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Abstract: The interpeptidic Cu" exchange rate constants were measured for two Cu amyloid-beta complexes, Cu(Ap1-
16) and Cu(Ap1-28), to fluorescent peptides GHW and DAHW using a quantitative tryptophan fluorescence quenching
methodology. The second-order rate constants were determined at three pH values (6.8, 7.4, and 8.7) important to
the two Cu(Ap) coordination complexes, components Cu(Af)r and Cu(AB)u. The interpeptidic Cu" exchange rate
constants are approximately 104 M-1s-1 but vary in magnitudes depending on many variables. These include the pH,
the length of the AB peptide, the location of the anchoring histidine ligand in the fluorescent peptide, the number of
amide deprotonations required in the tryptophan peptide to coordinate the Cu', and the interconversion between
Cu(AB)1 and Cu(AB)u. As the nonfluorescent GHK and DAHK peptides are important motifs found in the blood and
serum, their ability to sequester Cu' ions from Cu(AB) complexes may be relevant for the metal homeostasis and its
implication in Alzheimer's disease. Thus, their kinetic Cu'! interpeptidic exchange rate constants are important
chemical rate constants that can help elucidate the complex Cu' trafficking puzzle in the synaptic cleft.

Alzheimer's disease (AD) pathology is extremely
complex, and efforts to understand the many senile
plaque formation mechanisms have been studied for
decades. The beta-amyloid peptide, AB, was first
sequenced in the 1980s and was the primary
component of the senile plaques, leading to atrophy of
neurons.'2 As the synaptic cleft space becomes
riddled with precipitated AP protein, the neurons
atrophy, which results in the hallmark AD symptoms
such as dementia, memory loss, and ultimately death.
The AP peptide can form innocuous soluble
monomers from its cleavage from the amyloid
precursor protein (APP), which does not seem to
contribute to disease mechanisms. However, they can
assemble into toxic oligomeric species, large
unorganized aggregates, highly organized [(-sheet
fibrils, and bind metal ions with high affinity to form
complexes, all of which can eventually amass into the
senile plaques, which are a hallmark of AD.3-12 Indeed,
pathogenic AB is on a spectrum, where toxicity is
often due to mechanisms that increase Af3 production
and decrease AP clearance compared to normal
healthy levels. Even though we all create the peptide,
there is no guarantee it will develop into senile
plaques.

One type of AP aggregation is metal-driven since
Cu'l, Zn", and Fe! ions are present within the synaptic
cleft space. Concentrations of Cu', Zn', and Fel'ions up
to 400, 950, and 1100 pM?3, respectively, have been
found in AD plaques.? > 7-10. 14 The coordination of
these metals to the AP peptide has shown an altered
propensity of it to aggregate and precipitate into
senile plaques.1% 15 Of particular interest is Cu” which
has a high affinity for the AB peptides, with
association constants of 1 x 101° M-1 at pH 7.4 for 1:1
Cu(AB) complexes.? Cull is a fascinating neurological
metal as it is involved in a wide range of biologically
essential processes.'®19 Especially redox functions
like mitochondrial oxidative phosphorylation within
the brain.!” We focused on Cu" exchange in this work
due to its high affinity for Ap and its ability to quench
tryptophan fluorescence.20-25

The A peptide has many isoforms.2¢ The lengths
that are most associated with aggregation
mechanisms are AB1-s0 (major form) and AB1-42 (minor
form).# ¢ 27 The Afi142 isoform is more prone to
aggregate than AB1-40.2” The cleavage of the APP is not
highly specific. Small length isoforms like AB1-16 and
AB1-28 are also observed (DAEFRHDSGYEVHHQK!®-



LVFFAEDVGSNK?8). The A peptide has a well-known
metal-binding domain in the first 16 residues and is
rich with nitrogen-donor ligands. The binding ligands
include amide N- (deprotonated amide NH to allow for
coordination), imidazole histidine (His) Nim, and
terminal NHz, as well as oxygen-donor ligands like
amide C=0 and carboxylate groups (COO-). The most
accepted coordination position of the COO- groups are
in apical position, possibly via hydrogen bond to a
water molecule.?2 For Cu(AB) complexes, at
stoichiometric Cu' to peptide ratio, monomeric
species are largely predominant.?° In addition, two
major components are in equilibrium at physiological
pH, which has pH-dependent coordination
chemistry.> 7.26,:30-33 Cu(Ap): is the predominant form
at pH 6.8 where the Cu''is bound to the NHz, an amide
C=0 from Asp1, and two His Nim, Figure 1. Among the
three possible His couples, the His6é and His13 or
His14 are the most populated.3* Cu(AB)u is
predominant at pH 8.7 where the Cu' coordinates to
the NH2 from Asp1, amide N- and amide C=0 from
Ala2, and one His (His 6/13/14) Nim with no strong
preference for any of the His residues, Figure 1. These
binding sites correspond to the equatorial ligands,
which are the most important for Cu" coordination
chemistry and will thus be those considered in the
studies.
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Figure 1: Solution structures of Cu(H-2DAHW), Cu(H-
1GHW), Cu(AB):, and Cu(AB)u complexes. The Cull
peptide binding sites form stable coordination
complexes with adjacent 5 or 6 membered rings for
the Trp-containing peptides.

The full-length AP peptides are significantly more
challenging to work with due to their rapid
aggregation mechanisms and their hydrophobic

residues that predominate after Lys16. The AB1i-16and
AB1-28 isoforms do not aggregate like the full-length
AB1-40/42, but they both retain the metal-binding
domain and are why they are used to study Cul
binding in this work.

The DAHK peptide has biological relevance as it
is the N-terminus sequence of human serum albumin
(HSA), which is known to chelate Cu' ions at high
affinity and is the main Cu" binding protein along with
ceruloplasmin and alpha-2-macroglobulin.?® Such a
sequence beginning by a free N-terminal amine and
having a His residue at the third position belongs to
the broader family of ATCUN (Amino-Terminal Cu
and Ni binding) motifs, and DAHK is the prototypical
case.3637 Such ATCUN motifs have been reported to
lessen Cu(A) induced toxicity, and3&-4° some of the N-
truncated A peptides (at positions 4 and 11) do
themselves exhibit such motif.26.39-46 The GHK peptide
and its Cu" complex have been extensively studied
concerning their biological function. Some of the
critical roles of Cu(H1GHK) and GHK include
stimulating wound healing and tissue regeneration.*’-
50 Similarly to DAHK, Cu"" bound to GHK represents a
prototypical coordinating family, to which peptides
belong when having a His in the second position
together with a free N-terminal amine. This motif can
be obtained by N-terminal truncation of the AP
sequence at position 5 and has been shown very
recently to interact with Cu(Af) and modulate the Cu"
homeostasis.5! The solution structures of Cu(H-
1GHW) and Cu(H-2DAHW) complexes are shown in
Figure 1. These Trp-containing complexes have the
same coordination chemistry as their Cu(H-:GHK) and
Cu(H-2DAHK) counterparts, but with the benefit of
having a fluorescent probe sensitive to Cu'' binding.??
Tryptophan (Trp, W) fluorescence is quenched upon
the binding of Cu! to the GHW or DAHW.20-22

The current work reports on the overall exchange
rate from CuAf complexes to GHW and DAHW, using
the interpeptidic Cu" exchange kinetics measurement
through a quantitative tryptophan fluorescence
quenching method. We will also discuss possible
mechanisms and steps of the Cu'' exchange based on
the review of relevant literature. This discussion will
mainly include the variables that affect the rate
constant, including the pH, the length of the A
peptide, the location of the anchoring histidine ligand
in the fluorescent peptide, and the number of amide
deprotonations required in the tryptophan peptide to
coordinate the Cu!l. The importance of Cu!! exchange
in these peptides is critical to understanding disease
mechanisms that rely on metal ion homeostasis that
has been implicated in neurological diseases like AD.
Accurate measurement of their exchange constants
will help to elucidate the complex Cu' homeostasis in
the synaptic cleft and blood where so many peptides
can compete for binding Cull.



Experimental Methods

Materials. All peptides were used as purchased from
the manufacturer. The GHW (99.73% pure) and
DAHW (96.89%) peptides used were purchased from
GeneCust (Luxembourg). The AB1-16 (>95%) and A1-
28 (>95%) peptides were purchased from Synpeptide
Co.,, Ltd (China). The source of Cu!' ions was
CuS04¢5H20 and was purchased from Aldrich. Buffer
chemicals HEPES (99.5%) and NaOH (97.0%) were
purchased from Sigma. A Synergy Milli-Q purification
system purified all water used to 19 MQecm
resistivity. °5Cu was obtained from a ¢5Cu foil from
Eurisotop. Quartz cuvettes (Firefly) were used in all
absorption and emission spectroscopy with 1 cm
path-lengths. All solid peptides were stored in a -20°C
freezer.

Instrumentation. Fluorimetry measurements were
performed on a Horiba Jobin-Yvon FluoroLog-3
spectrofluorometer. Absorption measurements were
performed with an AvaLight DHc dual deuterium-
halogen lamps light source for spectroscopy in the
200 - 2500 nm range and AvaSpec-2048 detector. The
cuvette holder was attached to the light source and
the detector by fiber optic cables. EPR spectra were
taken on a Bruker 9 GHz ELEXSYS spectrometer from
2500 G to 3700 G, 0.5 mT amplitude modulation,
approximately 9.5 GHz, and at 120 K. Spectra were
recorded using a microwave power of 5 mW.

EPR simulations. EPR spectra were simulated by using
the Easyspin software package®? and routines written
in the lab. The Cu" centers were defined by their g-
values and hyperfine couplings. Superhyperfine
couplings with relevant nitrogen nuclei were also
included. Anticorrelated g- and A- strains were used
on Cu' to better simulate line-broadening observed
experimentally. Simulation parameters. Cu(H-1GHW):
g//=2.235 (g-strain 0.008), g:=2.052 (g-strain 0.005);
A//=606MHz (A-strain 20MHz), A;=46MHz (A-strain
5MHz); 3 equivalent N nuclei with An=42 MHz. Cu(H-
1GHW)(Im): g//=2.209 (g-strain 0.009) g.=2.052 (g-
strain  0.006); A;=652MHz (A-strain 20MHz)
A1=46MHz (A-strain 5MHz); 4 equivalent N nuclei
with Ax=43 MHz. Weights for simulation of spectrum
c : Cu(H-1GHW) 42%, Cu(H-:GHW)(Im) 58%.

Parameters  for  fluorimetry and  UV-vis
spectroscopies. Fluorimetry parameters included 1.5
nm excitation and emission slit widths, an excitation
wavelength of 290 nm, an emission wavelength of 365
nm, and a 0.25 s time interval (kinetics) with quartz
cuvettes ¢ = 1.0 cm. Absorption parameters included
a boxcar width of 5 and an average of 100 scans per
capture. A thin layer, £ = 1.7 mm, quartz cuvette was
used. To keep with one unique buffer over the pH

range, we used HEPES buffer and checked that no pH
changes occurred during the experiments. We
calculated that despite the high HEPES buffer
concentration compared to the peptide ones (100 mM
vs. 4-7 uM, respectively), only 5% of Cu is bound to
the buffer in the fluorescence experiments (according
to formation constants reported in refs.? and 53).

Stock solution preparation, concentration titrations,
and sample preparation. For sample preparation,
stock peptide concentrations, Cu(AB) solutions,
fluorimetry sample preparation, and EPR sample
preparation, please see the Supporting Information
(SI available free of charge). A daily calibration curve
was performed for all fluorescent peptides from 1 -
10 uM in triplicate. Please see the SI for software used
and detailed information on the stock peptide
concentration determination, creation of Cu(Ap)
complex solution for kinetic experiments, how the
Trp-containing peptide was calibrated in the
fluorescence experiments, and kinetic fluorescence
sample preparation.

Results

Cu'l-peptide coordination. The Cu!' coordination to
GHW and DAHW has been reported.2? In Figure 2 and
Table 1, we list the EPR signatures and parameters of
the Cu(H-sGHW) and Cu(H-2DAHW) complexes. They
perfectly agree with the previous report?? and will
serve for a direct comparison with Cu(AB) and species
resulting from the Cu'! exchange. The EPR signatures
of the starting Cu(ABi.16)1 and Cu(APB116)u complexes
were recorded under the same conditions and are
reported as a reference. The classical fingerprint
where the EPR signatures of components I and II
superimpose in an approximately 80/20 (I/1I) ratio is
obtained.30-31,54-55

Table 1: Experimental EPR constants of all Cull
eptide complexes studied and discussed.

Complex g// gL Ay/(%5Cu)
MHz
Cu(H-;:GHW)?22[a] 2.23 | 2.05 560
Cu(H-:GHW)?22[a] 2.24 | 2.05 606
simulation
Cu(H:DAHW)?2 2.18 | 2.05 588
(CuABi1-16)154h] 2.26 | 2.06 580
(CuABi1-16)u >4l 2.23 | 2.05 520
Cu(H-:GHW)(Im) 2.21 | 2.05 652
simulation

[al0btained with 63/65Cu mixture in natural isotopic
abundance. ) obtained with ¢3Cu and corrected to be
directly comparable with 65Cu spectra.
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Figure 2: The low temperature (120 K) X-band EPR spectra of Cu(H--.DAHW) (panel A, line g, lilac) and Cu(H-:GHW)
(panel B, line a, purple) controls, the reaction of Cu(AB;-16) and DAHW or GHW at 1.0 mol equivalence and frozen at
5 minutes after mixing to reach an equilibrium (panels A and B, lines b, green), of Cu(AB1-16) and DAHW or GHW at
1.0 mol equivalence and frozen as soon as possible (asap) upon mixing (panels A and B, lines c, orange and red), and
of the Cu(AB1.16) control (panels A and B, line d, blue). The solid vertical lines follow the first three parallel transitions
for Cu(H-.DAHW) (panel A) and Cu(H-1GHW) (panel B) and for Cu(AP.1s) are the dashed lines. Experimental
conditions [65Cu] = 450 uM, [GHW] = [DAHW] = [Af] = 500 pM. [HEPES] = 100 mM, pH 7.4. 10% of glycerol was used

as a cryoprotectant.
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Cu' interpeptidic exchange kinetics. Using the same
fluorimetry methodology as we previously published
on the interpeptidic exchange between Cu(H-:GHW)
to GHK and DAHK,?2 we monitored the complete
exchange of Cu'! from Cu(Af1-16) and Cu(Af1-2s) to the
fluorescent Trp-containing peptides P (GHW or
DAHW) at three pHs 6.8, 7.4, and 8.7 in 0.1 M HEPES.
The exchange follows Eq. 1, where b and n are the
number of deprotonated amide N- in the Cu(H-»AB)
and Cu(H-»P) complexes. Deprotonations at the N-
terminus (pKa > 8), amide backbone NH (pKa > 14),
and His residues (pKa = 6-7) must occur for the Trp-
containing peptide to coordinate Cul. These
deprotonations are determined by pH and the prior
anchoring of Cu"" in the coordinating group's vicinity,
decreasing the effective pKa value by chelate effects.”

(1) Cu(H_pAB) + P — Cu(H_,P) + AB + (n— b)H*

The two peptide complexes created upon the
exchange from Cu(Af) are Cu(H-:GHW) and Cu(H-
2DAHW), and their overall charges are omitted for
clarity. Note that the possibility of making the ternary
complex Cu(H-:GHW)(Nim)ag is omitted here for
simplicity but will be discussed later. Since the Cu(Af)

complex has a predominant form at pH 6.8 (Cu(AB)i)
and at pH 8.7 (Cu(AB)u), which are in equilibrium at
pH 7.4, we measured the interpeptidic Cu'" exchanges
at all three pHs.

The kinetic data were fit using a second-order
rate expression shown in Eq. 2, where initial
concentrations are denoted with a subscript 0, and
the variable concentration is represented with a
subscript t. The rate constant, k, is determined by the
slope when the y-intercept is set through the origin.
Since the variable [Cu(A)]t is unknown, we must
estimate it. The exchanged [Cu'] can be determined
by the amount of diminished Trp peptide (P) (P =
GHW, DAHW) fluorescence (assuming all peptides
coordinate in a 1:1 ratio under the experimental
conditions) and the initial [Cu(AB)]o (determined
from the stock Cu' and A solutions). Therefore, the
[Cu(AB)]t equals [Cu(AB)]o minus the change in
concentration of the fluorescent peptide Eq. 3. These
reactions go to near completion in the GHW and
DAHW exchanges due to the three orders of
magnitude larger association constants. The Eq. 2 y
value is denoted as y(P) in the figures where P = GHW,
or DAHW.



(2) ([Cu(aB)]y — [P1o)™ » In (BlBl) = e ¢

(3) [Cu(AB)]; = [Cu(AB)]o — ([Plo — [P1e)

There are sources of uncertainty in both starting
concentrations for [Cu(AB)]o and [P]o that can make
the linear regression line deviate from a natural y-
intercept through the origin. We estimate that the
uncertainty in the rate constant due to the error in
concentration is about 6 - 9%. Most of the uncertainty
in starting concentrations lies in the determination of
[Cu(AB)]o since there is no way to spectroscopically
measure this, unlike for the fluorescent peptides (P).
For [P] determination, a daily calibration is done, and
the initial data point [P]o can be measured with a
known uncertainty of about 2-4%. The other 4-5%
comes from propagated errors in the determination
of [Cu(AB)]o based on the independent determination
of the [Af] and [Cu"] stock solutions by UV-vis, errors
in the volume of each added to create [Cu(AB)]stock,
and the volume error when diluting within the
cuvette.

It is notable to mention that the measurement of
kinetic rate constants is usually performed under
pseudo-first-order conditions where one reactant is
in a large excess of the other. With metal ion peptide
complexes, such conditions will change speciation
and can induce complexes to form where multiple
peptides coordinate to the metal.5¢-57 To avoid this, we
chose to use similar reactant concentrations with no
large  excesses.  Specifically, the reaction
concentrations were within 1-2 uM of each other,
such as in 4 uM GHW + 5 puM Cu(ABi-16). The
tryptophan peptides ranged from 4 - 6 pM, and the
Cu(AB) complexes ranged from 4 - 7 puM. The
experimentally obtained initial concentrations of
both Cu(AB) complexes and peptides are given in
Table S1 along with the slopes and R? values from the
fitting using Eqs. 2-3.

A typical kinetic trace (inset) and second-order fit
of the data which has been transformed using Eq. 2/3
is shown in Figure 3, where the 4 uM P + 5 uM Cu(Ap1-
16) concentration profile is shown for when P = GHW
(A) and DAHW (B) for pH 7.4. The kinetic data were
manually inspected to determine what time the plots
began to plateau. So, depending on the exchange
complex formed, the data used to determine the rate
constant is anywhere from the first 9 - 18 s for the
GHW or DAHW exchanges, Table S1. Each
concentration profile was run in triplicate so that 11-
15 individual rate constants were measured for each
exchange process, Table S1. These second-order rate
constants were then averaged and are reported here
with 95 % confidence, Table 2. We include our
previously measured rate constants for comparison.??
We have also added the reverse exchange constant for

the Cu(H:GHK) + GHW reaction to facilitate our
discussion on the importance of the releasing peptide.
Detailed information on this exchange is available in
the SI section 3.
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Figure 3: Kinetic data transformed by second-order
fitting for the 4 pM P + 5 pM Cu(AP1-16) exchanges
(approximate concentration) at pH 7.4 in 0.1 M
HEPES buffer when P = GHW (A) and DAHW (B). The
y-axis is the y-value in (Eq. 2+3), and the x-axis is time
(s). Which peptide the Cu' is forming a complex with
is denoted by y(P). Insets are the kinetic data in
concentration (M) versus time (s).

Table 2: Conditional second-order rate constants
between P + Cu(Af) and Cu(H-:GHK) exchanges in 0.1
M HEPES at confidence levels of 95%. The previous
rate constants reported for exchange from Cu(H-
1GHW) to GHK or DAHK are also listed.??

k (x 10 M-1s1)

Exchange pH 6.8 pH7.4 pH 8.7
Cu(ABi-16) +
GHW 4.3+0.3 4.4+0.3 3.0+ 0.3
Cu(ABi1-28) +
GHW 1.73+0.08 2.83#0.19 1.22+0.15
Cu(ABi-16) +
DAHW 1.51+0.11 2.84%0.15 2.48+0.19
Cu(ABi1-28) +
DAHW 0.81+0.08 1.95+0.13 1.32+0.17



Cu(H-1GHW) +

GHK 22 0.016+0.002
Cu(H-1GHK) +
GHW 0.043+0.003
Cu(H-1GHW) +
DAHK 22 0.0050+0.0007

In Figure 2, we report the EPR signatures of the
species present after mixing Cu(ABi-16) with GHW or
DAHW and freezing as soon as possible (asap, orange
and red lines, c¢) and after reaction completion (time 5
minutes, green lines, b). For the DAHW peptide
immediately frozen upon mixing, the EPR fingerprint
(panel A, ¢) is made of two components
corresponding to Cu(Api-16) and Cu(H-:DAHW) (as
indicated by the vertical lines) in approximately
40/60 ratio (Cu(AP1-16)/Cu(H-2DAHW)). At the end of
the reaction (panel A, b), all of the Cu has been
exchanged to the DAHW peptide creating only Cu(H-
2DAHW) as the EPR spectrum is identical to the Cu(H-
2DAHW) control (panel A, a). This result is in line with
fluorescence measurements and respective affinities
of both peptides.3 3¢

For GHW, the EPR fingerprint obtained and
shown in Figure 2 is almost the same regardless of
whether the solution was frozen immediately (asap,
panel B, c) or after waiting 5 minutes to achieve
equilibrium (panel B, b). In the asap spectrum (panel
B, c), there is only a remaining weak contribution of
Cu(Ap1-16) signature (<10%), while after completion
(panel B, b), the amount of Cu(ABi1-16) is about 5%.
These differences indicate that equilibrium in the
GHW exchange is reached faster than with DAHW, in
accord with the kinetic fluorescence data. The EPR
fingerprint obtained for mixing Cu(Ap1-16) and GHW is
different from those obtained for control spectra of
Cu(AB1-16) and Cu(H-:GHW) and does not correspond
to a simple combination of these two signatures as
observed for DAHW. The EPR spectrum is strongly
reminiscent of ternary species, where the Cu' is
predominately coordinated to the GHW peptide, and
the fourth equatorial position is occupied by an
imidazole ring of another His containing peptide
instead of a coordinated water molecule.?*

We performed additional EPR simulation
experiments of the key spectra to check the nature of
the ternary species formed between Cu(Af) and GHW,
Figure 4. The EPR signature of Cu' bound to GHW in
the presence of one and three equivalents of
imidazole (Im) (to model the three His in the AB
sequence) are shown in Figure 4 (c and b,
respectively). The resulting spectra are virtually
identical to that of Cu(AB) + GHW (compare spectra
(b) and (c) in Figure 4). In addition, we also
performed the EPR simulation of the Cu(H-:GHW)

spectra (in the absence or presence of one equiv. Im).
The values obtained are listed in Table 1. Of interest
is the need to include two components in a 42/58
ratio to simulate the Cu(H:GHW) + 1 equiv. Im
spectrum. The first component corresponds to Cu(H-
:GHW), and the second one is attributed to the 4N
species Cu(H-:GHW)(Im) (spectrum d). The EPR
parameters fully agree with a 4N coordination
according to the Peisach and Blumberg correlation.58-
59 While EPR observes this ternary species at a
working concentration of 0.5 mM; it must be noted
that it may not be predominant under the
fluorescence experiments working concentration of
approximately 5 uM. Based on values reported for the
formation of ternary species similar to Cu(H-
1GHW)(Im),5° we found that about 50% of ternary
species are formed at 0.5 mM, in perfect agreement
with the 42/58 Cu(H-:GHW)/Cu(H-:GHW)(Im) ratio
found here. In comparison, less than 1% is formed at
the fluorescence concentration of 5 pM. Taken
together, this indicates that the Cu! has been
completely extracted from Af by the GHW in the
fluorescence  experiments, creating a larger
population of Cu(H-:GHW) at the uM concentrations.
In contrast, the EPR experiments performed at 0.5
mM concentrations resulted in the Cu(H.:GHW) and
the ternary species Cu(H-1:GHW)(Nim)ap in a 42/58
ratio. The structure of Cu(H-:GHW)(Nim)ag has the
fourth position around the Cu" occupied by one of the
His imidazole group from A instead of the water
molecule initially present (Figure 1).
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Figure 4: The low temperature (120 K) X-band EPR
spectra of Cu(H-:GHW) (line a, purple) and its
simulated spectrum (line a, black), of Cu(ABi.16) and
GHW at 1.0 mol equiv. at equilibrium (line b, green),
of Cu(H-:GHW) in the presence of 3 equiv. of Im (line



b, blue), of Cu(H-:GHW) in the presence of 1 equiv. of
Im (line ¢, grey) and its simulated spectrum (line c,
black), and the theoretical spectrum corresponding to
the 4N species Cu(H-:GHW)(Im) (line d). The solid
vertical lines follow the first three parallel transitions
for Cu(H-:GHW), and the dashed vertical lines follow
the parallel transitions for Cu(H-:GHW)(Im).
Experimental conditions [6°Cu] = 450 uM, [GHW] =
[DAHW] = [AB] = 500 uM, [Im] = 500 uM or 1500 uM,
[HEPES] = 100 mM, at pH 7.4 with 10% of glycerol as
a cryoprotectant.

Discussion

Two possible interpeptidic Cu" exchange
pathways can be envisioned: an associative or
dissociative pathway (Scheme 1). In the associative
pathway, the Cu' is exchanged from Cu(A) to the
Trp-containing peptide (P) via the formation of a
transient ternary species (Cu(AB)(P)). In our previous
work, the exchanges of Cu" from Cu(H-:GHW) to GHK
and DAHK peptides depended on forming such a
ternary species.?2 In the dissociative pathway, Cu'' has
to first dissociate from Cu(AB) and then be captured
by DAHW or GHW. This dissociative mechanism was
ruled out in the case of exchange between Cu(H-
1GHW) to GHK and DAHK due to the unfavored and
extremely slow dissociation of Cu" from the Cu(H-
1GHW) complex.22 However, this is not the case when
the releasing peptide is Ap because the dissociation of
Cu'" from Cu(Ap) lies on the ms time scale.t%-61 With
the methodology used here, we can not discriminate
between the two pathways. However, the various
trends observed on the rate constants as a function of
pH, releasing peptide, receiving peptide, and so on can
be discussed in light of the available literature
regardless of the pathway followed. A more detailed
sequential analysis of each pathway is proposed in
Scheme 2.

Cu(AB) «=— Cu+Ap
+P JI fl +P
Cu(AB)(P) =—— cu(P) + Ap

Scheme 1: Schematic to represent dissociative (red)
versus associative (green) pathways for Cu'' exchange
from AP. P indicates the receiving Trp-containing
peptide.

Proposed reactions in the interpeptidic Cu'l exchange
based on experimental data and literature. We
propose the following reactions for the exchange of
Cu" between Cu(AB) complexes to the small Trp-
containing peptides (Scheme 2). The double arrows
denote equilibrium processes, and larger forward
reaction arrows indicate thermodynamic favorability
in that direction. There are various reactions at play
in the interpeptidic Cu' exchange observed here,
which have relevance in the literature and must be
discussed, Scheme 2.

Reaction 1: Cu(Ap) <—— Cu+ Ap
Reaction 2: Cu(Ap); == Cu(Ap)y
Reaction 3:  [Ap-] Cu+P — [AB-] Cu(Ni,)p
£\
Reaction 4: [AB-] Cu(N,)p == [AB-] Cu(NH,N;;)p
Reaction 5: [Ap =] Cu(NH,, Nyy)p —— AP + Cu(H.,GHW) or Cu(H_,DAHW)
Reaction 6: AP + Cu(H ,GHW)  «—=— (N;;)5,Cu(H.;GHW)

Scheme 2. Cu" exchange between Cu(Af) complexes
and the small peptides GHW and DAHW (denoted as
P). The arrows show equilibrium processes, and
weights in direction are based on thermodynamic
favorability (at the fluorescence concentration).
(NH2,Nim) indicates the formation of a metallacycle
between the N-terminal amine and the imidazole side
chain of His.

(i) Reaction 1 is the equilibrium corresponding to
Cu(AB) dissociation and Cu' + AB association.
Reaction 1 is driven by the affinity value of Cu' for AR
in the working conditions, which equals about 107 M-
! here. This value is obtained from the affinity at pH
7.4 (about 10%° M1)3 corrected for the competition
with 0.1 M HEPES buffer.53 The kot value reported in
the literature lies between 0.1 s'* and 0.8 s1.69-61 This
rate is fast enough to consider the possibility of
having a dissociative pathway.

(ii) Reaction 2 is the equilibrated interconversion
of Cu(AB)uto Cu(AB)r and will be more influential at
pH 7.4 and 8.7 but not at pH 6.8 where most species
are present as Cu(Af).7-8 ¢ Note that according to the
report by Ying et al,®® Cu(Af)1 must form for
subsequent reactions to follow. Since the GHW and
DAHW Cu!' exchanges go to completion, then the
Cu(AB)u is thermodynamically favored to convert to
Cu(AB):. The Cu(AB)u is obtained by deprotonation
and binding of an amide NH from Cu(AB)r and
concomitant departure of one His imidazole ligand. It
has been reported that the interconversion rate
constants for Cu(AB): to Cu(AB)u is 1.5 s and for
Cu(AB)u to Cu(AB) is 2.5 s1.60 This interconversion
reaction may be significant in our studies as all Cu'' is
exchanged from Cu(Ap): and thus, to remove Cu' from
Cu(ApB)u, it must be first converted to Cu(Af3):.6°



(iii) Reaction 3 is the Cu! anchoring site from
either Cu(AB) or AB-unbound Cu" (both regrouped
under the notation [AB—] Cu) by the incoming peptide
GHW or DAHW. Based on literature and pKa of the
various anchors®?, the Cu! is coordinated to the small
peptides in a monodentate manner through a His
residue (via the imidazole ring, noted Nim).62

(iv) After anchoring via the His residues, reaction
4 corresponds to creating a metallacycle between the
His and the second anchor, the N-terminal amine.
GHW and DAHW follow ATCUN intermediate species
pathways described by Kotuniak et al., where these
two sites coordinate before the amide backbone N-.63

(v) Then reaction 5 concerns the deprotonation
and subsequent binding of the amide bond(s) in
between the two nitrogen anchors leading to the 3N
(GHW) or 4N (DAHW) main binding sites (shown in
Figure 1). The binding of amide N leads to the
formation of stable adjacent 5 or 6 membered
metallacycles between the Cu'' and the Trp-containing
peptides. The amide deprotonations and coordination
result in the complete exchange of Cu'' to the final
species, Cu(H-2DAHW) or Cu(H-:GHW), and releases
the A peptide.

(vi) In the case of GHW, the ternary Cu(H-
1GHW)(Nim)ag species can form depending on the
working concentrations (reaction 6).

It is worth noting here that a partial quenching
may be obtained even if Cu(H-:GHW) and Cu(H-
2DAHW) complexes are not formed, provided that the
Trp is close enough to the Cu' center (within 14
angstroms) in the intermediate complexes (reactions
3-5). In contrast, a complete quenching of the Trp
fluorescence can only be achieved once these final
species are formed. However, considering that
reaction 3 is extremely fast®3 and that we could not
record the first 4-5 seconds of the Kkinetic
experiments, the reactions 1, 2, and 4-6 are probed
here. The variations observed in the overall exchange
rate constants (Table 2) are consistent with the
sequence of reactions proposed in Scheme 2. This is
discussed below, along with several key variables that
affect the observed rate constant.

Cu' Exchange from Small Peptides versus Amyloids.
Previously we examined the interpeptidic exchange of
Cu® from Cu(H-:GHW) to GHK and DAHK.?2 To directly
compare Cu'! removal from Cu(AB) and the Trp-
containing complexes, we investigated the reverse
exchange constant of Cu(H-:GHK) to GHW and
determined keuw = 4.3(x 0.3) x 102 M-1s! using the
previously described method (See the SI section 3 for
a detailed analysis).?? Note that the value determined

here for Cu" removal from Cu(H-:GHK) (by GHW) is on
the same order of magnitude as the removal
determined from Cu(H-:GHW) (by GHK).2? The 2.5
fold increase may be related to the slightly larger
affinity of GHW (versus GHK) for Cu" as postulated in
our previous work.22 The Cu" exchange rate constants
are larger by 2 - 3 orders of magnitude when Cu'! is
exchanged from the Cu(AB) rather than from the
Cu(H-:GHK) or Cu(H-:GHW) to the GHW/GHK or
DAHK peptides at pH 7.4, Table 2.

In our previous paper,?? we discussed that the
exchange between the Cu(H-:GHW) to GHK or DAHK
peptides proceeded via the formation of a ternary
species, where the receiving peptide likely binds first
through the Nim from the His residue. The reverse
exchange Cu(H-:GHK) + GHW reported here has a rate
constant on the same order of magnitude as the
forward exchange previously measured. Looking
collectively at both directions of the Cu' exchange
between GHK/GHW indicates that the Cul!
dissociation from the GHK/W peptide is far too weak
to fuel a dissociative mechanism; thus, an associative
mechanism is more likely to occur. With Af, Cul
dissociation is more favored than with GHK/W since
the affinity of Cu' for A is three orders of magnitude
weaker than those for GHK/W.3 50 As a consequence,
the significantly large difference in exchange rates
between Cu'! removal by GHW from A or GHK (i)
indicate the contribution of a dissociative mechanism
in the case of AB, and/or (ii) agree with the fact that in
reactions 4-5, the formation of metallacycles within
the receiving peptide P is a driving force that is
significantly lessened when similar adjacent
metallacycles are already present in the starting Cu''-
complex.

Importance of the receiving Trp-containing peptide
sequence in exchange from Cu(Af) complexes. The
GHW exchanges are always faster than the DAHW
exchanges, except with Cu(Af1-28) at pH 8.7, where
they are statistically similar. This trend is likely due to
the combination of effects. The Cu(H-:GHW) complex
requires only one amide deprotonation, forming two
adjacent metallacycles, and has a coordinated water
molecule. In comparison, the Cu(H-2DAHW) complex
requires two amide deprotonations to create three
adjacent metallacycles and has no coordinated water.
The higher the pH, amide deprotonations become
easier to accommodate the Cu'l. Chelate effects
effectively lower the pKa of these motifs. Thus, NHs*
deprotonations become a more critical variable on the
measured rate constant than the amide N-
deprotonations.2> 63 It can be anticipated that the
formation of a larger metallacycle in Cu(H-2DAHW)
versus in Cu(H-:GHW) created between the anchoring
His Nim and the N-terminal amine in the intermediate
2N species (reaction 4, Scheme 2) is less favored.



Also, the presence of a bulky residue at the N-
terminus may deter Cu" binding there compared to
the Gly residues' hydrogen side-chain. Combined,
these effects slow down the rearrangement of the Cu"
coordination sphere to a larger extent for DAHW than
for GHW and are one consideration as to why we
observe faster exchange rates for GHW.

The Effect on the Rate Constant Due to A length. In
Table 2, all of the Cu(Ap1-16) exchanges to GHW and
DAHW at each pH had larger rate constants than the
corresponding Cu(Afi-2s8) exchanges. For the GHW
exchanges, the Cu(A1-16) rate constants are 1.6 (pH
7.4) or 2.5 (pH 6.8 and 8.7) times faster than the
corresponding Cu(Api-28) exchanges. Similarly, for
DAHW, these are 1.5 (pH 7.4) or 1.9 (pH 6.8 and 8.7)
times faster for Cu(Af1-16) than Cu(Af1-28). Since the
AB128 peptide has more aliphatic residues
surrounding the Cu' coordination sphere, this
presents a physical barrier to the Trp-containing
peptide's initial coordination to the Cu'' by a Nim in the
GHW/DAHW (reaction 3, Scheme 2). This physical
impedance would result in a slower formation of the
AB(Cu)(Nim)p ternary species for the Cu(APi-2s)
complex than for Cu(Af1-16). This argument works for
the associative pathway contribution to the overall
exchange mechanism. For the dissociative pathway,
the trend observed is in line with an equilibrium
between AB-bound or AB-unbound Cu' that is more
displaced towards AB-bound in the case of the AB1-28
as the Cu" affinity is higher for AB1-2s compared to AB1-

16-32' 64

Importance of pH effects. The trend observed as a
function of pH has a bell-shape with the highest rate
observed at pH 7.4, where the two Cu(Af)
components are in equilibrium. This agrees with a
combination of two opposite effects: (i) the
interconversion from Cu(Af)u to Cu(Af)1 on observed
rate constants and (ii) the protonation state of His
from the receiving peptide. (i) The exchange of Cul'
from the Cu(AB) complex is dependent on the form as
exchange happens from Cu(Af);, reaction 2, Scheme
2.AtpH 6.8, all species are Cu(ApB): before the addition
of the Trp peptide, so there is no effect on the whole
kinetic reaction at this pH for the GHW and DAHW
exchanges. For the other two pH values, as the pH
increases, the proportion of Cu(Af): decreases while
the proportion of Cu(AB)uincreases. At pH 7.4, 20% of
the species are now Cu(AB)u (before adding P), and at
pH 8.7, >90% of species are Cu(Af)u. If the rate
constants were only affected by this pH effect of the
interconversion of Cu(Af), we would have expected a
decrease in the rate constant with the pH increases, as
more species would be Cu(AB)u as pH increased and
need to be converted to Cu(AB): before the exchange
reaction occurs. (ii) In fact, this effect is balanced by
another one, the protonation state of His from the

receiving Trp-containing peptide. A deprotonated His
will more easily anchor the Cu"" than one that is
protonated. The pKa of His in GHW and DAHW
peptides are both about 6.5 based on pKa values of
their GHK and DAHK counterparts. .63 65-66

Conclusions

We have measured the interpeptidic Cul
exchange rate constants from Cu(Af) complexes to
the tryptophan-containing GHW and DAHW using our
modified quantitative fluorescence quenching
method. The interpeptidic Cu" exchange rate
constants are on the order of magnitude of 104 M-1s-1.
We discussed many variables that contribute to the
observed rate constants. These variables include the
pH value, the length of the AP peptide, the number of
amide deprotonations needed in the tryptophan
peptide to coordinate the Cu'l, the interconversion of
Cu(AB) components, and the extent of metallacycles
formed in the Cu(H-»P) complexes. The rate-limiting
steps are a combination of all these effects. The six
reactions shown in Scheme 2 affect the rate constants
by different magnitudes and influence the overall
mechanism by the variables described above.

The homeostasis of metal ions that exist in the
brain is vital to the development of
neurodegenerative disease. Especially those diseases
in which peptides coordinate these metals, like in
Alzheimer's disease. These studies provide important
insights for the measurement of interpeptidic
exchange rates of Cu'' between Cu(Af) complexes
with other peptide motifs, including N-truncated
Ap.26:51 With advances in the field, Cu!! exchange to
and from full-length AB peptides in both their soluble
monomeric or insoluble aggregated forms can be
investigated, as these are the more common
biologically relevant forms found in AD pathology.
Only a handful of kinetics studies have been reported
so far on the Cu'' exchange of biological interest.?? 46
63 For instance, those studies in which peptides or
model peptides can mimic species found within the
synaptic cleft where AD occurs. Indeed, the current
regard for the peptides studied provides mainly static
and conditional kinetic information. However, this
thermodynamic view of our obtained data is only a
piece of the whole puzzle that additional kinetic
insights should complete.
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Cu!! (AB) + peptide — AB + Cu'!(peptide)

Finish Line:
Cu'! extraction from AP
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V4

TOC synopsis: We discuss and report the
interpeptidic Cu" exchange rate constants between
Cu(AB1-16) and Cu(APi-zs) to fluorescent peptides
GHW and DAHW by use of a quantitative tryptophan
fluorescence quenching method. These rate constants
range from 0.81 to 4.4 x 10* M-1s't and vary depending
on variables such as the length of the Af peptide, the
Cu(AB) coordination chemistry, the location of His
residues in GHW and DAHW, and the pH.
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