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ARTICLE INFO ABSTRACT

Keywords: The formation of amyloid is considered an intrinsic ability of most polypeptides. It is a structure adopted by
Copper many neuropeptides and neurohormones during the formation of dense core vesicles in secretory cells, yet the
Neuropeptide mechanisms mediating assembly and disassembly of these amyloids remain unclear. Neurokinin B is a neuro-

Functional amyloid
neurokinin B
Tachykinin

Metal

peptide thought to form an amyloid in secretory cells. It is known to coordinate copper, but the physiological
significance of metal binding is not known. In this work we explored the amyloid formation of neurokinin B and
the impact that metals had on the aggregation behaviour. We show that the production of neurokinin B amyloid
is dependent on the phosphate concentration, the pH and the presence of a histidine at position 3 in the primary
sequence. Copper(II) and nickel(II) coordination to the peptide, which requires the histidine imidazole group,
completely inhibits amyloid formation, whereas zinc(II) slows, but does not inhibit fibrillogenesis. Furthermore,
we show that copper(II) can rapidly disassemble preformed neurokinin B amyloid. This work identifies a role for
copper in neurokinin B structure and reveals a mechanism for amyloid assembly and disassembly dependent on

metal coordination.

1. Introduction

Amyloids are protein assemblies that have highly ordered, fibrillar,
structures. These structures are usually composed of B-sheet-rich pro-
teins where the 3 -strands are aligned perpendicular to the fibril axis,
though fibrils containing helical proteins are known. (Knowles et al.,
2014; Riek and Eisenberg, 2016; Tayeb-Fligelman et al., 2017) Amy-
loids are often considered in a negative light due to their role in disease,
including neurodegenerative disorders such as Alzheimer’s and Par-
kinson’s disease, but it is now established that the amyloid fold may be
an ancient structure that can be biologically useful. Termed ‘functional
amyloids’, these structures are present in most domains of life including
bacteria and humans. (Fowler et al.,, 2007) For instance, fibrillar
Pmell7 promotes melanin synthesis in humans by accelerating the
polymerization of melanin precursor molecules. (Fowler et al., 2006) A
number of peptide hormones and neuropeptides are known to form
functional amyloids in secretory vesicles. (Maji et al., 2009; Jacob et al.,
2016)

A key unanswered question surrounding neuropeptide functional
amyloids is how they disassemble once released from a secretory
granule, since fibrils are notable for their structural stability and re-
sistance to denaturants and proteases. (Knowles et al., 2014) One
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possibility is that dilution effects cause a functional amyloid to dis-
assemble, and there is some support for this theory. (Maji et al., 2009)
However, for neuropeptides released into the synaptic or peri-synaptic
space dilution may not be great due to the limited synaptic volume and
the fact that a high concentration of peptide is required to reach post-
synaptic receptors. (Nassel, 2009; Nespovitaya et al., 2016) Recent
evidence suggests that in the absence of dilution effects, the local en-
vironment can have a significant impact on not only the assembly but
also the disassembly of fibrils, with pH and ionic strength conditions
similar to the extracellular environment causing dissociation of func-
tional amyloid of the neuropeptide  -endorphin. (Nespovitaya et al.,
2016)

One neuropeptide identified as existing as an amyloid in pituitary
secretory granules is the tachykinin, neurokinin B (NKB, neuromedin
K). NKB is a key peptide for reproductive health but is, like many ta-
chykinins, pleiotropic and involved in a diverse array of neurophysio-
logical functions including neuroprotection and neuroinflammation.
(Topaloglu et al., 2009) Amyloid formation by NKB has been predicted
by computer simulations and shown experimentally in vitro, but there
are no studies to date showing how it is disassembled into a form which
can activate its G protein-coupled receptor. (Maji et al., 2009; Carballo-
Pacheco et al., 2015) In a neuroprotective role, tachykinins, including
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NKB, appear to limit the toxicity associated with amyloid 3 (A $1-42)
peptides and, for NKB, one mechanism that may account for this action
is the apparent ability to co-assemble with A B (1-42) peptides to form
heterogeneous fibrils that have reduced cytotoxicity compared to fibrils
of A 3 (1-42). (Yankner et al., 1990; Flashner et al., 2011)

NKB has recently been identified as a metallopeptide, which can
coordinate both copper(Il) and nickel(II) via N-terminal amino acids.
(Russino et al., 2013) In vivo, copper is the most relevant metal, but
despite having a copper affinity that is sufficient to ensure NKB binds
metal even in the presence of competing synaptic cuproproteins such as
the prion protein (Shahzad et al., 2016), or gonadotropin releasing
hormone (GnRH) (Gul et al., 2018), there is still no clear functional
reason for it to bind copper. It appears copper-coordination does not
modify the ability of NKB to activate its cognate G protein-coupled
receptor NK3R, unlike the binding of copper to GnRH, nor does it ap-
pear to inhibit endocytosis of the NKB/NK3R complex. (Russino et al.,
2013; Gajewska et al., 2016; Shahzad et al., 2016)

The coordination of metals can have substantial impact on the
structure of proteins and peptides. This is particularly notable for metal-
binding amyloidogenic proteins where, for instance, zinc(II) coordina-
tion to A 3 peptides accelerates fibrillogenesis but the binding of copper
(I) appears to result in the formation of non-fibrillar aggregates. This
suggests copper can divert A § (1-42) away from a fibrillar pathway.
(House et al., 2009; Jiang et al., 2012; Mold et al., 2013) Further evi-
dence suggests that copper binding results in amorphous aggregates
even when added to fibrils of A  (1-42) or smaller A [3 peptides. (Dong
et al., 2007; House et al., 2009) Similarly, copper appears to inhibit the
prion fragment, PrP(106-126) from assembling into fibrils. (Kawahara
et al., 2011) The ability of metals, particularly copper and zinc, to alter
the fibrillary pathway led us to postulate that metals may adopt a si-
milar role when binding to NKB. In this work we use a range of spec-
troscopic techniques in vitro, under conditions mimicking different
physiological states, to investigate the effect of metals, primarily copper
(ID) and nickel(II) on the assembly and disassembly of NKB.

2. Materials and methods

Neurokinin B (NKB; DMHDFFVGLM-NH,), neurokinin A (NKA;
HKTDSFVGLM-NH,), substance P (SP; RPKPQQFFGLM-NH,) and NKB
(HsT) (DMTDFFVGLM-NH,) were synthesised by Synpeptide
(Shanghai, China) at a purity of > 95% and were used without further
purification. Stock solutions were prepared in DMSO prior to dilution
into required buffers. Peptide concentrations were estimated using the
extinction coefficient of phenylalanine at 259nm (190 M~ tem™h).
Stock solutions of metal chlorides (Cu(II), Zn(II) and Ni(II), 50 mM)
were prepared in metal-free MilliQ water (18 MQ, Millipore) and di-
luted on the day of use. Iron solutions (FeSO,xH,0) were prepared
fresh on the day of use. Unless otherwise specified, all other chemicals
were from Sigma Aldrich (Castle Hill, Sydney Australia).

2.1. Thioflavin t (ThT) time-resolved fluorescence

Stock solutions of NKB were diluted to 200 uM in either sodium
phosphate buffer (NaP;; 10 mM, 20 mM or 50 mM) or N-ethylmorpho-
line (n-EM; 10 mM) in a black-walled, clear bottom, sterile 96-well
microplate (BMG Labtech) and incubated with 10 uM ThT for up to 48 h
at 37 °C in a microplate reader (BMG FLUOROstar OPTIMA microplate
reader). The plate was covered in clear sealing film, shaken for 5 s prior
to data acquisition with excitation at 440 + 5nm and emission de-
tected at 490 = 10nm through the bottom of the plate. For metal
experiments Cu(Il), Fe(II), Zn(II) or Ni(II) was added to NKB either prior
to incubation or after ThT fluorescence had plateaued. The pH in the
wells of the 96-well plate was not explicitly tested.
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2.2. Electron microscopy

Fibrillar NKB was prepared under the same conditions as described
above but in the absence of ThT. A few microliters of each sample was
aliquoted onto a 300-mesh copper formvar grid (Proscitech, Australia)
and left for 5 min; excess liquid was subsequently wicked off. 2% uranyl
acetate replacement stain (Proscitech, Australia) was added for 10 s and
excess wicked off. Water was subsequently added to grids for 5min,
wicked off and the grid dried for 24 hrs. Image acquisition was done
using a Zeiss Merlin FEGSEM at 30 kV.

2.3. Nuclear magnetic resonance (NMR)

NMR spectra were acquired on a Bruker Avance 300 MHz spectro-
meter equipped with a 5 mm TXI probe and operated with Topspin 3.1
software (Bruker Biospin, Germany). One dimensional 1H spectra were
acquired with either 256 or 64 scans over a spectral width of 11 ppm
and 64 K complex data points. The spectra were processed in Topspin or
in SpinWorks 4. (Marat, 2014) All spectra were calibrated to residual
DMSO protons at § = 2.82 ppm.

2.4. Electron paramagnetic resonance (EPR)

Continuous wave X-band (~9.4 GHz) EPR spectra were collected on
a Bruker EMX spectrometer. Samples were transferred to a 4 mm O.D.
quartz EPR tube and frozen in liquid nitrogen. Temperature of the EPR
cavity was controlled at 140 = 5K using nitrogen vapour. The power
was 0.63 mW, the modulation frequency was 100 kHz and the mod-
ulation amplitude was 4.0 G.

3. Results and discussion
3.1. NKB rapidly forms amyloid fibrils

We initially used the amyloid specific dye Thioflavin T (ThT) to
investigate the amyloid formation propensity of NKB. In 10 mM n-EM
NKB rapidly forms ThT positive fibrils and the ThT fluorescence pla-
teaus in about 40-60 min at 37 °C (Fig. 1A) suggesting the presence of
mature fibrils. It is believed that aggregation of functional amyloids
lacks a significant lag phase which limits the generation of toxic oli-
gomeric species. Our results for NKB support this given the ThT fluor-
escence increases quickly suggesting a very short lag phase. Analysis of
NKB fibrilization was also undertaken using the amyloid selective
fluorescent probe TPP-TPE. (Kumar et al., 2017) Similarly to ThT, TPP-
TPE appears to indicate NKB rapidly forms fibrils [see supporting in-
formation (SI) Fig. S1], and the growth in fluorescence intensity pre-
cedes the ThT fluorescence. TPP-TPE is thought to report early oligo-
meric species compared to ThT and in previous studies ThT
fluorescence consistently lags that of TPP-TPE. (Kumar et al., 2017)
NKB fibrillises at the same rate in 10 mM NaP; as it does in nEM, but
this rate decreases as the ionic strength increases; at 50 mM NaP;, a
concentration similar to the phosphate concentration in dense core
vesicles, the time taken to fibrilise extends to ~300 min. This is in
contrast to many proteins and peptides which fibrillise at a greater rate
in increasing ionic strength, but is consistent with previous molecular
modelling suggesting that NKB fibrillization slows as the phosphate
concentration increases. (Carballo-Pacheco et al., 2015) A recent study
showed that a decrease in phosphate concentration, occuring when the
contents of a secretory vesicle are released into the extracellular en-
vironment, leads to disassembly of the neuropeptide B-endorphin.
(Nespovitaya et al., 2016) In contrast, for NKB the amyloid form is
maintained at the lower phosphate concentration.

To confirm that ThT itself was not influencing the amyloid forma-
tion NMR and electron microscopy (EM) were used to follow aggrega-
tion in the absence of any exogenous additive. The aromatic region of
the NMR spectrum of NKB acquired within 10 min of dilution into
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Fig. 1. Neurokinin B forms amyloid fibres. (A) Time resolved thioflavin (ThT) fluorescence in the presence of NKB in different conditions. NKB (235 uM) was
prepared in 10 mM n-EM, pH 7.4 (ll), 10 mM NaP;, pH 7.2 (@), 20 mM NaP;, pH 7.2 (v) and 50 mM NaP;, pH 7.4 (»). Error bars represent + SD, n = 3. (B) NMR
spectra (aromatic region) of NKB (230 pM) acquired within 10 min after dilution into 10 mM NaP;, pH 7.4 (bottom trace) at 293 K, and after incubation in the
spectrometer at 303 K for 40 min (middle trace) and after the temperature was returned to 293 K (top trace). Arrow heads signify His; imidazole C,H (7.95 ppm) and
C4H (7.05 ppm), and F¢ ; denotes overlapping peaks from phenylalanine aromatic protons. (C) Electron micrograph of NKB fibrils obtained after incubation in 10 mM

n-EM, pH 7.2. Scale bar is 0.1 pm.

10 mM n-EM shows peaks due to the phenylalanine aromatic side-chain
protons (7.0-7.4ppm) as well as histidine imidazole protons (C4H
7.05 ppm, C>H 7.95 ppm) (Fig. 1B, bottom trace). NKB was left in the
NMR and the temperature increased from 298 K to 310K, after 40 min
spectra were acquired (Fig. 1B, middle trace). This spectrum shows only
a broad peak around 7.3 ppm, suggesting that the apparent rotational
correlation time has increased. The aliphatic region appeared compli-
cated by the presence of peaks from non-deuterated DMSO, but loss of
intensity of some peaks is observed suggesting aliphatic side-chains are
affected by the fibril formation (Fig. S2) Decreasing the temperature to
298K (Fig. 1B, top trace) appears to have no effect on the spectrum.
The low signal-to-noise is due to the low concentration (230 uM) and
the low number of scans acquired (ns = 256) to minimise the acquisi-
tion of spectra during the aggregation. An increase in the apparent
rotational correlation time can be explained by the formation of high
molecular weight species, consistent with amyloid formation, and the
broadening of Pheg ; and Hisz side chain proton peaks suggests that
these amino acids have lost their mobility — this may be a function of
limited rotation due to their position in the interior of the amyloid. This
is consistent with modelling studies showing that the phenylalanine
amino acids in different monomers are interacting. (Carballo-Pacheco
et al., 2015) Indeed, aromatic amino acids are often found between [3-
sheets in fibrils, as exemplified by amyloid-B, where phenylalanine
amino acids in the core hydrophobic region (LVFFA) are critical for
amyloid formation. (Cukalevski et al., 2012) The finding that Pheg 7 and
His; are involved in the core of the amyloid is supported by the fact that
neither neurokinin A (lacking a Phe) and substance P (lacking a His)
form fibrils under the conditions in which NKB does (Fig. S3A and B).
We also note that the line broadening observed in the NMR may be
partly due to microsecond to millisecond exchange processes given the
fibril is likely in equilibrium with smaller NKB structure such as
monomers and dimers. Lastly, EM analysis of NKB after dilution into
10mM n-EM shows individual, unbranched structures of different
lengths (Fig. 1C) consistent with fibrils and very similar to structures
observed previously. (Maji et al., 2009) The fibrils were also in-
vestigated in solution using confocal microscopy and the results show
the presence of clumps of fibrils interspersed with smaller individual
structures (Fig. S3C). We predict that the larger clumps were dispersed
when the sample was prepared for EM analysis.

3.2. Copper and nickel inhibit NKB amyloid formation.

We have previously shown that NKB binds copper(Il) and nickel(II),
with Hiss a critical residue for coordination. (Russino et al., 2013) To

determine the effect of copper on de novo fibril formation we prepared
apo-NKB and [Cu"(NKB),] in DMSO then diluted into 10 mM n-EM and
used time-resolved ThT fluorescence to monitor fibril formation. An
increase in ThT fluorescence over time indicated apo-NKB fibrillises as
previously, but, in contrast, a minimal change in ThT fluorescence
suggests [Cu''(NKB),] was unable to form extensive amyloid structures
(Fig. 2A). The stoichiometry of copper and NKB under the fibrillization
conditions is not known, but the inhibition of amyloid formation was
dependent on the concentration of copper, increasing copper con-
centration from 0.5 to 1.5 equivalents Cu(II) resulted in a dose de-
pendent reduction in the amount of ThT positive structures generated
(Fig. S4A). The foregoing does not appear to be due to copper
quenching of ThT fluorescence as previous studies have shown ThT
fluorescence in the presence of copper and, furthermore, the absorption
spectrum of ThT did not change in the presence of Cu(Il) suggesting no
interaction of the metal with ThT (Fig. S4B). (House et al., 2009) When
visualised by electron microscopy, apo-NKB generated fibrillar struc-
tures (Fig. 2B) whereas almost no fibrils were observed in the NKB
sample prepared in the presence of one equivalent of Cu(II). Copper
coordination to other amyloidogenic proteins and peptides, including
amyloid B, is thought to generate non-fibrillar, amorphous aggregates
(House et al., 2009; Jiang et al., 2012; Mold et al., 2013), but no such
aggregates were observed for copper-bound NKB. However, given the
small size of NKB (11 amino acids), the formation of small oligomeric
species that are not detectable by ThT or via EM cannot be ruled out.

Although copper can inhibit amyloid formation we wondered if the
inhibition required high-affinity, specific binding to the peptide or
whether any metal was sufficient. The other metal that is specifically
bound to NKB is Ni(II) and the peptide is likely to encounter both Fe(II)
and Zn(Il) in the extracellular environment so we next determined if
these metals could alter NKB fibrilization. Neither Zn(II) nor Fe(Il) are
known to coordinate to NKB with a physiologically relevant affinity.
Using time-resolved ThT fluorescence Ni(Il), like Cu(Il), appears able to
inhibit amyloid formation (Fig. 2C). In contrast, Fe(II) has little effect
on the fibrilization although the overall amyloid content is reduced by
~25% which suggests that adventitious interactions do affect NKB fibril
formation. Zn(II) was unable to inhibit the formation of NKB fibrils, but
it did induce a very long lag phase (Fig. 2C). This suggests that Zn(II)
can interact with NKB to some extent, most likely via Hiss, to slow
down but not inhibit fibrillogenesis. Whether zinc is still bound to the
mature NKB fibrils is not known. Taken together this data can be used
to imply that only specifically bound metals, namely Cu(II) and Ni(II),
can completely inhibit fibril formation.
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Fig. 2. Copper(II) and nickel(II) inhibit fibrillogenesis. (A) Time resolved ThT fluorescence in the presence of NKB (200 uM) in 10 mM n-EM, pH 7.8 in the absence of

copper (Apo-NKB) or in the presence of 0.5 eq. Cu(Il) ([Cu"(NKB),].) Error bars are

+ SD, n = 3. (B) Electron micrographs of samples obtained from apo-NKB in

10 mM n-EM, pH 7.8 (top) or from NKB incubated in the presence of 1 eq. Cu(Il) (bottom). (C) Time resolved ThT fluorescence in the presence of NKB (200 uM,
10 mM NaP;, pH 7.8) without metal (NKB) or with added Cu(II), Ni(I), Zn(II) or Fe(II). Each [metal] is 200 uM.

3.3. Cu(1l) can disassemble preformed NKB fibrils

Amyloids are inherently stable molecules and resist degradation,
but given Cu(II) can inhibit fibrillogenesis, we wanted to determine if
the addition of copper to preformed fibrils contributed to disassembly.
Firstly, one equivalent of Cu(II) was added to NKB after the peptide had
formed ThT positive amyloids (Fig. 3A). Subsequently the addition of
metal appeared to rapidly reduce fluorescence intensity. EM analysis of
NKB fibrils that had been treated with copper showed no evidence of
fibrillar structures suggesting that the metal was disassembling the fi-
bres. To confirm that disassembly occurred because Cu(II) was able to
coordinate NKB even when the peptide was involved in a fibril EPR was
used. In EPR, unlike NMR, at low temperatures the spectral linewidths
are not influenced by the aggregation state of the peptide and therefore
the coordination environment of Cu(Il) can be probed even when NKB
is in a high molecular weight conformation. Initially, ThT positive fi-
brils were generated then one equivalent of Cu(Il) was added to a
sample in an EPR tube and immediately frozen in liquid nitrogen. This
was considered the time 0 min sample. The EPR spectrum of this sample
(Fig. 3B) shows a spectrum typical of axially symmetric Cu(II) ion
(gxy < &), and plotting the g, and A, values on a Peisach-Blumberg
plot suggests copper is in a 4 N or 3N10 coordination environment, i.e.
it is bound to the peptide and not just aquated copper. (Peisach and
Blumberg, 1974) The sample was removed from the spectrometer, al-
lowed to thaw then left at room temperature for 30 min. After this time
the sample was again frozen and the EPR spectrum acquired. This
spectrum (Fig. 3B) has features identical to the time O min spectrum.
Furthermore the g values at both time points are very close to those
obtained from copper-bound NKB when in 10 mM n-EM/30 mM SDS.
(Russino et al., 2013) This data suggests that copper is binding to NKB
with the same coordination irrespective of whether the peptide is fi-
brillar or not. To confirm this we took the second differential of the time
0 min and 30 min spectra and focused on the g, , region of the spectra
(Fig. 3C). This region shows peaks lying on the main g , transition that
are due to coupling between the electron on Cu®>* and the nuclear
moment of a coordinated nitrogen atom (superhyperfine coupling, shf).
The number of shf peaks in this region is identical in both the 0 min and
30 min samples confirming the same coordination in both samples.
Furthermore, the 0 min and 30 min spectra are not only identical in the
g values but also in the shf pattern to the second differential EPR

spectrum of copper-bound NKB when in 10 mM n-EM/30 mM SDS, pH
7.4 (Fig. 3C). Under these conditions His; acts as an anchoring amino
acid for copper coordination to the peptide and the similarity in the
EPR spectra suggests that it is likely the case when copper binds to
fibrillar NKB.

Along with copper(Il), nickel(II) can bind to NKB and inhibit de novo
fibril formation. The coordination of Ni(II) to NKB in results in the
formation of a square-planar diamagnetic complex. (Russino et al.,
2013) The diamagnetism means that NMR can be used to follow the
effect of Ni(II) when added to preformed NKB fibrils. Firstly, the
spectrum of apo-NKB was acquired after dilution into buffer (Fig. 4a)
then the peptide was allowed to fibrillise and the NMR spectrum was
collected (Fig. 4b). As per Fig. 1B this latter spectrum had no visible
aromatic peaks due to aggregation-induced line broadening. We next
added one equivalent Ni(II) and allowed the sample to incubate for
40 min prior to acquisition of the NMR spectrum. In contrast to the
fibrillar apo-NKB spectrum, the NMR spectrum collected after the ad-
dition of Ni(II) had observable peaks (Fig. 4c). The spectrum does not
change when the sample is left for a further 20 min (Fig. 4d). As in
Fig. 1, these peaks are due to aromatic protons of phenylalanine and
histidine amino acids, and the explanation for them reappearing is that
Ni(II) has disassembled the NKB fibrils and the resulting complex has a
rotational correlation time that allows protons to be observed by NMR.
It is not clear what the complex is given that the pH of this experiment
was ca. 7.4, and Ni(II) prefers a high pH to deprotonate amide nitrogens
and promote coordination, but comparison of the Ni(II)-bound spec-
trum with that of apo-NKB (Fig. 4a) shows that the peaks that are most
affected are those initially at 7.05 and 7.95 ppm, which we assign to the
histidine imidazole C4H and C,H protons respectively (Fig. 4a and c,
arrowed). We predict that the upfield movement of these peaks (to
6.98 ppm (C4H) and 7.55 ppm (C,H)) is due to coordination of Ni(II) to
a nitrogen from the histidine imidazole group. (Tran et al., 2019) It is
likely that under these conditions coordination of Ni(II) to the histidine
is key to disassembly, which is consistent with the results from Cu(II)
addition. This suggests that the nature of the metal is less critical, but
rather its ability to coordinate to the histidine and disrupt the in-
volvement of this residue in the amyloid fibre is important. Indeed, this
is consistent with the results with Zn(II) — this metal does have some
affinity for nitrogen donors, including imidazole nitrogens, but it is
lower that that of Cu(Il) and Ni(II) and hence Zn(II) can increase the
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Fig. 3. Copper(1I) disassembles NKB fibres. (A) Time resolved ThT fluorescence
in the presence of apo-NKB (200 uM, 10 mM n-EM, pH 7.4) (left) and after the
addition of 0.5eq. Cu(Il) (arrow signifies addition of Cu(I)). (B). First deriva-
tive X-band (v ~ 9.4 GHz) EPR spectra of NKB (250 pM, 10 mM n-EM, pH 7.6)
acquired directly after addition of 1.0 eq. Cu(II) to NKB fibrils (0 min) and after
the sample was incubated at room temperature for 30 min (30 min). (C) Second
differential spectra of (B) with expansion of the region around g, compared to
the same region of a spectrum of [Cu”(NKB),] in 10 mM n-EM/30 mM SDS, pH
7.4.

fibril lag time but not inhibit it completely (Fig. 3C), and contrasts with
Fe(II) which usually prefers oxygen donor groups and does not inhibit
fibril formation.

3.4. Histidine 3 in NKB is a key residue for fibril formation

The previous data suggested that the conformation of histidine 3 is
important for the fibril structure and that metal coordination changes
the conformation enough to induce fibril disassembly. To test the
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Fig. 4. Diamagnetic nickel(II) promotes NKB amyloid disassembly. The aro-
matic region of the NMR spectrum of apo-NKB (230 uM, 10 mM NaP;, pH 7.4)
has peaks due to His; and Phes ¢ (a). The peaks broaden into the noise when the
same sample was incubated at 37 °C for 40 min (b). After incubation for 20 min
in the presence of 1.0 eq. Ni(II) the aromatic peaks return (c) and do not change
after a further 40 min incubation (d). The arrow heads signify peaks tentatively
assigned to CoH and C4H of the Hisz imidazole side-chain in apo-NKB (a) and
after Ni(I) coordination (c).

importance of His; in the fibrillogenesis a mutant lacking this amino
acid was prepared. This peptide, NKB(H;T), did not form ThT positive
amyloid structures (Fig. 5A) confirming the requirement for histidine to
form an amyloid. The NMR data indicated that Hiss, Pheg and Phe; are
all involved in amyloid formation (Fig. 1B), which we speculate is via -
stacking interactions, and it is likely that loss of or disruption to Hiss
does not allow these interactions to occur.

Given that His3 appears critical for amyloid formation we wanted to
determine if the pH was important, especially as the pH of the secretory
granule is low (pH < 6) and the granule contents (i.e. the peptide) are
secreted into the extracellular environment (pH > 7). The pKa of the
imidazole group is ~ 6.5 and at pHs higher than this the histidine is a
neutral and aromatic t-tautomer and lower than this has a positively
charged side chain. (Valery et al., 2015) Fig. 5B shows that at pH 7.4
and pH 5.6 NKB forms ThT positive fibrils, but at pH 5.6 the fluores-
cence intensity is lower suggesting the formation of fewer fibrils. The
actual fibril formation may be due to the proportion of NKB that is in
the uncharged state, and the proportion with the imidazolium side-
chain does not fibrillise or NKB forms a structure at pH 5.6 that ThT
cannot interact with as efficiently as to pH 7.4 fibrils. The latter appears
more likely given, in the work of Maji et al. (2009), NKB was noted as
forming amyloid at pH 5.5 having a structure not consistent with the
common cross 3 -sheet structure, although we note that mannitol was
included in those experiments which may have influenced the final
structure. Furthermore, even in the protonated state the histidine imi-
dazole ring is still able to participate in s—r stacking interactions which
are reportedly more stable than interactions involving a neutral imi-
dazole group. (Cauet et al., 2005, Liao et al., 2013) In any case, the
addition of copper to NKB at pH 5.6 results in the rapid disassembly of
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Fig. 5. His; is key for fibril formation. (A) Time resolved ThT fluorescence in
the presence of the single point mutant NKB(H5T) (200 pM, 10 mM n-EM, pH
7.4) shows no increase in fluorescence suggesting a lack of amyloid formation.
(B) Time resolved ThT fluorescence in the presence of NKB (200 uM, 10 mM
NaP;) at pH 7.4 and pH 5.6. Fibril formation is limited at pH 5.6 compared to
pH 7.4.

the fibril as it does at pH 7.4 (Fig. 5B).

4. Conclusions

This work demonstrates that release of NKB into a neutral pH, low
phosphate environment such as that present in extracellular regions, is
unlikely to cause disassembly of the NKB amyloid, but conversely these
conditions will promote fibrillogenesis. This is counter to the idea that
release of an amyloid from a secretory granule is sufficient to cause
disassembly and formation of a functional conformation, although we
predict dilution effects may contribute to some disassembly. (Maji
et al., 2009) Our data suggests that in the bulk solution NKB amyloid
will remain unless or until copper is present, whereupon the amyloid
will be rapidly disassembled and the metal-bound peptide will activate
the NK3 receptor. The complete lack of fibril formation when His; is
missing suggests this residue is the molecular switch that controls fi-
brillogenesis. This can be explained by His; forming st stacking in-
teractions with the phenylalanine side chains resulting in an extended
conformation that promotes fibril formation. Indeed, histidine is known
to form these interactions with aromatic amino acids, and is one way
fibril formation is mediated in A B peptides. (Liao et al., 2013;
Brannstrom et al., 2017) Aromatic-aromatic interactions have recently
been predicted to help stabilise non-hydrogen-bonded f -strands in
proteins and aromatic ‘zippers’ are thought to help stabilise inter-sheet
packing in many amyloid fibrils. (Makin et al., 2005; Bemporad et al.,
2006; Budyak et al., 2013) We previously identified aromatic clusters as
being important for self-association of an echinoderm SALMFamide
neuropeptide. (Otara et al., 2014) In the tachykinins, more than two
aromatic residues are required, because neither NKA nor substance P
form fibrils under the conditions that NKB does (Fig. S3A and B).
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Histidine-aromatic clusters that mediate large protein conformational
changes have been identified in the peptide triptorelin (pEHWSY(D)
WLRPG-NH,) where the His, protonation state controls self-organisa-
tion of the peptide. (Valery et al., 2015) Rather than being limited to pH
changes, we suggest that metals that coordinate histidine can disrupt a
histidine-aromatic cluster by changing the peptide conformation
around the histidine. The driving force is the thermodynamic stability
of the histidine - cation (metal) interaction which is greater than that of
the st interaction. (Liao et al., 2013) In NKB coordination of copper
means histidine can no longer contribute to the aromatic cluster re-
quired for fibril stability and the amyloid disassembles (illustrated in
Fig. S5). Cu(ll) is particularly effective at modifying protein con-
formation because it can coordinate the histidine side chain along with
back-bone amide nitrogens.

Physiologically, we postulate that when fibrillar NKB is released
into areas that have a neutral pH (i.e. the synaptic or peri-synaptic
region) copper is the ‘key’ that mediates the conformation of the pep-
tide. It is established that copper is released from synaptic vesicles and
can potentially reach micromolar concentrations in the synaptic space.
(Kardos et al., 1989; Hopt et al., 2003) This copper is not bound to high-
molecular weight molecules, and is able to interact with extracellular
species such as receptors, neuropeptides and neurotransmitters. (Schlief
et al., 2005; Gaier et al., 2013; Saito et al., 2019) NKB is highly ex-
pressed in anterior hypothalamic neurons, consistent with its influence
on human reproductive health, and the hypothalamus, and anterior
pituitary, are brain regions that are quite rich in copper. (Rance et al.,
2010; Hare et al., 2012; Bonnemaison et al., 2016) Although this region
is copper-rich due to the involvement of the metal in intracellular
processes, copper is known to be released from synaptosomes derived
from the median eminence suggesting that copper and NKB will co-exist
extracellularly. We know that copper-bound NKB can activate the NK3
receptor, (Russino et al., 2013) and therefore the metal does not cause
formation of aggregates but likely promotes monomeric or dimeric
species capable of receptor activation. The Cu(II) induced disassembly
of NKB fibrils to produce an active conformation is in stark contrast to
the copper induced aggregation of several proteins implicated in neu-
rodegenerative disorders, including a-synuclein associated with Par-
kinson’s disease and A [ 40,42 peptides. In these proteins copper pro-
motes amorphous aggregates which are considered to have low toxicity
but also little, if any, functionality.

The fate of copper once it has bound NKB and disassembled the
amyloid is unclear, but receptor binding triggers endocytosis of the li-
gand/receptor complex and during endocytic processing we predict
that copper is removed from NKB and either recycled or stored.
(Christofides et al., 2018) How and where this occurs remains to be
determined. This study deepens the place of copper in NKB function and
suggests that NK3R activation is not just dependent on the presence or
absence of the peptide in the extracellular space but is also dependent
on copper and the conformational state of the peptide. Overall, this
study expands our understanding of amyloid formation and disassembly
and the role that metals can play in this process.
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Appendix A. Supplementary data

Experimental section, time resolved fluorescence using TPE-TPP,
aliphatic regions of NMR spectra, ThT fluorescence of Neurokinin A and
Substance P, confocal analysis of NKB fibrils, effect of copper con-
centration on inhibition of NKB amyloid formation, effect of copper on
ThT absorption, schematic of copper disassembly of NKB fibrils.
Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jsb.2019.09.011.
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