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ABSTRACT: Neurokinin B (NKB) is a member of the
tachykinin family of neuropeptides that have neuroinflammatory,
neuroimmunological, and neuroprotective functions. In a neuro-
protective role, tachykinins can help protect cells against the
neurotoxic processes observed in Alzheimer’s disease. A change
in copper homeostasis is a clear feature of Alzheimer’s disease,
and the dysregulation may be a contributory factor in toxicity.
Copper has recently been shown to interact with neurokinin A
and neuropeptide y and can lead to generation of reactive oxygen
species and peptide degradation, which suggests that copper may
have a place in tachykinin function and potentially misfunction.
To explore this, we have utilized a range of spectroscopic

Cu uptake

techniques to show that NKB, but not substance P, can bind Cu" in an unusual [Cu"(NKB),] neutral complex that utilizes two
N-terminal amine and two imidazole nitrogen ligands (from each molecule of NKB) and the binding substantially alters the
structure of the peptide. Using 1321N1 astrocytoma cells, we show that copper can enter the cells and subsequently open plasma
membrane calcium channels but when bound to neurokinin B copper ion uptake is inhibited. This data suggests a novel role for
neurokinin B in protecting cells against copper-induced calcium changes and implicates the peptide in synaptic copper

homeostasis.
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Neurokinin B (NKB, neuromedin K) is a 10 residue
peptide that belongs to the tachykinin family of
neuropeptides. Other members include the mammalian
peptides substance P (SP), neurokinin A (NKA), the N-
terminally extended forms of NKA neuropeptide K and
neuropeptide 7, and hemokinin." The family is characterized
by the presence of a common C-terminal sequence FxGLM-
NH,, which is thought to be important for receptor binding
and activation.” The biological activity of the tachykinin
peptides lies with their ability to bind to G protein-coupled
receptors and to mediate intracellular calcium release via several
signaling pathways, including a Gg;;-coupled pathway, which
involves the downstream generation of the second messengers
diacylglycerol and IP;.*® SP, NKA, and NKB bind to
neurokinin receptors NKI-R, NK2-R, and NK3-R, and
although each peptide can bind to all the receptors, each has
a preference for a particular receptor. Thus SP has a preference
for NK1-R, NKA for NK2-R, and NKB for NK3-R. The
structure of the peptides bound to their receptors is unclear;
however, a recent modeling study looking at the interaction of
NKB with NK3-R has highlighted not only how the C-terminal
conserved domain directs receptor binding but also how the N-

-4 ACS Publications  © 2013 American Chemical Society

1371

terminal residues may be involved in mediating receptor
preference.”

Functionally, the tachykinins are involved in a diverse range
of cellular signaling processes including roles in neuro-
protection, neuroinflammation, and neurotrophic pathways.">*

Much of our understanding of tachykinin function is due to
research on the first member identified, SP, and the roles of
NKA and NKB have remained more elusive. Recently though,
NKB has been identified as a key molecule in normal
reproductive function.”” The tachykinins and their receptors
are predominantly expressed in the central nervous system
(CNS), although they do have peripheral nervous system
(PNS) expression and are observed in other organs.z’8 Of the
main mammalian peptides, SP has both CNS and PNS
expression, NKB is almost exclusively found in the CNS,’
and NKA is largely expressed in the PNS. In the CNS, SP,
NKB, and their receptors are highly expressed in regions of the
brain that are important for cognition and emotion,'”'" and
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antagonists for NK3-R are currently being pursued as
therl%ple;utics in a range of disorders including schizophre-
nia.

The tachykinins have a well-documented involvement in
several neurodegenerative disorders, particularly Alzheimer’s
disease (AD);* for example, AD patients appear to have
diminished SP expression, * and there is also evidence that
NKB has a role. Studies have shown that both NKB and SP
appear to be able to protect neurons against the toxic effects of
AP peptides.">™'® More recently, NKB was shown to be able to
protect neurons by acting as an antioxidant.'” Further, the
tachykinin peptides are also thought to be able to coassemble
with Af peptides in the formation of amyloid fibrils, which may
reduce neurotoxicity.'” Nevertheless, the molecular mecha-
nisms whereby tachykinin peptides limit Af toxicity and the
relationship to AD remain unresolved.

One feature of AD, which is also common to other
amyloidogenic disorders such as Parkinson’s disease and
prion disorders, is the dysregulation of metal ions, particularly
copper, zinc, and iron.””*' In AD plaques, high concentrations
of copper and zinc are found, and both are able to promote
aggregation of Af peptides. Both metals are able to bind to
monomeric A peptides®>~>¢ as well as Af fibrils.””
known to be released from neurons during normal activity,
where it may have a role in regulating synaptic function.> It is
thought that the amyloid plaques formed in AD act as a “sink”
leading to copper deficiency in neurons, and therapies aimed at
stabilizing and normalizing neuronal copper concentrations
appear to have been affective in improving cognitive decline in
mouse models of AD.*' An intriguing link between the
tachykinins and metal ions is shown by the ability of NKA and
neuropeptide y to bind copper.>”*® Both peptides also
underwent oxidative cleavage in the presence of copper and
hydrogen peroxide leading to loss of functional peptide, which
for NKA was hypothesized to contribute to AD symptoms. No
other tachykinins have been investigated for their copper
binding properties, but inspection of the sequences of the
mammalian tachykinins highlights the presence of a histidine
residue at position 3 in NKB (DMHDFFVGLM-NH,). The
presence of a histidine at position 3 in proteins and peptides is
common in copper-binding proteins and is known as an amino-
terminal copper and nickel (ATCUN) binding site.>* This site
is observed, for example, in serum albumin®® and binds copper
via the histidine imidazole nitrogen, the histidine amide
nitrogen, and the amino-terminal nitrogen. Depending on the
pH, the fourth coordination site may be an amide nitrogen of
residue 2 or a carbonyl oxygen. An ability to bind copper may
not be restricted to human tachykinins as a recently identified
zebra-fish NKB has a similar sequence, including the third
position histidine, to human NKB.>** Given the known
independent involvement of copper and NKB in Alzheimer’s
disease, we hypothesized that the presence of an ATCUN motif
implied the existence of a direct link between copper and NKB.
We show here that NKB does indeed bind copper and the
peptide can limit copper uptake into astrocytes.

B RESULTS

Copper Binding to NKB. Initially, NKB was dissolved in
30 mM SDS, 10 mM n-EM at pH 7.6. Incorporating SDS not
only improves solubility of this hydrophobic peptide but also
mimics the lipid environment with which NKB is predicted to
interact prior to binding to the receptor; indeed previous NKB
structural investigations have been performed in a similar

1372

solvent.””** To assess the binding of Cu" to NKB, we initially

utilized circular dichroism (CD) in the visible region. When
Cu''Cl, is added to NKB at pH 7.6, a chiral Cu" center is
formed with positive (490 nm) and negative (570 nm) bands in
the CD titration (Figure 1A), as often observed in copper—
amino acid complexes.>” These bands increase in intensity until
0.5 equiv of Cu" has been added (Figure 1C(H)). A similar
titration is observed at higher pH (pH 8.7) (Figure 1B,C('W)).
The electronic absorption titrations at pH 7.9 (Figure 2A) and
pH 8.9 (Figure 2B) show a similar behavior to the CD titration
with a band at 520 nm increasing until 0.5 equiv has been
added (inset, Figure 2A,B).* A similar stoichiometry was also
obtained when the titration was performed in 10% DMSO/90%
10 mM nEM (data not shown). All of the optical titration data
indicate the formation of a mononuclear copper center
incorporating two molecules of NKB, that is, [Cu'/(NKB),].

Interestingly, in both CD titrations (Figure 1A,B), an
isodichroic point is observed at 520 nm corresponding to the
Amax in the electronic absorption spectrum (Figure 2), which
does not change during the titration. The single, broad band
observed in electronic spectroscopy is due to two or more
overlapping d—d transitions, which CD can resolve, especially,
as in this case, when the transitions result in CD signals of
opposite sign.*”*! The presence of an isodichroic point in the
titration indicates that there is a single Cu" binding site.

Mass spectra of NKB in 30 mM SDS, 10 mM n-EM at pH
7.5 show that NKB runs as a monomer ([NKB + H]*, m/z
1210.54; caled 1210.5) and a dimer ([NKB, + H]*, m/z
2420.1; calcd 2420.0). The addition of copper at either 0.5 or
1.0 equiv results in the appearance of only a very small peak at
m/z 2483.0, which is consistent with [Cu™(NKB), + H]*
although the low intensity precludes accurate identification
(data not shown). The lack of a reasonable copper-bound peak
suggests that the complex either does not ionize well or is
insufficiently stable to persist during the ionization process.
However, lowering the ionization voltage from 40 to 20 V did
not increase the intensity of the peak in the mass spectrum,
which is in contrast to our previously reported studies with
copper complexes of peptides and small molecules,”*~**
suggesting that the [Cu"/(NKB),] complex is neutral and that
it cannot be ionized.* This is consistent with the EPR results
described below.

The formation of a 1:2 Cu/NKB complex is highly unusual
for an ATCUN motif, which usually binds copper in a 1:1
stoichiometry, so we have undertaken a Cu" binding titration of
SP to see whether this is characteristic of tachykinins and,
second, whether this unusual [Cu"(NKB),] center is observed
for other metal ions, specifically Ni". Monitored by electronic
spectroscopy, the addition of copper to SP in the same solvent
as NKB (30 mM SDS, 10 mM nEM) resulted in the formation
of a peak near 700 nm (not at 520 nm) in excess copper
(Figure S1A, Supporting Information). Given that hydrated
copper is usually observed near 800 nm, this peak most likely
corresponds to Cu'' coordinated by water ligands and at least
one nitrogen atom, likely the SP N-terminus. A Ni" titration of
NKB (Figure 3) shows a linear increase in absorbance at 420
nm until approximately 1.0 equiv of Nif, beyond which the
slope changes (Figure 3, inset). Clearly, NKB, unlike SP,
selectively binds Cu" in an unusual binary complex involving
two molecules of NKB, [Cu"(NKB),], which we show below is
important for its biological function.

NKB Binds Copper through Four Nitrogen Ligands
That Include Histidine 3. To help identify copper ligands, we
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Figure 1. A Cu" binding titration of NKB monitored by circular
dichroism. (A) Titration of NKB (77.5 uM, 30 mM SDS, 10 mM
nEM, pH 7.6) with Cu"Cl, monitored between 400 and 700 nm. (B)
Titration of NKB (77.5 uM, 30 mM SDS, 10 mM nEM, pH 8.7) with
Cu"'Cl, monitored between 400 and 700 nm. (C) Molar ellipticity at
490 and 570 nm at pH 7.6 (M) and pH 8.7 (¥) plotted as a function
of Cu" equivalents highlights saturation at 0.5 equiv of Cu™.

first utilized NMR. Cu" is a metal ion that is paramagnetic
irrespective of the coordination geometry (for mononuclear
complexes) and leads to paramagnetic broadening and shifting
of NMR peaks. However, these effects usually only occur over

1373

A 30
S
3.0 %20
1 £
257 51,0
o B Q
=) <
% 2.07 0.0
reR \ 00 05 10 15
1.5 [Cull)/[NKB]
-8 4
S 1.0
[72]
2 i
<05
0.0 T T 1
400 500 600 700
B. ]
~15
1.57 & i
] =10
1.0 o5
<

0.0
00 05 1.0
y [Culll/[NKB]

Absorbance (x102)
o
[¢,]
|

600

500
Wavelength (nm)

Figure 2. Cul binding titrations of NKB monitored by UV/vis
spectroscopy. (A) NKB (108.5 uM) prepared in 30 mM SDS, 10 mM
nEM, pH 7.9, was titrated with CuCl, and the absorbance in the visible
region (400—700 nm) was monitored. (B) Copper titration of NKB
(108.5 uM) prepared in 30 mM SDS, 10 mM nEM, pH 8.9. Insets
show the absorbance at 520 nm plotted as a function of copper
equivalents added ([Cu"]/[NKB]), revealing a plateau in the binding
curve at 0.5 equiv at both pH values.
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Figure 3. Ni binding titrations of NKB monitored by UV/vis
spectroscopy. (A) NKB (108.5 uM) prepared in 30 mM SDS, 10 mM
n-EM pH 8.9 was titrated with NiCl, and the absorbance between 300
and 600 nm was monitored. The inset shows the absorbance at 420
nm plotted as a function of copper equivalents added ([Ni"]/[NKB]).

short distances (<7 A), and if small amounts of Cu" are added
the broadening only affects the resonances from nuclei of
ligands directly coordinated to the Cu" ion. We obtained one-
dimensional NMR spectra for apo-NKB and after the addition
of 0.14 and 0.28 equiv of copper (Figure 4A—C). The identity
of the peaks was determined from a TOCSY spectrum (7,,, = 75
ms) and compared with literature values.>’ Figure 4 shows that
upon addition of Cu" the peaks at 8.72 and 7.42 ppm broaden
beyond detection. These peaks correspond to the C2H and
C4H protons of the His3 imidazole side chain. There is a
general broadening observed to most other peaks, largely due
to the small size of the peptide (Figure 4; Figure S2, Supporting
Information). We cannot discern amide proton changes
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Figure 4. Cu" titration of NKB (425 uM, 30 mM SDS-d,s, pH 7.6)
monitored by NMR (500 MHz, 298 K). From bottom (A), spectrum
of the aromatic and amide region of apo-NKB, (B) NKB after the
addition of 0.05 equiv of CuCl, and (C) NKB after the addition of 0.2
equiv of CuCl,. The chemical shift of the His3 imidazole 2H and 4H
protons is shown.
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because under these conditions amide protons are rapidly
exchanging with the solvent and are not observed.

To further examine the coordination environment of the
copper ion in NKB, we used EPR spectroscopy. The first
derivative anisotropic frozen solution EPR spectrum (Figure Sa;

dy"/dB

270 280 290 300 310 320 330 340 350 360
Field [mT]

T T T

M

\fl/"\\w\/ f \\ /\\.

g \

8@ I\

3 W \//

310 320 330 340 350
Field [mT]

Figure 5. X-band (v = 9.441882) EPR spectra of [Cu"(NKB),] in 30
mM SDS, 10 mM n-EM, pH 7.9, measured at 140 K: (a) first
derivative spectrum; (b) second derivative Fourier filtered spectrum;
(c) computer simulation, see Table 1 and Table S1, Supporting
Information, for spin Hamiltonian and line width parameters; (d,e)
expansion of the perpendicular region of spectra b and c, respectively
revealing the nitrogen superhyperfine coupling.
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Figure S3b, Supporting Information) of a solution containing
Cu/NKB in the ratio of 1:2 in 30 mM SDS, 10 mM n-EM, pH
7.9, reveals a single mononuclear Cu" species having a
rhombically distorted environment (gx #* g # g A F A, #*
A, ). Examination of the perpendicular region (Figure Sa, 315—
325 mT) reveals the presence of nitrogen superhyperfine
coupling. Increased resolution was obtained through differ-
entiation of the spectrum, and the high frequency noise was
carefully removed with Fourier filtering (Hamming function)
without distorting the original spectrum, Figure 5b. Expansion
of the perpendicular (x, y) region reveals *Cu and "N
hyperfine coupling. Each copper hyperfine resonance will be
split into 2nI + 1 (I = 1) resonances from coupling to a number
(n) of magnetically equivalent nitrogen nuclei. These
resonances will also have a characteristic intensity pattern, for
example, coupling to four magnetically equivalent nitrogen
nuclei will result in nine "N hyperfine resonances with an
intensity pattern of (1:4:10:16:19:16:10:4:1). Computer
simulation of both the first (Figure Sa) and second derivative
(Figure Sb) spectra assuming a rhombic spin Hamiltonian (eq
1) and four magnetically equivalent nitrogen nuclei with the g
and hyperfine (A(®*Cu and '*N)) matrices given in Table 1

Table 1. Spin Hamiltonian Parameters for [Cu (NKB),]

% 2.040 A(BCu)? 22.31 AN 13.70
g 2.047 A(%Cu)” 18.32 AMN)" 13.85
ra 2.179 A(BCu)? 2032 A,(MN)* 13.07

“Units 107* cm™.

yields the second derivative spectrum in blue (Figure Sc).
Expansion of the perpendicular region of both the experimental
(Figure Sd) and the simulated spectra (Figure Se) highlights
the "N superhyperfine coupling and the excellent agreement
between the simulated (Figure Se) and experimental spectra,
confirming the presence of four ligating nitrogen atoms in the
Cu" ions coordination sphere. Plotting the g; and A, (**Cu) for
[Cu(NKB),] (Table 1) on the Blumberg—Peisach plots46
confirms a [CuN,] center and suggests the presence of a
neutral species, which is consistent with the lack of a peak in
the mass spectrum.

Copper-Binding Alters the Structure of NKB. NKB is
similar to many other neuropeptides that interact with
transmembrane receptors (such as GPCRs) in that it is
unstructured in solution but adopts structure when bound to
membranes or in membrane mimicking environments.””*” To
assess the effect of copper-binding on NKB structure we used
circular dichroism spectroscopy. The UV CD spectrum of apo-
NKB in 30 mM SDS, 10 mM nEM, pH 7.9 (Figure 6) shows
two negative peaks at 208 and 225 nm and a positive peak at
195 nm. These peaks are characteristic of an a-helical structure,
which is consistent with previous structural studies and is
thought to be a physiologically relevant state.**”*® The
addition of 0.5, 1.0, and 1.5 equiv of copper results in a loss
of intensity of all peaks, and a plot of the absolute intensity of
the negative peaks as a function of the copper equivalents
added shows that copper addition beyond 0.5 equiv has little
effect on the intensity (Figure 6B). In accord with the visible
CD and electronic absorption spectroscopy, this confirms a
stoichiometry of 1:2 Cu"/NKB. It is likely that the loss of
absolute intensity is because some helical structure needs to
unwind in order to accommodate copper binding to His3 and
the N-terminus. The formation of a weak negative band at
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Figure 6. Cu" titration of NKB monitored by UV circular dichroism
spectroscopy. (A) The CD spectrum of NKB (108.5 mM, 30 mM
SDS, 10 mM nEM, pH 7.9) was collected prior to the addition of
copper (0 equiv of Cu" spectrum) and after the addition of 0.5, 1.0,
and 1.5 equiv of CuCl,. Inset shows an expansion of the region
between 240 and 325 nm. (B) The change in the absolute intensity of
the peaks at 208 and 225 nm is plotted as a function of Cu"
equivalents added. This shows a plateau (225 nm) and a change in
slope (208 nm) after 0.5 equiv of added Cu™. (C) A plot of [6],,5,m/
[0]208nm as a function of Cu'' equivalents added shows a decrease from
0.91 to 0.48 at 0.5 equiv of Cu" added.

~284 nm (Figure 6, inset) is consistent with an amine—Cu"
charge transfer transition.*® It is possible that this peak also
arises from aromatic contributions from phenylalanine, which is
responsible for transitions between 250 and 270 nm. The
absence of any significant additional transitions in the 300—320
nm region suggests that amide—Cu' coordination is not
occurring.**** Intriguingly, the loss of signal at 208 nm is less
than the loss at 225 nm, and a plot of the CD signal ([d]) at
these two wavelengths as a function of copper equivalents
(Figure 6C) shows that the ratio drops from about 0.9 to about
0.5 at 0.5 equiv of Cu'. The differential change to the peaks at
208 and 225 nm suggests that, along with loss of helix, the
copper-bound peptide may adopt a 3, helix. A 3, helix has a
[0]2250m/ [0]208nm ratio of approximately 0.4 compared with an
a-helix that has a ratio near unity.*’ Addition of Cu" to NKB
results in a decrease in the ratio from an apo-NKB value of
~0.9 to ~0.48 in the presence of a stoichiometric amount of
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copper (Figure 6C). Additionally, loss of intensity at wave-
lengths <200 nm could be accounted for by an increase in
irregular structure, which has a negative CD signal around 195
nm.
Copper Is Taken up by 1321N1 Astrocytoma Cells. We
have shown that copper is able to bind to NKB, altering its
structure and forming a binary complex, and a recent report has
shown that dimerization of the neurotensin (8—13) peptide
substantially reduced affinity for its receptor.’® To determine
whether copper-binding altered NKB'’s function, we assessed
how intracellular calcium concentrations, [Ca], changed in
response to NKB and copper. As a model, we used the
astrocyte cell line 132IN1 and initially confirmed the
expression of the astrocyte marker, GFAP, along with the
presence of the preferred NKB receptor, NK3-R, and NKI-R,
the receptor preferred by SP (Figure 7A—C). NK3-R and NK1-

A.GFAP B. NK3-R C. NK1-R
115— o 15— 0
5 .}dlmer 82—t .
82— 82— L.“}dlmer
\ s
64— = ~ [ mono. "
49— W 2‘9‘: } 37—‘
kDa kDa kDa

Figure 7. Western blot of astrocytoma (1321N1) cell Iysates detects
the presence of (A) glial fibrillary acidic protein (GFAP), (B) the
neurokinin B receptor (NK3-R), and (C) the substance P receptor
(NKI-R).

R appear as dimers, which has been observed previously.”"**

We also confirmed that copper up to 50 yM had a negligible
effect on astrocyte viability (Figure S4, Supporting Informa-
tion).

First, we studied the effect of copper on calcium mobility in
1321IN1 cells. After preparation of cell suspensions, copper
(~0.6 uM) was added, and the Fura2 excitation at 340 and 380
nm was monitored with emission at 510 nm. Figure 8A shows
that the addition of copper results in an immediate decrease in
the Fly,o/Flyg, ratio. The decrease is due to quenching of the
fluorescence of the calcium-bound Fura2 because the
fluorescence after excitation at 340 nm (Ca-bound Fura2) is
quenched and the fluorescence after excitation at 380 nm (apo-
Fura2) remains unchanged (Figure 8B). A similar effect was not
seen when zinc was added (data not shown), but other metals
such as manganese are known to quench Fura2 fluorescence.>®
Analogously to Mn-quenching, copper must enter the cells and
quench the Ca—Fura2 complex; an identical effect has
previously been observed for pulmonary arterial endothelial
cells.>* This shows that copper is readily taken up into 1321N1
cells, which supports previous studies showing that astrocytes
accumulate copper.’® No change in the fluorescence ratio is
observed after copper addition suggesting that copper is not
causing release of calcium from intracellular stores, because it is
likely that any increase in [Ca"]; would result in at least partial
recovery of the Fly,,/Flyg, ratio. Addition of excess calcium to
the extracellular buffer results in an immediate increase in the
Fly40/Flyg ratio, which is due to recovery of the fluorescence
after excitation at 340 nm (i.e,, due to recovery of Ca—Fura2
fluorescence, Figure 8A,B). The recovery is due to the influx of
calcium into the cell, presumably as a result of the copper-
induced opening of plasma membrane calcium channels. To
exclude the possibility that the 1321IN1 astrocytes have a

dx.doi.org/10.1021/cn4000988 | ACS Chem. Neurosci. 2013, 4, 1371-1381
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Figure 8. Copper-dependent quenching of Ca-bound Fura2
fluorescence in 132IN1 astrocytoma cells. Cells were suspended in
10 mM HEPES, pH 7.6, with NaCl (130 mM), KCI (4.7 mM),
MgSO, (1.2 mM), NaH,PO, (1.2 mM), and glucose (11.5 mM) with
no added calcium and monitored at room temperature. (A) The ratio
of the fura2 fluorescence at 510 nm after excitation at 340 and 380 nm
(Flyso/Flygo) is plotted as a function of time. After stabilization, the
addition of CuCl, (0.66 uM) results in a decrease in the ratio, which
can be partially reversed after the addition of excess Ca' to the
extracellular media. (B) The absorbance at 510 nm after excitation at
340 nm (Cabound Fura2, solid line) and 380 nm (unbound Fura2,
dotted line) shows that copper addition only results in a decrease in
the fluorescence after excitation at 340 nm. (C). Addition of CuCl,
(0.66 uM) in the presence of excess EDTA (166 uM) shows no
decrease in Fly,o/Flyg.

significant basal concentration of open calcium channels, we
added calcium to the medium in the absence of copper. This
did not result in any increase in the Fly,0/Flyg, ratio (Figure
SSA, Supporting Information). It is unlikely that copper is
affecting store-operated calcium channels because the recovery
after copper quenching was still apparent in the presence of the
lanthanide Gd" at concentrations known to inhibit these
calcium channels (Figure S5B,C, Supporting Information).>®~
The mechanism underlying the copper-induced influx of
calcium was not investigated further and remains unclear,
although voltage-opened channels have been implicated** and
calcium influx via copper-sensitive NMDA receptors remains a
possibility.>” The ability of copper to open plasma membrane
channels is likely to lead to a potentially dangerous disruption
of intracellular calcium levels if copper uptake is not controlled,
so we next investigated whether chelation can limit copper-
induced Fura2 quenching by adding copper in the presence of
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the high-affinity chelator ethylenediaminetetraacetic acid
(EDTA, log K; ~ 19). Figure 8C shows that the quenching
is suppressed in the presence of excess EDTA.

Binding of Copper by NKB Inhibits Uptake of the
Metal into 1321N1 Astrocytoma Cells. Having assessed the
impact of copper on the astrocytes, we next determined
whether copper can affect NKB’s ability to trigger intracellular
calcium changes and whether NKB can act as a chelator and
limit uptake of the metal. Analogously to the effect of EDTA,
we can monitor the inhibition of copper uptake by the absence
of copper-induced quenching of Ca—Fura2 fluorescence.
Because copper was able to open plasma membrane channels,
it was necessary to conduct all experiments with NKB in the
absence of Ca" in the medium. NKB alone resulted in a mild
increase in the Fly,o/Flyg, fluorescence ratio (Figure 9A) that is
reasonably sustained. This suggests that NKB elicits only a
small increase in cytosolic calcium after release from the ER.
This result is atypical in that GPCR agonists usually elicit an
initial transient Cal release. Due to the atypical nature, we
tested cells at different passage numbers, bought in a new cell
batch from the ECCC, and conducted experiments on adherent
cells maintained on a coverslip inserted into a fluorescence
cuvette, yet all displayed the same response to NKB. The result
may reflect a poor efficiency of IP; generation in these cells or a
poor spatial coupling between the site of IP; generation and the
IP;-sensitive receptors.”” NK3-R is also thought to traffic to the
nucleus, and the immunoblot (Figure 7B) does not differentiate
between surface and intracellular protein.’> Furthermore,
despite these astrocytes expressing NK3-R, it may not be
predominantly linked to release of Ca" from the ER. Indeed,
recent work has shown that in dorsal root ganglia neurons, SP
activation of NK1-R does not produce substantial releases of
Ca" but is instead linked to an alternative pathway that releases
reactive oxygen species from mitochondria.®’ Attenuation of
the Ca"l increase in response to NKB when in the presence of
the high-affinity NK3-R specific antagonist SB222200 indicates
that we are observing interaction of NKB with NK3-R in the
132IN1 cells (Jones et al, unpublished data). When
[Cu"(NKB),] is added the change in the Fly,y/Fly, is not
significantly different from that observed with NKB alone
(Figure 9B), although we note that the initial increase in Fly,0/
Flyg, is slightly greater with the complex. The lack of copper-
dependent quenching but a similar rise in [Ca']; to that with
NKB alone suggests that NKB can limit uptake of copper into
the cells while not altering its own ability to change [Ca"].
NKB is still binding Cu" because no quenching due to “free”
copper uptake is observed, but the addition of Cu" beyond
stoichiometry (>0.5 equiv) results in a decrease in Fly,/Flyg
(Figure 9B). This result further supports the formation of a
[Cu(NKB),] binary complex. To investigate the lack of
copper-dependent Ca—Fura2 quenching further, we used a
peptide derived from the prion protein, PrP(107—114)
(sequence Ac TNMKHMAG). This peptide has known Cu"
binding properties and has a moderate, micromolar to
nanomolar copper affinity and thus represents a copper-binding
site that is more physiologically relevant than EDTA. 6263 When
Cu"PrP(107—114), in the same buffer as [Cu”(NKB),], is
added to the Fura2-loaded astrocytes, there is an immediate
decrease in the Fly,y/Flyg, ratio with no recovery of the Fly,,/
Flyg, ratio until Ca" is added to the medium (Figure 9C). This
is similar to that observed with copper alone (Figure 8A).
Further, the tachykinin peptide SP, which has no copper

dx.doi.org/10.1021/cn4000988 | ACS Chem. Neurosci. 2013, 4, 1371-1381



ACS Chemical Neuroscience

Research Article

>

4.0

[TNKBT6.4 uM |

3 35-

< 30-

c?'., |

L 254
ESGC

2.0~
4.0

3.5
3.0
2.5
2.0/
C. 2.57

w

[ [Cu"(NKBY),]

[Cuz0.6 uM |

F|340 /F|380

[ [Cu"PrP(107-114)] |

[ cat |
®
g 2.0‘Wr‘n‘
LL
S~
(@)
<
0
LL 1.51
1 [ ]
200 sec

1.0-

Figure 9. NKB can limit cellular uptake of Cu'. The 132IN1
astrocytoma cells were suspended in 10 mM HEPES, pH 7.6, with
NaCl (130 mM), KCI (47 mM), MgSO, (1.2 mM), NaH,PO, (1.2
mM), and glucose (11.5 mM) with no added calcium. (A) Addition of
NKB (6.4 uM) to the cell suspension increases the Fly,/Flyg, ratio.
(B) Addition of [Cu"(NKB),] ([NKB] = 6.4 uM, [Cu"] = 3.0 uM) to
the cell suspension increases the Fly,/Flyg ratio similarly to that seen
in panel A. Addition of additional copper (3.2 uM) causes quenching
of fluorescence. (C) Addition of [Cu"PrP(107—114)] ([PrP(107—
114)] = 2.98 uM, [Cu"] = 1.38 uM) to the cell suspension results in
an immediate decrease in the Fly,/Flsy ratio, which can be partially
recovered by the addition of excess Ca" to the cell medium.

binding ability at pH 7.6, did not inhibit the copper-induced
quenching of Ca—Fura2 (Figure S1B, Supporting Information).

B DISCUSSION

The stoichiometry of 1:2 Cu/NKB that we have determined
from CD (Figures 1 and 6) and electronic absorption (Figure
2) titrations and EPR spectroscopy (Figure S) indicates
formation of a neutral mononuclear Cu'' species
([Cu"(NKB),]), which is highly unusual for an ATCUN-
containing peptide. In contrast, the binding of Ni" results in a
1:1 complex with an absorption maxima at 420 nm (Figure 3),
suggesting that Ni' is bound in a square-planar, diamagnetic
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environment, and both the Ni" stoichiometry and geometry are
entirely consistent with binding by an ATCUN motif. ** It
therefore appears that this peptide is perfectly able to bind Ni"
via the ATCUN motif but with copper a binary structure
([Cu"(NKB),]) is preferred. The binding of Cu' by NKB
involves the His3 imidazole side chain, and evidence from near-
UV CD suggests that there is N-terminal amine coordination
but, unexpectedly, not amide coordination. Binding to amide
nitrogens causes changes to the a- and p-protons of nearby
amino acids; however no specific change (either broadening or
chemical shift changes) in these protons was seen in the NMR
(Figure S2, Supporting Information) supporting the conclusion
that main-chain coordination is not occurring. EPR analysis
indicates that the Cu" ions’ equatorial coordination sphere
involves four nitrogen ligands, and our data suggests that two
molecules of NKB coordinate to copper forming a mono-
nuclear Cul center, where each NKB chain donates a histidine
imidazole and an N-terminal nitrogen {2N, 2N_.. .} to fulfill
the four nitrogen equatorial coordination sphere.

The ability of copper to bind to NKB and alter its structure
suggested that copper may alter the binding of NKB to its
preferred NK3 receptor. In contrast though, we observed that
[Cu"(NKB),] was similar to metal-free NKB in the ability to
induce intracellular calcium release. This suggests that, like
metal-free NKB, [Cu"(NKB),] can interact with the cell
surface and translocate to the correct receptor. It is somewhat
surprising that copper did not affect NKB function; however,
the interaction of NKB with NK3-R, as with any of the
tachykinins, is thought to be mediated by the conserved
FxGLM-NH, C-terminal motif, and we have established that
copper binds to N-terminal amino acids. Our results suggest
that the binding of copper to the N-terminus does not alter the
C-terminal region enough to limit receptor binding, despite
structural changes and the formation of [Cu"(NKB),]. It is not
unprecedented that changes to the N-terminal region have little
effect on NKB activity, because a modified, disulfide-bridged
[Cys,—Cyss] NKB Gpeptide was shown to be almost as potent
as wild-type NKB. ** However, selectivity may be affected, and
it is possible that copper binding has modified the receptor
preference and [Cu"(NKB),] can bind to other tachykinin
receptors, such as NKI1-R.

An interesting result from this work is that the binding of
copper by NKB can suppress uptake of the metal into
astrocytes. The lack of copper-dependent quenching of the
Ca—Fura2 fluorescence in the presence of NKB indicates that
the metal is not entering the cytoplasm. Only copper directly
bound to NKB was prevented from being taken up, because
copper in excess of stoichiometry (i.e.,, >0.5 equiv) was able to
quench fluorescence. In contrast, a copper-binding peptide
derived from the prion protein, PrP(107—114), which binds
copper as a monomer and via histidine and backbone nitrogen/
carbonyl atoms®” is unable to limit copper uptake. Copper is
primarily taken up into cells via the high-affinity pump Ctrl 5
and we speculate that Cu"PrP(107—114) readily transfers
copper to Ctrl (or the reductases that reduce Cu" for transfer
by Ctrl1) but [Cu"(NKB),] does not. [Cu™PrP(104—117)] is a
soluble monomeric complex, whereas [Cu"(NKB),] is a
membrane-bound binary complex, and this may explain the
inability of [Cu"(NKB),] to readily lose the metal.
Unsurprisingly, the tachykinin substance P did not limit uptake
of the metal ion into astrocytes, due to the inability to bind
copper. This result may further distinguish a role for NKB
within the tachykinin family.
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Rather than copper acting in the synapse to modulate NKB
function, the work described here suggests that NKB can help
modify copper activity in the brain. Given the ability of copper
to enter cells and subsequently open calcium channels, it is
possible that copper released from neurons may act as a
signaling molecule to modify calcium levels in adjacent cells,
and this may also helSP explain why copper is released in a “free”
or unbound state.’” Being able to control the activity of
extracellular “free” copper is vital because the metal ion in this
state can be involved in the generation of reactive oxygen
species and can bind to a range of synaptic components. Several
copper-binding proteins are prevalent on the surface of neurons
and astrocytes and in the synapse, including prions and Ap-
peptides.®® These proteins have similar histidine imidazole and
nitrogen ligands for copper but contain more sites along with
quite diverse binding modes and variable stoichiome-
try.2¥¥7=% Proteins such as prions and Af-peptides have
also been implicated in brain copper homeostasis, but having a
neuropeptide (and as such a transient molecule) such as NKB
present to bind and control copper usage and uptake confers an
added level of spatial and temporal control of synaptic copper
activity. In neurodegnerative disorders such as AD, where a
change in both copper and calcium homeostasis is well
established, it is possible that the excess extracellular copper
leads to the disruption of calcium levels.”” Given the links we
have shown between copper, NKB, and calcium, we predict that
any loss of NKB (potentially as a result of loss of NKB
expressing cells) may be a contributory element in the
dysregulation of copper and calcium observed in AD.

B CONCLUSIONS

In summary, we have utilized a range of spectroscopic
techniques (CD, UV/vis and EPR) to show that NKB can
bind Cu" in an unusual neutral binary complex [Cu"(NKB),]
that utilizes two N-terminal amine and two imidazole nitrogen
ligands (from each molecule of NKB) and the binding
substantially alters the structure of the peptide. Despite altering
the structure, copper does not impede the ability of neurokinin
B to trigger intracellular calcium release in 1321N1 astrocytoma
cells. Further, we have shown that copper can enter the cells
and subsequently open plasma membrane calcium channels but
when bound to neurokinin B copper ion uptake is inhibited.
Our data suggest a novel role for neurokinin B in protecting
cells against copper-induced calcium changes and implicate the
peptide in synaptic copper homeostasis.

B METHODS

Materials. Neurokinin B (DMHDFFVGLM-NH,) was purchased
from Auspep (Melbourne, Australia), substance P (RPKPQQFFGLM-
NH,) was purchased from Sigma Aldrich (Castle Hill, Sydney,
Australia), and PrP(107—114) (Ac-TNMKHMAG) was synthesized
by Proteomics International (Perth, WA, Australia). All peptides were
>95% purity (assessed by mass spectrometry and NMR analysis) and
were used without further purification. Antibodies for immunoblotting
were anti-NK3-R (polyclonal, Lifespan Technologies, Seattle, WA,
USA) and anti-NKI-R (polyclonal), anti-GFAP (monoclonal) and
anti-GAPDH, all from Sigma Aldrich, Castle Hill, Sydney, Australia.
Secondary antibodies were HRP-conjugated goat anti-rabbit or anti-
mouse (Sigma Aldrich, Castle Hill, Sydney, Australia). Unless
specified, all other chemicals and materials were obtained from
Sigma Aldrich (Castle Hill, Sydney, Australia). Milli-Q purified (>18
MQ) water was used for all experiments.

Metal lon Titrations. Stock (0.5 M) solutions of Cu' and Ni"
were prepared as CuCl,-2H,0 and NiClL,-2H,O in water and diluted
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to working solutions on the day of use. Lyophilized peptides were
dissolved in 30 mM SDS, 10 mM n-ethylmorpholine, pH 7.9, or in
100% DMSO followed by dilution into 10 mM n-ethylmorpholine (n-
EM). n-EM has previously been shown to have limited copper binding
ability.”" The concentration of NKB or SP was determined by using
the absorbance at 259 nm and an extinction coeflicient of
phenyalanine (190 M™'em™ X number of phenylalanines), and this
correlated well with the concentration determined after weighing the
peptide and using the supplier’s recommendation that the Iyophilized
peptide contained 25% water. UV/visible absorption spectroscopy
(Perkin-Elmer U-3100) was used to monitor metal binding. Spectra
throughout this study were processed using Microsoft Excel and
plotted using Origin software.

Circular Dichroism (CD) Spectroscopy. CD spectra were
acquired at 25 °C on a Jasco J810 spectophotometer. In the visible
region (400—800 nm), a 10 mm path length cell was used with
sampling every 1 nm, and 20 scans were acquired for each sample. The
baseline (apo-NKB) was subtracted from each spectrum collected. In
the UV region, a 1 mm path length cuvette was used to acquire spectra
over the range 190—290 nm with sampling every 0.5 nm, and 3 scans
were averaged.

Nuclear Magnetic Resonance (NMR) Spectroscopy. NMR
spectra were obtained on a Bruker Avance 600 MHz spectrometer
equipped with a S mm TXI BBI probe (Bruker Biospin, Germany).
Samples were prepared in 10% D,0O and 30 mM SDS-d,s and the pH
adjusted to 7.6 using HCI or NaOH. The residual water signal was
suppressed using either a low power presaturation pulse or a WS
watergate sequence.72 Proton spectra were acquired over a 12 ppm
spectral width, with 64000 complex data points. Data were acquired
and processed using Bruker TopSpin software running on a Linux
workstation. The one-dimensional spectra were processed using a /2
shifted sine-squared window function.

Electron Paramagnetic Resonance (EPR) Spectroscopy.
Continuous wave EPR spectra at ~9.4 GHz (X-Band) were obtained
on a Bruker Elexsys ES80 spectrometer operated with Bruker Xepr
software. Spectra were obtained using either a super high-Q or optical
cavity (X-band). The microwave frequency and magnetic field were
calibrated with a Bruker microwave frequency counter and a Bruker
ERO36TM teslameter. A nitrogen gas flow through system in
conjunction with a Eurotherm B-VT-2000 variable temperature
controller provided stable temperatures of ~140 K. Spectra were
routinely baseline corrected using polynomial functions, differentiated,
and smoothed using Fourier filtering available in the Xepr software to
remove high frequency noise. Care was taken to not distort the EPR
spectrum, by comparing the filtered and experimental spectra. Analysis
of the EPR spectra was performed using the XSophe—Sophe—
XeprView (version 1.1.4) computer simulation software suite running
on a Linux (Mandriva 2010.2) workstation. Computer simulation of
the randomly oriented frozen solution spectra employed a rhombic
spin Hamiltonian (eq 1), naturally abundant isotopes, and a g- and A-
strain line shape function.

H=pBgS+ Y SAIL-gfBI

i=CuyN

(1)

Matrix diagonalization was employed for the determination of the
resonant field positions arising from the electron Zeeman and copper
hyperfine interactions, and the nitrogen superhyperfine interactions
were treated with perturbation theory.”®

Liquid Chromatography Mass Spectrometry (LC-MS) Anal-
ysis. LC-MS analysis was performed on a nanoAquity UPLC (Waters
Corp., Milford, MA, USA) linked to a Xevo QToF mass spectrometer
from Waters (Micromass,UK). The mass spectrometer was operated
in positive ESI mode with a capillary voltage of 3.5 kV, cone voltage of
40V, source temperature of 80 °C, and mass ranges of 250—3000 Da.
One microliter of sample was loaded onto a nanoAquity C18 BEH130
column (1.7 um, 75 ym X 250 mm) and then eluted from the column
using a binary gradient program at a flow rate of 0.3 #L/min: mobile
phase A was 0.1% formic acid in water, and mobile phase B was 0.1%
formic acid in acetonitrile. The nano-UPLC gradient was as follows: 0
min, 97:3 A/B; 1 min, 97:3 A/B; 30 min, 60:40 A/B; 40 min, 60:40 A/

dx.doi.org/10.1021/cn4000988 | ACS Chem. Neurosci. 2013, 4, 1371-1381



ACS Chemical Neuroscience

Research Article

B; 50 min, 5:95 A/B; 65 min, 5:95; 75 min, 97:3. Samples of NKB for
MS analysis were prepared in 10 mM n-EM, pH7.4, 30 mM SDS.
Spectral process and elemental analysis of peaks was undertaken using
MassLynx software (Waters Corp. Milford, MA, USA).

Cell Culture. The 1321N1 astrocytoma cells were obtained from
the European Cell Culture Collective (Sigma Aldrich, Castle Hill,
Sydney, Australia). Cells were cultured in DMEM (Gibco)
supplemented with 10% fetal calf serum, 10 units/mL penicillin, and
10 pg/mL streptomycin and incubated at 37 °C in a 5% CO,
humidified incubator. Cells were regularly passaged at 70—80%
confluency and were discarded at passage 10.

Calcium Assays. Changes in the concentration of intracellular
calcium ([Ca];) was monitored using the calcium-binding fluorophore
Fura2. To load with Fura2, cells were grown to ~80% confluency in a
T2S5 or T7S flask, washed with PBS, and collected into 2 mL of
calcium-free HEPES buffer, pH 7.6 (HEPES, 10 mM; NaCl, 130 mM;
KCl, 47 mM; MgSO,, 1.2 mM; NaH,PO,, 1.2 mM; glucose, 11.5
mM). After collection, the cells were incubated for 30 min with 1 yM
Fura2 AM LeakRes prepared in cell culture grade DMSO (working
concentration, Sigma Aldrich, Castle Hill, Sydney, Australia), washed
twice in HEPES buffer, and then left at room temperature for 40 min
to allow hydrolysis of the acetomethoxy ester bond. Fluorescence
spectra of cells (~1 X 10°) were acquired on a Perkin-Elmer LSS0B
spectrometer using the ratiometric monitoring available in the Perkin-
Elmer software (FL Winlab). The excitation wavelengths were set at
340 nm (Ca-bound Fura2) and 380 nm (Ca-free Fura2), and the
emission wavelength was 510 nm. The fluorescence was allowed to
settle prior to addition of any compounds. The spectra are plotted and
shown as 340 nm/380 nm ratios. All fluorescence experiments were
conducted at room temperature (~22 °C).

Western Blots. The 1321N1 cells were immunoblotted for the
presence of the NKB receptor (NK3-R), the SP receptor (NKI1-R),
and the astrocyte specific glial fibrillary acidic protein (GFAP). The
cells were grown in a T25 flask, washed, and collected in 2 mL of cold
phosphate-buffered saline (PBS). The collected cells were then
incubated for 30 min in NP40 lysis buffer (NP40, 1%; Tris, 20 mM;
NaCl, 137 mM; glycerol, 10%; pH 8) containing a protease inhibitor
cocktail (Sigma Aldrich, Castle Hill, Sydney, Australia). Approximately
20 pg of protein was loaded onto a 12.5% acrylamide gel for sodium
dodecyl sulfate electrophoresis alongside prestained standards
(Invitrogen). After electrophoresis, the proteins were transferred to
a PVDF membrane (at 4 °C, 100 V), and then the membrane was
blocked in 5% milk powder in 0.1% tween-20 (TBS-T) (1 h at 4 °C).
The membrane was then incubated overnight in the primary
antibodies (anti-NK3-R, 1/1000; anti-NK1-R, 1/1000, anti-GFAP 1/
5000) added to 5% milk/TBS-T. After incubation, the membrane was
washed in TBS-T and then incubated for 1 h in the appropriate HRP-
conjugated secondary antibody (1/20000) in 5% milk/TBS-T. The
membrane was extensively washed in TBS-T prior to adding the
chemiluminescent substrate (SuperSignal West Femto maximum
sensitivity substrate, Thermo Scientific, IL, USA). X-ray film (CL-
Xposure, Thermo Scientific) was exposed to the membrane and then
manually developed using Kodak GBx developer and fixer (Sigma
Aldrich, Castle Hill, Sydney, Australia).
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