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Abstract: Aggregated amyloid B-peptide (AB) is the primary constituent of the extracellular plaques and
perivascular amyloid deposits associated with Alzheimer’s disease (AD). Deposition of the cerebral amyloid
plaques is thought to be central to the disease progression. One such molecule that has previously been
shown to ‘dissolve’ deposited amyloid in post-mortem brain tissue is bathocuproine (BC). In this paper 'H
NMR chemical shift analysis and pulsed field gradient NMR diffusion measurements were used to study BC
self-association and subsequent binding to AB. The results show that BC undergoes self-association as its
concentration increases. The association constant of BC dimerization, K,, was estimated to be 0.64 mm~!
at 25°C from 'H chemical shift analysis. It was also found that dimerization of BC appeared to be essential
for its binding to Ag. From the self-association constant of BC, K,, the fraction of dimeric BC in the complex
was obtained and the dissociation constant, Ky, of BC bound to AB40 peptide was then determined to be
~1 mM. Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION of these deposits is amyloid g-peptide (AB), a nor-
mally soluble 4.3 kDa peptide found in all biological
fluids [1]. It is believed that AB interacts with tran-
sition metals leading to peptide aggregation and
with redox active metals to generate reactive oxygen
species [2,3]. This is significant as there is mounting
evidence that oxidative stress causing cellular dam-
age is central to the neurodegeneration of AD [4,5].
Increases in oxidation of proteins as well as nuclear

and mitochondrial DNA in AD brains [6-8], and the

Alzheimer’s disease (AD) is characterized by extra-
cellular deposits in the brain. The major constituent
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ability of A to enhance the generation of reactive
oxygen species (ROS) in cells of neural origin as well
as in cell free media [9—-11] have been reported. Ele-
vated levels of Cu (400 um), Zn (1 mm) and Fe (1 mwm)
have been found in amyloid deposits in AD-affected



brains [12,13] and it has been observed that senile
plaques and neurofibrillary tangles isolated from AD
brains were capable of generating ROS mediated by
bound copper and iron [14].

There is growing evidence that metals such as
copper, zinc and iron coordinate to A and play
a deleterious role in Alzheimer’s disease, through
inducing aggregation of the peptide and instigating
redox chemical reactions to produce H,O; and ROS
via Fenton chemistry. This suggests a potential ther-
apeutic strategy, i.e. to interfere with the Ag/metal
interaction. The use of compounds that will com-
pete with AB for the metal ions (i.e. metal-chelating
compounds) have already shown some very promis-
ing results both in vitro and in vivo [15-17]. It has
been shown that the solubilization of AB from post-
mortem brain tissue of AD patients was increased
in the presence of metal chelators including clio-
quinol, N,N,N,N-tetrakis(2-pyridyl-methyl) ethylene
diamine and bathocuproine [13-15]. Our studies on
the interactions of compounds that chelate metal
ions from AB have led to the surprising observation
that bathocuproine disulfonic acid (BC) (Figure 1),
a Cu(l) specific chelator and the structurally related
bathophenanthroline disulfonic acid (BP) have an
intrinsic affinity for Ag peptides. The NMR studies
presented here aim to provide further insight into
the interactions between BC and AB.

The process of molecular association or recog-
nition induces local and global changes to the
molecules involved, which alter their physical and
chemical behaviour in solution. Changes in chemi-
cal shifts, relaxation rates and molecular translation
self-diffusion coefficients as can be readily measured
by NMR have been frequently used to monitor the
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Figure 1 Chemical structures of molecules that bind
to AB.
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processes of association and recognition with the
equilibrium constants to be determined from titra-
tion experiments [18,19]. This paper reports results
from studies of BC self-association and binding to
the amyloid B-peptide (AB), by monitoring changes
of NMR chemical shifts and translational diffusion
coefficients.

MATERIALS AND METHODS

Sample Preparation

Bathocuproine-3,4-disulfonic acid and Congo red
were purchased from Sigma. Phthalocyanine tetra-
sulfonate was purchased from Porphyrin Products
(Logan Utah). A stock BC sample was prepared by
dissolving 25 mg BC in 1 ml phosphate (50 mw)
buffered saline (100 mm) at pH 6.9. The sample
was then diluted using the same buffer to the
desired concentration. Aqueous Aj peptide solu-
tions (0.23 mm) for NMR studies were prepared as
previously described [20].

NMR Spectroscopy

NMR spectra were acquired at 25°C on Bruker
DRX600 and AMX500 spectrometers using 5 mm
triple resonance probes equipped with either triple
gradients or a single gradient (Z). Calibrations of the
By field gradient strengths were carried out as previ-
ously described [21]. One-dimensional spectra were
recorded using a standard watergate pulse sequence
[22]. 'H chemical shift was referenced to DSS (2,2-
dimethyl-2-silapentane-5-sulfonate) at O ppm indi-
rectly via the H,O signal of 4.766 ppm at 25°C [23].
A conventional LEDSTE sequence with crusher gra-
dients during both longitudinal storage periods was
used for diffusion measurements [24,25]. Water sup-
pression was achieved by incorporating a watergate
segment into the RF pulse sequence before the sig-
nal acquisition [22]. For diffusion measurements, a
series of 12 diffusion weighted spectra were recorded
in a 2D manner for each measurement with a recycle
time of 2 s and 16 to 256 scans were used for each
spectrum depending on the concentration of the
sample. All spectra were processed using XWINNMR
2.6 (Bruker). Translational diffusion coefficients, D,
were obtained using the program Simfit (Bruker)
by fitting intensities of the BC methyl resonance to
Equation (1)

I=Ioexp(—y*g>s*(A — §/3)D) (1)
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where y is the gyromagnetic ratio of the observed
nucleus and g, § and A are the amplitude,
duration and separation of the single pair gradient
pulses, respectively [26]. For Dy and Dy (diffusion
coefficient of BC in the absence and presence of
Ap peptide) a total of six peaks from BC across the
spectrum were used for the calculation at each given
concentration and the averaged values are reported.
For Dpoung (diffusion coefficient of BC bound to A
peptide), five peaks from the upper field region of
ApB peptide were used for the calculation and the
averaged values are presented.

Determination of the Equilibriumn Constants

For molecules undergoing self-association and mod-
elled by a monomer—-dimer equilibrium, its associa-
tion constant, K,, can be obtained by fitting chemical
shifts (8) or diffusion coefficients (D) measured at a
number of concentrations according to the following
relationships

Pobs:alpm+(l_al)Pd (2)
Ka= (1 —a1)Ci/2(a1 C)? 3)

where P,,s represents either the experimentally
measured chemical shift (§,,s) or diffusion coefficient
(Dobs) of the molecule at a given concentration, P,
is the corresponding parameter for the molecule in
its monomeric form, (8, or Dy,), while Py represents
8q or Dy of the dimer. «; is the mole fraction of
monomer and C; is the total molar concentration of
the molecule [18].

In most ligand and receptor systems where free
and bound ligands are under fast exchange, the
observed ligand diffusion coefficient will be the mole
fraction weighted average of the diffusion coefficients
of free and bound ligands [19]. If 8; is the fraction of
ligand bound to the receptor

Dobs = (1 - ,Bl) Dfree + ﬁl Dbound (4)

where Dge. and D, are diffusion coefficients of the
ligand in the absence and presence of the receptor
molecule and Dyoung is the diffusion coefficient
of the ligand bound to the receptor molecule.
Since Equation (4) has exactly the same form as
Equation (2), the dissociation constant, K4, can then
be obtained by measuring the D.,s values as a
function of ligand concentration and then fitting
the data to Equation (4) together with

Ka = (Liot/B1)[B1% — B1(1 + Piot/Liot) + Prot/Liot]l ~ (5)
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where L and P, are concentrations of total lig-
and and receptor in the complex system. Equa-
tions (4) and (5) can also be used to estimate the
ligand binding constants from other NMR parame-
ters, e.g. chemical shifts (§) and relaxation rates (R,
or Ry) [19]. In particular, if diffusion coefficients of
the free ligand, receptor and ligand/receptor com-
plex are measured, then the K4 value for the complex
may be calculated directly at a single concentra-
tion of ligand and receptor from Equation (5). This
may not be possible for NMR parameters such as
chemical shift or relaxation rates since the values of
these parameters of the bound form are usually not
directly measurable.

RESULTS

Self-association of Bathocuproine

A stack plot of the 'HNMR spectra of BC at a
number of concentrations is depicted in Figure 2.
As the concentration of BC increases, it shows
a characteristic upfield shift of all resonances.
No significant changes were observed in terms
of chemical shifts and diffusion coefficients for
measurements taken several days apart at a given
BC concentration. Chemical shift changes of three
selected resonances (Figure 2) and translational
diffusion coefficients of BC as a function of molar
concentrations of BC are shown in Figure 3.
The continual shifting of its resonances and the
consistent decline of its apparent translational
diffusion coefficient with increasing concentration
indicates that BC undergoes self-association. The

*

I N Y V. A_i 3.1 mM

L 1.6 mM

IV Y A

0.32 mM

Figure 2 Stack plot of 600 MHz 'H spectra of BC showing
its dependence upon increasing BC concentration. The
shift in the 'H NMR peaks with increasing concentration
is indicative of a system undergoing fast exchange on
the NMR timescale. This rate of exchange is consistent
with dissociation constants in the millimolar range. Peaks
marked with * indicate those used to generate Figure 3a.
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Figure 3 Plots of chemical shifts (A) and translational
diffusion coefficients (B) of BC as a function of its
molar concentration. Lines in (A) represent fits to a
monomer—dimer equilibrium model, Equations (2) and (3).

chemical shift data as shown in Figure 3A were fitted
to a monomer—dimer equilibrium (Equations (2) and
(3)) and gave a resultant K, value of (0.64+
0.36) mm~!.

Estimation of Ky value of BC Bound to AB40
Peptide

As has been previously reported [16], when BC is
titrated into an aqueous solution of Ag40, changes
occur in the NMR spectrum that are consistent
with an equilibrium between BC bound to A
and free ligand undergoing fast exchange on the
NMR timescale. Figure 4 shows the logarithm of
the intensity of the methyl peak of BC (1.6 mwm)
versus the strength of diffusion encoding used
to determine the diffusion coefficients of Dyee,
Dobs and Dpoung (+AB40). The diffusion data of
all three forms were fitted to Equation (1), a
single exponential decay. Experimentally measured
diffusion coefficients, Dgee, Dobs and Dpouna as a
function of BC concentration are shown in Figure 5.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 4 Logarithmic spectral intensities of BC (1.6 mm)
in the absence (0) and presence () of 0.23 mm AB40
peptide together with spectral intensities of AB40 (A)
versus the strength of diffusion encoding, y2g2s2 (A — §/3).
Lines represent the results of non-linear regression to
Equation (1) illustrating excellent fits of spectral intensities
of all three forms of BC to a single exponential decay, which
indicates the processes of BC self-association and binding
to AB40 are within the fast exchange regime on the NMR
time scale.
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Figure 5 Experimentally measured diffusion coefficients
of BC in the absence (Dgee: O) and presence (Dops: [,
Dpound: A) of 0.23 mMm AB 40 as a function of BC molar
concentration. As the concentration of BC increased, no
significant changes were observed for the Dyound, Whereas
changes to Dyps compared with Dgee Were clearly evident
indicating BC bound to AB.

For concentrations of BC below 0.32 mm corre-
sponding to a fraction of dimer less than 20%
(see Table 1), no perturbation of the Ag40 'H NMR
spectrum was observed. This suggests that signif-
icant binding of BC to AB does not occur until a

dJ. Peptide Sci. 10: 210-217 (2004)
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critical percentage of dimer of BC is formed. Using
the self-association K, values derived from chem-
ical shift data shown in Figure 3A, fractions of
dimer at each concentration were determined from
Equations (2) and (3). The fractions of dimeric BC
bound to AB40 were estimated from experimentally
measured diffusion coefficients using Equation (4),
where contributions from crowding and viscosity are
assumed as being negligible at a given concentra-
tion of BC. From the fractions of dimer, Ky values
of BC bound to AB40 peptide under the assump-
tion of a 1:1 complex were then determined from
Equation (5). The results are summarized in Table 1.
The results suggest that significant binding does
not occur until a fraction of dimer around 40%
is reached.

Other Related Compounds

To determine if the increase in binding affinity
between A and BC when BC dimerizes was the
result of an increased aromatic surface for the
peptide to interact with, a solution of Cu(BC),, a very
stable Cu(l) complex with two BC ligands arranged
about the copper in a tetrahedral coordination
sphere were prepared and the interactions of this
molecule with A were examined. An aqueous
solution of Cu(BC), was then added to an AR
solution at a concentration (0.16 mm) in which BC
itself was not significantly aggregated and has no
measurable affinity for A. Changes were observed

Table 1 Fractions of Dimeric Form of BC
in Solution and K43 Values in Binding to
Ap40 Peptide

Ciot (Ltot, mM)2 Fraction of Kgq(mm)P
dimer (1 — 1)
0.32 0.23 18.9
0.79 0.38 5.0
1.02 0.42 1.0
1.56 0.50 1.1
2.32 0.56 2.0
3.16 0.60 2.7

2 Total molar concentration of BC in the absence
or presence of AB40 peptide.

b Calculated using Equation (5) assuming BC
binds to AB40 in a dimeric form with a
total concentration of dimer given by L{, =
(1 — B1)Liot/2. Also estimated from diffusion
measurements, Cu(BC)y binds to Ag40 with a
Kgqof 0.9 mm 1.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

in the NMR spectrum, which were consistent
with Cu(BC), binding to A in a similar fashion
to the dimeric BC which only forms at higher
concentrations. It was determined via diffusion
measurements that the binding affinity of Cu(BC),
to Ag was 0.9 mm.

In the light of these results, two other sulfonated
aromatic compounds were investigated for their pos-
sible interactions with Ag, Congo red and phthalo-
cyanine tetra sulfonate. Phthalocyanine (Figure 1) is
a planar molecule with a high aromatic character.
'H NMR spectra indicated that similar interactions
occur between AB and phthalocyanine tetrasul-
fonate when the molecule was titrated into aqueous
solutions of AB as was observed for the phenanthro-
line derivatives. The aromatic residues Y10, F4, F19
of AB are most effected by the presence of phthalo-
cyanine, except that rather than the chemical shift
of peaks shifting in fast exchange as was observed
for the 1,10 phenanthroline derivatives, they were
broadened beyond detection (Figure 6). This signif-
icant line broadening matches the characteristic
of intermediate exchange on the NMR timescale
and thus the rate of exchange is typically around
micromolar affinity. Attempts to determine accu-
rately the binding constants by NMR were, however,
compromised by the signal broadening due to the
intermediate exchange that lead to undetectable sig-
nals. Similar results were observed when Congo red
was titrated into an aqueous solution of A3. While
the initial spectrum of Congo red is quite broad
due to self-association [27] changes in the NMR

Y10

9.0 80 70
TH ppm

Figure 6 Stack plot of 600 MHz IH spectra of AB (A) with
increasing concentration of phthalocyanine tetrasulfonate
titrated into the aqueous solution (B, C). The broadening
beyond detection of the He peaks of Y10 is indicative
of a system undergoing intermediate exchange on the
NMR timescale. This rate of exchange is consistent with
dissociation constants in the micromolar range.
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spectrum of AS are consistent with Congo red bind-
ing to the aromatic residues in the N-terminal half
of AB. As with phthalocyanine, it was not possible
to determine accurately the binding constants due
to intermediate exchange phenomena broadening
peaks beyond detection.

DISCUSSION

Molecular self-diffusion coefficients measured by
NMR have recently been used to investigate the
self-association behaviours of proteins and peptides
in solution [21,25,28]. Self-association constants
under the assumption of a monomer-dimer equilib-
rium have also been determined successfully from
measured diffusion coefficients without making any
corrections to account for changes in solution condi-
tions as the protein concentration increases [29,30].

The estimation of ligand binding affinity via
NMR diffusion measurements relies on an accurate
determination of translational diffusion coefficients
of the ligand in all three forms (Dgee, Dobs and Dyound)-
Clearly, the method suits systems where free and
bound ligands are in rapid exchange on the NMR
time scale (i.e. relatively weak binding) and an
excess of free ligand is present. For situations where
free and bound ligands are under intermediate
exchange, reliable measurements of D,,s may not
be possible due to the excessive broadening of the
NMR spectral line-width as observed for Ag plus
phthalocyanine tetrasulfonate and Congo red.

In the present study, experimentally measured
chemical shifts and translational diffusion coeffi-
cients of BC up to a concentration of 3 mm as shown
in Figure 3 provide clear evidence that BC undergoes
self-association in solution as the concentration
increases. The chemical shift data as shown in
Figure 3a were consistent with a monomer—dimer
equilibrium. The measured diffusion coefficients of
BC show a reduction from (4.7 +£0.1) x 1071 m?/s
at 0.32mm to (3.840.1) x 1071 m?/s at 3.1 mm
a decrease of 19% as would be expected upon
dimerization (in a hard sphere model [31]). How-
ever, attempts to fit the data (Figure 3b) to a
monomer—dimer equilibrium were not successful.
This is not surprising since chemical shift changes of
a given nuclear spin group mainly reflect changes of
its local chemical environment, e.g. due to molecu-
lar stacking whereas a reduction in the translational
diffusion coefficient may also result from changes
other than molecular aggregation. A similar exam-
ple has been reported recently by Price et al. [32],

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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in a study of lysozyme aggregation in solution. In
that study, diffusion coefficients of lysozyme were
measured up to a concentration of 6 mm in the
presence of 0.5 m NaCl that clearly indicated self-
association, but the diffusion data could not be fitted
to a monomer—dimer equilibrium model unless the
solution crowding effects were taken into account.
Therefore, it is concluded that apart from the pos-
sible presence of small fractions of higher aggregate
forms, contributions from changes of sources other
than BC aggregation as a result of increasing con-
centration may be responsible for the failure of
its measured diffusion coefficients to be fitted to
a monomer—dimer equilibrium.

The nature of the BC self-association is, how-
ever, difficult to define but it is presumably due
to aromatic stacking interactions. Perusal of exam-
ples of intermolecular aromatic/aromatic interac-
tions depicted in the x-ray structures of a range
of BC/BP molecules present in the Cambridge
structural database (CSD) suggests there is no sin-
gle favoured stacking arrangement. The stacking
arrangements are varied, for example the crystal
structure of BP has the aromatic ring attached at
position four and seven stacked over the middle
ring of the phenanthroline moiety of another BP
molecule. Metal complexed structures of BC and BP
have other stacking arrangements the most common
being the stacking of the phenanthroline moieties
on top of each other, although again these stacking
interactions varied as there is no consistent angle
between the stacked phenanthroline rings. Unfortu-
nately there is no crystal structure of BC alone or
sulfonated phenanthroline derivatives.

Analysis of the data presented in this study
indicates that BC has no interactions with Ap
at concentrations where there is effectively only
monomeric BC in solution, i.e. BC dimerization is
critical to Ag binding. The nature of the dimerization
could not be determined although it is likely to
involve some type of stacking of aromatic rings.
Cu(BC); has a tetrahedral coordination sphere
about the metal ion and as such there is no
possible aromatic stacking between the BC ligands
coordinated to the copper. The relative orientation
of BC in this molecule must be different from that
in the BC dimer. As both molecules have an affinity
for A this suggests that this affinity is not the
result of a single structural motif. In all probability
the increased affinity of Cu(BC), for AS reflects
a larger aromatic surface area for A to interact
with. Indeed a large aromatic surface area would
also explain the higher affinities of Congo red and

dJ. Peptide Sci. 10: 210-217 (2004)
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phthalocyanine for Ag. It was previously shown that
when BC was titrated into an aqueous solution of
AB changes were observed in the 'H NMR spectra
consistent with BC binding to the aromatic residues
F4, Y10 and F19 [16]. These results suggest that
some aromatic—aromatic interaction (e.g. stacking)
may be occurring between AS peptides and BC.

In conclusion, with the application of NMR
chemical shift analysis and translational diffusion
measurements both the self-association constant
of BC and the binding constant of it bound to
AB40 peptide have been determined. The results
suggest that BC only has a measurable affinity for
ApB at concentrations where it oligomerizes, this does
not occur until the molecule reaches millimolar
concentrations. Therefore, potential therapeutic
applications of BC and BP are limited. However,
other aromatic compounds have shown much
higher affinity for A and as such there is the
potential to design aromatic compounds that have
sufficiently high affinity to A to be useful for
therapeutic/diagnostic applications in AD.
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