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UMR 5095 CNRS UniVersitéVictor Segalen Bordeaux 2-1, Rue Camille Saint-Sae¨ns, 33077 Bordeaux Cedex, France

ReceiVed March 17, 2003; ReVised Manuscript ReceiVed May 28, 2003

ABSTRACT: The [Het-s] infectious element of the filamentous fungusPodospora anserinacorresponds to
the prion form of the HET-s protein. HET-s (289 amino acids in length) aggregates into amyloid fibers
in vitro. Such fibers obtained in vitro are infectious, indicating that the [Het-s] prion can propagate as a
self-perpetuating amyloid aggregate of the HET-s protein. Previous analyses have suggested that only a
limited region of the HET-s protein is involved in amyloid formation and prion propagation. To document
the conformational transition occurring upon amyloid aggregation of HET-s, we have developed a method
involving hydrogen/deuterium exchange monitored by MALDI-MS. In a first step, a peptide mass fingerprint
of the protein was obtained, leading to 87% coverage of the HET-s primary structure. Amyloid aggregates
of HET-s were obtained, and H/D exchange was monitored on the soluble and on the amyloid form of
HET-s. This study revealed that in the soluble form of HET-s, the C-terminal region (spanning from
residues 240-289) displays a high solvent accessibility. In sharp contrast, solvent accessibility is drastically
reduced in that region in the amyloid form. H/D exchange rates and levels in the N-terminal part of the
protein (residues 1-220) are comparable in the soluble and the aggregated state. These results indicate
that amyloid aggregation of HET-s involves a conformational transition of the C-terminal part of the
protein from a mainly disordered to an aggregated state in which this region is highly protected from
hydrogen exchange.

Prions are infectious proteins that are able to propagate
an abnormal conformational state. In mammals, the prion
form of the PrP protein is responsible for a class of fatal
neurological diseases termed TSEs (transmissible spongiform
encephalopathies) (1). Prion diseases in fact belong to a larger
class of debilitating affections that are all characterized by
the deposition of protein aggregates termed amyloids (2).
Among these amyloid diseases are common age-related
neurodegenerative disorders such as Alzheimer’s and Par-
kinson’s disease. Amyloids are fibrillar protein aggregates
characterized by a cross-â structure and a high resistance to
proteolysis (3). There is, however, a major difference
between prion diseases and other amyloidoses since only
prion diseases are transmissible. Prion proteins also exist in
fungal microorganisms (yeast and the filamentous fungus
Podospora anserina) (4). Propagation of these fungal prions
is intimately connected with amyloid formation (5), indicat-
ing that yeast and fungal prion proteins can represent valuable
model systems not only to analyze prion propagation but
also the general process of amyloid formation.

The [Het-s] infectious element of the fungusP. anserina
corresponds to the prion form of the HET-s protein (6).
Strains expressing the HET-s protein exist under two states:
a normal state termed [Het-s*], and a prion infected state
termed [Het-s]. A [Het-s*] strain is converted to the prion
infected state by simple contact with a [Het-s] strain (7).
The [Het-s] prion is involved in a genetically controlled cell
death reaction termed heterokaryon incompatibility. Namely,
when the HET-s protein (in its prion state) is coexpressed
with a variant of HET-s termed HET-S, a cell death reaction
occurs. In other words, the [Het-s] prion is not detrimental
per se but becomes lethal only when coexpressed with HET-
S. HET-s and HET-S differ by 13 residues, and HET-S lacks
the prion properties (8). In vivo, a HET-s-GFP fusion protein
undergoes a transition from a soluble to an aggregated state
upon transition to the prion state, thus suggesting that [Het-
s] propagates as a self-perpetuating HET-s aggregate (9).
Recombinant full-length HET-s forms amyloid aggregates
in vitro (10). The transition from the soluble to the aggregated
state is accompanied by an increase inâ-sheet content.
Biolistic introduction of aggregated recombinant HET-s
protein into fungal cells induces emergence of the [Het-s]
prion with a high frequency, thus demonstrating that prion
infectivity can be created in vitro from recombinant protein
in this system (11). The HET-s protein displays two domains,
a N-terminal globular domain spanning residues 1-230,
approximately, and a C-terminal region that is proposed to
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be poorly structured (12). This C-terminal domain of HET-s
is essential for prion propagation in vivo and amyloid
formation in vitro (12).

Mass spectrometric analysis of hydrogen/deuterium ex-
change (HXMS) is a powerful tool to probe protein structure
and dynamics. The technique exploits the fact that hydrogen
atoms involved in hydrogen bonds or buried in the core of
the protein do not exchange readily with solvent deuterons.
Rates of hydrogen exchange reflect solvent accessibility.
Generally, high exchange rates are indicative of poor
structure. Conversely, when the labile hydrogen atoms of a
protein are involved in secondary structure or in noncovalent
interactions, exchange rates are decreased (13, 14). For a
detailed characterization of solvent accessibility in specific
regions, the protein can be submitted to proteolysis prior to
HXMS analysis. H/D exchange is quenched by lowering both
pH and temperature (pH 2, 0°C). Under these conditions,
short cleavage times can be obtained with immobilized
pepsin, thus limiting back exchange during this step (15).

Amyloid aggregates are resistant to conventional methods
of higher-order structure determination. One has therefore
to rely on alternate methods to gain insight into the process
of amyloid formation. Hydrogen exchange has been used to
analyze the structural properties of several amyloid peptides.
It was shown that amide protons in amyloid aggregates are
highly resistant to hydrogen exchange (16-18). In the present
work, the HET-s prion protein has been studied by HXMS,
using matrix assisted laser desorption-ionization mass spec-
trometry (MALDI-MS). This methodology has been used
to probe solvent accessibility for the soluble and amyloid
form of the protein. The time-course incorporation of
deuterium characterized along the sequence revealed that
exchange rates are drastically reduced in the C-terminal
region of the protein upon transition from the soluble to the
amyloid state.

MATERIALS AND METHODS

HET-s Expression and Purification.The het-s open-
reading frame was amplified by PCR from plasmid DNA
using oligonucleotides s1 (5′-CT-CAAACTCATATGTCA-
GAACCG-3′) and s2 (5′-ATAAGCTTAGTGATGATGGT-
GATGGTGATTATCCCAGAACCC-3′), cloned into the
NdeI andHindIII sites of the pET21a vector (Novagen) and
introduced into BL21(DE3) pLysS cells. Cells were grown
to 0.5 OD in 2× YT medium, and expression was induced
by addition of 1 mM isopropylâ-D-thiogalactoside. After 4
h, cells were harvested by centrifugation, frozen at-80 °C,
and lysed in 150 mM NaCl and 100 mM Tris-HCl, pH 8.
The lysate was centrifuged for 20 min at 20 000g. The pellet
was washed in the same buffer and resuspended in denaturing
buffer (8 M guanidinium HCl, 150 mM NaCl, and 100 mM
Tris-HCl, pH 8). The lysate was incubated with Talon Resin
(Clontech) for 1 h at 20°C, and the resin was washed with
8 M urea, 150 mM NaCl, and 100 mM Tris-HCl, pH 8. The
HET-s protein was eluted from the resin in the same buffer
containing 200 mM imidazole. For renaturation, dithiothreitol
was added to 20 mM final concentration, and the sample
was applied to a HiTrap desalting column (Amersham
Biosciences) equilibrated with 150 mM NaCl, 100 mM Tris-
HCl, pH 8, and 1 mM dithiothreitol. HET-s amyloids were
obtained as previously described (10). In brief, soluble HET-s

protein at 30 mM was inoculated with 3 mM preformed
aggregates and incubated for 12 h at room temperature.
Aggregates were recovered by centrifugation for 20 min at
10 000g.

Back Exchange Controls.A pepsin digest of HET-s was
diluted 19:1 in D2O and incubated for 2 h at 25°C to achieve
complete exchange of backbone amide protons for deuterium.
After incubation, the exchange was quenched at 0°C by
addition of 0.1% trifluoroacetic acid (TFA, Pierce). After
quenching, the peptide mixture was loaded on a C18 ZipTip
(Millipore). The peptide fraction eluted from the ZipTip (the
eluent was a 10 mg/mL solution ofR-cyano-4-hydroxycin-
namic acid (MALDI matrix) in 7:3 acetonitrile/ethanol
(Mallinckrodt Baker) containing 0.1% TFA, kept at 0°C)
was directly spotted on the MALDI target under nitrogen
flow. After drying, the sample was analyzed by MALDI-
MS in the reflex mode. The relative back exchange (%) was
determined for each peptide by comparing the maximal
theoretical number of exchanged amide hydrogen atoms and
the corresponding experimental value.

Hydrogen/Deuterium Exchange on Soluble HET-s Protein.
HET-s protein (1 mL, 30µM MQ H2O) was centrifuged for
20 min at 10 000g. A total of 5 µL (30 µM) of the
supernatant was diluted 1:20 in D2O and incubated at 25°C
for variable times (from 5 to 120 min). After incubation, a
5 µL aliquot (7.5 pmol) of the labeled solution was treated
under strong agitation with immobilized pepsin (10µL, 45
units) at pH 2 and 0°C (exchange quenching conditions).
Digestion was followed by a short centrifugation (10 000g,
30 s), and a 5µL aliquot of the supernatant containing the
HET-s digest was submitted to C18 ZipTip purification by
means of a gradient in three steps. The three fractions were
eluted with 1µL of a solution of 10 mg/mLR-cyano-4-
hydroxycinnamic acid in 2:8:1; 4:6:1; 7:3:1 acetonitrile/
ethanol/0.1% aqueous TFA, respectively, and were directly
spotted on the target under nitrogen flow. After drying, the
target was transferred as quickly as possible (less than 1 min)
to the mass spectrometer. The time from sample spotting to
data collection is kept constant for each sample analysis.

Hydrogen/Deuterium Exchange on HET-s Amyloid Fibrils.
Aggregated HET-s (1 mL, 30µM, H2O MQ) was centrifuged
for 20 min at 10 000g. The pellet was resuspended with 1
mL of H2O MQ. A 5 µL aliquot (30µM) of the aggregated
solution was diluted 1:20 in D2O and vortexed before
incubation at 25°C for variable times (between 5 and 120
min). After incubation, 5µL of the labeled solution was
treated under strong agitation in 4 M urea with immobilized
pepsin (10µL, 45 units) at pH 2 and 0°C (exchange
quenching conditions). After digestion, the sample was
treated in the same way as the soluble form.

Microscopy.A fraction of the protein suspension (30µM)
used for exchange experiments on amyloid fibers was put
onto a 400 mesh copper electron microscopy grid coated with
a plastic film (Formvar). To avoid rapid desiccation,
sedimentation was allowed during 10-30 min in a moist
Petri dish. Grids were then rinsed with 15-20 drops of
freshly prepared 2% uranyl acetate in water (passed over
0.22 µm Millipore filters), dried with filter paper, and
observed with a Phillips Tecnai 12 Biowin electron micro-
scope at 80 kV.

Data Analysis.The spectra were baseline corrected, and
the number of deuterium atoms incorporated in a given
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peptide was determined from the centroid value of its isotopic
peak cluster using the formula given in eq 1 (19)

wherem(t) is the observed centroid mass of the peptide at

time point t, m(0) is the observed mass at time point 0 (for
unlabeled peptides),m(100) is the observed mass for a fully
exchanged peptide (see back exchange control procedure),
andN is the total number of peptide amide protons in the
peptide.

Because in-exchange occurring during pepsin digestion is
very limited for each peptide (less than 5% of deuterium

FIGURE 1: Sequence coverage of HET-s obtained by combined MALDI-MS, MALDI-PSD, and LC-MS/MS analysis of the peptide mixture
obtained after pepsin digestion of nondeuterated HET-s.

Table 1: Peptide Mass Fingerprinting of HET-s Proteina

peptides analyzed by H/D exchange

calculated massb observed massb position sequence
ZipTip elution

fractionc
method of

identificationd

1055.66 1055.65 43-51 RLDIAKAR 20% ACN LC-MS/MS
1075.62 1075.64 158-166 KIVDQVARF 20% ACN LC-MS/MS
1144.62 1144.63 28-37 VQLGRPFGRD 20% ACN MALDI-PSD
1202.69 1202.69 133-142 VSRRQKQTSL 20% ACN MALDI-PSD
1224.62 1224.60 146-156 TAWALYDGKSL 20% ACN exact mass
1256.52 1256.48 287-295 WDNHHHHHH 20% ACN exact mass
1262.60 1262.57 209-221 AAMSDAAAQKIDA 20% ACN LC-MS/MS
1283.75 1283.71 236-247 RARVQLGNVVTA 20% ACN LC-MS/MS
1329.65 1329.67 65-76 PRFHSSAPTDKS 20% ACN exact mass
1345.71 1345.70 223-234 VGRNSAKDIRTE 20% ACN LC-MS/MS
1403.58 1403.54 286-295 FWDNHHHHHH 20% ACN exact mass
1541.85 1541.82 173-186 AFPIEAVCHKLAEI 20% ACN exact mass
1613.78 1613.75 251-265 HGGIRISDQTTNSVE 20% ACN exact mass
1741.98 1741.95 44-58 RLDIAKARLSRWGEA 20% ACN LC-MS/MS
1756.92 1756.89 91-105 FESAQKTSKRYELVA 20% ACN MALDI-PSD
1815.09 1814.06 132-147 LVSRRQKQTSLAKKTA 20% ACN LC-MS/MS
1865.81 1865.77 281-295 YGGKGFWDNHHHHHH 20% ACN LC-MS/MS
1983.09 1983.07 89-105 LLFESAQKTSKRYELVA 40% ACN exact mass
2014.10 2014.08 217-234 QKIDAIVGRNSAKDIRTE 20% ACN LC-MS/MS
2072.20 2072.16 132-149 LVSRRQKQTSLAKKTAWA 40% ACN LC-MS/MS
2241.08 2241.10 4-25 PFGIVAGALNVAGLFNNCVDCF 20% ACN LC-MS/MS
2277.09 2277.12 193-216 DEASLTILKDAAGGIDAAMSDAAA 40% ACN LC-MS/MS
2376.15 2376.17 25-43 FEYVQLGRPFGRDYERCQL 40% ACN LC-MS/MS
2622.43 2622.38 111-132 VVFEDKDMKPIGRALHRRLNDL 70% ACN MALDI-PSD
2647.25 2647.31 274-295 RVLIGNEYGGKGFWDNHHHHHH 70% ACN LC-MS/MS
3403.85 3403.79 227-258 SAKDIRTEERARVQLGNVVTAAALHGGIRISD 70% ACN exact mass

a Peptide mass fingerprinting of the HET-s protein. The HET-s protein was digested with pepsin, and generated peptides were assigned using
MALDI-MS exact mass matching, MALDI-MS-PSD, or LC-MS/MS. To limit as much as possible selective desorption phenomena associated with
MALDI-MS, a microchromatographic gradient separation in three steps was applied using C18 ZipTips.b [M + H]+ monoisotopic peaks.c Acetonitrile
content in ZipTip eluent fraction.d Identification method. Exact mass indicates that only one peptide from HET-s matches the experimental mass
within 20 ppm. Other peptides were identified using MALDI-PSD or Ion Trap LC-MS/MS.

D(t) )
m(t) - m(0)

m(100)- m(0)
N (1)
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incorporation), we have chosen to considerm(0) as the mass
of unlabeled peptide observed for each peptide. When a large
deuterium oxide concentration and a constant pH and
temperature are maintained during exchange experiments,
each amide hydrogen follows first-order kinetics. The
exchange rate quantification leads to a more quantitative
interpretation of the data and can be obtained from the
following expression:

whereP is the number of protected hydrogen atoms in the
peptide,kex is the sum of each amide hydrogen exchange
rate constant of the peptide, andt is the incubation time in
D2O.

From eq 2, it follows that populations of hydrogen atoms
having different exchange rate constants can be distinguished
in plots of ln[P] versust. Exchange rates were calculated
from logarithmic plots of the data. To characterize the solvent
accessibility to deuterium oxide for peptides that have
different total numbers of amide protons, we have calculated
the percentage of deuterium incorporation (%D(t)/N). For the
determination of deuterium incorporation into the HET-s
primary sequence, we have chosen to consider the percentage
of deuterium incorporation of an overlapping region as the

average of the percentage of deuterium incorporation of all
peptides involved in the overlapping region (Figure 1).

Mass Spectrometry.MALDI mass spectra were acquired
on a Bruker Reflex III mass spectrometer equipped with a
nitrogen laser with an emission wavelength of 337 nm.
Spectra were obtained by accumulating an average of 100
shots in the positive ion mode, while the laser spot was
manually scanned over a surface area of about 0.2 mm2.
Deflection of the low mass ions was used to enhance the
target protein signal. Mass spectra of full-length HET-s were
obtained in the linear mode (20 kV accelerating voltage).
Mass spectra of HET-s digests were acquired in the reflectron
mode, using an external calibration with a mixture of eight
peptides covering a 900-3500 Da mass range. In this case,
measured masses were monoisotopic [M+ H]+ ions. Mass
values given in the text for exchange experiments correspond
to m/z of the centroid of the envelope of the cluster for
protonated molecular ions [M+ H]+. For post source decay
analysis, the reflectron voltage was stepped down in 10-12
steps to record all fragment ions, including immonium ions.
LC-MS/MS analysis of HET-s peptides was performed by
means of an ion trap mass spectrometer operated in the
electrospray mode (LCQ DecaXP, Thermo Finnigan) and
interfaced to a Dionex-LC Packings chromatographic system
(C18 column, 75µm ID, 150 mm long). After analysis, the

FIGURE 2: MALDI-MS analysis of the peptide mixture obtained after pepsin digestion of HET-s (nondeuterated) in soluble (A) and aggregated
form (B). In both cases, the protein digest was submitted to C18 ZipTip simplification. The spectra presented correspond to the 20%
acetonitrile elution step.

(1/N)P ) e(-kext) (2)
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TurboSequest program was used to assign peptide sequences
from their fragment ions.

RESULTS

Peptide Mapping of HET-s Protein.HXMS experiments
require the determination of the peptide map of the protein
of interest to evaluate which part of the protein is most
accessible to the solvent (20). The lack of specificity of
pepsin complicates this task since several isobaric peptide
ions may be found in the case of HET-s peptides.

In a first step, the conditions of proteolytic cleavage of
the soluble form of HET-s by means of immobilized pepsin
were adjusted to obtain a majority of peptides in the 1000-
3500 Da mass range. In our conditions, this digest produced
62 peaks upon MALDI-MS analysis. To limit as much as
possible selective desorption phenomena associated with
MALDI-MS, a microchromatographic step gradient separa-
tion was applied (on C18 ZipTips, with three elution steps

at 20, 40, and 70% acetonitrile, respectively) (21). Altogether,
86 different peaks were observed in the three mass spectra
of these fractions. Only eight peaks out of 86 could be
assigned unambiguously (by exact mass, with a single peptide
match within a 20 ppm range, which corresponds to our
confidence limit for MALDI-MS measurements). For the
other peaks, two or more primary sequences were possible
candidates. Thus, in a second step, post source decay (PSD)
experiments were performed and allowed the assignment of
four other peptides on the basis of their fragmentation.
However, these 12 peaks together represented only 45% of
HET-s primary structure. Further mass assignments were then
sought by means of LC-MS/MS analysis, using an ion trap
mass spectrometer operated in the electrospray mode. In this
way, we have determined 14 other peptide stretches, for an
overall 87% sequence coverage (Table 1 and Figure 1).

The same pattern of digestion was obtained for both HET-s
structural conditions (soluble and amyloid form), but the

FIGURE 3: MALDI-TOF mass spectra of the peptide [217-234]. HET-s protein (30 pmol/µL) in soluble form (A) or in agregate form (B)
was incubated for various times (from 5 to 120 min). After exchange quenching and pepsin digestion, Ziptip simplification is processed,
and the elution fraction is directly spotted on the target before MS analysis. Mass values given for the control experiment (C) corresponds
to m/z of the monoisotopic peak for the peptide [217-234]. Mass values given for exchange experiments correspond tom/z of the centroid
of the envelope mass peaks for [M+ H]+ pseudo-molecular ions.
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addition of 4 M urea, well-tolerated by the immobilized
protease, was required to obtain reproducible results for the
amyloid form (Figure 2).

Back Exchange Control.To conduct HXMS experiments
on HET-s, we have evaluated the impact of sample prepara-
tion on back exchange. The maximal exchange level was
determined for peptides of a HET-s pepsin digest after a 120
min incubation in D2O (26 peptides were considered). The
back exchange varied between 10 and 16%. Because some
HET-s peptides are thought to aggregate after a few hours,
the maximal deuterium incorporation cannot be determined
for very long incubation times.

Hydrogen/Deuterium Exchange on the Soluble Form of
HET-s.After variable incubation times in deuterium oxide
(from 5 to 120 min) and pepsin proteolysis, all assigned
sequence stretches were characterized by MALDI-MS. The
average mass used for calculation was determined by
integrating the cluster of isotopic peaks (Figure 3). For each
peptide, deuterium incorporation was plotted as a function
of time, and exchange rates were determined from plots of
ln(P) versus t (eq 2). Two populations of exchangeable
hydrogens having different rate constants (kex1 andkex2) can
be distinguished within the envelope time from 5 to 120 min.
The different exchange rates were classified from the highest
to the lowest (Table 2, HET-s soluble form). The highest
exchange rates are found in the C-terminal region from 274
to 295. In this region, four peptides ([281-295], [286-295],
[287-295], and [274-295]) have exchange rates between

3 × 10-2 and 3.8× 10-2 min-1 for kex1 and between 4.9×
10-3 and 5.7× 10-3 min-1 for kex2. Another group having
exchange rates between 2.2× 10-2 and 2.8× 10-2 min-1

for kex1 and between 2.1× 10-3 and 3.6× 10-3 min-1 for
kex2 is composed of five peptides also located in the
C-terminal region ([217-234], [223-234], [251-265],
[236-247], and [227-258]). A third group of three peptides
([146-166], [25-43], and [173-186]) has exchange rates
between 1.1× 10-2 and 1.8× 10-2 min-1 for kex1 and
between 1.3× 10-3 and 1.8× 10-3 min-1 for kex2. For the
other fragments, exchange rates range from 1.8× 10-2 to
2.8× 10-3 min-1 for kex1 and from 1.8× 10-3 to 7 × 10-4

min-1 for kex2. For these peptides, there is no specific region
of HET-s protein corresponding to a cluster of exchange rate
values.

The percentage of deuterium incorporation was calculated
for each fragment and each incubation time. For the
overlapping segments, the deuterium incorporation value was
calculated as an average of deuterium incorporation of each
peptide involved in the overlap. Three regions can be
distinguished (Figure 4). The maximal deuterium incorpora-
tion is located in the [221-293] C-terminal part of HET-s
and reaches 60-74% after 120 min incubation time. For the
same incubation time, a [193-221] intermediate region
displays a deuterium incorporation ranging from 35 to 60%.
Peptides belonging to the [1-193] region have a lower
deuteration level (from 27 to 35%). These results clearly
designate the C-terminal domain spanning residues 221-

Table 2: Exchange Rate Calculation of Protected Hydrogen Atomsa

exchange rates of protected hydrogen atoms

HET-s soluble form HET-s amyloid form

intermediate exchangec intermediate exchangec

mass (MH+)
(theor)b position

kex1
d

(mn-1)
kex2

(mn-1)
mass (MH+)

(theor)b position
kex1

d

(mn-1)
kex2

(mn-1)

1865.86 281-295 3.8× 10-2 5.7× 10-3 2376.15 25-43 1.8× 10-2 1.3× 10-3

1403.58 286-295 3.4× 10-2 5.7× 10-3 1224.62 146-166 1.7× 10-2 1.7× 10-3

1256.52 287-295 3.1× 10-2 5.3× 10-3 1815.09 132-147 1.0× 10-2 1.3× 10-3

2647.25 274-295 3.0× 10-2 4.9× 10-3 1055.68 43-51 1.0× 10-2 1.3× 10-3

3403.85 227-258 2.8× 10-2 3.6× 10-3 1541.85 173-186 9.3× 10-3 1.1× 10-3

1283.75 236-247 2.7× 10-2 3.6× 10-3 1075.62 158-166 7.8× 10-3 1.0× 10-3

1613.78 251-265 2.7× 10-2 3.0× 10-3 2241.08 4-25 7.6× 10-3 1.1× 10-3

1345.71 223-234 2.2× 10-2 2.5× 10-3 1983.09 88-105 5.8× 10-3 9.4× 10-4

2014.10 217-234 2.2× 10-2 2.1× 10-3 1756.92 91-105 5.2× 10-3 1.2× 10-3

1224.62 146-166 1.8× 10-2 1.8× 10-3 1144.62 28-37 3.9× 10-3 8.4× 10-4

2376.15 25-43 1.8× 10-2 1.4× 10-3 1202.69 133-142 3.9× 10-3 9.0× 10-4

1815.09 132-147 1.1× 10-2 1.3× 10-3 2072.20 132-149 3.7× 10-3 6.9× 10-4

1055.68 43-51 9.9× 10-3 1.2× 10-3 1741.98 44-58 3.6× 10-3 7.7× 10-4

1541.85 173-186 9.9× 10-3 1.2× 10-3 2622.43 111-132 3.5× 10-3 7.9× 10-4

2241.08 4-25 7.8× 10-3 1.1× 10-3 1262.56 209-221 3.4× 10-3 7.0× 10-4

1075.62 158-166 7.5× 10-3 1.0× 10-3 2277.09 193-216 2.9× 10-3 7.0× 10-4

2277.09 193-216 7.5× 10-3 1.0× 10-3 2014.10 217-234 2.8× 10-3 7.0× 10-4

1329.65 65-76 6.1× 10-3 9.7× 10-4 1613.78 251-265 2.2× 10-3 7.0× 10-4

1983.09 88-105 5.8× 10-3 9.7× 10-4 1256.52 287-295 2.2× 10-3 5.7× 10-4

1756.92 91-105 5.5× 10-3 9.2× 10-4 1345.71 223-234 2.2× 10-3 6.9× 10-4

1202.69 133-142 3.6× 10-3 9.1× 10-4 2647.25 274-295 2.0× 10-3 7.0× 10-4

1144.62 28-37 3.6× 10-3 8.4× 10-4 1403.58 286-295 1.9× 10-3 6.3× 10-4

2622.43 111-132 3.6× 10-3 8.0× 10-4 3403.85 227-258 1.9× 10-3 6.3× 10-4

2072.20 132-149 3.6× 10-3 8.0× 10-4 1283.75 236-247 1.9× 10-3 5.3× 10-4

1741.98 44-58 2.8× 10-3 7.0× 10-4 1865.86 281-295 1.9× 10-3 5.3× 10-4

a Exchange rate calculation of protected hydrogen atoms. For the 26 peptides, covering 87% of the HET-s primary sequence, the exchange rates
were determined using a kinetic study from 5 to 120 min. This kinetic study indicates the presence of two populations of protected hydrogens
having different exchange rates (kex1 andkex2) for each peptide. The calculation was realized after the hydrogen exchange on soluble and amyloid
forms of HET-s protein. In each row, the peptides were classified from the fastest to the slowest exchange rate.b Calculated masses (monoisotopic,
MH+) for identified peptides.c Intermediate exchange is defined as between 2 and 1000 min.d Rate constant (in min-1) of HET-s peptides. Two
populations of hydrogens having different constant rates can be distinguished (kex1 andkex2).
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295 as the most accessible region of HET-s protein when
under its soluble form.

Hydrogen/Deuterium Exchange on Amyloid Form HET-s
Protein.Aggregates of HET-s were obtained as previously
described (10), and amyloid formation was monitored by
electron microscopy (Figure 5). When the amyloid form of
HET-s protein was incubated in deuterium oxide and
subsequently analyzed by MALDI-MS, the lowest exchange

levels were evidenced for peptides clustered in the C-terminal
region. This cluster is composed of 11 peptides ([281-295],
[236-247], [227-258], [286-295], [274-295], [223-234],
[287-295], [251-265], [217-234], [193-216], and [209-
221]) having exchange rates between 3.4× 10-3 and 1.9×
10-3 min-1 for kex1 and between 7× 10-4 and 5.3× 10-4

min-1 for kex2 (Table 2, HET-s amyloid form). The calcula-
tion of deuterium incorporation for each peptide of HET-s

FIGURE 4: HXMS analysis along the sequence of HET-s. (A) A soluble form of HET-s protein was incubated for various time (from 5 to
120 min) in D2O. After pepsin digestion and MALDI-MS analysis, the exchange level was calculated for each HET-s fragment (as D/Ht
where D is the mesured amount of deuterium incorporated, and Ht is the total of exchangeable hydrogens for the fragment). The exchange
level of stretches belonging to different peptides was calculated as an average of individual values. (B) An aggregated form of HET-s was
analyzed as in panel A. For back exchange control, a pepsin digest of HET-s was incubated for 120 min in D2O, and after MALDI-MS
analysis, the maximal deuterium incorporation was determined for each of these peptides.

8858 Biochemistry, Vol. 42, No. 29, 2003 Nazabal et al.



protein revealed that the most protected region is located in
the C-terminal region between residues 221 and 295. In this
region, the deuterium incorporation reached only 17-20%
after 120 min incubation time (Figure 4B). Exchange levels
in the N-terminal region of the protein are similar for the
soluble and the amyloid form of the protein.

DISCUSSION

Hydrogen exchange can be used to gain insight into the
structure and dynamics of proteins. When coupled with mass
spectrometry, this method is particularly relevant for the
study of amyloid proteins that are otherwise difficult to
analyze using other structural biology techniques (16, 22,
23). Owing to its high speed of analysis, excellent sensitivity,
and accuracy, hydrogen exchange coupled to MALDI-MS
turns out to be a valuable methodology in structural biology
(24). The analysis of peptide maps by MALDI-MS after
pepsin digestion does not require combined liquid chroma-
tography-mass spectrometry (15, 25). However, in the case
of HET-s (289 residues), the mass fingerprint generated by
pepsin cleavage was highly complex and required the
combined information of MALDI-MS experiments and of
electrospray MS/MS analysis to approach 90% sequence
coverage. MALDI-MS alone was then used for the rest of
the experiments.

Our study indicates that deuterium incorporation is drasti-
cally decreased in the C-terminal region of the protein in
the amyloid state, while H/D exchange is mostly unchanged
in the rest of the protein. Deuterium incorporation drops
sharply around residue 217. The [193-216] peptide shows
similar exchange levels in both the soluble and the amyloid
form, while exchange in the [217-234] peptide is dramati-
cally decreased (Figure 6). Several studies have indicated
that the core regions of amyloid aggregates show very limited
hydrogen exchange (16-18). We thus interpret the protection
measured in the C-terminal region of HET-s as a conse-
quence of H-bonding in theâ-sheet structure of the HET-s
amyloid aggregate. This observation indicates that aggrega-
tion into a â-sheet rich amyloid structure involves only a
limited part of the HET-s protein, namely, the C-terminal
region. Delimitation of the amyloid core region of HET-s

by our HX experiment is perfectly consistent with the
definition obtained by limited proteolysis. The proteinase K
resistant core of the HET-s amyloid was found to span
residues 218-289 (12). This delimitation of the HET-s
amyloid core by HXMS constitutes an important confirma-
tion of the results obtained by limited proteolysis. Moreover,
HXMS experiments suggest that the level of protection
against hydrogen exchange is relatively homogeneous within
this C-terminal core region.

The N-terminal region of HET-s forms a globular domain
spanning residues 1 to about 230 (12). Hydrogen exchange
rates measured for most of the peptides corresponding to
that region are not drastically modified upon amyloid
formation. The Ure2p yeast prion protein also displays a two
domain structure with a poorly structured N-terminal prion
forming domain and a globular C-terminal domain. It was
shown that the globular domain of Ure2p retains its native
fold in the fibrils (26). Our observation that solvent acces-
sibility in the N-terminal domain of HET-s is almost
unmodified upon amyloid formation may suggest that the
structure of the globular domain of HET-s is not affected
upon aggregation of the C-terminal region. Alternatively, it
is conceivable that the structure of the globular domain of
HET-s is affected upon aggregation but that the protein
retains a substantial amount of secondary structure so that
H/D exchange levels are not drastically modified.

The present analysis indicates that in the soluble form of
HET-s, a C-terminal region spanning approximately residues
240-289 shows the highest deuterium incorporation and thus
displays the highest solvent accessibility. This high solvent
accessibility may indicate that this region is highly dynamic
and lacks a defined secondary structure. Structural flexibility
of that region of HET-s has also been documented using
other approaches, including limited proteolysis, NMR, and
circular dichroism (12). NMR and limited proteolysis experi-
ments gave slightly different results. Limited proteolysis
experiments pointed toward an unstructured domain of
HET-s starting at residue 240, while NMR suggested that
the flexibly disordered region is somewhat longer (12). Our
HXMS data show that maximal solvent accessibility is
reached past residue 240. However, solvent accessibility
starts to gradually increase around residue 220. Data from
NMR, limited proteolysis, and HXMS studies all indicate
that the region past residue 240 is highly flexible. Now, both
the limited proteolysis and the HXMS data suggest that the
region from residues 220-240 displays an intermediate level
of structuration. In other words, it appears that the unstruc-
tured domain of HET-s starts at residue 240, while the
amyloid core starts at residue 218. Our data thus suggest
that the flexible region of HET-s does not overlap completely
with the amyloid core.

In summary, this study provides some direct insights into
the structural rearrangements occurring upon amyloid ag-
gregation of the HET-s prion protein. We show that
modifications in solvent accessibility concern mainly the
C-terminal region of the protein. HET-s amyloid formation
specifically involves the C-terminal region of the protein,
which undergoes a transition from an unstructured to an
aggregated state that is highly resistant to hydrogen exchange.
Conformational flexibility is thought to be a prerequisite for
fibril formation (3, 27). For several amyloid forming proteins,
it was shown that fibril formation is linked to destabilization

FIGURE 5: Electron microscopy of an aggregated form of HET-s
showing amyloid fibrils.
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of the native state of the protein (28-32). In particular, it
was shown using HXMS that several amyloidogenic proteins
show the occurrence of increased conformational dynamics
under fibril forming conditions (22). Other amyloidogenic
proteins such asR-synuclein involved in Parkinson’s disease
are unstructured in their native state (so-called natively
unfolded proteins) (33). In the case of HET-s, the C-terminal
region appears unstructured in the native form of the protein;
thus, fibril formation occurs spontaneously in near physi-
ological conditions and does not require destabilization of
the native state of the protein. Like HET-s, the two yeast
prion proteins, Sup35 and Ure2p, also display a flexible
domain involved in amyloid aggregation attached to a
globular domain. This similarity in the overall organization
of the fungal prion proteins could suggest that this domain

organization is a relevant feature of infectious amyloid
proteins.
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