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Abstract: Copper-amyloid peptides are proposed to be the
cause of Alzheimer�s disease, presumably by oxidative stress.
However, mice do not produce amyloid plaques and thus do
not suffer from Alzheimer�s disease. Although much effort has
been focused on the structural characterization of the copper-
human amyloid peptides, little is known regarding the copper-
binding mode in murine amyloid peptides. Thus, we inves-
tigated the structure of copper-murine amyloid peptides
through multi-frequency, multi-technique pulsed EPR spec-
troscopy in conjunction with specific isotope labeling. Based
on our pulsed EPR results, we found that Ala2, Glu3, His6,
and His14 are directly coordinated with the copper ion in
murine amyloid b peptides at pH 8.5. This is the first detailed
structural characterization of the copper-binding mode in
murine amyloid b peptides. This work may advance the
knowledge required for developing inhibitors of Alzheimer�s
disease.

Alzheimer�s disease (AD) is a well-known neurodegener-
ative disease that has received considerable attention as the
population of patients suffering from this disease grows
rapidly.[1] The most common pathological feature of AD is the
extracellular deposits of amyloid b peptide (Ab) plaques, and
interestingly, the concentration of metal ions such as copper in
the plaques is high.[2] This finding leads to the hypothesis of
metal-induced amyloid fibrilization by oxidative stress owing
to the reaction between redox-active metal ions and oxygen.[3]

Because a detailed knowledge of the coordination environ-
ment of copper is required to understand the molecular
mechanism of the amyloid fibrilization event, extensive
efforts have been focused on elucidating the coordination of
copper ions in human amyloid b peptides (hAb).[4, 5]

Murine amyloid b peptides (mAb), however, differ from
hAb in three amino acids: R5G, Y10F, and H13R. It has been

shown that these three different amino acid residues make
mAb soluble, without peptide fibrilization, and thus, Ab

deposition is not encountered in rats.[6] Furthermore, copper
has long been known to ligate to the mAb, and the
coordination of CuII in mAb has been proposed to be
different from that in hAb.[7, 8] However, the detailed structure
of CuII-mAb has not been thoroughly studied.[8, 9] To better
understand the AD mechanism, investigations involving
mouse animal models are essential. Therefore, it is of
particular importance to elucidate the structure of the
copper-coordinated murine amyloid peptide (Cu-mAb),
which may provide insight into the aggregation mechanism
of amyloid peptides.

In this work, we employed multi-frequency, multi-tech-
nique pulsed electron paramagnetic resonance (EPR) spec-
troscopy to explore the details of the copper coordination of
mAb. A combination of 9 GHz hyperfine sublevel correlation
(HYSCORE) and 34 GHz electron nuclear double resonance
(ENDOR) spectroscopy along with specific isotope labeling
is immensely useful for identifying the coordination environ-
ment of the copper binding site in mAb. A set of specifically
isotope-labeled mAb peptides consisting of uniformly 13C-
and 15N-labeled Ala2, 13C-and 15N-labeled Glu3, 15N-labeled
His6, and 15N-labeled His14 was used.

The CW-EPR of Cu-mAb at pH 7.4 exhibits two distinct
sets of hyperfine peaks of the copper ion. This EPR spectrum
can be effectively reproduced in simulations involving two
different copper species (Supporting Information, Figure S1).
As the pH was raised to 8.5, the CW-EPR of Cu-mAb showed
only one species, which is comparable to the results observed
for Cu-mAb.[9] The spectrum at pH 8.5 can be well simulated
using g = [2.23, 2.06, 2.06] and A = [154, 14, 14] G (Supporting
Information, Figure S1). Thus, owing to the complexity of the
interpretation, we will exclusively focus on examining the
coordination environment of the Cu-mAb at pH 8.5. Fur-
thermore, no effect of isotope labeling on the EPR spectra
was observed (Supporting Information, Figure S2). Thus,
high-resolution pulsed EPR techniques were used to detect
hyperfine interactions not observed in the CW-EPR.

To probe the detailed coordination environment of the
copper site in mAb, 9 GHz HYSCORE experiments were
conducted. A two-dimensional HYSCORE spectrum consists
of cross-peaks that represent correlations between the
nuclear frequencies of one electron spin manifold and the
nuclear frequencies of the other electron spin manifold,
simplifying the analysis of spectra.[10] Figure 1a displays the
HYSCORE spectrum of natural-abundance Cu-mAb, which
shows the cross-peaks near (4.0, 1.6) and (1.6, 4.0) MHz.
These peaks have been assigned as the double-quantum of the
amino nitrogen nucleus of histidine (His) directly bound to
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CuII.[11, 12] This assignment can be verified using isotope-
labeled histidines.

When the HYSCORE experiments were performed on
15N-labeled His6 peptides, along with the features present in
the unlabeled peptide, new cross-peaks at about (2.4, 0.6) and
(0.6, 2.4) MHz centered at the Larmor frequency of 15N
(n15N = 1.45 MHz) and split by 1.8 MHz appeared (Figure 1c).
These cross-peaks arise from the correlation between the 15N
transitions in different electron spin manifolds. These weakly
coupled nitrogen atoms are characteristic of the amino
nitrogen of a histidine directly bound to the copper ion.[10,13]

Furthermore, the HYSCORE spectra taken with 15N-labeled
His14 peptides are similar to the spectra of 15N-labeled His6,
which indicates that the hyperfine parameters are nearly
identical. Thus, HYSCORE experiments in conjunction with
the 15N isotope labeling of histidines indicate that both His6
and His14 bind directly to the copper ion (Figure 1c,d).

The HYSCORE spectrum of natural-abundance CuII-
mAb shows another set of cross-peaks at (4.4, 2.9) and (2.9,
4.4) MHz (Figure 1a). To identify these cross-peaks, addi-
tional HYSCORE experiments were conducted on the 15N-
labeled Glu3 of mAb. In the HYSCORE of the 15N-labeled
Glu3 sample, these cross-peaks disappear, which is unambig-
uously confirmed by the appearance of the 15N signal in the
HYSCORE (Figure 1b). The cross-peaks near (2.3, 0.7), (0.7,
2.3) MHz centered at the 15N Larmor frequency (n15N =

1.45 MHz) with a splitting of approximately 1.6 MHz are
clearly shown in the HYSCORE of 15N-labeled Glu3 of CuII-
mAb. Thus, the HYSCORE experiments show that the cross-
peaks at (4.4, 2.9) and (2.9, 4.4) MHz in Cu-mAb arise from
the 14N of Glu3. Furthermore, the shape and the position of
this feature are strikingly comparable to observations for the
double-quantum transitions of an amide nitrogen atom of

a non-coordinating peptide backbone when the adjacent
carbonyl function is coordinated with the CuII ion in the
equatorial position.[5, 11, 14] This assignment can be further
verified by the pulsed EPR data taken on the 13C-labeled Ala2
samples (see below).

The HYSCORE experiments on the 13C-labeled Ala2 of
CuII-mAb exhibit strong 13C ridges centered on the 13C
Larmor frequency (n13C = 3.6 MHz). At g?, the 13C ridges of
Ala2 exhibit a splitting of approximately 2.4 MHz and a width
of approximately 0.9 MHz with a larger splitting of approx-
imately 3.4 MHz in the gk region (Figure 2).

This 13C signal was confirmed by Mims ENDOR. Figure 3
shows the 13C Mims ENDOR of globally labeled 13C of Ala2
Cu-mAb taken across the EPR envelope. The ENDOR
features are centered on the 13C Larmor frequency and split
by the magnitude of hyperfine interactions. The 13C ENDOR
shows doublets centered at the Larmor frequency of 13C and
separated by 4.4 MHz around gk, decreasing to 2.4 MHz as the
field changes to g?. The t value of 150 ns was chosen to
prevent the suppression effect of Mims holes at A = n/t (n =

0,1,2,…).[15] By collecting the 13C Mims ENDOR throughout
the EPR envelop of Cu-mAb, we were able to extract the 13C
hyperfine tensor parameters to more accurately map the
location of the 13C nucleus of Ala2.

The 2D field-frequency ENDOR signals are well simu-
lated by A = [1.8, 3.0, 4.6] MHz and Euler angles [b, a] = [80,
10]8. The magnitude of the hyperfine coupling (Aiso) of 13C
approximately 3 MHz can be explained by a through-bond
pathway resulting from the equatorial coordination of the
carbonyl oxygen of Ala2 with a CuII ion.[16] Additionally, the
CuII–13C vector in the g frame with the Euler angles obtained
from the simulations indicates that the 13C nucleus is located

Figure 1. HYSCORE spectra of a) CuII-mAb(1–16), b) 13C,15N-Glu3-CuII-
mAb(1–16), c) 15N-His6-CuII-mAb(1–16), and d) 15N-His14-CuII-mAb(1–
16). Experimental conditions: microwave frequency 9.7 GHz, magnetic
field 3360 G, T = 12 K, p pulse width 32 ns, p/2 pulse width 16 ns,
t = 210 ns (except in (a): t = 140 ns).

Figure 2. HYSCORE spectra of 13C,15N-Ala2 CuII-mAb(1–16) (left), and
13C,15N-Glu3-CuII-mAb(1–16) (right) at gk (top) and g? (bottom).
Experimental conditions: microwave frequency 9.7 GHz, T = 12 K, p

pulse width 32 ns, p/2 pulse width 16 ns, t = 140 ns.
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near the equatorial position. Thus, the 13C-labeled Ala2
HYSCORE and the Mims ENDOR spectroscopy together
with the 15N HYSCORE of Glu3 demonstrate that the
carbonyl of Ala2 is an equatorial ligand of the copper ion.

Another 13C ENDOR signal with very weak hyperfine
coupling of approximately 0.5 MHz was detected when using
different t values to maximize the sensitivity of the smaller
hyperfine couplings because the ENDOR response R
depends on the hyperfine coupling A and the time t between
the first two p/2 pulses according to the equation R�
[1�cos (2pAt)] (Supporting Information, Figure S3).[15] This
smaller ENDOR signal may arise from the distant 13C nucleus
from the globally labeled 13C of Ala2.

Interestingly, when a different t value of 140 ns was used
for the HYSCORE of the 13C,15N-labeled Glu3 of Cu-mAb

peptides, new ridges centered on the 13C Larmor frequency
(n13C� 3.6 MHz) appeared, as shown in Figure 2. No features
of the 13C from Glu3 were detected in hAb. The contour plot
obtained near gk displays more distinct 13C cross-peaks at (5.1,
1.5), (1.5, 5.1) MHz with a splitting of approximately 3.6 MHz
and another weakly coupled 13C signal near the 13C Larmor
frequency. At g?, there are two distinct 13C signals: one is split
by approximately 2 MHz with a width of approximately
0.5 MHz and the other is near the 13C Larmor frequency with
a ridge of approximately 1 MHz. Moreover, the 13C signals of
Glu3 are confirmed by the Mims ENDOR. The 13C Mims
ENDOR using different t values is shown in the Supporting
Information, Figure S4. The spectra were obtained near g?,
where the EPR intensity is maximized. To verify more or less
broad and featureless ENDOR signals, different t values were
used. Using different t values, the Mims holes due to the
suppression effect (see below) appeared in the approximately
3 MHz ENDOR signal. This effect on the spectrum clearly
indicates a strongly coupled 13C hyperfine coupling of
approximately 3 MHz.

Two more weakly coupled 13C signals split by less than
1 MHz were also detected, with t values of 300 ns and 500 ns
(Supporting Information, Figure S4), which may arise from an
axially coordinated or non-coordinated carboxylate 13C of the
side chains of Glu3 (see below). Although the ENDOR
intensity is not strong enough to be detected throughout the
EPR envelope, the magnitude of the hyperfine coupling
(approximately 3 MHz) of the 13C implies that the carbonyl or
carboxyl of Glu3 is directly ligated to the copper ion,[16]

suggesting two possible binding modes of Glu3 to the
copper ion. One possibility is that this signal can be attributed
to the 13C of the carboxyl of an equatorially coordinated
carboxylate directly coordinated with the copper site. The
other is that the 13C signal arises from the spin density on the
13C carbon owing to the oxygen coordination of its backbone
carbonyl (Supporting Information, Figure S5).

To distinguish between these two possible models, DFT
calculation was performed. The DFT calculation demon-
strates that the model with the oxygen coordination from the
carboxyl side-chain of Glu3 is more stable than the model
with coordination from the carbonyl backbone. The DFT-
optimized structure of Cu-mAb based on the results of this
work is shown in Figure 4. Both His6 and His14 are

coordinated with the copper site, and both the oxygen of
the carbonyl of Ala2 and the oxygen of the carboxyl of the
side-chain in Glu3 are ligands of the copper ion.

The coordination structure of the Cu-mAb obtained from
the spectroscopic and DFT calculations is similar to the
proposed structure of the Cu-hAb at high pH in that His6,
His14, and Ala2 are coordinated with the copper ion.[4d]

However, the coordination of Glu3 has not been observed
in Cu-hAb, which makes the binding mode of the CuII in rat
Ab unique. Although detailed mechanistic studies are
required, the difference between humans and rats in the
development of AD may lie in the nature of the CuII

coordination by Glu3, which thus may have a key role in
preventing amyloid fibrilization.

In summary, we have presented the detailed coordination
environment of the copper-binding site in mAb. By using
multi-frequency, multi-technique pulsed EPR spectroscopy in

Figure 3. 2D field/frequency 13C Mims ENDOR spectra of globally
labeled 13C,15N-Ala2 CuII-mAb(1–16). Experimental conditions: micro-
wave frequency 33.8 GHz, T =12 K, Mims ENDOR p/2 width 32 ns,
t = 150 ns, RF pulse width 20 ms. Simulations are shown with red
dashed lines: simulation parameters: g = [2.23, 2.06, 2.06], A= [1.8,
3.0, 4.6] MHz, Euler angles= [b, a] = [80, 10]8.

Figure 4. DFT-optimized structure of CuII binding site in mAb based
on our spectroscopic data. Ala2, Glu3, His6, and His14 are coordi-
nated to the CuII. Cu dark gray, C gray, N blue, O red.
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conjunction with specific isotope labeling, we were able to
directly detect and thus identify the ligands of the copper ion
coordinated with murine amyloid peptides. This first detailed
structural description of the copper-binding site in mAb may
help elucidate the molecular mechanism underlying amyloid
fibrilization, providing structural insight into the development
of inhibitors of Alzheimer�s disease.
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