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Abstract: A portion of the prion protein, PrP106-126, is highly conserved among various species and is
thought to be one of the key domains involving amyloid formation of the protein. We used ion mobility
spectrometry-mass spectrometry (IMS-MS) in conjunction with replica exchange molecular dynamics
(REMD) to examine the monomeric and oligomeric structures of normal PrP106-126 and two nonaggre-
gating forms of the peptide, an oxidized form in which both methionine residues are oxidized to methionine
sulfoxide and a control peptide consisting of the same amino acids as PrP106-126 in a scrambled sequence.
Our ion mobility and simulation data indicate the presence of a population of �-hairpin monomers for the
normal and oxidized peptides. This is supported by our CD data indicating that a monomer solution of the
normal peptide contains ∼46% �-sheet and ∼23% �-turn content, in excellent agreement with our REMD
simulations. Oligomerization was seen by IMS-MS for the normal peptide only, not the oxidized peptide
or the control sequence. Both our IMS-MS and CD data suggest that this oligomerization results from the
association of ordered �-hairpin monomers rather than disordered monomers. Structural analysis shows
that the normal and oxidized peptides have similar secondary and tertiary structural properties, suggesting
that the inhibition of aggregation caused by methionine oxidation stems from mediating interpeptide
interactions rather than by altering the peptide’s monomeric conformation. In contrast, an increase in R-helical
and random coil structural components relative to the normal peptide might be responsible for the lack of
observed aggregation of the control peptide.

Transmissible spongiform encephalopathies (TSEs) are a
family of diseases that infect many species including humans
(Creutzfeldt-Jakob disease, CJD, and Gerstmann-Straussler-
Scheinker disease, GSS), sheep and goats (scrapie), cattle
(bovine spongiform encephalopathy, BSE), and deer and elk
(chronic wasting disease, CWD). These diseases are all char-
acterized by the accumulation of an abnormally folded form of
the prion protein as �-sheet-rich amyloid fibrils in the brain.1

This abnormally folded form of the prion protein, PrPSc, has
significantly more �-sheet and less R-helical content than the
normal cellular form, PrPC.2 It remains under debate when and
how monomers of PrPC assemble into �-sheets. A popular belief
is that ordered �-sheets are formed through a conformation
transition of disordered aggregates to �-structure after initial
nucleation.3 Alternatively, it has been suggested that early
ordered oligomers are nucleated from �-structure-rich monomers

rather than unstructured coils. This idea is supported by
theoretical studies showing that a fragment of the amyloid-�
peptide can adopt a �-hairpin-like fold in monomers and small
oligomers.4,5 The latter mechanism appears physically attractive
since it does not involve a drastic structural transition that is
energetically unfavorable (rearrangement of large disordered
aggregates at a late stage of amyloid fibril formation must
involve overcoming a significant free energy barrier), but it has
not been experimentally verified in any system.

Methionine oxidation appears to be a common factor affecting
fibril formation in amyloid diseases6 and has been shown to
inhibit the pathogenic aggregation of amyloid-�,7 PrP,8 tran-
sthyretin,9 and R-synuclein.10 The inhibition might be caused
by (A) a change of interpeptide interactions upon oxidation or
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(B) a change of intrapeptide interactions upon oxidation, leading
to a conformation change of the peptide monomer. Again, a
definitive answer is impeded by a lack of detailed information
on the structures of monomers and early oligomerization states
of normal and oxidized peptides. Binger et al.11 made a series
of single and double methionine-glutamine substitutions on
human apolipoprotein C-II (an amyloid fibril forming protein
containing two methionines) to mimic the effect of oxidation
and found no significant difference in the secondary structure
between the wild type and glutamine-substituted mutants.
Therefore, their data support mechanism A. However, since
glutamine is not identical to an oxidized methionine and the
same secondary structure could have a quite different tertiary
structure, a direct study on the effects of oxidation at an atomic
level is necessary. To address this issue, we used a combined
experimental and theoretical approach to study monomer
structures of a key fragment of PrP and its early oligomerization
process.

A portion of the protein, PrP106-126, corresponding to
residues 106-126 of the human PrP sequence
(K106TNMKHMAGAAAAGAVVGGLG126), is highly con-
served among various species and is thought to be one of the
key domains involved in amyloid formation and the conforma-
tional change from the normal cellular form of the protein, PrPC,
to the �-sheet rich form, PrPSc.12 The synthetic PrP106-126
peptide shares many similarities with PrPSc; it is highly
amyloidogenic,13 protease resistant,13,14 and neurotoxic both in
vivo15,16 and in vitro.16,17 Similarly to PrPSc, the neurotoxicity
of this peptide requires the expression of PrPC,18 providing a
strong indication that the toxicity of this fragment reflects the
pathogenic mechanism of PrPSc. Oxidation of the two methion-
ine residues (Met109 and Met112) has been shown to inhibit
PrP106-126 aggregation.17,19,20 In the work presented here, we
examine an oxidized version of the peptide in which both
methionine residues are intentionally converted to methionine
sulfoxide to determine how this modification alters the mono-
meric structure of the peptide and its early oligomerization.

Although the monomeric form of PrP106-126 has been
studied extensively by ensemble-averaging methods,17,21-23

detailed molecular structures are not available due to the
remarkable conformational polymorphism of this disordered
peptide in solution. In addition, structural information about
PrP106-126 has been notoriously difficult to obtain because
of its aggregating nature and tendency to form complex fibrils
having noncrystalline polymeric structures that are difficult to
characterize using X-ray crystallography. Most of the structural
information obtained so far has come from studies using CD17,21

and NMR,23,24 both of which reveal properties of the bulk
solution, which may contain multiple oligomeric and confor-
mational states. In this study we use the experimental technique
of ion mobility spectrometry-mass spectrometry (IMS-MS)25

in conjunction with molecular modeling to examine the con-
formations of this peptide. Unlike CD and NMR, IMS-MS
allows us to selectively examine oligomeric states and/or
conformational families. This technique is even more powerful
when combined with state-of-the-art replica exchange molecular
dynamics (REMD) simulations,26,27 which yield information
about structure at the atomic level.28 In addition, CD is used to
verify our REMD secondary structure population predictions,
and AFM is used to verify the solution conditions for fibril
formation.

Materials and Methods

Sample Preparation. PrP106-126 (KTNMKHMAGAAAA-
GAVVGGLG) was purchased from Bachem (Torrance, CA). An
oxidized version in which both methionine residues were intention-
ally converted to methionine sulfoxide and a control peptide
consisting of the same amino acids as PrP106-126 in a scrambled
sequence (LVGAHAGKMGANTAKAGAMVG) were synthesized
using solid-phase synthesis techniques and generously provided by
Dr. Peter Heegaard. All peptides examined in this study had free
N and C termini. Concentrated stock solutions were prepared by
dissolving the lyophilized peptides in HPLC grade water (J.T.
Baker, Phillipsburg, NJ) that was previously adjusted to pH 7 with
dilute ammonium hydroxide and filtered through a 0.2 µm filter.
Stock solutions were desalted using G-10 MacroSpin columns (Nest
Group, Southborough, MA) and stored at -20 °C for later use.
The resulting peptide samples had pH values between 6.8 and 7.0.
Fresh samples of peptide in filtered HPLC grade water (20 µM for
IMS-MS experiments and 100 µM for CD experiments) were
prepared from the stock solutions immediately prior to use. The
samples were left at room temperature for incubation studies.
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Ion Mobility and Mass Spectrometry. Mass spectra and
mobility data leading to experimental collision cross sections were
obtained on a home-built nano electrospray ionization mass
spectrometer. Details of the instrumentation have previously been
published.29 The instrument consists of an ionization source, an
ion funnel, a drift cell, and a quadrupole mass filter. To obtain mass
spectra, ions are generated in the source and pass through the
instrument as a continuous beam before arriving at the detector.
For mobility data, the ion beam is trapped in the ion funnel and
pulsed into the drift cell filled with ∼5 Torr of helium buffer gas.
Once inside the cell ions are pulled through by a weak electric
field, E, and experience frictional drag due to the buffer gas, very
quickly reaching a constant drift velocity, VD, proportional to E:

where the proportionality constant K is the ion mobility.
After exiting the drift cell, ions pass through the quadrupole mass

filter and are detected as a function of time, producing an arrival
time distribution (ATD). An ion’s arrival time, ta, is related to the
reduced ion mobility, K0, by

where td is the amount of time the ion spends inside the drift cell,
t0 is the amount of time the ion spends outside the drift cell, l is
the length of the drift cell, T is the temperature inside the drift
cell, P is the pressure inside the drift cell, V is the voltage applied
across the drift cell, and T0 and P0 are standard temperature and
pressure, respectively. ta is measured at a series of field strengths,
and plotting ta vs P/V for a given temperature yields a straight line
with an intercept equal to t0. K0 can be obtained from the slope of
the line, and through the use of kinetic theory, the ion’s collision
cross section, σ, can be calculated using the following equation:30

where z is the ion’s charge, µ is the reduced mass of the colliding
particles (ion + He), kb is the Boltzmann constant, and N is the He
number density at STP.

Circular Dichroism. Circular dichroism experiments were
performed at room temperature on an AVIV 202 circular dichroism
spectrophotometer using a 0.1 cm path length quartz cell. Results
presented are the average of four scans taken at 0.5 nm increments
with an averaging time of 2 s and a 1 nm bandwidth. All spectra
are background subtracted and smoothed using the Savitsky-Colay
method with a polynomial order of 3 and a smoothing window of
15 points.31 Mean residue ellipticities were calculated using

where θ is the ellipticity in millidegrees, l is the path length in
millimeters, C is the molar concentration of the peptide, and Nr is
the number of residues. The secondary structure population was
analyzed using the constrained least-squares fitting analysis program
LINCOMB32 with a polypeptide-based reference set.33

Molecular Dynamics Simulations. The AMBER 934 suite was
used in REMD27 simulations and data processing. All three peptides
were modeled with a net charge of +2 and unblocked termini, using
the AMBER all-atom point-charge force field, ff96.35 Studies36 have
shown that ff96 combined with a recent generalized-born implicit
solvent model (IGB)5)37 plus the surface term (gbsa)1, surface
tension)5.0 cal/mol/Å2) predicts reasonable structures for small
R, �, and R/� proteins, and ff96 is fairly well-balanced between
R-helix and �-sheet. The parameters for a singly oxidized methion-
ine residue were derived by following the same protocol used in
developing AMBER ff96.

REMD simulations were used to generate two types of theoretical
structures: solvent-free (preferred gas-phase conformations) and
dehydrated solution (the result of removing water molecules from
solution structures, mimicking transfer of the solution structure into
a vacuum). Starting structures were created by building extended
chain conformations and then subjecting them to an initial energy
minimization. Solvent-free simulations were carried out in a
vacuum, and solution-phase structures were generated using the
implicit solvent model mentioned above to represent solvation
effects with an effective salt concentration of 0.2 M. Sixteen replicas
were set up with temperatures exponentially spaced from 270 to
465 K for solution-phase calculations (i.e., 270.0, 278.9, 289.3,
300.0, 311.2, 322.7, 334.7, 347.2, 360.1, 373.4, 387.3, 401.7, 416.6,
432.1, 448.2, and 465.0 K) and 300-2200 K for solvent-free
calculations (i.e., 300.0, 342.6, 391.3, 446.9, 510.4, 582.8, 665.6,
760.2, 868.2, 991.5, 1132.4, 1293.2, 1476.9, 1686.7, 1926.4, and
2200.0 K). The temperature values were optimized using the
algorithm described by Wu et al.38 Extreme high temperature (i.e.,
up to 2200 K) was used in the solvent-free simulations to overcome
slow structural relaxation and did not produce any notable structural
artifacts (e.g., trans to cis isomerizations of peptide bonds) within
the duration of the simulations (40.0 ns for each replica). Initial
velocities of atoms for each replica were generated according to
the Maxwell-Boltzmann distribution for that replica’s initial
temperature. The first 1.0 ns of molecular dynamics in each replica
was performed without replica exchanges to equilibrate the system
at its target temperature. After the first 1.0 ns, exchanges between
neighboring replicas were attempted every 2000 MD steps (2.0 ps),
and the exchange rate among replicas was ∼20%. SHAKE39 was
applied to constrain all bonds connecting hydrogen atoms, and a
shorter time step of 1.0 fs rather than the typical 2.0 fs was used to
avoid the SHAKE failure associated with large atomic displace-
ments at the high temperatures used in our simulations. To reduce
the computation time, nonbonded forces were calculated using a
two-stage RESPA approach40 where the forces within a 12 Å radius
were updated every step and those beyond 12 Å were updated every
two steps. Temperature was controlled using Berendsen’s algo-
rithm41 with a coupling constant of 1.0 ps. The center of mass
translation and rotation were removed every 500 MD steps (0.5
ps). Each solution-phase replica was run for 200.0 ns, resulting in
an aggregated simulation time of 3.2 µs for each peptide, and each
solvent-free replica was run for 40.0 ns, resulting in an aggregated
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simulation time of 640.0 ns for each peptide. The replica trajectories
were saved at 2.0 ps intervals for further analysis.

The STRIDE program of Frishman and Argos42 was used for
secondary structure assignment, and tertiary fold analysis was
carried out using the GROMACS clustering protocol,43 in which
pairwise rmsd (root mean square deviation) over CR atoms is used
as a similarity metric to classify structural families. For each
structural family, the centroid (the structure having the largest
number of neighboring structures within the rmsd cutoff of 2.5 Å)
was selected as the representative structure of that structural family.
The structural families were further merged into a super structural
family on the basis of fold topology. Collision cross sections of
the representative structures were calculated using a trajectory
method.44 To better correlate with the solvent-free experiments,
solution-phase structures were converted to “dehydrated” structures
via an energy minimization (500 000 steps) in a vacuum prior to
the cross section calculations. This generally reduces the overall
size of the structure, while maintaining solution structure features.

REMD simulations were used to generate both solvent-free and
solution-phase structures. Solvent-free structures were compared
directly with experimental measurements, while solution-phase
structures were converted to dehydrated solution structures prior
to comparison with experiment. The convergence of the REMD
simulations was rigorously verified by a block analysis. The total
sampling times of 200.0 ns for the solvated and 40.0 ns for the
solvent-free simulations at 300 K were equally divided into four
blocks, and the secondary structure and tertiary structure clustering
analyses detailed above were performed for each block. For all six
sets of REMD simulations, good convergence was found during
the last half of the simulations (see, for example, the data for the
normal peptide of PrP106-126 in Figure S5 of the Supporting
Information). The structural results presented in this paper were
from the last half of the trajectory at 300 K (i.e., the last 100.0 ns
of the solvated simulations and the last 20.0 ns of the solvent-free
simulations).

Results

The mass spectrum of the normal peptide in water is shown
in Figure 1. The spectrum consists of a peak at 957 m/z for the
+2 charge state and a peak at 638 m/z for the +3 charge state.
(A peak near 1912 m/z for the +1 charge state is not observed.)
The +2 charge state corresponds to the native state of the

peptide in which the two basic residues (K106 and K110) and
both the N and C termini are charged at the normal physiological
condition (pH ≈ 7.0), whereas the +3 charge state likely results
from protonation of the C-terminus during the electrospray
ionization process in the experiment, and thus, it is not the main
focus of this study. Mass spectra for the control peptide (see
the Materials and Methods for the sequence) and the oxidized
peptide are similar to that of the normal peptide in Figure 1
and are presented in Supporting Information Figure S1.

ATDs for the +2 charge state of the normal and oxidized
peptides are very similar to each other and are dominated by a
compact family of structures with a drift time near 470 µs
(Figure 2A; see Supporting Information Figure S2 for +3 charge
state data). Interestingly, a small amount of an extended family
of structures is also present with a drift time near 560 µs. This
extended structural family is seen only in the normal and
oxidized peptide samples, always with low intensity, but never
in control peptide samples. 13C isotope distributions of each
ATD component obtained on a modified Q-Tof instrument45

(Supporting Information Figure S3) indicate that both of these
features are due to monomeric forms of the peptides. ATDs for
the control peptide contain a single compact family of structures.
Cross sections of the compact structures of the normal and
oxidized peptides are very similar, with the +2 charge state
having an average cross section around 370 Å2. The control
peptide is somewhat larger, with the +2 charge state having an
average cross section of 391 Å2. The extended families of
structures of the normal and oxidized PrP106-126 peptides also
appear to be very similarly sized. Cross sections for each peptide
are summarized in Table 1.

The ability of the normal peptide to form fibrils in filtered
HPLC water was confirmed by atomic force microscopy (AFM)
of an 800 µM sample incubated at 30 °C for three days
(Supporting Information Figure S4). To study the early oligo-
merization behavior of these peptides, 20 µM samples were
incubated at room temperature for 72 h and monitored by
IMS-MS. The ATD of the +2 charge state of the normal
peptide changes over time, while no changes are observed in
ATDs of the control and oxidized peptides over the same time
period (Figure 2). The +2 ATD for the fresh sample has a
dominant feature at 470 µs with an average cross section of
371 Å2 and a much weaker extended feature near 560 µs with
an average cross section of 466 Å2. After 24 h, Figure 2B, there
is a substantial reduction in the extended structure at 560 µs
and a new feature is evident as a shoulder, at shorter time, of
the dominant peak, near 425 µs. By 72 h, Figure 2C, almost all
of the extended structure is depleted and a second new feature
has grown in near 390 µs. When the cross sections of these
new features are calculated assuming they are compact con-
formers of the monomer +2 charge state, values of 347 and
302 Å2 are obtained. The latter value is much smaller than those
of any monomeric structures generated by theory (Supporting
Information Figures S5 and S6). Consequently, the most
probable explanation is that this is an oligomer. (Oligomers with
the same z/n value, where z ) charge and n ) oligomer order,
always appear at shorter drift times than the monomer.46) This
oligomer is most likely dominantly formed from the extended

(42) Frishman, D.; Argos, P. Proteins: Struct., Funct., Genet. 1995, 23,
566–579.

(43) Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van Gunsteren, W. F.;
Mark, A. E. Angew. Chem., Int. Ed. 1999, 38, 236–240.

(44) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schatz, G. C.; Jarrold,
M. F. J. Phys. Chem. 1996, 100, 1608216086. Shvartsburg, A. A.;
Jarrold, M. F. Chem. Phys. Lett. 1996, 261, 86–91.

(45) Pringle, S. D.; Giles, K.; Wildgoose, J. L.; Williams, J. P.; Slade,
S. E.; Thalassinos, K.; Bateman, R. H.; Bowers, M. T.; Scrivens, J. H.
Int. J. Mass Spectrom. 2007, 261, 1–12.

(46) Bernstein, S. L.; Wyttenbach, T.; Baumketner, A.; Shea, J. E.; Bitan,
G.; Teplow, D. B.; Bowers, M. T. J. Am. Chem. Soc. 2005, 127, 2075–
2084.

Figure 1. Mass spectrum of normal PrP106-126 in water. The +2 charge
state has an m/z ratio of 957, and the +3 charge state has an m/z ratio of
638.
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monomers, as suggested by the concurrent depletion of the
extended feature in the ATD with the appearance of the early
arrival time features.

The peak at 425 µs with a cross section of 347 Å2 is either
a new compact conformer of the monomer or an oligomer. If it
is a monomer, it must be slowly formed in solution and then
sprayed into the gas phase where it is detected. This is extremely
unlikely from a kinetic point of view as the stable solution
conformers should be essentially instantaneously formed upon
dissolution of the peptide in water and relatively rapidly come
into equilibrium. Furthermore, it would have to be a solution
conformer that is more compact than the most compact solvent-
free conformer. The most compact family of solution structures
predicted by the REMD modeling has an average cross section
of ∼425 Å2. Even if this new monomer conformer appeared in
solution and converted to a “new” gas-phase conformer, it would
still be more compact than the most compact solvent-free
conformer predicted by the REMD calculations (∼360 Å2).
Finally, the REMD calculations yield essentially the same
families of monomer structures for both the native and oxidized
peptides. This new feature does not appear in the experimental
ATD of the oxidized peptide, only in the normal ATD,
suggesting it is not a monomer feature.

On the other hand, it is reasonable that an oligomer would
appear over time in a solution of a known aggregating peptide.
If this is a dimer, then the cross section is 694 Å2, which is
about the right degree of accommodation expected for a peptide

of this size (dimers are always smaller than two monomers due
to the contact surface they share). A dimer is reasonable for
this species as aggregation in all known systems starts with
dimerization. The second peak at 390 µs could then reasonably
be either a trimer or a tetramer. Detailed modeling or the ability
to detect 13C isotope separations would be needed to pin down
the assignment and to prove the 425 µs peak is indeed a dimer.

The modified Q-Tof instrument used to measure 13C isotope
distributions has a homemade off-axis nanospray source that
has been observed to be relatively harsh (high collision energy).
As a result, no evidence for oligomerization of the incubated
samples was seen on that instrument, most likely due to oligomer
dissociation before mass spectra could be obtained. Hence,
definitive orders of the oligomers could not be determined. No
change in the ATDs of the oxidized samples was observed over
the 72 h incubation, in agreement with other experiments17,19,20

showing that methionine oxidation inhibits aggregation.
The fact that evidence for oligomerization is seen in ATDs

but not in mass spectra is not necessarily surprising. This could
be due to oligomerization to masses outside the limited mass
range of our instrument (as observed in R-synuclein/spermine
aggregation47) or to a preference for formation of like-charged
oligomers (as observed in the A� peptide48). Unambiguous
oligomer peaks must have z/n values that do not overlap with
monomer z/n values, and with limited places to put a charge
on such a small peptide, it is possible that such distinct z/n peaks
do not occur. In addition, the pulsed nature of data collection
for ATDs is much more sensitive than the scanning mode used
for mass spectra, allowing detection of small population changes
in solution.

(47) Grabenauer, M.; Bernstein, S. L.; Lee, J. C.; Wyttenbach, T.; Dupuis,
N. F.; Gray, H. B.; Winkler, J. R.; Bowers, M. T. J. Phys. Chem. B
2008, 112, 11147–11154.

(48) Bernstein, S. L.; Dupuis, N. F.; Lazo, N. D.; Wyttenbach, T.; Condron,
M. M.; Bitan, G.; Teplow, D. B.; Shea, J.-E.; Ruotolo, B. T.; Robinson,
C. V.; Bowers, M. T. Nat. Chem. 2009, 1, 326–331.

Figure 2. ATDs of the +2 charge state of the normal, oxidized, and control peptides in water: A, fresh; B, after 24 h at room temperature; C, after 72 h
at room temperature. After 72 h two new features are present in the ATD for the normal peptide, most likely due to oligomer formation (see the text). While
the putative oligomeric features emerge, the extended monomer feature disappears.

Table 1. Summary of Experimental Cross Sections (Å2) of the
Peptidesa

+2 charge state +3 charge state

peptide compact extended compact extended

normal 371 466 390 -
oxidized 369 460 383 -
control 391 - 406 -

a Experimental cross sections were reproducible to within 3%.
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To explore the structural features linked to the aggregation
of PrP106-126, molecular modeling was focused on the +2
charge states of the peptides, as that is the expected charge state
of the peptide in physiological solution conditions and it was
the only charge state for which evidence of aggregation was
seen experimentally. Calculated cross sections and representative
structures of super structural families from the simulations done
in implicit solvent and under solvent-free conditions are shown
in Figure 3 (the structural families in each superfamily are shown
in Figures S5 and S6 of the Supporting Information). Solvent-
free structures are smaller than solution-phase structures due to
elevated electrostatic interactions in a vacuum (e.g., the dielectric
constant decreases to 1 in a vacuum from 78.5 in water solvent).

For the normal and oxidized peptides, simulations carried out
under solvent-free conditions produced structures with calculated
cross sections in good agreement with those of the compact
families of structures seen experimentally. Simulations in
implicit solvent produced more extended structures (�-hairpin)
with larger cross sections more comparable to those of the
extended features seen in the ion mobility experiments. Con-
sequently, we assign the compact structures seen in the ATDs
for the normal and oxidized peptides as solvent-free structures
that retain little to none of their original solution structural
properties, while the larger families are dehydrated solution
structures of �-hairpin. This shift to gas-phase structure is not
unexpected as it has previously been shown that for some small
peptides38 and DNA systems49 a significant loss of solution
structure occurs upon transfer to the gas phase. ATDs for the
control peptide show only one, relatively compact, family of
structures and on the basis of only comparison to the simulation
data, it is unclear whether they are solvent-free or solution-

phase structures. The experimental cross section (391 Å2) falls
between cross sections predicted from simulations for solvent-
free (367 ( 12 Å2) and implicit solvent (421 ( 8 Å2) structures.
However, the experimental value is closer to that of the solvent-
free structures than that of the implicit solvent structures.

Since aggregation occurring in solution is most relevant to
biological systems, structure analysis was focused on the
solution simulations. The secondary structure propensities of
each of the three peptides at 300 K are summarized in Figure
4. The normal and oxidized peptides have very similar secondary
structure propensities of ∼50% �-sheet, ∼30% coil, ∼20% turn,
and no R-helix. These two peptides adopt a �-hairpin-like fold.
Stabilizing forces for the �-hairpin include main-chain hydrogen
bonds, van der Waals interactions, hydrophobic interactions
between the four alanine residues in the turn region (Ala114-
Ala115-Ala116-Ala117), hydrophobic interactions between two
alanine residues on opposite sides of the hairpin (Aal113-Ala120),
and, in the normal peptide, hydrophobic interactions involving
the two methionine residues (Met109-Leu125, Met112-Val12). The
secondary structure of the control sequence is significantly
different from that of the other two peptides, having a reduced
�-conformation propensity (40% vs ∼50%), an increased
R-helical conformation propensity (5% vs 0%), a slightly
increased coiled conformation propensity (34% vs ∼30%), and
a similar turn conformation propensity (20% vs 20%). Overall,
the control sequence adopts a compact globular conformation.

To verify our REMD secondary structure predictions, we
measured the CD spectrum of the normal peptide in water
(Figure 5). To ensure a monomer-dominant solution, a 100 µM
solution, the lowest peptide concentration allowed by the
sensitivity of the CD instrument, was prepared immediately prior
to analysis. The populations of secondary structures obtained
from the CD data of the fresh solution are in excellent agreement
with our REMD-predicted values (Table 2). Over the course of
a 26 day room temperature incubation the �-sheet and �-turn
populations increased slightly from ∼46% and ∼23% to ∼52%
and ∼27%, respectively. We expect that after the 26 day
incubation some of the peptide was oligomerized, due to the
higher concentration (100 µM) and longer incubation time of
this sample compared to the IMS-MS sample (20 µM) that
was found to form oligomers after 3 days. Examination by AFM
did not reveal any fibrils however, indicating that the sample
was still in the early stages of aggregation. Therefore, the

(49) Baker, E. S.; Bowers, M. T. J. Am. Soc. Mass Spectrom. 2007, 18,
1188–1195.

Figure 3. Representative peptide structure of a supercluster for each peptide
from the REMD simulations in implicit solvent and under solvent-free
conditions at 300 K. The percentage of the population contained within the
top three clusters (see Figures S5 and S6 of the Supporting Information for
the structures) and average collision cross sections for each simulation are
shown below the structures. R-Helical, �-sheet, turn, and coiled conforma-
tions are colored in purple, yellow, cyan, and white, respectively.

Figure 4. Secondary structure abundance averaged from the equilibrium
ensemble (last 100 ns) at 300 K from the REMD simulations in implicit
solvent for the normal, oxidized, and control peptides of PrP106-126 in
the +2 charge state with unblocked termini. The mean standard error is
∼1%, estimated from the block analysis.
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increase of �-content over time suggests that these early
oligomers have a high �-content, further supporting our proposal
that the early oligomers are formed from the association of
�-hairpins.

For the normal and oxidized peptides, the abundance of
�-hairpin seen in the IMS-MS experiments (∼5%, estimated
from the area of the extended feature shown in the ATD in
Figure 2A) is much lower than the ∼50% abundance seen in
the simulations and in a circular dichroism spectrum of the
normal peptide in water, Figure 5 and Table 2. This difference
is most likely caused by the conversion of �-hairpin to a more
compact structure following solvent evaporation.

Discussion

PrP106-126 is an amyloidogenic peptide that is neurotoxic
in vivo.15,16 Whereas the final products of the pathogenic
aggregation are well characterized as �-sheet-rich amyloid
fibrils, the structures of peptide monomers and early oligomer-
ization states are poorly understood. It is generally believed that
highly ordered �-sheets are formed late in the aggregation
process from the association of disordered monomers and small
aggregates, through a conformation transition to �-structure after
fibril nucleation.3 This belief is reinforced by a lack of well-
defined monomeric �-structure for amyloid peptides in solution
as determined from CD and NMR. However, these techniques
only reveal properties of the bulk solution and are limited to
being able to measure average structures in such solutions.
Theoretical studies have shown that a fragment of the amyloid-�
peptide can adopt a �-hairpin-like fold in monomers and small
oligomers,4,5 suggesting that early ordered oligomers are nucle-
ated from �-structure-rich monomers rather than unstructured
coils. (We will refer to this as the “early conformation transition”
mechanism.) This mechanism appears physically attractive since
it does not involve a drastic structural transition after nucleation
that is energetically unfavorable (rearrangement of large dis-
ordered aggregates at a late stage of amyloid fibril formation
must involve a significant free energy barrier), but it has not

been widely studied. Our observations of monomeric �-hairpin
structure by IMS-MS and REMD and the formation of early
oligomers that correlate with loss of �-hairpin monomers provide
support for the early conformation transition mechanism, shown
schematically in Figure 6. Our CD data confirm the secondary
structure predictions from REMD simulations, also supporting
the early conformation transition by showing that early oligo-
merization of the peptide coincides with an increase in
�-structural content.

In this study, oligomerization was seen in the normal peptide
only, not in the oxidized version or the control sequence.
Oligomerization of the normal peptide was very reproducible
under the conditions used in this study, with the appearance of
the same new oligomeric features and simultaneous disappear-
ance of the extended features seen in ATDs taken from samples
in water after 24 and 72 h at room temperature across multiple
trials. These data strongly suggest that the new oligomers are
formed from monomers having an extended conformation. Our
simulation data further suggest that the extended feature in the
ATDs corresponds to �-hairpin. In contrast, the ATDs for the
two nonaggregating forms of the peptide (the oxidized version
and the control peptide) did not change over the same time
period.

Previous studies have shown that methionine oxidation
inhibits the aggregation of PrP106-126.19,20 Our results are
consistent with the results of these studies. In contrast to the
changes observed in the ATD of the +2 charge state of the
normal peptide, the ATD for the +2 charge state of the oxidized
peptide remains unchanged after 72 h of incubation, indicating
no oligomerization of the oxidized peptide. Our experimental
and simulation data both suggest the monomeric forms of the

Figure 5. CD spectra of normal PrP106-126 in water at room temperature.

Table 2. Secondary Structure of PrP106-126 in Water from the CD Experiment and the REMD Simulationa

secondary structure population (%)

R-helix �-sheet �-turn coil

fresh solution (water solvent) 0 ( 0.2 46 ( 1.0 23 ( 0.3 31 ( 0.5
incubated for 26 days 0 ( 0.2 52 ( 1.1 27 ( 1.0 21 ( 0.5
REMD simulation 0 ( 0.3 48 ( 5.0 20 ( 0.1 32 ( 0.3

a The error for REMD simulation is estimated from the block analysis (Figure S7, Supporting Information).

Figure 6. Proposed mechanism of PrP106-126 oligomer formation
involving the assembly of ordered �-hairpin monomers, rather than
disordered monomers, to form ordered small aggregates.
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two peptides have very similar secondary and tertiary structural
properties. Therefore, the oxidation does not significantly change
the monomer structure, and the effect of the methionine
oxidation on reducing the aggregation propensity most likely
stems from reducing the hydrophobic interactions for interpep-
tide association by converting the hydrophobic methionine side
chain to hydrophilic sulfoxide upon oxidation. In particular,
without the extra hydrophobic interactions (Met109-Leu125 and
Met112-Val121), the �-hairpin of the oxidized peptide may be
less likely to form a long �-sheet. To the best of our knowledge,
our present work provides the first direct evidence of this
inhibition mechanism due to methionine oxidation, which has
previously been proposed by Binger et al.11 on the basis of their
methionine-glutamine substitution study on human apolipo-
protein C-II. This mechanism should also be applicable to other
amyloid peptides having methionine residues.

The normal and oxidized peptides adopt a �-hairpin-like fold
that is stabilized by multiple hydrophobic interactions along with
main chain hydrogen bonds and van der Waals interactions. The
hydrophobic interactions are critical for stabilizing the �-hairpin
structure, as indicated by a reduction of the �-hairpin population
when solvent water molecules are removed from the peptides
(Figure 2). These intrapeptide hydrophobic clusters are also
expected to play an important role in interpeptide interactions
for forming long �-sheets and eventually amyloid fibrils. In
addition, the turn region of these �-hairpins is centered near
the palindromic portion of the sequence, AGAAAAGA. Modi-
fications in this region have been shown to have dramatic effects
on the neurotoxicity and secondary structure properties of
PrP106-126,50 possibly because an interruption in this portion
of the sequence may prevent the formation of a hairpin-like

fold. Intriguingly, the �-hairpin-like fold is seen in fragments
of the amyloid-� peptide4,51 responsible for Alzheimer’s disease
and has very recently been identified in the islet amyloid
polypeptide (IAPP) responsible for diabetes type II.52

The control peptide has quite different secondary and tertiary
structural properties compared to the normal and oxidized
peptides. The control peptide has less �-sheet than the normal
peptide and greater R-helical and random coil structural
components. Unlike oxidation, which appears to inhibit ag-
gregation by mediating interpeptide interactions, these structural
differences at the monomeric level are most likely responsible
for the lack of observed aggregation of the control peptide.
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