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extracellular Cu(Il) must be reduced prior to transport. Unlike yeast Ctr1, mammalian Ctr1 does not rely on any
known mammalian reductase. Previous spectroscopic studies of model peptides indicate that human Ctr1 could
serve as both copper reductase and transporter. Ctr1 peptides bind Cu(Il) at an amino terminal high-affinity
Cu(II), Ni(Il) ATCUN site. Ascorbate-dependent reduction of the Cu(Il)-ATCUN complex is possible by virtue of
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Copper transport an adjacent HH (bis-His), as this bis-His motif and one methionine ligand constitute a high affinity Ctr1
ATCUN Cu(I) binding site. Here, we synthetically varied the distance between the ATCUN and bis-His motifs in a series
bis-His of peptides based on the human Ctr1 amino terminal, with the general sequence MDHA,HHMGMSYMDS,

Ctrl where n = 0-4. We tested the ability of each peptide to reduce Cu(Il) with ascorbate and stabilize Cu(I) under
EXAFS ambient conditions (20% O,). This study reveals that significant differences in coordination structure and chem-
Reductase ical behavior with ascorbate and O, result from changes in the sequence proximity of ATCUN and bis-His. Pep-

tides that deviate from the native Ctr1 pattern were less effective at forming stable Cu(I)-peptide complexes

and/or resulted in O,-dependent oxidative damage to the peptide.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The copper transporter 1 protein (Ctr1), a member of the Ctr family of
conserved transmembrane copper transport proteins, is essential to eu-
karyotic life [1,2]. Ctr1 is principally responsible for acquiring extracellu-
lar Cu and transporting it through the plasma membrane into the cellular
cytoplasm [1]. Cellular copper acquisition, and thus Ctr1, is required for
sustaining the function of essential cuproenzymes, including copper-
zinc superoxide dismutase, cytochrome-c oxidase, lysyl oxidase, cerulo-
plasmin, dopamine [-hydroxylase, tyrosinase, peptidylglycine
monooxygenase, clotting factors V and VIII, angiogenin, and hephaestin
[3,4]. Ctr1 homotrimerizes in the plasma membrane to form a Cu(I)-se-
lective pore. Each Ctr1 monomer has three transmembrane domains,
an intracellular carboxy terminus, and an extracellular amino terminus.
The extracellular, amino terminal domain is largely unstructured, and
is presumably responsible for binding to copper and increasing its local
concentration at the extracellular side of the Ctr1 pore so that Cu(l) is
transported passively down its concentration gradient.
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Recent evidence demonstrates that the extracellular copper carrier,
human serum albumin, can directly interact with the Ctr1 amino termi-
nus [5] and can transfer Cu(ll) to the extracellular domain of human
Ctr1 [6]. The extracellular domain of human Ctr1 binds to Cu(II) with
an amino terminal high affinity Cu(II), Ni(II) (ATCUN) binding site, com-
prised of a histidine in the third position from the free amino terminus
[7-9]. A similar ATCUN motif comprises the high-affinity Cu(Il)-binding
site of human serum albumin.

Extracellular interaction between Cu(Il) and Ctr1 is unique to
humans and other metazoans, which contain high-affinity copper-
binding histidine-rich motifs in their extracellular domains [7,10]. The
presence of ATCUN and other histidine-rich motifs enables both high-
affinity Cu(II)-Ctr1 interactions and an increased Cu(I)-binding affinity
to human Ctr1 relative to Ctr1 found in other organisms. For example, it
has been found that human Ctr1 model peptide has a Cu(I) binding af-
finity that is by six orders of magnitude greater than that of yeast Ctr1,
which contain only Cu(I) specific, methionine-rich Cu(I) binding motifs
(i.e. Mets motifs) [11,12].

Despite its high affinity for Cu(II), human Ctr1 specifically transports
Cu(I) across the plasma membrane. Thus after receiving Cu(Il) from
human serum albumin, extracellular copper must be reduced to
Cu(l) before passing though the human Ctrl pore [1,13-16]. The
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mechanism of Cu(Il) reduction is unclear in mammalian cells. Unlike
yeast Ctr1, which requires the action of Fre1/2 iron-copper reductases
[13,17], human Ctr1 has no known dependence on a mammalian reduc-
tase. However, recent work with model peptides of the first fourteen
amino acids of the N-terminal Cu acquisition domain of human Ctr1
(Ctr1-14 peptide) suggests that human Ctr1 may coordinate to Cu(II)
in a manner allowing for its reduction by weak biological reductants,
like ascorbate (vitamin C) [7]. The hypothesis that Ctr1 may serve as a
copper reductase in the presence of ascorbate is further supported by bi-
ological evidence. For example, it is well known that the rate of cellular
copper uptake by Ctr1 and the total cellular copper load increase signif-
icantly in the presence of ascorbate [14,18,19].

The extracellular Cu acquisition domain of human Ctr1 possesses
two adjacent histidines (bis-His) in the fifth and sixth positions from
the amino terminus. In the native sequence of human Ctr1, the bis-His
motif is one amino acid away from the Cu(Il)-binding ATCUN motif.
This bis-His motif provides a high-affinity Cu(I)-binding site, which
has recently been characterized in the Ctr1-14 peptide [20]. The Ctr1-
14 peptide contains an ATCUN motif, a bis-His motif, and one of the
two human Ctr1 Mets motifs. When Cu(Il) is bound to the ATCUN site
of Ctr1-14, the bis-His motif facilitates the reduction of copper by ascor-
bate, and forms a relatively stable Cu(I)-peptide complexes under am-
bient conditions (approximately 20% O,) [7]. The pseudo-tetrahedral
2N(imidazole), 1S(Met), 10(backbone) Cu(l) coordination of the bis—
His and one Met reported for Ctr1-14 is proposed to be an intermediate
in Ctr1 Cu transport, following Cu(Il) reduction, and preceding 3S(Met)
coordination in the Ctr1 pore [16,20].

The reduction of copper and stabilization of Cu(I) in the presence of
extracellular O, may be a critical function of human Ctr1 in certain tis-
sues where extracellular O, is abundant. Although other Cu(Il)-
ATCUN peptides are known to catalyze the copper-dependent oxidation
of ascorbate, ATCUN-only peptides do not form stable Cu(I)-peptide
species in the presence of oxygen [21]. In the case of Ctr1-14, the bis-
His sequence adjacent to the Cu(Il)-ATCUN site provides a high-
affinity Cu(I) binding site which presumably increases the potential of
the Cu? /' cycle, allowing Cu(Il) to be reduced by ascorbate and stabi-
lized as Cu(I)-peptide species [7].

The Ctr1 ATCUN and bis-His motifs are conserved across many
metazoan species; however, the sequence proximity of ATCUN and
bis-His is variable among these species. Some mammalian proteins
also contain ATCUN and bis-His sequences in close proximity. For exam-
ple, the human salivary Histatin 5 peptide and the truncated
Alzheimer's disease APR4-42 peptide each contains an ATCUN and bis—
His motif separated by three and six amino acids, respectively [22-25].
ATCUN and bis-His motifs have been individually characterized in
other systems, yet the interplay of ATCUN and bis-His muotifs in control-
ling copper redox chemistry has not been previously investigated.

What, if any, role might the proximity of the ATCUN and bis-His site
play on the copper redox chemistry of Ctr1 model peptides? This question
prompted us to investigate how the proximity of the ATCUN and bis-His
motifs might affect the previously-demonstrated reduction of Cu(Il)-
Ctr1-14 complexes with ascorbic acid under ambient conditions [7]. To
determine the role, if any, that the proximity of the ATCUN and bis-His
site play on the redox chemistry of copper we examined a number of

Table 1
Ctr1-14 model peptide and variants with serial increase in the number of Ala
(A) between the Cu(Il)-binding ATCUN site and the bis-His site.

Peptide name Amino acid sequence

Ctr1-14 MDHSHHMGMSYMDS
CtrAo MDHHHMGMSYMDS
CtrA; MDHAHHMGMSYMDS
CtrA, MDHAAHHMGMSYMDS
CtrAs MDHAAAHHMGMSYMDS
CtrAy MDHAAAAHHMGMSYMDS

Histidines (H) are bolded. ATCUN and bis-His motifs are underlined.

peptides based on the native Ctr1-14 peptide sequence. Presented herein,
is a series of peptides having the general formula MDHA,HHMGMSYMDS
(designated CtrA,; n = 0-4, Table 1). We examined each peptide's ability
to reduce Cu(lI) to Cu(I), and subsequently stabilize Cu(I) in the presence
of ascorbate under ambient conditions (20% O). This study reveals that
significant differences in Cu(I) coordination structure result from changes
in the relative proximity of the ATCUN and bis-His. These changes culmi-
nate in a spectrum of chemical behavior with ascorbate and O,. We find
that peptides that retain the native one-amino acid spacing between
ATCUN and bis-His facilitate reduction and protect the peptide against
oxidative damage. Peptides which deviate from the native Ctr1 pattern
lose the ability to facilitate copper reduction and/or are subjected to O,-
dependent oxidative damage upon reaction with ascorbate.

2. Experimental section
2.1. Peptide synthesis and purification

Model peptides based on the first fourteen amino acids of the extracel-
lular N-terminal domain of Ctr1 (Ctr1-14: MDHSHHMGMSYMDS, and
CtrA,, series: MDHA,,HHMGMSYMDS, where n = 0-4) were synthesized
on a Protein Technologies PS3 automated peptide synthesizer on Rink
Amide MBHA Low Loaded Resin (Protein Technologies) on a 0.2 mmol
scale. Couplings of standard 9-fluoromethoxy-carbonyl (Fmoc)-protected
amino acids (Chem-Impex) were achieved using HCTU (O-(6-
chlorobenzotriazol-1-y1)-N,N,N',N'-tetramethyluronium hexafluoro-
phosphate, Protein Technologies) in the presence of NMM (N-
methylmorpholine, Sigma-Aldrich) in DMF (N,N-dimethylformamide,
Protein Technologies) for 10 min cycles. Fmoc deprotection was achieved
with 20% piperidine in DMF. The N-terminus was left as the free amine.
Side chain deprotection and peptide cleavage from the resin were
achieved by treating the resin-bound peptide with 7-10 mL of a solution
of 95% trifluoroacetic acid (TFA), 2.5% ethane dithiol (EDT), and 2.5%
triisopropylsilane (TIS, Sigma-Aldrich) for four hours under N,. An addi-
tional 150 pL of EDT and 130 pL of bromotrimethylsilane (TMSBr,
Sigma-Aldrich) were added during the last 30 min to minimize methio-
nine oxidation and to scavenge carbocations. A stream of N, was used
to evaporate TFA to a volume of about 2 mL. Peptides were precipitated
and washed three times with 10 mL diethyl ether (Sigma-Aldrich). Pep-
tides were air-dried and then purified by preparatory reverse-phase
HPLC on a YMC C18 Column with a linear gradient from 7-97% acetoni-
trile in water, with 0.1% TFA. Purity was validated to >95% by analytical
HPLC, and the mass of the peptide was confirmed by ESI-MS. Ctr1-14 pep-
tide: Calculated m/z, where z = 2, (Peptide + 2H™") 818.23. Found m/z
(Peptide + 2H™) 818.49.

2.2. Preparation of stock solutions

Stock solutions of peptides were made by dissolving lyophilized pep-
tide in 1 mL of Nanopure water. Concentration was determined using the
Edelhoch method [26]. In short, 5-10 L of peptide stock was diluted in
1 mL of Nanopure water to get a UV absorbance between 0.1 to 1 absor-
bance unit at 280 nm. Absorbance of amino acid side chains, in this case,
only tyrosine, at 276, 278, 280, and 282 nm was measured and the total
concentration of peptide was determined using estimated extinction co-
efficients of tyrosine at these wavelengths [26]. Peptide stock solution
was stored in sealed containers in a N, environment. Copper(1I) stock so-
lutions were prepared by dissolving copper sulfate (Cu(Il)SO4, Sigma) in
Nanopure water. Cu(1I) stock solution was standardized by EDTA titration
in an ammonium buffer to a murexide endpoint. Copper(I) stock solutions
were prepared fresh daily by dissolving tetrakis(acetonirile)copper(I)
hexafluorophosphate ([Cu(CH35CN)4|PFg, Sigma-Aldrich) in anhydrous
acetonitrile (Sigma-Aldrich) under a N, atmosphere using a Coy anaerobic
chamber. Copper(I) stock solutions were standardized by titrating
aliquots of stock solution into an excess of the chromophoric ligand
anion bicinchoninate (BCA, Sigma) in degassed, Nanopure water.
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Concentration was determined from the absorption of the Cu(I)(BCA),
complex (A\max = 562 nm, € = 7900 M~ 1) [27].

2.3. Preparation of Cu-peptide complexes

All solutions were generated at Cu:peptide ratio of 0.8:1, unless
stated otherwise. Our peptide stock concentrations are determined
using estimated [26] extinction coefficients, thus a 25% excess of peptide
is deliberately added to Cu-peptide mixtures to avoid excess Cu(Il) in
solution. Peptide:copper stoichiometry is 1:1 in the solutions used
here according to our previously published data [20].

Cu(Il)-peptide complexes were generated by combining Cu(II)SO4
stock solution with the peptide stock solution in Nanopure water buff-
ered at pH 7.4 with 50 mM HEPES unless stated otherwise.

Cu(I)-peptide complexes were generated under anaerobic
atmosphere in degassed Nanopure water. A stock solution of
[Cu(I)(CH3CN)4|PFs was combined with the peptide stock solution,
buffered at pH 7.4 with 50 mM HEPES unless stated otherwise.

2.4. Reaction of peptide-Cu(Il) complex with ascorbate

A solution of L-ascorbic acid (prepared fresh daily) was added to
buffered Cu(Il)-peptide solutions (described above). Buffer concentra-
tion is at least 50 times excess of ascorbic acid added, and pH did not
change significantly before and after the addition of ascorbic acid.
Upon the addition of 1 mM ascorbic acid to 50 mM pH 7.4 buffer, ascor-
bate will predominate. In the case of oxygen-free reaction, peptide-
Cu(Il) and ascorbic acid solutions were degassed prior to mixing.

2.5. Anaerobic manipulations

Anaerobic reactions and manipulations were performed under N,
atmosphere in a Coy anaerobic chamber (O, <3 ppm) or with anaerobic
cuvettes fitted with screw-cap septa, and degassed with Nj.

2.6. UV-vis spectroscopy

Absorption spectra were recorded in 1-cm quartz cuvettes on an SI
Photonics (Tucson, AZ) model 420 fiber optic CCD array UV-vis
spectrophotometer.

2.7. EPR spectroscopy

X-band electron paramagnetic resonance (EPR) data were acquired
using quartz EPR tubes and a Bruker EMX spectrophotometer with the
following parameters; frequency 9.43 GHz, modulation 0.5 mT, center
field 310 mT, sweep width 150 mT, sweep time 30 s, receiver gain
30 dB, microwave power 0.2 mW. All the spectra were recorded at lig-
uid nitrogen temperature and samples containing 10% (v/v) glycerol.

2.8. Cu K-edge X-ray absorption spectroscopy

Data were collected on beamline X3b at the National Synchrotron
Light Source (Brookhaven National Laboratories; Upton NY). Samples
were maintained at 25 K throughout data collection by the use of a
closed cycle helium cryostat. Light was monochromatized using a
Si(111) double crystal monochromator and focused with a low angle
Ni mirror, which was also used for harmonic rejection. All data are re-
ported as fluorescence data, which were collected using a Canberra 31
element solid-state Ge detector with a 3-pm thick Ni-foil filter placed
between the detector and sample. Count rates were maintained under
25 kHz per channel. Energies were calibrated against the spectrum of
a Cu-foil (first inflection point assigned to 8980.3 eV), which was re-
corded simultaneously during data collection. Data were collected in
5 eV steps from 200-20 eV below the edge (averaged over 1 s), 0.3 eV
steps in the edge region (20 eV below the edge to 30 eV above the

edge; averaged over 3 s), 2 eV steps from 30-300 eV above the edge
(averaged over 5 s), and 5 eV steps from 300 eV above the edge to
14 k (averaged over 5 s). Although no photoreduction was observed,
after every scan the X-ray beam was moved to an unexposed spot on
the sample. The reported data represent the average of 10 individual
data sets. Spectra from individual detector channels were inspected
prior to data averaging, and known monochromator glitches were re-
moved. Data were worked-up and modeled using EXAFS123 [28] and
FEFF 7.02 [29], as previously described [20,30]. Phase (o) and amplitude
functions (f) and multiple scattering functions were constructed for
both the Cu-imidazole, and Cu-imidazole moieties to isolate the trans
imidazoles from the mono-imidazole. Refinements are based on unfil-
tered k* data over the range k = 2-14 A=,

3. Results

The series of CtrA,, peptides based on the sequence of the first 14
amino acids of human Ctr1 were synthesized (Table 1). The native-
sequence peptide, Ctr1-14, has been investigated previously [5,7,20].
This native-sequence peptide contains the ATCUN and bis-His motifs
discussed above, which participate in Cu(Il) acquisition from human
serum albumin and copper reduction in the presence of ascorbate.
Ctr1-14 also possesses a Mets-motif, but Mets-motifs in human Ctr1l
are not the predominant Cu-binding motifs as they are in yeast Ctr1
[7,11,12,20]. In this study, we focused on the question of how sequence
proximity between the ATCUN and bis-His motifs affect the ability of
Ctr1 model peptides to facilitate copper reduction by ascorbate. To in-
vestigate this question, we synthetically varied the distance between
that native ATCUN and bis-His motifs (underlined in Table 1) using
0-4 alanine insertions and tested each peptide's ability to reduce
Cu(Il) and stabilize Cu(I) in the presence of ascorbate, at pH 7.4, under
ambient conditions (approximately 20% O5).

3.1. Reaction of Cu(Il)-peptide with ascorbate and dioxygen

Peptide-Cu(Il) complexes were generated in HEPES buffer at pH 7.4
under ambient conditions. Each peptide in the CtrA, series displays a
band at 525 nm with an extinction coefficient of 100 M~ ! cm™! (Fig.
1). This band is characteristic of the 4N coordination environment of
Cu(Il) by the ATCUN motif, and indicates that all peptides in the CtrA,, se-
ries coordinate Cu(II) in a similar coordination environment [9]. EPR spec-
troscopy data support the assignment of 4N ATCUN coordination, as is
expected for Cu(II)-ATCUN (see supplementary information (SI), Fig. S1).

Upon the addition of 1 M equivalent of ascorbate, time-dependent
changes in the UV-vis features are observed (Fig. 1). In the case of
Cu(Il)-Ctr1-14 complex (Fig. 1 A), the addition of ascorbate results in
a steady decrease in the UV-vis absorption band at 525 nm, as reported
previously under nearly identical conditions [7]. The Ctr1-14 peptide
binds to both Cu(Il) and Cu(I) with high affinity, therefore the decrease
in the Cu(II)-ATCUN d-d band at 525 nmiis indicative of Cu(II) reduction
and formation of Cu(I)-peptide. The assumption that decrease in absor-
bance at 525 nm indicates formation of Cu(I)-peptide is further sup-
ported with EPR spectroscopy (see SI, Fig. S1).

It was previously determined that the bis-His motif in Ctr1-14 is re-
quired for reduction of Cu(Il)-Ctr1-14, as observed in Fig. 1A. Since all
peptides in the CtrA, series also possesses a bis—His motif, we initially
expected that upon addition of ascorbate, a time-dependent decrease
in the 525 nm Cu(II)-ATCUN feature would be observed for all CtrA,
peptide-Cu(Il) complexes. This is the case for two of the peptides (Fig.
1, C (CtrA;) and D (CtrA,)). However, a new feature begins to appear
near 400 nm in the case of CtrA,.

In contrast, very little change is observed in the UV-vis spectrum
upon addition of ascorbate to solutions of the CtrA, peptide-Cu(Il) com-
plex (Fig. 1, B). This CtrAg peptide behaves as if the bis-His motif were
not present and resembles previously-characterized ATCUN-only pep-
tides in that the Cu(II)-ATCUN complex is not significantly reduced by
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Fig. 1. Time-dependent UV-vis spectra of ascorbate reaction with Cu(Il)-peptide complex under ambient conditions (20% O,) and monitored over 1 h. Solutions are 1 mM peptide, 0.8 mM
Cu(II), and 1 mM ascorbic acid, buffered at pH 7.4 with 50 mM HEPES under ambient atmosphere (20% O,). Peptide sequences are shown in Table 1 and are labeled in this figure. All initial
spectra at T = 0 have Njax at 525 nm, indicating Cu(II)-ATCUN 4N coordination. Changes in spectra upon addition of ascorbate are indicated with arrows.

ascorbate [7,21]. In the case of the CtrA; and CtrA,4 peptides, the initial
reduction is observed in the Cu(II)-ATCUN band at 525 nm, followed
by the appearance of the new feature near 400 nm (Fig. 1, E (CtrAs)
and F (CtrA,4). Control experiments were done under excess peptide
and different buffer conditions to ensure that the features observed
near 400 nm were not a result of excess copper in solution or due to
side-reactions of the HEPES buffer, and to demonstrate that the species
corresponding to the 400 nm band is due to the copper-peptide com-
plex (SI, Figs. S2 and S3).

Ascorbate-mediated reductions of the CtrA,-copper complex under
similar conditions, yet in anaerobic atmosphere, demonstrate that for-
mation of the species producing the 400 nm band is O,-dependent (SI,
Fig. S4). The species corresponding to the 400 nm band are, however,
produced under anaerobic conditions in the case that both ascorbate
and H,0,; are present (SI, Fig. S4). The species contributing to absor-
bance near 400 nm is also acid-labile (SI, Fig. S5). These observations
are all characteristic of Cu(Il)-peptide complexes which react through
intermediates involving Cu(Ill) contained within ACTUN-like environ-
ments [21,31-34].

Margerum and coworkers have shown that Cu(Il)-ATCUN complexes
can undergo reaction with a combination of ascorbate and H,0, to pro-
duce Cu(Ill)-ATCUN peptides. The spectral changes shown in Fig. 1E
are strikingly similar to those reported for Cu(lll)-peptides. These
Cu(Ill)-peptide intermediates give intense absorption at 396 nm and un-
dergo rapid oxidative degradation to form a-hydroxyhistidyl peptides,
which dehydrate to form a,p-dehydrohistidyl peptide derivatives [21,
32]. The Cu(Il) complexes of dehydrated peptide derivatives have in-
tense absorptions between 430 and 460 nm [21], but absorption features
of a-hydroxyhistidyl peptides bound to Cu(II) are not reported.

We analyzed the metallopeptide-based oxidation products using
ultra-high performance liquid chromatography, tandem photodiode
array, tandem mass spectrometry (UPLC-PDA-MS) following the reac-
tion of the CtrA,-copper metallopetides with ascorbate under aerobic
conditions in order to determine the nature of the species absorbing
near 400 nm (Fig. 1) in our reaction solutions. Upon the separation
and subsequent analysis of reaction products by UPLC-PDA-MS, we
identified a species having the mass of Cu(Il)-peptide plus oxygen, in-
dicative of the oxidized metallopeptide (SI, Fig. S6). This species has a
strong UV-vis absorbance at 412 nm and a weaker absorbance at
520 nm. Under acidic conditions, Cu(Il) coordination is lost and a

species consistent with the mass of peptide plus oxygen was observed
with strong absorbance at 390 nm. We conclude from these data (see
SI, Fig. S6) that the band near 400 nm, observed in Fig. 1 indicates oxida-
tive damage to the peptide. These results are consistent with the oxida-
tion of the peptide through the initial generation of Cu(lll)
intermediates. Unlike other reports [21,31,32], we did not observe al-
kene peptide products in our UPLC-PDA-MS results. We did, however,
observe minor amounts of peptide species with multiple additions of
oxygen. These products had similar absorbance spectra to the mono-
oxidized peptide (SI, Fig. S6).

Fig. 1 shows that reactivity of Cu(Il)-peptide with ascorbate under
ambient conditions depends on the sequence proximity between the
bis-His and ATCUN motifs. The CtrA, gives no observable change in
Cu(Il) oxidation state. CtrA, and CtrAs peptides produce a distinct
band near 400 nm, indicating O,-dependent oxidative damage to the
peptide. A significant observation is that peptides which retain the na-
tive sequence Ctr1 spacing of 1 amino acid between ATCUN and bis-
His are able to facilitate the reduction of Cu(Il) to Cu(l), stabilize
Cu(I) under aerobic conditions, and also may protect the peptide from
oxidative damage.

3.2. Sequence-dependent changes in Cu(I) structure

The difference in reactivity observed here among the CtrA, series
Cu(Il)-peptide complexes may be explained by structural differences in
copper binding sites, specifically differences among the Cu(I) binding
sites of each peptide. We focused on comparing the Cu(I) structure of
two peptides that represent opposite ends of the spectrum of reactivity:
Ctr1-14, which best stabilizes the Cu(I) oxidation state, and CtrAs,
which produced the greatest degree of aerobic oxidative damage follow-
ing the reduction of the copper center.

The structure of Cu(I) binding to Ctr1-14 model peptide was recently
reported as a N,OS coordination site [20]. However, XAS studies of the
Cu(I) bound to the CtrAs peptide demonstrate that it contains Cu(I) in
a coordination environment that is distinct from the Cu(I) adduct of
Ctr1-14. The XANES region of the Cu K-edge X-ray absorption spectrum
of Cu(I)-CtrAs is consistent with a three coordinate distorted T-shaped
environment about Cu(I). Analysis of the EXAFS region of the Cu K-edge
spectrum supports this formulation (Fig. 2). The data is best modeled
with two imidazole N-atom donors at 1.99 A, which are trans to one
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Fig. 2. Left: XANES region of the Cu K-edge XAS spectrum of Cu(I)-CtrAs. Right: Magnitude Fourier Transformed k> EXAFS spectrum of Cu(I)-CtrA; depicting the experimental data (red
solid spectrum), simulation to the EXAFS data (dashed blue spectrum), and difference spectrum (dotted green spectrum). Inset: k> EXAFS spectrum of Cu(I)-CtrA; depicting the
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another, and a longer imidazole N-atom donor at 2.04 A. Thus, the addi-
tion of the three Ala spacer between H3 and H5 dramatically alters the
coordination geometry about Cu(I). In the case of CtrAs, the methionine
ligand has been lost, while all three histidine residues are now coordi-
nated to the Cu(I)-center (Fig. 3).

The two Cu(I) coordination environments in Ctr1 and CtrAs are pre-
dicted to demonstrate different reactivity with O, due to differences in
coordinate bond covalencies and steric bulk about the Cu(l) center
[36,37]. The 4-coordinate quasi tetrahedral N,OS center of Ctr1-14 is ex-
pected to be less reactive with O, than the distorted T-shaped 3N coor-
dination provided by CtrAs. As part of our analysis, we examined the
relative behavior of Cu(I)-peptide complexes upon exposure to ambi-
ent atmosphere (~20% 0,). The Cu(I)-CtrA; complex oxidized
completely to Cu(Il)-CtrAs within 20 min of standing in ambient atmo-
sphere, where the Ctr1-14 peptide became fully oxidized after approx-
imately 2 h (SI, Fig. S7).

4. Discussion

The amino-terminal domain of human Ctr1 contains two important
histidine motifs that are involved in acquiring and reducing copper prior
to transport through the Ctr1 pore. The Ctr1 ATCUN motif, described
above, enables Ctr1 to thermodynamically compete for Cu(Il) with
human serum albumin. In fact, both Ctr1 and human serum albumin
proteins contain ATCUN sites with similar thermodynamic binding con-
stants for Cu(Il) (approximately 1 pM affinity) [7,38]. Cu(Il) bound at

Ctr1-14

CtrA;

Fig. 3. Left: The structure of Cu(I) bound to Ctr1-14 [20] is 4-coordinate N,OS with quasi
tetrahedral geometry. Right: Structure of Cu(I) bound to CtrA; peptide is 3N(imidazole)
with distorted T-shaped geometry.

the ATCUN site in Ctrl1 peptides can be reduced by ascorbate and
transferred to an alternate site comprised of two adjacent histidines
(bis-His) and one methionine. This binding site has a high affinity for
Cu(I) (0.1 pM affinity). It is noted that the presence of the bis-His is re-
quired for copper reduction. Upon reduction, Ctr1 peptides form rela-
tively stable peptide-Cu(I) species, even under aerobic conditions [7].

Here we investigated the CtrA,, series of model peptides. Each of the
CtrA,, peptides coordinates Cu(Il) using the high-affinity ATCUN motif.
Alteration of the proximity between the ATCUN and bis-His motifs re-
sults in a spectrum of reactivity. Upon the reaction with ascorbate
under aerobic conditions, Cu(Il) complexes of the native-sequence
Ctr1-14 peptide and the CtrA; peptide facilitate the reduction of copper
and form Cu(I)-peptide complexes. Variations in the one amino acid
spacing between the ATCUN and bis-His motifs yield differential
Cu(II) reactivity. Elimination of the spacing between the ATCUN and
bis-His motifs (CtrAg) prevents the reduction of the Cu(Il)-
metallopeptide complex. Increasing the spacing between the ATCUN
and bis-His motifs (CtrA,-CtrA,4) results in the oxidative damage of
the peptide.

The mechanism by which ascorbate and dioxygen or hydrogen perox-
ide ultimately oxidize the peptide is uncertain. Oxidation of peptide may
occur as a result of Cu(Ill) intermediates, which then degrade by mecha-
nisms reported by McDonald and coworkers to form oxidized peptide
products [35]. Cu(Ill) intermediates could be produced by either one-
electron oxidation of Cu(Il) by peroxide, as reported by Mylonas and
coworkers [33], or by two-electron oxidation of Cu(I). Alternatively, the
reaction of Cu(I) with oxygen species may produce reactive oxygen spe-
cies which subsequently oxidize peptides. The production of reactive ox-
ygen species by oxidation of Cu(l) is not mutually exclusive with the
production of Cu(IIl) species.

All peptides in the CtrA, series coordinate Cu(II) similarly through
ATCUN coordination according to UV-vis and EPR data (Figs. 1 and S1),
but this fact does not preclude involvement of distal axial ligands or sec-
ondary coordination sphere differences, which may affect Cu(II) reactiv-
ity. Alternatively, differential structure of the reduced Cu(I) centers in
various peptides could influence reactivity with O,. We have shown
that Cu(I) coordination is significantly influenced by the variation in se-
quence between the two cases of Ctr1-14 and CtrAs; peptides. Therefore,
differences in Cu(I) structure may explain differences in metallopeptide
reactivity.

In the case of the CtrA, peptide, lack of metallopeptide reduction is
likely due to the inability of the two histidine imidazoles to effectively
coordinate to the copper center and subsequently stabilize the
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Cu(I) oxidation state. In contrast, the CtrA,-CtrA4 peptides, with the
greater degree of flexibility between the ACTUN and bis-His motifs
allow for the 3N coordination environment about Cu(I), which subse-
quently promotes O, reactivity. It is only in the peptides with the one
amino-acid spacing between the ACTUN and bis-His motif that
Cu(I) can be both generated and stabilized.

The specific relationship between ATCUN and bis-His motifs in
human Ctr1 model peptide facilitates Cu(II) reduction by ascorbate
and stabilizes Cu(I), thus protecting against reaction with O,. We pro-
pose that Ctr1 methionine coordination in the native sequence prevents
3N coordination and forces a quasi-tetrahedral environment, with one
methionine ligand, that is critical in preventing bound Cu(Il) from
reacting with O,, and preventing oxidative damage to the peptide.
Met thioether coordination likely stabilizes the Cu(I) oxidation state
within Ctr1 as it yields a soft donor to the soft Cu(I) Lewis acid center.
These data therefore suggest that specific patterns of combined methi-
onine and histidine amino acids act as modulators of copper redox
chemistry.

Alteration of the proximity between the ATCUN and bis-His motifs
results in a spectrum of reactivity ranging from no change in the
Cu(II)-ATCUN complex to formation of either stable Cu(l)-peptide
species or reactive species that subsequently result in oxidative damage
to the peptide. It is apparent from this work that a sequence spacing of
one amino acid between ATCUN and bis-His is ideal for meeting the
reductase-like and copper-transport requirements of Ctr1. The specific
relationship between ATCUN and bis-His motifs in human Ctr1 model
peptide facilitates Cu(ll) reduction by ascorbate and stabilizes
Cu(I) while protecting against oxidation of the peptide. Variation
of the native Ctr1 spacing between ATCUN and bis-His in the CtrA,
series studied here reveals that reductase properties can be lost and/
or aberrant oxidative chemistry can result.

These data therefore demonstrate that the amino acid sequence can
be used to tune the Cu redox chemistry, ranging from net reduction to
net oxidation of the metallopeptide complex. Histidine and methionine
sequences are a major determining factor governing the ultimate fate of
Cu-peptide complexes upon reaction with biological reducing agent
(ascorbate) and oxidizing agent (O,). This paper represents our first
steps toward understanding how amino acid sequence controls
Cu redox chemistry, with important implications in the biological
trafficking and reactivity of copper.

5. Associated content
5.1. Supplementary information

EPR Spectra of Cu(Il)-CtrA,, series and of Cu(Il)-Ctr1-14 and Cu(lII)-
CtrAs reaction with ascorbate, ascorbate-dependent reduction of 2:1
peptide:Cu and 1:1 peptide:Cu in phosphate buffer, dependence of reac-
tion products on O, and H,0,, acid-sensitivity of 400 nm species, UPLC-
PDA-MS analysis of reaction products, and sequence-dependent rate of
Cu(I)-peptide oxidation.
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the ATCUN and bis-His motifs with n = 0-4 alanines (see
Table 1 for sequences).
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