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a b s t r a c t

In this study, we have used glucagon as a model system for analyzing amyloid fibrillogenesis by hydrogen
exchange MALDI mass spectrometry (HXMS). The hydrogen exchange mass spectrometry data correlated
well with the traditional method based on Thioflavin T fluorescence and provided quantitative informa-
vailable online 11 October 2010
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tion by measuring the fibrillating molecules directly. The hydrogen exchange mass spectrometry data
collected during fibrillogenesis revealed that glucagon fibrillation was a two component system showing
an on/off type of interaction where only monomeric and fibrils were present without any substantial
amount of intermediate species. This was evident by the extensive deuteration of the monomer and
protection of the entire 29 residue glucagon peptide upon fibrillation. The method complements the
traditional procedures and has the potential to provide new information with respect to the nature of

cture
myloid fibrils transient species, the stru

. Introduction

Several proteins are known to cause diseases by forming
myloid fibril and deposition including, amyloid-� protein in
lzheimer’s disease, �-synuclein related to Parkinson’s disease,
GFBip related to cornea dystrophies and Islet amyloid polypeptide
n type 2 diabetes [1–4].

In all cases, amyloids are formed by the stacking of individ-
al protein molecules through intermolecular �-sheet formation,

eading to a characteristic cross-� structure where the �-strands
re perpendicular to the axis of the resulting fibril. Individual fib-
ils, each consisting of a single contiguous �-sheet, may stabilize
ach other by lateral association. These fibrils are often stable due
o a combination of backbone hydrogen bonding between the �-
trands and specific side-chain interactions [5,6]. In an attempt to
revent or even dissolve amyloid fibril formation, extensive work

as been carried out to understand the structure and formation of
hese fibrils.

Amyloid fibrils are often characterized by a unique combination
f variable characteristics, including, Thioflavin T (ThT) staining,

Abbreviations: HXMS, hydrogen exchange mass spectrometry; ThT, Thioflavin
; CD, Circular Dichroism; TFA, trifluoroacetic acid; BPI, base peak intensity.
� The work was supported by grants from the Danish Natural Science Research
ouncil (J.J.E.).
∗ Corresponding author. Tel.: +45 8942 5062; fax: +45 8942 5063.

E-mail address: jje@mb.au.dk (J.J. Enghild).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.10.001
of the growing fibrils and the mechanism of formation.
© 2010 Elsevier B.V. All rights reserved.

Circular Dichroism (CD) spectrum fingerprints, thermostability,
heat capacity (that is, the extent to which the fibrils can bind water),
fiber diffraction patterns, small angle X-ray scattering, solid state
NMR and morphology [1]. Most of these methods are either invasive
and/or requires relatively high amount of material. As a conse-
quence of the regularity and stability of the amyloid inter-strand
hydrogen bonds, hydrogen exchange is strongly reduced in regions
involved in amyloid formation compared to more dynamic areas of
the protein. Thus, HXMS provides potentially residue-specific infor-
mation about the extent of amyloid structure and requires very
modest amounts of material typically 5 �g compared to the mg
amounts required for more traditional methods mentioned above.

MALDI and ESI based HXMS have been used for more than a
decade [7,8] to study amyloid fibrils including, A� protein [9,10],
prion protein [11] and �-synuclein [12]. However, these studies
were focused on the comparison of the monomeric forms to the
mature forms in an attempt to identify highly protected areas in the
fibril in order to understand more about the molecular structures. In
the present study, MALDI based HXMS is used as a supplementary
method to follow the fibrillogenesis; the process by which the fibrils
are formed.

Glucagon was used as the model system, a 29 residue pep-
tide hormone that function as a insulin antagonist and is used for

the treatment of hypoglycaemia [13]. Glucagon is under physio-
logical conditions present at low concentrations where it remains
monomeric. However, in vitro at low pH (<pH 4) it readily fibril-
lates in a reproducible manner and has been extensively used as
a model system for studies of amyloid fibril formation [14–20].

dx.doi.org/10.1016/j.ijms.2010.10.001
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jje@mb.au.dk
dx.doi.org/10.1016/j.ijms.2010.10.001
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Fig. 1. Schematic representation of the utilized protocol. Monomeric, fibrillated or
a mixture of monomeric and fibrillated glucagon were diluted 24 times in D2O (1).
The hydrogen deuterium exchange reaction was quench by lowering pH and tem-
68 C. Scavenius et al. / International Journ

otably, the peptide is able to form a number of fibrils differing
n secondary, tertiary or quaternary structures depending on the
onditions used during fibril formation [14,16,18,19]. In this study
e have used hydrogen exchange mass spectrometry to analyze

he fibrillogenesis of glucagon fibrils formed at pH 2.5. The data
evealed a two-component system showing an on/off type of inter-
ction where only monomers and fibrils were present without any
ubstantial amount of intermediate species.

. Experimentals

.1. Materials

Pharmaceutical grade glucagon (GlucaGen®, Novo Nordisk A/S)
as a kind gift from Novo Nordisk A/S (Bagsværd, Denmark).
2O (99.9%) was from Euriso-top and immobilized pepsin was

rom Thermo Scientific, PlusOne urea was from GE healthcare,
nd ThT was from Sigma–Aldrich. Glucagon concentration was
etermined spectrophotometrically at 280 nm using the theoretical
olar extinction coefficients E = 8250 M−1 cm−1 (GPMAW soft-
are, lighthouse data). ThT concentration was measured based on

he extinction coefficient of 36,000 M−1 cm−1 at 412 nm.

.2. Fibril formation

Monomeric material was generated by filtering glucagon
0.2 �m micro-spin filter, Lida Manufacturing Corp.) dissolved in
0 mM glycine, pH 2.5. The concentration was adjusted to 2 mg/ml
efore the fibrillation was allowed to proceed by subjecting the
onomeric glucagon to mechanical agitation at 25 ◦C using a Vor-

ex mixer set at 900 rpm. During the course of the fibrillation
rocess aliquots were removed for HXMS and ThT analyses. For the
nalyses of isolated fibrils the fibrillated material was collected by
entrifugation at 10,000 × g for 10 min and washed 3 consecutive
imes in 50 mM glycine pH 2.5.

.3. Thioflavin T analysis

During fibrillation samples were removed for ThT analysis. The
brillating samples were diluted 10 times in 45 �M ThT, 50 mM
lycine pH 2.5 and measured in 96 well black polystyrene microtiter
lates (NUNC) using a plate reader (FLUOstar omega from BMG
abtech) capable of measuring fluorescence at 450 nm (excitation)
nd 485 nm (emission). All values plotted were based on an average
f three independent measurements.

.4. Circular Dichroism (CD) spectroscopy

All the CD spectra were recorded on a Jasco-810 CD spectropho-
ometer. A 4 mg/ml glucagon fibril solution was diluted 24 times
n both 50 mM glycine (pH 2.5) as well as in 20 mM Tris–HCl
uffer (pH 7.4) and then used for far-UV measurements. Before
easurements, the usually viscous fibril solution was sonicated

riefly in a sonicator to reduce light scattering effects. Far-UV
easurements were made between 250 and 200 nm with a step

esolution of 0.2 nm using a 1 mm path length quartz cuvette. The
canning speed was set at 50 nm/min and the band width was
.2 nm. Each far-UV was an average of three measurements, taken
nder identical conditions and corrected for buffer background
ignal.
.5. Hydrogen exchange

The glucagon samples (2 mg/ml) were deuterated by diluting
he sample 24 times in 99% D2O containing 20 mM Tris–HCl pH 7.4
perature and fibrillated species were dissolved by urea (2). Full-length glucagon was
micro-purified and analyzed by MALDI-TOF (3). For the analysis of glucagon frag-
ments the urea treated samples were digested with immobilized pepsin (4). The
pepsin generated peptides were micro-purified prior to MALDI-TOF analysis (5).

(uncorrected for the isotopic effect on pH glass electrodes) result-
ing in a glucagon concentration of 83 �g/ml. For the analyses of
monomeric or fibrillated glucagon the samples were incubated in
D2O for 30 s, 1, 5, 10 and 15 min. Samples removed during fibrilla-
tion were incubated in D2O for 5 min. The exchange was quenched
by adding ice-cold 1 M glycine pH 2.5 to a final concentration of
100 mM. All samples were made in triplicates.

2.6. Dissolving of fibrils and pepsin digestion

Monomeric glucagon was generated by dissociating the fib-
rils in 50 mM glycine pH 2.4, containing 4 M Urea. For analysis
of full-length glucagon 10 �l were micro-purified using StageTips
(Proxeon) and analyzed by MALDI-TOF MS (see Section 2.8). A
schematic outline of the protocol is shown in Fig. 1. Solubilized
sample containing 28 mg/ml glucagon was digested in the buffer
described above by adding a slurry of pepsin immobilized on 6%
cross-linked agarose beads (Thermo Scientific). The final composi-
tion of the buffer during pepsin digestion was 3 M urea, 50 mM
glycine pH 2.5 containing 12.5% (v/v) immobilized pepsin. The
samples were digested for 5 min at 0 ◦C before the immobilized
pepsin was pelleted by centrifugation at 800 × g. Aliquots of 10 �l
supernatant were micro-purified using StageTips (Proxeon) and
analyzed by MALDI-TOF MS using a Q-TOF Ultima Global mass

spectrometer (Micromass/Waters Corp.) (see Section 2.8). The pep-
tic peptides were identified by MALDI-TOF MS/MS of unlabeled
samples. The collected data were analyzed using a combination of
the GPMAW software package (lighthouse data) and the MASCOT
search engine (Matrix science). Three of the peptides generated
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y pepsin corresponding to residues 1-21 (2461.13 Da), 10-21
1500.73 Da) and 10-29 (2520.22 Da) were used during the hydro-
en exchange experiments.

.7. Hydrogen exchange under denaturing conditions

Purified glucagon amyloid fibrils at 2 mg/ml were deuterated
y diluting the sample 24 times in 20 mM Tris–HCl pH 7.4 buffer

n 99% D2O (uncorrected for the isotopic effect on pH glass elec-
rodes) containing an increasing concentration of urea ranging
rom 0.5 to 8 M. The diluted samples contained 83 �g/ml glucagon.
he exchange/unfolding was continued for 5 min before quench-
ng the reaction by adding ice-cold 1 M glycine pH 2.5 to a final
oncentration of 100 mM. The quenched samples were immedi-
tely diluted 3 times in ice-cold 8 M urea, 50 mM glycine pH 2.5
owering the temperature to 0 ◦C. Prior to MS analysis 10 �l of
he samples were desalted by micro-purification using StageTips
Proxeon).

.8. MALDI-TOF MS

The MALDI-MS sample preparation was based on the method
escribed by Mandell et al. [21]. To obtain the optimal combination
f signal intensity and minimize matrix mediated back-exchange
.5 mg/ml �-cyano-4-hydroxycinnamic acid, pH 2.5 (adjusted
sing 2% trifluoroacetic acid, TFA) in 80% acetonitrile/0.1% TFA was
sed. The samples (full-length and pepsin treated) were micro-
urified using StageTips (Proxeon) equilibrated in chilled 0.1%
FA and spotted directly on to a cooled MALDI target. The tar-
et was quickly placed under moderate vacuum in a desiccator
t 25 ◦C causing the sample to dry within 2–3 min and immedi-
tely transferred to the mass spectrometer for analysis. In total,
o more than 20 min was spent from quenching to the end of the
nalysis.

MS or MS/MS spectra were collected in a Q-TOF Ultima Global
ass spectrometer (Micromass/Waters Corp.) calibrated using a

olyethylene glycol mixture. External calibration of each MS spec-
rum was performed using Glu-fibrinopeptide B (m/z 1570.6774).
he obtained MS or MS/MS data were processed using Masslynx
.0 software package (Micromass).

.9. HXMS data processing

For deuterium uptake, calculations were based on approxi-
ately 75 spectra recorded over 2 min. Deuterium uptake curves
ere made using HX-Express [22] employing a peak threshold of

% of base peak intensity (BPI) and the width set at 50% of BPI. No
orrections for back-exchange were made, since all measurements
ere obtained within similar time periods. The back-exchange
as thus considered to be similar in all samples measured. Fur-

hermore, the measurements recorded of aliquots removed during
he fibrillation were based on the relative proportion of fibril
nd monomeric glucagon, eliminating the need for correction of
ack-exchange.

The relative amount of fibril was calculated from smoothed
nd centred mass spectra (intensity based on the peak area) as
he total intensity of the 3482–3485 m/z region (fibril) relative
he total intensity from the 3482–3485 m/z region (fibril) and the
496–3500 m/z region (monomer). These two m/z intervals account

or approximately 60% of total intensity of both the monomeric
nd fibrillated isotope cluster. The intensity from 3481–3485 m/z
fibril) and 3492–3500 m/z (monomer) was used to compensate
or the drift in the isotopic cluster caused by the increasing urea
oncentration during the denaturation studies.
ass Spectrometry 302 (2011) 167–173 169

3. Results

3.1. Glucagon is significantly protected upon fibril formation

The initial HXMS characterization of the glucagon monomers
and fibrils was carried out by increasing the exchange time from
30 s to 15 min (Fig. 2). The analyses were performed on both full-
length glucagon (1-29) and three peptides obtained by pepsin
cleavage (Figs. 1 and 2b). The three peptides (residues 1-21, 10-
21 and 10-29) covered the entire sequence. Maximum exchange
was observed for the full-length monomer and the individual pep-
tides after 30 s of hydrogen exchange with a relative deuterium
uptake of approximately 16 out of the 28 available backbone amide
hydrogens for full-length glucagon (Fig. 2c–f). The lack of complete
deuterium exchange is most likely caused by back exchange during
sample preparation. Depending on the peptide sequence and spe-
cific sample preparation back-exchange, although constant, can be
15–50% during MALDI based HXMS analysis [7].

Following an initial relative deuterium uptake of 1.5 completed
after 30 s, the fibrils did apparently not exchange further over
time (Fig. 2c–f). After 15 min of incubation, the deuterium uptake
persisted to be approximately 1.5. Even after 24 h of hydrogen
exchange, the observed deuterium uptake for the fibril remained
less than 2 deuterium (data not shown). Since the glucagon fibrils
were formed at pH 2.5 and the deuteration at pH 7.4 CD were spec-
tra were recorded of fibrils at both pH values. These data showed
that the fibrils were not affected by the change in pH (data not
shown). Our glucagon exchange data revealed that HXMS is able to
differentiate between monomeric and fibrillated glucagon based
on the difference between the isotopic cluster assigned to the fibril
and the monomer (Fig. 2a). Furthermore, the results indicated that
glucagon obtain protection against hydrogen exchange along the
entire peptide backbone upon fibrillation. However, it cannot be
ruled out that the protected population have incorporated several
deuterons during isotopic labeling and lost those again as a result
of back-exchange.

3.2. Fibril formation followed by HXMS

The unambiguous separation of the isotope cluster correspond-
ing to fibrillated glucagon and monomeric glucagon facilitated
the analysis of the fibrillation process by HXMS. This was ini-
tially demonstrated by removing aliquots during fibrillation and
subjecting the sample to HXMS (Fig. 3). Interestingly, we only
observed isotope clusters corresponding to monomeric or fibril-
lated glucagon. Accordingly, if other types of glucagon species
are present in significant amounts during fibrillation, they show
the same type of hydrogen exchange as either monomer or fib-
ril. Intermediate species containing prefibrillar assemblies which
have not yet assumed the canonical cross-� structure would be
expected to show a hydrogen exchange level midway between
monomer and fibril. The simplest explanation for our observations
is that glucagon only exists in two states, either monomeric or fib-
rillar. Glucagon also forms trimers at concentrations of 2 mg/ml
and above [15], but our exchange conditions were performed at
concentrations around 0.1 mg/ml where the monomer is the only
significant species for the soluble species. Since we have a two-
component system we can use our HXMS data to quantify the
amount of fibril present in the sample to generate a HXMS based fib-
rillation curve, which can be compared to more traditional methods
such as ThT fluorescence.
3.3. ThT analysis and relative quantification of fibril formation

ThT fluorescence is one of the most widely used methods for fol-
lowing amyloid fibril formation [23]. The applicability of HXMS as a
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ool for monitoring the formation of amyloid fibrils was assessed by
easuring ThT fluorescence and deuterium exchange of the same

ample undergoing fibrillogenesis (Fig. 4). ThT signal and hydro-
en exchange were measured on aliquots from the same fibrillating
ample. Samples were removed every 30 min followed by incuba-
ion in D2O for 5 min. To quantify the proportion of fibril present
uring the fibrillation process, we calculated the amount of fibril
ased on the intensity of the isotopic cluster corresponding to the
onomer or the fibril (see Fig. 3). Using the quantitative relation

etween the isotopic cluster corresponding to the fibrillated and
he monomeric glucagon we were able to minimize the influence
f the variations in back exchange observed during MALDI-MS.

There was a clear relationship between ThT signal and the
mount of fibrillated glucagon observed during the fibrillation
Fig. 4). Additionally, when the ThT signal has reached its maxi-
um an indication of a plateau was observed in the HXMS analysis.
his plateau indicates that a concentration threshold has been
eached where the fibrillation is halted. Further fibrillation appears
o dependent on a rearrangement of the fibril, which causes the ThT
ignal to decrease. The apparent continuous increase in the rela-
ted by pepsin treatment of glucagon. The relative deuterium uptakes are shown for
ars show the standard deviation (non-visual error bar indicates standard deviation

tive fibril amount can either be due to consumption of monomeric
glucagon by the fibril or additional protection of fibril associated
glucagon. These results demonstrate a correlation between the ThT
assay and HXMS analysis of the fibrillation process suggesting that
HXMS is a useful tool for analyzing the kinetics of amyloid fibril
formation.

3.4. Urea induced denaturation of glucagon amyloid fibrils

If glucagon fibrils contain a fibrillating core more stable than
the remaining fibril, an increase in hydrogen exchange outside the
fibril core is likely to occur as the fibril gradually unravels by the
addition of incremental concentrations of urea. Glucagon fibrils are
known to dissociate at concentrations above 2 M urea [18]. This
approach was applied to mature glucagon fibrils using a constant

5 min exchange rate (Fig. 5b). Under these experimental conditions
it was not possible to demonstrate a gradual increase in deu-
terium uptake, instead a direct transition from fibril to monomer
was observed (Fig. 5a). In these experiments, full-length glucagon
showed an increased deuterium uptake at urea concentrations
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bove 3.5 M. This increase was caused by the appearance of an iso-
opic cluster related to monomeric glucagon and not a gradual shift
f the isotopic cluster (Fig. 5a).

The isotopic cluster corresponding to both fibril and monomeric
lucagon did not show the same degree of deuterium uptake as
ompared to the analyses without urea. The relative deuterium
ptake for monomeric glucagon in 8 M urea was approximately 10
ompared to approximately 16 without urea. This lower deuterium
ptake is not due to a structural change but is most likely caused
y the lower relative concentration of deuterium caused by a high
oncentration of exchangeable hydrogens originating from urea.

The relative amount of fibril can be quantified similarly to the
uantification during the fibrillation process (Fig. 5b). When the
elative amount of fibril is shown in relation to the urea concen-
ration a clear dissociation above 3.5 M is observed. Furthermore,
imilarly to the fibrillation, the solvation involves two processes.
rom 0 to 3.5 M urea a small change of fibril is seen, which is
ollowed by a rapid solvation above 3.5 M urea. While previous

esults have showed fibril dissociation above 2 M urea [18] our
ata revealed a continuous dissociation as the urea concentration
as increased. This discrepancy is probably due to the short time
eriod in which the unfolding was allowed to proceed before HXMS
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for 48 h. Our data indicates that the entire glucagon polypeptide
chain becomes unprotected/dissolved supporting the hypothesis
of a two-component system during glucagon fibrillation as well
as during fibril dissolution. Furthermore, the data supports the
involvement of a rearrangement of the fibrils also seen with ThT
analysis and HXMS during fibrillation.
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. Discussion

In this study we demonstrate the potential of MALDI-MS based
XMS for the analyses of fibril structure, formation and dissocia-

ion. MALDI and ESI based HXMS are well-established techniques
or the study of amyloid fibrils [7,8]. In the present study we
ttempt to evaluate both the fibrillogenesis and the dissolution pro-
ess exploiting the large difference in exchange rate between the
onomer and fibril. The data correlate well with the widely used

hT assay for studying fibril formation. The method described is
ased on MALDI-MS avoiding the complication of in-line pepsin
igestion and a cooled HPLC chromatography set-up [7]. The pro-
ocol may produce some variations in back-exchange, however
he large difference in the exchange rate of the soluble glucagon

onomers and the amyloid fibrils compensate for this discrepancy.
ALDI-MS has the additional advantage of being more tolerant

owards insoluble samples such as amyloid fibrils and generates
imple spectra as compared to ESI-MS, facilitating the data analysis.

Besides the ability to observe the fibrillogenesis (backbone pro-
ection), we also obtain structural information of the fibrils. The
ata show that when glucagon is incorporated into the fibril, it
hanges from a nearly unprotected to an almost fully protected
orm, indicating that the entire polypeptide is involved in the amy-
oid structure. A transition from a nearly unprotected form in the

onomeric state to nearly fully protected in the fibrillated form
ave previously been observed for �-synuclein where a section of
pproximately 60 residues comprising the central part of the pro-
ein obtained a complete protection upon fibrillation [12]. The gain
f full protection indicates a fibril structure in which the entire
lucagon peptide participate in the �-conformation.

This high degree of protection cannot necessarily be used as evi-
ence for amyloid fibrils formation, since alternative structures can

ead to similar protection. In this case, HXMS analysis of putative
ovel amyloid systems has to be combined with other methods
uch as CD spectroscopy, ThT fluorescence [23] or fiber diffraction
24], which will indicate the presence of �-sheet structure.

Amyloid fibrils are often detected by staining methods using
ither Congo Red or ThT [25]. These dyes are excellent all-round
yes providing a simple and relatively robust assessment of the
resence of fibrils. Furthermore, the absolute amount of fibrils can
nder favorable circumstances be estimated from Congo Red data
26]. However, Congo Red is not compatible with acidic conditions
ue to chromophore protonation, while alkaline conditions can
ompromise ThT measurements [27]. Furthermore, both Congo Red
28] and ThT [29] may give rise to false positives in the presence
f non-fibrillar �-sheet structure, while biopolymers such as DNA
nd cellulose also bind ThT [30]. Moreover, in the case of glucagon
he ThT signal decline after having reached a maximum early on in
he fibrillation making it difficult to detect the mature fibrils with
hT. We attribute this to the rearrangement of the fibrils forming
more compact structure, leading to a lower number of available
hT binding sites per glucagon molecules [18,19]. HXMS represents
more direct method to study amyloid structures circumventing

he variability of more traditional staining methods.
The use of HXMS for analysis of fibril formation exploits the high

ensitivity of mass spectrometry. For comparison, we used 9 nmol
lucagon in each well of the microtiter plate during ThT measure-
ent, while the HXMS analysis consumed less than 60 pmol of
aterial. While sensitivity usually is of less important when ana-

yzing recombinant material or model peptides, this is not the case
hen analyzing material obtained from amyloid fibrils formed in
ivo. In combination with the high sensitivity, we also get relative
uantitative information using HXMS.

Several studies have used HXMS for the analysis of different
myloid fibrils including, A� protein [9,10], prion protein [11]
nd �-synuclein [12]. However, these studies were focused on the

[

[
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structure of the mature fibril. Here we have used HXMS as an ana-
lytical tool for exploring fibrillogenesis of glucagen. Using HXMS
to follow fibril formation, it will most likely be possible to iden-
tify potential initial fibrillating cores or determine if the fibrillation
occurs by a all or nothing mechanism as seen with glucagon. The
fibril core can also be probed by systematically destabilizing the fib-
ril through stepwise addition of denaturants as done in this study.
In this case the data indicates that the entire glucagon peptides is
involved in the fibril formation. For larger fibrillating systems such
as �-synuclein, TGFBip and prion protein, the gradual denaturation
of mature fibrils in combination with HXMS hold the potential for
identifying the fibrillation core and/or difference in stability of the
core.

5. Conclusion

In this study, we have used HXMS to analyze the fibrillogene-
sis of glucagon as a model system for amyloid fibril formation in
general. We have used MALDI-MS in combination with micro-tip
purification resulting in a low-tech easily accessible method. The
use of mass spectrometry for analyzing fibril formation is signif-
icantly more sensitive than traditional methods based on UV–vis
spectroscopy or NMR. Additionally, mass spectrometry provides
quantitative data. Due to the relatively fast analysis time, it is
possible to obtain structural information during the actual fibril-
logenesis, rather than being limited to examining the end product.
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