHGGGWGQ):GG-COOH was synthesized on TentaGel R RAM resin
(loading capacity of 0.2 mmol/g; Rapp Polymere, Germany) using a Microwave Liberty Blue
(CEM) peptide synthesizer. The peptide standard Fmoc/tBu amino acid chemistry was used.
The cleavage of the peptide from the resin with the simultaneous deprotection of the amino
acids side chains was accomplished using a cleavage cocktail consisting of 88%
trifluoroacetic acid (TFA), 5% water, 5% phenol and 2% triethylsilane (v/v/m/v) under
neutral (argon) atmosphere and in the dark. Crude peptide was precipitated using cold diethyl
ether, centrifuged and lyophilized. The compound was next purified to at least 98% purity by
means of reversed-phase high-performance liquid chromatography (RP-HPLC) using a Luna
C8(2) AXIA Pack column (250 x 21.2 mm, 5 yum, 100 A; Phenomenex). A linear gradient of
acetonitrile in 0.1% aqueous trifluoroacetic acid (TFA) was applied as a mobile phase. The
purity of the synthesized compound was evaluated by analytical UHPLC method using a
Kinetex C8 column (100 x 2.1 mm, 2.6 um, 100 A; Phenomenex) operated by the NEXERA
X2 chromatography system (Shimadzu) in a 15 min linear gradient of 4-80% acetonitrile in
0.1% aqueous TFA. UV absorption was monitored at A =223 nm and 254 nm. The molecular
weight of the peptide was confirmed by the mass spectrometry method using an ESI-IT-TOF-
LC-MS system (Shimadzu) with a C12 Jupiter Proteco column (150 x 2 mm, 4um, 90 A;

Phenomenex).
Circular dichroism

CD spectra were measured on Jasco J-815 spectropolarimeter over the spectral range 260 -
200 nm with data pitch 0.5 nm, bandwidth 2 nm in a step scan mode with digital integration

time of 4 s.

SAXS modeling of apo PrP™* peptide
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The low resolution model was proposed on the basis of ten independent DAMMIF' models,
which were compared and superimposed by the program SUPCOMB?, averaged by
DAMAVER? and refined in DAMMIN®. Independent modelling of PrP**** peptide as an
ensemble of atomic models was performed using the Ensemble Optimization Method
(EOMY’.
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Figure S1. Far UV CD spectra for SuM PrPss-o3 peptide prepared from fresh 1mM stock
solution (red line) and after incubation of stock solution for seven months in room
temperature (black line). Stock solution and measurements were performed in 10 mM

NaH:PO4/Na:HPO4 buffer, pH 7.4
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Figure S2. FTIR spectrum for 600 pM apo-PrPss.o3 peptide (black solid line), and curve fitted

spectrum (red dashed line). Blue, magenta, green and red curves correspond to random coil,
31e-helix, B-turns, B-sheets respectively.
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Figure S3. FTIR spectrum for 600 pM apo-PrPss.o; peptide incubated with 2.4 mM of ZnCl:
for 30 minutes (black solid line), and curve fitted spectrum (red dashed line). Blue, green and
red curves correspond to random coil, B-turns, B-sheets respectively.
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Figure S4. 2D diffraction pattern registered for PrPss-s fibrils.
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Figure S5. Second-order correlation function for 0.6 mM PrP** peptide.
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Figure S6. Intensity-weighted size distribution for for 0.6 mM PrP** peptide.
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Figure S7. Guinier plot for apo PrPss.os peptide. Straight red line represents the fit to Guinier
equation and corresponds to Rg = 1.31 = 0.04 nm (fidelity 0.74).
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Figure S8. Pair-distance distribution function [P(r)] calculated on the basis of experimental
SAXS data. The shape of P(r) function suggests that apo PrPss-s peptide has spherical shape
with elastic tail.
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Figure S9. Quality of SAXS modeling for apo peptide. Ab initio model fitted into SAXS data
(red line and black dots) and ensemble model fitted into SAXS data (red line and blue dots).
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Figure S10. Superposition of total space molecular envelope calculated in DAMAVER and
models generated in EOM for PrP (58-93) peptide. Green and blue ribbons corresponds to a
compact and extended extended conformation respectively.
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Abstract

Misfolding of the cellular prion protein (PrP®) is associated with the development of
fatal neurodegenerative diseases called transmissible spongiform encephalopathies
(TSEs). Metal ions appear to play a crucial role in the protein misfolding, and metal
imbalance may be part of TSE pathologies. PrP€ is a combined Cu(Il) and Zn(II) metal
binding protein, where the main metal binding site is located in the octarepeat (OR)
region. Here, we used biophysical methods to characterize Cu(Il) and Zn(II) binding to
the isolated OR region. Circular dichroism (CD) spectroscopy data suggest that the OR
domain binds up to four Cu(Il) ions or two Zn(II) ions. Upon metal binding, the OR
region seems to adopt a transient antiparallel B-sheet hairpin structure. Fluorescence
spectroscopy data indicates that under neutral conditions, the OR region can bind both
Cu(Il) and Zn(Il) ions, whereas under acidic conditions it binds only Cu(II) ions.
Molecular dynamics simulations suggest that binding of both metal ions to the OR
region results in formation of B-hairpin structures. As formation of -sheet structures is
a first step towards amyloid formation, we propose that high concentrations of either

Cu(II) or Zn(IT) ions may have a pro-amyloid effect in TSEs.
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1. Introduction

Transmissible ~ spongiform encephalopathies (TSEs) are a group of
neurodegenerative disorders initiated by misfolding of the cellular prion protein
(PrP%)!2, The human PrP€ is a 208 residues long protein expressed at high level in the
central nervous system. It is composed of two structurally different regions: an
unstructured N-terminal domain, and a globular and mostly a-helical C-terminal
domain® that attaches to the pre- and post-synaptic membranes via a GPI anchor*>. For
unknown reasons, and in a process similar to those for amyloid-forming peptides and
proteins®’, PrP€ can undergo a structural transition into an insoluble, aggregated form
with high B-sheet content called PrP. It has been suggested that PrP is most toxic when
forming soluble oligomers, i.e. intermediate species during PrP5¢ formation, which can
accumulate in brain tissue and cause neurodegeneration®. Even though human TSEs are
very rare and only affect one person per million®, they share many similarities with the
pathologies characterized by proteins aggregating into amyloid states, and multiple
evidence indicates that the prion and amyloid diseases all belong to a large family of

1013 Examples include tauopathies (tau protein)'4,

protein aggregation diseases
Alzheimer’s disease (AP peptide)'>, Parkinson’s disease (a-synuclein protein)'®, and
amyotrophic lateral sclerosis/ALS (TDP-43 protein)'”'®. Thus, it has recently been
proposed that beside TSEs, PrP can be involved also in the development of other
neurodegenerative diseases, such as Alzheimer’s disease'®.

The native function of PrP€ is still elusive. The PrPC protein is encoded by the PRNP
gene, and most PRNP knockout animals (i.e., without the PRNP gene) show normal
development and behavior, although some individuals show deviation in neuronal signal
transduction and locomotion®. Interestingly, all PRNP knockout mice are immune to
PrP5¢inoculation, which supports the theory of template-driven autocatalytic conversion
of PrP¢ to PrP5*%!!. Among the many functions attributed to PrP¢, i.e. cell signaling,
antioxidation, and myelination®, phylogenetic analysis indicates that PrPC is
evolutionary linked to the Zrt- and Irt-like Protein (ZIP) family of divalent metal

transporters?!. This suggests that one role for PrP¢ might be in metal ion homeostasis,
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and metal imbalance has been suggested to be part of the pathology of prion diseases**~

24
Asn181 Asn197
128131 161164 GPI
23 60 91 144 154 173 194 200 228230
S-S
Octarepeat domain Cys179 Cys214

60 70
HN-GQPHGGGWGQPHGGGWGQ
PHGGGWGQPHGGGWGQGG-cooH

80 90

Figure 1. Top: Sequence of the human prion protein, with the octarepeat region marked
as orange, B-sheets marked as green, and a-helices marked as blue. Image is from
Gielnik et al.>> under CC BY 4.0. Bottom: The octarepeat (OR) region studied in this
paper comprises residues 58 — 93 of the prion protein, i.e. PrP“(58-93). At neutral pH it
has no charged residues. Possible metal-binding aromatic histidine residues are shown

in red.

The PrPC protein binds up to six different types of divalent metal ions, including
Cu(Il), Zn(I), Ni(Il), and Mn(II), by two distinct domains with different metal ion
affinities®®2%. The octarepeat (OR) region is located in the N-terminal domain where it
spans residues 60-91 (Fig. 1). It contains four tandem PHGGGWGQ repeats, and binds
Cu(II), Zn(II) and Ni(II) ions with strong affinity?>. The so-called “non-octarepeat
region” spans residues 92-111, and binds Cu(II) ions with weaker affinity, where H96
and H111 are likely binding ligands®**'. The capacity of the OR region to bind Cu(II)
ions has been intensively studied during the last twenty years. Cu(Il) is an important
neurotransmitter and the third most common transition metal in the brain®2. The reported
Cu(II) concentration in the synaptic cleft during neuron depolarization ranges from 3

M3 to 250 uM>3*, which suggests that the dissociation constant (Kq) for the OR-Cu(II)

4
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complex is at least of this order of magnitude. The OR region has been reported to bind

up to four Cu(Il) ions* 37

, where the first ion is bound with the highest affinity (around
0.1 nM), and the three other display intermediate affinities around 10 uM?3. Many
possible biological functions have been attributed to the Cu(Il)-binding capacity of PrPC,
including superoxide dismutase activity, transmembrane copper transport, copper
buffering, and neuronal protection 2,

Another important metal ion for PrP€ neurobiology is Zn(Il). Zinc is the second-
most (after iron) abundant metal ion in the human body*®. Upon neuronal stimulation,
the transient concentration of Zn(II) ions in the synaptic vesicle can reach values around
300 uM*. Such Zn(Il) concentrations stimulate PrP¢ endocytosis into human
neuroblastoma cells 4°, and PrPC has been shown to enhance Zn(II) transport*®. An early
study reported a Kq of 200 uM for the PrP-Zn(II) complex*’, but more recent ITC
studies by the same researchers suggest a Ka of 17 uM, together with NMR experiments
implying 1:1 stoichiometry*®. The proposed PrPC functions related to Zn(II) binding are
similar to those proposed for Cu(Il) binding, e.g. metal ion buffering and transport>*#

We have recently shown that the isolated OR region (i.e., an OR peptide) upon
interaction with Zn(II) ions forms fibrillar cross-f structures that bind thioflavin T and
Congo Red, and which possess all the characteristic features of amyloid material®’. This
indicates that metal ions can directly induce a transition of PrP€ into the amyloid state.

Here, we use circular dichroism (CD) and fluorescence spectroscopy, combined
with molecular dynamics simulations, to estimate apparent Kq values for the OR-Cu(II)

and OR-Zn(II) complexes, and to characterize the initial structural changes of the

isolated OR region, i.e. PrP%(58-93) (Fig. 1), after exposure to Cu(Il) and Zn(II) ions.

2. Materials and Methods
2.1. Peptide synthesis and purification

The OR peptide, PrP(58-93), was obtained using solid peptide synthesis
methodology. TentaGel R RAM resin (loading capacity of 0.18 mmol/g; Rapp
Polymere, Germany) was used as a matrix. The synthesis was performed using a
standard Fmoc/tBu amino acid chemistry on Microwave Liberty Blue synthesizer

(CEM) peptide synthesizer. The crude peptide was cleaved from the solid support using
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a cleavage cocktail consisting of 88% trifluoroacetic acid (TFA), 5% water, 5% phenol
and 2% triisopropylsilane (v/v/m/v) under neutral (argon) atmosphere, and protected
from direct exposure to light. After precipitation with diethyl ether, the crude product
was dissolved in water and lyophilized.

Peptide purification was carried out by reversed-phase high-performance liquid
chromatography (RP-HPLC), using a Luna C8(2) AXIA Pack column (250 x 21.2 mm,
5 um, 100 A; Phenomenex, USA). A linear gradient of acetonitrile in 0.1% aqueous
TFA was applied as a mobile phase. The purity of the obtained fractions was evaluated
by analytical UHPLC, using a Kinetex C8 column (100 x 2.1 mm, 2.6 pum, 100 A;
Phenomenex, USA) operated by the NEXERA-i chromatography system (Shimadzu,
Japan) in a 15 min linear gradient of 5-100% B (where B is 80% acetonitrile in 0.1%
aqueous TFA). UV absorption was monitored at A =223 nm. Fractions with a purity
higher than 99 % were pooled together for further analyses. The molecular weight of the
final peptide sample was confirmed by mass spectrometry, using an ESI-IT-TOF-LC-
MS system (Shimadzu, Japan) with a C12 Jupiter Proteo column (150 x 2 mm, 4um,
90 A; Phenomenex, USA).

2.2. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of the OR peptide were recorded on a Chirascan
CD (Applied Photophysics, UK) spectropolarimeter. Thermal unfolding experiments
were performed for 20 uM OR peptide in 10 mM sodium phosphate buffer, pH 7.0, in
a cuvette with 4 mm pathlength, in the range from 5 °C to 65 °C with 5 °C intervals.
Spectra were recorded from 190 nm to 250 nm, with 0.5 nm steps and a time-per-point
of 4 s. The content of PPII helix was estimated from the CD intensity expressed in mean
residue ellipticity (a concentration-independent unit) at the local maximum at 225 nm

of the CD spectra, i.e. Omax, using the equation published by Kelly et al.’}, i.e., eq. 1:

[6]max+6100

WPPIl = 13700

x 100 (M

Titrations with metal ions were conducted for 5 pM OR peptide dissolved either in
pure MilliQ water or in 10 mM sodium phosphate buffer, pH 7.5. Using 1 cm path-
length quartz cuvettes with gentle magnetic stirring at 25°C, the OR peptide (volume

2.5 ml) was titrated with small amounts of stock solutions of CuCl or ZnCl (100 pM,

6
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500 uM, 1.25 uM or 5 uM stock concentrations) directly in the cuvette. All spectra were
collected from 200 to 260 nm with sampling points every 0.5 nm, a time-per-point of 4
s, and 2 nm bandwidth. The final spectra were baseline-corrected and smoothed with a
Savitzky-Golay filter. Data with single visible transitions were fitted to the transformed
Hill equation, i.e., eq. 2:

[6]e — [6]0
1 + 10 (log[kg"?|-loglMe]) )

(6] = [6]o +

Here, [0]o is the signal intensity before the transition, [0]. is the signal intensity at the
end of the transition, ny is the Hill coefficient, [Kq*] is the apparent dissociation
constant, and [Me] is the metal ion concentration. When two transitions were observed,
and the signal was monotonically increasing or decreasing, the data was fitted as a sum

of two transformed Hill equations, i.e., eq. 3:

p
1+ 10nH1(log[K;fp]—log[Me])

(6] = [6]o + ([0 — [6]0) [
3)

+ 1-p
Pt 1OnH2(log[Kgfp]—log[Me])

Here, [0]o is the signal intensity before the transition, [0]. is the signal intensity at
saturation, [Kq1*"P] and [Ka2*P] are the apparent dissociation constants for the first and
second binding sites, nu1 and nu2 are the Hill coefficients for the first and second binding
sites, [Me] is the metal ion concentration, and p and 1-p are the relative signal intensities
for the first and second binding sites. When the two transitions were observed with a
local maximum or minimum in the signal, data was fitted as the sum of one transformed

and one reverse-transformed Hill equation, i.e., eq. 4:

[9]1 - [g]max + [9]2 - [e]max
1ol 10nH1(log[Me]—log[Kgfp]) 1+ 10nH2(10g[Kgfp]—]og[Me]) )

[6] = [e]max +
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Here, [0]max is the signal intensity at the extreme point, [0]; is the signal intensity before
the transition, [0]2 is the signal intensity after the transition, and nmi, nn2, [Kai*?],

[Kq>*PP], and [Me] have the same meaning as in eq. (3).

2.3. Fluorescence Spectroscopy

Fluorescence spectra of the OR peptide were recorded with a Cary Eclipse (Varian,
USA) fluorometer equipped with a Peltier multicell holder, using quartz cuvettes with 1
cm path length. 5 pM of OR peptide was titrated with stock solutions of CuClz and
ZnCla, similar to the CD titrations (above), and using the following different buffers:
(1)10 mM sodium phosphate buffer, pH 7.5, (i) 10 mM MES (2-
morpholinoethanesulfonic acid) buffer, pH 5.5, (iii) 10 mM MES buffer, pH 7.5. Some
titrations with CuCl, were conducted in the presence of 1 mM of the reducing agent
TCEP (tris(2-carboxyethyl)phosphine), to investigate the effect of reduced Cu(I) ions.
The samples were excited at 285 nm, and emission spectra were recorded in the 300 -
500 nm range, with a 1 nm data interval and a scan speed of 600 nm/min. The excitation
and emission bandwidths were respectively 10 nm and 5 nm, and the experiments were
performed at 25 °C under quiescent conditions (i.e., no stirring). The fluorescence
intensity at 255 nm was plotted versus metal ion concentration, and the resulting data

curves were fitted with the same equations as those used for CD data (i.e., eq. 2).

2.4. Molecular dynamics simulations

Molecular dynamics simulations were performed in GROMACS 2019.25 using the
OPLS-AA>? force field. The systems were solvated with the TIP4P** water model and
restrained using Van der Waals radii®. The LINCS algorithm® was used to restrain all
covalent bonds in the peptide, and the SETTLE algorithm®7 was used to restrain all water
molecules. In the initial model one or two nonbonded dummy Cu(Il) or Zn(II) ion
models®® were placed in close proximity to N*2 atoms of histidine side chains. The N*
atoms of the four histidine residues were either protonated or uncharged, to study the
interactions under different pH conditions (for short peptides histidine
protonation/deprotonation correspond to pH < 6.8 or pH > 6.8, respectively)®”. The

systems were neutralized with Cl” ions, and the energy was minimized using steepest-
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descent energy minimization over 5000 steps. The temperature was equilibrated at 300
K, in an NVT ensemble over 0.5 ns with 1 fs time steps, using the modified Berendsen®
thermostat. The pressure was equilibrated at 1 bar, in NPT ensemble over 0.5 ns with 1
fs time steps, using the Parrinello-Rahman®' barostat. For long-range electrostatic
interactions we applied PME®? with 1.2 nm cutoff, and the same cutoff was used for Van
der Waal forces. The MD production runs were performed in an NVT ensemble with 2
fs time step. The trajectories for the peptide with uncharged histidine residues were
produced over 100 ns, while trajectories for the peptide with protonated histidine
residues were produced over 10 ns. The results were analyzed in VMD®? and visualized
in the PYMOL Molecular Graphics System, Version 2.3.4 (Schrodinger, LLC). The
secondary structure was assigned using the PROSS software®, which estimates
secondary structures as o-helix, p-strand, B-turn, and PPII, and classifies all other
structures as “coil”. The principal component analysis was performed in the Bio3D R

65
package®.

2.5 Calculation of pKa values

Final peptide conformations were extracted as frames from MD simulations by
storing the structures as PDB files, which then were used as input for the two best known
protocols for pKa calculations for protein structures. Thus, pKa values for the OR
peptide were calculated using both the PropKa 2.0 software®® with the PARSE® force
field, and the DelPhiPKa software®® with the AMBER force field®’. The pKa values were
calculated at physiological pH and ionic strength at 37 °C, following the instructions for
each program. Two independent protocols were used for evaluation of calculation

accuracy.

3. Results
3.1. The octarepeat (OR) region exhibits a mixture of random coil and PPII helix

The initial low-temperature (5 °C) CD spectrum of 20 uM apo-OR peptide showed
one positive band at 225 nm, together with two negative bands: a weak one at 238 nm,
and a strong one at 199 nm (Fig. 2A, dark green spectrum). The minimum around 199

nm is consistent with a random coil structure, but this conformation should not give rise
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to positive CD bands, such as the one at 225 nm. Other researchers have previously
suggested that the OR peptide in aqueous solution adopts a PPII left-handed extended

he]ix7°~7"72

, or exhibits a mixture of random-coil and B-turn structures*’*7, To clarify
the secondary structure of the OR peptide, we recorded CD spectra at different

temperatures to monitor the thermal unfolding of the peptide (Figs. 2A and 2B).
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Figure 2. (A) CD spectra for thermal unfolding of 20 pM OR peptide from 5 °C (dark
green line) to 65 °C (red bottom line) at 5 °C intervals. The isodichroic point at 204 nm,
for spectra from 20 °C to 65 °C, suggests a PPII helix to random coil transition. All CD
spectra were recorded in 10 mM phosphate buffer, pH 7.0. (B) Estimated content of PPIL

helix for all recorded temperatures, calculated from eq. 1 and CD intensities at 225 nm.

The intensity of the CD spectra at 225 nm gradually decreased when the temperature
increased from 5 °C to 20 °C, but the spectral quality did not allow for any detailed
interpretation of the spectral shape (Fig. 2A). For the spectra between 20 °C and 65 °C,
however, an isodichroic point appeared at 204 nm (Fig. 2A). Together with the gradual
decrease of the 225 nm band, this indicates a structural transition from PPII helix to
random coil conformation”. We therefore calculated the PPII content in the OR peptide
as a function of temperature (Fig. 2B), using the CD signal intensity at 225 nm and eq.
1.°" The PPII content was highest at 5 °C, i.e. around 51%, and then gradually decreased
to around 41% at 65 °C (Fig. 2B). Interestingly, in the temperature range of the

isodichroic point, i.e. 20 °C to 65 °C, the amount of PPII helix decreased linearly as a
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function of temperature. Overall, these CD results indicate that the secondary structure
of the OR peptide at physiological temperature is a mixture of random coil and PPII

helix, with a significant amount - more than 45% - of PPII structure.

3.2. Cu(Il) and Zn(II) binding to the OR peptide both induce formation of antiparallel

p-sheet structure
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Figure 3. CD spectra for Cu(IT) and Zn(II) binding to the OR peptide at 25 °C. (A) 5
1M OR peptide in water at pH 7.5 (no buffer) before (green line) and after (red line)
addition of 20 uM CuCl,. CuCl, was added at a pH of 4.0, and then the pH was adjusted
to 7.5 with small amounts of NaOH. The shape of the red CD spectrum shows features
reported in the literature as typical for a Cu(II)-OR complex. (B) Titration of 5 uM OR
peptide in 10 mM phosphate buffer, pH 7.5, with CuClz from 0 pM (green) to 40 uM
(red). (C) Titration of 5 uM OR peptide in 10 mM phosphate buffer, pH 7.5, with ZnCl»
from O uM (green) to 40 uM (red).

Previous studies suggest that Cu(Il) binding to the OR peptide in pure water induces
certain changes in the peptide’s secondary structure, involving formation of B-turns or
structured loops around the metal ions®. Our initial titrations of 5 uM OR peptide with
CuClz in water (pH adjusted to ~7.5 with NaOH and controlled by a pH meter) showed
a gradual decrease in the CD signal that can be associated with peptide precipitation
(Figure STA). The final spectrum had a weak single minimum at 220 nm and a maximum
at 208 nm, which may suggest formation of B-sheets. As the direct titrations with CuCl,
in water appeared to induce severe aggregation, a different approach was tried. The 5
UM peptide solution was acidified with small amounts of acetic acid to pH ~4.0, then

20 uM of CuCl> was added, and the pH of the solution was slowly increased to ~7.5
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with NaOH. This approach allowed us to acquire a CD spectrum with a shape that
previously has been described in the literature as typical for the OR:Cu(II) complex, and
interpreted as formation of B-turns or structured loops*>»">"* (Fig. 3A, red spectrum).

To investigate the binding of Cu(II) ions to the OR peptide in a more controlled
environment, we titrated CuClz to 5 uM OR peptide in 10 mM phosphate buffer, pH 7.5
at 25 °C (Fig. 3B). The initial CD spectrum then began to lose intensity as 224 nm, and
a new band appeared at 208 nm. Careful analysis of these CD spectra revealed three
distinct spectral transitions, likely corresponding to transitions in the peptide’s
secondary structure. The first transition was present from O pM up to 5 uM of CuCla,
corresponding to 1:1 Cu(II):OR peptide ratio. During this process the CD intensity at
224 nm decreased, and a new weak band appeared at 208 nm (Fig. 3B, green to yellow
spectra). The isodichroic point at 217 nm was clearly visible, which could suggest a PPII
to B-turn structural transition’.

The second spectral transition appeared at CuCl, concentrations from 5 uM to 10
uM, corresponding to 2:1 Cu(II):OR peptide ratio. During this process the CD intensity
at 208 nm strongly increased, while the CD band at 224 nm showed a small intensity
increase (Fig. 3B, yellow to orange spectra). The absence of an observed isodichroic
point excluded the possibility of a two-state transition and suggests formation of a new
CD band. The difference spectrum for this transition (Fig. S2B, red line) resembled the
CD spectrum for relaxed antiparallel -sheets”’. On the other hand, the difference
spectrum could also be an inverted CD spectrum of a random coil’®, which would imply
a loss in random coil secondary structure. However, the CD spectrum of a random coil
secondary structure should have a minimum below 200 nm, but in our case the
extremum is at 205 nm (Fig. S2B, red line). We therefore suggest that the second spectral
transition involves formation of a relaxed antiparallel B-sheet secondary structure.

The third transition appeared for CuClz concentrations from 10 uM to 40 uM (Fig.
3B, orange to red spectra). During this process, the newly formed band at 208 nm
reached a maximum and maintained constant intensity, where the band at 224 nm began
to lose intensity. No isodichroic point was observed, similarly to the second transition,
which again suggests formation of a new spectral band. The difference spectrum (Fig.

S2B, blue line) showed features similar to those observed in the second spectral
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transition, again suggesting formation of relaxed antiparallel B-sheets’”. However, as the
changes in the CD spectral intensity were smaller for the third transition then for the
second transition, less of the new structure appears to have formed.

The final CD spectrum for the OR-Cu(II) complex in the phosphate buffer has two
maxima at 224 nm and 208 nm (Fig. 3B, red spectrum), whereas the CD spectrum for
the OR-Cu(Il) complex in pure water has a maximum at 208 nm and a minimum at 220
nm (Fig. 3A, red spectrum). Thus, the presence of the buffer may influence the structural
transitions in the OR peptide during Cu(Il) binding. The difference spectrum for the
OR:Cu(II) complex in water has a maximum at 202 nm and a minimum at 222 nm (Fig.
S2A), and thus resembles the CD spectrum of a left-hand twisted antiparallel B-sheet,
which is supposed to have a maximum at ~203 nm and a minimum at ~226 nm’’. This
suggests that both in water and phosphate buffer, Cu(II) binding to the OR peptide
results in formation of antiparallel f-sheet structures, however possibly with different
geometries, i.e., relaxed antiparallel B-sheets vs. left-hand twisted antiparallel B-sheets.

Interestingly, titrating 5 uM OR peptide in the phosphate buffer with CuClz up to
40 uM, in 5 pM intervals, produced different CD spectra (Fig. S1B), than the CuClz
titrations with very small steps (Fig. 3B). The final CD spectrum in the small-step
titration had a maximum at 224 nm, and formation of a new band at 208 nm was visible
(Fig. 3B, red spectrum). For the titrations with larger steps, i.e. 5 uM intervals, the
isodichroic point at 217 nm was absent, the new band formed at 208 nm had lower
intensity, and the band at 224 nm was not affected by the Cu(Il) ions at all. The
difference spectrum between these two titrations (Fig. S1B, blue line) shares similarities
with the difference spectra for titrations in the phosphate buffer with small steps (Fig.
S2B, red line, blue line), thus suggesting formation of antiparallel relaxed p-sheets. We
therefore suggest that during the large-step titrations, Cu(II) ions may have been bound
in a rather chaotic way, possibly favoring intermolecular binding conformations that
would induce peptide aggregation.

The titrations of the OR peptide with Cu(Il) ions using small steps (Fig. 3B)
resembled a steady-state approximation, wherefore we analyzed these data in a more
quantitative manner. Plotting the mean residue ellipticity at 208 nm and 224 nm versus

CuCl; concentration shows all three spectral transitions in the OR peptide (Figs. 4A and
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4B). The data at 208 nm fitted with eq. 3 yields apparent dissociation constants of 0.52
uM for the first transition, and 5.57 uM for the second transition. The change in CD
intensity at 224 nm for the first transition fitted with eq. 2 produced an Kq:1*? of 0.24
uM. The second and third transitions, visible at 224 nm and fitted to eq. 4, produced the
values Kq2*? = 7.84 uM and Kg3*? = 18.0 uM (Table 1). Thus, both the 208 nm and 224
nm CD data produced affinity values that were in the sub-micromolar range for the first
transition and in the low micromolar range for the second transition. Moreover, the 208
nm and 224 nm CD data produced also similar Hill coefficients. The Hill coefficient for
the first transition (PPII helix to B-turn) oscillates around 1, suggesting a single binding
site. For the second and third transitions, the Hill coefficients are larger than 1,

suggesting multiple binding sites (Table 1).
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Figure 4. Changes in CD intensity [8] for 5 uM OR peptide at 25 °C in 10 mM
phosphate buffer, pH 7.5, when titrated with metal ions as shown in Fig. 3. (A) 208 nm
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for Cu(Il) ions (Fig. 3B); (B) 224 nm for Cu(II) ions (Fig. 3B); (C) 208 nm for Zn(II)
ions (Fig. 3C); (D) 224 nm for Zn(II) ions (Fig. 3C).

To investigate the Zn(II) binding to the OR peptide we titrated 5 uM OR peptide
with ZnCls in the phosphate buffer, pH 7.5, at 25 °C (Fig. 3C). During the titrations with
Zn(II) ions, the CD spectra of the OR peptide gradually lost intensity at 224 nm, and a
weak new band appeared at 208 nm. Plotting the CD signal intensities at 208 nm and
224 nm versus the ZnCl, concentration clearly showed three spectral transitions (Figs.
4C and 4D). The data at 224 nm showed two transitions, and fitting to eq. 3 produced
apparent dissociation constants of 0.64 uM and 5.61 uM for the first and second
transitions (Table 1). The CD intensity at 208 nm did not show a saturation or inflection
point in the studied concentration range of ZnCl, and was therefore not used for
calculating binding affinity values. We may however speculate that this signal could
have an inflection point above 40 pM, corresponding to rather weak binding.

The first transition appeared from 0 pM to 5 uM of ZnCl,, (Fig. 3C, green to yellow
spectra). During this process the CD intensity at 224 nm decreased, and a new weak
band at 208 nm appeared. A clear isodichroic point at 217 nm was visible, suggesting a
PPII to B-turn structural transition’.

The second transition was visible from 5 uM to 10 uM of ZnCl: (Fig. 3C, yellow to
orange). During this process the CD signal intensity at 224 nm and 208 nm decreased
(Fig. 4C and 4D), while the isodichroic point gradually shifted from 217 nm to 218.5
nm. The new isodichroic point suggests a two-state structural transition, different from
the PPII to B-turn transition. The difference spectrum for this transition had one
minimum at 226 nm, and at least two maxima, one at 208 nm and a second below 200
nm (Fig. S2C, red line). The maximum at 208 nm and the minimum at 226 nm might
correspond to a left-handed twisted antiparallel B-sheet, suggesting that such a structure
could be induced by higher concentrations of Zn(II) ions.

The third transition was observed for ZnCla concentrations above 10 uM (Fig. 3C,
orange to red). In this spectral transition no clear isodichroic point was present, and the
band at 208 nm gradually lost intensity, while the signal at 224 nm remained constant

(Figs. 4C and 4D). The difference CD spectrum between the start and end points of this
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transition (Fig. S2C, blue line) was similar to the difference spectrum for the OR peptide
titrated with Cu(Il) ions (Fig. S2B, blue line), suggesting that this transition also
involves formation of antiparallel B-sheets.

Interestingly, the final CD spectrum for the Zn(II) titration, i.e. the OR peptide with
40 uM ZnCl, is nearly identical to the CD spectrum for the OR peptide with 4 pM
CuCl (Figs. 3B and 3C). Characteristic features are here decreased signal intensity at
224 nm and formation of a new band at 208 nm. But for the Cu(II) titration, this is just
an intermediate step — the final step with 40 uM CuCl, shows a very strong increase of

the 208 nm band, which is something that Zn(II) ions apparently are not able to induce.

Table 1. Apparent dissociation constants (Kq*?) and Hill coefficients (nn) for the OR-

metal ion complex, based on fluorescence quenching and circular dichroism (CD)

experiments.
Metal Method Buffer Kgq 2PP NH1 K2 2PP NH2 K3 2PP NH3
ion [uM] [uM] [uM]
cu(ll CD at 208 10 mM NaHz2POq, | 0.52+ | 0.97 + | 557+ | 2.97
nm pH7.5 0.31 0.48 0.11 0.25
cu(ll CD at 224 10 mM NaH2POs4, | 024+ | 131+ | 784+ | 1.81+ | 180+ | 450+
nm pH 7.5 0.03 0.20 0.25 0.14 0.7 0.41
Zn(lly CD at 224 10 mM NaH2POa4, | 0.64+ | 128+ | 561+ | 511 %
nm pHZ5 0.17 0.26 0.37 2.02
culll Fluorescence | 10 mM NaH2PQa, | 4.29+ | 1.5+
at 355 nm pH7.5 0.06 0.03
cu(lly Fluorescence | 10 mM MES, pH 45+ 161+
at 355 nm 75 0.1 0.05
cu(lly Fluorescence | 10 mM MES, pH 74+ [ 121+
at 355 nm 5.5 0.1 0.02
Cu(ll) Fluorescence | 10 mM MES, pH 81+ 0.61 +
at 355 nm 7.5 31 0.03

3.3. Protonation of His residues decreases the OR affinity for Cu(ll) and Zn(1l) ions
Tryptophan residues have previously been shown to indirectly coordinate Cu(II)

ions in a HGGGW sequence, corresponding to the core of a single isolated octarepeat

sequence’, and quenching of tryptophan fluorescence has been successfully applied to

calculate the affinity between the octarepeat region and metal ions?>*¥7%7 Thus, we
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here used fluorescence spectroscopy measurements of the intrinsic tryptophan
fluorescence to further investigate binding of Cu(II) and Zn(II) ions to the OR peptide.
Cu(Il) is a paramagnetic ion, and can therefore strongly quench nearby fluorophores.
Zn(II) is not paramagnetic, and any changes in tryptophan fluorescence should therefore
originate only from zinc-induced changes in the peptide structure.

Cu(Il) ions were titrated to 5 uM OR peptide at 25 °C in three sets of buffers: 10
mM phosphate buffer, pH 7.5; 10 mM MES buffer, pH 7.5 and 10 mM MES buffer, pH
5.5. As we believe that the OR peptide coordinates Cu(Il) ions via histidine

sidechains®¢-37:80

, we expect the binding to be weaker at pH 5.5, where the His residues
will become protonated®. In all three buffers Cu(Il) ions were found to quench the
intrinsic tryptophan fluorescence, clearly demonstrating that Cu(II) ions bind to the OR
peptide in all the studied conditions. In all cases the maximum fluorescence intensity
was at 355 nm, and this maximum did not change its position during the titrations. In
buffers at pH 7.5, the Cu(Il) ions quenched the tryptophan fluorescence to 30% of the
initial intensity (Figs. 5A and 5B), while in 10 mM MES buffer at pH 5.5, the tryptophan
quenching was reduced to 50% of the initial fluorescence intensity (Fig. 5C). To derive
apparent Kq values, we plotted the fluorescence intensity at 355 nm as a function of the
CuClz concentration and fitted the data to eq. 2 (Figs. 5A, 5B, and 5C: insets). The
calculated Ko values were similar in the phosphate buffer and in the MES buffer at
neutral pH, i.e. respectively 4.3 uM and 4.5 puM (Table 1). At acidic conditions the
calculated K" was somewhat higher, i.e. 7.5 pM, suggesting a slightly weaker
binding. The K¢*? values derived with fluorescence spectroscopy are roughly one order
of magnitude higher than those derived with CD spectroscopy, which is something that
we attribute to differences in the two methods, although it should be pointed out that
different buffers were used (Table 1). MES is a “Good” buffer with minimal metal
binding®!, but it is not suitable for CD measurements. Phosphate buffer is compatible
with most spectroscopic techniques, and biologically relevant, but the phosphate ions
may have some interactions with metal ions.

To investigate if the OR peptide also binds Cu(l) ions, we performed tryptophan
fluorescence titrations with CuCl> under reducing conditions obtained with 1 mM

TCEP. Our results showed that titrating Cu(I) ions to 5 uM OR peptide in 10 mM MES
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buffer, pH 7.5, and 1 mM TCEP, clearly quenched the tryptophan fluorescence (Fig.
5G), demonstrating binding also of Cu(I) to the OR peptide. Fitting the fluorescence
data at 355 nm to eq. 2 yielded an apparent Kq of ~81 uM. As no inflection point was
observed for the binding curve, this value should be considered a rough estimation. But
even so, it appears that the OR peptide has weaker affinity for Cu(I) ions than for Cu(II)

ions.

Fluorescence Intensity (a.u.)

300 350 00 450 500 0 350 400 450 500
Wavelength (nm)

Figure 5. Fluorescence spectra for 5 uM OR peptide at 25 °C quenched with: (A)
CuCl; in 10 mM phosphate buffer, pH 7.5; (B) CuClz in 10 mM MES buffer, pH
7.5; (C) CuClz in 10 mM MES buffer, pH 5.5; (D) ZnCl; in 10 mM phosphate
buffer, pH 7.5; (E) ZnCl: in 10 mM MES buffer, pH 7.5; (F) ZnCl, in 10 mM MES
buffer, pH 5.5; (G) CuClz in 1 mM TCEP, 10 mM MES buffer, pH 7.5.

Titrations with Zn(II) ions to 5 uM OR peptide at 25 °C were performed in the same
three buffers as the titrations with CuCly, i.e. 10 mM phosphate buffer, pH 7.5; 10 mM
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MES buffer, pH 7.5 and 10 mM MES buffer, pH 5.5. The changes in the OR tryptophan
fluorescence at pH 7.5 were stronger in the phosphate buffer than in the MES buffer,
indicating a buffer effect on the zinc binding (Figs. 5D and 5E). At pH 5.5 no significant
changes in fluorescence were observed (Fig. 5F), indicating that the OR peptide does
not bind Zn(II) ions at acidic conditions. In all titrations the fluorescence maximum was
at 355 nm and did not change its position. The weaker fluorescence quenching by Zn(II)
ions compared to Cu(Il) ions is to be expected, as Zn(II) ions are not paramagnetic.
However, the observed quenching effect does show that also Zn(II) ions bind to the
peptide at neutral pH, even though the signal-to-noise ratio is too low to quantitatively

evaluate the binding curves.

3.4. Cu(ll) and Zn(1l) ions bound to the OR peptide both induce formation of hairpin
structures

Molecular dynamics (MD) simulations were carried out to characterize the
structural transitions in the OR peptide, i.e. PrP(58-93), when bound to Cu(II) and
Zn(II) ions. Final models from the MD simulations are shown in Figs. 6, 7, and 8, and
visualizations of the first principal components of the simulations are shown in Fig. S3.

To study interactions corresponding to acidic pH, a single Cu(II) ion was positioned
next to four protonated histidine N°? atoms. As expected, the Cu(Il) ion rapidly moved
away from the protonated His residues during the MD equilibration phase. The
simulations quickly converged, as shown by the RMSD values (Figure S4A). During
the whole simulation time, the Cu(II) ion remained bound to the Cp main chain carbonyl
groups of residues His85, Gly87, Gly88, and Trp89, suggesting non-specific
electrostatic binding (Fig. 6A). The OR peptide in this protonation state adopted an
extended and flexible conformation with an RMSF around 0.5 nm (Figure S5A), where
the secondary structure mainly was coil with some regions showing propensities for -
turn and PPII helix conformations (Fig. 6D). Principal component analysis (PCA)
suggested that the main conformational changes involved motions in the N- and C-
termini (Figure S3A).

Next, we simulated the OR peptide with either one or two Cu(II) ions located next

to the neutral N*2 atoms of the four OR histidine residues, corresponding to the OR
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peptide at neutral pH. Both simulations quickly converged (Fig. S4A), and the single
Cu(II) ion remained bound by all four histidine residues and two axially-bound water
molecules over the whole simulation time (Fig. S6A). In this binding mode the peptide
backbone formed multiple loops around the Cu(Il) ion, while residues His61-Gly71
formed a hairpin-like structure stabilized by Cu(II)-bound His61 and His69 (Fig. 6B).
This model had smaller RMSF values than the OR peptide model with protonated
histidine residues (Fig. S5A), indicating a more rigid structure. Indeed, the main PCA
component showed smaller backbone displacements near the Cu(Il) ion than at the N-
and C-termini (Figure S3B). Moreover, in this binding mode more OR residues adopted
PPII helix and transient B-strand secondary structures, compared to the OR peptide with
protonated histidine residues (Fig. 6E). For the simulations with two Cu(II) ions, each
copper ion remained bound by two histidine residues and four water molecules (Fig. 6C)
over the whole simulation time (Fig. S6B). In this binding mode, the peptide backbone
formed a structure with three hairpins. The first hairpin was stabilized by one of the
Cu(II) ions, and was located near the N-terminus, involving residues Gly62-His69. The
second hairpin, which was stabilized by the other Cu(ll) ion, involved residues Gly74-
His85 and was thus located near the C-terminus. The third hairpin involved residues
His69-Pro76 and formed a bridge between the two Cu(Il)-bound segments (Fig. 6C).
The RMSF data showed intermediate values, with minima corresponding to the histidine
residues involved in Cu(Il)-binding (Fig. S5A). The primary PCA component suggests
that the two Cu(II)-stabilized hairpin structures were rigid in themselves, but could move
relative to each other, resulting in formation of the middle bridging hairpin (Fig. S3C).
Secondary structure analysis indicated a reduction of PPII structure and formation of
antiparallel B-strands around residues Gln67-Gly70 and Gly74-Pro76, i.e. roughly the
region of the middle bridging hairpin (Fig. 6F).
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Figure 6. Final snapshots and secondary structure distributions of the OR peptide
simulated with: (A, D): a single Cu(II) ion and protonated histidine N* atoms; (B,
E): a single Cu(Il) ion and neutral histidine N2 atoms; (C, F): two Cu(II) ions and
neutral histidine N*? atoms. The secondary structures were determined for each
generated model using the PROSS* algorithm: B-turns are shown in yellow,

polyproline II helices in violet, B-strands in green, and coils in orange.

Similar simulations were performed also for the OR peptide with Zn(II) ions. For
the OR peptide with fully protonated histidine residues and simulated with a single
Zn(II) ion, the metal ion moved away from the peptide in the MD equilibration phase
and remained unbound for the whole simulation time. The peptide adopted an elongated
(Fig. 7A) and flexible conformation with an average RMSF of 0.6 nm (Fig. S5B). The
first PCA component suggests that the main movement in the OR peptide involves
motions in the N- and C-termini (Fig. S3D). During the simulation time the OR peptide
here adopted mainly coil and PPII secondary structures (Fig. 7D).

In the next step we simulated the OR peptide with neutral N*? atoms, together with
one or two Zn(I) ions. Both simulations converged (Fig. S4B). The single Zn(II) ion

placed next to the four histidine residues remained bound over the whole simulation
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time (Fig. S6C) and was additionally coordinated by two axially bound water molecules.
In this binding mode the peptide backbone again formed multiple loops around the
Zn(I1) ion, and residues Gly74-Gly86 formed a hairpin structure stabilized by the zinc
ion bound to His77 and His85. The average value of the Cae RMSF was 0.3 nm, which
is a much smaller value than for the OR peptide with protonated histidine residues (Fig.
S4B). The first PCA component suggests that the main movement of the peptide
backbone occurred in the hairpin loop (residues Gly78-Gly82) and the C-terminal loop
(residues 86-91), while the backbone around the Zn(II) ion had smaller mobility (Fig.
S3E). Analysis of the secondary structure showed that more residues formed a f3-strand
secondary structure than for the OR peptide with protonated histidine residues (Fig. 7E).

However, the peptide mainly adopted coil and PPII helix secondary structures.
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Figure 7. Final snapshots and secondary structure distributions of the OR peptide

simulated with: (A, D): a single Zn(II) ion and protonated histidine N*? atoms; (B,
E): a single Zn(Il) ion and neutral histidine N*? atoms; (C, F): two Zn(II) ions and
neutral histidine N**> atoms. The secondary structure distributions were calculated
using the PROSS method: B-turns are shown in yellow, polyproline II helices in

violet, B-strands in green, and coils in orange.

When two Zn(II) ions were positioned close to the histidine residues, both ions again

remained bound over the whole simulation time, and each was coordinated by two
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histidine residues and four water molecules (Fig. S6D). In this binding mode the peptide
backbone formed four hairpin structures. Two hairpin structures, located at the N- and
C-termini, involved respectively residues His61-His69 and His77-His85, and each of
them was stabilized by a single Zn(II) ion. Then, two bridging hairpins involving
respectively residues GIn67-Trp73 and GIn75-Gly78 were located between the two
Zn(II)-stabilized hairpins (Fig. 7C). The peptide backbone had an average RMSF of 0.4
nm (Fig. S5B), indicating higher Ca fluctuations than when only one Zn(II) ion was
bound to the OR peptide. The primary PCA component suggests that in this binding
mode, the main motion of peptide backbone corresponds to formation of the two
bridging hairpin structures (residues Gln67-Trp73 and GIn75-Gly78) and closing the
whole model by terminal residues Gly58, GIn59 and Gly92, Gly93 (Fig. S3F). Analysis
of the peptide’s secondary structure showed a reduced PPII helix content, but an increase
in the coil and B-turn secondary structures (Fig. 7F).

In the last step we simulated two OR peptide molecules with neutral N*? atoms,
bound to a single Cu(II) ion. The initial model contained the Cu(II) ion bound to His77
and His 85 from the first OR molecule (OR-1), and to His61 and His69 from the second
OR molecule (OR-2). The models of OR-1 and OR-2 were taken from the last MD step
of our OR simulation together with two Cu(ll) ions. The simulation converged and
surprisingly showed a minimal RMSD over time (Fig. S4A). The average value of the
Co RMSF was below 0.05 nm (Fig. S5C), which is the smallest value from all
simulations performed in this study, and the single Cu(II) ion placed next to the four
histidine residues remained bound during the entire simulation time (Fig. S6E). The
three hairpin structures, previously formed in the OR peptide simulated with two Cu(II)
ions, were preserved in each OR molecule (Fig. 8A). Secondary structure analysis
indicated similar structural compositions for the OR-1 and OR-2 molecules. The two
peptide molecules predominantly adapted coil structures, with a PPII structure at
residues GIn67, Pro68, GIn75, Pro76, Pro84 in OR-1 and OR-2, and (-strands at
residues GIn67-His69, Gly74-Pro76 in OR-1, and Gly74-Pro76 in OR-2 (Fig. 8B, C).
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Figure 8. Final snapshot (A) of two OR peptide molecules simulated with a single Cu(II)
ion. The N-terminus and C-terminus of the first OR peptide (OR-1) are marked in
respectively blue and green, and the N-terminus and C-terminus of the second OR
peptide (OR-2) are marked in respectively green and red. The secondary structure
distributions for the two OR peptides are shown in (B) (OR-1) and (C) (OR-2), and were
calculated using the PROSS method: B-turns are shown in yellow, polyproline IT helices

in violet, B-strands in green, and coils in orange.

3.5 Calculation of pKa values for the OR peptide histidines

Protein binding affinities for Cu(II) and Zn(II) ions can be affected by the pKa
values of the His residue side chains, which are known to be close to the
physiological pH>*%2. Changes in pKa values can be observed in structural
conformations that favor hydrogen bond interactions with the histidine side chains,
and such pKa changes can affect the binding affinity for metal ions.

We therefore calculated pKa values for His residue side chains for different MD
conformations (Table 2). To increase the accuracy of the calculations, two
independent protocols were used, namely PropKa 2.0 and DelPhiPKa®. The two
protocols gave pKa values for all four His residues that are maximally within + 6%

of the average calculated values (Table 2).
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The two protocols consistently show that both the position of the His residue
and the protein conformation have noticeable effects on the pKa values (Table 2).
For the final models from the MD simulations, both protocols produce slightly
higher pKa values for His 85 than for the other three residues. His 85 is the histidine
most exposed to the solvent, and ionic interactions with water molecules are
energetically more favorable than hydrogen bonds. For the same reasons, both
protocols consistently show slightly higher pKa values for the final models from
simulations with charged His residues, than for models from simulations with

neutral His residues.

Table 2. pKa values for the four histidine residues in the OR peptide, calculated for
both neutral and protonated histidine, and with either the PropKa 2.0 or the
DelPhiPKa 2.3 protocol.

Cu(ll | Zn(l) Cu(ll) Zn(l)

PropKa 2.0 Neutral histidines Protonated histidines
His 61 5.87 6.88 6.50 6.43
His 69 6.41 6.01 6.50 6.43
His 77 6.20 6.11 6.43 6.29
His 85 6.48 7.15 6.47 6.50

DelPhiPKa 2.3

His 61 5.64 5.88 6.43 6.43
His 69 6.11 6.06 6.45 6.43
His 77 6.10 6.12 6.49 6.29
His 85 6.16 6.18 6.46 6.50

4. Discussion
4.1 Solution structure of the OR peptide

Previous studies have suggested that the OR peptide in aqueous solution adopts a
combination of random coil structure together with either PPII left-handed extended
helix”*"2 or B-turn structures®>7>74, Our CD results for the apo-OR peptide, i.e. PrP¢(58-
93), show unfolding at elevated temperatures (Fig. 2), thus demonstrating the existence

of secondary structures different from random coil at low temperatures. In the 20-65 °C
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temperature range an isodichroic point at 204 nm indicates a PPII-helix to random coil

7072 and also

transition’®. This is consistent with previous studies of the OR peptide
similar to our earlier results on the structure of the AP peptides involved in Alzheimer’s
disease’”. Temperature studies of the AB(1-40) peptide and its shorter N-terminal
fragments generally show an isodichroic point around 208 nm, a weak positive band at
~222 nm that becomes negative at high temperatures, and a strong negative band at ~200
nm whose intensity is reduced at high temperatures. The similar results obtained here
for the OR peptide suggest similar structures and temperature-induced structural
transitions in the two peptides. Our results suggest that ~45% of the OR peptide is in
PPII conformation at 37°C, with the remaining structure being random coils. For the
AP(1-40) peptide, the corresponding numbers are ~30% PPII helix and ~70% random
coil structure”. The lack of a well-defined isodichroic point below 20 °C (Fig. 2)
indicates that the OR peptide can form various secondary structures at low temperatures.
This is consistent with NMR studies of the OR sequence at 20 °C, which suggest the
presence of structured loops and B-turns®3.
4.2 Metal binding to the OR peptide induce S-sheet formation

Earlier studies have shown that the OR domain can bind up to four Cu(II) ions, but
no detailed structural model for the OR peptide backbone during Cu(II) binding has been
proposed. More than twenty years ago Viles et al. performed far-UV CD titrations with
Cu(II) ions to the OR peptide in water at pH 7.4% . Addition of Cu(Il) ions was found to
decrease the intensity of both a negative band at 200 nm and a positive band at 225 nm,
and to induce a new negative band at 222 nm together with a new positive band at 204
nm. This was interpreted as a structural alteration corresponding to formation of B-turns
or structured loops®. Later studies have suggested that the negative band at 222 nm
might reflect the structures of tryptophan side chains®’. In this study we were able to
largely recreate the results of Viles et al., but we present a different interpretation. The
difference spectrum for the Cu(II)-OR complex in water (Fig. S2A) has a strong
negative band at 222 nm and a strong positive band at 202 nm. It thereby resembles the
CD spectrum for left-handed twisted antiparallel B-sheets”’, as well as the CD spectrum
for a hydrophobic fragment of the AP peptide, i.e. AB(25-35), to which we previously

have attributed an antiparallel B-sheet secondary structure”. We therefore argue that
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binding of Cu(II) ions to the OR peptide in water results in formation of antiparallel -
sheet structures.

We further propose that antiparallel B-sheets are formed also when Cu(II) ions bind
to 5 uM OR peptide in the phosphate buffer, pH 7.5, but these B-sheets then appear to
have a different geometry. Addition of up to 5 pM CuCl,, corresponding to a 1:1
OR:Cu(II) molar ratio, produces an isodichroic point at 217 nm, which suggests a two-
state PPII-helix to B-turn transition. Above 5 uM of CuCls, the new CD band at 208
might be caused by formation of a relaxed antiparallel B-sheet secondary structure”.
The intensity increase for the new 208 nm band was higher for Cu(II) concentrations in
the 5 uM to 10 uM than for the 10 uM to 40 uM interval, suggesting that binding of two
Cu(II) ions to the OR peptide is a primary event. Further binding up to four Cu(II) ions
increases the formation of antiparallel B-sheet structure, however to a lesser amount.

In an earlier study, a CD spectrum for 50 uM of Syrian hamster OR peptide together
with 250 uM of Cu(II) ions in 20 mM ammonium acetate at pH 6.0%, is almost identical
to our CD spectrum for 5 uM OR peptide with 10 uM of Cu(II) ions in 10 mM phosphate
buffer, pH 7.5 (Fig. 3B). The CD spectrum of the Syrian hamster OR peptide in the
ammonium acetate buffer was interpreted as representing a Cu(I)-OR complex®*. The
CD spectrum of this proposed Cu(II)-OR complex was different than for the previously
reported complex in water at pH 7.4%, which is consistent with our current observations
(Figs. 3A and 3B). In another study, no changes in the CD spectrum were reported when
Cu(1l) ions were titrated to the OR peptide in 10 mM phosphate buffer, pH 7.072
Although the OR peptide concentration was not specified and CD data were shown only
for one CuCl> concentration, the reported CD spectra look like they might have an
isodichroic point around ~220 nm, which is close to our observed isodichroic point at
217 nm (Fig. 3B). The authors explained the lack of a clear effect when adding copper
ions by phosphate ions being able to compete for Cu(II) binding’?. In living organisms

Cu(II) ions never exist in free form*

, and phosphate ions may indeed form complexes
with Cu(Il) ions®. If binding of Cu(Il) ions to phosphate was so much stronger than
binding to the OR peptide, then Cu(Il) binding to the OR peptide would be

physiologically irrelevant, given the high concentration of free phosphate ions in the
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extracellular fluid®®. But our current data clearly show that the OR peptide binds both
Cu(II) and Zn(II) ions, also in the phosphate buffer.

As the OR domain is known to bind multiple - up to four - Cu(II) ions, the binding
modes depend on the Cu(Il) concentration®”-">88 The first Cu(II) ion is coordinated
by four N*2 atoms from the four histidine residues®”#, This binding mode has the highest
affinity, with a Kq below 3 nM**#, With two Cu(Il) ions, each one is coordinated by
two histidine sidechain N2 atoms®’, possibly together with negatively charged atoms,
and the Kq is ~200 nM®, Further addition up to four Cu(I) ions rearranges the binding
configuration, so that each Cu(II) ion is coordinated by one histidine sidechain N°' atom
and three negatively charged atoms, such as two deprotonated amide nitrogens and one
carbonyl oxygen from the preceding glycine residues®®*’#, In this binding mode the
OR peptide has the weakest affinity for Cu(II) ions, with a Kqin the 1 — 10 uM range’*%°,

The OR peptide backbone is expected to adopt different conformations for each
binding configuration. Our CD titrations confirm this notion (Fig. 3B), and the
transitions are particularly clear at 224 nm (Fig. 4B). Up to 5 uM CuCly, i.e. 1:1
Cu(II):OR ratio, the intensity at 224 nm monotonically decreased. From 5 uM to 10 uM
CuCly, i.e. 1:1 to 2:1 Cu(II):OR ratio, the intensity at 224 nm monotonically increased.
From 10 uM to 40 uM CuCly, i.e. 2:1 to 8:1 Cu(II):OR ratio, the intensity at 224 nm
decreased and reached a plateau around ~20 uM CuCly, i.e. around 4:1 Cu(II):OR ratio.
These observations are clearly consistent with binding of one, two, and up to four Cu(II)
ions to the OR peptide in the three intervals of CuClz concentration (Fig. 4B).

Binding of Zn(II) ions to the OR peptide in 10 mM phosphate buffer, pH 7.5, seems
to induce similar structures in the OR peptide as Cu(II) ions. However, while binding of
Zn(I) ions also appears to induce formation of an antiparallel B-sheet secondary
structure, the geometry of this B-sheet could be different’’. Again, the changes in CD
intensity at 224 nm seem to reflect distinct structural transitions (Fig. 3C). For additions
of up to 5 uM of ZnCly, i.e. 1:1 Zn(II):OR ratio, the 224 nm intensity monotonically
decreased, suggesting binding of a single Zn(II) in this interval (Fig. 4D). From 5 uM
to 10 uM of ZnCly, i.e. from 1:1 to 2:1 Zn(II):OR ratios, the 224 nm intensity decreased
even more steeply, suggesting binding of two Zn(II) ions in this interval. Above 10 pM

ZnCl: no further changes appear in the CD spectrum at 224 nm, indicating that binding
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of two Zn(II) ions saturates the OR peptide. Other researchers have suggested that all
four OR histidine residues are involved in binding a single Zn(II) ion**387_ This might
be true when the OR peptide binds Zn(II) ions in a 1:1 molar ratio, but at higher Zn(II)
concentration we suggest that two Zn(II) ions are bound by two histidine residues each,
in a similar fashion as for Cu(II) ions (above).
4.3 Histidine protonation and metal ion binding to OR peptide

Our fluorescence measurements of the OR peptide titrated with Cu(II) ions at pH
7.5 suggest an apparent Kg ~4.5 uM (Table 1). This value is close to the mean apparent
dissociation constant of 7.2 uM reported for an isolated HGGGW repeat*®. Calculating
real Kq values requires competition experiments with e.g. glycine®. As our main
objective was to show changes in metal ion binding affinity under different conditions,
no competition experiments were performed in this study. Our CD experiments for the
OR peptide titrated with Cu(II) ions clearly shows three spectral transitions, that we
attribute to binding of four Cu(Il) ions. The single apparent Kq value from our
fluorescence experiments therefore seems to represent the averaged Kq from all three
possible Cu(Il) binding modes®’. In our fluorescence experiments under acidic
conditions at pH 5.5 (Fig. 5C), the Ka value (~7.4 uM) suggested slightly weaker
binding than at pH 7.5 (~4.5 uM) (Table 1). Despite this small difference in binding
affinity, this result clearly shows that the OR peptide can bind Cu(Il) ions also under
acidic conditions where the histidines are protonated> as their pKa values are between
6 and 7, depending on the degree of solvent exposure and hydrogen bonds created (Table
2). Earlier studies with mass spectrometry indicate that the OR peptide can bind only up
to two Cu(II) ions at pH 6.0, i.e. less than the four Cu(II) ions that can be bound at pH
7.4%. Thus, our fluorescence quenching measurements at pH 5.5 (Fig. 5C) may reflect
the average affinity for binding two Cu(II) ions to OR peptide. Tryptophan fluorescence
measurements of the OR peptide with ZnCl» at pH 7.5 showed reduced fluorescence
intensity indicative of binding, but the poor signal-to-noise ratio of the data did not allow
the binding affinity to be calculated (Figs 5D and 5E). At pH 5.5 addition of ZnCl» did
not affect the intrinsic OR peptide fluorescence at all (Fig. 5F), indicating that the OR
peptide does not bind Zn(II) ions under acidic conditions.

4.4 Models for B-sheet formation
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Molecular dynamics simulations of the OR peptide with metal ions generally
support our CD results. The secondary structure of the OR peptide with protonated
histidine residues, in the presence of a single Cu(II) or Zn(II) ion, mainly consists of coil
structure, although some PPII-helix structure (12% overall) is present around residues
Pro60, GIn67, GIn75 and Pro84 (Fig. 6D, Fig. 7D). When the OR peptide with neutral
histidine residues is modeled together with a single bound metal ion, the peptide again
mainly formed a coil structure, although together with four transient B-strands. For a
bound Cu(Il) ion, the transient B-strands were Pro60-Gly62, Gln67-Gly70, Trp73-
Gln75, and His77-Gly79. For a bound Zn(II) ion, the transient B-strands were Pro60-
Gly63, Gly66-Pro68, His77-GIn79, and Gly87-Trp89. Thus, most of the B-strands
appeared in close proximity to the histidine residues involved in metal ion binding, i.e.
His61, His69, His77, and His85. The overall amount of PPII-helix structure was around
15% in these simulations, with the main contributions coming from Pro60, GIn67,
Pro68, GIn75, Pro84 and Trp8&9.

Although the OR peptide simulated with neutral histidine residues and two bound
metal ions mainly adopted a coil structure, we observed significant reduction in the PPII-
helix structure (9% overall), which is in line with our CD analysis. The PPII-helix
content was here distributed in a more uniform way, mainly around the Pro68, Pro76,
and Pro84 residues. Furthermore, modeling with two bound Cu(Il) ions (Fig. 6C)
induced formation of two B-strands consisting of residues Gln67-Gly70 and Gly74-
Pro76, i.e. mainly in the middle of the bridging hairpin structure (residues His69-Pro76).
For two bound Zn(II) ions, a similar B-strand was formed at Gly66-Gly70, together with
two accompanying short B-turns at Trp73-Gly74 and Pro76-His77. In this case the
formed B-structures were located around the first (residues GIn67-Trp73) and second
(residues GIn75-Gly78) bridging hairpins, which connect the N-terminal and C-terminal
hairpin structures stabilized by the two metal ions (Fig. 7C). These observations are
consistent with our CD results, where formation of antiparallel -sheets was observed
for the second spectral transition (i.e., for binding of the second Zn(II) ion (Fig. 4D).

Structural models with a single bound metal ion from our MD simulations agree
with previously published results for a single Cu(II) ion bound to the OR peptide, where

the metal binding site remained exposed to the solvent and the peptide backbone formed
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multiple loops around the Cu(II) ion%%%°

. Interestingly, Pushie et al. performed molecular
dynamics simulations for two octapeptide repeats, each bound with a single Cu(II) ion®.
The authors observed stacking of the two HGG metal binding regions on each other,
where the GWGQ linker region formed a bend or a turn structure. Those models
resemble our hairpin structures from the simulation of the OR peptide with two Cu(II)
ions. In the “stacked” models two copper binding sites were located in close proximity,
with a copper-copper distance of ~5 A. With two neighboring histidine imidazole
moieties, it is possible that the 2:1 binding mode (two Cu(Il) ions/one OR peptide) under
higher Cu(Il) occupancy undergoes rearrangement to a 4:1 binding mode, with the
hairpin properties being preserved, which would agree with our CD results. Future
modeling with multiple OR peptides (or full-length PrP€) and multiple metal ions may
shed more light on the structural effects of metal binding to aggregated
peptides/proteins.
4.5 OR peptide metal ion binding and amyloid formation

The OR domain is an important part of PrPC, being involved in the protein’s

neuroprotective effect”!

. Previous studies have suggested that Cu(ll) and Zn(Il) ions
may inhibit in vitro conversion of PrP® to PrP% by formation of nonamyloid
aggregates®?. However, we have previously reported that after addition of four molar
equivalents of Zn(II) ions, the OR peptide forms structured fibrils that bind the amyloid-
specific dyes Thioflavin T and Congo Red, and which display the cross-f structure
typical for amyloid material 3. Thus, the OR peptide incubated with an excess of Cu(II)
ions may also form amyloid aggregates. Our CD titrations and MD simulations of the
OR peptide bound with two metal ions (i.e., Cu(Il) or Zn(II)) showed formation of B-
structures, which is consistent with our previous results. In our MD simulations the OR
peptide formed B-structures in the GIn67-Gly70 and Gly74-Pro76 regions, and as f-
structures — especially hairpins — are favorable for amyloid formation®, we speculate that
these regions may form a core for amyloid aggregation of the OR peptide or full-length
PrPS¢. However, our CD and MD results indicate that binding of a single metal ion to
the OR peptide induces only minor changes in the peptide’s secondary structure. Thus,
it is possible that only high concentrations of metal ions — more than 1:1 ratio — would

induce secondary structures suitable for amyloid formation. On the other hand, binding

31

118



bioRxiv preprint doi: https://doi.org/10.1101/2021.12.12.472308; this version posted December 13, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

of divalent metal ions to full-length PrP€ is known to induce interactions between the
metal-bound OR domain and the C-terminal helical domain?>%"%3, Such interactions
likely help to hold the protein structure together, and it is generally known that structured
proteins first must become unstructured before they can “misfold” into B-sheets (or -
sheet hairpins) and begin to assemble into amyloid forms. In a PrP€ variant with point
mutations, corresponding to genetic Creutzfeldt-Jakob disease, fatal familial insomnia,
and the Gerstmann-Straussler-Scheinker disease, addition of Zn(II) ions induced
broadening of NMR peaks indicative of weaker interactions between the Zn(II)-bound
OR region and the C-terminal domain®’ than in the native protein. Thus, the metal-
induced interactions between the OR region and the C-terminal domain likely
counteracts amyloid formation, by stabilizing the protein fold, and these stabilizing
interactions may be weaker in some disease-related PrP¢ mutants. Finally, metal ions
may promote aggregation by binding to the OR region of two or more PrPC proteins,
thereby bringing the two proteins together (a first step towards aggregation). Our MD
simulations (Fig. 8) showed that such intermolecular Cu(IT) coordination was very stable
over time, indicating that complexes with Cu(II) ions and two or more PrP¢ molecules
are likely to form in vivo.

The relation between metal binding and PrP€ aggregation is clearly complex, with
two effects that likely promote aggregation (one metal ion binding multiple PrP¢
molecules, and metal ions inducing -sheet structures suitable for amyloid formation),
and one effect that likely counteracts amyloid formation (stabilizing the protein fold by
interactions between the C-terminal domain and the metal-bound OR region). Our
tentative understanding is that the effects that promote aggregation will dominate at high
concentrations of metal ions, i.e. at metal:protein ratios higher than 1:1. As four Cu(II)
ions but only two Zn(II) ions could bind to one OR peptide, and as Cu(II) ions had a
larger effect on the peptide structure than the Zn(II) ions, amyloid formation is probably

more efficiently induced by Cu(II) than Zn(II) ions.

5. Conclusions
In summary, our results show that the OR region in the PrP€ protein can bind up to

four Cu(Il) ions or two Zn(Il) ions. The average apparent binding affinities are in the
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low micromolar range for both metal ions (Table 1). The OR histidine residues are
important binding ligands, where Zn(II) binding is more sensitive to histidine
protonation than Cu(II) binding, and the metal ions can be coordinated by histidines
from different PrP¢ molecules — such intermolecular complexes appear to be stable first
steps towards protein aggregation. Without bound metal ions, the secondary structure of
the OR peptide is a combination of random coil and PPII helix. Addition of metal ions
induces structural changes into B-sheet conformations, which generally are beneficial
for amyloid aggregation. The structural conversions are most prominent for large
concentrations (i.e. above 1:1 ratio) of Cu(Il) ions, suggesting that especially Cu(II) ions
could be an important factor in converting the PrP® protein into amyloids of the

neurotoxic PrP5¢ form.
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Figure S1. CD spectra of the OR peptide titrated with CuClz. (a) Titration of 5 uM OR peptide in pure
water at 25 °C, with CuClz in increasing (0.04 pM, 0.2 uM, 0.5 pM, 2 pM and 4 uM) intervals. The pH
was adjusted to 7.5 with small amounts of NaOH. Initial spectrum: blue. Final spectrum (40 uM CuClz):
red. (b) Titration of 5 uM OR peptide in 10 mM phosphate buffer, pH 7.5, with CuClz in 5 pM intervals.
Initial spectrum: green. Final spectrum (40 uM CuClz): red. Difference spectrum between the initial and
final states: blue.
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Figure S2. Difference spectra for CD curves in Figure 3. (a) Difference between the two spectra shown
in Fig. 3a, i.e., 5 uM OR peptide in water at pH 7.5 before and addition of 20 pM CuClz. (b) Difference
spectra between the first and last spectrum of the first (black - 5 uM OR peptide with 5 uM CuCl2 minus
5 uM OR peptide), second (red - 5 uM OR peptide with 10 pM CuCl2minus 5 pM OR peptide with 5 uM
CuClz), and third (blue - 5 uM OR peptide with 20 uM CuCl2 minus 5 pM OR peptide with 10 pM CuClz)
transitions shown in Figure 3b; (c) Difference spectra between the first and last spectrum of the first
(black - 5 uM OR peptide with 5 uM ZnCl2 minus 5 uM OR peptide), second (red - 5 uM OR peptide with
10 uM ZnCl2 minus 5 uM OR peptide with 5 uM ZnCl2), and third (blue - 5 uM OR peptide with 20 pM
ZnClzminus 5 uM OR peptide with 10 uM ZnCl2) transitions shown in Figure 3c.
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Figure S3. Visualization of the first principal component of the OR peptide simulated together with (a) a
single Cu(ll) ion and protonated histidine residues, (b) a single Cu(ll) ion bound to four N2 atoms of
neutral histidine residues, (c) two Cu(ll) ions, each bound to two N¢2 atoms of neutral histidine residues,
(d) a single Zn(ll) ion and protonated histidine residues, (e) a single Zn(ll) ion bound to four N¢2 atoms
of neutral histidine residues and (f) two Zn(ll) ions, each bound to two N¢2 atoms of neutral histidine

residues.
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Figure S4. Root mean square deviation (RMSD) of atomic positions for simulations of the OR peptide
together with: (a) Cu(ll) ions, and (b) Zn(ll) ions. The OR peptide with fully protonated histidine residues
and a single metal ion (i.e., either Cu(ll) or Zn(ll)) is shown in red, while the OR peptide with neutral
histidine residues simulated with a single metal ion is shown in green, the OR peptide with neutral
histidine residues simulated with two metal ions is shown in blue, and the two OR peptides with neutral

histidine residues simulated with a single metal ion are shown in black.
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Zn(ll) binding causes interdomain
changes in the structure

and flexibility of the human prion
protein
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The cellular prion protein (PrP€) is a mainly a-helical 208-residue protein located in the pre- and
postsynaptic membranes. For unknown reasons, PrP¢ can undergo a structural transition into a toxic,
B-sheet rich scrapie isoform (PrP*) that is responsible for transmissible spongiform encephalopathies
(TSEs). Metal ions seem to play an important role in the structural conversion. PrP¢ binds Zn(ll) ions
and may be involved in metal ion transport and zinc homeostasis. Here, we use multiple biophysical
techniques including optical and NMR spectroscopy, molecular dynamics simulations, and small angle
X-ray scattering to characterize interactions between human PrP¢ and Zn(ll) ions. Binding of a single
Zn(ll) ion to the PrP© N-terminal domain via four His residues from the octarepeat region induces a
structural transition in the C-terminal a-helices 2 and 3, promotes interaction between the N-terminal
and C-terminal domains, reduces the folded protein size, and modifies the internal structural
dynamics. As our results suggest that PrP¢ can bind Zn(ll) under physiological conditions, these effects
could be important for the physiological function of PrP¢.

Misfolding and aggregation of the 208-residue prion protein (PrP) is the molecular event underlying the pro-
gressive and fatal neurodegenerative diseases collectively known as transmissible spongiform encephalopathies
(TSEs)', or prion diseases. PrP is an outer membrane glycoprotein encoded by the PRNP gene, highly conserved
within mammals?, and expressed at high levels in the brain—especially in the striatum, hippocampus and cortex®.
Single-nucleotide mutations or sequence expansions within the PRNP gene are the cause of genetic prion diseases
such as familial Creutzfeldt-Jakob disease (fCJD), fatal familial insomnia (FFI), and Gerstmann-Striussler-
Scheinker (GSS) syndrome. Post-translational modifications of PrP produce the mature cellular form known
as PrP“-%, which can undergo a structural rearrangement into the aggregated, p-sheet-rich, and pathological
(scrapie) isoform denoted as PrP™. This form acts as a template for PrP to refold into toxic conformations'”.
The infectious prion diseases arise from contact with pathogenic PrP* via events such as organ transplantation
from people with CJD (iatrogenic CJD), consumption of beef contaminated with bovine spongiform encepha-
lopathy (variant CJD)"’, or human cannibalistic rituals (Kuru)®. The most common prion disease in humans is
however sporadic CJD, but its origins are unknown. Despite intense research, no drugs have so far been devised
that can cure prion diseases’".

‘The human PrP protein is expressed as a 253-residue long precursor polypeptide chain. The post-translational
modifications include: removal of the N-terminal 22-residue signal sequence, removal of 23 C-terminal residues,
formation of one disulfide bridge (Cys179-Cys214), glycosylation of two asparagine residues (Asn181, Asn197),
as well as binding of a glycosylphosphatidylinositol (GPI) anchor'-® (Fig. 1). The N-terminal domain of PrP® is
intrinsically disordered", although it contains four octapeptide repeats with B-turn or polyproline II second-
ary structure'*'*, The C-terminal domain, whose 3D-fold is well conserved within mammals, consists of three
a-helices and two antiparallel p-sheets'>!*!¥, The first a-helix is formed by residues 144-154 and is flanked
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Figure 1. Schematic representation of the mature human PrP¢ protein. PrP® consists of an N-terminal
intrinsically disordered domain and a C-terminal structured domain. The octarepeat (OR) region is marked in
orange, a-helices are marked in blue, p-sheets are marked in green, hexagons represent the glycosylation sites,
S-S is a disulfide bridge and GPI represents the glycosylphosphatidylinositol anchor.

by two short B-strands, i.e. residues 128-131 and 161-164. Helices a2 and a3 consist of residues 173-194 and
200-228, and are interconnected by a disulfide bond between Cys179 and Cys214'>'®", In vitro studies suggest
that conversion of the mainly a-helical PrP€ into the toxic and B-sheet-rich PrP isoform requires misfolding
or unfolding of PrP€ as an intermediate step’”.

The biological function of PrP is not fully understood. The protein is involved in controlling synaptic trans-
mission and neuronal plasticity. Studies on mouse models suggest that PrP® may be crucial for the regulation of
the circadian rhythm, and the development of the central nervous system??!, Moreover, it has been proposed
that PrP® might have a significant role in the homeostasis of different metal ions*'*, as the brain distribution of
metal ions correlates with the PrP® expression level®. It is still unclear if zinc dyshomeostasis, or metal imbal-
ances in general, are part of the pathology in prion diseases, as appears to be the case in other neurodegenerative
protein aggregation diseases such as Alzheimer’s *.

Human PrP¢ has been tested for binding of various divalent metal ions including Cu(II), Ni(II), Zn(II), and
Mn(I)* . Zinc is the second-most abundant (after iron) metal in living organisms. It is a co-factor of many
enzymes®', and plays an important role in cell signaling and proliferation*. Zn(II) ions are important neuro-
transmitters in the synaptic cleft where concentrations can reach up to 300 uM***. In PrP® both Cu(II) and
Zn(II) mainly binds to the octarepeat region (Fig. 1, orange)*****. Upon binding of Zn(II) ions, the N-terminal
domain forms a tertiary contact with the C-terminal domain via the octarepeats®. This interaction is disrupted
in PrP® mutants associated with TSE, suggesting that disruption of Zn(II)-mediated intramolecular interactions
might cause TSE*. Even though the interaction between PrP® and Zn(II) has been investigated for the last twenty
years, the dissociation constant values reported in literature for the formed complex vary in almost three orders
of magnitude, i.e. from ~ 0.5 uM to ~200 uM, even when measured in similar environments®7-**,

Here, we used multiple biophysical techniques, including spectroscopic, scattering, and theoretical methods,
to study Zn(1I) binding to the full-length human PrP€ protein.

Results

CD spectroscopy reveals o-helix to B-sheet transition in PrP¢ upon Zn(ll) binding. Circular
dichroism (CD) spectroscopy was used to monitor changes in protein secondary structure induced by Zn(II)
ions. The CD spectrum of the pure protein in N-ethyl morpholine (NEM) buffer corresponds to a typical a-helix,
with characteristic minima at 208 and 222 nm and a maximum at 193 nm (Fig. 2A). Addition of twenty molar
equivalents of Zn(IT) to PrPC resulted in a general decrease in CD intensity over the whole wavelength range
(Fig. 2A). The observed change corresponds to a decrease in the content of regular a-helices (helix 1, Table S1),
and an increase in the content of distorted a-helices (helix 2, Table S1). Addition of Zn(II) also increased the
content of antiparallel B-sheets and B-turns, and reduced the content of parallel B-sheets (Table S1). The changes
in PrP® secondary structure upon addition of Zn(II) were clearly visible in the far UV region; we therefore pro-
ceeded with careful Zn(II) titrations in this region.

ZnCl, was titrated to PrP% both in 10 mM NEM, pH 7.4 (Fig. 2B), and in 10 mM sodium phosphate buffer,
pH 7.4 (Fig. 2C). The measurements in NEM buffer displayed an isodichroic point at~242 nm (Fig. 2B). In
phosphate buffer no isodichroic point was visible (Fig. 2C). The presence of this isodichroic point shows that
the Zn(II)-induced general loss of CD signal intensity is caused by a two-phase structural transition, and not
by a lowered protein concentration related to e.g. possible Zn-related aggregation and precipitation of the pro-
tein. Figure 2D,E show plots of the CD intensity at 217 nm vs Zn(II) concentration, derived from the spectra in
Fig. 2B,C. Fitting binding Eq. (1) to the Zn(II) titration data in NEM buffer (Fig. 2B) produced a dissociation
constant (Ky) of 28.8 + 1.5 uM (Fig. 2D), while the titration data in sodium phosphate buffer (Fig. 2C) suggested
stronger binding of Zn(IT) to PrP, Fitting to Eq. (1) yielded the dissociation constant K,=12.1+0.7 pM (Fig. 2E).
Clearly, the binding behavior of the Zn(II) ions is to some extent influenced by the environmental conditions,
such as buffer composition. Because possible binding of Zn(1I) ions to the buffer is not taken into account, the
calculated K values should be considered to be apparent.
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Figure 2. CD spectra of huPrP%(23-231) titrated with ZnCl,. (A) 20 pM PrP¢ (blue line) and 20 uM PrP® with
400 pM ZnCl, (red line) in 10 mM NEM buffer, pH 7.4. (B) Titration of 1 uM PrP® with ZnCl, in 10 mM NEM
buffer, pH 7.4. The initial spectrum is in blue and the final one in red. (C) Titration of 0.5 uM PrP¢ with ZnCl,
in 10 mM sodium phosphate buffer, pH 7.4. The initial spectrum is in blue and the final spectrum is in red. (D)
CD signal intensity at 217 nm derived from the spectra in Fig. 2B, plotted as a function of added ZnCl, and
fitted to Eq. (1) (K4=28.8 £ 1.5 uM). (E) CD signal intensity at 217 nm derived from the spectra in (C), plotted
as a function of added ZnCl, and fitted to Eq. (1) (K;=12.1+0.7 uM).

Fluorescence spectroscopy shows that tryptophan residues are in close proximity to the
PrPS-Zn(ll) binding site. The PrPC protein has seven tryptophan residues located in the N-terminal
unstructured domain. Four of these residues, i.e. Trp65, Trp73, Trp81 and Trp89, are located in the octarepeat
region where they appear to be indirectly involved in copper binding®. Addition of Cu(II) ions quench the
tryptophan fluorescence signal®®. Here, a similar effect is observed upon addition of Zn(II) ions to 0.5 uM PrP¢
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protein in 10 mM sodium phosphate buffer, pH 7.4 (Fig. 3A). The fluorescence spectrum of apo-PrP¢ showed a
single maximum at ~ 347 nm, indicating full exposure of the tryptophan residues to the solvent”.

The titration with ZnCl, solution resulted in a reduced fluorescence intensity, a slight blue shift of the maxi-
mum to 343 nm, and revealed the presence of two additional peaks at 333 nm and 313 nm (Fig. 3A). The blue
shift of tryptophan fluorescence to ~ 342 nm corresponds to a change in tryptophan environment and exposure
to the bound water molecules, while the two new peaks at 333 nm and 313 nm may be attributed to buried and
structured tryptophan residues, respectively®. In the last fluorescence spectrum of the titration, corresponding
to a Zn(II) concentration of 70 uM, the maximum at 343 nm is still visible. Plotting the fluorescence intensity at
347 nm versus ZnCl, concentration and fitting the data to Eq. (2) suggested binding of Zn(II) ions to the PrP®
protein (Fig. 3B) with an apparent dissociation constant K;=16.8 0.9 uM.

NMR spectroscopy shows Zn(ll) binding promotes interactions between the PrP¢ N- and C-ter-
minal domains.  To investigate the structural alteration of PrP® under Zn(II) saturation, high-resolution 2D
heteronuclear 'H-'* N HSQC NMR solution spectra of the protein were acquired in 50 mM deuterated HEPES
buffer, 50 mM NaCl, pH 7.0, before and after addition of two molar equivalents of ZnCl, (Fig. 4A). Comparison
of the spectra collected without and with Zn(II) ions revealed no differences in peak positions. Reduced cross-
peak intensities for certain amino acids, however, indicate residue-specific binding interactions with Zn(II) ions
(Fig. 4A). As Zn(II) ions are not paramagnetic, this loss of signal intensity is likely caused by chemical exchange
on an intermediate NMR time scale. Substantial intensity changes were observed for cross-peaks correspond-
ing to amino acids in the folded domain of the PrP® 3D structure—in particular in the C-terminal region with
a-helices 2 and 3. In a-helix 2, decreased cross-peak amplitudes were detected for residues in the last two turns
of the helix, e.g. Thr183, His187, and Thr188 (Fig. 4A).

A more compact structure of the PrP protein in presence of Zn(II) ions was demonstrated by measurements
of the translational diffusion coefficient (D,,) by PGSE-NMR experiments. Addition of ZnCl, resulted in higher
translational mobility of the protein compared to the apo form, with D, values increasing from 1.09+0.02 10 '
m?/s up to 1.23+0.03 107 m?/s (Fig. 4B).

To further explore molecular dynamic processes in the PrP“ sample, the '°N spin-spin relaxation rates (R,)
were measured. The data acquired for the Zn-bound state were compared with previously collected R, values
obtained for the apo form of PrPC at the same conditions. For the 71 amide nitrogens assigned in the C-terminal
domain, this comparison revealed decreased °N R, relaxation rates for the majority of the '°N backbone reso-
nances under Zn(I1) saturation (Fig. 4C). Strong effects of Zn(I1)-binding were seen in a number of C-terminal
residues. For example, significantly decreased R, values for Gly126 and Tyr128 suggest changes towards more
mobility for the short f-sheet fragment '*YMLG'". In addition, the significantly decreased R, values for the
Cys214, Thr216, Ser222, and GIn223 residues in the third a-helix suggest increased local dynamics also in this
region upon Zn(II) binding (Fig. 4C).

‘The changes in molecular dynamic processes, observed under saturation by Zn(Il), are highlighted in the 3D
structure of the C-terminal domain of the protein (Fig. 4D). Together with an overall lower structural stability
deduced from the '*N R, data for Zn(II)-bound PrP¢, we conclude that there are pronounced changes in the
dynamics of the C-terminal region consisting of a-helices 2 and 3 joined with a B-strand motif (Fig. 4D). Our
data suggest that even though local dynamics increase in the C-terminal domain by Zn(II) binding, the resulting
effect is to promote interactions between the N-terminal and C-terminal domains, resulting in an overall more
compact protein structure. Such an effect is in agreement with previous studies of Zn(II) binding to PrP¢:3,

Molecular dynamics simulations show the Zn(ll) binding coordination, and consequent struc-
tural and dynamic changes in the PrP¢ C-terminal domain. As reported previously, the Zn(II) ion
can be coordinated in PrP%(23-231) by four imidazole ring nitrogens from histidine His61, His69, His77, and
His85 in the octarepeat fragment™. Our NMR data showed that addition of Zn(II) to PrP® at pH 7.0 shifted
only Cel-'Hel resonances (Fig. S1). Despite lacking residue-specific assignments for the *C and 'H histidine
side-chain resonances, there are clear chemical shifts in four out of nine histidine '*Cel signals (Fig. 5A). We
speculate that these shifts are caused by Zn(II)-binding to the four histidine residues in the octarepeat region.
Thus, molecular dynamic simulations were used to create the 3D structure of the Zn(II)-binding motif shown
in Fig. 5. Due to the spherical geometry of Zn(II) coordination, it is difficult to predict the exact geometry of
the Zn(I1)-binding motif. Nevertheless, in the second coordination sphere we note the existence of two oxygens
from the carbonyl groups of Gly71 and Trp89, which may compensate for the lack of negative charges in the
histidine imidazole rings®.

Molecular dynamics simulations were performed also to investigate changes in the C-terminal a-helices
upon Zn(II) binding. In the first step, a 195 ns trajectory for apo-PrP® with an extended N-terminal domain
was performed. After ~25 ns of simulation the RMSD values converged (Fig. S2), and the N-terminal domain
formed a compact structure with three antiparallel B-sheets (Pro51-Gly53, GIn67-His69, Gly72-Gly74) located
around the C-terminal region of a-helix 3, which became partially unfolded (Fig. 6A, model marked in blue).

In the second step we generated a 100 ns trajectory for holo-PrP“ bound to a Zn(IT) ion. Because our NMR
experiments suggest an involvement of histidine Ne2 atoms in the Zn(1I) coordination (Fig. S1), our initial model
involved Zn(II) coordinated by the four deprotonated (i.e., neutral) Ne2 atoms from the His61, His69, His77, and
His85 residues, located in the octarepeat region. The distances between the histidine £2 nitrogen atoms and the
Zn(I1) ion were stable over the simulation time, with average values around ~2.15 A (Fig. $3) and fluctuations
in the range from 1.96 to 2.49 A.

The simulation for holo-PrP® also converged after ~ 25 ns (Fig. S2). During the simulation time the N-terminal
domain moved closer to the C-terminal domain, in a similar way as for the apo form, although the resulting
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Figure 3. (A) Fluorescence spectra (excitation wavelength =280 nm) of 0.5 uM huPrPC protein titrated with 0
to 70 uM ZnCl,, see (B), in 10 mM sodium phosphate buffer, pH 7.4 at 25 °C. The initial spectrum is in blue and
the final in red. (B) Changes in the relative fluorescence intensity at 347 nm, fitted to Eq. (2) (K;=16.8£0.9 uM).

structure was less compact (Fig. 6A, model marked in red). The Zn(II)-bound octarepeat region moved to the
C-terminus of a-helix 2 and unfolded this region (Fig. 6B).

Surprisingly, the main changes in PrP¢ after Zn(Il) binding involved stabilization of a-helix 3 (Fig. 6B).
We therefore used MD simulations to investigate possible mechanisms for this stabilization. In apo form the
C-terminal region of a-helix 3, involving Ser222-Arg228, becomes unfolded during a 195 ns simulation (Fig. 6B).
"This process may be mediated by Met166 from the p2-a2 loop. In the initial steps of the apo-PrP® simulation,
the C-terminal fragment of a-helix 3 forms hydrogen bonds with the 2-a2 loop, stabilizing a-helix 3 (Fig. 7A,
Fig. S4). As the N-terminal domain can move freely, the N81 atom of His111 forms a hydrogen bond with the
Ogl atom of Glu168, and disrupts the hydrogen bond between Og2 of Glu168 and OH of Tyr226 (Fig. S5). The
newly formed hydrogen bond allows Met166 to rotate (Fig. $4, Fig. $5), and then form a hydrogen bond between
S8 of Met166 and NH2 of Arg228 (Fig. S5). In the final step, Arg228 forms a hydrogen bond involving OH of
Tyr163 (Fig. 7B, $6), resulting in unfolding of the C-terminal part of a-helix 3. In difference from the apo-PrP“
simulation, such unfolding of a-helix 3 was not observed in the simulation of the Zn(II)-PrP® complex. In
the holo form, a-helix 3 is initially stabilized by the p2-a2 loop in a similar manner as initially in the apo form
(Fig. 7C, Fig. §7). In the next step, however, the three hydrophobic residues Ala120, Val121, and Val122 inter-
calate between the p2-a2 loop and a-helix 3, thereby separating Met166 and Arg228 (Fig. 7D, Fig. $8). Finally,
a-helix 3 becomes stabilized by the N-terminal domain, where the interaction involves four possible hydrogen
bonds (Fig. 7D, Fig. $9).

Our fluorescence experiments showed a blue shift for the PrP¢ fluorescence maximum upon Zn(1I) binding
(Fig. 3), which suggests less exposure to the solvent and/or partial structure induction around the tryptophan
residues. To investigate if such a phenomenon correlates with our MD simulations, we analyzed the %1 and x2
torsion angles for all tryptophan residues. The x 2- x 1 plots for the tryptophan residues located in the octarepeat
region are presented in Fig. 6C,D, while x2- x 1 plots for other tryptophan residues are presented in Figure S10.
From the seven analyzed tryptophan residues two residues from the octarepeat region (i.e., Trp65 and Trp89)
showed a decrease in mobility, defined as a narrower range of preferred x2-x1 angles, for Zn(II)-bound PrP®.
Interestingly, two tryptophan residues not located in the octarepeat region, i.e. Trp57 and Trp99, also showed a
decrease in mobility upon Zn(II) binding. This suggests that Zn(II) binding slows down PrP® dynamics not only
in the octarepeat region itself, but also in the regions before and after it. In addition, x 1 for Trp81 and Trp89
from the octarepeat region more often adopted an unstable gauche conformation when Zn(II) was bound to
PrP€. Gauche conformations were also prominent for Trp31 and Trp57, which are located outside the octarepeat
region, when Zn(II) was present. This observation suggests that Zn(1I) binding can act as a driving force for PrP©
to access a different conformational pool, that rarely is available for apo-PrPC.

Characterization of the PrP¢-Zn(Il) complex using small angle X-ray scattering. Earlier results
of Spevacek et al.* suggest that Zn(II) binding to the PrP® protein induces a tertiary fold between the N-termi-
nal and C-terminal domains. To investigate this hypothesis we performed small angle X-ray scattering (SAXS)
experiments. In the initial SAXS analysis, we investigated scattering parameters that can be easily and directly
obtained from the SAXS curve without any external structural models, namely the radius of gyration (R,) and
the pair distance distribution function P(r). The latter is a probability function for finding two particles at a given
distance, and it allows us to easily calculate the maximum diameter of a protein. The Guinier plot (Fig. 8A, inset)
for apo-PrP® and Zn(Il)-bound PrP® was linear (s-R, < 1.3), indicating a monodisperse sample. This observation
allowed us to calculate the radius of gyration (R,) from the Guinier approximation. Our calculated R, values for
the apo-PrP® (2.51 £0.11 nm) and Zn(I1)-bound PrP* (2.66 +0.07 nm) were the same within experimental error.
Despite no clear differences in the R, values, we proceeded with calculation of the P(r) function. This function,
and also the determined maximum particle diameter (D,,,,), differed significantly between apo- and Zn(II)-
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Figure 4. (A) 2D NMR 'H-'* N-HSQC spectrum of 300 uM huPrPC protein in 50 mM HEPES, 50 mM NaCl,
pH 7.0, under saturation with Zn(II) ions. The 'H traces shown as insets reveal decreased peak amplitudes
under Zn(II) saturation (red) compared to the spectra for the apo form (blue). (B) Relative amplitudes of

the resonance peaks versus gradient strength, used to calculate translational diffusion coefficients for the apo
(blue) and Zn(11)-saturated (red) forms of the PrP€ protein. (C) Relative ratios between "N R, relaxation rates
obtained for the apo (Ryyp) and Zn-bound (Ryz,)) states of PrPC residues. Data are presented only for residues
in the C-terminal domain. (D) A ribbon presentation of the C-terminal fragment of the PrP* protein. Residues
exhibiting decreased R, relaxation rates under saturation with Zn(1I) ions are shown in dark.

bound PrP¢. The D, values were~11.6 nm for apo-PrP® and~10.2 nm for Zn(II)-bound PrPC, suggesting a
reduction in the maximum PrP diameter of ~ 1.4 nm (Fig. 8B).

At the next stage, the PrP¢ conformation was studied by the ensemble optimization method (EOM)*, which
is commonly used for conformational analysis of intrinsically disordered proteins or proteins with intrinsically
disordered domains*2. In this approach, the sample is treated as a polydisperse mixture of different conform-
ers, and the experimental SAXS curve is fitted as a sum of weighted calculated scattering intensities from all
conformers. As initial conformers, we used the apo and Zn(II)-bound PrP€ models generated in our molecular
dynamics simulations. Thus, the SAXS curve can be represented as a population of molecules with different R,
or Dy values. In the R, distribution, apo-PrP“ occupied three major and distinct conformations (Fig. 8C, blue
line): compact (Ry~2.0 nm, ~71%), intermediate (Ry~4.0nm,~ 14%), and extended (Rg ~5.2 nm, ~ 14%). Addi-
tion of Zn(II) (Fig. 8C, red line) resulted in the appearance of a predominant conformation with R,~2.3 nm
(~62%), reduction of the extended conformations to R,~ 4.2 nm (cumulatively 24%) and a reduction of the
intermediate conformations to R, ~3.4 (~ 12%). Similar features were observed in the D, distribution: apo-
PrP€ coexisted in three main conformations (Fig. 8D, blue line, Fig. 8E) characterized by different D,,,,, values:
compact (D, ~7.5 nm, ~71%), intermediate (D,,,, ~ 12 nm,~ 14%), and extended (D,,,, ~ 16 nm, ~ 14%). For
PrP¢ bound to a Zn(II) ion, D, of the extended PrP® conformers was shifted to ~12 nm (~24%) and ~ 11 nm
(12%), with a reduction in the amount of the compact conformations to ~62% and an increase in D, to~8.1 nm
(Fig. 8D, red line, Fig. 8F). Overall, the SAXS results clearly show that binding of Zn(1I) ions induces a more
compact fold of the PrP® protein.
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Figure 5. (A) Region of NMR cross-peaks for aromatic hydrogens, from 2D 'H-"*C HSQC spectra acquired for
3C,""N-labeled huPrP(23-231) protein in apo (blue) and Zn-saturated (red) form; (B) 3D model of the huPrP®
Zn(11)-binding motif, obtained from MD simulations. The histidine nitrogen atoms coordinating the Zn(II) ion
are shown in blue. The two additional carbonyl oxygens (Gly71 and Trp89) present in the second coordination
shell are shown in red.

Discussion

Earlier studies performed on murine PrP¢ have indicated that the N-terminal domain becomes more ordered
and interacts with the C-terminal domain upon addition of Zn(II) ions*. To investigate such possible effects in
human PrP€, and if they might correspond to changes in the secondary structure of the protein, circular dichro-
ism spectroscopy experiments were conducted. Estimation of the secondary structure from the CD spectrum of
the apo-PrP¢ by the BeStSel software** showed an a-helical content similar to that reported for the PrP® NMR
structure (PDB ID: 1QLX'"?) (Table S1). The observed small discrepancy between the amounts of other struc-
tural motifs in apo-PrP¢, observed by CD spectroscopy and reported in the 1QLX NMR model, are probably
caused by multiple structural states of the flexible N-terminal domain'****. Addition of twenty molar equivalents
of Zn(11) to PrP® immediately changed the CD spectrum (Fig. 2). The observed isodichroic point at~242 nm
suggests a decrease in the amount of regular a-helices and increase in the amount of parallel B-sheets*. This
phenomenon probably corresponds to structural transitions within the N-terminal domain and a-helices 2 and
3, as a-helix 1 is flanked by two B-sheets (Fig. 1) and it is also more conformationally stable'”. The proposed
structural transitions would involve distortion of a-helices 2 and 3 together with structure induction in the
octarepeat region with p-like motifs forming around the Zn(II) ion, rather than formation of parallel p-sheets.
Such structural transitions suggest a tertiary contact between the Zn(IT)-occupied octarepeat region and the
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Figure 6. (A) Overlaid models of apo-PrPC (blue) and Zn(II)-bound PrP¢ (red), obtained at the end of the
molecular dynamics simulations. The bound Zn(II) ion (gray) is coordinated by four histidine side chains from
the PrP® octarepeat region. (B) The changes in a-helicity of the PrP® C-terminal domain during the whole time
of the simulations for apo-PrPC (blue) and Zn(IT)-bound PrPC (red), compared to the 1QLX'* NMR model of
PrPC (dashed black line). (C,D) Torsion angles 2 versus x 1, characterizing the side chain conformations of
tryptophan residues from the N-terminal domain of PrP€ in apo form (C) and with a bound Zn(II) ion (D).
Trp65 is blue, Trp73 is green, Trp81 is violet, and Trp89 is yellow.

C-terminal domain, in line with previous observations for mouse PrP¢(23-230) done by Spevacek et. al*’. The
increase in the amount of distorted a-helices probably originates from contacts between the Zn(II)-saturated
octarepeat region and helices 2 and 3%, leading to local secondary structure instabilities. According to our CD
titrations the K for PrP-Zn(II) in phosphate buffer is 12.1 uM. This value is close to that reported in a recently
published ITC study, i.e. 16.9 pM?*. The K values for the PrP®-Zn(II) complex that we here derive with different
techniques (CD and fluorescence spectroscopy) and in different buffers (NEM and phosphate buffer) are slightly
different, as is to be expected, but they all are in the range of 10-30 uM (Figs. 2 and 3). Thus, we conclude that
the dissociation constant for the Zn(II)-PrP® complex is in the low micromolar range.

Fluorescence spectroscopy also suggests structure induction in the N-terminal domain of PrP¢ in the pres-
ence of Zn(Il) ions. The fluorescence peak with a maximum at 313 nm most likely originates from tyrosine
residues, as PrP does not contain any structured tryptophan residues'>**#!. Most tyrosine residues (nine out
of twelve) are located in the C-terminal domain. Thus, minor changes in the tyrosine fluorescence signal likely
correspond to changes in the local environment of C-terminal tyrosine residues. If such changes are induced by
Zn(I1) binding to the N-terminal region, they would arguably constitute evidence for interactions between the
N-terminal and C-terminal domains.

During the titrations with ZnCl, the initial fluorescence peak at 347 nm, which corresponds to multiple
exposed tryptophan residues, split into two well-resolved peaks of lower intensity and with maxima at 333 nm
and 343 nm. These two peaks likely correspond to tryptophan residues buried and exposed to bound water mol-
ecules, respectively™. This observation, which is connected also to fluorescence quenching of some tryptophan
residues, suggests structure induction in the PrP® octarepeat region upon Zn(II) binding. As a comparison,
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Glu168

Figure 7. Different behavior of a-helix 3 in apo (blue) and holo (red) PrPC. The C-terminal region of a-helix 3
is stabilized by the p2-a2 loop (A,C). In the apo form formation of a His111-Glu168 hydrogen bond results in

rotation of Met166, which then affects the hydrogen bond formation between Arg228 and Tyr163, resulting in
partial a-helix 3 unfolding (B). In the holo form the hydrophobic amino acids Ala120, Val121, Val122 separate
the p2-a2 loop from a-helix 3, and the N-terminal domain stabilizes a-helix 3 (D).

crystallographic studies of Cu(II) ions bound to the HGGGW fragment of the octarepeat region showed that
tryptophan residues participate in Cu(II) coordination by forming a hydrogen bond with a water molecule axially
bound to Cu(II)**. The octarepeat region appears to bind Cu(II) and Zn(II) ions via the same histidine residues,
but in different binding conformations®***. The K, values calculated from our fluorescence experiments in
phosphate buffer are in good agreement with our CD results, i.e. in the 10-30 pM range, which agrees with the
results of previously published ICT experiments*. This suggests that tryptophan residues might be indirectly
involved in Zn(II) binding to PrP¢.

Our NMR data suggest that binding of Zn(IT) ions to PrP® produces relatively small alterations in the 3D
structure of the folded C-terminal domain, as the position of the backbone amide resonances did not show
significant changes. Nevertheless, Zn(II) binding leads to increased linewidths for several backbone resonances,
indicating changes in spin-spin relaxation. This was confirmed by measuring '*N R, values. A comparison can
be made with the Amyloid-p (Ap) peptide related to Alzheimer’s disease, which is well known to bind metal
ions****. In analogy with the interpretations proposed in a previous NMR study of Zn(II) binding to AB, binding
of Zn(II) to the prion protein may give rise to folding of the peptide chain around the bound metal ion*’, which
could explain the observed signal intensity changes in the HSQC spectrum. The NMR diffusion data furthermore
suggest a more compact 3D structure of PrP€ in the presence of Zn(11), characterized by stronger interactions
and an increased number of contacts between the N- and C-terminal domains, which is in agreement with the
previously reported data for mouse PrP“*.

The prion protein structures deposited in PDB do not have fully defined N-terminal domain structures, as
this domain is in a dynamic equilibrium between random coil, PPII helix, and B-turn secondary structures'* >,
Two deposited structures of human PrP® proteins, one for the G127V mutation and the other for wild-type PrP
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Figure 8. SAXS studies of PrP® in apo- (blue) and Zn(II)-bound (red) forms. (A) Experimental SAXS data
fitted with GAJOE (black line x*=1.03 and 0.95, respectively). SAXS curves were displaced along the vertical
axis for clarity. Left bottom inlet shows linear fits (black lines) in the Guinier regime. (B) P(r) functions for
the two protein forms. (C) R, distribution for the two protein forms. (D) D, distribution for the two protein
forms. (E,F) Pool of conformers representing apo-PrP® (E) and Zn(II)-bound PrP® (F).

(5YJ4, 5Y]5), obtained from NMR and MD studies, contain in addition to the C-terminal domain also a col-
lection of proposed models of the N-terminal domain®’. However, such models do not answer what happens to
PrP¢ upon metal ion binding. Our MD simulations indicate that the N-terminal domain, upon Zn(II) binding,
interacts with the C-terminal domain and destabilizes a-helix 2. Similar tertiary folds were previously observed
for murine PrP€ interacting with Cu(II), Zn(II), and Cd(II) ions*****%, and may therefore have similar func-
tions in metal ion recognition.

The MD simulations suggest also that PrP€ upon Zn(1I) binding might follow a different folding path, with
altered interactions between the f2-a2 loop and a-helix 3. In our proposed model for Zn(II)-bound PrPS, an
interaction between His111 and Glul168 caused unfolding of the a-helix 3 C-terminal part. Such an interaction
between His111 and the p2-a2 loop might be a first step in PrP® unfolding and fibrillization. Introduction of
different amino acids, in the form of glutamines in the p2-a2 loop, has previously been shown to shorten the lag
phase for mouse PrPC fibrillization™. As histidine residues at pH 7.4 can act both as donors and acceptors for
hydrogen bonding, it is possible that His111 can form hydrogen bonds with glutamines from the p2-a2 loop,
disturbing the a-helix 3 and resulting in faster PrP* fibrillization. On the other hand, Zn(lI) binding to PrP* could
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disrupt such interactions by burying His111 in a different protein region. Previous in vitro studies on different
forms of PrP® seem to support this idea, as Zn(Il) inhibits PrP aggregation®'*2,

The radius of gyration for apo-PrP® and Zn(II)-bound PrP¢, determined by Guinier approximation, remained
unchanged within experimental error, and were furthermore similar to those reported by Thakur et al. for apo
and Cu(IT)-bound PrP™®, The decrease in D, after addition of Zn(II) ions indicates that the N-terminal PrP®
domain adopts a more compact shape in the presence of Zn(II) ions. The distance distribution function moreover
suggests a reduction in the maximum particle dimension by ~ 1 nm in the presence of Zn(1II), similar to what was
earlier observed for the Cu(IT)-PrP¢ complex*®. Ensemble analysis performed by a genetic algorithm produced
R, and D,,,,, distributions similar to those for the Cu(II)-PrP¢ complex™. Our results suggest that Zn(II) bind-
ing to the PrP shows similar features to those observed for Cu(II) binding, resulting in decreased N-terminal
conformational freedom and therefore partial folding of the octarepeat region around the bound metal ion.

Using crosslinking, mass spectrometry, and NMR, McDonald et al. suggested that the conformational states
of Cu(1I)-bound PrPC are available for apo PrP® and vice versa, with Cu(II) acting as a switch that shifts this
equilibrium®. Our CD, NMR and MD results suggest that PrP“ upon Zn(II) binding adopts a distinct conforma-
tion, that might be unavailable for apo PrPC. This distinct conformation is a result of the metal binding by the
histidine residues that during coordination of a metal ion cannot form contacts with other parts of the protein.
On the other hand our SAXS analysis shows the overlap between the R, and D,,,, for apo and Zn(II)-bound
PrP¢. This might suggest that even though major conformations of apo and Zn(1I)-bound PrP¢ differ, some
conformations are similar, which is in line with previous studies®.

While Zn(II) can promote dimerization of the lipid-anchored octarepeat region™, we have recently shown
that upon interaction with Zn(II) ions octarepeat peptides (consisting of PrP(58-93)) form fibrillar structures
with features characteristic for amyloids: they form the characteristic cross-f structure and bind the thioflavin
T and Congo Red dyes™. We proposed that the reason for fibril formation could be a lack of the previously
reported tertiary contact between the metal ion-saturated octarepeat region and the C-terminal domain™**.
Indeed, the octarepeat region seems to have an important role in PrP formation. Studies of antibodies target-
ing the C-terminal domain suggest that the octarepeat region is required to maintain high PrP¢ toxicity, while
ligands targeting octarepeat region seem to reduce PrP® toxicity™.

Despite many years of research, the PrP® function in terms of metal ion binding is still elusive, and it is still
unclear if metal imbalance is part of the pathology in prion diseases. Out of three proposed functions for PrP®,
i.e. zinc sensor, transporter, or sequester’’ ™, the first two seem to be the most tempting. With internalization of
PrP¢ into the Golgi apparatus and endosomes upon interaction with Zn(IT)***', or enhancement of zinc uptake by
PrPCin neurons® at Zn(II) concentrations around or below 100 uM, our calculated K values for the PrPC-Zn(Il)
complex in the 10-30 uM range appear reasonable and physiologically important.

In summary, our results suggest that binding of Zn(II) ions to the PrP® N-terminal domain via four His
residues from the octarepeat region induces a structural transition in the C-terminal a-helices 2 and 3, promotes
interaction between the N-terminal and C-terminal domains, reduces the folded protein size, and modifies the
internal structural dynamics. The stabilization of a-helix 3 by Zn(II) binding to the N-terminal domain may
explain why Zn(II) appears to inhibit PrP¢ fibrillization.

Materials and methods

Materials. The human recombinant protein PrP“(23-231) was expressed using previously published
protocols®®!, The pRSETB vector (Invitrogen, USA) was used to clone plasmid containing a fusion of human
PrP protein with a thrombin cleavage site and an N-terminal HisTag. The construct was expressed in E. coli
(BL21-DE3) together with 100 pug/mL ampicillin antibiotic and induced by isopropyl -D-galactopyranoside
(IPTG) at OD4gy=0.8. A buffer containing 100 mM Tris at pH 8, 10 mM K,HPO,, 10 mM glutathione (GSH),
6 M GuHCl, and 0.5 mM phenylmethane sulfonyl fluoride (PMSF) was used during sonication of the lysates.
Next, the supernatant was loaded to an Ni-NTA column (GE Healthcare) and eluted with buffer E (100 mM Tris
at pH 5.8, 10 mM K,HPO,, and 500 mM imidazole). The imidazole was removed with two-step dialysis. After
thrombin cleavage the huPrP(23-231) was concentrated using an Amicon Ultra filter (cutoff: 3 kDa).

The ""N-labeled and '*C,'*N-double labeled forms form of huPrP%(23-231) were prepared by the same
protocol, except that the M9 media was supplemented with 1 g of *’NH,Cl and 2 g of the »*C-glucose (both
CIL Inc, Cambridge, UK) for one liter of E. coli culture. Mass spectrometry was used for quality control of
the samples. Protein concentrations were determined by spectrophotometry, using the extinction coeflicient
€50="57,995 M cm 1%,

Circular dichroism (CD) spectroscopy. The initial potassium acetate buffer was exchanged to phosphate
or N-ethylmorpholine (NEM) buffer using a Amicon’ Ultra-0.5 centrifugal filter device (Merck) with an NMWL
cutoff of 3 kDa. After the first round of concentration, 10 mM phosphate, pH 7.4 or 10 NEM, pH 7.4 buffer was
added to increase the sample volume up to 500 pl. The sample was then centrifuged again, and the whole pro-
cedure was repeated three times. After buffer exchange the huPrP sample was filtered using an Ultrafree’-MC
centrifugal filter with 0.22 pm pore size.

Circular dichroism spectra were collected using a Jasco J-815 spectropolarimeter (Jasco, Tokyo, Japan). The
data were collected in a step scan mode with 0.5 nm resolution, 2 nm bandwidth and digital integration time of
4s. The spectra in a 190-260 nm and 200-260 nm range were recorded in 0.1 mm and 10 mm cells respectively.
All experiments were performed in triplicate with buffer baseline correction at 25 °C. Experimental data were
fitted to tight binding equation® (1):
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where [0], and [8]., are the initial and saturated CD intensities, [Zn] is the Zn(II) concentration, [PrP€] is the

PrP€ concentration and K" is the dissociation constant of Zn(II)-PrP® complex. Because possible binding of

Zn(II) ions to the buffer is not taken into account, the calculated dissociation constants should be considered

to be apparent.

Estimation of the secondary structure from the CD spectra was performed by the BeStSel software™*.

Fluorescence spectroscopy. Intrinsic tryptophan fluorescence was measured on a FP-8300 spectrofluor-
imeter (Jasco, Tokyo, Japan). Samples were excited with a wavelength of 280 nm and spectra were collected
from 300 to 450 nm with 5 nm excitation and emission bandwidth. All titrations were acquired in triplicate at
25 °C. The fluorescence data were fitted with a modified Hill equation®” (2):

(fo — fe)

L+ 10™ (tog [x:,"’ﬁ] ~log| 7)) @

ftort

where f; and f_, are the initial and saturated fluorescence intensities, [Zn] is the Zn(II) concentration, K ** is
the apparent dissociation constant, ny is the Hill coefficient. During the fitting procedure ny was 1.58 +0.13.

Nuclear magnetic resonance (NMR) spectroscopy. NMR experiments were conducted at 298 K
on an Agilent DDR2 800 MHz spectrometer operated at a magnetic field of 18.8 T ('H resonance frequency
799.838 MHz). 2D 'H-"*N-HSQC and diffusion experiments were recorded for a sample containing 300 uM
uniformly "*N-labeled human PrP“(23-231) protein dissolved in 50 mM HEPES-d,; (CIL, Cambridge, UK) at
pH 7.0 with 50 mM NaCl added.

Due to limited amount of the *C, '"N-double labeled protein the aromatic 'H-"*C HSQC was collected for
the sample prepared in a 3 mm sample tube at a concentration of 100 pM also in 50 mM HEPES-d,g, 50 mM
NaCl, pH 7.0. NMR spectra were recorded before and after addition of ZnCl, (in two steps of respectively 50 pM
and 120 pM). The recorded spectra were referenced indirectly to DSS (sodium 2,2-dimethyl-2-silapentane-
5-sulfonate) using a 2 =0.251449530 and 0.101329118 ratio for '*C and "N resonances, respectively®’. All NMR
data were processed with NMRPipe® and analyzed with the Sparky™ software.

The '°N spin-spin relaxation rates (R,) were determined at 18.8 T using a pulse sequence based on previ-
ously published experiments’" and present in the BioPack library (Agilent Inc., PaloAlto, CA, USA). Due to fast
relaxation of amide groups in human PrP“(23-231), the "N R, values were calculated only with six delays—10,
30, 50, 70, 90, and 110 ms. The experimental errors were estimated as standard deviation from 500 Monte Carlo
simulations with the Relax (version 4.0.3) software’.

The diffusion data were collected using the DPFGDSTE (Double Polar Field Gradient Double Stimulated
Echo) pulse sequence”. 28 and 15 data points were acquired to extract information about the translational dif-
fusion coefficients (D), respectively for the apo and the Zn(II)-bound forms of the huPrP“(23-231) protein. The
DOSY data was processed using either Vnmr] v4.3 (Agilent Technologies Inc., USA) or MnovaNMR (Mestrelab
Research SL. Santiago de Compostela, Spain) software. The D,, experimental values were calculated according
to the Stejskal-Tanner equation™ (3):

1
1(G) = (GyH{S)Z(A = gc) Dy 3)

where yy is the 'H gyromagnetic ratio, § is gradient duration (2 ms), A is diffusion time (150 ms), and G is the
gradient strength.

Molecular dynamics simulations.  The initial model of full length human PrP¢ was constructed by add-
ing the missing N-terminal domain and three C-terminal residues to the 1QLX NMR structure . The Zn(II)
ion was placed near four histidine residues from the octarepeat domain using a sculpting tool implemented in
pymol. Molecular dynamics simulations were performed in GROMACS 2019.2™ using the GROMOS 53A6™
force field, which contains nonbonded parameters for Zn(1I). Both apo and Zn(II) bound PrP€ models were
placed in a rectangular box with periodic boundary conditions (PBC) 5.0 nm from the box wall and solvated
with a single point charge (SPC)”” water model restrained by the SETTLE algorithm™ using Van der Waals
radii”®. All systems were neutralized with Cl- ions and the energy was minimized with steepest descent mini-
mization up to 5,000 steps. Temperature and pressure were equilibrated over 100 ps with a 1 fs time step using
a modified Berendsen thermostat™ and the Parrinello-Rahman barostat*’, respectively using the particle mesh
Ewald (PME) method™. For both the apo and the Zn(II)-bound PrP® molecule, the final trajectories were gener-
ated at 300 K over 195 ns with 2 fs time step or 100 ns with 1 fs time step, respectively. All covalent bonds were
constrained using the LINCS® algorithm. The final trajectories were analyzed in the VMD software®.

Small angle X-ray scattering. The small angle X-ray scattering (SAXS) data for human PrP¢(23-231)
protein in solution were collected at the P12 beamline, operated by EMBL Hamburg at the PETRA III storage
ring (DESY, Hamburg, Germany)* using synchrotron radiation with a wavelength of 1.24 nm. The range of the
scattering vector was from 0.105 to 3.793 nm *.
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For the SAXS experiments, the initial buffer was exchanged to MOPS buffer using an Amicon Ultra-0.5

centrifugal filter device (Merck) with an NMWL cutoff of 3 kDa, as described above. During the experiments
the concentration of the huPrPC protein was 2 mg/ml. ZnCl, was added from a 50 mM stock solution to a final
concentration of 88 puM, corresponding to a 1:1 Zn(II):huPrP“(23-231) molar ratio.

The SAXS data were processed and analyzed using the PRIMUS software® from the ATSAS 2.8 package®’.

The radius of gyration was obtained via the Guinier approximation for s ‘R, < 1.3. The pair distribution function,
P(r), and the maximum intramolecular distance, D, were calculated using the GNOM software®. Because the
N-terminal domain of apo-PrPC is unstructured and forms multiple conformations, the SAXS data were fitted
with 3D conformations from our molecular dynamics simulations using 100 cycles of GAJOE*..
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Table S1. Estimation of the different secondary structure components (in %)
of apo and Zn(ll)-bound PrPC, based on CD spectra (Fig. 2) analyzed with the
BeStSel software*2. 1QLX corresponds to the NMR structure proposed by
Zahn'3, NRMSD = normalized root-mean-square deviation.

Helix Helix Antiparallel Antiparallel Antiparallel Parallel Turn Others NRMSD

1 2 B-sheet 1 B-sheet 2 B-sheet 3  B-sheet
QX 209 57 0 0 19 0 24 69
apo-PrPC_ 206 833 0.96 71 5.97 424 929 4351  0.0051
Prpféf)“(") 19 957 1.68 8.41 5.59 089 1078 4407  0.0054
1
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Figure S1. The overlay of the 2D 'H-'3C HSQC spectra of the aromatic region of apo
(blue) and Zn(ll)-bound (red) PrPC protein, acquired at 298 K on an Agilent DDR2 800
MHz NMR spectrometer. The regions of the '*Ce1-'"He1 and '3C82-'H82 cross-peaks
from histidine imidazole rings are shown as inserts.
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Figure S2. RMSD plot for apo (blue) and holo (red) PrPC. Both systems converged
after ~25 ns.
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Figure S3. Computed distances between the Zn(ll) ion and histidine €2 nitrogen atoms,
over 100 ns simulation time: His61 violet, His69 yellow, His77 blue, His85 red.
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Figure S4. Possible mechanism of a-helix 3 C-terminal fragment unfolding. Initially C-
terminal fragment of a-helix 3 is stabilized by hydrogen bonds between Glu168-Tyr226,
Ser170-Tyr225 and Tyr225-Tyr218.
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Figure S5. Possible mechanism of a-helix 3 C-terminal fragment unfolding. Newly
formed hydrogen bond between H111-Glu168 allows Met166 to rotate and form
hydrogen bond with Arg228.
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Figure S6. Possible mechanism of a-helix 3 C-terminal fragment unfolding. Arg228
form hydrogen bond with Tyr163 unfolding C-terminal fragment of a-helix 3.
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Figure S7. Possible mechanism of a-helix 3 C-terminal fragment stabilization in Zn(ll)-
PrPC complex. Initially C-terminal fragment of a-helix 3 is stabilized by hydrogen bonds
between Glu168-Tyr226 and Ser170-218.
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His111

Figure S8. Possible mechanism of a-helix 3 C-terminal fragment stabilization in Zn(ll)-
PrPC complex. Three hydrophobic residues Ala120, Val121, Val122 intercalate
between B2-a2 loop and a-helix 3.
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Figure S9. Possible mechanism of a-helix 3 C-terminal fragment stabilization in Zn(ll)-
PrPC complex. N-terminal domain forms hydrogen bonds between Gly46-Ser230,
Gly30-GIn223, Gly30-Glu219 and Gly29-Glu219.
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Figure S10. (A) Computed torsion angles x2 versus x1 for the side chains of
tryptophan residues from the N-terminal domain of the PrPC protein, in apo form (A)
and with a bound Zn(ll) ion (B). Trp31 black, Trp57 red, Trp99 blue.

11

159



bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425177; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.
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Abstract: In prion diseases, the prion protein (PrP) becomes misfolded and forms
fibrillar aggregates, which are resistant to proteinase degradation and become
responsible for prion infectivity and pathology. So far, no drug or treatment procedures
have been approved for prion disease treatment. We have previously shown that
engineered cell-penetrating peptide constructs can reduce the amount of prion
aggregates in infected cells. The molecular mechanisms underlying this effect are
however unknown. Here, we use atomic force microscopy (AFM) imaging to show that
the aggregation of the human PrP protein can be inhibited by equimolar amounts of the

25 residues long engineered peptide construct NCAM1-AB.

Keywords: Creutzfeldt-Jakob disease; AFM imaging; amyloid; drug design; drug

transport; protein-peptide binding

160



bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425177; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

1. Introduction

Prion and amyloid diseases are both characterized by aggregation of misfolded
proteins or peptides (Jaunmuktane and Brandner, 2019; Miller, 2009; Sengupta and
Udgaonkar, 2018; Verma et al., 2015), such as the prion (PrP) protein (Creutzfeldt-
Jakob disease), a-synuclein (Parkinson’s disease), and amyloid-p (AB) and tau
(Alzheimer’s disease). Many of these proteins and peptides may co-aggregate or at
least influence each other’s aggregation (Luo et al., 2016, 2017; Ren et al., 2019;
Wallin et al., 2018). Factors that modulate the aggregation of one of these proteins,
such as small molecules, potential drug compounds, lipids, and metal ions, can often
modulate also the aggregation processes of other proteins in this family (Ambadi
Thody et al., 2018; Chemerovski-Glikman et al., 2016; Gielnik et al., 2019; Owen et
al., 2019; Richman et al., 2013; Robinson and Pinheiro, 2010; Wallin et al., 2017;
Wirmlinder et al., 2013; Wirmlinder et al., 2019; Osterlund et al., 2018). This
suggests that the underlying mechanisms may be the same in prion and amyloid
diseases (Jaunmuktane and Brandner, 2019; Jucker and Walker, 2018; Miller, 2009).
Prion aggregates are however particularly infectious, as they spread between cells
(Jaunmuktane and Brandner, 2019; Jucker and Walker, 2018), and are not degraded
by cellular processes such as proteinase digestion (Jaunmuktane and Brandner, 2019;

Lofgren et al., 2008; Soderberg et al., 2014).

The toxic species in amyloid and prion diseases are generally considered to be small
toxic oligomeric aggregates (Sengupta and Udgaonkar, 2018; Verma et al., 2015), but
so far no drugs or treatments that target such aggregates have been approved against
prion diseases (Hyeon et al., 2020; Lee et al., 2019; Mashima et al., 2020). Potential
drug molecules may interfere with oligomer formation in various ways: by reducing
production of the protein, by inhibiting its aggregation, by diverting the aggregation
pathway(s) towards non-toxic forms, or by reducing the lifetime of the toxic forms,
for example by promoting rapid aggregation into larger non-toxic aggregates.

We have previously demonstrated anti-prion properties in short peptide constructs (up

to 30 residues) with sequences derived from the unprocessed N-termini of mouse and
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bovine prion proteins: such PrP-derived peptides induced lower amounts of prion
aggregates resistant to proteinase K in prion-infected cells (Lofgren et al., 2008;
Soderberg et al., 2014).

The PrP-derived peptides consisted of an N-terminal signal peptide segment (different
for mouse and bovine PrP), together with a conserved positively charged and
hydrophobic hexapeptide (KKRPKP) corresponding to the first six residues of the
processed PrP protein. Our earlier studies had shown that peptides with such
sequences were able to interact with and penetrate cell membranes (Lundberg et al.,
2002; Magzoub et al., 2005; Magzoub et al., 2006; Oglecka et al., 2008). The anti-
prion effects of the PrP-derived peptides were lost when the KKRPKP hexapeptide
was coupled to various peptides with cell-penetrating properties (Soderberg et al.,
2014). The anti-prion effects were however retained when KKRPKP was coupled to
the signal sequence of the Neural cell adhesion molecule-1 (i.e., NCAM11.19)

(Soderberg et al., 2014).

The mouse PrP12s segment and the NCAM1,.19-KKRPKP construct are both
amyloidogenic in themselves, as they form amyloid fibrils by self-aggregation
(Mukundan et al., 2017; Pansieri et al., 2019). The NCAM1 1.19-KKRPKP construct
was recently shown to inhibit aggregation of the amyloid-f peptide involved in
Alzheimer’s disease (Henning-Knechtel et al., 2020), and to promote in vitro
aggregation of the amyloid protein STO0A9 (Pansieri et al., 2019), which is involved
in amyloid-related and other inflammatory processes (Horvath et al., 2018; Wang et
al., 2019; Wang et al., 2014). Almost identical results were obtained for a similar
amyloidogenic 25 residue-construct, i.e. NCAM1,.19-KKLVFF (from here onwards:
NCAMI1-AB) (Pansieri et al., 2019). The KLVFF sequence originates from the
hydrophobic core (residues 16-20) of the AP peptide: this pentapeptide is known to
inhibit aggregation of the full-length AP peptide (Tjernberg et al., 1996). In the
NCAMI1-Ap construct, an additional lysine residue was added to the KLVFF
sequence for increased solubility (Pansieri et al., 2019). The molecular properties of

the NCAM1-AR sequence and its segments are shown in Table 1, including
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hydrophobicity values calculated according to the Wimley-White whole residue

hydrophobicity scale (Wang et al., 2016; Wimley and White, 1996).

As the NCAMI1-AR construct inhibits fibrillation of the AP peptide (Henning-
Knechtel et al., 2020), but promotes (co-)aggregation of the ST00A9 protein (Pansieri
etal., 2019), it is unclear how the construct may affect the aggregation of the PrP
protein (if at all). Here, we use Atomic Force Microscopy (AFM) imaging to
investigate if there is a direct effect of the NCAM1-Ap construct on the in vitro
aggregation of the human PrP protein. Answering this question might help clarify the
mechanisms underlying the previously observed beneficial effects of such peptide

constructs on PrP infectivity (Lofgren et al., 2008; Soderberg et al., 2014).

Table 1. Primary sequences and molecular properties of the human PrP protein, the

NCAMI-ApB peptide construct, and its parts.

Net
Molecular Theoretical
Isoelectric charge
Protein Sequence weight hydrophobicity
point (pI) at pH
[g mol'] . [keal mol']
huPrP2;.23 UniProt ID: P04156 9.39 22747 +7 -
(209 aa)
NCAM1.9.K- NH-MLRTKDLIWTL 11.67 2974.7 +4 -3.83
ABi620 (NCAM1- | FFLGTAVSKKLVFF-
AB) NH:
NCAMI1 .19 NH;-MLRTKDLIWTL 11.39 2211.7 +2 -3.06
(NCAM1) FFLGTAVS-NH:
KKLVFF NH-KKLVFF-COOH 10.69 781 +2 -0.77
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2. Materials and Methods

2.1 Sample preparation

Human recombinant prion protein (huPrP) was prepared according to a previously
published protocol (Morillas et al., 1999; Zahn et al., 1997), albeit with some
modifications. The plasmid contained the full-length (23-231)huPrP protein in fusion
with an N-terminal HisTag, and the thrombin cleavage site was cloned into the
pRSETB vector (Invitrogen, USA). The construct was expressed in E. Coli (BL21-
DE3) grown in LB growth medium with 100 ug/mL ampicillin. Expression was
induced by isopropyl B-D-galactopyranoside (IPTG) at ODgoo = 0.8. Sonication of the
lysates was performed in a buffer containing 100 mM Tris at pH 8, 10 mM K>;HPOs,
10 mM glutathione (GSH), 6 M GuHC], and 0.5 mM phenylmethane sulfonyl fluoride
(PMSF). The solution was centrifuged and the supernatant loaded to Ni-NTA resin
(GE Healthcare) and eluted with buffer E (100 mM Tris at pH 5.8, 10 mM K>HPOs,
and 500 mM imidazole). After washing the resin, the protein was purified with two-
step dialysis, initially against 10 mM phosphate buffer with 0.1 mM PMSF at pH 5.8,
and then against Milli-Q H>O with 0.1 mM PMSF. After thrombin cleavage, the pure
huPrP protein (i.e., with the HisTag removed) was concentrated using an Amicon
Ultra 0.5 ml centrifugal filter (Merck & Co., USA) with an NMWL cutoff of 3 kDa.
The final protein concentration was determined by spectrophotometry using an
extinction coefficient of €250 = 57995 M-'em! (Gasteiger et al., 2005). The quality of
the final protein was controlled by mass spectrometry (molecular mass 22747 Da -

Table 1).

The NCAM1-AP peptide (Table 1) was purchased as a custom order from the
PolyPeptide Group (France) in lyophilized form. The peptide was dissolved in Milli-Q
water, and its concentration was determined via triplicate UV absorption
measurements at 280 nm, using a DS-11 spectrophotometer (DeNovix, USA) and an

extinction coefficient of €230 = 5500 M- lem™! (Gasteiger et al., 2005).
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2.2 Sample incubation

The initial buffer in the huPrP solution was exchanged to ultrapure water by triplicate
diafiltration using an Amicon Ultra 0.5 ml centrifugal filter (Merck & Co., USA) with
an NMWL cutoff of 3 kDa. Samples of 0.5 uM NCAM1-AB, 2.5 pM NCAMI-AB,
0.5 uM huPrP, and 0.5 uM NCAM1-A + 0.5 uM huPrP were then prepared in 10
mM sodium phosphate buffer, pH 7.5, with 100 mM NaCl and 2 M urea. The urea
was added as it has previously been shown to promote unfolding of the native PrP
structure, which is the first step towards aggregation (Julien et al., 2009; Swietnicki et
al., 2000). The samples were incubated for 72 hours at 50 °C with magnetic stirring at
400 rpm. Subsamples were taken out for AFM imaging (below) after 8 and 72 hours,

respectively.

2.3 Atomic force microscopy (AFM) imaging

Incubated samples (5 pl) were transferred to freshly cleaved mica plates and left to
absorb for 1 min, rinsed three times with 300 pl of pure water, and then dried under a
gentle flow of nitrogen. AFM imaging was performed on a JPK Nanowizard 4
(Bruker, Germany) AFM unit using Tap150Al-G cantilevers (Ted Pella Inc., USA) in
air intermittent contact mode. The scan rate was 0.3 - 0.7 Hz, the scan area size was 5
pmx 5 pmor 10 pm x 10 pm, with 512 x 512 or 1024 x 1024 pixel resolution
respectively. The AFM images were analyzed using the Gwyddion 2.54 software
(Necas and Klapetek, 2012).

3. Results and Discussion

AFM images of the aggregation products present in the samples after 8 hours of
incubation are shown in Figs. 1A-D. The sample of 0.5 uM huPrP readily self-
aggregated into long fibrils (Fig. 1A) that are approximately 3 - 4 nm thick (judged by
their measured height, as width is not accurately represented in AFM images). This is
somewhat thinner but still in line with the results of previous studies on PrP fibrils
(Terry and Wadsworth, 2019; Vazquez-Fernandez et al., 2017; Yamaguchi and
Kuwata, 2018). A few very large aggregate clumps, over 10 nm high, can also be seen

(Fig. 1A). For NCAM1-Ap, the 0.5 pM sample shows small aggregate clumps (Fig
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1B). Some of them are relatively large, with heights over 6 nm, and may or may not
be early stages of fibrillar aggregates (Luo et al., 2014). The 2.5 uM NCAMI1-AB
sample shows numerous mature fibrils, about 2 — 3 nm high, together with aggregate
clumps (Fig. 1C). The more abundant amount of fibrils for 2.5 uM of NCAMI1-AB
confirms earlier results showing that NCAM1-AR self-aggregates faster at higher

concentrations (Pansieri et al., 2019).

Height (nm)
Height (nm)

o =
Distance (nm)

Height (nm)
Height (nm)

Distance (nm) Distance (nm)

Helght (nm)

Distance (nm)

Figure 1. AFM images of: (A) 0.5 uM huPrP protein; (B) 0.5 uM NCAM1-Af
peptide; (C) 2.5 uM NCAM1-AB peptide; and (D) 0.5 uM huPrP protein + 0.5 uM
NCAMI1-AB peptide. All samples in A-D were incubated for 8 hours. (E) 0.5 uM
huPrP protein + 0.5 uM NCAM 1-AB peptide, incubated for 72 hours. All studied
samples were incubated at 50 °C in 10 mM sodium phosphate buffer, pH 7.5, with 100
mM NaCl and 2 M urea, and with magnetic stirring at 400 rpm. The white scale bars

are 500 nm.
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Interestingly, the sample containing both 0.5 uM NCAM1-Ap and 0.5 uM huPrP
displays no fibrils, but only numerous small aggregate clumps, about 2 nm high (Fig.
1D). Even after 72 hours no fibrils can be seen, but the aggregate clumps are then
fewer and larger, around 3 — 4 nm high (Fig 1E). As it cannot be ruled out that these
small aggregate clumps will eventually form fibrils, it is not possible to tell if
fibrillation is completely inhibited, or if the fibrillation rate merely is significantly
reduced. Nonetheless, the absence of fibrillar aggregates of huPrP in the presence of
equimolar concentrations of NCAM1-AR clearly shows that the peptide construct
directly interacts with the huPrP protein and interferes with its aggregation. As both
molecules are positively charged (Table 1), it stands to reason that they interact

mainly via hydrophobic forces.

The aggregation-inhibiting effect of NCAM1-Ap (Fig. 1) appears to provide an
explanation, at a molecular level, to our earlier observations that such peptide
constructs significantly reduce the levels of prion aggregates in prion-infected cells
(Lofgren et al., 2008; Soderberg et al., 2014). As both the NCAM1-Ap peptide and the
huPrP protein can form amyloid fibrils by themselves (Figs. 1A and 1C), the two
molecules may interact via cross-aggregation, to form smaller non-fibrillar co-
aggregates (Fig. 1E) that could be less toxic than pure huPrP aggregates (Luo et al.,
2016, 2017). If so, the huPrP/NCAM1-Ap interactions would be similar to the
interactions between AP and NCAMI1-Af (Henning-Knechtel et al., 2020). In any
case, the huPrP/NCAM1-Ap interactions are very different from the interactions
between NCAM1-Ap and S100A9 protein, where amyloid aggregation is promoted
(Pansieri et al., 2019). Because the NCAM1-Ap construct has different effects on
different aggregating proteins, it would be interesting to study how this construct
might affect the aggregation of other disease-related prion proteins, such as those
involved in animal diseases like bovine spongiform encephalopathy (BSE), chronic

wasting disease in cervids, and sheep scrapie (Vazquez-Fernandez et al., 2017).
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4. Conclusions

Our atomic force microscopy images show that the in vitro aggregation of the human
PrP protein is inhibited by equimolar amounts of the 25 residues long engineered
peptide NCAM1-AB. Thus, a very likely molecular-level explanation to our previous
observation that such cell-penetrating peptide constructs can reduce the amount of
prion aggregates in infected cells, is that these peptide constructs directly interact with

the PrP protein and prevent its fibrillation.
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