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Abstract

The conversion of the native monomeric cellular prion protein (PrPC) into an aggre-

gated pathological β-oligomeric form (PrPβ) and an infectious form (PrPSc) is the cen-

tral element in the development of prion diseases. The structure of the aggregates and

the molecular mechanisms of the conformational changes involved in the conversion

are still unknown. We applied mass spectrometry combined with chemical crosslink-

ing, hydrogen/deuterium exchange, limited proteolysis, and surface modification for

the differential characterization of the native and the urea+acid-converted prion β-
oligomer structures to obtain insights into themechanisms of conversion and aggrega-

tion. For the determination of the structure of the monomer and the dimer unit of the

β-oligomer, we applied a recently-developed approach for de novo protein structure

determination which is based on the incorporation of zero-length and short-distance

crosslinking data as intra- and inter-protein constraints in discrete molecular dynam-

ics simulations (CL-DMD). Based on all of the structural-proteomics experimental data

and the computationally predicted structures of the monomer units, we propose the

potential mode of assembly of the β-oligomer. The proposed β-oligomer assembly pro-

vides a clue on the β-sheet nucleation site, and how template-based conversion of the
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native prion molecule occurs, growth of the prion aggregates, and maturation into fib-

rils may occur.
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1 INTRODUCTION

The conversion of the native monomericα-helix rich cellular prion pro-
tein (PrPC) into a pathogenic, fibril-forming, multimeric, and predomi-

nately β-sheet, prion protein (PrPSc) is the central element in the trans-

mission and development of prion diseases [1–3]. The major hallmark

of the conversion process is the creation of insoluble PrPSc from solu-

ble PrPC [4–7]. In the central nervous system, these insoluble proteins

eventually accumulate as amyloid fibrils. Amyloid fibrils and plaques

are the late products of the aggregation pathway and are often treated

as the explicit effectors of prion disorders [8]. The intermediates or by-

products of the transition fromPrPC toPrPSc, however,may actually be

the pathogenic forms. β-oligomers are one of the intermediate species

that may be toxic and which may also be involved in the later stages

of the process of PrPSc assembly [8, 9]. The study of the molecular

mechanisms involved in the conformational change of PrPC that lead to

the assembly and final structure of β-oligomers are critical for under-

standing the aggregation process in prion disease [10]. Conversion of

PrPC to PrPß oligomers can be studied in vitro using non-glycosylated

recombinantly-expressed proteins. These oligomers carry structural

features which are believed to resemble those existing in vivo dur-

ing prion disease pathogenesis. Conversion to a β-rich intermediate

form, PrPβ, can be induced by a number of different methods includ-

ing: low pH with chemical denaturants [11], low pH only [12], shak-

ing [13], salt [11, 14-17], lipopolysaccharide [18], copper [19, 20], man-

ganese [21], dopamine [22], SDS [23–27] and other detergents [24],

lipid [25, 28-31], RNA [32], and lipid-RNA [33, 34]. Conversion of PrPC

to PrPβ can be confirmed using multiple methods such as: dynamic

light scattering, proteinase-K resistance assay, 1-anilinonapthalene-

8-sulfonate fluorescence and circular dichroism. Previously, we have

studied strong acid (pH 1)-converted [12] β-oligomers by structural

proteomics [35, 36]. Here, we study urea/mild acid (pH 4)-converted

prion protein, because the reaction product may more closely resem-

ble the existing in vivo converted species, which occurs in an acidic

environment comparable to that of endocytic vesicles [9, 37]. These β-
rich forms can be inherently challenging to study using conventional

structural biology methods, such as, liquid-state NMR spectroscopy

and X-ray crystallography, due to their large size, poor solubility, and

heterogeneity.

Despite these difficulties, significant understanding of prion aggre-

gate structures has been obtained using alternative methods such as

protease accessibility [38–40], X-ray diffraction [4, 41-43], spin label-

ing [44, 45], computer modeling [46–48], infrared spectroscopy [4, 8,

49, 50], electron microscopy [51, 52], and antibody mapping [38, 53-

55]. Important structural insights have been gained by these methods,

but there is still little agreement between the actual prion oligomer

structures proposed [42, 47, 56-59].

To improve the characterization of prion aggregate structures, addi-

tional proteomic approaches can be used [60]. Structural proteomics

can be defined as a combination of protein chemistrymethods, such as,

chemical crosslinking, hydrogen/deuterium exchange, limited proteol-

ysis, and surface chemical modification, with contemporarymass spec-

trometry. Byusing thesemethods, specific structural details of proteins

and protein complexes can be obtained. These techniques are espe-

cially useful in situations such as that of prion aggregates [35, 61].

Numerous publications utilizing a single structural proteomics

method for the study of prion structure have been reported [40,

55, 62-64]. Crosslinking studies, which provide distance information

between pairwise crosslinked amino acid residues, were reported for

prion proteins using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC) [65], BisSulfoSuccinimidylSuberate (BS3) [66],

and CyanurBiotinDimercaptoPropionylSuccinimide (CBDPS) [35,

67]. Hydrogen/deuterium exchange (HDX) studies, which provide

hydrogen-bonding status of the amino acid residues in the protein,

have been presented for prions using bottom-up [34, 55, 62, 64, 68-72]

or top-down [35] strategies. Limited proteolysis, which provides

information on the accessibility of the surface of a protein to a large

enzymatic probe, was usedwith chymotrypsin, pepsin, proteinase K, or

trypsin for the characterization of both PrPβ and PrPSc [35, 39, 63, 73].

Chemical surface modification provides information on the protein’s

surface exposure to small molecule chemical modification reagents.

This information can be complementary to that obtained by limited

proteolysis. Surface modification studies of prions has been previously

reported using pyridine carboxylic acid N-hydroxysulfosuccinimide

ester (PCASS) [35], acetic acid N-hydroxysulfosuccinimide ester [74,

75], nitration and acetylation [76, 77], and methionine oxidation [36,

78].

We and others have shown that, during PrPC to PrPβ conversion,

the prion protein undergoes a significant conformational rearrange-

ment and that, for this to occur, there is a disengagement of the H1 α-
helix and a separation of contacts between the β1-H1-β2 domain and

the H2-H3 core [35, 41, 42, 68, 76]. This rearrangement is thought to

result in changes where previously buried surfaces become exposed to

solvent, and from which new inter-protein contacts can develop. This

conversion is also thought to allow the formation of a β-sheet nucle-
ation site, fromwhichmaturation to fibrillar forms can begin.

To further our investigations of prion oligomers, we have now used

a comprehensive study using multiple proteomic techniques for the

determination of the urea+acid-induced prion-oligomer structure.We

utilized a panel of crosslinking reagents, including zero-length and
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short- and long-range reagents to identify intra- and inter-protein

crosslinks by performing the crosslinking reaction on an equimolar

mixture of 14N/15N-metabolically labelled β-oligomer. We then used

the short-distance crosslinking constraints obtained fromtheseexperi-

ments to guide discretemolecular dynamic simulations (CL-DMD) [79],

and obtained a structure of the PrPβ monomer and dimer units. The

model was verified using hydrogen-deuterium exchange, limited pro-

teolysis and surfacemodification.

HDX was also used to assess changes in secondary structure

between PrPC and PrPβ. A panel of proteolytic enzymes was used for

limited proteolysis. 12C- and 13C-PCASSwas used for differentialmod-

ification of K, Y, S, and T residues, and isotopically-labelled hydrogen

peroxidewas used for the differential oxidation ofWandMresidues to

obtain surface-exposure changes as a result of the conversion.Weused

a combination of these structural-proteomic methods to compare the

structure of PrPC before and after conversion to urea+acid-induced

PrPβ oligomers. This approach allowed us to assemble a structure of

the β-oligomer, based on all of the constraints obtained. Our model of

the β-oligomer supports the rearrangement and disassembly of the β1-
H1-β2 region from theH2-H3 corewhich is pivotal to the conversion of

PrPC to PrPβ, the formation of new inter-protein hydrophobic contacts

resulting from the change in exposure of hydrophobic residues, and the

development of an apparent β-sheet nucleation site.

2 MATERIALS AND METHODS

2.1 Materials

All chemicals were from Sigma-Aldrich, unless noted otherwise.

Crosslinking reagents azido-benzoic-acid-succinimide (ABAS) [80].

CyanurBiotinDimercaptoPropionylSuccinimide (CBDPS) [81]. DiSuc-

cinimidylAdipate (DSA), DiSuccinimidylGlutarate (DSG), DiSuccin-

imidylSuberate (DSS), succinimidyl 4,4’-azipentanoate (SDA) [82], and

2,4,6-triazido-1,3,5-triazine (TATA) [83] were obtained from Creative

Molecules Inc.

A synthetic gene corresponding to Syrian hamster prion protein

residues 90–232 (ShPrP(90-232)) including a 22-residue N-terminal

fusion tag with thrombin cleavage site and 6x-His was obtained from

the laboratory of Dr. DavidWishart (University of Alberta). ShPrP(90-

232) was expressed with or without minimal 15N-labeled media in

E. coli as previously described [12, 84]. Cells were sonicated, and—

in order to purify expressed PrP from inclusion bodies—cell lysates

were resuspended in guanidine solubilizing buffer and the protein was

loaded onto immobilized nickel-nitrilotriacetic acid (Ni-NTA) beads via

their fused histidine tail [85]. To ensure the correct folding to native

PrPC, bound protein was re-folded on-column with a decreasing urea

concentration gradient, over a 12-h time period [12]. Immobilizing PrP

on-column favors formation of intramolecular disulfide bond and pre-

vents protein aggregation [85]. Protein refolded using this method is

predominantly in the native PrPC form with little or no β-isoforms

present [11]. Refolded soluble protein was eluted with imidazole in

sodium phosphate buffer without urea, and then buffer exchanged

Statement of significance

The conformational changes leading to the final structure

of the misfolded infectious prion protein form is critical for

our understanding of the mechanism of prion disease. Here,

we determined the structure of urea+acid-induced mis-

folded prion oligomers by using experimental short-distance

crosslinking data as constraints in discretemolecular dynam-

ics simulations. The structure obtained was then validated

using additional structural proteomic techniques: hydrogen-

deuterium exchange, limited proteolysis, and surface mod-

ification experiments. During the conformational change, a

structured loop region dissociates from the protein core,

resulting in exposure of hydrophobic residues and the cre-

ation of a new putative β-structure nucleation site, which

leads to an assembly of stacked subunits in the oligomer. The

structureof theprionoligomerexplains a likelymechanismof

prion aggregation, and may allow the rational design of ther-

apeutics to prevent this aggregation.

and concentrated with 10 kDa cut-off centrifugal filters (Amicon) and

20 mMNaOAc pH 5.2. SDS-PAGE was used to determine PrPC purity,

and protein can be further characterized by NMR, CD, and fluores-

cence spectroscopy [85]. PrPC can be dialysed in a low-salt buffer such

as 20 mM sodium acetate (NaOAc) and remains stable for at least 5

weeks at 4◦C [11].

The β-oligomeric form was created as previously described [11]

(from 0 to 5 M urea at pH 4.0). After conversion, oligomers were dia-

lyzed in 20 mMNaOAc pH 5.2 (or 10 mM ammonium acetate for HDX

experiments) usingdialysis buttons (HamptonResearch) at 4◦Cfor180

min three times in50mlof 20mMNaOAcpH5.2 and the concentration

was determined by measuring the absorbance at 280 nm. Oligomer

formation was confirmed by comparative crosslinking assay between

PrPC and PrPβ using SDA.

2.2 Crosslinking

Crosslinking was performed on an equimolar 14N15N mixture

of PrPβ (Figure S1) [86] with a panel of crosslinking reagents

[ABAS [80], CBDPS, 4-(4, 6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) [87, 88], DSA, DSG, DSS,

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)

[89], photo-induced crosslinking of unmodified proteins (PICUP)

[90], SDA [80, 82], and TATA [83] differing in reactivity and spacer

length (see Table S1 for crosslinking conditions for each reagent).

After crosslinking reaction, 1% (final concentration) deoxycholate was

added to each sample for 30 min at 25◦C. Samples were then digested

with proteinase K [79] in 1:25 enzyme: protein substrate ratio for

2.25 h at 37◦C 400 rpm then acidified with 0.9% final trifluoroacetic
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acid for 5 min. Samples were then spun down at 15,000 rpm on a

desktop centrifuge for 10 min and supernatant removed to separate

microcentrifuge tube prior to C18 stage tip clean up then analyzed

on LC/ESI-MS/MS on an LTQ Orbitrap Velos or Orbitrap Fusion mass

spectrometer followed by crosslinking site assignment using 14N15N

DXMSMS Match [91], with 2 ppm precursor and 10 ppm fragment

mass tolerance, 10 ppm 14N-15N mass difference tolerance, 50%
15N/14N intensity ratio tolerance, tryptic digestions sites, all possible

missed cleavages.

2.3 Modeling

2.3.1 PrPβ dimer simulation

Theprotocol for the crosslink-guideddiscretemolecular dynamics (CL-

DMD) simulations has been described in detail in our previous work

[60, 79, 92, 93]. DMD is an enhanced-sampling molecular-dynamics

method that allows efficient ab initio protein structure prediction [94,

95]. Discretization of inter-atom interaction potentials and changing

from fixed to event-based time steps significantly optimizes the com-

putational performance of DMD compared to conventional molecular

dynamic (MD) approaches [96, 97]. A series of well-like potentials have

been incorporated into the DMD force field to account for the exper-

imentally identified inter-residue distances. The widths of the poten-

tials correspond to the crosslinker spacer lengths and the side-chain

flexibility [79]. These constraint potentials energetically penalize atom

pairs if the distance between them does not satisfy experimentally

observed distances.

All-atom Replica Exchange (REX) [98, 99] simulations of the PrPβ

dimer were performed starting from two completely unfolded chains

of PrPC. Twenty-four replicates of the system, with temperatures

equally distributed over the range from 0.375 to 0.605 kcal/(mol kB),

were simulated for 6 × 106 DMD time steps. REX simulations allow

the system to overcome local energy barriers and increase confor-

mational sampling by periodically exchanging the simulation tempera-

tures of the replicates. By monitoring the system energy distribution

and the specific heat curve [100], we found that approximately 1.5

× 106 time steps were necessary for the simulations to reach system

equilibrium. The time steps before equilibrium was reached were not

included in the analysis. As described in [79], we performed distance-

based clustering analysis [101, 102] on the lowest-energy 10% of the

structures obtained during CL-DMD simulations. The centroids of the

clusters were chosen as the computationally predicted models of the

PrPβ dimer and were subject to further verification against additional

structural-proteomics data.

2.3.2 β-oligomer assembly

The monomer subunits, which form the predicted PrPβ dimer, were

used as the initial point in predicting the structure of the prion trimer.

Starting from three chains, which were folded into the conforma-

tions observed in the PrPβ dimer structure, we performed REX simu-

lations according to the procedure described above. The chains were

placed far enough from each other to allow them to freely rotate with-

out crashing into another chain. Similar to the structure prediction

of the dimer, experimentally determined inter- and intra-chain inter-

atomproximity constraintswere used to guideDMDsimulations. After

3×106 time steps of REX CL-DMD simulations, centroids of the most

highly populated lowest energy structures were selected as possible

computational models for the prion trimer.

2.4 Hydrogen/deuterium exchange

HDX using FTMS-ECD top-down analysis was performed on a Bruker

12-T FTICR mass spectrometer. Experiments were carried out under

“exchange-in” conditions, using a two-stage continuous-flow mixer as

described previously [35, 103]. Protein solution and D2O from sepa-

rate syringes were mixed continuously in a 1:4 ratio (80% D2O final)

through a three-way tee connected to a 100 μm × 21 cm capillary,

resulting in a 10 s labeling time. The outflow from this capillary was

mixed with a quenching solution (0.4% formic acid in 80%D2O) from a

third syringe via a second three-way tee. Theoutflow fromthis last cap-

illarywas injected into aBruker12TApex-Qehybrid Fourier Transform

mass spectrometer, equipped with an Apollo II electrospray source.

In-cell ECD fragmentation experiments were performed with an m/z

900–1200 precursor selection range using a grid potential of 12 V and

a cathode filament current of 1.2 A. Approximately 1200 scans were

accumulatedover them/z range250–2600, resulting in anapproximate

acquisition time of 30 min for each ECD spectrum. FT-MS calibration

used the ECD fragments of PrPβ. HDX Match software was used to

determine deuteration levels of the amino acid residue’s amide groups

from centroidmasses of the c- and z-ion series [104].

2.5 Circular dichroism

Circular dichroism spectra were recorded on a Jasco J-720 spectropo-

larimeter using a temperature-regulatedwith1mmoptical path-length

quartz cell. Spectra were recorded in the UV region (190–250 nm) in

20 mM NaOAc (pH 5.2) at a protein concentration of 0.5 mg/ml. Sec-

ondary structure estimation performed using BeStSel [105].

2.6 Limited proteolysis

Limited proteolysis was performed using Arg-C (in 20 mMNa2HPO4),

Asp-N (in 100 mM ammonium bicarbonate (ABC)), chymotrypsin (in

PBS and 10 mM CaCl2), Glu-C (in either 50 mM ABC or PBS pH 7.4),

pepsin (in 20 mM HEPES 6.9), proteinase-K (in PBS) and trypsin (in

PBS pH 7.4). For each experiment, a 15-μg aliquot of PrPC and PrPβ

was incubated with enzyme: substrate ratios at 1:25 for pepsin, 1:500

for proteinase-K, and 1:50 for all other enzymes at 37◦C. Aliquots

of 3 μg each were removed at time 0, 1, 5, 10, and 30 min and were
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immediately mixed with 4x NuPage lithium dodecyl sulfate (LDS) sam-

ple buffer (Invitrogen) and heated at 100◦C for 10 min and all samples

were then separated by SDS-PAGE. Individual bands, corresponding

to proteolytic fragments of the prion protein were individually excised

and prepared by in-gel tryptic digestion [106], and digestion sites were

determined by LC/ESI-MS/MS analysis on an LTQOrbitrap Velos mass

spectrometer using PEAKS Client 7.0 software with 2 ppm precursor

and 10 ppm fragmentmass tolerance settings.

2.7 Surface modification

PrPC and PrPβ were modified with either the heavy or light form

of the surface modification reagent, pyridine carboxylic acid N-

hydroxysulfosuccinimide ester (PCASS-12C6 and 13C6) (Creative

Molecules Inc.) tomodify theN-terminus, K, Y, S, and T residues (Figure

S2A) [35], and heavy or light hydrogen peroxide (H2
16O2 or H2

18O2)

for modification ofW andM residues (Figure S2B) [36].

For PCASS differential surface modification, 6.5 μg aliquots of PrPC

or PrPβ were prepared at 4.0 μM. Reaction mixtures containing either

10 mM PCASS light (PCASS-12C6) or heavy (PCASS-13C6) and either

PrPC or PrPβ were incubated for 30 min at 25◦C, and were quenched

with25mMABC. Solutionswere then acidified to pH2with10%acetic

acid. Prior to the addition of pepsin, samples were combined (PrPC +

PCASS-12C6andPrPβ+PCASS-13C6, orPrPC+PCASS-13C6andPrPβ

+ PCASS-12C6) then digested with pepsin at a 1:10 enzyme: substrate

ratio for 12 h at 37◦C. Digests were analyzed by LC/ESI-MS/MS on a

LTQOrbitrapVelosmass spectrometer, andpeptides containing amod-

ification and their chromatographic peak areas were identified using

Peaks Client 7.0 software.

ForH2O2 differential oxidation, solutions containing 6.5-μg aliquots
of PrPC or PrPβ at 4.0 μM were bubbled with nitrogen gas prior to

the addition of H2O2. PrP
C or PrPβ were incubated with either 10mM

H2O2 light (H2
16O2) or heavy (H2

18O2) for 30 min at 25◦C, and were

quenched with 10% acetic acid to pH 2. Prior to the addition of pepsin,

samples were combined (PrPC +H2
16O2 and PrP

β
+H2

18O2, or PrP
C

+ H2
18O2 and PrPβ + H2

16O2 light), bubbled with nitrogen gas, and

digested with pepsin at a 1:10 enzyme: substrate ratio for 12 h at

37◦C. Digests were analyzed by LC/ESI-MS/MS on an LTQ Orbitrap

Velos mass spectrometer, and identification of peptides containing a

modification and their chromatographic peak areas were identified

using Peaks Client 7.0 software.

For PCASSmodification experiments, themean of the log peak area

ratio (PrPC with PCASS-12C6/ PrPβ with PCASS-13C6 or PrPC with

PCASS-13C6/PrPβwithPCASS-12C6)was calculated for eachmodified

residue. The antilog of themean of the ratio provided a value indicative

of the relative surface exposure of a residue in PrPC and PrPβ.

For H2O2 modification experiments, the log of the peak area ratio

(PrPC withH2
16O2/PrP

βwithH2
18O2 orPrP

C withH2
18O2/PrP

βwith

H2
16O2) was calculated for each modified residue. Differences in the

oxidation levels of a residue between PrPC and PrPβ were calculated

using a comparative ratio formula [36] which accounts for endogenous

oxidation of the residues. The resulting ratio provides a value indicative

of the relative exposure of a residue in PrPC and PrPβ.

3 RESULTS AND DISCUSSION

3.1 Formation of oligomers

Multiple structural proteomic techniqueswereused in order to charac-

terize the conformational change from PrPC to PrPβ and the arrange-

ment of the subunits in the aggregate. We compared both forms of

theN-terminal histidine taggedSyrian hamster prionprotein (90–232),

recombinantly expressed in E. coli. The E. coli. construct contains aa90-

aa128 of the aa29-aa128 flexible and unstructured N-terminal region

[107]. Even with the truncation, the construct contains PrP 27–30, the

hallmark proteinase K resistant core region of pathogenic PrPSc identi-

fied in vivo [108, 109], and carries all of the necessary features for the

conversion and propagation of aggregates [110–113]. The expressed

protein was purified from the inclusion bodies and refolded on-column

with a decreasing urea-concentration gradient.

Of the multiple conversion methods reported in the literature,

we chose the urea+acid conversion, as it uses conditions thought

to be comparable to those occurring in vivo [9, 37, 114, 115] and

may, therefore, adequately represent the mechanism of aggregation

involved in the pathogenesis. To convert the purified soluble PrPC

to PrPβ, we incubated the protein in the conversion buffer (5 M

urea, 20 mM NaOAc, 200 mM NaCl, 60 mM AcOH) for 12 h at

25◦C. The solution was then dialyzed against 20 mM NaOAc pH 5.2.

β-oligomers obtained using this method exhibited an increased resis-

tance to proteinase-K digestion (Figure S3A) and an increase in β-
sheet structure as observed by CD (11.8% β-sheet content in PrPC

and 20.1% in PrPβ) (Figure S3B). A crosslinking titration assay of PrPC

and PrPβ shows marked differential formation of the inter-protein

crosslinked species on SDS-PAGE gel for PrPβ but not for PrPC (Fig-

ure S3C).Weperformed structural characterization byHDX, crosslink-

ing, limited proteolysis, and surface modification on these aggregated

forms.

3.2 Crosslinking

Crosslinking combined with mass spectrometry provides the dis-

tance information between pairwise crosslinked amino acid residues.

Crosslinked proteins were enzymatically digested and analyzed by

LC/MS/MS. Crosslinking reagents can vary in their specificities and can

include amine-reactive (e.g., CBDPS with lysine, serine, tyrosine, thre-

onine, and N-terminal reactivity), amine to carboxyl specific (e.g., EDC

or DMTMM with lysine to aspartic or glutamic acid reactivity), spe-

cific photo-reactive (PICUPwith tyrosine to tyrosine), and non-specific

photo-reactive (e.g., TATA). The length of the spacer-arm between

covalently bound functional groups in crosslinks dictates the distance

constraints obtained,which can vary from14Å in the case of CBDPS to
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shorter range constraints (e.g., 8 Å DSG and 5 Å TATA) or zero-length

crosslinks (<1 Å) (e.g., EDC and PICUP).

By crosslinking an equimolar mixture of 14N- and 15N-PrPβ, we

were able to determine if the crosslinks occur within the same pro-

tein (intra-protein crosslinks) or between two protein molecules (inter-

protein crosslinks) [86] (Figure S1). Determining whether a crosslink is

of intra- or inter-protein origin [91] is critical for guiding the PrPβ sub-

unit structure modeling (intra-protein crosslinks) and PrPβ assembly

(inter-protein crosslinks).

3.3 Structure of the β-oligomer dimer unit by
CL-DMD

Using a panel of crosslinking reagents (DMTMM, PICUP, TATA, ABAS,

SDA,DSA, DSG,DSS, andCBDPS; Figure S4 and Table S1), we detected

14 intra-protein and 48 inter-protein inter-peptide crosslinks (Table

S2 and Table S3). The oligomer model was then built by satisfy-

ing all of the zero-length and short-distance intra-protein and inter-

protein constraints using CL-DMDmethodology [79] (Figure 1). Zero-

length crosslinks obtained are especially important in the modeling

process as they provide the strictest distance constraints. The intra-

protein DMTMM crosslink D167- K204 required rearrangement of

the β2-H2 loop to the H3 to satisfy the constraint, while the PICUP

inter-protein crosslinks of Y225 to Y157, Y162, and Y163 anchor

the region of increased HDX protection to the H3C-terminal end

of another subunit (Figure 2). Furthermore, the PICUP inter-protein

crosslinks, Y128 to Y128 and Y128 to Y162 or Y163 form a triangle

with Y157, Y162, or Y163 to Y225 and support the rearrangement of

the β1-H1-β2 and formation of a compact hydrophobic region of inter-

protein contacts (Figure 2A).

An array of inter-protein crosslinks (especially those found with

amine-reactive reagents, such as DSG, DSA, DSS, and CBDPS) guided

the further assembly and placement of the H2-H3 cores of each

subunit which stack together (e.g., CBDPSK194 –K194, K185 –K185,

and DSG K204 – K204, K185 – K204, and K204 – K220) and lead to a

“twisting” subunit arrangement (Figure 2).

TheN-terminal portion of the protein can be localized in slightly dif-

ferent regions of the oligomer depending on whether intra-protein or

inter-protein crosslinks are used (Figures 1A and 2). The intra-protein

DSG crosslink K104-K204 anchors the N-terminal region to the start

of H3, and the SDA crosslinks K110-N159, E89-Y149 and H96-Y149

anchor the N-terminal region to the rearranged β1-H1-β2 region (Fig-

ure 2A). Based on the inter-protein crosslinks, theN-terminal region of

one subunit associates with the newly rearranged β1-H1-β2 of an adja-
cent subunit and the C-terminal end of H2 (Figure 2A), as indicated by

the ABAS crosslinks K110-K194 (N-terminal region to C-terminal end

of H2) and M139-K194 (rearranged β1-H1 loop to C-terminal end of

H2) (Figure 2A). This observation suggests that the N-terminal portion

of the protein can occupy similar sites on both the subunit it originates

from and the adjacent neighboring subunit.

Crosslinking data has allowed us to assemble a structure of the β-
oligomer dimer based on all of the constraints obtained. In the model,

region aa144-aa165—which showed an increased protection in HDX—

and the hydrophobic residues from this region (e.g., Y157, Y161, Y162

and Y169) may be involved in the newly formed β-strands of the puta-
tive β-nucleation site. The hydrophobic residue Y128 is outside the

aa151–173 region, but it may also be interacting with this β-sheet
structure, since it is in close proximity (according to PICUP crosslink-

ing) to Y128, Y162 and/or Y163 of the adjacent subunit (Figure 2A).

The obtained model was further validated by additional results from

both limited proteolysis and surfacemodification.

3.4 Hydrogen/deuterium exchange

The principle of the hydrogen/deuterium exchange method is that

backbone amide hydrogens exchange with deuterium from the solu-

tion at different rates based on their hydrogen bonding status. Con-

sequently, the deuteration status of backbone amides will reflect

their involvement in secondary structure [116–118]. In this study, we

utilized top-down ECD-FTICR mass spectrometry to determine the

boundaries of secondary-structure elements based on the deuteration

values of the amino acid residues [103, 119].

PrPβ exhibited an increase in protection of approximately 11 pro-

tons compared to PrPC, based on the total deuteration values of the

intact proteins (Figures S5 and S6). This increase in the protection of

PrPβ, in combinationwith CD data, suggests an increase in β-structure,
a hallmark of the subsequent maturation of the β-oligomers to fibrils.

Analysis of the c- and z- ion fragment series [104] revealed that the

aa144-aa165 region of PrPβ (the region encompassing the H1, the H1-

β2 loop and β2) (Figure S5) was responsible for the increased protec-

tion and, therefore, the increased hydrogen bonding of this segment

in the aggregated form. These HDX results indicated a rearrangement

or restructuring to a β-sheet structure in the aa144-aa165 region and

may highlight a possible β-sheet initiation site, which is crucial for the

progression of the aggregation process. Indeed, the total numbers of

the protected backbone amide protons in PrPC and PrPβ, as measured

by HDX of intact proteins, were 55 and 66, respectively. H2 and H3

contain 52 residues and account for 39 (PrPC) and 38 (PrPβ) protected

protons (Figure S6). The aa68-aa142N-terminal portion of the protein

accounts for 7 protected protons in both forms. H1, β1, and β2 contain
21 residues and account for 13 (PrPC) and 24 (PrPβ) protected pro-

tons (Figure S6). Thus, an increase in β-structure content in PrPβ (up

to 20.1% from 11.8% in PrPC), as determined by CD (Figure 3B), points

out the disassembly of H1 helix and the formation of new β-structure
in the aa143-aa164 region (Figure S6D). This rearrangement was con-

sistent with the crosslinking analysis of the PrPβ oligomer.

3.5 Limited proteolysis

Limited proteolysis provides information on the accessibility of a

protein’s surface to a large (enzyme) probe. The first cleavage sites

obtained after short incubation times are restricted to the outer-

most regions of a protein subunit’s surfaces, which are accessible to
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F IGURE 1 Crosslinking analysis of PrPβ. (A) Representation of all intra- and inter-protein constraints obtained by crosslinking a 1:1 equimolar
mixture of 14N- and 15N-PrPβ (Tables S2 and S3). The sequence of two PrPβ monomers is represented. Orange shading in sequence represents
newly formed β-nucleation site and grey shading represents H2-H3 core α-helices. Intra-protein inter-peptide crosslinks are illustrated as purple
(arcs) and inter-protein inter-peptide crosslinks are shown as green (lines). The figure was created using xiNet [139]. B) Short-distance crosslinking
constraints guide PrPβ model. All intra- and inter- protein crosslinks are represented on two PrPβ monomers. Crosslinks are indicated as
intra-protein crosslinks (purple) and inter-protein crosslinks (green). The intra-protein crosslinks show the conformational change that takes place
under conversion and the inter-protein crosslinks allow for arrangement of monomers

the active site of the proteolytic enzyme. Under limited proteolysis

with pepsin, a different pattern of digestion for PrPC versus PrPβ was

observed (Figure2B, Figure S7). Thenative formexhibited a rapid accu-

mulation of aC-terminal∼15kDaproduct. However, for the oligomeric

form, virtually no proteolysis was evident. This indicates a lack of

enzyme access to the W99 cleavage site in this region of the oligomer

(Figures 2B and S7). Limited proteolysis with chymotrypsin also high-

lightedW99 as beingmore protected from cleavage in PrPβ than PrPC.

Limited proteolysis with chymotrypsin also showed greater protection

of residues Y149, Y150, Y162, Y163, F175, and M206 in PrPβ relative
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F IGURE 2 PrPβ dimer structure obtained by short-distance
crosslinking constraint-guided discretemolecular dynamics. (A)
Intra-protein crosslinks (magenta) (Table S1) and inter-protein
crosslinks (green) (Table S2). (B) PrPβ monomer unit obtained by
CL-DMD and verified using structural proteomic methods. Residue
deuteration values are superimposed on the representative predicted
structure of the PrPβ monomer. Intra-protein crosslinks (magenta)
(Table S1). Residues preferentially modified by PCASS or H2O2 in PrP

β

and preferentially exposed to proteases in PrPβ (red backbone and
spheres and red backbone respectively). Residues equally modified by
PCASS or H2O2 between PrP

C and PrPβ and equally exposed to
proteases in PrPC and PrPβ (marine backbone and spheres andmarine
backbone respectively). Residues preferentially modified by PCASS or
H2O2 in PrP

C and preferentially exposed to proteases in PrPC (green
backbone and spheres and green backbone, respectively)

to PrPC (Figures 2B and S7). Arg-C cleavage of the N-terminal region

(R83) was diminished in PrPβ over PrPC (Figures 2B and S7), which is

indicative of an N-terminal region location in the oligomeric form to

either the start of H3 or the C-terminal region of H2, as was evidenced

by the crosslinking results (see above). Trypsin also indicated some-

what higher protectionofR83andK110 cleavage sites inPrPβ , which is

consistent with the Arg-C results (Figures 2B and S7). AspN digestion

occurred at D227 in the PrP C-terminal region and was equally avail-

able to digestion in both prion forms (Figure S7). These results contrast

with the GluC digestion results, which also illustrated PrPC-terminal

regiondigestion at E221, except that proteolysis occurredmore rapidly

in PrPβ versus PrPC (Figures 2B and S7). This could be the result of the

β2-H2 loop moving away from H3 in PrPβ. In summary, limited prote-

olysis data were consistent with the HDX and crosslinking findings for

the PrPβ and, therefore, can serve as a positive confirmation of the pro-

posed structure (Figure 2).

3.6 Surface modification

Surface modification provides information on the accessibility of

a protein’s residues to small (modification reagent) probes. We

used isotopically-coded amine-reactive PCASS (Figure S2A) [35] and

hydrogen-peroxide reagents for differential surface modification of

PrPC versus PrPβ (Figure S2B) [36]. In these experiments, equal

amounts of PrPC and PrPβ weremodifiedwith either the light or heavy

isotopic forms of the reagents. The reactions were quenched, both

protein form samples were combined, digested and analyzed by LC–

MS/MS. In this experimental design, residues that are equally exposed

in both protein forms result in doublets of peaks of equal intensity.

Residues which differ in surface accessibility between the two protein

states should show a higher degree of modification in one or other of

the states, resulting in a doublet of peaks with unequal intensity ratios.

Using the PCASS surface modification, we detected several differ-

entially modified residues between the PrPC and PrPβ forms (Table

S4, Figure 2B). Differentially modified tyrosine residues Y149, Y150,

Y157, Y162, and Y169 are located within the β1-H1-β2 region and

showed increased exposure in PrPβ. Tyrosines Y149, Y150, and Y157

contact the internal regions of H2 and H3 and are buried in the native

PrPC structure (Figure 2B and Table S4). Interestingly, Y149, Y150,

Y162, andY163were preferentiallymodified, butwere protected from

chymotryptic proteolysis (Figure 2B, Figure S7, Table S4), possibly indi-

cating rather tight packing of this reformed region in the PrPβ form.

Y128, which was shown by crosslinking to be in close proximity to

this region, exhibited an equal degree of modification between PrPC

and PrPβ and must therefore be equally exposed in both prion forms

(Figure 2B and Table S4) and may represent adjacent residues to the

apparent β-nucleation site. Both K185 and K220 were less accessible

in PrPβ, possibly indicating involvement in the stacking of the subunits

and interactionwith the relocatedN-terminal part in the oligomer (Fig-

ure 2 and Table S4).

Using the isotopically coded hydrogen peroxide surface modifica-

tion method, we also detected several differentially modified residues

between the PrPC andPrPβ forms (Figure 2B and Table S5). The prefer-

entially modified in PrPβ residues—M129,M134,M138,M139,W145,

and M154—are located within the rearranged β1-H1-β2 region and

showed increased exposure in PrPβ (Figure 2B and Table S5).W99was

shown to be less exposed in PrPβ (Table S5). Thiswas in agreementwith
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both the chymotrypsin and pepsin limited-proteolysis results, indicat-

ing that this residue is buried in PrPβ (Figure 2B and Figure S7).

3.7 PrPβ assembly

Our model confirms that the conformational change occurring during

urea+acid conversion results from the rearrangement and disassem-

bly of the β1-H1-β2 region from the H2-H3 core. It shows that the H2-

H3 core area becomes involved in contactswith the rearranged aa126-

aa170 region of an adjacent monomer (Figure 2). The aa144 – aa165

region shows increased protection in HDX and is involved in numerous

crosslinks (3 intra-protein, 5 inter-protein). This region appears to be

involved in the evolution of a β-sheet nucleation site and the formation

of new inter-protein contacts.

Theoverall shapeof themonomer in thedimerunit of theβ-oligomer

is reminiscent of an open “pocket knife,” with H2-H3 forming the “han-

dle” and the mostly open and rearranged β1-H1-β2 region forming

the “blade” (Figure 2B and Figure S9). Created as a result of conver-

sion internal surfaces of the “handle” and the “blade” constitute newly

formed inter-protein interfaces in the dimer. From the analysis of the

dimer unit structure, it became apparent that additionalmonomer sub-

units in a similar “blade” conformation could be appended to the struc-

ture. This can be accomplished by aligning additional monomer with

a twist-and-up translocation of the dimer unit with most of the inter-

protein crosslinks still being satisfied (Figure 3).

This mode of monomer subunit arrangement is also in agree-

ment with the observed electrostatic surface properties of the sub-

units within the oligomer (Figure S10). Surprisingly, if this assembly

is allowed to continue, an assembled from “blades” of “pocket knife”

structure resembling a drill bit is observed (Figure 3). The tip of the

“drill bit” consists of newly formed β-strands and contains multiple

residues that are critically important for the aggregation. This implies

possible involvement of this “drill bit tip” structure in the template-

based conversion and growth of the aggregates.Moreover, an arrange-

ment of the β-strands in this region is consistentwith further formation

of the cross-beta structure during oligomermaturation into fibrils.

Our PrPβ model is consistent with experimental data obtained from

numerousothermethods.Wille et al. [120] usednegative stain electron

microscopy to determine recombinant ShPrP 90–231 fibrils as having

an average diameter of 79 ± 38 Å, which is comparable to the diame-

ter of our assembled oligomermodel, which is approximately 48Å (Fig-

ure 3). The model is also consistent with numerous antibody-mapping

studies of PrPSc, the positions of inhibitory peptides, and contains the

residues in critical regions of the assembled structure that are essential

for aggregation. For example, Peretz et al. [121] used a panel of recom-

binant antibodies to ShPrPC, with linear epitopes, to determine that

residueswithin theN-terminal region (aa90 –aa120)were largely inac-

cessible in hamster brain derived PrP 27–30 but remained accessible

in PrPC (Figure S11A).

Numerous monoclonal antibody studies have also described the N-

terminal domain as important in the conversion of PrPC to PrPSc and

implicate this domain as critical to the binding of PrPC to PrPSc (Fig-

F IGURE 3 Arrangement of subunits in the PrPβ oligomer.
Additional monomer subunits in a conformation similar to the dimer
can be appended to the structure with a twist-and-up translocation,
withmost of the inter-protein crosslinks still being satisfied. Three
PrPβ monomers (magenta, green, and blue) are shown in a possible
trimer arrangement. β-strands at the top of the assemblymay explain
the creation of the β-nucleation site

ure S11A) [122–126]. These studies indicate that the major change in

conformation to PrPSc occurs within this region, which is in agreement

with our PrPβ model (Figure 2, Figure 3, Figure S8, and Figure S11).

The PrPC-selective antibody D18 [123] binds to the β1-H1 loop and

the H1 helix (aa132 – aa156) and has no reactivity with PrPSc. This is

also consistentwith ourmodel,which shows that this region has under-

gone significant structural rearrangement (Figure 11B). Epitopes for

a PrPSc-specific YYR antibody [127] (aa148- aa150 and 161 - aa163)

are both exposed in our model (Figure S11C). The PrPSc-specific mon-

oclonal antibody 6H10 has a discontinuous epitope located at the C-

terminal region of helixH3(aa215–aa216, aa221- aa223, aa228) [128]

where ourmodel also shows structural rearrangement of the helix (Fig-

ure S11D).

Chabry et al. [129] demonstrated that synthetic peptides corre-

sponding to aa113 - aa120andaa129–aa141can inhibit the formation

of protease-resistant prion protein in vitro. These peptides represent

regions of our model which may be implicated in the conversion (Fig-

ure S11E). Recombinant antibody antigen-binding fragments (Fabs) of

D18 antibody [123] (described above) has also been shown to inhibit

the conversion of PrPC toPrPSc and to inhibit the development of prion

disease in vivo [130, 131].

A commonpolymorphismof humanprion protein has eithermethio-

nine or valine at residue 129. M129V heterozygotes have relative
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protection from sporadic, acquired, and some inherited forms of prion

disease [132, 133]. This protection is thought to occur by inhibiting

homotropic protein-protein interactions [132, 134]. Residue 129 may

also directly affect the propagation of some prion strains by conforma-

tional selection [135, 136]. Polymorphism at codon 127 (G127V) has

been shown to be protective against kuru disease and, interestingly,

has only been identified among natives of Papua, New Guinea [137].

Y128-Y128 PICUP inter-protein crosslinks between different subunits

(Table S3) demonstrate the close inter-protein proximity of these

residue 127 and 129 critical polymorphic variants. M129 was found

buried in the core of amyloid fibrils [138]. In our PrPβ assembly model,

these residues are buried at the center of the assembly where three

subunits converge, which may explain why G127V is important for

protective effects against conversion (Figure S11F).

Overall, our experimentally based model of the β-oligomer assem-

bly is consistentwith the conformational changeduring urea+acid con-

version resulting from the rearrangement of the PrPC β1-H1-β2 region
and disruption of its original contacts with the H2-H3 core and forma-

tion of new contacts with the rearranged aa126-aa170 region of an

adjacent monomer (Figures 2 and 3). This mode of interaction is pre-

served in the incorporation of additional subunits to the β-oligomer.

As a result, our final structure of the β-oligomer is a rod-like structure

composed from monomers assembled in ascending spiral fashion. The

tip of the assembly is built from newly formed β-strands which can be

involved into template-based conversion and further maturation into

fibrils.

4 CONCLUSION

Data from multiple structural proteomics approaches combined with

constraints-guidedDMDsimulations have enabled us to determine the

structure of urea+acid converted prion oligomers. The obtained struc-

ture explains the mechanism of the conformational change involved in

the conversion, the early formation of the β-structure nucleation site,

and describes the possiblemode of assembly of the subunits within the

oligomer.
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