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A fragment of the prion protein, PrP(89-143,P101L), bearing
amutation implicated in familial prion disease, forms fibrils that
have been shown to induce prion disease when injected intrac-
erebrally into transgenic mice expressing full-length PrP con-
taining the P101L mutation. In this study, we utilize amide
hydrogen exchange measurements to probe the organization of
the peptide in its fibrillar form. We determined the extent of
hydrogen exchange first by tandem proteolysis, liquid chroma-
tography, and mass spectrometry (HXMS) and then by
exchange-quenched NMR. Although single amide resolution is
afforded by NMR measurements, HXMS is well suited to the
study of natural prions because it does not require labeling with
NMR active isotopes. Thus, natural prions obtained from
infected animals can be compared with model systems such as
PrP(89-143,P101L) studied here. In our study, we find two seg-
ments of sequence that display a high level of protection from
exchange, residues 102—-109 and 117-136. In addition, there is a
region that displays exchange behavior consistent with the pres-
ence of a conformationally heterogeneous turn. We discuss our
data with respect to several structural models proposed for
infectious PrP aggregates and highlight HXMS as one of the few
techniques well suited to studying natural prions.

Prion diseases lead to neurodegenerative processes that
result in spongiform degeneration and astrocytic gliosis in the
central nervous system and are known to exist in genetic, spo-
radic and transmissible forms (1). The agent that is implicated
in initiating disease is the protein PrP,* which can exist in two
isoforms as follows: the benign native form PrP cellular and the
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infectious and neurotoxic form PrP¢ (PrP scrapie) (2).
Although non-protein factors, including nucleic acids and lip-
ids, have been shown to facilitate the conversion from PrP cel-
lular to PrP° and modulate prion infectivity, it is clear that the
PrP protein is required for prion passage (3—11). PrP is found in
all mammalian and avian genomes and, after maturation, con-
sists of approximately 200 residues with one disulfide bridge,
two glycosylation sites, and is attached to the membrane via
a C-terminal glycosylphosphatidylinositol anchor. Solution
structures of PrP cellular, without post-translational modifica-
tions, from several organisms have been solved, showing it to be
largely a-helical with an unstructured N terminus of approxi-
mately 100 residues (12—-17). Experiments have shown that PrP
binds copper and may be involved in copper homeostasis (18 —
20); however, the precise biochemical function of PrP remains
unclear. For a detailed discussion, see the work by Aguzzi et al.
(21). In contrast to the mostly a-helical, soluble PrP cellular,
PrP5¢ is B-rich, with a protease-resistant core and is present as
an aggregate (22). When PrP*¢ is proteolytically cleaved at its N
terminus, it readily associates to form fibrils or rods that retain
high levels of infectivity (23). Both electron microscopy and
molecular mechanics calculations have been used to generate
model structures for infectious PrP (24 -27); however, due to
their propensity to aggregate and the intrinsic insoluble nature,
it has been difficult to obtain any high resolution structural
information on infectious PrP with which a single model can be
validated.

Determining the rates at which amide hydrogens exchange
with solvent hydrogens provides a useful probe for hydrogen
bonding in proteins. Exchange requires contact between the
amide and solvent and catalysis by an acid or base (base domi-
nates at neutral pH). Amides involved in hydrogen bonds thus
cannot exchange without first fluctuating to an “open” state.
Simple kinetic theories show that at neutral pH, the rates of
exchange are determined by the equilibrium constant for open-
ing and the intrinsic rate of exchange of the amide (determined
by the identity of the amino acid and its sequence context) (28).
Intrinsic exchange rates have been tabulated (29), so the
observed exchange rates can be interpreted in terms of opening
equilibria. At pH 7 and 25 °C, the intrinsic fully exposed amide
hydrogen exchange rate is on the order of 10 s™'. Recently,
numerous groups have employed hydrogen exchange-based
experiments to study amyloid fibrils formed from a number of
different proteins, including PrP(89-230); note that through-
out this study we use the mouse PrP numbering scheme (30—
40). Interestingly, in each case it was shown that only subsets of
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residues in the protein were protected from exchange with sol-
vent, with rather different patterns of protected residues for
different proteins. The remaining residues exhibited rapid
exchange behavior characteristic of exposed amide groups.

One of the earliest animal models of prion disease was gen-
erated by expressing human PrP with a leucine substitution at
P101L in transgenic mice at elevated levels; this mutation is
implicated in Gerstmann-Straussler-Scheinker disease (GSS), a
familial form of prion disease. These mice developed sporadic
GSS that could be serially passed to mice bearing the sensitizing
mutation (41, 42). Later work reconstituted prion infectivity
from a synthetic protein identified as a 55-residue PrP frag-
ment, PrP(89-143,P101L), that readily associated into amyloid
fibrils. Intracerebral injection of the aggregated fibrillar peptide
initiated GSS in mice that express full-length PrP bearing the
P101L mutation, whereas the nonaggregated peptide did not
initiate disease (43). Furthermore, the peptide-initiated disease
can be serially transmitted in mice bearing the same mutation
(44).

Here, we describe amide hydrogen exchange behavior in the
fibrillar form of PrP(89 —143, P101L) obtained first at medium
sequence resolution with tandem proteolysis, liquid chroma-
tography, and mass spectrometry (HXMS) (45) and then at sin-
gle amide resolution with NMR spectroscopy. We are able to
observe regions of the peptide that are highly protected from
exchange and others that are not. The strongly protected
regions identify the residues in the hydrogen- bonded core of
the amyloid fibrils of PrP(89 -143, P101L).

EXPERIMENTAL PROCEDURES

Amyloid Fibril Formation—Amyloid fibrils of PrP(89-143,
P101L) were formed by dissolving 10 mg of peptide into 500 ul
of 20 mm sodium acetate, 100 mm NaCl, pH 5, and adding 500
wl of acetonitrile. Samples were taken at several time points,
and EM images were collected. Small fibrils were seen even a
short time after preparing the sample. Atlonger times primarily
longer fibrils with more clearly defined edges were seen. Fibrils
used in hydrogen exchange experiments were collected after 3
weeks of incubation in the acetonitrile solution. These fibrilli-
zation conditions are the same as used in previous bioassay
experiments (43).

Electron Microscopy—Samples were loaded onto 1000 mesh
copper grids, coated with Formvar, and glow discharged prior
to use. The samples were negatively stained with 3% aqueous
uranyl acetate, and images were collected on a FEI Tecnai 12
operating at 120 kV.

Hydrogen Exchange Mass Spectrometry—PrP(89-143,
P101L)-peptide used in MS analysis was synthesized using
standard Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry
and subsequent cleavage with trifluoroacetic acid. PrP(89 —143,
P101L) fibrils were collected by centrifugation at 1300 X gin an
Eppendorf tube and washed twice with 10 mm sodium phos-
phate, pH 7.5. Deuterium exchange was initiated by resuspend-
ing the fibrils in 100% D,O buffered with 10 mm sodium phos-
phate at a pH* of 7.5 (pH* is the reading of a pH meter,
uncorrected for isotope and solvent effects) to a final peptide
concentration of 50 mg/ml. 5-ul aliquots of the peptide suspen-
sion were removed after 1,6,and 21 hand 1, 3, and 6 weeks. 5 ul
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of the peptide slurry was removed before exposure to deute-
rium to serve as the 0-h time point. Exchange samples were
prepared for MS analysis by dilution with 55 ul of ice-cold 10
mM sodium phosphate buffer and rapid addition of 90 ul of
quench buffer (6.8 M guanidine hydrochloride (GdnHCl), 16.6%
glycerol, and 0.8% formic acid), yielding a final pH* of 2.1, fol-
lowed by 5 min of incubation over thawing ice to fully dissolve
the fibrils. Each solution was then divided into 50-ul aliquots in
individual autosampler vials and rapidly frozen over powdered
dry ice. Samples were stored under powdered dry ice in —80 °C
freezers.

The extent of deuteration was determined by quickly thaw-
ing the frozen samples over melting ice and passing the solution
through two immobilized protease columns (pepsin and fungal
protease XIII from Sigma, 100 wl/min, 0.05% TFA). Peptides
were separated by reverse-phase high pressure liquid chroma-
tography (HPLC) (Vydac C-18 300A, 50 ul/min with a 6.4—
38.4% acetonitrile gradient over 30 min, 4 °C). The effluent was
directly injected into a mass spectrometer (ThermoFinnigan
LCQ, capillary temperature of 200 °C). Initial identification of
proteolytic fragments was determined by tandem MS followed
by data analysis using the SEQUEST and DXMS software pro-
grams (ThermoFinnigan, San Jose, CA, and Sierra Analytics,
Modesto, CA, respectively) (46, 47). Peptide deuteration levels
were extracted from the centroid of individual mass envelopes
according to the method of Zhang and Smith (48) after
accounting for end effects and proline residues (29). Peptide
deuteration levels were corrected for back exchange during
proteolysis and chromatography based on their retention time
in the chromatography step. Back exchange at the beginning of
chromatography was found to be 15 and 20% at the end accord-
ing to fully deuterated reference protein samples.

Cloning, Expression, and Purification—A synthetic gene for
PrP(89-143, P101L) with an N-terminal six residue histidine
tag and tobacco etch virus cleavage site was designed based
on Escherichia coli optimum codon usage and synthesized by
GenScript (Piscataway, NJ) in a pUC19 plasmid. This gene
was subcloned into the pIVEX 2.4c vector between the Ndel
and BamHI sites.

E. coli cells (BL21 (DE3)) containing a plasmid, pACYC, that
constitutively expresses Lacl were transformed using the hex-
amine cobalt chloride method (49) and grown on MDG (50)
agar plates (1.5%) containing ampicillin and kanamycin at 37 °C
for 12 h. A single colony was then picked and inoculated into 2
ml of MDAG media (100 pg/ml ampicillin, 50 pg/ml kanamy-
cin) (50) and allowed to grow at 37 °C for 6 h. To obtain **N-
labeled protein, 1 ml of this starter culture was used to inoculate
1 liter of N-5052 media (50) contained in a 2.8-liter Fernbach
flask. Cells were allowed to grow for 48 h at 37 °C with shaking
at 240 rpm. Cells expressing '>C,'°N-labeled protein were
obtained according to the method of Marley et al. (51) with the
substitution of MDAG media for LB.

The cells were recovered by centrifugation at 5,000 rpm for
10 min and resuspended in ~40 ml of 50 mm KP;, pH 8.0, and
lysed by sonication at 4 °C. The resulting suspension was cen-
trifuged for 30 min at 30,000 rpm. The supernatant was dis-
carded, and the inclusion body was resolubilized by applying
three rounds of resuspension in 6 M GdnHCI, 200 mm NaP;, pH
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8.0, 300 mMm NaCl, 5 mm B-mercaptoethanol followed by cen-
trifugation for 30 min at 30,000 rpm. The supernatants were
pooled together and loaded onto nickel-nitrilotriacetic acid
resin (6 ml). The column was then washed with a linear gradient
from 6 to 0 M GdnHC], 50 mm NaP;, pH 8.0, 300 mm NaCl, and
15 mm imidazole. The protein was eluted from the column with
50 mMm NaP;, pH 8.0, 300 mm NaCl, and 500 mMm imidazole and
then dialyzed extensively against 50 mm Tris, pH 8.0, 1 mm
DTT, 1 mm EDTA at 4 °C. One milligram of tobacco etch virus
protease was added to the dialysis bag, and the cleavage reac-
tion was monitored by HPLC. After complete proteolysis to
remove the His tag, the solution was dialyzed against 50 mm
NaP;, pH 8.0, 300 mm NaCl, and 15 mM imidazole and then
passed over nickel-nitrilotriacetic acid resin to remove both the
His tag fragment and tobacco etch virus and desalted using a
C18 Sep-Pak cartridge (Waters). The solution was frozen and
lyophilized. Dry peptide was stored in a desiccator. On average,
15 mg of purified '"N-labeled PrP(89-143, P101L) was
obtained per 1 liter of growth. 0.5 mg of purified '*C,'°N-la-
beled PrP(89-143, P101L) was obtained from 0.5 liter of M9
media.

NMR Experiments (Assignments)—All data were collected on
a Bruker Avance DRX-500 or an Avance DRX-800 spectrome-
ter equipped with a cryogenic probe, with samples kept at 25 °C.
A single *°N,**C-labeled sample of PrP(89 143, P101L) con-
sisting of 0.5 mg of protein dissolved in 500 ul of DMSO (5%
H,0, 0.03% TFA) was used for backbone assignments. Assign-
ment of the "H,">N HSQC spectrum was accomplished via
inter-residue connection of the Ca, C3, and N chemical shifts
using the HNCA, CBCA(CO)NH, and HNCACB experiments
(52-54). Data were processed with NMRPipe (55). For the
three-dimensional experiments, data were linear predicted to
128 pts in the >N dimension. Analysis and integration of data
were performed with NMRView or CARA (56, 57).

Hydrogen Exchange NMR Spectroscopy—Fibrillization of
'>N-labeled PrP(89-143, P101L) was performed as outlined
above. Approximately 0.5 mg of fibrillized '°N-labeled PrP(89 —
143, P101L) was aliquoted into a separate Eppendorf tube for
each exchange time point. Fibrils were resuspended in 10 mm
KP,, pD 7.5, and incubated at room temperature for varying
periods of time. At the end of each time point, the fibrils were
pelleted by centrifugation and washed twice with D,O at 4 °C.
After removing the supernatant, the fibrils were frozen over dry
ice and lyophilized. Lyophilized fibrils were dissolved in DMSO
containing 5% D,O and 0.03% TFA-D, pH* 5. A series of "H,"*N
HSQCs was collected over 8 h to correct for exchange with
solvent under the quenching NMR sample conditions (32). The
dead time from the addition of quenching/denaturing solvent
to the fibrils to the acquisition of the first time point of the
two-dimensional experiment was ~10 min (allowing for mix-
ing to aid fibril dissolution and optimizing parameters for the
NMR experiment). Each *H,"*N HSQC signal was the average
of four transients, with 128 complex points acquired in the ¢,
dimension, for a total acquisition time of 20 min per two-di-
mensional data set.

The intrinsic exchange rate in DMSO was determined by
first integrating the volumes for each peak in each 'H,"’N
HSQC spectrum acquired over the 8 h. These individual vol-

OCTOBER 15, 2010+VOLUME 285-NUMBER 42

Hydrogen Exchange of PrP(89-143, P101L) Fibrils

umes versus time were then plotted and fitted to single expo-
nentials. The calculated rates from the exponential fits were
then used to account for exchange during the dead time of the
experiment. The intrinsic exchange rates are shown in
supplemental Table S1. A 1-1-echo one-dimensional "H NMR
spectrum was acquired for each sample, and the methyl region
of the spectrum was integrated to normalize sample concentra-
tions, which did not deviate by more than 3% between samples.
Hydrogen exchange incubation times were 0, 1, 6, and 21 h and
1 and 6 weeks.

RESULTS

Hydrogen Exchange Mass Spectrometry of PrP(89-143,
P101L) Fibrils—Synthetic PrP(89 —143, P101L) fibrils that had
been grown in H,O were incubated in D,O (buffered with
sodium phosphate at pD 7.5) and aliquots removed after incu-
bation for 1, 6, and 21 h and 1, 3, and 6 weeks. To determine the
deuterium content of the fibrils using electrospray ionization
mass spectrometry, the fibrils were redissolved by the addition
of an aqueous buffer containing guanidine hydrochloride at low
pH to quench hydrogen exchange, limiting back exchange dur-
ing the mass analysis. To identify sites retaining deuterium in
the primary sequence, exchange-quenched peptide solutions
were fragmented using two protease columns containing
immobilized pepsin and fungal protease XIII. Both proteases
retain activity under quenching conditions. The peptide frag-
ments were then separated by reverse-phase HPLC with the
eluent running directly into the mass spectrometer. The ability
to resolve slowly exchanging sites depends on the degree of
fragmentation obtained, which in optimal circumstances can
discriminate single amides. Peptides were identified in a refer-
ence experiment in which nondeuterated PrP(89-143, P101L)
was proteolyzed in the same manner, and eluting fragments
were then analyzed by tandem MS (58). Peptides in the deuter-
ated samples were then identified by matching both mass and
retention time.

Fig. 1 shows the extent of amide exchange of PrP(89-143,
P101L) in fibrils after incubation in D,O for 6 weeks observed
using mass spectrometry. 34 “primary” peptide fragments were
obtained with good signal to noise ratios in repeated experi-
ments at each time point studied. Exchange in 23 additional
“secondary” peptide segments could be analyzed via deuterium
level subtraction of N-terminally aligned peptides of different
length; N-terminal alignment of peptides is required to correct
for end effects. Although PrP(89-143, P101L) was not proteo-
lyzed sufficiently before mass spectrometry to afford single site
resolution, a consensus exchange behavior can be approxi-
mated by calculating an average of the exchange behavior in
which the contribution from each observed peptide is weighted
according to the information content of the peptide. The longer
the peptide, the less information for localization of exchange it
contains. The averaging is performed according to Equation 1,

hx; o
12
length; length;

i=1

(Eq. 1)

Hx:§n)<

i=1

where HX is the averaged percent protection; /x, is the percent
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protection of each peptide i; # rep-
resents the number of peptides in
which a given residue is observed,
and length, is the length of each pep-
tide i. Although the data do not
afford single amide resolution, it is
clear that there is a strongly pro-
tected region between residues 119
and 130, increased protection at the
C terminus, and two regions from
99 to 107 and 133 to 139 that show
significantly lower protection from
exchange with solvent.

Recombinant Expression and
Fibrillization —of PrP(89-143,
PI101L)—Amide hydrogen exchange
at individual sites can be detected
with NMR, but it requires isotopi-
cally labeled protein. To obtain uni-
formly and isotopically labeled
PrP(89-143, P101L) for hetero-
nuclear NMR experiments, we
developed an E. coli expression sys-
tem in which purification of the
peptide was expedited by the pres-
ence of an N-terminal His, tag. The
supplemental Fig. S1 shows the
results from a typical purification
process and shows an electron
micrograph of PrP(89-143, P101L)
fibrils produced from recombinant
peptide. Fibrils were grown with the
same procedure used to fibrillize
synthetic peptide that initiated
prion disease in sensitized trans-
genic mice (43).

Sequence-specific Detection of
Hydrogen Exchange in PrP(89—143,
P10IL) Fibrils—As in the mass
spectrometry exchange experi-
ments, detecting the extent of
hydrogen exchange in amyloid
fibrils with NMR requires the dena-
turation of fibrils under exchange
quenching conditions prior to data
collection. Acidic dimethyl sulfox-
ide (DMSO) is an excellent quench
solvent to dissolve amyloid fibrils
(31, 32, 34, 59, 60). The minimum
rate for amide hydrogen exchange
in DMSO occurs at pH* 5 and is typ-
ically on the order of 107 ° s~ * (61).
All non-proline residues have been
assigned for the 55-mer with the
exception of the N-terminal glycine
that exchanges too quickly to be
observed in the NMR experiment
and four ambiguous glycine resi-
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dues that occur in glycine-glycine pairs in the sequence. These
residues have very similar exchange behavior; therefore, it is not
important to individually assign them.

Dissolution of the fibrils and optimization of the NMR exper-
iment lead to a “dead time” of approximately 10 min for each
sample before NMR data collection. Because the DMSO con-
tains a small amount of D,O, multiple 'H,**N HSQC spectra
were collected over a period of 6 —8 h after dissolving for each
exchange time point to determine the intrinsic rate of exchange
in DMSO for each amide. This allows one to discriminate
between the exchange that occurs during the incubation of the
fibrils in deuterated buffer and the exchange that occurs during
the dead time for handling the sample. The intrinsic rate of
amide exchange under quenching NMR conditions was slow
for all residues as confirmed by exchange measurements on
fibrils that had not been exposed to deuterated buffers. The
measured rate of exchange for all residues was on the order of
10~ ° s~ ! (data not shown), which corresponds to a half-life of
hours, so that little exchange occurs during the measurement
time of the experiment.

Given the small number of time points in the experimental
data set and the limited range of time sampled, the slow
exchange rates of the backbone cannot be quantified with cer-
tainty. Therefore, we present the exchange data using a percent
intensity (I,) given by Equation 2,

I =1/1 X 100% (Eq.2)

where [, is the integrated intensity (corrected for back
exchange and normalized by concentration) for a given
amide cross-peak at time ¢, and I, is the integrated intensity
(corrected for back exchange and normalized by concentra-
tion) for the 0-h time point. The calculated I,, values for each
residue for each experimental time point are shown in Table
1. Four types of exchange behavior were observed and are
summarized in Fig. 2. The amide hydrogens of residues 90
and 143, the terminal amides, exchange completely before
the first time point. Residues 95-101 and 137-141 exchange
more slowly, with a half-life of approximately a week, but are
completely replaced after 6 weeks. Residues 110-116
exchange slowly as well, with similar extents of exchange
after a week as residues 95-101, but retain I, ~50 even after
6 weeks, which implies a multiexponential behavior in the
rates. Finally, residues 102—-109 and 117-135 remain highly
protected even after 6 weeks (I, >90).

DISCUSSION

Previous solid-state NMR studies of selectively and isotopi-
cally labeled PrP(89-143, P101L) fibrils from our laboratory
have demonstrated that residues 112—124 adopt an extended
B-sheet conformation with evidence for conformational heter-
ogeneity between residues 112 and 114. Furthermore, multiple
quantum NMR experiments indicated that PrP(89-143,

Hydrogen Exchange of PrP(89-143, P101L) Fibrils

TABLE 1
Percent intensity (see Equation 2)

A listing of measured I, (Equation 2) values for each residue of PrP(89-143, P101L)
amyloid fibrils from the hydrogen exchange experiment. The exchange behavior of
the four ambiguous glycine residues (marked by an asterisk) is reported as an aver-
age, the exchange behavior of each was similar.

Residue 0-hour [ 1-hour [ 6-hour [ 21-hour [ 1week [ 6 weeks
G89 -

Q90 100 0 0 0 0 0
G91 100 103 0 0 0 0
G92* 100 99 96 89 89 80
G93* 100 99 96 89 89 80
T94 100 87 93 85 87 75
H95 100 86 80 75 38 0
N96 100 89 89 82 68 3
Q97 100 93 82 80 59 0
W98 100 95 94 80 52 0
N99 100 95 96 79 54 0
K100 100 100 99 83 55 0
L101 100 108 99 90 61 6
S102 100 100 99 93 90 80
K103 100 92 97 80 86 85
P104 -

K105 100 100 100 87 82 79
T106 100 99 99 99 96 88
N107 100 97 99 92 80 84
L108 100 92 96 93 93 90
K109 100 100 102 99 90 79
HI110 100 93 99 82 50 52
V111 100 82 90 90 44 38
All2 100 91 88 93 49 43
G113 100 100 92 87 58 53
All4 100 95 101 90 47 41
AllS 100 100 95 97 50 30
All6 100 99 104 95 60 58
Al17 100 101 99 88 85 80
G118 100 99 90 93 89 87
Al19 100 100 103 95 90 90
Vi20 100 96 101 85 90 88
Vil 100 92 92 86 90 82
G122 100 103 92 90 90 83
G123* 100 99 96 89 89 80
L124 100 100 85 95 90 95
G125 100 103 90 89 90 83
G126* 100 99 96 89 89 80
Y127 100 100 93 81 77 72
MI128 100 89 85 80 80 65
L129 100 92 90 86 81 69
G130 100 100 99 94 89 81
S131 100 93 93 89 80 76
Al32 100 99 100 90 90 88
M133 100 88 93 82 91 86
S134 100 99 94 92 84 82
R135 100 99 88 87 75 81
P136 -

M137 100 97 94 90 56 0
L138 100 100 100 89 60 2
H139 100 97 93 95 49 0
F140 100 98 92 88 59 4
Gl41 100 103 100 85 43 0
S142 100 92 92 83 84 78
D143 100 0 0 0 0 0

P101L) does not adopt an in-register parallel B-sheet (62). To
extend our knowledge of the conformation of fibrillar PrP(89 —
143, P101L), we measured the extent of backbone hydrogen
exchange at various time points up to 6 weeks of exchange. In
the most favorable cases, following hydrogen exchange with

FIGURE 1. Exchange behavior of PrP(89-143, P101L) fibrils observed by mass spectrometry. A, shows the mass envelope of the 1+ charge state of the
proteolytic fragment of PrP(89-143, P101L) corresponding to residues 133-139. B, mass envelope of the same peptide obtained from PrP fibrils that had been
incubated in D,O for 1 week. C, exchange behavior of proteolytic fragments of PrP(89-143, P101L) after 6 weeks of incubation in D,0. The extent of exchange
is depicted as a percent protection of exchangeable backbone amides. Each primary peptide is numbered. The identity of the two primary peptides used to
obtain each secondary peptide is indicated to the /eft of the secondary peptides. D, consensus exchange behavior calculated according to Equation 1.
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In our MS study of exchange in
fibrillar PrP(89-143, P101L), the
L limited number of peptide frag-
ments observed with sufficient sig-
nal to noise for analysis precluded
K single amide resolution of exchange
behavior. However, the data from
mass spectrometry clearly demon-
strate that there are regions of the
peptide that are strongly protected
from exchange with solvent,
whereas other regions are much
less protected from exchange.
This is expected as the 55-residue
peptide is too long to exist as a
single, stably hydrogen-bonded,
extended strand within the fibril as
the fibril diameter is known to be
~8 nm. The exchange profile
reveals a highly protected B-strand
region with residues 119-130,
flanked by two segments that are
within a less protected region,
encompassing residues 99 —107 and
133-139. Fragmentation was poor
near the N terminus preventing
analysis of that region.

i To generate a higher resolution
map of protection, more detailed
exchange data were required. After
- assigning the resonances of
PrP(89-143, P101L), we collected
amide exchange profiles by follow-
- ing exchange with NMR. Many of

the residues show the slow
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FIGURE 2. Exchange behavior of PrP(89-143, P101L) fibrils observed with NMR. A, shows the assigned 'H,"*N
HSQC spectrum of PrP(89-143, P101L) under the conditions of a typical 0-h time point, dissolving fibrils that had not
been exposed to deuterium in DMSO containing 5% D,0 and 0.03% TFA-D, pH* 5. The four ambiguous glycine
residues are denoted with an asterisk. B, summary of the exchange behavior of PrP(89-143, P101L) fibrils.

tandem proteolysis and LC-MS (HXMS) can lead to single
amide resolution. Moreover, HXMS is ideally suited to study
prions as it does not require isotopically labeled samples; thus,
it is one of the few techniques suited to studying the conforma-
tion of PrP%¢ obtained directly from infected animals. The
exchange behavior of natural PrP¢ could then be compared
with that of different constructs of recombinant or synthetic
PrP, which are much more tractable to analysis.
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exchange behavior expected from
7.2 amides involved in stable hydrogen
bonds. Two regions, encompassing
residues 102-109 and 117-135,
remained protected from exchange
after 6 weeks and likely constitute
the B-sheet core of the fibrils. The
high degree of protection is not sur-
prising in that some residues in
B,-microglobulin amyloid have
been shown to have exchange half-
lives of weeks (39) and some resi-
dues in AB amyloid have been
shown to have half-lives of months
(33, 34). Another set of residues,
close to the N terminus and at the C terminus, were com-
pletely exchanged after 6 weeks of incubation in D,O.
Although residues 95-101 and 137—141 have moderate pro-
tection factors that are typically afforded by secondary struc-
ture conformations in soluble proteins, they exchange more
rapidly than the B-sheet core residues of other reported amy-
loid fibrils. The lower protection in these two regions is consis-
tent with the mass spectrometry measurements.

131 141
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Interestingly, residues 110—116 show exchange behavior
characteristic of multiple exponentials. This group of residues
undergoes exchange to ~50% after 1 week. However, after 6
weeks, no further exchange has occurred. This behavior can be
explained by the presence of two (or more) conformations for
these residues present in the sample with different exchange
rates. One component has a half-life of approximately 1 week,
and the second component has a much longer half-life. The
mass spectrometry data in this region are also consistent with
intermediate protection, but we lack sufficient sequence reso-
lution to observe a bimodal deuterium distribution for this
region of the peptide that would confirm the presence of two
populations of conformers, one more accessible to exchange
with solvent than the other. Furthermore, the residues 110 -
116 encompass the region of the peptide that displayed confor-
mational heterogeneity in past solid-state NMR experiments
(62). It is possible that different conformers could give rise to
prion strains observed in vivo (63).

Currently, there are several different models for the confor-
mation of PrP in prions (64). One is a left-handed B-helix pro-
posed by Govaerts et al. (24) from two-dimensional electron
crystallography data on proteolyzed native PrP5c. Another is a
“spiral” model identified in a molecular dynamics study of
PrP fibrillization that was also shown to be consistent with
the electron crystallography data (27). Neither the B-helix nor
the spiral model requires the fibril to be formed by an in-regis-
ter parallel B-sheet as seen in A fibrils (34), consistent with
previous observations from solid-state NMR (62). A solid-
state NMR study on fibrils of another prion variant, human
PrP(Y145Stop), has demonstrated that the N terminus of the
protein, up to residue 112, remains highly mobile in the fibril
and that residues 112-115, 118-122, and 130-139 form
B-strands (65); the corresponding regions in the mouse protein
are residues 111-114, 117-121, and 129-138. Another recent
structural model has been obtained from HXMS experiments
conducted on prion fibrils of PrP(89 —230), in that work protec-
tion from exchange is only observed in the C-terminal region of
the protein, approximately residues 168 —220 (3, 40). This in
disagreement with the previously discussed structural models
and also lies outside of the region of interest studied in this work
(residues 89 —143). As the Y145Stop variant has been identified
in human prion disease, the prion determining region of PrP
cannot be wholly contained to the C terminus of the protein
(66, 67). Moreover, it is well documented that different strains
of prions can assume drastically different conformations. For
example, the highly protected core of Sup35 yeast prions con-
sists of ~40 residues in one strain and ~70 residues in a differ-
ent strain (68). Finally, the protease-resistant PrP present in
patients with GSS contains a significant amount of 7—8-kDa
PrP fragments. These fragments possess ragged N termini
beginning around residue 80 and also ragged C termini ending
around residue 150, encompassing the region of interest in this
study (69, 70). Furthermore, it has been shown that the syn-
thetic prions used in the HXMS study by Lu et al. (40, 71) are
more susceptible to degradation by proteinase K than “classi-
cal” PrP*¢ and are similar to a subpopulation of PrP*¢, recently
identified in patients, rather than the classical PrP%¢, In fact,
further HXMS experiments from the Surewicz laboratory dem-
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onstrate that PrP%“-seeded recombinant PrP aggregates are sig-
nificantly more protected from exchange than the spontane-
ously aggregated proteins studied by Lu et al. (40, 71). Also,
similarly to PrP(89 —143, P101L) fibrils, the PrP5“-seeded aggre-
gates contain a protected region between residues 116 and 132
(72). For the reasons outlined above, we argue that the precise
location of the fibrillar core in prion aggregates varies signifi-
cantly based on both the prion strain, the particular PrP con-
struct employed, and the conditions under which the peptide is
aggregated.

In the B-helical model, three 5-residue strands are joined by
a single residue that has torsion angles characteristic of a left-
handed helix to form a triangular 18-residue “rung,” and these
rungs are then stacked in a stably hydrogen-bonded network,
including a hydrogen bond at each residue, to form the 3-helix.
Our exchange data show that the region from 102 to 136 is
resistant to exchange with some degree of conformational het-
erogeneity from 110 to 116. This span of the peptide is essen-
tially long enough to support two rungs of a (B-helix, but
PrP(89-143, P101L) is rather unlikely to adopt this conforma-
tion as in nature the minimal number of “rungs” found experi-
mentally to date is four (seen in the structure of the C-terminal
domain of N-acetylglucosamine-1-phosphate uridyltransferase
from E. coli, Protein Data Bank code 1FX]). However, in the
fibril, monomers could be packing against each other to extend
the helix. More difficult to reconcile than the length issue is the
fact that the previous solid-state NMR experiments on PrP(89 —
143, P101L) did not find any evidence of turn conformations
between residues 112 and 118 and between residues 122 and
124 (62). If the core of the fibril is formed by a B-helix, some of
these residues should be clearly involved in turns.

The core of the spiral model of PrP° consists of four short
B-strands in which three short strands (E1, E2, E3; residues
115-118, 128 -131, 159163, respectively) form an anti-paral-
lel intramolecular sheet where the extra strand (E4, residues
134-139) adds to the sheet on an adjacent molecule through a
parallel E1-E4 interface. E3 is not essential for the formation of
the intermolecular interface; however, the positions of the pro-
tected residues in PrP(89 —143, P101L) fibrils are not consistent
with the location of E1, E2, and E4 in the model, although the
spiral architecture could explain the protection factors and the
observation that PrP(89-143, P101L) fibrils do not form an
in-register 3-sheet.

In summary, our hydrogen exchange experiments identify
two regions of the protein, encompassing residues 102—109 and
117-135, that display strong protection from exchange with
solvent even after 6 weeks and are likely to constitute the core of
the fibril. Two other regions, encompassing residues 95-101
and 137-141, exchange completely with solvent after 1 week,
an exchange time expected for residues involved in hydrogen
bonds but not in the amyloid core. Interestingly, the region of
the protein between residues 110 and 116 exhibits intermediate
exchange behavior that can be explained by the existence of two
populations of conformers in the fibril that exchange with sol-
vent at different rates. This interpretation of the intermediate
protection factors is corroborated by our previous finding that
this region possesses some conformational heterogeneity (62).
The core of the PrP(89-43, P101L) amyloid fibril consists of
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two highly protected B-strands (81 and B2, residues 102—109
and 117-136, respectively) that are joined by a hydrogen-
bonded yet conformationally heterogeneous turn. The overall
fibril architecture must be different from that seen in fibrils of
AP as the PrP fibrils have been shown to not be in register.
Assuming slightly different locations of strands E1, E2, and E4
from the spiral model, the core of the fibril could form from an
intramolecular sheet between B1 and the first section of 32
where the intermolecular interface is between the second sec-
tion of B2 and B1 on the adjacent molecule. Finally, we stress
that HXMS is one of the few techniques that can assess the
conformation of natural prions and will be extremely valuable
in comparing synthetic prions to those obtained directly from
infected animals.
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