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Human cells acquire copper primarily via the copper transporter 1
protein, hCtrl. We demonstrate that at extracellular pH 7.4 Cu" is
bound to the model peptide hCtrl;.14 via an ATCUN motif and such
complexes are strong enough to collect Cu" from albumin,
supporting the potential physiological role of Cu" binding to hCtr1.

Significance to metallomics

Copper import to cells is necessary for many intracellular
processes driven by copper-dependent enzymes. Dysregulation
of this homeostasis could lead to various diseases, including
Alzheimer’s and Parkinson’s diseases. Human copper
transporter 1, hCtrl, has been identified as the main copper
transporter for human cells. However, the precise mechanism
of copper import to the cells remains unsolved. Our studies
provide the first experimental evidence that the N-terminus of
hCtrl can collect Cu" from albumin, one of the main Cu' carriers
in blood. The direct transfer of Cu" from albumin to hCtr1 is the
likely first step of Cu" acquisition by human cells.

Copper (Cu) is crucial for a number of key human enzymes,
involved in mitochondrial respiration, antioxidant defence, and
neurotransmitter biosynthesis.! However, in excess Cu is also
toxic, causing production of reactive oxygen species (ROS) and
promoting oligomerization of proteins and peptides, known as
toxic processes for
Alzheimer’s and Parkinson’s diseases.?3 Therefore, the process

neurodegenerative diseases such as

a Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawiriskiego
5a, 02-106 Warsaw, Poland. E-mail: nina@ibb.waw.pl, wbal@ibb.waw.p!

b-pepartment of Medicine, Royal Melbourne Hospital, University of Melbourne,
Melbourne, VIC 3010, Australia

< Department of Chemistry and Physics, Saint Mary’s College, Notre Dame, Indiana
46556, United States

d- Department of Surgery, Division of Neurosurgery, College of Medicine, University
of Saskatchewan, 107 Wiggins Road, Saskatoon, Saskatchewan S7N 5E5, Canada.

e Institut de Chimie, UMR 7177, CNRS-Universite’ de Strasbourg, 4 rue Blaise
Pascal, Strasbourg, 67000, France.

Electronic Supplementary Information (ESI) available: Experimental procedures,

calculated Vis and CD spectra of complexes, EPR results. See

DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Ewelina Stefaniak,® Dawid Pfonka,? Simon C. Drew,  Karolina Bossak-Ahmad,? Kathryn L. Haas,® M.
Jake Pushie,® Peter Faller,® Nina E. Wezynfeld, *>¢and Wojciech Bal *?

extracellular N-terminal domain of hCTR1
hCTRL, g, H,N-MDHSHHMGMSY MO Susimars - or1sas s o6

model peptides of N-terminus of hCTR1
hCTRL,,, H N-MDHSHHMGMSYMDS
H,N-MOH

hCTR1

Human serum albumin

HSA H,N-DAHK;
2 T
-_\_______/‘_“-—_____\_

Fig. 1. The sequence of extracellular N-terminal domain of human copper transporter
1 hCtrl, a model peptide of hCtrl used in this study, hCtrl, ;,, a model peptide of hCtrl
used in the previous study, hCtrl, s, and the N-terminal sequence of human serum
albumin. The insert shows Cu" bound to the ATCUN motif. The His3 and the N-terminal
amine crucial for this type of Cu" coordination are highlighted in red and grey,
respectively. Other residues that could participate in the Cu" binding are orange.

of cellular Cu acquisition, together with its distribution and
storage have to be tightly controlled.

Human copper transporter 1 (hCtrl) is the main protein
responsible for Cu import into cells. The protein is localized to
the plasma membrane and possesses three membrane
spanning domains. The protein homotrimerizes to create a cone
shaped pore.* The hCtrl protein acquires Cu from the
extracellular space, where Cu exists primarily in the Cu"
oxidation state. It is proposed that Cu" bound to the
extracellular domain is reduced by small-molecule reducing
agents.> The Cu atom is then passed through a Cu' selectivity
filter, formed from a conserved and essential MXXXM sequence
in the second transmembrane domain,® and is delivered to
cytoplasmic Cu chaperone proteins, including Atox1.” The
chemical details of Cu acquisition and its translocation into the
cytoplasm are not well understood. The N-terminal
extracellular domain of hCtrl contains multiple methionine-
and histidine-rich motifs that are anchoring sites for Cu' and Cu"
ions (Fig. 1) and that are important for high-affinity Cu
acquisition of hCtrl in tissue culture models.8? In cell culture
studies the truncation of the extracellular N-terminal domain of
hCtr1 resulted in the significant decrease of copper import.10.11
These experiments support a crucial role for the extracellular
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domain of hCtrl and particularly its Cu-binding motifs in
effective hCtrl Cu acquisition.

Mammalian Ctrl proteins, including hCtrl, also possess the
Amino Terminal Cu"- and Ni'-binding site (ATCUN),
characterized by the general sequence H;N-Xaa-Zaa-His
spanning the first three protein residues. The Cu'"ion is bound
there via the N-terminal amine, the first two amides, and the
imidazole of His3 (4N, Fig. 1), reaching nearly femtomolar Cu"
affinities at pH 7.4.12-14

Such strong binding suggests a potential role of ATCUN Cu"
complexes in copper cellular import, which is different from the
mechanism known in yeast, where Cu'" is reduced to Cu' by a
complimentary Cu reductase prior to its binding to yeast Ctr1.1>
The presence of a Cu'-specific binding site in the extracellular
domain of hCtrl may also facilitate the direct shuttling of Cu"
ions from extracellular ligands, including Human Serum
Albumin (HSA), one of the main Cu'" carriers in the blood.6
Studies on cell cultures showed that radioactive #4Cu" loaded to
albumin can be acquired by cells.)? Furthermore, EPR
experiments on spin-labelled hCtrli14, and HSA indicated a
close interaction between these molecules.’® Considering Cu
acquisition as a process involving hCtrl and HSA, one can
consider two non-exclusive possibilities (i) a direct Cu' transfer
from HSA to hCtrl or (ii) the reduction of Cu" prior to the binding
to hCtr1.1® The presence of the ATCUN in the hCtrl sequence
favours the former mechanism. However, HSA also contains the
ATCUN motif and should also display high affinity for Cu'. Cu"
affinities of previously studied model peptides hCtrl;ss and
hCtrli.14, °K74=2.6x108 and 1x101! M-, respectively, 820 are
much lower than that reported for HSA, ¢K;4=1x1012 M- at pH
7.4.21 The stronger affinity of the HSA ATCUN site brings the
transfer of Cu"ions from HSA to hCtrl into question. Contrary
to these reported affinities, a recent study of Cu' binding to
hCtrl,.; yielded the rigorously established ©K;4=1.3x1013 M-},
being the first piece of data supporting a stronger affinity for
the hCtrl ATCUN site, and thus a rationalization for a
thermodynamically favourable Cu' transfer from HSA to

Table 1. Protonation and stability constants (logB values) for hCtrl; 4 (L) and its Cu"
complexes at | = 0.1 m (KNO3) and 25 °C. Standard deviations on the last digits are given
in parentheses. See text for description of coordination modes.

Coordination

Species Logf pK Assignment

mode
HiL 43.20(1)  2.92 Asp2/13
Hel 40.27(1)  4.03 Asp2/13
HsL 36.24(1) 5.78 His3/5/6
Hal 30.46(1) 6.23 His3/5/6
HsL 24.23(1) 6.93 His3/5/6
HoL 17.30(1)  7.46 N™ of Met1
HL 9.84(1) 9.84 Tyril
N°™ of Met1, His3,
CuHiLl  35.37(2) 2N20
Asp2
CuHsL 31.62(1) 3.67 Asp13 2N20
N, N,
CuH.L  27.04(1) 446 4AN*
reprot. Asp2/13
CuHL 21.64(1) 4.88 redeprot. Asp2/13 AN*
CulL 15.37(1) 5.85 His5/6 4N
CuHaL  8.25(1) 6.84 His5/6 4N
CuHoL  -1.74(1)  10.04 Tyrll 4N
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Fig. 2. pH dependence of the formation of Cu" complexes with hCtrl;.,, model peptide
(MDHSHHMGMSYMDS-am) (A) Species distributions of Cu" complexes of hCtrl,,
calculated for concentrations used in UV-vis and CD titrations (0.6 mM peptide and 0.5
mM Cu") using stability constants from Table 1. The common scale left-side axes
represent Cu" molar fractions. Cu'" species are color-marked as described in the Figure.
The orange dotted line shows the sum of 2N20 complexes and a blue dashed line the
sum of 4N complexes (ML, MH 4L, MH,,L). The right-side axes provide absorbance, and
ellipticity obtained in spectroscopic experiments: brown squares, Agso; blue circles 6 4gs.
UV-vis (B) and CD (C) titrations of the solution of 0.6 mM hCtr1;.;,and 0.5 mM Cu' coded
with rainbow colors from red (the lowest pH 2.1) to navy (the highest pH 11.5). The
directions of spectral changes are marked by arrows.

hCtr1.22 The minimalism of the hCtr1i.3 model, which contained
only three first amino acids necessary to create the ATCUN
motif, may not sufficiently reproduce the Cu" binding properties
of the hCtrl domain. Further, the previously-determined
affinities of hCtrl;.14 and hCtry.ss peptides for Cu' were reported
as conditional values and explicitly did not account for the
interference of buffer and other solution components.820
Therefore, we decided to re-evaluate the Cu" affinity of the 14
amino acid peptide in the absence of interfering solution
components. This hCtri.14 peptide is expected to perform as a
better model of the extracellular N-terminus of hCtrl than
hCtrl;.3 due to the presence of additional Cu-binding groups
that are adjacent to the ATCUN site, including His5, His6, and
Asp13 (see Fig. 1 for sequences). We also attempted to estimate
the rate of Cu'' transfer from HSA to hCTR11.14.

We employed potentiometry to obtain pK, values of the
hCtrl;.14 residues, which are presented in Table 1. The Asp

This journal is © The Royal Society of Chemistry 20xx
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residues released the proton at the most acidic pH, with an
average of pK 3.5 0.6, followed by His residues, with an
average pK, of 6.3 +0.6. These values are consistent with
previously reported data for these residues in other
peptides.2324 The N-terminal amino group is deprotonated with
a typical pK,, very similar to that in hCtrl;.3.22 As expected from
previous studies of tyrosine-containing peptides, the highest
pKa, 9.8 was determined for Tyr11.14.23.24

The pH dependence of Cu' binding to hCtrl, presented in Fig. 2,
revealed that all coordination changes occur below pH 7.4. After
the formation of Cul species, at neutral and basic pH the ATCUN
4N coordination mode dominates, as evidenced by its spectral
parameters presented in Supporting Information, Table S1.
They are in a good agreement with those obtained for the
hCtrl,.; peptide.?2 Further deprotonations of one of the His
residues (His5/6) and Tyrll (formation of CuH_;LH and CuH.L
species, respectively) did not influence the Cu" coordination.
Thus, just the first three amino acids are responsible for Cu"
binding at pH 7.4. This pH is characteristic for the extracellular
space, where the N-terminal domain of hCtr1 is mainly present
due to the exclusive localization of hCtrl in the plasma
membrane.?> As a consequence, the Cu'-ATCUN complex is
likely to be the principle physiological form of Cu'-hCtr1.

hCtrl has been found to be localized also in the intracellular
compartments including lysosomes,2*> where pH is acidic, even
lower than 5.26 Our experiments revealed that Cu" coordination
to hCtrl;.14 can be different at this pH. From pH 3.2—4.6, two
2N20 species, represented by CuH;L and CuHslL, are the
dominant Cu"-hCtrl;.14 species. The N-terminal amine, the His3
imidazole, and the Asp2 carboxylate oxygen participate in the
Cu" binding in these species. The Cu" coordination sphere is
complemented either by H,O (CuH4L with Aspl3 protonated
and CuHsL with Asp13 deprotonated) or by deprotonated Asp13
carboxylate (for CuHsL). The calculated spectra of these species
support this coordination (the UV-vis d-d band Amax at 610 nm
and the negative CD band at 299 nm, see Supporting
Information Fig. S1 and Table S1).27

Then, between pH 4.6-6.3, CuH,L and CuHL are the most
abundant Cu" species. Their spectra were significantly
overlapped with those of other complexes, therefore
potentiometric results were used to deconvolute them to
establish the coordination mode(s). The obtained spectra of
CuH,L and CuHL species were identical to each other and
significantly similar to the spectra of 4N complexes at pH above
7.4 (see Supporting Information Fig. S1), meaning that they
were generated by the same ATCUN motif. However, slight
changes in Amax and a noticeably lower intensity of the CuH,L
and CuHL spectra compared to previously described 4N
complexes at basic conditions result probably due to
interactions in the second coordination sphere. Therefore, we
distinguished Cu'-ATCUN complexes at basic and acidic
conditions, calling them 4N (Cul, CuH.L, CuH,L) and 4N*
(CuH,L, CuLH), respectively.

Despite the fact that the first three amino acid (ATCUN) residues
are mostly responsible for Cu" binding to hCtrl;.;4 around pH
7.4, the downstream residues could affect the affinity of this
complex. The close similarity of K74 value calculated here for

This journal is © The Royal Society of Chemistry 20xx

hCtrli.14 with that reported for Cu"-hCtry3, 1.0x1013 M1 vs.
1.3x1013 M- indicates that the impact of His5, His6 or Asp13 on
the affinity of the N-terminus of hCtrl to Cu" is very minor at
the pH of the extracellular space. The binding constant obtained
in this study for hCtrl;.14 is higher than that obtained previously
for the same model peptide, hCtrli.14, by the competition with
NTA in a 50 mM HEPES buffer.® HEPES is a weak Cu" chelator.28
It affects the stability constant determination by lowering the
free Cu?* concentration and by increasing the apparent Cu"
affinity of NTA via ternary complex formation.2! These effects
were not included in the previous analysis. By taking them into
account we calculated a correction factor of 2.24 log units,
elevating the recalculated log K value from ref. 7 from 11.0 £ 0.3
to 13.2 £ 0.3, in a perfect match with the potentiometric result,
13.0 £ 0.01 in log units.

The affinity constant calculated in this study for Cu"-hCtrl;.14 is
10 times higher than that reported for Cu'-HSA at pH 7.4, in
principle enabling the Cu''transfer from HSA to hCtrl. To prove
experimentally that this process can occur, we employed CD
spectroscopy to monitor the interaction between Cu'-HSA2l
and hCtrli.14, based on differences in intensities of the CT and
d-d bands for Cu'-HSA and Cu"-hCtrl1;.14. As shown in Fig. 3, the
addition of hCtrl;.14to Cu'-HSA caused the increase of intensity
of these bands. It resulted in the formation of Cu"-hCtrli.14 as
bands of Cu'-hCtrl;.;4 are more intense compared to those of
Cu'-HSA. The t1/; value of 16.2 + 0.8 min, as well as the transfer
degree of about 90% calculated for this process are consistent
with the difference of affinities of the respective Cu' complexes.
The direct Cu' transfer from HSA to hCtrli14 in a similar time
scale and with no intermediate species was also independently
confirmed by EPR (see Supporting Information Fig. S2).

To the best of our knowledge, these results provide the first
experimental evidence that HSA can directly deliver Cu'" to the
model peptide of the hCtrl N-terminus. Previously, only
suggestions were made, based on the comparison of Cu"
affinities of HSA and peptide models of hCtr122 or studies on
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Fig. 3. CD monitored reaction between Cu' bound to the ATCUN motif of human serum
albumin and the hCtrl,.,, model peptide (MDHSHHMGMSYMDS-am) The spectra were
collected every 5 min and their time order is coded with solid blue to green lines. The
spectra of Cu'(HSA) and Cu"(hCtr1,.14) are marked by dashed blue and dotted yellow
lines, respectively. The insert represents the kinetics of the studied reaction monitored
by changes of the intensities for the selected signals at 328 nm and 556 nm. The reaction
was performed for 0.4 mM concentration of HSA and hCtrl,,, related to the ATCUN
motif and 0.32 mM of CuCl, in 50 mM HEPES, pH 7.4.
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interactions between HSA and hCtrl model peptides, but in the
absence of Cu'.18

Extended X-ray absorption fine structure (EXAFS) spectroscopy
of Cu" bound to HSA, and hCtrl;.14 at pH 7.4 reveals that their
coordination environment is subtly different, as evidenced by
the EXAFS spectrum (Fig. 4 inset) and Fourier transform (Fig. 4).
While this data supports that both molecules bind Cu" through
ATCUN coordination and our results are in agreement with
other EXAFS spectra reported for this type of Cu' complexes,22.30
the subtle difference in coordination environment between
HSA, and hCtrl;.14 further supports the observed difference in
their Cu" binding affinities. The average Cu'-N distance for the
4N core is 1.96A.

) I
[ — HSA

1.2 hCtrlig 1
2, Cu—4N = 1
E AN =
= 3
@08 4
@
= e R
E 06 k(A =
e | Cu--(peptide backbone)
2 and Cu--(imidazole) i
@ 04 multiple scattering

0.2 -

Fig. 4. EXAFS spectrum (inset) andI EXAFS Fouri.er transformlof Cu" b.o.und to HSA (black
line), and Cu" bound to hCtrl,.,4 (blue dotted line). Samples were prepared as 0.6 mM
Cu' and 0.7 mM HSA in 20 mM HEPES, or 2.0 mM Cu" and 2.1 mM hCtrly.44in 50 mM
HEPES. Both samples were at pH 7.4.

Our results indicate that the ATCUN motif of the extracellular N-
terminus of hCtrl is the main anchoring site for Cu'" ions. It is
strong enough to collect Cu'" from HSA, that carries the
significant portion of exchangeable Cu" in the blood.3! The Cu"
binding at this site is potentially the first step of copper import
to the cell. Then, as shown previously, Cu' bound to the N-
terminus could be reduced to Cu' by physiological reducing
agents such as ascorbate®> or perhaps STEAP reductases3233 to
enable copper to move across the membrane, as in-principle
hCtrl is a Cu' transporter. Our in vitro study therefore provides
support for a mechanism of action of hCtrl which includes
direct transfer of Cu'' from extracellular copper carriers.
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