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Abstract

We have determined the critical concentrations of a set of 18 variants of Alzheimer’s Ab(1–40)
peptide, each carrying a different residue at position 18. We find that the critical concentrations
depend on the hydrophobicity and b-sheet propensity of residue 18, and therefore on properties that
we identified previously to affect also the kinetics by which these peptides aggregate. Since the critical
concentrations can be related to the Gibbs free energy of aggregation (DG), these data imply a link
between the thermodynamics and the kinetics of aggregation in that sequences that form very stable
aggregates are also those that form such aggregates very rapidly.
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Amyloid fibrils represent a specific and b-sheet-rich struc-
tural form of the polypeptide chain that differs from the
b-sheet structure present in native, globular proteins
(Dobson 2001; Zandomeneghi et al. 2004). The effect of
mutation on the kinetics of aggregation and amyloid for-
mation has been subject to many investigations (Chiti et
al. 2003; DuBay et al. 2004; Tartaglia et al. 2004; Chris-
topeit et al. 2005), while comparatively little is known
about sequence effects on the thermodynamics of aggre-
gation. For example, the kinetics of aggregation is known
to be affected by intrinsic properties of the unfolded poly-
peptide chain, such as b-sheet propensity and hydropho-
bicity, the presence and the stability of competing globular
protein structures, and also by environmental parameters.

Here, we have determined the critical concentrations (cc)
of a set of 18 variants of the Alzheimer’s Ab(1–40) peptide
where residue 18 has been replaced by all other standard
and non-sulphur-containing amino acids. cc represents the
maximum concentration of full solubility above which the
soluble peptide fraction does not increase (Fig. 1A). The
value of cc can be determined conveniently by centrifuga-
tion and relates to the Gibbs free energy of aggregation
DG (Oosama and Asakura 1975). This method has been
used previously to explore the thermodynamics of the
formation of native protein fibrils, such as flagella
(Oosama and Asakura 1975), and amyloid fibrils (Harper
and Lansbury 1997; Williams et al. 2004).

To demonstrate that Ab(1–40) complies with critical
concentration theory, solutions of wild-type Ab peptide
were incubated at different concentration. After 28 d,
aggregation was quantified by ultracentrifugation. The
resulting data set correlates well with expectation and the
peptide is fully soluble at concentrations up to 326 2 mM
(Fig. 1B). Above this concentration, the amount of soluble
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peptide does not increase further. Although a cc value of
326 2 mM is well within the broad range reported for the
reduced peptide (0.9–40mM) (Harper and Lansbury 1997;
Williams et al. 2004), numeric comparisons are hampered
by different experimental setups, solution conditions, and
redox states. Furthermore, a plot similar to the one shown
in Figure 1B is obtained when incubation was terminated
after 14 d.

Next, we have measured and compared the cc values
of the 18 mutants. The resulting data show considerable
differences among them (Table 1): While Val18Tyr is
least soluble, Val18Lys, Val18Asp, Val18Ser, Val18Pro,
and Val18Glu are associated with the highest cc values
(Table 1). The high solubility of Val18Pro is consistent
with previous data (Morimoto et al. 2004; Williams et al.
2004; Christopeit et al. 2005), and can be attributed to an
interference of proline with the hydrogen-bonded net-
work of b-sheets (Moriarty and Raleigh 1999). Charges,
on the other hand, can impair aggregation by electro-
static repulsion (Fändrich and Dobson 2002). We have
compared the cc values after 28 d with those measured
after 14 d of incubation. Both data sets are very similar
and a plot of the two sets of cc values fits with a straight line
that has a slope of 1.03 and a correlation coefficient of 0.98
(data not presented). We conclude that incubation for 28 d
is sufficient to ensure that aggregation is close to its end
point. Moreover, cc does not change significantly when we
change the centrifugation time between 10 min and 2 h.

From the cc values obtained with this method we
calculated DG and compared the thermodynamic values
with several intrinsic properties of residue 18. This shows
that DG fits well with b-sheet propensity (R value 0.70)
(Street and Mayo 1999; Fig. 2A) and hydrophobicity of
residue 18 (R value 0.64) (Creighton 1993). By contrast,
there was no discernible correlation with the van der
Waals volume or the a-helix stabilizing effect (Creighton
1993; Fersht 1998). The correlation coefficient with
these properties is always worse than 0.36 (data not
shown). Recently, we have examined also the kinetics
by which these mutants aggregate. We extracted two
kinetic parameters, the lag time, which relates to the
nucleation propensity, and the rate of aggregation,
which relates to the polymerization propensity (Christo-
peit et al. 2005). Both kinetic parameters were found to
show the same dependences on residue 18 as are revealed
here for DG; i.e., b-sheet propensity and hydrophobicity
correlate well with the aggregation kinetics, while van
der Waals volume and a-helix stabilizing show no good
correlation (Christopeit et al. 2005). Consistent with
this, DG is directly proportional to the lag time (Fig.
2B) and to the rate of aggregation, although this depen-
dence is less clear (R value 0.64; data not shown). Taken
together, these data imply that there is a link between the
thermodynamics and the kinetics of aggregation in that
mutants that form very stable aggregates are also those
that form such aggregates very readily. Of course, this
relationship may only be valid at certain positions of the
polypeptide chain, i.e., the ones located within the b-
sheet core of the aggregates. And indeed, residue 18 was
chosen initially because several different techniques had

Figure 1. Measurement of cc. (A) Schematic representation of the

critical concentration (cc). (Continuous line) Soluble peptide concen-

tration; (dotted line) aggregated peptide concentration. (B) Soluble

peptide (filled symbols) and insoluble peptide (open symbols) after 28

d of incubation. The soluble fraction was obtained from two samples

per concentration that were incubated separately. Data points repre-

sent the averages, while error bars show the standard deviations

(mostly smaller than the symbol size).

Table 1. Results of the cc analysis

Residue 18 cc (mM) DDG (kcal/mol)

A 66 6 7 0.41

D 247 6 7 1.23

E 95 6 7 0.64

F 24 6 1 -0.21
G 33 6 2 0.00

H 74 6 5 0.49

I 11 6 2 -0.68
K 264 6 28 1.27

L 29 6 1 -0.09
N 62 6 10 0.38

P 176 6 12 1.02

Q 31 6 3 -0.05
R 48 6 5 0.22

S 187 6 8 1.06

T 40 6 6 0.11

V 32 6 2 -0.03
W 26 6 3 -0.17
Y 10 6 1 -0.75

Errors on cc are the standard deviation from four measurements. DDG
represents the difference DG(residue X) – DG(Gly18).
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suggested consistently that it occurs within the core of
the aggregated b-sheet structure of the peptide (Christo-
peit et al. 2005).

However, we noted an apparent discrepancy between
the present thermodynamic and our previous kinetic
data in that the cc values of Val18Asp, Val18Lys, and
Val18Ser measured here exceed the 120 mM concentra-
tion under which these mutants formed aggregates pre-
viously. Although there have been small differences in
the experimental solution conditions (the previous anal-
ysis was carried out in 96-well plates, and samples con-
tained, besides peptide and buffer, 20 mM thioflavine-T
dye and 10 mM sodium azide), aggregates were evi-
denced before with thioflavine-T, which is a very sensi-
tive method and may detect aggregates that are small
and that cannot be spun down, such as soluble oligo-
mers. Support for this notion is provided by the fact that
thioflavine-T dye can detect small quantities of aggre-
gates in the supernatant of all three mutants after cen-
trifugation (data not presented). An alternative but
much less likely possibility to explain this finding is the
mutagenic stabilization of an alternative conformation
that would hinder aggregate formation. Since wild-type
Ab(1–40) was shown to approach a random-coil struc-
ture under the aqueous conditions used here (Hort-

schansky et al. 2005), one should not expect that muta-
tion would induce the formation of a sufficiently stable
conformation that prevents aggregation during the very
long incubation times of the present experiment. There-
fore, the present data enable conclusions only on the
formation of larger aggregates but not on the formation
of very small aggregates that are traceable by other
techniques.

Given these limitations, we observe a correlation
between the kinetic and the thermodynamic data sets.
A possible explanation for this finding might come from
the mechanism of aggregation. Consider equimolar solu-
tions of the different monomeric Ab(1–40) variants; one
should then expect that all peptide solutions possess
approximately the same probability of bimolecular colli-
sions between the fully dissolved polypeptide chains.
However, if the resulting dimers are held together by
intermolecular interactions of differing strength, this will
result, inevitably, in different dissociation constants and
different effective lifetimes of these species. The same
considerations hold, of course, when larger oligomers
(trimers, tetramers, etc.) are included in this scenario.
Increasing the thermodynamic strength of the peptide–
peptide interactions therefore increases the probability by
which the peptide forms aggregation nuclei or larger
aggregated states, which is observed by experiment. In
vivo, of course, the nucleation-dependent aggregation
reaction is modified by further parameters and interac-
tions with other cellular components, for example, lipid
rafts (Gellermann et al. 2005). These may modulate the
mechanism and properties revealed here for the aggrega-
tion of pure polypeptide chains in vitro.

Materials and methods

Peptide incubation and ultracentrifugation

All experiments were carried out using the oxidized peptide;
i.e., Met35 is present as sulfoxide. This form is more redox-
stable than the reduced peptide (Watson et al. 1998). Potential
interferences of redox reactions with our measurements are
minimized. Peptides were produced recombinantly, oxidized,
and prepared for analysis as described previously (Christopeit
et al. 2005; Hortschansky et al. 2005). The resulting peptide
solution (1.0–1.5 mg/mL in 50 mM sodium phosphate buffer at
pH 7.4) was UV-sterilized by irradiation at 254 nm for 1.5 h.
Incubation at 378C was carried out in Oil-Free tubes (MoBi-
Tec) and terminated by spinning down the sample for 30 min at
120,000 rpm (513,000g) and 48C in a Beckman TLA-100 table-
top centrifuge using a TLA-120.2 fixed angle rotor. After
centrifugation the supernatant was taken off and the soluble
peptide fraction was determined using a Micro-BC-Assay
(Uptima) calibrated with a standard of wild-type Ab peptide
(Christopeit et al. 2005). The reported insoluble peptide frac-
tion represents the difference between the soluble fraction and
the total peptide concentration.

Figure 2. Correlation between the thermodynamics and the kinetics of

aggregation. (A) Correlation between DDG and the b-sheet propensity

scale published by Street and Mayo (1999), which represents an aver-

age from several independent measurements (R value 0.70). Note that

for Pro or Gly no propensity values have been reported. (B) Correla-

tion between DDG and the lag time as a measure of the aggregation

kinetics (R value 0.80). Values of DDG are taken from Table 1. The lag

time data are taken from Christopeit et al. (2005).
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Data analysis

The Gibbs free energy of aggregation relates to the critical con-
centration as describedby the simple equationDG=-RT ln(1/cc)
in which R represents the gas constant and T represents the
absolute temperature.
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