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Alzheimer�s disease (AD) is one of the most common and
severe forms of dementia, but its complex pathogenesis is still
not fully understood (for reviews see Refs. [1] and [2]). The
typical histological feature of AD is the presence of amyloid
plaques in the brains of patients, whose most abundant
constituent is the b-amyloid protein (Ab). According to the
widely accepted amyloid hypothesis, Ab is the primary cause
of the disease.[3,4] The Ab-peptide is produced through
proteolytic cleavage of the amyloid precursor protein (APP)
by the b- and g-secretases. The peptide is assumed to have an
a-helical conformation as part of APP in the membrane.[5–8]

Initially soluble, the peptide assembles into oligomers, which
are the primary toxic species,[9,10] and finally forms the fibrils
of the amyloid plaques where the peptide has a cross b strand
conformation.[11–13]

The polymerization reaction contains two fundamentally
different processes, seed formation and elongation of existing
fibrils (Figure 1). In both reactions either almost correctly
folded monomers (state 1) or less structured and unstructured
monomers (state 2) could be involved which will interact
differently with fibrils (states 3 and 4) or with small oligomeric
seeds (state 5). For the elongation of stable fibrils (state 4),
the monomers bound in state 3 have to undergo an extensive
conformational reorganization. The interaction of the folded
conformer 1 (if existing in solution) should have a significant
higher affinity to fibrils and different polymerization kinetics
compared to the unstructured polymer. It represents a con-
formation of Ab possibly important for drug design.

Usually, the peptide is assumed to adopt a predominantly
unstructured conformation in solution (state 2) that only
transiently forms helical secondary structure elements.[14–16]

Only recently a compact structure of monomeric Ab was
reported.[17] Saturation transfer and 15N relaxation experi-

ments permit the characterization of the reversible interac-
tion of Ab-monomers with the surface residues of protofibrils
(state 1 to state 3 transition), defining direct contact and
tethered complexes of the peptides.[18]

The transition of Ab from a partially a-helical structure of
the monomer to a cross b-strand conformation is assumed to
be a critical step in pathogenesis of AD[19] but the mechanism
of this conversion is still unknown. High-pressure NMR
spectroscopy can be used to identify different conformational
states of polypeptides that occur under normal pressure in
solution through observation of their pressure response. In
fact, we can detect a compactly folded state and a partly
unfolded state in solution with significantly different molar
partial volumes that are coexisting at atmospheric pressure.

A set of 1H,15N HSQC spectra of Ab(1–40) were recorded
at different pressures and temperatures (Figure S1 in the
Supporting Information). Most of the amide resonances shift
continuously with pressure, the majority of resonances to
lower fields. Importantly, the observed pressure-induced
chemical shift changes are completely reversible. In order to
remove unspecific pressure effects occurring in random-coil
structures, the corresponding pressure-dependent shift
changes of random-coil model peptides[20] were always
subtracted from the experimental data. Thus a random-coil
structure would be characterized by vanishing pressure
effects. The combined 1H and 15N chemical shift data[21]

were fitted with a second-order Taylor expansion [Eq. (1) in
the Supporting Information] giving the first- and second-
order pressure coefficient B1* and B2* (Figure 2). By inspec-

Figure 1. Polymerization of Ab. The scheme is simplified by the
omission of smaller unstable oligomers such as b-balls and different
types of fibrils. The analysis of our experimental data shows that state
2 consists of two substates, substate 2’ of partially structured
monomers and substate 2’’ of purely random-coil-like structures.
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tion of the data one can recognize characteristic clusters of the
pressure coefficients in the amino acid sequence that indicate
regions that are strongly involved in structural transitions.
They correspond to different structural regions proposed for
Ab in the solute and solid state. An example is the region
between amino acids 25 to 30 where supposedly a hinge
region exists in the solution structures[7,15, 16] as well as in the
models of fibrillar Ab.[11–13,22] Structural groups defined by
Danielson et al.[16] almost perfectly fit the observed pressure
patterns. The two predicted extended regions are character-
ized by large positive first-order coefficients and negative
second-order coefficients. The last residues 37 to 39 have low
pressure coefficients, indicative of a more random-coil like

structure. The large values of the terminal Val40 could be due
to small changes of the protonation state of the carboxyl
group with pressure.

When the quality of the pressure-dependent shift changes
is high enough, the data can be fitted using a detailed
thermodynamic model [Eqs. (2) and (3) in the Supporting
Information]. The simplest model assumes two conforma-
tional states where the exchange is sufficiently fast to lead to
a population-weighted averaging of the chemical shifts of the
two states. The pressure-induced chemical shift changes of Ab

can be fitted sufficiently well with this model (Figure 3a,b).
Usually high pressures induce unfolding of polypeptides, in
the simplest case random-coil structures are to be expected.
Since in Figure 3 also temperature-corrected random-coil
shifts[23] were subtracted, at high pressures the deviation of the
chemical shifts from the respective random-coil values should
approximate zero ppm. With exception of a few residues (e.g.
Glu3, Asp23, Met35, Val39) most of the 1H and 15N
resonances follow the expected trend and show chemical
shift values at high pressure that approach the predicted
random-coil values (Figure 3c,d). However, in most cases the
chemical shifts at high pressures do not reach values
characteristic for random-coil structures, suggesting that
also state 2 is not completely in a random-coil-like conforma-
tion. A correlation analysis of the pressure-induced chemical
shift changes supports the hypothesis that a correlated process
is induced by pressure (Figure S2 in the Supporting Informa-
tion). A correlated pressure response of the residues from
Ser8 to Lys16 and the C-terminal region is observed as it
would be the case in a two-state equilibrium. Note that also
regions with a correlation coefficient of less than 0.9 show
some correlations. Their lower correlation coefficient is
mainly due to the quality of the pressure-dependent shift
data for these residues. Table 1 summarizes the obtained
thermodynamic parameters for the transition from 1 to 2.

The frequency distribution of the obtained thermody-
namic parameters is depicted in Figure S3 in the Supporting
Information. For an ensemble of polypeptide structures one
would expect some variations of the parameters from residue
to residue since the observed nuclei may sense different
processes that occur simultaneously with the main transition
which is described by a two-state model. In fact, such

Figure 2. Plot of the first- and second-order pressure coefficients of
Ab(1–40). The sample contained 474 mm

15N-enriched human Ab(1–
40) in 50 mm [D11]Tris, 90 mm NaCl, 50 mm DSS, 0.1 mm dioxane,
1 mm NaN3, 0.5 mm [D16]EDTA, 8% 2H2O, pH 7.0 (DSS =4,4-dimethyl-
4-silapentane-1-sulfonic acid, EDTA =ethylenediaminetetraacetic acid,
Tris = tris(hydroxymethy1)aminomethane). The combined first- and
second-order pressure coefficients were calculated from the 1H,15N
HSQC spectra recorded in pressure steps of 20 MPa up to 200 MPa.
Blue: 277 K, red: 288 K, x: residues that could not be detected with
sufficient quality. The Taylor coefficients were corrected for random-coil
effects (see the Supporting Information). Top: Combined first-order
pressure coefficients B1*. Bottom: Combined second-order pressure
coefficients B2*. Middle: Structural model of Ab(1–40) in the solution
proposed by Danielson et al.[16] PII: propensity for a polyproline II like
helix, T: turn or hinge region, E: propensity for an extended strand.

Table 1: Conformational transitions in monomeric Ab and thermody-
namics of polymerization.[a]

T
[K]

Transition
i–j

Kij

(at 0.1
MPa)

DG0
ij

[kJmol�1]
DV0

ij

[mLmol�1]
Db0’ij
[mLMPa�1 mol�1]

277 1–2’
(1,2’)–2’’

0.48
0.24

1.7�0.9
3.3�0.1

�43.6�1.7
�11.8�5.0

�0.30�0.04
0.05�0.03

288 1–2’
(1,2’)–2’’

0.42
0.11

2.1�0.8
5.2�0.3

�43.7�1.7
�29�13

�0.28�0.05
0.03�0.13

[a] For experimental conditions see Figure 2. The parameters were
calculated as described in the Supporting Information. Kij, T, DG0

ij, DV0
ij,

Db0’ij : equilibrium constant Kij = [j]/[i] between states j and i, absolute
temperature, difference of partial molar Gibbs energies, partial volumes,
and compressibility factors.
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a sequence-specific distribution of the thermodynamic
parameters is observed usually in proteins (see for example,
the pressure response of the human prion protein reported by
Kremer et al.[24]). In addition, the accuracy of the thermody-
namic parameters obtained from a fit of the data also strongly
depends on the magnitude of chemical shift changes. Thus the
observed spread of the parameters is at least partly due to the
limited precision of the fit.

Ab stably incorporated in amyloid fibrils has NMR lines
too broad to be observed by solution NMR spectroscopy. In
addition to this “dark” state (not visible in solution NMR
spectra) Fawzi et al.[18] detected two different binding states of
monomeric Ab to amyloid fibrils, a tethered (t) and direct
contact (c) state corresponding to states 3 and 4 in Figure 1.
Increasing the pressure leads to a significant increase of the
signal intensities in the 1H NMR spectra, indicating the
expected pressure-induced depolymerization as observed
earlier for lysozyme amyloid.[25] It is characterized by
a generalized strong increase of the backbone and side-
chain NMR signals of the monomer (see e.g. Figure S4 in the
Supporting Information). In addition to this general increase

of the cross peak intensities with pressure, for individual cross
peaks in the 1H,15N HSQC spectrum differences in the
magnitude of the pressure-induced intensity change can be
observed. After a correction of the cross peak volumes for the
increase of the monomer concentration with pressure for
a number of residues, a pressure-dependent reduction of the
cross peak volumes remains (Figure 4). The sequence-specific
volume reduction of the amide cross peaks observed here is
typical for a slow exchange between (at least) two states (see
the Supporting Information). At higher pressures a few weak
additional cross peaks can be observed with chemical shifts
that are close to typical random-coil positions that may
correspond to a substate 2’’ of state 2. Although the
magnitude of the observed changes in the amide cross peak
volume is also sequence dependent, most of them can be
fitted with a similar set of thermodynamic parameters (Fig-
ure S5 in the Supporting Information) indicating a common
process for the signal reduction. A fit of the pressure
dependence of the cross peak volumes [Eq. (10) in the
Supporting Information] gives an apparent average partial
volume difference of (�12� 5) mL mol�1 and (�29�

Figure 3. Fit of the pressure-dependent chemical shift changes with a thermodynamic model. The pressure-induced chemical shifts d of selected
residues at 277 and 288 K fitted with Equation (2) are shown (Supporting Information). Before fitting, the data were corrected for the pressure
dependence of random-coil shifts.[20] The deviation Dd from temperature- and pressure-corrected chemical shifts[23] was plotted as function of the
pressure for a) 1H chemical shifts, b) 15N chemical shifts. From the fit of the data the chemical shift difference Dd12 between states 1 and 2 is
obtained for the amide c) 1H and d) 15N atoms and plotted as a function of the position in the sequence. Blue: 277 K, red: 288 K, x: residues that
could not be fitted satisfactorily. In addition the deviation of the chemical shifts at ambient pressure from temperature-corrected random-coil
values are depicted as gray bars.
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13) mL mol�1 at 277 K and 288 K, respectively (Table 1).
Since in this analysis the transitions from state 1 and state 2’
cannot be separated, the obtained error of DV is rather large
(Table 1) and only apparent values are obtained from the
analysis. The apparent DV contains also contributions of the
transition between substates 2’ and 2’’ where the volume
change should be substantially smaller than �12 mLmol�1.
From the parameters summarized in Table 1 the relative
concentrations of the three states can be calculated for all
pressures (Figure 5). At ambient pressure state 1 dominates;
about 58% and 65 % of all molecules in solution are found in
folded state 1 at 277 K and 288 K, respectively. In contrast, at
intermediate pressures around 100 MPa the partially folded
conformation 2’ dominates the equilibrium. At very high

pressures the random-coil-like structure 2’’ has the highest
relative concentration. The partial molar volumes of states 2’
and 2’’ are substantially smaller than that of state 1. Also the
compressibility of states 2 and 2’ is significantly smaller than
that of the folded state 1 (Table 1). Generally, a decrease of
the partial molar volume and the compressibility is character-
istic for unfolding processes.

With �43.6 mL mol�1 the volume difference between
states 1 and 2 is significant, indicating large structural
differences. Unfolded structures are characterized by smaller
partial volumes; for the denaturation of the well-folded Ras-
binding domain of RalGDS (87 residues) we determined
a volume change of �78 mL mol�1.[26] This indicates a rather
compactly folded structure of Ab (40 residues) in state 1. The
rather small chemical shift dispersion observed seems to be
contradictory to our conclusion. Usually NMR spectroscop-
ists conclude from a small chemical shift dispersion that
a protein is unfolded. In most cases this is true since the
formation of canonical secondary structures leads to substan-
tially larger chemical shift changes. However, for smaller
peptides this is not necessarily true. An example is the
inactivation peptide of the potassium channel of Raw3[27]

which is compactly folded but does not contain canonical
secondary-structure elements and shows a similar chemical
shift distribution as Ab. The chemical shift values deviate
significantly from random-coil values (Figure 3) but get closer
to the pressure-corrected random-coil values. Also the Ha and
13C shifts reported by Hou et al. deviate significantly from
random-coil values but allow only the prediction of a short b-
strand from V18 to F20 (Figure S6 in the Supporting
Information). If state 1 of the Ab-monomer would have
a cross-beta-like structure (a model we would prefer) which is
mainly stabilized by side-chain contacts, one would expect
a similar chemical shift distribution. A cross-beta structure
opening up at higher pressure would also nicely explain the
sequential distribution of the pressure coefficients (Figure 2).

NMR parameters such as chemical shifts and NOEs
represent only (nonlinear) ensemble averages. In our case we
have two structural ensembles with comparable populations.
Between states 1 and 2’ the exchange is fast on the NMR time
scale. From the maximum chemical shift difference Dd the
exchange correlation time te for the transition between the
two states can be estimated as< 1.2 ms. If data are interpreted
as corresponding to only one ensemble, incorrect structures
can be expected. The calculated structures would depend on
the NMR parameters used and the relative populations of the
two states that are temperature (this paper) and most
probably also pH and ionic strength dependent. Obviously,
in most cases these calculations lead to the standard picture of
monomeric Ab that is represented by a random-coil-like
structure with transient a-helical contributions.[5–8] At differ-
ent conditions the compactly folded state 1 may prevail and
the nonuniform averaging can produce more compact mean
structures like the NMR structure reported by Vivekanandan
et al.[17] Surprisingly, only a small population of pure random-
coil-like structures exists at ambient pressure (Figure 5,
Table 1).

According to our analysis, at ambient pressure the Ab-
monomers occur in two main structural ensembles, a partly

Figure 4. Pressure-dependent volume changes. Example of pressure-
induced volume changes Vi(p)/Vi(p0) of Gly25, Gly29, and Gly38 at
277 K (black) and 288 K (gray) fitted with Equation (5) (see the
Supporting Information). Before fitting, the data were corrected for the
concentration changes by the pressure-dependent monomerization.
For experimental conditions see Figure 2.

Figure 5. Relative populations of the three conformational states of
Ab. The relative populations f of states 1, 2’, and 2’’ were calculated
with the parameters given in Table 1 [Eq. (6) in the Supporting
Information] and are plotted as a function of pressure p at T = 277 K.
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folded or unfolded ensemble 2 and a compactly packed
ensemble 1, which most probably already has structural
properties similar to Ab bound in polymers (Figure 1). If one
assumes that the compactly folded state 1 has a higher affinity
to existing seeds (b-balls and fibrils), our data explain the
temperature and pressure dependence of the polymerization
reaction: the population of the high-affinity state 1 increases
with temperature in the temperature range studied here and
decreases with pressure explaining the observed temperature-
induced polymerization and would lead to a pressure-induced
depolymerization of Ab. In the absence of fibrils acting as
seeds for the polymerization, the compactly packed state
1 detected here could also contribute to the formation of
intermediate states such as b-balls. Stabilization of the
partially folded state 2’ (inhibiting the formation of state 1)
by small molecules could also be a suitable mechanism for
drug development by weakening the monomer–oligomer
interaction similar to the mechanism successfully demon-
strated for the interaction of effectors with oncogenic
Ras.[28, 29]
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