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ar,qr : Paramètre de stabilité dans la direction r (radiale)
au,qu : Paramètre de stabilité dans la direction u=r ou z
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HXMS: Hydrogen eXchange Mass Spectrometry (Echange isotopique hydrogène/
deutérium analysé par spectrométrie de masse.)
IT : Ion Trap (piège ionique)
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53 March, R.E., J. Mass. Spectrom. 32, 351-369, 1997.
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ω = − − β Ωu,n u

1
(n )

2
pour −∞ ≤ <n 0 (Eq. 1.9.)
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(Eq. 1.10.)
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valable pour qz<0.4 et qr<0.2 (Eq. 1.11.)
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54 Wuerker, R.F., Shelton, H., Langmuir, R.V., J. Appl. Phys. 30, 342, 1959.
55 Major, F.G., Dehmelt, H.G., Phys. Rev.179,91, 1968.
56 Pedder, R.E., Johson, J.V. Yost, R.A. Proceeding of the 41th ASMS, San Francisco Ca, p 711, 1993.
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Figure 2.5. Le marquage H/D par pulse et la spectrométrie de masse pour la détermination de la dynamique de

dépliement/repliement des protéine 103 (N : protéine native, I1 : intermédiaire conformationnel 1, I2 intermédiaire

conformationnel 2, U : protéine dénaturée.)

�

103 Deng, Y., Smith, D.L. Anal. Biochem. 276, 2, 150-160, 1999.
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Levures récoltées par
centrifugation et lavées

deux fois à l’eau distillée

Levures reprises
dans le tampon 1

Broyage à la
bille de verre, 3
mn, 4°C

Centrifugation des
broyats 10 minutes à 750

Culot
(levures non

broyées)

Surnageant
(mitochondries)

Centrifugation 15 minutes à
27000 g

Surnageant

Culot repris dans le tampon 1

Centrifugation 10 minutes à 750 g

Culot

Surnageant

Centrifugation 15 minutes à 27000 g

Culot repris dans le tampon 1
pour le test de Lowry

(mitochondries)Surnageant
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Suspension
mitochondriale ramenée
à 20 mg de

Choc hypoosmotique :
solution amenée à 3.3 mg de
protéines/ml dans le tampon

Agitation 20 minutes à
4°C

Centrifugation 20 minutes
à 4°C et 48 000 g

Surnageant

Culot repris dans le
tampon 2 pour atteindre
2 mg de protéines/ml

Surnageant

Incubation 5 minutes à
4°C puis 2 sonication de
30 secondes

Centrifugation 45
minutes à 4°C à 10 000g

Culot repris
dans le tampon 3 pour
atteindre 10 mg de
protéines/ml
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Suspension
submitochondriales + ½
volume de chloroforme

Agitation 20 secondes à 20°C
Centrifugation 10 minutes
20°C, 1100 g

Phase aqueuse (F1)

Phase

Centrifugation 10
minutes 20 °C, 20 000gPhase

Phase aqueuse (F1)

Centrifugation 30
minutes 20 °C, 100 000gPhase

Phase aqueuse (F1)
Utilisée pour
la pré-purification
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Main method:
----- Block : Main -----
mn
0.0 Base Volume,1{ml},Vydac C18
0.0 Flow 1 {ml/min}
0.0 Alarm_Pressure Enabled,4 {MPa},0.0 {MPa}
0.0 Gradient 30 {%B},0.00 {base}
0.0 BufferValveA1 A11
0.0 PumpBInlet B1
0.0 PumpAInlet A1
0.0 InjectionValve Load
0.0 ColumnPosition Position7
0.0 OutletValve WasteF1
0.0 Wavelength 280{nm},254{nm},215(nm}
5.0 Gradient 30 {%B},0.00 {base}
5.0 AutoZeroUV
5.0 InjectionValve Inject

5.0 OutletValve WasteF1
5.1 FeedTube
5.66 InjectionValve Load
5.76 FeedTube
6.1 FeedTube
6.43 FeedTube
6.76 FeedTube
7.0 FeedTube
7.0 Gradient 30{%B},0.00 {base}
10.0 Gradient 45 {%B},12 {base}
11.0 Fraction Collector 0.25 {ml}
15.0 Gradient 60 {%B},2 {base}
15.0 Gradient 30 {%B},0 {base}
20 Fractionation Stop
40.0 Gradient 30 {%B},0 {base}
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9������<�>�� ��	���	�������%�9������<�>�� ��	���	�������%�9������<�>�� ��	���	�������%�9������<�>�� ��	���	�������%�����?�! ������������95?�! ������������95?�! ������������95?�! ������������95�����:������:������:������:�����)�	�	���h=���2�
�	���������	����-��2������	��� ������� �������	���)�	�	���h=���2�
�	���������	����-��2������	��� ������� �������	���)�	�	���h=���2�
�	���������	����-��2������	��� ������� �������	���)�	�	���h=���2�
�	���������	����-��2������	��� ������� �������	���

����������������������������������������

----- Block : Main -----
mn
0.0 Base Volume,0.96 {ml},Poros R2 1 ml
0.0 Flow 4 {ml/min}
0.0 Alarm_Pressure Enabled,4 {MPa},0.0 {MPa}
0.0 Gradient 15 {%B},0.00 {base}
0.0 BufferValveA1 A11
0.0 PumpBInlet B1
0.0 PumpAInlet A1
0.0 InjectionValve Load
0.0 ColumnPosition Position7
0.0 OutletValve WasteF1
0.0 Wavelength 280 {nm},254 {nm},215 {nm}
1.2 Gradient 15 {%B}, 0.00 {base}
1.2 AlaPressure Enabled,3.3 {MPa},0.0 {MPa}
1.2 AutoZeroUV

1.2 InjectionValve Inject
1.2 OutletValve WasteF1
1.32 FeedTube
1.5 InjectionValve Load
1.57 FeedTube
1.82 FeedTube
2.07 FeedTube
2.32 FeedTube
2.5 FeedTube
2.5 Gradient 15 {%B}, 0.00 {base}
2.5 Gradient 60 {%B}, 12 {base}
4.25 Fraction Collector 0.25 {ml}
6.30 Fractionation Stop
7 Gradient 15 {%B}, 0 {base}
8 Gradient 15 {%B}, 7.5 {base}

UV1 280nm UV2 254nm UV3 215nm  	�� 	�� 	�� 	���������	���������	��������������	���������	��������������	���������	��������������	���������	�������

,�,,�,,�,,�,

B,�,B,�,B,�,B,�,

<,�,<,�,<,�,<,�,

>,�,>,�,>,�,>,�,

��0��0��0��0

,�,,�,,�,,�,

5,�,5,�,5,�,5,�,

B,�,B,�,B,�,B,�,

+,�,+,�,+,�,+,�,

<,�,<,�,<,�,<,�,

;,�,;,�,;,�,;,�,

YYYY ����	�����������	�����������	�����������	�������

0.0 2.0 4.0 6.0 8.0 min

7�(����	�7�(����	�7�(����	�7�(����	�

αααα, ββββ

δδδδ
γγγγ

εεεε

UV1 280nm UV2 254nm UV3 215nm  	�� 	�� 	�� 	���������	���������	��������������	���������	��������������	���������	��������������	���������	�������

,�,,�,,�,,�,

B,�,B,�,B,�,B,�,

<,�,<,�,<,�,<,�,

>,�,>,�,>,�,>,�,

��0��0��0��0

,�,,�,,�,,�,

5,�,5,�,5,�,5,�,

B,�,B,�,B,�,B,�,

+,�,+,�,+,�,+,�,

<,�,<,�,<,�,<,�,

;,�,;,�,;,�,;,�,

YYYY ����	�����������	�����������	�����������	�������

0.0 2.0 4.0 6.0 8.0 min

7�(����	�7�(����	�7�(����	�7�(����	�

UV1 280nm UV2 254nm UV3 215nm  	�� 	�� 	�� 	���������	���������	��������������	���������	��������������	���������	��������������	���������	�������

,�,,�,,�,,�,

B,�,B,�,B,�,B,�,

<,�,<,�,<,�,<,�,

>,�,>,�,>,�,>,�,

��0��0��0��0

,�,,�,,�,,�,

5,�,5,�,5,�,5,�,

B,�,B,�,B,�,B,�,

+,�,+,�,+,�,+,�,

<,�,<,�,<,�,<,�,

;,�,;,�,;,�,;,�,

YYYY ����	�����������	�����������	�����������	�������

0.0 2.0 4.0 6.0 8.0 min

7�(����	�7�(����	�7�(����	�7�(����	�
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2+2+2+2+���� 2����� ������������� �#���	�
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	����	�� ��� ��������������� ��� �	������������������������������ εεεε� ��� ����� ���� ��� ����� ���� ��� ����� ���� ��� ����� ���

�	�
�����95�	�
�����95�	�
�����95�	�
�����95������:�������:�������:�������:���������

����

<�5��7���	�����	�<�5��7���	�����	�<�5��7���	�����	�<�5��7���	�����	�����

��������

�	��� �������� ���� ������ �#�������� ��	�	
����� ����	����3���������� ��� ���� �����
�������� ��� ��������� ���

������������� �#���	�
	����	�������������������� ��� �	������������������ ����� ������
��������������������

������������ 
	
�����	��� �#��	���� �#����	����� ������ ���� ����������������� �	������� �	��� ��� �#��������

��	�	
������'	�����	��������������������������������������	���������ε����������	�
�����95��:�������
�

<�B����	�	�	�����
���������<�B����	�	�	�����
���������<�B����	�	�	�����
���������<�B����	�	�	�����
�������������

����

 ����7	��
�������	������7)�	C�	��������
����	������	�	�#$%�&��
	�

�

B,� µ�� ��� ��� ���
����	�� ��� �������� �#���	����� �	�������� ��� �	�
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a : Masses monoisotopiques MH+.
b : Masses exactes: indique que seulement un seul peptide de la séquence de ε a une masse qui correspond à la masse

observée à +/-
20ppm.
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Figure 5.6. Forme agrégée de la protéine HET-s observée par microscopie électronique
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Figure 5.9. Détermination des constantes de vitesse de la réaction d’échange H/D. Le logarithme Népérien des
hydrogènes échangeables encore présents après un temps t d’incubation au sein du peptide [287-295] est reporté en
fonction du temps d’incubation dans le deutérium. Le calcul des régressions linéaires à partir des points reportés
laisse apparaître deux populations d’hydrogènes échangeables ayant des constantes de vitesse distinctes.
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FOCUS: NONCOVALENT INTERACTIONS

Hydrogen/Deuterium Exchange on Yeast
ATPase Supramolecular Protein Complex
Analyzed at High Sensitivity by MALDI Mass
Spectrometry

Alexis Nazabal, Michel Laguerre, and Jean-Marie Schmitter
Institut Européen de Chimie et Biologie, Pessac, France

Jacques Vaillier, Stéphane Chaignepain, and Jean Velours
Institut de Biologie et Génétique Cellulaire, Bordeaux, France

To evaluate the ability of hydrogen/deuterium exchange of amide protons followed by mass
spectrometry (HXMS) to yield topological information about supramolecular protein com-
plexes, this approach has been tested with the 370 kDa hetero-oligomeric complex of yeast
F1-ATPase. The study was focused on the � subunit (6612 Da) of the complex. Deuterium back
exchange due to the chromatographic isolation step of this subunit was strongly reduced by
means of fast micro-chromatography, and MALDI-MS was used to analyze either the intact
subunit or peptide mixtures resulting from its proteolytic cleavage. A deuterium labeling
kinetic study was conducted with � subunit being a part of the F1 native complex. The effect
of a secondary structure was also investigated by means of HXMS on the isolated � subunit.
Finally, to determine which regions of � subunit are accessible to solvent in F1-ATPase during
exchange, the complex was submitted to hydrogen/deuterium exchange, the � subunit was
purified by micro-chromatography, digested by pepsin, and resulting peptide fragments were
analyzed by MALDI-MS. The combination of hydrogen/deuterium exchange, fast micro-
chromatography and MALDI-MS was shown to be a fast and efficient way to obtain detailed
topological information for the � subunit when it is engaged in the ATPase complex. (J Am
Soc Mass Spectrom 2003, 14, 471–481) © 2003 American Society for Mass Spectrometry

In native proteins, hydrogen/deuterium (H/D) ex-
change of amide protons not only depends on
solvent accessibility and spatial arrangement of

amino acid residues into structure elements such as
�-helices and �-sheets, but also on the supramolecular
organization of proteins. Thus, the analysis of H/D
exchange may yield a fingerprint of the 3-D structure of
a protein as well as a fingerprint of its direct environ-
ment within a supramolecular complex [1, 2].

Hydrogen/deuterium exchange monitored by mass
spectrometry (HXMS) allows the detection of isotopic
exchange at backbone amide positions of proteins (H
atoms covalently bound to carbon do not exchange,
whereas H atoms on side chains exchange too fast to be
evidenced by this methodology), and has been used to
investigate various aspects of protein structure [3–5].

A major difficulty associated to HXMS methodology
is deuterium back exchange. To limit this phenomenon

after an exchange usually performed under native con-
ditions, the reaction must be quenched (pH 2, 0 °C) and
the samples analysis has to be performed quickly under
these last conditions [6]. To gain access to the distribu-
tion of exchanged deuterons over the protein sequence,
peptides are generated by proteolytic cleavage with
pepsin. This enzyme works properly at low pH, but its
lack of specificity induces constraints for mass spectro-
metric peptide assignments.

Although many HXMS studies have been conducted
with electrospray ionization (ESI), matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS)
turns out to be a convenient tool for this purpose, taking
advantage of its high speed of analysis, excellent sensi-
tivity, and accuracy [7, 8]. Furthermore, the analysis of
peptide maps by MALDI-MS after pepsin digestion
neither requires combined liquid chromatography-
mass spectrometry, nor tedious back exchange correc-
tions [9, 10].

One step further, solvent accessibility of subunits
belonging to a hetero-oligomeric supramolecular pro-
tein complex may also be investigated by means of
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HXMS. However, such experiments require an addi-
tional step, because the subunits of interest must be
isolated by means of liquid chromatography, and again
back exchange must be kept as low as possible during
this separation step.

To evaluate if HXMS may lead to a precise charac-
terization of the solvent accessibility of a given subunit
within a hetero-oligomeric complex, we report here a
topological study of yeast F1-ATPase, a 370 kDa com-
plex. The F1 domain is the catalytic sector of ATP
synthase, a mitochondrial enzyme responsible for ATP
synthesis. F1 domain comprises five different subunits:
� (55.3 kDa), � (52.5 kDa), � (30.6 kDa), � (14.5 kDa), and
� (6.6 kDa), in 3:3:1:1:1 stoichiometry. We have chosen
to focus our study on the � subunit (61 amino acids
long, 6612 Da average mass, for the mature protein
having undergone methionine excision) [11].

A fast micro-chromatographic method has been de-
signed in order to disrupt the F1-ATPase complex and
to isolate � from the other subunits in less than one min.
HXMS studies were performed first with the � subunit
isolated in this way. The extent of H/D exchange could
be determined by MALDI-MS measurement of the
average mass of the whole subunit. The effect of the fast
micro-chromatographic purification step on deuterium
back exchange was evaluated. To study the effect of the
secondary structure of this subunit on H/D exchange,
deuterium labeling was measured using various sol-
vent conditions.

A kinetic HXMS study was then realized on �
subunit while embedded in F1-ATPase. To determine
which regions of � subunit are accessible to solvent in
F1-ATPase, H/D exchange of the whole F1-ATPase
complex was followed by a micro-chromatographic
isolation of the � subunit, which was then submitted to
a proteolytic cleavage using pepsin, prior to
MALDI-MS analysis of the resulting peptides. Owing to
the poor specificity of pepsin, the critical point of the
methodology lies in the requirement for a complete
sequence coverage of the subunit of interest, with all
peptides reliably assigned. Thus, peptide ions selected
for our study were either unambiguously attributed to
a given stretch from their mass values, or were assigned
after fragment ion analysis [MALDI post source decay
(PSD) fragmentation or ESI/MS/MS analysis by means
of an ion trap].

Results were evaluated with the help of the 3-D
model structure of the bovine enzyme. The possible
extension of this MALDI-HXMS methodology to larger
subunits belonging to supramolecular complexes is
discussed.

Experimental

Deuterium oxyde (99.9%) was purchased from Euriso-
top (Gif-sur-Yvette, France). Sequence grade trifluoro-
acetic acid (TFA) and immobilized pepsin were ob-
tained from Pierce (Rockford, IL). Acetonitrile (HPLC
grade) was purchased from Mallinckrodt Baker, (De-

venter, The Netherlands). ZipTip C18 pipette tips were
purchased from Millipore (Bedford, MA). pH Indicator
strips were obtained from Microessential Laboratory,
(New York, NY). Polypropylene micro-centrifuge tubes
were from Treff (Degersheim, Switzerland). Folin and
Ciocalteu’s phenol reagent was obtained from Sigma
(Saint Louis, MO). Water was purified over a MilliQ
apparatus (Millipore), and is hereafter referred as MQ
grade.

Purification of Saccharomyces cerevisiae
F1-ATPase

Mitoplasts were prepared according to Daum et al. [12]
with slight modifications. A suspension of mitochon-
dria (20 mg of protein/ml in 0.6 M mannitol, 2 mM
EGTA, 10 mM p-aminobenzamidine (PAB), 10 mM
�-amino-n-caproic acid, 0.5 mM phenylmethylsulfonyl
fluoride, 10 mM Tris-maleate, pH 6.8) was diluted with
5 volumes of the same buffer without mannitol. The
suspension of mitochondria was stirred very gently on
a magnetic stirrer at 4 °C for 20 min. The suspension
was sedimented at 4 °C (48,000 g for 20 min). The pellet
was kept frozen overnight at �80 °C. Mitochondrial
membranes were thawed at 4 °C and resuspended in
the same buffer as above to a protein concentration of 2
mg/ml. After 5 min, the suspension was exposed twice
to ultrasonic irradiation (Annemasse sonicator, 30 s at
120 V). Total mitochondrial membranes were sedi-
mented at 4 °C (45 min at 100,000 g). Extraction by
chloroform was used to remove F1-ATPase from mito-
chondrial membranes [13].

Purification of yeast F1-ATPase was according to
Penin et al. [14] and Falson et al. [15] with some
modifications. The mitochondrial membranes were ho-
mogenized in 0.3 M mannitol, 1 mM EDTA, 10 mM
PAB, 10 mM �-amino-n-caproic acid, 0.5 mM phenyl-
methylsulfonyl fluoride, 2 mM ATP, 10 mM Tris-mal-
eate, pH 7.0 to a final concentration of 10 mg/ml. The
suspension was firmly shaken in the presence of half a
volume of chloroform for 20 s at room temperature. The
aqueous phase was recovered after centrifugation at
1.100 g for 10 min at 20 °C, and was centrifuged again at
100,000 g for 30 min at 20 °C. EDTA was added to the
supernatant to a final concentration of 4 mM. The
solution was maintained at pH 7 by NaOH addition,
brought to 70% saturation with solid ammonium sulfate
and stored at 4 °C.

The ammonium sulfate suspension was centrifuged
at 100,000 g for 45 min at 4 °C. The pellet was solubi-
lized in a minimal volume of 50% (wt/vol) glycerol, 5
mM EDTA, 10 mM PAB, 100 mM Tris-HCl, pH 7.5, and
centrifuged twice in an Eppendorf centrifuge tube to
remove potential aggregates. The supernatant was ap-
plied to a small Sephadex (Amersham Biosciences,
Freiburg, Germany) G-50 (fine grade) centrifuge col-
umn that had been equilibrated with 50% (wt/vol)
glycerol, 5 mM EDTA, 100 mM Tris-HCl, pH 7.5,
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according to Penefsky [16]. The eluate was submitted to
high performance gel permeation chromatography over
a TSK Spherogel SW 4000 column (0.7cm i.d., 30cm
long, Altex, Beckman Coulter Inc., Fullerton, CA), equil-
ibrated and eluted at room temperature with the above
buffer, without PAB, at a flow rate of 0.3 ml/min.
Detection was monitored at 280 nm. The fraction of
eluate containing the enzyme was concentrated by
means of ultracentrifugation membranes and stored as
ammonium sulfate precipitate.

F1-ATPase Assay

Purified and concentrated F1-ATPase (8–10 �g) was
incubated at 30 °C for 2 min in 900 �l of a reaction
mixture containing 50 mM Tris/SO4 pH 8.5, 4 mM
MgSO4 in D2O. The reaction was started with 50 �l of
0.1 M ATP pH 7, allowed to proceed for 2 min and
stopped by addition of 100 �l of trichloroacetic acid.
The mixture was centrifuged for 7 min at 10,000 g. An
0.5 ml aliquot of the deproteinized supernatant was
used for the colorimetric quantification of released
inorganic phosphate. This aliquot was mixed with 2.5
ml of 0.75 N sulfonic acid, 1mM ferric sulfate and 0.1
mM heptamolybdate, and incubated at room tempera-
ture for 15 min. Inorganic phosphate concentration was
determined spectrophotometrically at 610 nm.

Fast Isolation of � Subunit from F1-ATPase

The fast isolation of � subunit from F1-ATPase was
obtained by micro-chromatography over a C18 ZipTip
(15 �m particles, 20 nm pore size, 0.6 �l stationary
phase, Millipore). Before use, the C18 support was
wetted with 70% acetonitrile in MQ water, 0.1% TFA
(by aspiring and dispensing 5 times to waste) and the
ZipTip was equilibrated in H2O MQ, 0.1% TFA. 4 �l of
the F1-ATPase solution (7 mg/ml) were loaded. After
binding, the support was washed (H2O MQ, 0.1% TFA,
aspirated and dispensed to waste three times). The �
subunit was eluted with 2 �l of 20% acetonitrile in H2O
MQ, 0.1% TFA. In this way, the isolation of � subunit
from F1-ATPase was achieved in less than 1 min.

Back Exchange in Relation to Chromatographic
Isolation of � Subunit

An aliquot of � subunit, previously isolated by micro-
chromatography, was dried completely, redissolved in
labeling solvent (D2O, acetonitrile 4:1) and incubated 60
min at room temperature to achieve complete H/D
exchange of backbone amide protons. Isotopic exchange
was quenched by mixing the sample with matrix (�-
cyano-4-hydroxycinnamic acid in a solution containing
1:1:1 acetonitrile, ethanol, and 0.1% TFA, pH 2, kept at
0 °C). The incorporation of deuterium was directly
determined by MALDI-MS analysis. To evaluate the
effect of the chromatographic separation step on back

exchange, the � subunit was submitted to fast micro-
chromatography after 60 min incubation time. The
collected fraction containing � was mixed with the
matrix solution and the incorporation of deuterium was
determined by MALDI-MS analysis and compared to
the previous one.

HXMS on Isolated � Subunit—Effect
of Acetonitrile

The � subunit solution isolated from F1-ATPase (2 �l)
was dried in its vial using a gentle nitrogen flow.
Solutions used for H/D exchange had the following
acetonitrile:D2O compositions: 20:80, 30:70, 40:60, and
70:30. The deuteration solution was added to the vial
and sonicated for a few seconds. After the desired
incubation time at room temperature, 1 �l of the sample
was mixed with 1�l of the matrix solution. The matrix
used in these experiments was 10 mg/ml �-cyano-4-
hydroxycinnamic acid, in a solution containing 1:1:1
acetonitrile, ethanol, and 0.1% TFA in H2O. The matrix
solution was kept over ice and mixed by vortexing
before use. Immediately after mixing, 0.7 �l of the
sample was spotted onto the target and dried by a
nitrogen flow. After drying, the target was transferred
as quickly as possible (about 1 min after quenching) to
the mass spectrometer sample inlet.

HXMS on F1 ATPase Complex

A 10 �l aliquot of the ammonium sulfate suspension of
F1-ATPase (7 mg/ml) was centrifuged at 10,000 g for 10
min and the pellet was dissolved in 20 �l D2O. After the
desired incubation time at 25 °C, 4�l of F1 solution in
D2O were submitted to micro-chromatography by
means of a ZipTip. The equilibrating solution, the
washing solution, and the eluent solution were kept
over ice before use. After fast isolation, � subunit
samples were prepared for mass analysis (see below).

Proteolytic Cleavage by Pepsin

The � subunit (20 pmol in 5 �l of 20% acetonitrile, 0.01%
TFA, 0 °C) was digested with 45 u of immobilized
pepsin (Pierce) in a final volume of 20 �l of 0.1% TFA.
After incubation (10 min, 0 °C), the digest was centri-
fuged (10,000 g, 1 min) to separate the beads from the
peptide fragments. 1 �l of the supernatant (2 pmol) was
mixed with the matrix and spotted on the MALDI target
under nitrogen flow.

Structure Prediction and Models

Calculations were performed on a SGI Octane worksta-
tion running InsightII and Discover version 2000 (Ac-
celrys Inc., San Diego, CA). Sequence homology build-
ing was performed within the Homology module. The
sequence used for the yeast � subunit was referenced as
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SwissProt P21306 (http://www.expasy.ch). The 3-D
structure used as reference for homology building was
the bovine F1-ATPase structure of Gibbons et al. [17]
(2.4 Å resolution, PDB code: 1E79) in which the 47 first
amino-acids of the � subunit have been solved (full
length of 50 aminoacids, SwissProt accession number
P05632).

Secondary structure predictions were obtained by
means of the following softwares: JPRED (http://ju-
ra.ebi.ac.uk:8888/), PHD (http://cubic.bioc.columbi-
a.edu/pp), PSIpred (http://insulin.brunel.ac.uk/
psiform.html), SSpro (http://promoter.ics.uci.edu/
BRNN-PRED), SAM-T99 (http://www.cse.ucsc.edu/
research/compbio/HMM-apps/T99-query.html), and
PROF (http://www.aber.ac.uk/|P5phiwww/prof/
index.html).

Lipophilicity potential maps have been calculated
and drawn around the model of the yeast � subunit by
means of in-house software [18].

Mass Spectrometry

MALDI mass spectra were acquired on a Bruker Reflex
III mass spectrometer equipped with a nitrogen laser
(337 nm emission wavelength). 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 the whole � subunit were
obtained in the linear mode (20 kV accelerating volt-
age). An external calibration was performed for each
measurement with the singly and doubly charged ions
of the unlabeled � subunit. Mass values given in the text
correspond to m/z of the centroid of the envelope of the
mass peaks for [M � H]� pseudo-molecular ions. Mass
spectra of � subunit digests were acquired in the
reflectron mode, using external calibration with a mix-
ture of eight peptides covering a 900 to 3500 mass
range. In this case, measured masses were monoiso-
topic [M � H]� ions.

For post source decay analysis, the reflectron voltage
was stepped down from 30 kV in 10–12 steps in order
to records all fragment ions, including immonium ions.

In order to control the assignment of peptides,
MS/MS analysis of some peptide sequences was per-
formed by means of an ion trap mass spectrometer
operated in the electrospray mode (LCQ DecaXP,
Thermo Finnigan, San Jose, CA) and interfaced to a
Dionex-LC Packings (San Francisco, CA) chromato-
graphic system (C18 column, 75 �m i.d., 150 mm long).

Results and Discussion

MALDI-HXMS Conditions

MALDI-HXMS combines the advantages of high speed
of analysis and excellent sensitivity and accuracy of
mass measurements with the capability to analyze

peptide maps in a single spectral acquisition. Back
exchange may be neglected for MALDI-HXMS experi-
ments, provided that the sample preparation allows a
quick transition between the moment of exchange
quenching and the transfer into the ion source of the
spectrometer [9]. We have chosen to prepare the matrix
in a 1:1:1 acetonitrile, ethanol, and 0.1% aqueous TFA
mixture kept on ice, to apply a small sample volume
(0.7 �l) on the target, and to dry it under a nitrogen
flow. In this way, the target was ready to load in the
mass spectrometer vacuum lock in less than one min.
Since we found that water condensation on a cold target
did affect the sample crystallization process, and that
much time was spent to eliminate this condensate prior
to mass analysis without benefit in terms of back
exchange minimization, we did not follow the recom-
mendation of Mandell et al. [9] who kept the target on
ice. A deuterated matrix is not required, since the H/D
exchange occurring on the MALDI target within the ion
source is slow (it takes several hours to observe 50%
back exchange on a fully deuterated peptide).

Control of Back Exchange During
Chromatographic Separation of � Subunit

In order to conduct HXMS experiments on the F1-
ATPase complex, with focus on the � subunit embed-
ded in this assembly, controls were performed to eval-
uate the impact of a chromatographic separation
process on back exchange. For this, the maximal ex-
change level was measured first with an � subunit
sample previously isolated by liquid chromatography:
in this case, labeling reached 95% of exchangeable
amide protons (57 out of 60). In a separate experiment,
the isolated � subunit was incubated for 60 min in
deuterium oxide, then submitted again to liquid chro-
matography. In this latter case, the level of back ex-
change resulting from the use of a reversed phase
chromatographic system was found to be very high.
Two different columns were tested for this purpose,
using a water/acetonitrile gradient in 0.1% TFA with a
sharp slope. The first one was a C18 grafted silica
column (Vydac 238, Hesperia, CA, with monomeric
bonding, 5 �m particles, 30 nm pores, 4.6 mm i.d., and
50 mm length). The � subunit eluted after 10 min and
the corresponding fraction was immediately analyzed
by MALDI-MS, or kept frozen in liquid nitrogen prior
to this analysis. The maximal H/D exchange measured
in this case by MALDI-MS was 44%. In a second
attempt, a Poros R2 (Perseptive Biosystems, Framing-
ham, MA) column was used (10 �m particles, 4.6 mm �
50 mm). This support tolerated higher flow rates and
the � subunit eluted after 6 min, but the exchange level
was only slightly better (52%). We then developed a
micro-chromatographic gradient separation using a
ZipTip (C18 support, 0.6 �l stationary phase in the tip, cf
experimental part). In this case, the � subunit was
isolated with a step gradient elution at 20% acetonitrile,
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allowing to separate it in less than one min from other
F1 subunits, as shown by MALDI-MS analysis (Figure
1). In this way, the maximal exchange level was found
to be (92 � 3%) when the � subunit was incubated for
various times (from 60 min to several h) before chro-
matographic separation.

This control was conducted with the isolated �
subunit, but could not be performed on the whole
F1-ATPase complex because it is not possible to deter-
mine in a single experiment if a measured decrease of
the exchange level is due to back exchange, or if this
decrease is due to interactions between subunits within
the F1-ATPase complex.

Incorporation of Deuterium in � Subunit
as a Function of Incubation Time

H/D exchange was allowed to occur on F1-ATPase
with variable times between 2 and 2000 min, followed
by an isolation of the � subunit by means of fast
micro-chromatography. Starting from a � subunit em-
bedded in F1-ATPase, the deuterium content was found
to increase rapidly during the first 20 min (Figure 2).
After this incubation time, only a very slow variation of
deuterium content was observed. This result indicates
that a large part of the exchangeable hydrogen atoms of
� subunit is still protected after 20 min of incubation in
a deuterated solvent.

The exchange level can be quantified by means of the
following equation [19]:

�1/Ht� � H � e��kext� (1)

with:

• Ht: Total amount of exchangeable hydrogen atoms
• H: Number of hydrogens present after time t.
• kex: H/D exchange rate constant
• t: Incubation time in D2O.

Half-lives of exchangeable hydrogen atoms can be
calculated from the plot ln [H] versus t [20], which may
also reveal populations of hydrogen atoms having
different exchange rate constants. In our HXMS exper-
iments, fast exchanging H atoms (between 0 and 2 min)
were already exchanged at the time of the first mea-

Figure 1. MALDI mass spectrum of � subunit isolated by re-
versed phase fast micro-chromatography. Out of the F1-ATPase
complex (10 pmol in 0.04M MgSO4, 50 mM Tris-SO4 in a 5 �l
volume), only the � subunit elutes from the C18 ZipTip at 20%
acetonitrile concentration. One half of the elution fraction (1 �l)
was mixed with the matrix, spotted on the target and analyzed in
the linear mode. The observed mass at m/z 6613.7 Da corresponds
to the [M � H]� ion. The calculated average mass [M] for �
subunit is 6612.6 Da.

Figure 2. (a) Incorporation of deuterium in � subunit as a
function of incubation time between 0 and 25 min. After incuba-
tion in D2O, � subunit was isolated from F1-ATPase and analyzed
by MALDI-MS. Because no data are available for t � 2 min., the
dotted line between 0 and 2 min is an extrapolation of the graph.
(b) Same as above, for the 0 to 2000 min time interval. (c) Kinetics
of H/D exchange of � subunit; the natural logarithm of the
amount of protected hydrogens in � subunit ln (H) is plotted
versus time (t). For the � subunit, intermediate exchange data are
represented by the lines (A) In [H] � �2.9 � 10�2 t � 4.0(r2 � 0.93)
and (B) ln (H) � �9.0 � 10�4 t � 3.9 (r2 � 0.98).
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surements. These hydrogen atoms are most accessible
to the solvent and are not protected by hydrogen
bonding involved in secondary structuration or su-
pramolecular interactions of the � subunit within the
complex. This accounts for about 29 amide protons for
the � subunit in F1-ATPase (Figure 2a). The category
corresponding to intermediate exchange (between 2
and 1000 min) comprises 10 H atoms (Figure 2b, 39 D
atoms exchanged at 1000 min). As shown on Figure 2c,
two populations may be distinguished in our case for
this intermediate exchange. The first subpopulation is
composed of 3 H atoms with a half-life of 24 min. The
second subpopulation is composed of 7 H atoms with a
half-life of 69 min. This leaves two slowly exchangeable
H atoms (41 D atoms exchanged at 2000 min, Figure 2b),
that are highly protected.

This study of H/D exchange highlights the impor-
tance of the protecting effect due to interactions be-
tween the subunits. When the � subunit is embedded in
the F1 complex, secondary structure and interactions
with the neighboring � and � subunits result in a
protection of various exchangeable positions.

Effect of � Subunit Secondary Structure
on Deuterium Labeling

In this experiment, � subunit was first isolated from
F1-ATPase using fast micro-chromatography. After an
incubation time of 10 min in deuterated solvent, sam-
ples were analyzed by MALDI-MS. We have shown
that the maximal exchange level observed for an iso-
lated � subunit was obtained only after 60 min in 100%
D2O. In order to observe a partial exchange situation for
the � subunit, we have chosen an incubation time of 10
min.

The MALDI-MS spectra displayed in Figure 3 show
the incorporation of deuterons upon incubation in var-
ious D2O/acetonitrile mixtures, as determined from the
average mass measurement of the � subunit. Thus, 57
deuterons were incorporated after incubation in 100%
D2O (Figure 3a and b). When increasing amounts of
acetonitrile were mixed with D2O, the number of ex-
changed amide protons diminished: 52 deuterons were
incorporated after an incubation in D2O with 20% of
acetonitrile, 47 deuterons after incubation in D2O with
30% acetonitrile and 44 deuterons after an incubation in
D2O with 40% acetonitrile (Figure 3c to e). In parallel to
these experiments, a sample of � subunit obtained by
solid phase synthesis [21] was analyzed by circular
dichroism (CD) with an increasing concentration of
acetonitrile. This study (data not shown) indicated that
� subunit is mostly non-structured in neat water, and
that an increase of acetonitrile concentration from 0 to
40% results in an increased �-helical structuration for
this polypeptide. Indeed, a 	�220nm/	�208nm ratio of
about 0.8, indicative of a single stranded helical struc-
ture, was found at 40% acetonitrile, whereas a possible
peptide oligomerization would have given a value of

Figure 3. MALDI mass spectra of whole � subunit incubated in
solutions containing D2O and different concentrations of ace-
tonitrile. Isolated � subunit samples were prepared as described
under Experimental. 25 picomoles of � subunit were incubated
10 min in the D2O solution at room temperature. After incuba-
tion, the exchange reaction was quenched (pH 2 and 0 °C), the
sample was mixed with matrix and analyzed by MALDI-MS in
the linear mode. (a) Mass spectrum of reference � subunit (no
incubation in D2O solution); (b) mass spectrum of � subunit
after incubation in 100% D2O; (c), (d), (e) mass spectra of �
subunit after incubation in D2O solution containing 20, 30, and
40% acetonitrile, respectively.
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about 1.0 [22]. Thus, the partial protection of exchange-
able H atoms on � subunit observed with increasing
acetonitrile concentration likely results from �-helical
structure, characterized by hydrogen bonding between
amino acid residues involved in the helix. Noteworthy,
acetonitrile concentrations above 40% led to a loss of
helical structuration of � subunit, resulting in an in-
crease of the H/D exchange (56 exchanged deuterons
found at 70% acetonitrile concentration, close to the
number found for the incubation in neat deuterium
oxide.)

Peptide Mapping of � Subunit

In order to determine which regions of � subunit are
most accessible to solvent, a peptide mass fingerprint
was generated. The � subunit was cleaved using immo-
bilized pepsin and the resulting peptides were analyzed
by MALDI-MS [23]. The complex mixture of peptides is
easily analyzed by MALDI-MS because [M � H]� ions
are by far the major ions observed for peptides in the
700–3000 Da mass range. The MALDI mass spectrum of
the whole � subunit pepsin digest showed approxi-
mately 30 major peaks (Figure 4a). The major concern of
spectrum processing was to assign an experimental
mass to a given fragment without any ambiguity, while
obtaining a maximal sequence coverage. All operations
pertaining to this peptide mapping were performed
with non-deuterated samples.

By means of MALDI-MS analysis alone, six peaks
representing 89% of the primary sequence of � subunit
could be assigned (Table 1). These selected peaks
matched only one possible fragment belonging to �
subunit, within a 20 ppm interval corresponding to the
confidence limit of our external calibration system
based on a mixture of eight reference peptides (see
Experimental). All peaks that did contain a mixture of
two or more peptides were not taken into consideration.
Only the [3–20] segment could not be assigned with
certainty by MALDI-MS alone. In this particular case,
we could not apply PSD fragment analysis to obtain a
related sequence tag because the resolving power of the
ion gate of our MALDI-TOF instrument did not allow a
proper isolation of the peptides that could account for
this peptide stretch. Therefore, we have used combined
LC/MS/MS on an ion trap to identify the m/z 1953.06
peak, which turned out to correspond to an unique
peptide in the digest, thus completing the sequence
coverage of the � subunit.

Assigning and selecting the peptide peaks that allow
counting deuteron incorporation along a polypeptide
sequence represents the most time consuming part of
HXMS experiments relying on MALDI-MS. Extending
this kind of study to larger subunits belonging to a
supramolecular complex often requires the assistance of
LC/MS/MS for unambiguous peptide mapping, an
interesting alternative certainly being the use of
MALDI-TOF/TOF instruments with improved ion
gates.

Solvent Accessibility in F1-ATPase Complex

Once the peptide mapping was completed, the H/D
exchanged � subunit was submitted to proteolytic
cleavage with pepsin. Subsequently, the deuteration
level of each selected peptide fragment was determined
from the mass spectrum of the complex mixture (Figure
4b). For this, the centroids of the mass envelope for the
undeuterated and deuterated peptide were calculated
[24, 25]. As a control, the � subunit was isolated from
F1-ATPase by means of fast micro-chromatography and
cleaved by immobilized pepsin. The resulting frag-
ments were dried and incubated in 100% D2O for 30
min to allow exchange control and the amount of
deuterium incorporated by each assigned peak was
determined. For each peptide, 80 to 90% of the amide
protons were exchanged by deuterium after 30 min.
This value corresponds to the maximal experimental
exchange level observed for � subunit peptides after 30
min, because neither secondary structuration nor su-
pramolecular interactions may diminish the exchange
level (Figure 5b).

To confirm the hypothesis of the influence of �
subunit �-helical structuration on deuterium labeling,
the � subunit previously isolated by chromatography
was incubated 10 min in D2O in presence of 40%
acetonitrile. After this time, the � subunit was digested
and the incorporation of deuterium was determined for
each peptide. The [3–20] peptide displayed the lowest
deuterium incorporation (Figure 5a). These data are in
full agreement with the existence of an �-helix for the
[13–23] region in the 3-D structure of the bovine �
subunit of ATPase [17].

In a final experiment, native F1-ATPase was submit-
ted to HXMS in order to determine which regions of �
subunit are the most accessible to deuterium oxide.
Thus, these experiments used a buffered medium for
H/D exchange in order to maintain a high enzymatic
activity level for the F1-ATPase complex (cf Experimen-
tal for assay conditions). A kinetic study indicated that
after 20 min incubation time, the deuterium content
remained constant for the � subunit. This strongly
underlines the importance of supramolecular interac-
tions for the incorporation of deuterium. The highest
exchange level was found for the [24–40] peptide, while
the less exchangeable peptide was the [3–20] (Figure
5b).

A 3-D structure of yeast F1-ATPase not being avail-
able, we evaluated the results of our H/D exchange
experiments by means of the known structure of the
bovine enzyme. Indeed, the sequence alignment of the
yeast � subunit with its bovine counterpart is straight-
forward: a large homology region comprising the
highly structured core of the bovine subunit encom-
passes the three �-helices (59% homology with 44%
strict identity; see Figure 6).

Since there was no data available on the structure of
the C-terminal part of the yeast � subunit, we used
secondary prediction softwares (cf Experimental sec-
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tion). Identical results were obtained in all cases, with
an accurate prediction of the three �-helices of the
N-terminal part: On average from A2 to A6, from S9 to

L25, and from Q30 to L35, corresponding to the X-ray
structure (h1 from S1 to A6, h2 from S9 to S24, and h3
from E28 to V34). Conversely, none of these software-

Figure 4. (a) MALDI mass spectrum of the peptide mixture obtained after pepsin digestion of
non-deuterated � subunit. The inset is an expansion of the peptide peak 1735.84 (fragment [36–49]).
(b) MALDI mass spectrum of the mixture obtained after pepsin digestion of deuterated � subunit
following a 30 min incubation of 30 pmol ATPase in D2O. After fast micro-chromatography, the
isolated � subunit was cleaved using immobilized pepsin and analyzed in the same conditions as in
(a). The inset is an expansion of the peptide peak corresponding to the deuterated fragment [36–49].
Mass values correspond to the centroid of the envelope of the mass peaks for [M � H]�

pseudo-molecular ions.
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aided predictions indicated a secondary structure for
the C-terminal domain of the sequence, but only an

extended conformation for the part between D41/A42
and Y47/K48, the remaining part of the sequence
predicted to be a random coil.

A sharp and highly lipophilic zone appears clearly
around W3, Y10, and Y13 residues, in a well structured
part of the protein. As these three aromatic moieties are
in close spatial proximity, it is very likely that this area
is involved in protein-protein interaction.

In order to visualize which regions of � subunit are
the most accessible to deuterium in F1-ATPase com-
plex, a model based on the bovine structure reflecting
the sequence homology and secondary structure pre-
diction has been built: Thus, the structured [1–44] part
is followed by an extended C-terminal domain (Figure
7a). The grey scale encoding shows the highest H/D
exchange level localized on the [24–27] turn and [28–
37] h3 �-helix. Further, a model structure of the three
neighboring subunits �, �, and � has been built on the
basis of the bovine structure, the yeast � subunit replac-
ing its bovine homologous subunit (Figure 7b). This
model shows the interaction domains between sub-
units, and is in excellent agreement with our observa-
tion of the highest H/D exchange level located in the
[24–40] region.

Conclusion

Hydrogen/deuterium exchange monitored by MALDI
mass spectrometry is a well-performing technique to
study the topology of supramolecular hetero-oligo-
meric complexes. The use of fast reversed phase micro-
chromatography solved the problem of deuterium back
exchange that may result from the steps required for
complex disruption and subunit purification. HXMS
was used to study the kinetics of deuterium incorpora-
tion in ATPase � subunit, the effect of secondary struc-
ture on deuterium incorporation and finally the acces-
sibility of � to solvent within the native complex. The
results establish the ability of MALDI-HXMS to provide
useful information on the conformational state of a
protein and on its supramolecular interactions, while
only requiring a few picomoles of sample. This ap-
proach may be extended to larger subunits and other
supramolecular complexes, provided that target sub-

Table 1. Assignment of peptide ions covering the sequence of � subunit

Calculated
massa

Measured
massa Position Sequence

Identification
methodb

1356.71 1356.72 2–13 AWRKAGISYAAY Exact mass
1953.04 1953.04 3–20 WRKAGISYAAYLNVAAQA LC/MS/MS
1831.03 1831.06 20–36 AIRSSLKTELQTASVLN Exact mass
1876.01 1876.03 24–40 SLKTELQIASVLNRSQT Exact mass
1471.72 1471.73 32–44 ASVLNRSQTDAFY Exact mass
1735.80 1735.82 36–49 NRSQTDAFYTQYKN Exact mass
1969.99 1970.00 44–61 YTQYKNGTAASEPTPITK Exact mass

aMH� monoisotopic masses.
bExact mass indicates that only one possible peptide from � subunit had a mass that matched the experimental mass within 20 ppm.

Figure 5. (a) Effect of �-helical structure on H/D exchange level
along the primary structure of the � subunit. The deuterium
incorporated (%) is calculated for each � fragment (as D/Ht, where
D is the measured amount of deuterium incorporated and Ht is the
total of exchangeable hydrogens for the fragment). These histo-
grams result from four independent experiments (s # 0.015).
HXMS on peptides: A pepsin digest of � subunit was incubated 10
min in D2O:acetonitrile 6:4. HXMS on �: isolated � subunit was
submitted to H/D exchange (10 min in D2O:acetonitrile 6:4) and
then digested with pepsin. (b) Effect of protein–protein interac-
tions within the ATPase complex on H/D exchange level along
the primary structure of the � subunit. The deuterium incorpo-
rated (%) is calculated as in the case of (a). These histograms result
from four independent experiments (s # 0.015). HXMS on pep-
tides: A pepsin digest of � subunit was incubated 30 min in D2O,
0.04M MgSO4, 50 mM Tris SO4. HX on F1 ATPase: The F1-ATPase
complex was incubated 30 min in D2O, 0.04M MgSO4, 50 mM Tris
SO4, then the � subunit was isolated by fast micro-chromatogra-
phy and submitted to pepsin digestion.
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units can be separated by fast chromatography, and that
peptide mapping is conducted carefully in order to
deliver unambiguous sequence coverage. MALDI-MS
alone might not be accurate enough to achieve success-
fully this task in all cases, and should then be associated
to MS/MS sequence assignment for this first part of
HXMS methodology.
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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.
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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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