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ABSTRACT: Copper is an indispensable biometal, primarily serving as a redox-competent cofactor in numerous proteins. Apart
from preformed copper-binding sites within the protein structures, small peptide motifs exist called ATCUN, which are composed of
an N-terminal tripeptide XZH, able to bind Cu(Il) ions in exchangeable form. These motifs are common for serum albumin, but
they are also present in a wide range of proteins and peptides. These proteins and peptides can be involved in copper metabolism,
and copper ions can affect their biological role. The distribution of copper between the ATCUN peptides, including truncated
amyloid-f3 (Af}) peptides A4—42 and AB11—42, which may be involved in Alzheimer’s disease pathogenesis, is mainly determined
by their concentrations and relative Cu(II)-binding affinities. The Cu(II)-binding affinity (log K;) of several ATCUN peptides,
determined by different methods and authors, varies by more than three orders of magnitude. This variation may be attributed to the
chemical properties of peptides but can also be influenced by the differences in methods and experimental conditions used for the
determination of K. In the current study, we performed direct competition experiments between selected ATCUN peptides and
HSA by using an LC-ICP MS-based approach. We demonstrated that ATCUN and truncated Af peptides Ap4—16 and Af11—-15
bind Cu(II) ions with an affinity similar to that for HSA. Our results demonstrate that ATCUN motifs cannot compete with excess
HSA for the binding of Cu(II) ions in the blood and cerebrospinal fluid.

B INTRODUCTION

Copper is an essential microelement for all forms of life, but its

To participate in copper metabolism or perform their
biological functions, other extracellular ATCUN proteins

chemical properties make it potentially toxic, which is why its
metabolism is always tightly regulated in living organisms. The
biological functions of copper are almost exclusively carried
out in the protein-bound form. Bioinformatic analysis revealed
that Cu proteome constitutes approximately 0.05—1.3% of the
total proteome of an organism, considering both eukaryotes
and prokaryotes." It is estimated that there are 54 Cu-binding
proteins in the human proteome.”

In addition to 3D copper-binding pockets within protein
structures, Cu(II) ions can also strongly bind to an N-terminal
motif called ATCUN (amino terminal Cu- and Ni-binding
motif). The ATCUN motif contains a His residue in the third
position (XZH) and is present in more than 400 human
proteins, including human serum albumin (HSA).” Approx-
imately 10% of the total copper present in human serum is
bound to the ATCUN motif of HSA. This copper binding is
exchangeable, and it is possible that all other extracellular
ATCUN proteins can also play a role in copper metabolism or
that their biological functions may depend on copper binding.
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must compete with HSA for copper binding. The amount of
copper that these proteins can bind depends on their relative
concentration and affinity for metal binding. The metal-
binding affinities of peptides with an ATCUN motif have been
intensively studied by different methods, and the range of
log K, values determined for ATCUN sites ranges from 11.0 to
14.6." Selected values of dissociation constants for ATCUN
motif-containing peptides and proteins from the literature are
listed in Table 1.

ATCUN complexes have a characteristic four-nitrogen (4N)
square-planar coordination mode, where the metal ion is
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Table 1. Dissociation Constants for Cu(II) Complexes with ATCUN Motif-Containing Peptides and Proteins

peptide/protein method K, refs
MDH-NH, potentiometric titration, pH 7.4 7.94 x 10 7 N
MDHSHHMGMSYMDS-NH, potentiometric titration, pH 7.4 1.0x 1078 6
GGH potentiometric titration, pH 7.4 6.10 x 1071 7
HSA potentiometric titration, pH 7.4 9.55 x107* 7
DAH - NH, potentiometric titration, pH 7.4 2.00 x 107" 8,5
MEHFPGP (Semax) potentiometric titration, pH 7.4 1.3 x 107" 9
DTHFPI-NH, (Hepcidin N-terminus) potentiometric titration, pH 7.4 2,19 x 1071 10
Ap4—16-NH, potentiometric titration, pH 7.4 3x 107" 4
AB11-15-NH, competition with Gly and His 2.5 X 107" (Gly) 4.2 x 10™** (His) 11

located in the center of a square whose edges are occupied by
four nitrogen atoms, provided by the N-terminal amine, two
subsequent nitrogen atoms in peptide backbone, and the N-1
nitrogen of the His imidazole ring (Figure 1).
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Figure 1. Schematic presentation of the Cu(II)~ATCUN complex.

Numerous explanations have been proposed to account for
the differences in reported K values for ATCUN motifs, such
as differences in the pK, values of individual peptide
nitrogens,'”"” variances in the hydrophobicity of the first
two amino acid residues,”’ and variances in the secondary
coordination sphere effects. Although all of these factors may
influence Cu(II)-binding affinities to some extent, differences
might also be caused by using many different methods for
calculating metal-binding affinities. It is well known that such
measurements are strongly affected by the experimental
conditions, which typically vary between different studies.'*
An example depicting this is the data showing that two residues
at the N-terminal side of His3 do not significantly contribute
to the binding of Cu(I) ions.'” This uncertain situation
complicates the possibility of studying copper trafficking in the
organisms and modeling the availability of copper ions to
different peptides and proteins.

The binding of Cu(II) to an ATCUN motif substantially
alters the electrochemical properties of the Cu(II)/Cu(I)
redox couple. The Cu—ATCUN complex has antioxidant
properties, as it shows a redox-silent component in the
presence of the biological reductant ascorbate due to its high
redox potential and inherent geometry problem between
Cu(II) and Cu(I) complexes.'®

Having a clear understanding of copper trafficking is crucial
for understanding the possible involvement of copper ions in
Alzheimer’s disease (AD) pathogenesis. AD is characterized by
the initial formation of amyloid plaques in the brain, followed
by formation of neurofibrillary tangles inside the neurons.'®
Amyloid plaques are composed of amyloid-f pePtides (AB) of
various lengths, mainly Af1—40 and Ap1—-42. 17 However,
an initial study by Masters et al. demonstrated that the plaques
contained a significant amount of the truncated Af4—42

peptide.'® In later mass spectrometric studies, substantial
amounts of truncated AB4—42"" and AB11—42 peptides””
were found in plaques as well as in the cerebrospinal fluid
(CSF).”* Since both truncated peptides carry the ATCUN
motifs, it raises the question of whether Af peptides can bind
Cu(Il) ions in vivo in the presence of HSA.

The interactions of Af peptides with Cu(1I) ions have been
extensively studied. It has been demonstrated that full-length
Ap peptides can bind Cu(1I) ions with relatively strong affinity,
with a K; value up to 0.1—1 nM,"***** which is still several
orders of magnitude lower than that of HSA. Truncated Ap
peptides Af4-X and AP11-X contain the FRH- and EVH-
ATCUN motifs, respectively. By using potentiometric titration,
it was demonstrated that Af4—16 binds Cu(Il) with a
conditional K, value of 3 X 107 M at pH 7.4," which
characterized at that time 30 times higher affinity than that for
HSA (K; =1 X 107> M was determined from the competition
with NTA”). Based on these results, it was suggested that
Ap4—40 could have a physiological role in copper homeo-
stasis,” which might be linked to the scavenging of Cu(II) ions
in the synaptic cleft.”® The Cu(II)-binding affinity of Af11—40
determined from the results of CD spectroscopic titration of
the Cu(II)—Af11—40 complex with His and Gly is similar to
that for Ap4—16, i.e, K; = 3.4 X 107* M."" At that time, this
pointed toward efficient competition with HSA. Recently, the
K, value for HSA was corrected to 0.955 X 10™* M by using
potentiometric titration,” which reflects only three times lower
affinity than those for Af4—16 and AB11—40. HSA is present
in CSF at 3 uM concentration,”” which is much higher than
the nM concentration of Af peptides.”” These data suggest
that Af peptides should not be able to compete with HSA for
Cu(Il) binding."" However, direct competition experiments
have not yet been conducted.

In this study, we attempted to answer the following two
related questions: “Do different ATCUN motifs show different
Cu(II)-binding affinities under the conditions of direct
competition?” “Can truncated Af peptides with ATCUN
motifs compete in CSF with HSA for the binding of Cu(II)
ions?” To address the raised questions, we employed an
innovative LC-ICP MS technique, enabling the use of size
exclusion chromatography (SEC) to separate and quantify the
substances with high molecular weight (HSA) and low
molecular weight (ATCUN peptides) involved in metal
binding within the reaction mixture.””

We determined the relative Cu(II)-binding affinities for
several model peptides and two truncated Af peptides in
comparison with HSA. Results demonstrate that different
ATCUN-containing peptides and HSA have very similar
Cu(II)-binding affinities, and truncated Af peptides cannot
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compete with HSA for the binding of Cu(II) ions in blood or
even in CSF.

B RESULTS

First, Cu(Il) competition experiments were performed with
the aim of determining the incubation time required to achieve
the equilibrium of Cu(Il) distribution between HSA- and
ATCUN-containing peptides. Figure 2 demonstrates that
equilibrium is reached within 30 min.

Kinetic experiments were also conducted in conditions
where Af(11—15) was added to the metalated HSA (Figures
S1 and S2) and when HSA was added to the metalated
AB(11-15) (data not shown). In the first case, equilibrium
was reached in 30 min (Figure S3) both in the equimolar
mixture and in the presence of a 2-fold excess of the competing
(apo) ligand. In the second case, the equilibrium was reached
very quickly within 2 min. Based on this kinetic information for
subsequent experiments, Cu(Il) ions were added to the
mixture of HSA and ATCUN peptides, and an incubation time
of 30 min was selected.

The next series of experiments involved determining the
competition between HSA and ATCUN peptides for Cu(II)
binding. Figure 3 shows an example of the results obtained
with the AB(11—15) peptide. When this peptide and HSA are
present in equimolar concentrations, Cu(II) ions are
distributed 60% in HSA and 40% in the Af(11—15) peptide
(Figure 3c). This suggests that both HSA and the Af(11-15)
peptide are able to compete almost equally for Cu(II) binding.
As the AB(11—15) concentration is increased, the distribution
of Cu(II) ions shifts toward the peptide, and at an AB(11—15)
concentration of 40 yM, the metal distribution reaches a ratio
of 13:87 in favor of the AB(11—15) peptide (Figure 3g).

The obtained results were analyzed according to eq 2, which
predicts a linear relationship between X = [Cu(Pept) ]([HSA]
— [Cu(HSA)]) and Y = [Cu(HSA)]([Pept] — [Cu(Pept)]),
where [Cu(HSA)] and [Cu(Pept)] are determined from the
chromatograms as the copper content of high- and low-
molecular-weight fractions and [HSA]; and [Pept]; are the
total added concentrations of each ligand (see eqs 1—4 from
the Materials and Methods). The relationship observed from
three independent experiments is shown in Figure 4B, and it is
linear with a slope of K; (Af11—15)/K;(HSA) equal to 1.56 +
0.09. Using the known value of K, for HSA, which is equal to
0.955 X 1073 M,” we can calculate the K, value for AB11—15
to be 1.49 + 0.09 X 107" M.

The representative examples of primary data for other
ATCUN peptides are provided in the Supporting Information.
Relationships between X and Y, based on eq 2, for these
peptides are shown in Figures S and S8.

The obtained K, values are presented in Table 2.

Bl DISCUSSION

The distribution of copper ions between competing ligands,
such as peptides and proteins with ATCUN motifs, is
determined by thermodynamic and kinetic factors. The
distribution in equilibrium can be calculated from the K,
values of the ATCUN—Cu(Il) complexes. However, the K;
values can be affected by several factors; for instance, they can
be affected by experimental conditions and intermolecular
interactions at higher concentrations of the reagents. In this
paper, we have determined the relative binding affinities for
different Cu(1I)-binding ligands in direct competition experi-
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Figure 2. Competition between HSA and AB(11-15) peptide for
Cu(Il) jons. (A) SEC chromatograms of copper distribution
(incubation time and integrated peak area values are shown in
labels). (B) Decrease of the relative content of copper in the HSA
fraction with time. Conditions: S uM HSA, 5 uM Af(11-15), and S
uM Cu(II); incubation buffer 50 mM HEPES, 50 mM NaCl, pH 7.4;
LC-ICP MS: column, 1 mL Sephadex G25 Superfine; elution buffer
200 mM NH,NO;, pH 7.4; flow rate 0.4 mL/min; injection volume
10 uL; Cu-63 was monitored by ICP MS.

ments with binary mixtures. We have conducted such
experiments with different Cu(II)-binding peptides and HSA
as standard by using LC-ICP MS technology, which is suitable
for this purpose. In these experiments, the different ATCUN-
containing peptides display rather similar abilities to compete
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Figure 3. Competition between HSA and the Af(11—15) peptide for
Cu(II) ions. SEC chromatograms of (a) S uM Cu(II)e Af(11-15),
(b) S uM Cu(II)eHSA, and (c—g) S uM HSA and Cu(Il) in the
presence of increasing concentration of Af(11—15). The peptide
concentrations and peak areas are shown in labels. Conditions;
incubation buffer 50 mM HEPES, 50 mM NaCl, pH 7.4; incubation
time 30 min; LC-ICP MS: column, 1 mL Sephadex G25 Superfine;
elution buffer 200 mM NH,NO;, pH 7.4; flow rate 0.4 mL/min;
injection volume 10 uL; Cu-63 was monitored by ICP MS.

with HSA for Cu(Il) ions. Correspondingly, their binding
affinities toward Cu(Il) ions are also similar. These results are
different from the results of potentiometric titration measure-
ments. A comparison between DAH-NH, and DAH-COOH
indicates that C-terminal amidated peptides have slightly
higher binding affinities than peptides with a free C-terminal
carboxyl group, which is in agreement with the literature.® At
the same time, the K, value for DAH-NH,, a tripeptide
originating from HSA, was almost similar to the K; value for
HSA, demonstrating that amidated tripeptides can be good
and sufficient Cu(II)-binding models for ATCUN-containing
proteins.

In the literature, the amidated hexa- and heptapeptides
(DTHFPI-NH, and MEHFPGP) have shown binding affinities
that exceed that of HSA by 44 and 73 times, respectively
(Table 1). However, in the direct competition experiments,
these peptides displayed rather similar K; values to HSA and
also to the simplest model peptide GGH. This result suggests
that the primary coordination sphere of the ATCUN motif,
composed of four nitrogen atoms provided by the N-terminal
amine, two subsequent peptide nitrogen atoms, and the N-1
nitrogen of the His imidazole ring, plays a crucial role in the
binding of Cu(II) ions and determines the binding affinity. It
also suggests that the chemical properties of the first two
amino acid side chains and the post-His amino acid residues
do not contribute significantly to the metal binding.

Figure 4. Calculation of the relative Cu(II)-binding affinity of
ApB(11-15) from LC-ICP MS results. (A) Decrease of the fractional
content of the CueHSA complex, caused by the increase of AS(11—
15) concentration. (B) Application of eq 2. Results of three separate
experiments are presented with different colors—red, blue, and black.

Direct competition experiments showed that truncated Af
peptides, i.e., AB4—16 and AB11—1S, have K values similar to
HSA for Cu(Il) binding (Table 2). AS11—1S has a 1.3 times
higher affinity toward Cu(II) ions than Af4—16. This small
difference might be explained by the Hisl4 residue
contributing to ATCUN motif Cu(II) binding in the Ap11—
15 peptide. HSA is present in blood at 650 uM™° and in CSF at
3 uM concentration,”” which are much higher than the nM
concentrations of A peptides in CSF and blood.”**" Based on
these numbers, we conclude that Af peptides cannot compete
with HSA for Cu(II) bindingll in blood or CSF.

Overall, we argue that the direct competition experiments
with HSA and the K; values determined from these
experiments describe the properties of ACTUN-motif-
containing peptides in biological conditions more correctly
than the K, values determined from separate potentiometric
titration experiments. In the latter case, the interactions
between the peptides in the solution may also affect the
titration results in a way that does not occur in biological
conditions where the peptide concentration is very low.

B CONCLUSIONS

Peptides with His in the third position are known as ATCUN
peptides, which are able to bind Cu(Il) ions with a high
affinity. In the literature, the reported dissociation constants for
different ATCUN peptides vary widely. We performed direct
competition experiments with selected ATCUN motifs,
including truncated Af peptides, in relation to HSA using an
LC-ICP MS-based approach. We demonstrated that Cu(Il)-
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Figure 5. Calculation of the relative Cu(II)-binding affinity of ATCUN peptides from LC-ICP MS results according to eq 2. (A) DAH-COOH,
(B) DAH-NH,, (C) MDH-NH,, (D) GGH-NH,, (E) DTHFPI-NH,, and (F) MEHFPGP-NH,. Results of three separate experiments are

presented with different colors: red, blue, and black.

binding affinities of ATCUN and truncated Af peptides are
similar to those for HSA and vary in a narrow range. Our
results demonstrate that ATCUN motifs cannot remove
substantial amounts of Cu(II) ions from excess HSA in
blood and CSF environments.

B MATERIALS AND METHODS

Materials. The following lyophilized protein and peptides
were used: human serum albumin (HSA) from Sigma/Merck
(Darmstadt, Germany), Af(4—16) and AS(11—15) peptides
from rPeptide (Watkinsville, GA), and DAH-COOH, DAH-
NH,, MDH-NH,, GGH-NH,, DTHEPI-NH,, and
MEHFPGP-NH, were synthesized at the Institute of
Technology of the University of Tartu. The peptides were
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synthesized on an automated peptide synthesizer (Biotage
Initiator+ Alstra, Sweden) using a fluorenylmethyloxycarbonyl
(Fmoc) solid-phase peptide synthesis strategy and purified by
reverse-phase liquid chromatography on a C4 column
(Phenomenex Jupiter C4, S um, 300 A, 250 X 10 mm)
using a gradient of acetonitrile/water containing 0.1% TFA.
The molecular weight of the peptides was determined by a
MALDI-TOF mass spectrometer (Bruker Microflex LT/SH).
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), sodium chloride,
sodium hydroxide, and 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (Hepes) were purchased from Sigma-Aldrich
(St. Louis, MO). Cu(II)acetate was purchased from Sigma
(Sigma/Merck KGaA, Darmstadt, Germany). Nitric acid
(HNO,, trace metal grade) was purchased from Fisher
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Table 2. Dissociation Constants for Cu(II) Complexes of
ATCUN Motif-Containing Peptides and HSA

peptide K; M
GGH-NH, (2.15 + 0.25) x 10713
MDH-NH, (295 + 0.18) x 1073
DAH-COOH (2.64 + 0.21) x 10713
DAH-NH, (821 +0.29) x 1074
DTHFPI-NH, (1.02 + 0.04) x 107
MEHFPGP-NH, (2.89 + 0.24) x 10713
Ap(11-15) (149 + 0.09) x 107"
AB(4-16) (2.00 + 0.11) x 1073
HSA* 9.55 x 107"

“From ref 4.

Scientific (UK Limited Leicestershire, UK), and ammonium
hydroxide 25% solution was from Honeywell Fluka (Seelze,
Germany). Ultrapure Milli-Q water with a resistivity of 18.2
MQ/cm, produced by a Merck Millipore Direct-Q & Direct—
Q UV water purification system (Merck KGaA, Darmstadt,
Germany), was used for all applications.

Competition for Cu(ll) lons Determined by LC-ICP MS
Analysis. Sample Preparation. All lyophilized peptides were
dissolved in HFIP at a concentration of 100 uM to disassemble
the preformed aggregates. The solution was divided into
aliquots; HFIP was evaporated in vacuum, and the tubes
containing the peptide film were stored at —80 °C until used.

A stock solution of HSA was prepared in Milli-Q water and
further diluted into a reaction buffer solution composed of 50
mM Hepes and 50 mM NaCl, pH 7.4. HFIP-treated peptide
aliquots were dissolved in 50 mM HEPES and 50 mM NaCl,
pH 7.4, at a concentration of 50 uM and further diluted to the
final concentration with reaction buffer. Cu(II)acetate was
used as a Cu(Il) source for proteins and peptides. For a
competition experiment, an appropriate concentration of
competing peptides (Af(11-15), Af(4—16), DAH-COOH,
DAH-NH,, MDH-NH,, GGH-NH,, DTHFPL-NH,, or
MEHFPGP-NH,) and a S M solution of HSA were mixed
with S uM Cu(Il), and the sample was incubated 30 min at
room temperature. All reagent solutions were prepared daily
before experiments.

LC-ICP MS Measurements. For LC-ICP MS analyses, an
Agilent Technologies (Santa Clara) Infinity HPLC system,
which consisted of a 1260 series u-degasser, a 1200 series
capillary pump, a Micro WPS autosampler, and a 1200 series
MWD VL detector, was connected to an Agilent 7800 series
ICP MS instrument. For instrument control and data
acquisition, ICP MS MassHunter 4.4 software, version C
01.04, from Agilent was used. ICP MS was operated under the
following conditions: RF power: 1550 W, nebulizer gas flow:
1.03 L/min, auxiliary gas flow: 0.90 L/min, plasma gas flow: 15
L/min, nebulizer type: MicroMist, and isotope monitored: Cu-
63. To perform the separation of HMW and LMW pools, a 1
mL gel filtration column, self-packed with HiTrap Desalting
resin Sephadex G25 Superfine (Amersham/GE Healthcare,
Buckinghamshire, UK), was used. An injection volume of 10
puL for each sample was used. The mobile phase for gel
filtration was 200 mM NH,NO; at pH 7.5, prepared from
TraceMetal grade nitric acid and ammonium hydroxide 25%
solution, which is compatible with ICP MS. An ICP MS
compatible flow rate of 0.4 mL/min was used in all separations.
To get rid of contaminating metal ions in the buffer, the
mobile phase was eluted through the Chelex 100 Chelating Ion
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Exchange resin (Sigma, Merck KGaA, Darmstadt, Germany)
prior to liquid chromatographic separation. The demetalation
of the SEC columns before each experiment was conducted by
injecting 1 mM EDTA into the columns (injection volumes
were the same for all experiments).

Separation of the HMW and LMW peak areas was
conducted with Origin Pro 8.5 software. An exponentially
modified Gaussian peak function (GaussMod) was used to
obtain peak areas that were further used to calculate a decrease
in the fractional content of the metalated protein. All
experiments were repeated three times.

Determination of Relative Dissociation Constants. Ex-
perimental results for competition for Cu(Il) ions between
HSA- and ATCUN-containing peptides were used for the
determination of the relative dissociation constant for the
ATCUN-containing peptide and HSA copper complexes. The
ratio of the dissociation constants for the peptide and HSA can
be expressed as follows’

Kilrepy _ [Cu(HSA)]([Peptly — [Cu(Pept)])
KStusay  [Cu(Pept)]([HSA] — [Cu(HSA)])

(1)
or
[Cu(HSA)]([Peptly — [Cu(Pept)])
Kcu eptide
= %[CU(PWO]([HSA]T — [Cu(HSA)))
Ki(usa) 2)
X = [Cu(Pept)]([HSA]; — [Cu(HSA)]) (3)
Y = [Cu(HSA)]([Peptly — [Cu(Pept)]) (4)

where [Cu(HSA)] and [Cu(Pept)] are determined from the
chromatograms as the copper content of high- and low-
molecular-weight fractions, and [HSA]; and [Pept]; are the
total added concentrations of each ligand.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c04649.

Kinetics of Cu(II) exchange between HSA and ATCUN
peptides (Figures S1—S3); competitions between HSA
and ATCUN peptides for Cu(Il) ions (Figures S4—
$10); and calculation of relative Cu(II)-binding affinity
of Ap(4—16) (Figure S11) (PDF)
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