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The prion protein (PrP) is implicitly involved in the pathogenesis of transmissible spongiform
encephalopathies (TSEs). The conversion of normal cellular PrP (PrPC), a protein that is
predominantly �-helical, to a �-sheet-rich isoform (PrPSc), which has a propensity to aggregate,
is the key molecular event in prion diseases. During its short life span, PrP can experience two
different pH environments; a mildly acidic environment, whilst cycling within the cell, and a
neutral pH when it is glycosyl phosphatidylinositol (GPI)-anchored to the cell membrane. Ion
mobility (IM) combined with mass spectrometry has been employed to differentiate between
two conformational isoforms of recombinant Syrian hamster prion protein (SHaPrP). The
recombinant proteins studied were �-helical SHaPrP(90-231) and �-sheet-rich SHaPrP(90-231)
at pH 5.5 and pH 7.0. The recombinant proteins have the same nominal mass-to-charge ratio
(m/z) but differ in their secondary and tertiary structures. A comparison of traveling-wave
(T-Wave) ion mobility and drift cell ion mobility (DCIM) mass spectrometry estimated and
absolute cross-sections showed an excellent agreement between the two techniques. The use of
T-Wave ion mobility as a shape-selective separation technique enabled differentiation between
the estimated cross-sections and arrival time distributions (ATDs) of �-helical SHaPrP(90-231)
and �-sheet-rich SHaPrP(90-231) at pH 5.5. No differences in cross-section or ATD profiles
were observed between the protein isoforms at pH 7.0. The findings have potential implica-
tions for a new ante-mortem screening assay, in bodily fluids, for prion misfolding diseases
such as TSEs. (J Am Soc Mass Spectrom 2010, 21, 845–854) © 2010 American Society for Mass
Spectrometry

Transmissible spongiform encephalopathies (TSEs),
also known as prion diseases, are a class of fatal,
infectious neurodegenerative diseases that can

affect both humans and animals. Examples of prion
diseases include bovine transmissible spongiform en-
cephalopathy (BSE), chronic wasting disease (CWD) in
deer, scrapie in sheep, and Creutzfeldt-Jakob disease
(CJD) in humans [1]. The identity of the infectious agent
in prion disease was first documented by Prusiner and
coworkers [2] in 1982, who isolated a misfolded form of
a native glycoprotein, PrP (product of the Prnp gene)
and proposed this was the major constituent of the
infectious prion particle. They proposed that these
unprecedented infectious pathogens cause prion dis-
eases by an entirely novel mechanism [3]. Although the
precise molecular details of the mechanism are not

clearly known, it is thought that the key event in prion
diseases is the conversion of the normal cellular form of
the prion protein, (PrPC) to a pathogenic scrapie form
(PrPSc). Detailed biochemical analysis of PrPC and PrPSc

revealed major differences in the biochemical properties
of both isoforms; PrPC is monomeric and readily de-
graded by proteases whilst PrPSc has a high propensity
to aggregate and is partially resistant to digestion with
proteases. The failure to identify post-translational
modifications to the protein molecule [4] led to the
suggestion that the difference in the physical properties,
of both isoforms, is a consequence of different confor-
mations rather than chemical modifications. The C-
terminal (amino acid residues 91-231) solution structure
of PrPC, in mouse, hamster and human PrP, has been
determined [5–7] and was found to consist of �47%
�-helices, while PrPSc has a significantly higher percent-
age of �-sheet structure (�45%) [8].
TSEs came to prominence when an epidemic of BSE

in the UK caused the death of many hundreds of cattle
in the 1980s–1990s [9–11]. A new TSE, designated
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variant-CJD (v-CJD), appeared in humans and was
linked to the consumption of BSE-infected material
from cattle [12]. It has been observed that v-CJD can be
iatrogenically transferred from human to human via the
use of contaminated surgical equipment and by blood
transfusion [13]. It is believed that many people in the
UK could be asymptomatic carriers of the prion disease
as the incubation period of v-CJD can be upwards of
40 y [14]. Until recently, all known v-CJD patients were
methionine homozygotes at codon 129 of the prion
protein gene (PRNP). A case of preclinical v-CJD in a
patient that had received a blood transfusion from a
carrier of v-CJD was reported in 2004 [15]. This patient
was heterozygous at codon 129 PRNP which suggests
susceptibility to v-CJD is not confined to homozygous
PRNP genotypes. This observation has implications for
future estimations of the number of CJD cases in the
UK, as the heterozygote genotype constitutes the largest
genetic subgroup in the population [16]. This has raised
concerns over the safeguarding of the blood supply,
with potentially many asymptomatic carriers unknow-
ingly donating blood. To date a positive diagnosis for
prion diseases requires a post-mortem examination of
brain tissue after full clinical stage symptoms are
shown. The diseases are positively identified if PrPSc

aggregation is observed. The development of a non-
invasive highly sensitive preclinical diagnostic test for
prion diseases is highly desirable not only to stop the
spread of the disease but also may lead to better clinical
outcomes in the future. A potentially interesting exper-
imental approach involves the detection of altered
structures of the prion protein.
Various analytical methods have been used for the

structural characterization of prions extracted from in
vivo material and recombinant proteins. Spectroscopic
techniques such as circular dichroism (CD), Fourier
transform infrared (FTIR), nuclear magnetic resonance
(NMR) spectroscopy, and electron paramagnetic reso-
nance (EPR) spectroscopy are widely used in prion
research. The use of mass spectrometry (MS) to analyze
the primary structure of PrP and post-translational
modifications has been well documented [17–24]. When
MS is combined with soft ionization methods, such
as electrospray ionization (ESI), detailed molecular
structural information can be obtained. An analytical
challenge is introduced when MS is used to analyze
proteins that differ in structure, but are isobaric in
molecular weight. Recent developments in the field of
MS have seen the coupling of ion mobility spectrometry
(IMS) to MS instruments. This has lead to the develop-
ment of a powerful methodology which provides a
potential technique to investigate the different struc-
tures of PrP with the prospect of developing a future
diagnostic test for prion diseases.
Ion mobility describes the motion of a gaseous ion

through a drift cell that is filled with an inert buffer gas,
under high-pressure, under the influence of an electric
field. Compact ions with small collision cross-sections
will drift more quickly than extended ions. The mea-

surement of this mobility yields information about the
rotationally-averaged cross-section (i.e., whether it is
compact or extended) of each ion. IM-MS has the
potential to differentiate between monomeric and oli-
gomeric forms of the predominantly �-helical PrPC and
the �-sheet-rich isoforms. Here, we have used two
forms of IM-MS; traveling-wave (T-Wave) ion mobility
and direct-current ion mobility (DCIM) mass spec-
trometry. T-Wave technology has been integrated
into a quadrupole time-of-flight instrument to create
the commercially available Synapt HDMS system (Wa-
ters, Manchester, UK), the DCIM technology used here
has been created in-house by the Bowers group [25].
The T-Wave device has a number of potential advan-
tages when compared to DCIM approaches, because of
its high sensitivity and ability to simultaneously collect
mass spectra data and arrival time distribution infor-
mation. The physical principles behind DCIM are well
characterized and data obtained can be used to measure
the absolute collision cross-section of an ion. Mobility
separation obtained by means of the T-Wave technol-
ogy depends on a number of different variables includ-
ing complex ion trajectories, collisions with the buffer
gas and the time-dependent non-uniform electric field
of the T-Wave cell. Due to these features of the T-Wave
technology, absolute collision cross-sections of an ion
can not be obtained directly from mobility measure-
ments. To compare the results from the two mobility
techniques a calibration method for the T-Wave tech-
nology has been developed [26]. This calibration pro-
duces an estimated cross-section based on the measure-
ment of the mobility of reference standards of known
cross-sections obtained under similar experimental
conditions.
Here, we present a combination of ESI with ion

mobility (IM) to generate structural information on
recombinant Syrian hamster prion protein SHaPrP(90-
231). The PrP sequence is highly conserved throughout
the mammalian species with 18 different amino acid
residues between the full-length human and Syrian ham-
ster prion protein primary structure. The SHaPrP(90-231)
samples have been refolded to an �-helical structure
representative of PrPC and one rich in �-sheet content
representative of PrPSc-like structure. Separation of
�-helical and �-sheet-rich SHaPrP(90-231) isoforms,
with the same nominal m/z ratio but differing structure,
was possible using ion mobility. The rotationally-aver-
aged cross-section was calculated. We have evaluated
the potential of ion mobility for the shape-directed
selection of the conformational isoforms and the pros-
pect of using IM-MS as a new ante-mortem diagnostic
test.

Experimental

Expression, Purification, and Refolding of PrP

Recombinant Syrian hamster prion protein SHaPrP(90-
231) was expressed using an alkaline phosphatase pro-
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moter in a protease-deficient strain of Escherichia coli
[27]. The prion protein was purified from inclusion
bodies and refolded into an �-helical structure under
oxidizing conditions, as previously described [28].
The conversion of �-SHaPrP(90-231) to �-sheet-rich

structures was carried out using a similar protocol to
that described by Martins et al. [29]. 100 �M recombi-
nant �-SHaPrP(90-231) in 5 mM ammonium formate,
pH 5.5 buffer was incubated at 70 °C for 24 h.

Infrared Spectroscopy

Attenuated total reflection (ATR) Fourier transform
infrared (FTIR) spectra were acquired on a Bruker
Vector 22 spectrometer equipped with a liquid nitrogen
cooled mercury cadmium telluride (MCT) detector
(Bruker, Coventry, UK). Spectra were recorded at room
temperature at a nominal resolution of 4 cm�1 in the
range 4000–1000 cm�1. The spectral contribution of
atmospheric water was minimized by the continuous
purging of the sample chamber with dried air (Jun-Air,
Kent, UK). Residual water vapor peaks were subtracted
using reference spectra and baseline correction was
applied when necessary. The internal reflection element
was a germanium ATR plate (50 � 20 � 2 mm) with an
aperture angle of 45°, yielding 25 internal reflections.
A 50 �L aliquot of sample containing �10 �M

SHaPrP(90-231) in 5 mM ammonium formate buffer,
pH 5.5, was deposited on the ATR plate. A thin hy-
drated protein film was obtained by slowly evaporating
the excess water under a stream of N2 gas. All ATR
FTIR spectra were collected after a short period of
H2O/D2O exchange to aid the analysis of protein sec-
ondary structure [30]. Deposited protein films were
subjected to a stream of D2O-saturated nitrogen gas for
10 min.

Circular Dichroism

Far-UV (190–260 nm) CD spectra of SHaPrP(90-231) (10
�M) were measured on a JASCO J-815 spectropolarim-
eter using 1 mm path length quartz cuvettes. Typically,
a scanning rate of 100 nm/min, a time constant of 1 s,
and a bandwidth of 1.0 nm were used. Spectra were
measured at 20 � 0.2 °C, with a resolution of 0.5 nm,
and 16 scans were averaged per spectrum. The buffer
background was subtracted from the final spectra.
Samples were analyzed immediately after recombinant
�-SHaPrP(90-231) in 5 mM ammonium formate, pH 5.5
buffer was incubated at 70 °C for 24 h to determine the
secondary structure. �-sheet-rich SHaPrP(90-231) spec-
tra were recorded before and after 15 min sonication in
a bath sonicator.

Electron Microscopy

Stock solutions of � SHaPrP(90-231) were diluted to a
protein concentration of 50 �g/mL in 5 mM ammonium
formate buffer, pH 5.0, applied to EM grids coated with

carbon film, and stained with 2% uranyl acetate. The
samples were viewed in a Philips CM120 electron
microscope equipped with a LaB6 filament and a volt-
age of 100 kV (Philips, Surrey, UK). Images were
acquired at a magnification of 45,000.

Drift Cell Ion Mobility Mass Spectrometry

The home-built instrument used to measure the colli-
sion cross-sections has been described in detail else-
where [25] and was operated in positive ion mode. Ions
were formed using ESI and a short pulse of ions was
transferred to the drift cell filled with helium at a
pressure of 5 Torr. A quadrupole mass filter was used to
mass select ions exiting the drift cell. Selected ions were
detected as a function of their arrival time. The ion
arrival time distributions (ATDs), length of the drift cell,
drift voltage, temperature, and helium pressure were
used to calculate cross-sections [31].

T-Wave Ion Mobility-Mass Spectrometry

All IM-MS experiments were performed in a hybrid
quadrupole-ion mobility-orthogonal acceleration time-
of-flight (oa-TOF) mass spectrometer (Synapt HDMS;
Waters, Manchester, UK). The instrument was equipped
with a nanoflow electrospray ion source and operated
at a source temperature of 90 °C. The sample solutions
were introduced into the source region of the instru-
ment by direct infusion ESI. The cone voltage was
optimized at 40 V for ESI-MS experiments. A detailed
explanation of the Synapt HDMS technology has been
described elsewhere [32]. Briefly, the machine consists
of three traveling wave (T-Wave) enabled stacked ion
guides called the: trap, IM cell, and transfer. The trap
ion guide is used to accumulate ions and releases these
as ion packets into the IM cell for mobility separation.
The transfer ion guide is used to convey the mobility-
separated ions to the oa-TOF mass analyzer [32]. The
pressure in the T-Wave IM cell was 0.55 mbar in these
experiments, with nitrogen employed as the mobility
gas. The T-Wave height and velocity were set at 9 V and
300 m/s, respectively.
The TOF analyzer recorded 200 orthogonal acceler-

ation pushes (mass spectra) with the pusher frequency
set at 90 �s. This resulted in each IM experiment being
performed over a 18.0 ms time frame. The TOF analyzer
was tuned in V-optic mode for an operating resolution
of 7000 (FWHM). Data were acquired at an acquisition
rate of two spectra/s with an interscan delay of 100 ms.
Data acquisition and processing were carried out using
MassLynx (ver. 4.1) software (Waters Corp., Milford,
MA, USA).

T-Wave Cross-Section Calibration

Methods to create a cross-section calibration for the
T-Wave Synapt have been previously published [26,
32–36]. The calibration was performed following an
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in-house procedure as described in Thalassinos et al.
[26]. In brief, equine myoglobin (Sigma-Aldrich, Gill-
ingham, UK) was diluted to a concentration of 10 �M in
50% aqueous acetonitrile/0.1% formic acid (Mallinck-
rodt Baker Inc., Phillipsburg, NJ, USA) and analyzed
against values obtained from drift-time ion mobility
mass spectrometry (DTIMS) studies [37]. The arrival
times obtained were corrected to exclude time spent
outside of the IM T-Wave. Mass-independent time
spent in the transfer region and mass-dependent time
spent in the transfer region and TOF mass analyzer
were subtracted. Normalized cross-sections (corrected
for charge and reduced mass) were then plotted against
corrected arrival times to create a calibration with a
power series fit. When calibrating the Synapt with
smaller molecules such as peptides, a linear relationship
has been found to be more appropriate [26]. The rota-
tionally averaged collision cross-sections were esti-
mated for SHaPrP(90-231) under different pH condi-
tions. When using this approach, corrected arrival times
of the calibrants must span the corrected arrival times of
the components to be calibrated. This should not be
confused with the calibrant cross-section range span-
ning the cross-sectional range of the component to be
calibrated [38]. For the prion proteins studied here, the
relationship between corrected arrival times and pub-
lished arrival times is best approximated by a power fit.
An Excel spreadsheet used to simplify the creation and
use of a cross-sectional calibration is available to down-
load from the website (http://www2.warwick.ac.uk/
fac/sci/bio/research/jscrivens/).

Electrospray Ionization-Mass Spectrometry

All ESI-MS experiments were performed in a quadru-
pole orthogonal acceleration-time-of-flight (Qoa-TOF)
mass spectrometer (Q-TOF I; Waters, Manchester, UK).
The instrument was equipped with a nanoflow electro-
spray ion source and operated at a source temperature
of 80 °C. The sample solutions were introduced into the
source region of the instrument by direct infusion. The
cone voltage was optimized at 40 V.
The ToF analyzer was tuned in V-optic mode for an

operating resolution of 5000 (FWHM). Mass spectra
were acquired at an acquisition rate of two spectra/s
with an interscan delay of 100 ms. Data acquisition and
processing were carried out using MassLynx (ver. 4.0)
software (Waters).

Sample Preparation (ESI)

Ammonium formate was obtained from Sigma-Aldrich
(Gillingham, UK). SHaPrP(90-231) samples were di-
luted to a concentration of 10 �M in 10 mM ammonium
formate pH 5.5. The protein was analyzed at two pH
values, pH 5.5 and pH 7.0. The pH of each sample was
increased to pH 7.0 by the addition of 0.1% ammonia
solution. ESI-MS analysis was performed by infusing a
solution of SHaPrP(90-231) samples at pH 5.5 and pH

7.0. Samples high in �-sheet content were sonicated for
15 min before ESI-MS analysis and were sprayed
immediately.

Results and Discussion

During its short life span (3–6 h) [39–42], the prion
protein can experience two different pH environments;
a mildly acidic environment, whilst cycling within the
cell, and a neutral environment when it is GPI-anchored
to the cell membrane. The prion conformational
isoforms studied were �-helical SHaPrP(90-231) and
�-sheet-rich SHaPrP(90-231) at physiological pH 5.5
and pH 7.0. Both conformational isoforms have the
same nominal m/z ratio but differ in their secondary
structure. MS alone is not able to resolve oligomers with
the same nominal m/z ratio, regardless of their shape.
Figure 1 shows the mass spectra of �-helical SHaPrP(90-
231) and �-sheet-rich SHaPrP(90-231) at pH 5.5. A
comparison of the MS spectra indicates the charge state
envelope distributions of the two datasets are similar.
The labels on the peaks (7�, 8�, etc.) indicate the
charge (z) of the ion species. The deconvoluted peak
(see insets) derived from each sample corresponded to
the predicted molecular mass of oxidized SHaPrP(90-
231), 16,240 Da. This is considered to be more biologi-
cally relevant than its reduced counterpart [3, 43]. This
is because the oxidized construct is structured due
to the presence of a disulphide bond. This disulphide
bond has been observed in both conformational
isoforms.
The conversion of PrPC, a protein that is predomi-

nantly �-helical, to a �-sheet-rich isoform that has a
propensity to aggregate, is the key molecular event
in prion diseases. Recombinant prion protein can be
refolded into a monomeric �-helical conformer, �
SHaPrP(90-231), or to a �-sheet-rich structure. Refold-
ing of PrP under oxidizing non-denaturing conditions
at pH 5.5 yields an � SHaPrP(90-231) isoform. This
isoform shows a characteristic far-UV CD spectrum
with well defined minima at 208 nm and 222 nm (Figure
2a) and also a FTIR spectrum containing a symmetrical
amide I band with a maximum at �1660 cm�1 (Figure
2b). The CD and FTIR results are consistent with a
protein containing a significant amount of �-helical
structure. Incubation of � SHaPrP(90-231) at 70 °C for
24 h induces a structural transition from a protein that
is mainly �-helical to one that has increased �-sheet
structure [29]. In contrast to � SHaPrP(90-231), the
�-sheet-rich SHaPrP(90-231) isoform produced a far-UV
CD spectrum with a minimum at � 217 nm (Figure 2a),
which is indicative of a substantial increase in �-sheet
structure. The amide I band in the FTIR spectrum of �
SHaPrP(90-231) is also significantly different from that
of � SHaPrP(90-231), the appearance of a distinct band
at 1627 cm�1 is characteristic of �-sheet structure (Fig-
ure 2b). Examination of the �-sheet-rich isoform of
SHaPrP(90-231) under the electron microscope revealed
the presence of ordered aggregates. EM showed flexible
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fibrillar type structures of varying lengths with an
average diameter of 10 nm (Figure 2c). Direct analysis
of these �-sheet-rich SHaPrP(90-231) structures by
means of ESI-IM-MS was challenging due to the diffi-
culty of obtaining a stable spray. To overcome this
problem the sample was sonicated for 15 min in an
ultrasonic bath, resulting in lower molecular weight
molecules which could then be directly infused into the
IM-MS. Analysis of the sonicated � SHaPrP(90-231)
sample by means of CD showed no change in the
secondary structure of the protein upon sonication
(Figure 2a) although the EM images suggested that the
large protein aggregates were broken into smaller struc-
tures (Figure 2c).
Several hypotheses have been outlined, which sug-

gest that the �-helical PrP can undergo a conforma-
tional change to form a variety of �-sheet-rich isoforms
[44, 45]. It is these �-sheet-rich isoform deposits from
PrPSc that are associated with prion disease. The mono-
meric �-sheet-rich PrP sample prepared for this exper-
imental dataset is likely to be one of a number of
possible structures observed in vitro and in vivo. It has
been observed, by means of CD and EM (Figure 2), that
the �-sheet-rich PrP sample had a propensity to aggre-
gate and form high order oligomers. Monomeric/low
oligomeric material is required for nanoflow mass spec-
trometry analysis, as it was observed that higher order
oligomers blocked the sample tip. The formation of
monomeric �-sheet-rich PrP (after 15 min sonication)
could be considered a transient form of the aggregating

protein. Sonication of the prion is used in high order
oligomeric seeding experiments such as prion misfold-
ing cyclic amplification (PMCA) experiments which
were first described by Castilla et al., 2005 [46]. It is
postulated that the monomeric �-sheet protein has a
finite lifetime. A rapid and selective approach is there-
fore required to capture the monomeric �-sheet form,
under near native conditions, when the PrP sample has
been sonicated.
The � SHaPrP(90-231) at pH 7.0 was analyzed using

both the T-Wave technology (Synapt) and a DCIM
instrument built in-house by the Bowers group [25].
DCIM absolute cross-sections for � SHaPrP(90-231) at
pH 7.0 in ammonium formate buffer agree with previ-
ously published cross-sections of the same protein but
in a different buffer [47]. A comparison of the estimated
and absolute cross-sections, from charge states [M �
7H]7� to [M � 15H]15�, is shown in Table S-1 (see
supplementary data, which can be found in the elec-
tronic version of this article). DCIMmeasurements were
obtained using helium, as the buffer gas, at a pressure
of 5 Torr whereas all Synapt experiments were per-
formed using nitrogen at a pressure of 0.55 mbar.
Despite the difference in buffer gas and pressure used,
there is an excellent agreement between the two tech-
niques which has also been observed elsewhere [26].
The SHaPrP(90-231) samples rich in �-sheet content
had a propensity to aggregate and were analyzed
immediately after their conversion from the �-helical
form. It was observed that, on average, the sonicated �

Figure 1. (a) Mass spectrum of �-SHaPrP(90-231) at pH 5.5. Inset: Deconvoluted mass of prion
protein suggesting it is the oxidized form. (b) Mass spectrum of � SHaPrP(90-231) at pH 5.5. Inset:
Deconvoluted mass of prion protein suggesting it is the oxidized form.
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SHaPrP(90-231) sample started to aggregate after a few
minutes of spraying. These aggregates blocked the
sample tip and prevented further data being collected.
An advantage of the Synapt is its ability to simulta-
neously collect mass spectral data and arrival time
distribution (ATD) information. This allows data to be
collected in a relatively short time scale. The total
Synapt IM acquisition time for the data shown was
combined and the data were averaged over five min-
utes enabling high quality data to be obtained before
the sample tip blocked. In contrast, the experimental
time required to obtain the equivalent data on the
DCIM instrument is significantly longer (due to the
scanning nature inherent to quadrupole mass analysis)
therefore, the Synapt was the preferred technology to
analyze the �-sheet-rich SHaPrP(90-231). The MS exper-
imental time period is crucial in the maintenance of
solution-phase structure. It has been shown that, within
a time scale of 30–60 ms, the gas-phase structures of
proteins can rearrange to account for their change in
environment [48]. The Synapt experiments operate
within a 15–30 ms time frame [49], which limits the

opportunity for the protein solution-phase structures to
rearrange within the gas-phase. The good agreement
between the DCIM and Synapt results suggest similar
structures are being measured by both techniques.
Grabenauer et al. have previously measured the

absolute cross-sections of � SHaPrP(90-231) at pH 7.0 by
means of DCIM [47]. A comparison of these cross-
sections with data obtained at pH 5.5, in this study,
showed that there were no significant differences in the
cross-section of the protein under the two physiological
conditions. These findings suggest that the truncated
core structure of the prion protein is similar at the two
different pH. In vivo studies suggest that the newly
synthesized PrPC is released from the mildly acidic
endoplasmic reticulum, �pH 5.5, and journeys to its
final position on the cell membrane, under pH 7.0
conditions, where it matures [50]. It is essential that the
PrPC structure is highly conserved throughout the pro-
tein’s biosynthesis as a small fluctuation in its structure
could catalyze the conversion of PrPC to PrPSc [51].
Both conformational isoforms at pH 5.5 were directly

infused after ionization by means of ESI into the Synapt

Figure 2. Conformational properties of different PrP states. Secondary structure of PrP; (a) Far-UV
CD spectra of �-helical PrP (solid line), �-sheet-rich PrP (dashed line), and following sonication
(dotted line), and (b) ATR FTIR spectra of �-helical PrP (solid line) and �-sheet-rich PrP (dashed line).
(c)Morphology of �-sheet-rich PrP aggregates. Electronmicrographs of negatively stained �-sheet-rich PrP
aggregates before (left panel) and after sonication (right panel). The bar scale is 50 nm.
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mass spectrometer (in two separate experiments). Fig-
ure 3 shows the estimated cross-sections for the [M �
6H]6� to [M � 17H]17�charge states at pH 5.5 and the
enlargement is of the data of the [M � 15H]15� to [M �
17H]17�charge states (see inset). Separation of the two
isobaric conformational isoforms and their correspond-
ing mass spectra were obtained from the same experi-
ment. There are small differences in the estimated
cross-sections (�3%) between the �-helical SHaPrP(90-
231) and the �-sheet-rich SHaPrP(90-231) from charge
states [M � 13H]13� to [M � 17H]17�. The charge states
of �-helical SHaPrP(90-231) appear to have smaller

rotationally averaged cross-sections than that of the
�-sheet-rich SHaPrP(90-231). Upon the sequential addi-
tion of protons the conformational isoforms become less
compact in structure.
At the lower charge states, no significant differences

in the rotationally-average cross-section were observed.
The ATD profiles for individual charge states were
examined and showed a clear distinction between the
two isomeric samples. Figure 4 shows a comparison of
the �-helical and �-sheet-rich SHaPrP(90-231) ATDs at
pH 5.5 for charge states [M � 9H]9� and [M � 10H]10�.
The peaks labeled with an asterisk were not included in

Figure 3. Comparison of estimated cross-sections for different charge states of �-helical (red) and
predominantly �-sheet (blue) SHaPrP(90-231), at pH 5.5. Inset: Enlarged image of charge states [M �
15H]15� to [M� 17H]17� showing the differences in the estimated cross-sections between the �-helical
and predominantly �-sheet conformational isoforms.

Figure 4. Comparison of �-helical (red) and predominantly �-sheet (blue) SHa PrP(90-231) selected
arrival time distributions (ATDs) for charge state [M � 9H]9� and [M � 10H]10�. (a) Overlaid ATDs
for charge state [M � 9H]9� at pH 5.5. (b) Overlaid ATDs for charge state [M � 10H]10� at pH 5.5.
(c) Overlaid ATDs for charge state [M � 9H]9� at pH 7.0. (d) Overlaid ATDs charge state [M �
10H]10� at pH 7.0. Peaks labeled with an asterisk are not included in the estimated cross-section plot.
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the estimated cross-section plot in Figures 3 or 5. The
�-helical charge state [M � 9H]9� (Figure 4a) ATD is
60% broader at full-width half-height maximum
(FWHM) than that of the �-sheet form. The FWHM
described is the combined width of the two resolvable
conformations observed in Figure 4a. There is also a
40% increase in the intensity of the secondary peak in
�-helical species relative to that of the �-sheet ATD.
These differences are particularly noticeable when the
individual ATDs are overlaid. Similar observations
have been made for the [M � 10H]10� charge state
see Figure 4b. The relatively large width of the �
SHaPrP(90-231) ATD suggests that there are multiple
conformations present which may have a difference in
cross-section of �3%. It is expected that cross-sections
that are greater than 3% in difference would be resolved
by this ion mobility approach [33].
The pH of each sample was increased to pH 7.0 by

the addition of a 0.1% ammonia solution and infused
into the Synapt mass spectrometer. Figure 5 shows the
estimated cross-sections for charge states ([M � 6H]6�

to [M � 17H]17�) obtained at pH 7.0 and the enlarge-
ment is of the data of the charge states [M � 15H]15� to
[M � 17H]17� (see inset). The degree of protein unfold-
ing, as sequential protons are added, is indicated by
an increase in estimated cross-section with increasing
charge state. The unfolding of the prion is similar under
the two physiological pH conditions used. Multiple
stable conformations are observed under both pH con-
ditions from charge states [M� 6H]6� to [M� 11H]11�.
Two conformations were observed for charge state
[M � 8H]8� at pH 7.0, however, one conformation is
dominant and the only one considered here. The mul-
tiple conformations observed here are consistent with
those observed by DCIM-MS (see Table S-1). At charge
states � �12 it was observed that the FWHM of
individual ATDs decreased as sequential protons were

added. This suggests that the number of distinct con-
formations at the higher charge states is reduced or that
all conformations have similar cross-sections. An in-
strument performance validation was performed, using
equine myoglobin and �-helical SHaPrP(90-231) at pH
7.0, to check the reproducibility and precision of the
ATD profiles and estimated cross-sections throughout
all the experiments (see Figure S-1, for myoglobin
reproducibility). These validation experiments were
performed before any IM-MS conformational isoform
studies and showed that the ATD data were reproduc-
ible within �1 scan. The measured experimental varia-
tion indicated that the differences observed between
�-helical SHaPrP(90-231) pH 5.5 and �-sheet-rich
SHaPrP(90-231) pH 5.5 were because of differences in
the sample conformation rather than experimental er-
ror. The differences observed in the conformation dis-
appeared when the pH of the sample was increased.
Figure 5 shows there is no significant difference in

the estimated cross-sections between the �-helical and
�-sheet-rich conformers at pH 7.0. At the higher charge
states, [M � 15H]15� to [M � 17H]17�, �100 Å2 sepa-
rates the two isoforms at pH 5.5, whereas �10 Å2

separates the �- and �-SHaPrP(90-231) at pH 7.0. Exam-
ination of the individual ATDs at pH 7.0 revealed there
were no differences in the shape, size, or intensity of the
peaks. Figure 4c and d show a comparison of ATDs for
the [M � 9H]9� and [M � 10H]10�charge states which
suggest that both isoforms at pH 7.0 have similar
conformations to the �-sheet-rich SHaPrP(90-231) at pH
5.5.
ESI-MS experiments were carried out for both �-

helical and �-sheet-rich SHaPrP(90-231) under the two
different pH conditions (without any ion mobility sep-
aration) using a standard oa-TOF mass spectrometer. A
comparison of the MS data, obtained directly and as a
summation of the 200 spectra acquired in the T-Wave

Figure 5. Comparison of estimated cross-sections for different charge states of �-helical (red) and
predominantly �-sheet (blue) SHa PrP(90-231), at pH 7.0. Inset: Enlarged image of charge states [M �
15H]15�-[M � 17H]17� shows no differences in the estimated cross-sections between the �-helical and
predominantly �-sheet conformational isoforms.
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technology, indicates there is good agreement between
the two sets of spectra (data not shown). This is indic-
ative of full separation of the conformational isoforms
in the ion mobility cell and that good quality MS data
can be obtained using IM-MS.

Conclusions

ESI-IM-MS has been used to study two recombinant
isobaric prion conformational isoforms at relevant physi-
ological pHs: �-helical SHaPrP(90-231) and �-sheet-rich
SHaPrP(90-231) at pH 5.5 and pH 7.0. CD and ATR
FTIR information characterized the secondary structure
of the proteins whilst EM data observed the aggrega-
tion. The presence of a �-sheet-rich SHaPrP(90-231)
conformation was further suggested by the ready ag-
gregation of the sample necessitating sonication of the
sample solution before any IM-MS experiments. There
is good agreement between the Synapt estimated cross-
sections and the DCIM absolute cross-sections for the
�-helical SHaPrP(90-231). The use of ion mobility as a
shape-selective separation technique has enabled the
differentiation of the recombinant �-helical SHaPrP(90-
231) and �-sheet-rich SHaPrP(90-231) conformational
isoforms at pH 5.5. While the differences in cross-
sections were small (�3%) the resulting ATD profiles
were significantly different at this pH. No differences in
cross-section or ATD profiles were observed between
the protein isoforms at pH 7.0. This strengthens the
observation of differences in the ATD profiles at pH 5.5.
It was observed that the change in pH environment had
a greater influence on the cross-section of the �-helical
isoform than the �-sheet-rich protein.
The T-Wave device is able to operate at biologically

relevant sample concentrations and in conjunction with
its speed of analysis and ease of use, it also has the
ability to be used in an automated fashion. ESI-IM-MS
provides an extra dimension of fast, sensitive, gas-
phase ion separation enabling conformational changes
in the protein structure to be probed. The technique
clearly has merit as a potential method of providing an
ante-mortem screening assay of bodily fluids for pro-
tein misfolding diseases such as TSEs. The T-Wave
device can also be used to study the differences in
structural stability of a protein and cross-sections ob-
tained from T-Wave data have been shown to be
comparable to NMR spectroscopy and X-ray crystal-
lographic studies [33].
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