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Theconformational changeandassociatedaggregationof bamyloid (Ab)withorwithout
metals is themain cause of Alzheimers’ disease (AD). In order to further understand the
effects of Ab and its associatedmetals on the aggregationmechanism, the influence of Ab
conformation on the metal affinity and aggregation was investigated using circular
dichroism (CD) spectroscopy. The Ab conformation is dependent on pH and trifluoro-
ethanol (TFE). The binding of metals to Ab was found to be dependent on the Ab con-
formation. The aggregation induced by Ab itself or its associated metals is completely
diminishedforAb in40%TFE.Only in5%and25%TFEcanAbundergoana-helix tob-sheet
aggregation, which involve a three-state mechanism for the metal-free state, and a
two-state transition for the metal-bound state, respectively. The aggregation-inducing
activity of metals is in the order, Cu2+ > Fe3+ > Al3+ > Zn2+.

Key words: Alzheimer’s disease, b-amyloid (Ab), conformational transition,
circular dichroism spectroscopy.

Alzheimers’ disease (AD) is a neurodegenerative disorder
and the leading cause of senile dementia (1). One of the
pathological hallmarks in AD patients is the formation of
amyloid senile plaques (SPs) (1, 2). The major components
found in SPs are two small, hydrophobic peptide-amyloid b
(Ab) spanning residues 1–40 (Ab1–40) and 1–42 (Ab1–42),
which are derived from a ubiquitous type I transmembrane
protein–amyloid precursor protein (APP) by a two-step
secretase pathway (3–5). The amyloid cascade hypothesis
predicts that this b-amyloid plaque development in the
brain has an early and essential role in the neuronal
degeneration that leads to dementia (1, 2).

The hypothesis that amyloid formation and deposition
plays a key role in AD is supported by the observation that
mutations which enhance the aggregation propensity of
Ab, such as dutch mutation (6), cause symptomatically
severe early onset forms of AD. Fibrillogenesis has been
proposed to be a two-step mechanism involving an initial
slow, lag and nucleated period, followed by a rapid fibril
propagation and aggregation stage (7). Peptide aggrega-
tion and precipitation were observed to occur following
b-sheet formation by Ab1–39 and Ab1–42 in a time-
dependent manner, indicating that formation of b-sheet
structure is directly related to peptide aggregation (8, 9).

The formation of Ab fibers has been shown to be modu-
lated by several factors, such as metal ions (10, 11), pH (12–
14), and interaction with other small molecules (15–17).
Several cations, including Cu2+, Zn2+, Fe3+, Fe2+ and
Al3+, have been reported to enhance the fibrillogensis of
b-amyloid (18–21). The binding of Cu2+ and Fe3+ to Ab has
been linked to oxidative stress and toxicity (22–25). Metal
chelators specific to Cu2+ and Zn2+ reverse the aggregation
state (26, 27). For pH effect, results from aggregation assay
suggested that Ab aggregates more rapidly at mildly acidic
and neutral pH (18, 21, 22). When the pH of the peptide
solution was decreased to between pH 1.0 and 3.0, the rate
of fibril formation was decreased (12).

The Ab aggregation cascade involves the conformation
transition from random coil to b-sheet (7–9). Teplow and
co-workers have proposed an alternate pathway, a-
helix!b-sheet transition (28, 29). Several in vitro studies
of Ab fibrillogensis have further indicated that the transi-
tion of structure from a-helix to b-sheet may play a promi-
nent role in the amyloid fibril assembly (30, 31). Paivio et al.
(32) have proposed that many amyloid-forming proteins
and peptides, including Ab, contain a-helix/b-strand dis-
cordant sequences. Stabilizing the discordant helical con-
formation for Ab has been proposed as a key factor for
blocking fibril formation (29, 32–35).

In the present study, we examined the effects of Ab con-
formation on the affinity of metals to Ab and on the aggre-
gation mechanism using circular dichroism spectroscopy.
We concluded that Ab could adopt three distinct struc-
tures, ‘‘random coil,’’ ‘‘unstable helix’’ and ‘‘stable helix,’’
dependent on the concentration of TFE and pH. In the
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‘‘random coil’’ and ‘‘unstable helix’’ states, Ab both in the
metal-free and metal-bound states underwent a
conformation-associated aggregation, while no aggregation
was observed for Ab in the ‘‘stable helix’’ state. This
conformational transition associated aggregation
showed a three-state mechanism for metal-free Ab. On
the other hand, when metals are bound to Ab, the con-
formation underwent a two-state transition. The
aggregation-inducing activity of metals is in the order
Cu2+ > Fe3+ > Al3+ > Zn2+.

MATERIAL AND METHODS

Peptide Synthesis and Purification—b-amyloid (Ab) was
synthsized in an ABI 433A solid-phase peptide synthesizer
following the standard protocol. Cleavage and deprotection
of the synthesized peptide were performed by treatment
with a mixture of trifluoroacetic acid/distilled water/phenol/
thioanisole/ethanedithiol. Then the peptide was extracted
with1:1(v:v)ether:H2Ocontaining0.1%2-mercaptoethanol.
The synthesized Ab1–40 was purified on a reverse-phase
C-18 HPLC with a linear gradient from 40% to 100%
acetonitrile, and its molecular weight was verified as
4330.1 by a MALDI-TOF mass spectroscopy (ABI).

Sample Preparation—A stock solution of 500 mM Ab1–40

was prepared. The stock solution was then diluted to the
final concentration of 50 mM Ab1–40 in 100 mM glycine
buffer with pH 1–10 containing 0–60% TFE for spectro-
scopic measurements. For the metal ion-induced effect
on Ab conformation, stock solutions containing Al3+,
Cu2+, Fe3+ and Zn2+ ions were mixed with Ab1–40 stock
solution to make the final concentration of 50 mM Ab1–40

and 100 mM metal ion in either 10 mM acetate buffer or
10 mM Tris buffer containing 25% TFE at pH 2.0, 7.0
and 9.0.
Circular Dichrosim (CD) Spectroscopy—CD spectra

were recorded using a Jasco 715 spectropolarimeter with
a thermal circulator accessory. The optical rotation was
calibrated using d-10-camphorsulfonic acid at
wavelengths of 192.5 and 290 nm. The wavelength was
calibrated with benzene vapor. All measurements were
performed in quartz cells with pathlength of 0.1 cm.
Data were collected at the wavelengths from 190 to
260 nm in 0.2 nm increments. Every CD spectrum
reported in the average obtained from at least three
individual samples. The reported CD spectra were
corrected for baseline using the solution containing
0–60% trifluoroethanol and the same concentration of

Fig. 1. Far-ultralviolet circular dichroism spectra of
b-amyloid, showing the titration with different percentages
of TFE at (A) pH 2.0, (B) pH 7.0 and (C) pH 9.0. In (A), (B) and
(C), the TFE percentage was 5% (uppermost spectrum), 10%, 15%,

20%, 25%, 30%, 40%, 50% and 60% (lowermost spectrum). The con-
centration of Ab used in the experiment was 50 mM. (D) Plot of CD
signal at 222 nm vs. TFE percentage at pH 2.0 (squares), pH 7.0
(circles), and pH 9.0 (triangles).
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metal ion. All measurements were carried out at
25.0 – 0.2�C.
Analysis of Secondary Structure—Secondary structure

analysis was performed in an online web sever: Dicroweb
(36, 37). CDSSTR program (38) was used to estimate the
related secondary structure. A normalized root mean
standard deviation (NRMSD) (39) was applied to indicate
the quality of fit for each spectrum, such that:

NRMSD ¼ ½ðyobsðlÞ–ycalðlÞÞ2=ðyobsðlÞÞ2�1=2

where yobs(l) and ycal(l) are the observed and calculated
ellipticities, respectively. A low value for NRMSD suggests
a good correspondence between the calculated values and
the experimental data.
Kinetic Analysis—Kinetic data obtained from spectro-

scopic measurements were fitted using the non-linear
curve-fitting program Micro Origin v.6.0 (Microcal
Software, Inc. Northampton, MA). One or multiple
exponential-phase algorithm was used to calculate the
related rate constants. In the initial fitting stage, the
Simplex method was used to calculate the initial input
parameters to set up the rough parameter region. Then
these parameters were used as constraints for further
non-linear curve fitting. A 0.95 confidence level target
was set to constrain the quality of the curve fitting.
The final fitting parameters were obtained when the
value of w2 was less than 0.05, and the parameters and
the errors for the parameters reached a convergent and
steady state.

RESULTS

Characterization of Ab Conformation with Respect to pH
and TFE—To investigate the effect of Ab conformation on
the Ab aggregation mechanism, we first characterized the
structure state of metal-free Ab at different pHs and dif-
ferent proportions of TFE. CD spectra for Ab in 100 mM
glycine buffer at pH 2.0, 7.0 and 9.0 and with varying
percentages of TFE are shown in Fig. 1, A, B and C, respec-
tively. In general, increasing TFE concentration resulted
in a conformational transition to a highly helical structure
at all pH values. Figure 1D shows the relationship between
helical content and TFE percentage at pH 2.0, 7.0 and 9.0.
At pH 2.0 and 9.0, Ab formed a stable a-helix at TFE >

30%, whereas at pH 7.0, Ab adopted a stable helical struc-
ture at TFE > 40%.

Figure 2, A, B and C, shows the plots of secondary struc-
ture content versus pH for metal-free Ab in 5%, 25% and
40% TFE, respectively. The values of NRMSD for all sec-
ondary structure analyses are within 0.08. The calculated
and experimental CD spectra are in good fit. In 5% TFE, Ab
adopted the most random coil structure (�61%), whereas
Ab formed a stable helices (�77%) in 40% TFE. In both
structural states, Ab conformation is independent of pH.
By contrast, in 25% TFE, Ab conformation was
pH-dependent and classified into two distinct states at
pH 5.0–7.0 and other pH range (Fig. 2B). At pH other
than 5.0–7.0, Ab adopted mainly �77% helical structure,
whereas at pH 5.0–7.0, a �77!62% decrease in helical
content was associated with a �10!20% increase in b-
sheet content compared to the result obtained at other
pH values.

Ab Conformation under the Effect of Metals—Metal ions
have been proved to have an important effect on Ab
conformation and aggregation (10, 11). Therefore, we
examined the effect of Zn2+, Al3+, Fe3+, and Cu2+ on Ab

0 2 4 6 8
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

A

P
er

ce
nt

ag
e 

of
 2

nd
 s

tr
uc

tu
re

pH 

 helix
 sheet
 RC

0 2 4 6 8

10

20

30

40

50

60

70

80 B

P
er

ce
nt

ag
e 

of
 2

nd
 s

tr
uc

tu
re

pH

 helix
 sheet
 RC

0 2 4 6 8

10

20

30

40

50

60

70

80 C

P
er

ce
nt

ag
e 

of
 2

nd
 s

tr
uc

tu
re

pH

 helix
 sheet
 RC

Fig. 2. Plot of secondary structure percentage vs. pH for
metal-free Ab in solution containing (A) 5% TFE, (B) 25%
TFE and (C) 40% TFE. The concentration of Ab was 50 mM.
Secondary structure analysis was done using CDSSTR
program in Dicroweb website. The changes of secondary
structure with pH at 5% and 40% TFE are not obvious, while a
significant decrease in a-helix at pH 5.0–7.0 can be observed in
25% TFE.
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conformation in 5%, 25% and 40% TFE and at various pHs.
CD spectra of Ab with various metals in 25% TFE/ buffer,
pH 2.0, 7.0, and 9.0 and at 0 h are depicted in Fig. 3, A, B
and C, respectively. The CD spectral features at pH 7.0

(Fig. 3B) were clearly different from those obtained at pH
2.0 and 9.0. The intensity and pattern of CD spectra at pH
7.0 showed a decrease both at 220 and 208 nm compared to
the metal-free states, whereas at pH 2.0 and 9.0 (Fig. 3, A
and C), CD spectra for most metal ions showed no apparent
change. Unlike the condition in 25% TFE, in 5% TFE, the
CD spectra for Ab in the presence of metals at all pH values
showed a significant change from the features obtained in
25% TFE and at pH 7.0. By contrast, the CD spectral fea-
tures measured in 40% TFE showed a highly helical con-
tent and were not altered by adding metals at any pH.

In 25% TFE and at pH 7.0, the secondary structure of Ab
in the presence of metals consisted of 11% a-helix, 35%
b-sheet and 54% random coil. In comparison with metal-
free Ab under the same conditions, the a-helical content
further decreased by 51% with an increase of 15% and 36%
for b-sheet and random coil, respectively. The structural
content with different metal ions showed no marked
difference.
The Ab Aggregation Mechanism with and without

Metals—Based on the previous results, we further inves-
tigated the aggregation mechanism for Ab with and
without metals in 25% TFE and at pH 7.0. Figure 4A
shows the CD spectra for metal-free Ab versus times in
25% TFE solution, pH 7.0. An aggregation associated
with the conformational transition from a-helix to
b-sheet was clearly observed as the time increased. The
CD spectral change at 208 nm was more significant than
that at 220 nm (inset in Fig. 4A). Therefore, we used the
intensity at 208 nm to estimate the rate of aggregation
associated with conformational transition. Figure 4B
shows the plot of intensity at 208 nm versus time for metal-
free Ab at pH 7.0. It can be seen that the signal reached a
steady state after about 20 h. A two-phase exponential
mode showed a better fit than a one-phase exponential
mode, suggesting that metal-free Ab undergoes a
three-state mechanism. The estimated rate constants
were 0.18 – 0.05 h–1 for k1 and 0.08 – 0.02 h–1 for k2. At
pH 2.0 and 9.0, no signal change was detected even after
88 h (inset in Fig. 4B). This indicates that Ab conformation
was not changed or underwent an extremely slow aggre-
gation at this pH.

As with the metal-free state, CD spectral change at
208 nm was used to monitor the conformational transition
and aggregation rate for Ab in the presence of metal ions.
The plots of intensity at 208 nm versus time in 25% TFE
solution with various metals, pH 7.0, are shown in Fig. 5,
A, B, C, and D, for Zn2+, Al3+, Fe3+, and Cu2+, respectively.
Unlike the metal-free state, the process of aggregation (or
b-sheet formation) was best described by a one-phase expo-
nential algorithm. All solid lines in figures represent the
best fitting curves using the one-phase exponential algo-
rithm. The estimated rate constants are listed in Table 1.
All rate constants are in the range of 1.75–
0.8 h–1. In comparison with the rate constants for metal-
free Ab, result suggests that all metal ions significantly
induced the aggregation of Ab (or the transition of Ab
conformation) at pH 7.0. Both for metal-free and
metal-associated Ab, no aggregation (or conformational
transition) at pH 2.0 and 9.0 could be detected within
88 h. The activity of metals to induce aggregation of
Ab as estimated from the aggregation assay is in the
order Cu2+ > Fe3+ > Al3+ > Zn2+. The rate by Cu2+ ions
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Fig. 3. Far-ultraviolet circular dichroism spectra for metal-
free Ab (—), Cu2+- (—), Fe3+- (····), Zn2+- (-·-), and Al3+- (····)
bound Ab in (A) pH 2.0, (B) pH 7.0 and (C) pH 9.0 buffer
containing 25% TFE. In the experiments, the concentration of
Ab was 50 mM, and that of all metals was 100mM in order to make
sure metals bound to Ab. The intensity changes at 208 nm are more
significant than that at 220 nm.
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(1.75 – 0.63 h–1) is nearly 2.5-fold faster than the rate
induced by Zn2+ ions (0.77 – 0.09 h–1) at pH 7.0.

DISCUSSION

In the present study, the metal-free Ab was found to form
different structural states under the effects of TFE and
pH. These structural states show different properties
associated with metal binding and aggregation mechan-
ism. According to these different properties, the Ab struc-
tural state can be classified into three categories: a
pH-independent ‘‘random coil’’ structure at low TFE con-
centration (TFE < 5%), a pH-dependent ‘‘unstable helical’’
structure at intermediate TFE concentration (5% < TFE <
40%), and a pH-independent ‘‘stable helical’’ structure at
high TFE concentration (TFE > 40%). In the stable helical
state, Ab maintains a high helical content and shows

apparently no a-helix!b-sheet transition and aggregation
with or without metals. In the random coil state, Ab adopts
a predominantly disordered structure and undergoes a
rapid random coil!b-sheet transition and thereafter
aggregation as proposed in the traditional Ab aggregation
cascade (7–9). Unlike the "random coil" state, the con-
formation of Ab in the unstable helix state exhibits pH
dependency. Only at pH 5.0–7.0 does Ab show the confor-
mational transition and aggregation.

Results obtained from the metal-induced Ab conform-
ational transition are similar to the metal-free state.
Metals can induce Ab conformational transition or aggre-
gation only in the ‘‘random coil’’ and ‘‘unstable helix’’
states. In the ‘‘stable helix’’ state, the metal-mediated Ab
conformational transition and aggregation are completely
diminished. In the ‘‘unstable helix’’ state, the
metal-induced Ab conformation shows significant transi-
tion and aggregation only at pH < 9.0. At pH above 9.0,
as in the ‘‘stable helix’’ state, the metal-driven conforma-
tional transition was not observed. Unlike the results
observed in the stable helix and unstable helix states,
the conformation of metal-bound Ab in the ‘‘random coil’’
state underwent changes and aggregation over the whole
pH range. This implies that the metal-induced conforma-
tional transition or aggregation is highly dependent on the
Ab structural states.

The Ab aggregation process in the pH-dependent
‘‘unstable helix’’ state without metals undergoes a three-
state conformational transition mechanism, a-helix!
intermediate!b-sheet (aggregation state), with two rate
constants, k1 and k2, applying to step1 and step2, respec-
tively. With rate constants in the range of 10–1–10–2 h–1,
these two transition steps undergo a slow transition pro-
cess. k1 is 2-fold faster than k2. This indicates that the
conversion from intermediate to b-sheet (aggregation
state) in the second step is the rate-determining step in
the transition process. Recently, a modeling study of the a-
helix to b-strand transition mechanism of Ab12–28 showed
that the transition involves the formation of an intermedi-
ate through a hydrophobic interaction (40). This Ab inter-
mediate was predicted to adopt a b-bend conformation with
a loop at residues 20–24. In the present study, we provided
the first experimental evidence for the existence of this
intermediate.

Unlike the metal-free Ab, the metal-bound Ab undergoes
a simple two-state mechanism, a-helix!b-sheet (aggrega-
tion state), and induces an even more significant conforma-
tional transition. The differences between these two
mechanisms, particularly the lack of an intermediate in
the metal-bound state, may be explained by two possible
reasons. Firstly, the a-helix!b-sheet aggregation mechan-
ism induced by metals is fast; for example, the transition
rate of copper is 10-fold faster than the k1 in metal-free
state. Therefore, it may not be possible to detect the
existence of intermediate in the measured time scale. Sec-
ondly, the metals bound to Ab may be able to shift the Ab
conformation toward the disordered or b-sheet structure
and, therefore, reduce the energy barrier and skip the for-
mation of the intermediate. This is supported by EPR and
Raman spectroscopic studies showing that the geometry of
metal-His coordination center should be square-planer or
square-pyramidal, and this shifts and distorts the whole
conformation of copper-Ab complex toward a random coil
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Fig. 4. (A) Circular dichroism spectra ofmetal-free Ab at 25%
TFE and pH 7.0. The lowermost CD spectrum is measured at 0 h.
Inset shows the spectra at 200–220 nm. (B) The plot of CD signal
at 208 nm vs. time for metal-free Ab under the same condi-
tions as in (A). In (B), the solid curve represents the non-linear
curve fitting result using two-phase exponential algorithm, result-
ing in a three-state mechanism. Inset shows the same plot at pH 2.0
and pH 9.0 at pH 2.0 and pH 9.0, no transition of Ab conformation is
observed.
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structure, particularly at the N-terminus (40, 41). It is well
characterized that the main metal binding region in Ab is
located at His13 and His14 residues, which is very near
the discordant helical region (K16LVFFAED23) (41–43).
Therefore, the binding of metals to these two histidine
residues could change the microenvironment and destabi-
lize the discordant helices, driving the conformation into
b-sheet.

Furthermore, the formation of the ‘‘unstable helix’’ state
in 25% TFE and ‘‘stable helix’’ state in 40% TFE for Ab
under the effect of metal, TFE and pH may reveal that the
fine structures of Ab are different in these structural

states. From NMR studies of solution structures for Ab
in the solutions containing a high percentage of fluorinated
alcohols, this ‘‘stable helical’’ Ab is composed of two helical
regions at the N- and C-terminus, connected by a b-turn or
kink region centered on residues 24–28 (44–46). Therefore,
Ab in the ‘‘stable helix’’ state may form a stable helical
structure with strongly residual interactions. This helical
conformation is an energetically favorable structure and
cannot easily be changed to other secondary structures by
other factors. In contrast, in the ‘‘unstable helix’’ state, the
Ab conformation may be predominated by some forms of
unstable helix with weakly residual interactions. This
conformational state is energetically unfavorable, and
can easily be changed by pH and metals. Recently, a dis-
cordant helical region located in Ab residues 16–23 has
been proposed (32, 43). Our present concept of ‘‘unstable
helix’’ state may be correlated with this discordant
helices hypothesis. However, the detailed differences
between these two structural states need to be further
characterized.

In summary, the Ab under the effects of TFE and pH
could form three structural states, ‘‘random coil,’’ ‘‘unstable

0 5 10 15 20
-9.5

-9.0

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5
(A):Zn2+

C
D

 S
ig

na
l (

20
8 

nm
)

Time (h)

0 5 10 15 20
-9.5

-9.0

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0
(B): Al3+

C
D

 S
ig

na
l (

20
8 

nm
)

Time (h)

0 5 10 15 20
-9.5

-9.0

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0
(C):Fe3+

C
D

 S
ig

na
l (

20
8 

nm
)

Time (h)

0 5 10 15 20
-9.5

-9.0

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0
(D):Cu2+

C
D

 S
ig

na
l (

20
8 

nm
)

Time (h)

Fig. 5. Plot of metal-bound Ab conformation change rate as a
function of CD signal at 208 nm vs. time for (A) Zn2+, (B) Al3+,
(C) Fe3+, and (D) Cu2+. The solid curves represent the best non-
linear curve-fitting result for each metal ion using a one-phase

exponential algorithm. It can be seen that copper induces the
most effective transition in Ab conformation, while zinc shows the
smallest effect. A two-state model best represents the mechanism.

Table 1. Calculated transition rate for Ab induced by
different metal ions.

Metal ion Rate (h–1)

Cu2+ 1.75 – 0.63

Fe3+ 1.01 – 0.52

Al3+ 1.01 – 0.17

Zn2+ 0.77 – 0.13
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helix’’ and ‘‘stable helix.’’ The characterization of Ab
conformational transition and aggregation is highly depen-
dent on the nature of these structural states. The aggrega-
tion processes for metal-free and metal-bound Ab in the
‘‘unstable helix’’ state involves different mechanisms,
three-state for the metal-free state and two-state for the
metal-bound state.
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