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ABSTRACT: Alzheimer’s disease (AD) patients show abnormally
high concentrations of Cu®" in the amyloid /3 plaques. This invokes
that Cu®* might play a crucial role in the onset of AD. The last few
decades of research have also shown that Cu®* plays a significant
role in the aggregation of Af plaques in the brain and the
generation of oxidative stress. Because the crystal structures of Cu-
Ap are yet to be obtained, there are various proposed models for
the Cu®* coordination environment of A peptides. In this study,
we have used the truncated hydrophilic part of the native Ap
peptide to probe the Cu®* coordination site of the peptide, using a
combination of spectroscopy and exogenous ligand-binding
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studies. It is evident from our study that AB(1—16) binds 1 equiv of Cu®" and yet shows an equilibrium between two
species with a pK, of ~8.1. Ligand-field analysis of absorption and circular dichroism spectroscopy data indicates five-coordinate
geometry for both components. We investigate the effect of azide and 8-hydroxyquinoline binding to Cu-Af and demonstrate the
presence of a water-derived ligand and a second exchangeable ligand coordinated to copper at physiological pH, along the

equatorial plane of a square-pyramidal active site.

1. INTRODUCTION

Alzheimer’s disease (AD) is the most common form of senile
dementia. A total of 13% of people over the age of 65 years are
affected by this terminal disease in the United States, and this
number dramatically increases to 40% for people over the age of
85 years." This fatal disease results from the deposition of
amyloid 8 (Af3) peptides in the brain.”~* The major symptoms of
this disease are rapid mood swings, confusion, muscle
immobility, long-term memory loss, and other age-related
problems, finally leading to death. 56 Although Ap is found to
be neurotoxic at micromolar concentrations in vitro, it is
produced in the brain at nanomolar concentrations’ and
possesses neurotrophic properties in cell culture.®™'% A, a
small peptide containing 39 to 42 amino acid residues, is
generated from a trans-membrane protein, known as amyloid
precursor protein (APP)."'”'* B-Secretase cleaves APP at the
Met671—Asp672 linkage to form the N terminus, while y-
secretase cleaves the protein at the Ala713—Thr714 linkage to
generate the C terminus of AB(1—42).">'® AB peptides form
plaques and oligomers in the neocortex region of the brain and
affect the synapses between nerve cells, acting as a neurotoxic
agent. The two most abundant isoforms of Aff are A(1—40) and
Ap(1—42). AB(1—40) is mainly found in biological fluids in
soluble form,'”'® whereas the latter is rather insoluble and is
found in deposited senile plaques.'® Autopsies of AD-affected
brains have shown the presence of abnormally high levels of iron,
copper, and zinc.”*>* This indicates that these transition metals
may have a significant role in the oligomerization or plaque
formation of Af and the generation of oxidative stress associated
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with it. The last few years of research have also confirmed that
these transition metals play a key role in the neurodegenerative
process.>>~%*

Amyloidogenesis can be either accelerated or inhibited by

u*" depending on the condition and type of the aggregated
state.”” To understand the role of copper in AD, one needs to
have a vivid idea about the interaction of A3 with Cu**. Although
there have been numerous studies on Cu-Af complexes over the
last few decades, the crystal structures of Cu-Afl complexes are
yet to be solved. Different research groups have proposed
structural models for Cu-Af complexes using different types of
electron paramagnetic resonance (EPR) spectroscopy (CW,
ESEEM, pulse ENDOR, and pulse HYSCORE), circular
dichroism (CD), NMR, and X-ray absorption spectroscopy.
However, many of the proposed models are controversial.

Initial studies suggest that Cu**-bound Af peptides have a
3N10 coordination environment.**~>* The 3N coordination
can be from either three histidine residues or two histidine
residues and the N terminus (Scheme 1).>***7* One of the
nitrogen-donor atoms has also been proposed to be a
deprotonated amide nitrogen.*' ~** The oxygen-binding residue
can be Asp1, Asp7, Glu3, or Glul], or it could be aqueous-buffer-
derived.*”**™* The carbonyl oxygen atoms of the amide
linkages are also possible copper-coordinating ligands.*”**
Although there are reports of Tyrl0 being the oxygen-donor
ligand,*** recent studies have ruled out this possibility.*>**>%>!
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Scheme 1. Some Representative Proposed Active Site Models of Cu-Af
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More recent studies indicate that Cu-Af complexes contain two
different species, components I and II, which are in equilibrium
in the range pH 5—9.>>*#%3175% Different coordination
environments have been proposed for these two components
based on various spectroscopic data. A recent study on ApS
peptide containing N'*-labeled histidines reports that all three
histidine residues simultaneously bind to Cu* at physiological
pH.>* A group of researchers have proposed two five-coordinate
models for component I, having two histidine imidazoles (His6
and His13/His14), the N terminus, and the carboxylate group of
Aspl as the four Cu?* binding ligands.*'~** The fifth ligand was
initially reported to be the peptide backbone carbonyl of the
remaining histidine residue, based on *C and 'H NMR,* which
was later proposed to be the carbonyl group of the peptide bond
in Aspl—Ala2 (Scheme 1A), based on CW, ESEEM, pulse
ENDOR, and pulse HYSCORE EPR data.*"** The correspond-
ing component II has been proposed to be coordinated to any
one of the three histidines, the carbonyl group of the amide
linkage of Ala2—Glu3, a deprotonated nitrogen atom of an amide
bond, the N terminus, and the carboxylate group of Asp1.*'~*
HYSCORE data propose a four-coordinated Cu*" environment
for component I having two histidine imidazoles (His6 and
His13/His14), the N terminus, and the carboxylate group of
Aspl as the coordinating ligands (Scheme 1B).>' Component IT
has been proposed to be coordinated by three histidines along
with the carboxylate group of Aspl. Another study based on
HYSCORE spectroscopy on isotopically labeled peptides
suggests binding of Cu®" through the N terminus along with
His6, His13, and the carbonyl oxygen of Aspl in component I
and three histidine ligands along with the carbonyl oxygen atom
of the amide bond of Ala2—Glu3 in component IL*" A recent
computational study suggests coordination of the amide
carbonyl of Ala2 along with the three histidine imidazoles as
the Cu**-coordinating ligands.** There are also reports of three-
histidine-bound models for both components I and II (namely,
high and low affinity sites, respectively), where the fourth ligand
is the carboxylate group of Asp1 for the high affinity site and the
N terminus for the low affinity site (Scheme 1C).** Reports by
Karr and Szalai indicate that —COQO™ of the Asp1 residue plays a
key role as a hydrogen-bonding residue rather than directly
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taking part in Cu®* coordination.*> A recent report based on
density functional theory (DFT) and molecular dynamics
describes the N terminus, C=0(Asp1—Ala2), and two histidine
imidazoles (His6 and Hisl3 or Hisl4) along with a water
molecule as the five Cu**-binding ligands at low pH and the N
terminus, N~ (Aspl— AlaZ), C=0 (Ala2—Glu3), His6, and a
water molecule as the Cu**-coordinating ligands at high pH.*°
Most recently, another model for the Cu-Af active site has been
proposed for the low-pH component I species, consisting of the
N terminus, amidate nitrogen of the peptide bond of Asp1—Ala2,
carbonyl oxygen of the amide bond of Ala2—Glu3, and one
hlst1(i17ne imidazole (His6) using mass spectroscopy (Scheme
1D).

AB(1—40) is the most abundant of the human Af peptides.
The first 16 amino acids comprise the hydrophilic part, while the
remaining 17—40 residues form the hydrophobic part of the
peptide. Various studies based on EPR, Fourier transform
infrared, X-ray absorption near-edge structure, etc., spectro-
scopic techniques have shown that metal binding to the
hydrophilic AB(1—16) peptide fragment results in formation of
the same active site as native AJ(1—40) and is, hence, the choice
of peptide for this study®***° (Figure S1 in the Supporting
Information). In this study, we have used a combination of EPR,
absorption, and CD spectroscopy on Cu**-AB(1—16) with the
aim of understanding the coordination environment of Cu®'-
bound Af complexes. pH perturbation on the native Cu-Af
complexes has been performed to elucidate the equilibrium of
the two components present at physiological pH. Exogenous
ligand binding can yield valuable insight into the electronic and
geometric structures of the active site.**™®" The effect of the
addition of 8-hydroxyquinoline and azide as external ligands has
been performed to detect the presence of labile ligands. Ligand-
field analysis of the high and low pH data provides insight into
the relative coordination environments of components I and IL

2. MATERIALS AND METHODS

All reagents were of the highest grade commercially available and were
used without further purification. Amyloid f (Af) peptide 1-16
(sequence: Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-
His-Gln-Lys) and AsplAsn mutant of A#(1—16) (sequence: Asn-Ala-
Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys), used in
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Figure 1. (A) EPR data of the Cu-Af} complex at different pH values (pH 6.5 in MES, pH 7, 7.5, and 8 in HEPES, and pH 8.45, 9, and 9.5 in CHES). (B)

pK, plot.

this study were purchased from GL Biochem (Shanghai) Ltd. with >95%
purity. Copper sulfate, sodium azide, and the buffers were purchased
from Sigma. 8-Hydroxyquinoline was purchased from May and Baker
Ltd. (England).

All of the pH 7—8 peptide stock solutions were made in 100 mM N-2-
(hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES) buffer.
For the pH dependence study, the high-pH peptide solutions (pH
8.45—9.5) were made in 100 mM 2-(cyclohexylamino)ethylsulfonic acid
(CHES) buffer and a low-pH peptide solution (pH 6.5) was prepared in
100 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer. The
spectral features of Cu-Af were independent of the buffers used at a
particular pH (Figure S2 in the Supporting Information). CuSO, was
dissolved in nanopure water. All of the peptide stock solutions made for
EPR measurements were 0.5 mM and 2 mM for absorption and CD
measurements. The CuSO, stock solution was of 10 mM strength. Cu-
A complexes were prepared by incubating 1 equiv of an Af solution
and 0.8 equiv of CuSO, solution for ~1.5 h. For the concentration-
dependent study, the equivalents of CuSO, were increased from 0.8 to
2.0 in the same peptide solution, and each time the sample was left to
incubate for ~1.5 h.

NaNj; was dissolved in nanopure water to prepare 5 and 1 M stock
solutions. Required volumes of a N;~ solution were added to Cu-Af
solutions prepared at different pH values to study the effect of azide. 8-
Hydroxyquinoline was dissolved in nanopure water to prepare a S mM
stock solution. A total of 1 equiv of a 8-hydroxyquinoline solution was
added to a 0.5 mM solution of Cu-Ap, prepared at different pH values.
For the ligand-binding studies the equivalents of ligands added were
calculated with respect to the Cu®* concentration.

EPR spectra were obtained by a JEOL (JES FA200) spectropho-
tometer. EPR samples were 0.5 mM in concentration and were run at 77
K in a liquid-nitrogen finger Dewar. The EPR data have not been
simulated. The g and A values have been extracted from the data.

Absorption spectral data were obtained by an UV—vis diode-array
spectrophotometer (Agilent 8453), and CD spectra were obtained by a
Jasco (J-815) CD spectrometer. The cuvettes used for UV and CD were
made of quartz with 10 mm path length. The maximum absorbances
obtained were in the range of 0.1—0.4 nm in the visible region of the
spectrum for all absorption spectra. The € values from the absorption
data were obtained from different concentrations of the Cu-Af
complexes in solution. The absorption and CD data were simulta-
neously fit using the program PeakFit 4.0. Gaussian analyses of the
absorption and CD spectra were performed as follows: the same
parameters (energy and bandwidth) were used to fit both the absorption
and CD data in order to help constrain the fit. Minimum numbers of
bands were used to adequately fit key features in both spectra.

The Cu®* complex of the shorter peptide fragment, i.e.,, AB(1—16),
has been denoted as Cu-Ap, and that of the native peptide, i.e., AB(1—
40), has been denoted as Cu-A(1—40) in the text and figures.

3. RESULTS

3.1. Cu-Ag at Low and High pH. 3.7.1. EPR Spectroscopy.
The EPR spectrum of 0.8 equiv of Cu**-incubated Af(1—16) at
pH 7 recorded at 77 K shows an axial signal, with g, > g, > 2.0
indicating a d,>_ > ground state, having a set of hyperfine features
corresponding to a major species and another set of weak
hyperfine features corresponding to a minor species (Figure 14,
red). This is consistent with previous reports.***> The
predominant set of hyperfine features corresponds to compo-
nent I, while the minor species reflect component IL** The
intensities of the hyperfine features of components I and II are
pH-sensitive.*>>> With an increase in the pH, the intensity of
component II starts to increase, while that of component I starts
to decrease. Cu-Af shows an equilibrium between these two
species in the range of pH 6.5—9.5 (Figure 1A) with a pK, of ~8.1
(Figure 1B). The EPR parameters of component I (A ~ 170 and
g ~ 2239) and component II (A} ~ 159 and g ~ 2.204) differ
significantly and are in agreement with previous reports.>>>>

There are reports of a 2:1 stoichiometric ratio of Cu** to Af
where one of the Cu®* binding sites has been described as a high-
affinity site and the other as a low-affinity site.*"**>> More recent
studies reveal a 1:1 stoichiometric ratio of Cu?* to Af in the Cu**-
bound AB complex.**** EPR spectra have been obtained by
varying the Cu®" concentration from 0.8 to 2.0 equiv relative to
AB(1—16). When the Cu** concentration is increased from 0.8
to 1.2 equiv, the hyperfine features start to broaden (Figure 2).
Increasing the Cu®*" concentration does not introduce any new

2600 2800 3000 3200 3400
Gauss

Figure 2. EPR spectra of A(1—16) incubated with 0.8 (solid line), 1.2
(dotted line), 1.5 (dashed line), and 2.0 (dot-dashed line) equiv of Cu**
and free CuSO, in a pH 7 HEPES buffer (green). The peptide
concentration is 0.5 mM in a 100 mM HEPES buffer at pH 7.
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Figure 3. Room temperature optical data of Cu-Af: (A) pH 7 (in HEPES), absorption; (B) pH 9 (in CHES), absorption; (C) pH 7 (in HEPES), CD;

(D) pH 9 (in CHES), CD.
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Figure 4. EPR spectra: (A) Cu-Af (red), Cu-Af and 1 equiv each of phenol and pyridine (purple), and Cu-Af and 1 equiv of 8-hydroxyquinoline
(orange); (B) Cu-Af (pH 7; red), Cu-Af and 1 equiv of 8-hydroxyquinoline (pH 7; orange), Cu-Af (pH 9; blue), and Cu-Af and 1 equiv of 8-

hydroxyquinoline (pH 9; light blue).

sets of hyperfine features corresponding to the minor component
(i.e,, component II) present at pH 7. Thus, components I and I
of the Cu-Af complex originate from the same active site. The
broadening of the spectrum upon the addition of excess Cu**
could imply the presence of unbound Cu**. In fact, the difference
spectrum of the EPR data of Cu-Af with 2.0 equiv of Cu** and
0.8 equiv of Cu®" clearly indicates the presence of free copper
(Figure S3 in the Supporting Information). Thus, the EPR
experiments on the Cu-Af complexes prepared in our laboratory
reproduce previously published results.®>%*

3.1.2. Absorption and CD Spectroscopy. The absorption
spectra of Cu-Af at both low and high pH are presented in
Figures 3A,B and S4 in the Supporting Information. The spectra
lack any intense charge-transfer (CT) bands in the visible region,
which results in a colorless solution at room temperature.
Overall, there is a blue shift of the ligand-field bands on going
from low to high pH. The room temperature CD spectra of Cu-
Ap at both low and high pH are presented in Figures 3C,D and
S4 in the Supporting Information, which also show a shift of
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ligand-field bands to higher energy with increasing pH, similar to
the absorption data. A quantitative ligand-field description has
been obtained from the simultaneous fit of the absorption and
CD data (vide infra).

3.2. Effect of the Addition of Exogeneous Ligands at
Low and High pH. Using the Cu-Af complex that reproduces
the EPR parameters reported in the literature, the binding of
monodentate and bidentate exogeneous ligands to the Cu-Af
active site was explored.

3.2.1. 8-Hydroxyquinoline. 3.2.1.1. EPR Spectroscopy. When
1 equiv of 8-hydroxyquinoline is added to Cu-Af at pH 7, the
EPR signal changes distinctly with enhanced rhombic character
relative to the native Cu-Af spectrum (Figure 4A). This reflects
that 8-hydroxyquinoline binds to Cu-Af. Because 8-hydrox-
yquinoline is a bidentate ligand, this invokes the presence of two
weak adjacent exchangeable ligands bound to Cu-Af. Note that
8-hydroxyquinoline is analogous to clioquinol (S-chloro-7-iodo-
8-quinolinol), which is a possible therapeutic agent for AD and is
known for its metal-chelating properties.®> Control experiments

dx.doi.org/10.1021/ic301865n | Inorg. Chem. 2013, 52, 1318—1327
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Figure 5. Absorption spectra of 8-hydroxyquinoline-bound Cu-Af at pH 7 (orange) and 9 (light blue) and free 8-hydroxyquinoline at pH 7 (pink) and 9

(green): (A) full spectra; (B) enlarged spectra.

by adding 1 equiv of phenol or pyridine or a mixture of phenol
and pyridine (8-hydroxyquinoline contains both phenol and
pyridine as the binding moieties) to Cu-Af} produce very little
effect on the EPR signal of Cu-Aff (Figures 4A and SS in the
Supporting Information). This implies that, although weakly
coordinating monodentate ligands cannot displace the ligands
bound to Cu-Ap, the chelating effect of 8-hydroxyquinoline can
drive the displacement of the ligands.

When 8-hydroxyquinoline is added to Cu-Af at pH 9, similar
significant spectral changes are observed relative to Cu-Ap,
implying binding of the bidentate ligand to component IT (Figure
4B).

3.2.1.2. Absorption Spectroscopy. The absorption spectra of
free 8-hydroxyquinoline and the ligand added to Cu-Af at pH 7
and 9 show distinct changes (Figure S). This indicates that the
ligand binds to both components I and II, as suggested by the
EPR data (Figure 4B). Note that free CuSO, in the presence of
excess 8-hydroxyquinoline shows no bands in the visible region
of the spectrum, implying that the spectra obtained upon the
addition of 8-hydroxyquinoline to Cu-Af is not due to the
interaction of free Cu with the ligand (Figure S6 in the
Supporting Information). There is a slight blue shift of the
ligand-bound spectrum at high pH, relative to the low-pH data.

3.2.2. Azide. 3.2.2.1. EPR Spectroscopy. Cu-Af has been
titrated with a solution of azide. The EPR data reflect two
changes in the hyperfine features before yielding the final azide-
bound-form spectrum (Figure 6). When this change in the
hyperfine features was plotted against the azide concentration, it
generated a biphasic plot (Figure S7 in the Supporting
Information), implying 2 equiv of azide binding per 1 equiv of

Cu-Ap

1000 eq azide

EPR Intensity

2600 2800 3000 3200 3400
Gauss

Figure 6. EPR spectra of (A) azide titration of Cu-Af at pH 7 (in
HEPES).
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Cu-Ap. This suggests the possibility of the presence of two weak
exchangeable ligands bound to Cu-Ap, consistent with the
binding of bidentate 8-hydroxyquinoline (Figures 4 and S).
Analysis of the data generated binding constants of 0.01 and
0.001 for the 2 equiv of azide binding to Cu-Af. Note that the
EPR spectrum of CuSO, in the presence of excess N3~ clearly
suggests that the complex formed after N;~ addition to Cu-Af is
very different from that of the free Cu** azide complex (Figure S8
in the Supporting Information).

The effect of azide binding to Cu-Af has been investigated at
different pH values (Figure 7A). Although the hyperfine features
of the azide-bound Cu-Ap are significantly different from those of
Cu-Ap at lower pH (Figure S8 in the SI), where component I
dominates, there is no effect of azide binding to Cu-Af at high
pH, where component II dominates (Figure 7B). In other words,
the high-pH spectrum of the azide-added Cu-Af solution
resembles the high-pH component II species of Cu-Af. This
suggests the presence of weak exchangeable ligands bound to Cu-
Ap at lower pH (component I). However, in component 1], i.e.,
the high-pH form, the active site ligands cannot be displaced by
azide.

3.2.2.1. Absorption Spectroscopy. The absorption spectrum
upon azide addition to Cu-Af at pH 7 show two distinct bands
upon the addition of ~200 equiv of azide relative to 1000 equiv of
azide (Figure 8A). The intense bands in the spectrum indicate
N;~ — Cu® CT transitions.”* A plot of the normalized
absorbance at 540 nm against azide concentration generated a
biphasic plot (Figure 8B, solid line), consistent with the EPR
data. This implies that azide is sequentially displacing two ligands
bound to copper, one of which has a weaker binding constant
(displaced by ~200 equiv of azide) than the other (displaced by
~1000 equiv of azide). This supports the EPR data of azide
addition (Figure 6) and 8-hydroxyquinoline addition to Cu-Af}
(Figures 4 and S) at pH 7. When azide is added to Cu-Af at high
pH, no intense bands were observed in the absorption spectrum,
implying that azide is not binding to Cu-Af at high pH (Figure
S9 in the Supporting Information). This is consistent with the
EPR data of azide addition to Cu-Af} at high pH (Figure 7B).

4. ANALYSIS

It is clear from the above results and existing literature that there
are two different Cu-Af} components at pH 7 (Figure 1A).*%
The EPR parameters (A, g, and g, ) of the wild-type peptide and
AsplAsn mutant (see below) are presented in Table 1. The EPR
spectrum of Cu-Af at pH 7 in Figure 1 reveals that the
proportion of component I is significantly higher relative to

dx.doi.org/10.1021/ic301865n | Inorg. Chem. 2013, 52, 1318—1327
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Figure 7. EPR spectra of (A) azide added to Cu-Af at different pH values. Inset: Enlarged low-field region of the EPR spectra (pH 7 and 8 in HEPES and
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(red) at pH 7. The LMCT and d — d transitions have been indicated. (B) Biphasic (solid line) and monophasic (dashed line) fits of changes in
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Table 1. A}, g, g1, and f* Values of Cu-Af(1 —16) and Cu-Af(AsplAsn)

component I

component II

4 g & B 4 g I #
AB(1-16) 170 2239 2,046 0.68 159 2204 2,042 0.61
Ap(AsplAsn) 171 2237 2.046 0.68 154 2203 2,045 0.61

component II. As reported by Karr and Szalai, the AsplAsn
mutant contains both components at physiological pH, however
with a significantly higher ratio of component II to component I
(Figure S10 in the Supporting Information).*> To obtain the
EPR spectrum of pure component I, a fraction of the spectrum of
Cu-Af(AsplAsn) was subtracted from that of Cu-Ap. Similarly,
to obtain the spectrum of pure component II, a fraction of this
pure spectrum of component I of Cu-Af was subtracted from
that of Cu-Af(Asp1Asn) (Figure 9). The subtractions were done
such that no residual features of component II were present, as
judged by the intensities of the hyperfine features, while
obtaining the spectrum of pure component I and vice versa.
Note that component II shows significant thombic character.
The addition of pure spectra of components I and II (Figure 9)
at a 1:1 ratio generates Figure 10A (purple). This generated
spectrum is very similar to the experimentally obtained spectrum
of Cu-Ap at pH 8 (the pK, of Cu-Af is 8.1 + 0.1; Figure 10A).
This implies that component II is actually the high-pH form of
component I and components I and II are in pH equilibrium,
agreeing with previous reports.>>>* This has been further verified
by overlaying the generated spectrum of component II with the

1323
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Figure 9. Generated spectra of pure component I and component II of

Cu-Ap.

spectrum of the high-pH form of Cu-Af (Figure 10B), which
shows that they are identical. Additionally, when 2 equiv of Cu®*
is added to Ap (Figure 10C, dotted red line), neither the
component I nor component II EPR signal gets enhanced but
rather the spectrum broadens. This implies that components I
and II do not represent two different active sites, in which case

dx.doi.org/10.1021/ic301865n | Inorg. Chem. 2013, 52, 1318—1327
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Figure 10. Comparison of the generated spectrum of (A) component I + component II in a 1:1 ratio (purple) with the experimentally obtained
spectrum of Cu-Af at pH 8 (green), (B) component II (blue) with the experimentally obtained spectrum of Cu-Af at pH 9 (cyan), and (C) component
I+ component ITin a 1:1 ratio (purple) with the spectrum experimentally obtained by adding 2 equiv of Cu** to 1 equiv of AB(1—16) (dashed red line).

the addition of the second 1 equiv of Cu®" would have led to
complete population of components I and II and their EPR
hyperfine intensities would have increased relative to 1 equiv of
copper.

Both the g;; and Ay values of component I are higher than
those of component II. This can be analyzed to estimate the
covalency of these sites. From ligand-field theory (LFT), the
metal hyperfine coupling is given by the equation®”

4
A= Pd[—lcﬂz - ;/32 + (g, — 2.0023)

+ %(gl - 2.0023)]

where Pd[Cu**] =400 X 10™* cm ™, k[Cu**] = 0.43, and g, = (g,
+ gy) /2. This results in a calculated 8> = 0.68 for component I and
0.61 for component II (f* reflects the covalency, ie., the
percentage Cu 3d character in the singly occupied molecular
orbital; Table 2) for the Cu-Afi complex. This means that

Table 2. A}, g, g, and f* Values of Cu-Af-Bound Azide

binding
Ay g g Vi constant
Cu-Ap + 200 equiv of 163 2.107 2.043 0.53 0.01
azide
Cu-Ap + 1000 equiv od 158 2.116 2.041 0.52 0.001
azide

component I has ~68% spin density on the copper and
component I has only ~61% of the spin density on copper. This
significant decrease in the spin density on copper, which means a
subsequent increase in the spin density on the ligands with an
increase in the pH, can be explained by the presence of a more
covalent ligand bound to copper at high pH. This is consistent
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with the presence of a protonation equilibrium between
components I and II; i.e., component II has a deprotonated
ligand, which is more covalent and, hence, causes delocalization
o£ more spin density than a neutral ligand, present in component
L™

The absorption and CD data of Cu-Af at low and high pH
(Figure 3) reflect a blue shift of the ligand-field bands with an
increase in the pH (Table 3). This is consistent with the presence

Table 3. Transition Energies (cm™") of Ligand-Field (d — d)
and CT Bands Obtained by the Simultaneous Fit of the
Absorption and CD Data of Cu-Af at pH 7 (Component I)
and 9 (Component II)

transition energies ( cm_l)

band pH7 pHO assignment
1 12241 14417 d—d
2 14548 16720 d—>d
3 16604 18404 d—->d
4 18256 20368 d—>d
S 24406 23661 CT
[ 27087 25847 CT

of a deprotonated ligand to Cu-Ap at high pH, which is a stronger
ligand than the corresponding neutral ligand, bound at
physiological pH.”® The ligand-field transition energies (Table
3) are quite high for both components I and II for these Cu-Af
complexes to be a four-coordinate site. Rather, the energies
suggest that these are both five-coordinate.”"

LFT predicts 8= 2.0023 — 8o’/ (E,y — E;_,?), where 4 for
Cu’" = —830 cm ™' and a is the metal coefficient in the d,, orbital.
Assuming that a” remains the same between components I and II
and the wave function of d,, does not change because it is
nonbonding, the relative shifts of the g, values can be used to
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estimate the relative d,, — d,>_ (AE) transition energies. The
relative AE;/AE; = a*/ay;*(0.92). Thus, assuming that a;* and
oy’ are not very different (d,, is generally nonbonding in copper
complexes with axial ligand field and assuming that the
coordination geometry of the active site has not been
dramatically perturbed between components I and II), the d,,
— d;_ 2 (AE) ligand-field transition of the lower-pH component
I should shift to lower energy by a factor of ~0.9 relative to the
corresponding transition of the high-pH component II. Although
the d,, - d,>_ transition cannot be assigned definitively from
the absorption and CD data alone, simultaneous fits of the
absorption and CD data indicate an average shift of all of the
ligand-field transitions by ~2000 cm™" (Figures 3 and S4 in the
Supporting Information and Table 3). Thus, the low-pH ligand-
field transitions are lower by a factor of 0.88—0.90 (Table 3)
relative to the high-pH transitions, which is in good agreement
with the ligand-field analysis of the EPR data.

Binding of azide to Cu-Af dramatically lowers /3 from 0.68 in
the resting form to 0.53 (Table 2) in the monoazide-bound form.
This is suggestive of the formation of a covalent Cu—N;~ bond,
which is also supported by the observation of ligand-to-metal
charge transfer (LMCT) bands in the absorption spectrum
(Figure 8A). The remarkable decrease in /8 is consistent with the
replacement of a neutral ligand with an anionic N3~ ligand at
physiological pH. The replacement of the second ligand with N5~
only marginally changes the 3 value (Table 2).

The change in #* between the low and high pH forms suggests
that the ligand involved in the pH equilibrium is in the equatorial
plane. This will allow its overlap with the d,>_ orbital containing
the unpaired electron (the d,>_ ground state is implied by the
axial EPR spectrum). Also, the additional lone pair on the
deprotonated ligand (component II), which is not involved in &
bonding with the d,>_? orbital, may overlap with either the d, or
d,, orbital (Scheme 2) and result in the observed rhombic

iz

Scheme 2. Schematic Representation of Displaceable Ligands
Bound to Cu-Af“

H+
HLY L, Li 5 L2
B>=0.68 p*=0.61
A
).l
LMCT ey LMCT
L . B
N Lo Ny N3
(2= 0.53 p*=0.52

“The xy plane, which contains both exchangeable ligands, has been
highlighted.

splitting of g,. Azide binding at physiological pH will lead to
displacement of the exchangeable ligand involved in the pH
equilibrium, which allows the azide to directly donate electron
density on the d,>_,> orbital, resulting in covalent delocalization of
the spin density away from the copper site, leading to a decrease
of #%. The second azide binding does not change the #* values
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significantly. However, it causes a significant increase in the
intensity of the N;~ — Cu®*" CT band. Further, the energy of this
LMCT decreases from 27000 to 23700 cm™". Although most of
the ligand-field transitions in the azide-bound complexes are
obscured by the Ny~ — Cu®* CT transitions, a d—d band at
15503 cm™! in the monoazide-bound form is shifted to lower
energy to 14327 cm™" in the diazide-bound form. This implies
that both the N3~ ligands interact with the d,>_ orbital, which
causes an increase of the LMCT intensity in the absorption
spectrum due to direct overlap of the donor azide and acceptor
d,_,> orbital. The second ligand is a fairly covalent ligand, as
indicated by the low second binding constant value of azide
binding. Thus, it is likely that the d,>_ orbital energy is lowered
upon replacement of the second ligand with a weaker N, ligand,
which causes both the energy of the LMCT and d — d transitions
to the d,2_,> orbital to be lowered.

5. DISCUSSION

The EPR data of Cu®*-bound native AB(1—16) shows the
presence of component I and component II, at physiological
pH.****> Components I and II are in pH equilibrium with a pK, of
~8.1. This process can either be associated with a H,0 < “OH
equilibrium or an amide C=0 < N~ (amidate) equilibrium.
Past studies on copper-peptide complexes indicate that the pK,
value of an amide <> amidate equilibrium is usually in the range of
3.4-5.4.°"> The pK, values of water-bound copper complexes
are in the range of 7—9.”7*" The pK, value of 8.1 may likely
suggest the equilibrium of a water-derived ligand. However, note
that the local environment of the peptide around the active site
can significantly tune the pK, values because of hydrogen-
bonding interactions of coordinating ligands with second-sphere
residues. The presence of water as a ligand has previously been
proposed by DFT and molecular dynamics studies.*** These
studies have also proposed an amide coordination to Cu-Af
along with the water ligand.>®

The ligand-field transition energies obtained from the
absorption and CD data (Figure 3 and Table 3) indicate that
component I of Cu-Af possesses high-energy ligand-field
transitions (~12000—25000 cm™"), suggesting a five-coordinate
geometry. The axial EPR data of component I indicates a square-
pyramidal geometry (a trigonal-bipyramidal geometry would
reflect a d> ground state). At high pH, all of the ligand-field
transitions shift to higher energies, by about 2000 cm™". The EPR
data reflect an axial ground state but with an increase in
rhombicity, indicating the inequivalency of the d,, and d,,
orbitals. The increase in the ligand field of component II and
increased rhombicity are consistent with a bound hydroxide
(TOH is an anisotropic ligand), relative to a bound water in
component I. The ground-state parameters obtained from the
EPR data of components I and II further support a H,O <> OH
equilibrium.®®”" Component II with a bound hydroxide is more
covalent, which accounts for a lower #* value and higher ligand
field, relative to a water-bound component L

The addition of 1 equiv of the clioquinol analogue, 8-
hydroxyquinoline, to Cu-Af at pH 7 produces significant
perturbation in the absorption and EPR spectra (Figures 4 and
5), implying binding of the bidentate ligand to copper. However,
1 equiv of either phenol or pyridine (binding residues of 8-
hydroxyquinoline) produces little effect on the EPR data. This
possibly suggests the presence of two exchangeable ligands
bound to Cu-Ap, which are replaced by the ligand because of its
chelating effect. The titration of Cu-Af with azide at pH 7
obtained from EPR and absorption experiments (Figures 6 and
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8) yields a plot with biphasic nature (Figures 8B and S7 in the
Supporting Information), further supporting the presence of two
exchangeable ligands. Moreover, the changes in the absorption
and EPR data upon azide addition are observed at ~100—200
equiv and another at ~500—1000 equiv of azide addition,
implying that the two replaceable ligands are of unequal strength
with binding constants of 0.01 and 0.001, respectively. Thus,
there exist a weak ligand and a relatively stronger ligand bound to
copper, which can be replaced by 1 equiv of a chelating ligand or
excess azide. Alternatively, azide binding to Cu-Af at high pH
(component II) has no effect on the EPR and absorption data
(Figures 7 B and S9 in the Supporting Information). In other
words, azide cannot displace the ligand bound to copper at high
pH in component II. These observations are consistent with the
presence of a“OH bound to Cu-Af in component II. Hydroxide,
being a stronger ligand, does not get displaced by azide.
Interestingly, the second exchangeable ligand also does not get
displaced by azide at high pH, as reflected by the EPR data
(Figures 7 B and S9 in the Supporting Information). This implies
that at high pH deprotonation of one ligand, i.e, H,0 — “OH,
makes the other exchangeable ligand strong as well. Note that, in
contrast to azide, the bidentate 8-hydroxyquinoline ligand, binds
to Cu-Af} at high pH, likely because of its chelating effect (Figures
4B and 5B).*" The dramatic decrease in #* upon displacement of
the first exchangeable H,O ligand on azide binding suggests that
this ligand is in the equatorial plane and directly interacts with the
ds_,> orbital, which bears the unpaired electron. Further, the
increased intensity and decreased energy of the N;~ — Cu®** CT
band and decreased energy for the d—d band upon binding of the
second azide suggest that the second azide also binds along the
equatorial plane (Scheme 2).

The nature of the second exchangeable ligand remains
ambiguous, although from ligand displacement experiments,
we deduce that it is a weak exchangeable ligand at physiological
pH, which becomes stronger at high pH, because it does not get
displaced by azide. Coordination by amide carbonyl (C=0)
would be consistent with the above observations because C=0,
being a weak ligand, can be displaced by azide or 8-
hydroxyquinoline. Further, the —NH adjacent to the coordinated
carbonyl may directly hydrogen bond to "OH at high pH,
making C=O0 a stronger ligand at high pH, as observed
experimentally. Several experimental reports propose the
involvement of a carbonyl group of an amide as a ligand to
Cu-Ap.*™* NMR experiments imply the involvement of
carbonyl of the peptide bond of a histidine,* while ENDOR
and HYSCORE studies imply the carbonyl bond between Aspl
and Ala2.*"* Although the presence of amide has been invoked
in the literature, there are no experimental reports of H,O bound
to Cu-Af. DFT and molecular dynamics studies propose H,O as
a fifth ligand, along with an amide coordination. Thus, the d—d
transitions indicating a five-coordinate site in both components I
and II and the presence of two exchangeable ligands, one of
which is involved in the pH equilibrium, are most consistent with
the model that reports the N terminus, C=0(Asp1—Ala2), and
two histidine imidazoles (His6 and His13 or His14), along with a
water molecule as the fifth ligand, as the copper binding ligands at
physiological pH.>® These results, however, do not divulge any
information regarding the number and identity of the histidine
ligands present.

6. CONCLUSION

In summary, copper-bound Af comprises components I and II
under physiological conditions, which are in pH equilibrium with
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a pK, value of ~8.1. Although there are two species, Af peptides
do not contain a second copper binding site. At high pH,
component II has a higher ligand field and lower f#* value and,
hence, is bound to a more covalent ligand than the low pH
counterpart, suggesting a H,O < “OH pH equilibrium. The
ligand-field transitions of the two components are very high,
suggesting a five-coordinate geometry in both components.
Chemical perturbations of Cu-Af indicate the presence of two
weak exchangeable ligands bound to copper along the equatorial
plane, one being a H,O ligand and the other most likely a
carbonyl oxygen of the peptide bond in a square-pyramidal-type
active-site geometry.
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