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C-terminal fragments of APP (APP-CTs), that contain Aβ sequence, are found in neurotic plaques,

neurofibrillary tangles and the cytosol of lymphoblastoid cells obtained from AD patients. CT26, Thr639-

Asp664 (TVIVITLVMLKKKQYTSIHH GVVEVD) includes not only the transmembrane domain but also the

cytoplasmic domain of APP. This sequence is produced from cleavage of APP by caspase and γ-secretase. In

this study, the solution structure of CT26 was investigated using NMR spectroscopy and circular dichroism

(CD) spectropolarimeter in various membrane-mimicking environments. According to CD spectra and the

tertiary structure of CT26 determined in TFE-containing aqueous solution, CT26 has an α-helical structure

from Val2 to Lys11 in TFE-containing aqueous solution. However, according to CD data, CT26 adopts a β-sheet

structure in the SDS micelles and DPC micelles. This result implies that CT26 may have a conformational

transition between α-helix and β-sheet structure. This study may provide an insight into the conformational

basis of the pathological activity of the C-terminal fragments of APP in the model membrane.
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Introduction

Alzheimer’s disease (AD) is the most common causative

brain disease of primary dementia in the elderly. The most

characteristic change in progressive dementia of Alzheimer’s

type is a tissue deposit of amyloid beta peptide, which is

derived from its precursor protein APP.1-12 Mutations in the

beta-amyloid precursor protein (APP) gene cause familial

Alzheimer's disease (AD). Although amyloid beta peptide

(Aβ) is the principal constituent of senile plaques in AD,

other cleavage products of APP are also implicated in play-

ing roles in the pathogenesis of AD. C-terminal fragments of

APP (APP-CTs) are found in neuritic plaques, neurofibrillary

tangles and the cytosol of lymphoblastoid cells obtained

from AD patients. Structural alterations of APP are impli-

cated in the pathogenesis of Alzheimer’s disease, but it is not

known how they cause the disease. The amyloid precursor

protein presents several cleavage sites leading to the release

of its entire C-terminal domain into the cytoplasm. During

apoptosis, this C-terminal domain can be cleaved at amino

acid 664 by caspases 3, 6, and 8 and can thus generate a

peptide, CT26.10-12 Cytoplasmic APP sequence, Lys649-

Asp664 (CT16) has been known as the most toxic part in the

C-terminal of APP. CT26, Thr639-Asp664 (TVIVITLV

MLKKKQYTSIHHGVVEVD) has not only the cytoplasmic

toxic domain (CT16) but also the transmembrane domain.13

In order to understand the conformational basis of the

pathological activity of the C-terminal fragments of APP, the

structure of CT26 has been studied. Here, we studied the

structures of CT26 using CD and NMR spectroscopy in

membrane mimetic environments.

Experimental Section

Sample Preparation. Peptide CT26 was synthesized on

Rink Amide MBHA resin as C-terminal amides by the solid

phase method using Fmoc-chemistry, and was purified by a

preparative reverse-phase C18 column. Trifluoroethanol (TFE)

was purchased from ALDRICH Chemical Co. and perdeu-

terated sodium dodecyl sulfate (SDS-d25) was obtained from

Cambridge Isotope Inc. For NMR experiments, peptide was

dissolved in 0.45 mL of TFE/H2O (1 : 1, v/v) to make a final

concentration of 1.0 mM.

CD Experiments. CD measurements of 100 μM peptide

solutions were performed on a J720 spectropolarimeter

(Japan, Jasco) between 190 and 250 nm at 298 K using

quartz cell having pathlength of 1 mm. Data were collected

at 0.1 nm-interval and 10 scans were averaged with the scan

rate of 100 nm/min. In order to investigate the confor-

mations in membrane-mimicking environment, peptides

were dissolved in 30%-70% (v/v) TFE-containing aqueous

solution, SDS micelles, and DPC micelles.

NMR Spectroscopy. Samples for NMR experiments were

dissolved in 50% TFE/H2O (1 : 1, v/v) solution. CT26 in

SDS and/or DPC micelle were too poorly behaved in

solution to be amenable to structure determination. CT26

were aggregated in both micelles at 1 mM concentration. All

of the phase-sensitive two-dimensional experiments, such as

DQF-COSY, TOCSY, and NOESY were performed using

time-proportional phase incrementation method.14-18 TOCSY

experiments were performed using 80 ms MLEV-17 spin-

lock mixing pulses. Mixing times of 150 ms and 250 ms

were used for NOESY experiments. 3
JHNα coupling con-
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stants were measured from DQF-COSY spectrum with a
spectral width of 4006.41 Hz and digital resolution of 0.98
Hz/point.19 All NMR spectra were recorded at 298 K on
Bruker 400 MHz DPX-spectrometer at Konkuk University
and on Bruker 500 MHz spectrometer at KBSI and
processed off-line using the FELIX software (Molecular
Simulations Inc., San Diego, CA, USA) on SGI workstation
in our laboratory.

Structure Calculation. Distance constraints were extract-
ed from the NOESY spectra with mixing times of 250 ms.
All the NOE intensities were divided into three classes,
strong, medium, and weak with the distance ranges of 1.8-
2.7, 1.8-3.5, and 1.8-5.0 Å, respectively.20,21 Structure calcu-
lations were carried out using X-PLOR version 3.851.22

Standard pseudoatom corrections were applied to the non-
stereospecifically assigned restraints,23 and the additional
0.5 Å was added to the upper bounds for NOEs involving
methyl protons.24 Standard distance geometry-dynamical
simulated annealing hybrid protocol was employed to
generate structures.25,26 The target function that is minimized
during simulated annealing comprised only quadratic
harmonic potential terms for covalent geometry, square-well
quadratic potentials for the experimental distance and
torsion angle restraints, and a quartic van der Waals
repulsion term for the nonbonded contacts. Total of 80
structures were generated, 20 structures with the lowest
energies were selected for the further analysis.

Results and Discussion

Circular Dichroism Study. To investigate the secondary
structure of CT26 in membrane mimetic environments, CD
spectra were measured in aqueous buffer, TFE/water
solution, SDS micelles, and DPC micelles. As shown in
Figure 1, CT26 has a random coil structure in water.
Addition of TFE induces structural changes of CT26 and
adopts α-helical conformation. CT26 in SDS micelles and

DPC micelles show β-sheet structure.
Resonance Assignment and Secondary Structure. In

order to investigate the tertiary structure of CT26 and to
understand the changes induced by TFE, tertiary structure of
CT26 in TFE/water solution was determined by NMR
spectroscopy. Standard sequential assignment strategy was
applied using DQF-COSY, TOCSY and NOESY spectra.
Figure 2 shows NOESY spectrum with the assignments of
CT26 in the NH-NH region. Table 1 lists the complete
assignments of the proton chemical shifts of CT26 in TFE/
water solution at 298 K. 

Figure 3 illustrates the summary of the NOE connec-

Figure 1. CD spectra of CT26 in various environments. (a) in various concentration of TFE-H2O mixture solvents (b) in various
concentration of SDS micelles and DPC micelles at 298 K.

Figure 2. The NH-NH region of a 250 ms mixing time NOESY
spectrum of CT26 in TFE/H2O (1 : 1, v/v) solution at 298 K, pH
4.0.
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tivities, 3JHN coupling constants and chemical shift indices in
TFE/H2O (1 : 1, v/v) solution. The observation of sequential
dNN(i,i+1) and medium range dαβ(i,i+3), dαN(i,i+3) and
dαN(i,i+4) NOEs strongly supports the presence of α-helix
spanning residues from Val2 to Lys11 in CT26. The observed
values of the 3JHNα coupling constants for this region are
generally below 6 Hz and they are marked with small size
filled circle. A dense grouping of four or more −1 value of
chemical shift indices not interrupted by a +1 in this region
is another evidence of α-helix.27 The presence of small 3JHNα
coupling constants, the sequence of residues with chemical
shift indices of –1, and the NOE patterns present strong
evidences that CT26 in TFE/H2O (1 : 1, v/v) solution have
an a-helical structure in the N-terminus. 

Tertiary Structures of CT26. To determine the tertiary
structure of CT26, we used experimental restraints such as
sequential (| i – j | = 1), medium-range (1< | i – j | ≤ 5), long-
range (|i – j| > 5), intraresidual distance, and torsion angle
restraints, as listed in Table 2. From the structures, which
were accepted with a small deviations from idealized
covalent geometry and experimental restraints (≤ 0.05 Å for
bonds, ≤ 5º for angles, ≤ 5º for chirality, ≤ 0.3 Å for NOE
restraints, and ≤ 3º for torsion angle restraints), and 20
output structures with the lowest energy for each peptides
were analyzed (N, Cα, C', O).

The statistics of the 20 final simulated annealing (SA)
structures of CT26 are given in Table 2. All 20 SA structures
display good covalent geometries and small NMR constraint
violations. When we superimposed the 20 structures on the
backbone atoms of the residues from Val2 to Lys,11 their rms
deviations from mean structure are 0.62 Å for the backbone

Table 1. 1H chemical shifts (ppm) for CT26 in TFE/H2O (1 : 1, v/v)
solution at 298 K, pH 4.0

Resi-
due

Chemical shift (ppm)a

NH αH βH Others

Thr1

Val2 8.50 4.10 2.20 γ 1.07*

Ile3 8.04 4.16 1.90 γ CH3 0.93*; γ CH2 1.00*; γ 0.81*

Val4 7.37 3.87 2.13 γ 1.02, 1.07
Ile5 7.27 3.91 1.95 γ CH3 0.97*; γ CH2 1.01*; δ 0.90*

Thr6 7.58 4.29 3.97 γ 1.30*

Leu7 7.75 4.16 1.89 γ 1.64*; γ 0.75*

Val8 7.98 3.61 2.12 γ 0.99*

Met9 8.19 4.20 2.17* γ 2.43*

Leu10 8.34 4.15 1.65 γ 1.60*; δ 0.85
Lys11 8.47 4.14 1.77* γ 1.43*; δ 1.71*; ε 3.08*

Lys12 8.46 4.25 1.91* γ 1.47*; δ 1.67*; ε 3.10*

Lys13 8.44 4.12 1.84* γ 1.53; δ 1.70*; ε 3.18*

Gln14 8.53 4.23 2.20, 2.30 γ 2.60*

Tyr15 8.59 4.30 3.25* 2, 6H 7.18; 3, 5H 6.85
Thr16 8.37 4.18 4.04 γ 1.41*

Ser17 8.07 4.41 4.02, 4.08
Ile18 7.79 4.07 1.80 γ CH3 0.85*; γ CH2 1.01*; δ 0.74*

His19 7.94 4.20 2.86, 2.93 2H 8.59; 4H 7.33
His20 8.13 4.51 3.30, 3.42 2H 8.60; 4H 7.42
Gly21 8.29 3.98, 4.04
Val22 7.87 4.19 2.10 γ 1.00*

Val23 7.85 4.19 2.15 γ 0.93*

Glu24 8.11 4.51 2.07, 2.15 γ 2.45*

Val25 7.97 4.21 2.15 γ 0.97*

Asp26

aChemical shifts are relative to DSS (0 ppm)

Figure 3. The NOE connectivities, 3JHNa coupling constants and
chemical shift indices of CT26 in TFE/H2O (1 : 1, v/v) solution at
298 K, pH 4.0. The size of filled circle is proportional to the value
of measured 3JHNa.

Table 2. Structural statistics and mean pairwise rms deviations for
the 20 best structures of CT26 in TFE/H2O (1 : 1 v/v) solutiona

(a) CT26

Experimental distance restraints
 Total 152
 Sequential 71
 Medium range 30
 Intraresidue 51
 H-bond (two per bond) 0

Dihedral angle restraints 24
R.m.s.d from experimental restraints

 NOE (Å) 0.017 ± 0.007
 φ (deg) 0.016 ± 0.017

R.m.s.d from idealized covalent geometry
 Bonds (Å) 0.001 ± 0.0001
 Angles (deg) 0.445 ± 0.008
 Impropers (deg) 0.349 ± 0.014

Average energies (kcal mol−1)
 Etot 31 ± 1.4
 ENOE 1.3 ± 0.91
 Etor 24.0 ± 0.85
 Erepel 1.32 ± 0.55 

(b)
R.m.s.d from the mean structure

 Backbone atoms of all residues 3.01 ± 0.75
 All heavy atoms of all residues 4.21 ± 1.11
 Backbone atoms (2-11) 0.62 ± 0.20
 All heavy atoms (2-11) 1.36 ± 0.27

aENOE, Etor and Erepel are the energies related to the NOE violations, the
torsion angle violations, and the van der Waals repulsion term,
respectively. The value of the square-well NOE (ENOE) and torsion angle
(Etor) potentials are calculated with force constants of 50 kcal mol−1 Å−2

and 200 kcal mol−1 rad−2, respectively. The values of the quartic van der
Waals repulsion term (Erepel) is calculated with a force constant 4 kcal
mol−1 Å−4. The rmsd values were obtained by best fitting the backbone
atom (N, Cα, C', O) coordinates for all residues of the 20 converged
structures. The numbers given for the backbone and all heavy atoms
represent the mean values ± standard deviations.
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atoms and 1.36 Å for all heavy atoms. However, the rms
deviations for all residues from the mean structures are
much bigger for all peptides because of the flexible region.
Figure 4 shows the superposition of 20 lowest energy
structures of CT26 calculated from the NMR data using
backbone atoms of residue 2-11. CT26 has an α-helical
structure from from Val2 to Lys11 and the C-terminus shows a
random structure with great flexibilities.

Conclusion

We have investigated the structure of CT26 by NMR
spectroscopy and circular dichroism spectropolarimeter. The
N-terminus of this peptide is generated by γ-secretase
cleavage creating Aβ and the C-terminal is generated by
caspase cleavage relevant to cell death. From the circular
dichroism study, it was confirmed that CT26 exists as α-
helix structure in TFE aqueous solution and as β-sheet
structure in SDS or DPC micelle. 

It has been proposed by CD spectroscopy that Aβ25-35
exhibits pH- and concentration-dependent α-helix ↔ β-
sheet transition and 25-35 fragment shows lipid-induced
reversible random-coil ↔ β-sheet transition.28 This confor-
mational transition with concomitant peptide aggregation
can be a possible mechanism of plaque formation. We have
determined the structure of Aβ25-35 in aqueous TFE
solution using NMR spectroscopy and Aβ25-35 has α-
helical structures in its C-terminal region and aromatic rings
or hydrophobic side chains in the center of the helix protrude
outside.29

Tertiary structure of CT26 in TFE/H2O (1 : 1, v/v) solution
determined by NMR spectroscopy shows that CT26 has α-
helix spanning from Val2 to Lys.11 CT26 were aggregated in
both micelles at 1 mM concentration and this implies that
aggregations of CT26 in SDS micelles or DPC micelle result

from the β-sheet structure. Therefore, it can be proposed that
CT26 exhibits environment-dependent α-helix ↔ β-sheet
transition like Aβ25-35 fragments. Thr1 to Leu10 of CT26 is
a transmembrane domain and α-helical structure of this
region is likely to be related to the transmembrane action
regulating the activity of CT by α-helix ↔ β-sheet
transition. This study may provide an insight into the
conformational basis of the pathological activity of the C-
terminal fragments of APP in the model membrane.
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Figure 4. The superpositions of the 20 lowest energy structures of
CT26 (APP639-664) calculated from the NMR data, using
backbone atoms of residues 2-11.


