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Unbound Position Il in MXCXXC Metallochaperone Model
Peptides Impacts Metal Binding Mode and Reactivity: Distinct
Similarities to Whole Proteins
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Abstract: The effect of position |1 in the binding sequence of copper metallochaperones,
which varies between Thr and His, was investigated through structural analysis and
affinity and oxidation kinetic studies of model peptides. A first Cys-Cu(l)-Cys model
obtained for the His peptide at acidic and neutral pH, correlated with higher affinity and
more rapid oxidation of its complex; in contrast, the Thr peptide with the Cys-Cu(l)-Met
coordination under neutral conditions demonstrated weaker and pH dependent binding.
Studies with human antioxidant protein 1 (Atox1) and three of its mutants where S
residues were replaced with Ala suggested that (a) the binding affinity is influenced more
by the binding sequence than by the protein fold (b) pH may play a role in binding
reactivity, and (c) mutating the Met impacted the affinity and oxidation rate more
drastically than did mutating one of the Cys, supporting its important role in protein

function. Position Il thus plays a dominant role in metal binding and transport.
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1. Introduction

Copper ions are found in all living organisms in two valence states: Cu(l) and Cu(ll), and
are involved in a variety of beneficial functions due to the metal redox reactivity.
Nevertheless, the rapid change between copper oxidation states may also produce toxic
reactive oxygen species (ROS) according to the Haber-Weiss reaction (Eq. 1).®
Therefore, copper ions in the biological environment are protected by binding proteins.
(1) cu* + H,0, == Cu** + OH + OH

Copper metallochaperone cellular proteins, such as the human cytoplasmic protein Atox1
or its yeast analogue Atx1, preclude harmful reactions by binding Cu(l) and inhibiting
oxidation to Cu(l1).®**® These proteins contain the conserved binding sequence
MH/TCX1X,C (single letter amino acid code, X represents any amino acid). Based on all
structures analyzed thus far, including dimers analyzed by X-ray'® and monomers

20-26

analyzed by NMR with Cys—Cu(l) binding constraints, these proteins were reported

to bind the metal ion via two thiolato groups of the soft cysteine residues;*>*> 1718
Additionally, positively charged Lys at position ~60 apparently neutralizes the resulting
negative ligated metal center.*® Interestingly, despite the highly conserved nature of the
Met residue in all proteins known from this family, and the high affinity of Cu(l) to S
ligands, Met participation in metal binding was never observed for Cu
metallochaperones; only its effects on protein hydrophobicity and flexibility have been

proposed 9,11, 20, 22, 27-29 d 27,30

although Met contribution to Cu(l) affinity was notice
Modeling chemistry is a widely used method to simplify the investigation of a biological
process.”® Peptides with the conserved binding sequence of copper metallochaperones

d,** as models for the natural system.*® *%® A peptide that

were previously investigate
included the Atx1 binding sequence with Thr at position Il was analyzed by NMR
without prior assumptions on metal binding mode, and showed that actually, the Met
residue bound the Cu(l) metal under acidic and neutral pH, along with only one thiolato
group of the proximate Cys in a pseudo linear coordination mode (M1 and C3; Figure
1a). However, under basic conditions the coordination changed to presumably give the
Cys,Cys coordination (C3 and C6; Figure 1b).3* A pH-dependent binding and release
mechanism was hypothesized to affect the ion transportation.®™ ¥ Nevertheless, when

position 1l in the model peptide was Asp as in the analogous Zn(Il) metallochaperone



ZntA,** ® the Asp residue bound the copper under both acidic and basic conditions®
even though the carboxylato group is a hard ligand that should not bind tightly soft
metals such as Cu(l); thus, position Il influenced the binding mode of the peptide by
participating in the coordination.

The human metallochaperone Atox1 delivers the Cu(l) metal ion to the trans-Golgi
copper transporters ATP7A and ATP7B by an unknown mechanism,'® ** dysfunction of
which induces Menkes and Wilson's diseases, respectively.'® “*" Affinity studies of
these proteins to Cu(l) showed that the ion transport to its target protein is driven by
gradient of affinities.!® These transporters contain six metal binding domains (MBDs)
where all, except the third domain, have Thr at position Il as in yeast Atx1 and human
Atox1, while the third domain has His at this position. The reason for this difference is
yet unknown, but the third domain has a dissociation constant that is higher by two orders
of magnitude than those of the other MBDs.°

It is thus of interest to evaluate the effect of residue His at position Il of the binding
sequence on metal coordination. Although the N donors of His are relatively hard ligands
for the soft Cu(l) metal, its binding could not be ruled out, especially considering the Asp
binding observed previously for the analogous model,®* and the binding of His to Cu(l) in
a related protein, CopZ, that includes His in its binding sequence.*® Therefore, herein we
investigated the structure and properties of a model peptide with His at position II, and
analyzed it together with its Thr analogue with otherwise identical sequence. The NMR
structure of the His model along with affinity and oxidation kinetic studies point to strong
influence of position Il on peptide reactivity, while demonstrating the first fully
determined Cys-Cu(l)-Cys model peptide obtained under neutral conditions.
Additionally, analysis of the wild type whole-protein Atox1 and three of its mutants

provided additional insights on the protein function.

2. Materials and Methods

2.1. General

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich. The peptides
were purchased from Biochimica Ltd. (Montreal, Quebec, Canada) or from JPT Peptide

Technologies GmbH (Berlin, Germany) with a purity of >95% by HPLC.



2.2. Sample Preparation for Structural Determination by NMR

The head-to-tail cyclic peptide with the sequence MHCSGCSRPG (5.0 mg, 5.0 pmol)
was dissolved in triple distilled water (TDW; 810 pL) and DO (100 pL) and the pH was
adjusted by using a stock solution of NaOH (0.1 M) and determined by pH indicator
sticks as 3.0, 6.7, 7.3 or 8.3. The solution was divided into two equimolar solutions; the
first was further diluted to a total volume of 500 pL with TDW (final peptide
concentration: 5 mM) and used as the apo-sample; the second was treated with a stock
solution of CuCl in TDW (45 uL, 56 mM) (final peptide and CuCl concentrations: 5 mM
each) representing the bound peptide sample.

Accurate-Mass Q-TOF LC/MS measurements were carried on an Agilent Technologies
6520 (mass accuracy <2.0 ppm) through direct injections. The samples were prepared
under conditions identical to those used for NMR measurements. The conditions included
a temperature of 350 K and a fragmentor voltage of 150 V. Theoretical m/z values:
1016.21 for peptide only (CsgHsiN15012S3), 1079.75 for peptide with copper ion
(CssHs9N15012S5Cu).

2.3. NMR structural determination

NMR experiments were performed on a Bruker Avance 600 MHz DMX spectrometer
operating at the proton frequency of 600.127 MHz, using a 5-mm selective probe
equipped with a self-shielded xyz-gradient coil at 20.0 + 0.1°C. The transmitter
frequency was set on the hydrogen-deuterium water exchange signal, which was
calibrated to 4.821 ppm. Correlation spectroscopy (COSY), total correlation spectroscopy
(TOCSY) MLEV-17 based two-dimensional homonuclear magnetization transfer
spectroscopy, using the MLEV-17 pulse scheme with 150 ms spin lock,*® and nuclear
Overhauser effect spectroscopy (NOESY) experiments with a mixing time of 150 mS,
were acquired under identical conditions for all samples.*®

Spectra were processed with TopSpin (Bruker Analytische Messtechnik GmbH) and
analyzed using SPARKY software.®® Resonance assignment followed the sequential
assignment methodology developed by Withrich.*® 3! Peak intensities were manually
assigned as strong (from the Van der Waals radius, 1.8 A — 2.5 A), medium (1.8 A - 3.5



A), weak (1.8 A — 4.5 A) and very weak (1.8 A — 5.5 A) with a +0.5 A error. The three-
dimensional structures of the peptides were calculated using XPLOR (version 3.856) by
hybrid distance geometry-dynamical simulated annealing.** The copper-sulfur bonds
were introduced using patches within XPLOR with the stated geometry. There were 50
initial structures. The NOE energy was introduced as a square-well potential. MolMol>?
was used to create final ensembles of structures. Low energy structures chosen for further
analysis had no NOE violations, deviations from ideal bond lengths of less than 0.05 A,
and bond angle deviations from ideality of less than 5°. Analyses and figures were made

using Chimera.*°

2.4. Protein Expression and Purification

Atox1 gene (gene ID 475) was purchased from IDT Ltd, codon optimized for bacterial
expression and containing flanking BamH1 and Xhol sites. The gene was sub-cloned
into pPETM11-Sumo3 vector (a kind gift from Dr. Huseyin Besir, Protein Expression and
Purification Core Facility, EMBL), between the BamHI and Xhol sites, to construct the
pETM11-Sumo3-Atox1 plasmid. Mutations were introduced by the Quikchange protocol
using codon-optimized primers.* The chimeric His-Sumo-Atox1 protein and the mutant
analogues were produced using auto-induced expression procedure as follows: pETM11-
Sumo3-Atox1/mutant plasmid was freshly transformed into Escherichia coli C41 cells
(Lucigen TM), and a single colony was used for initiating a 5 ml starter in LB at 37 °C
for 6 h. The starter growth was subsequently used for inducing 1L of growth in auto-
Induced media containing 100 uM kanamycin and formulated carbon sources according
to standard procedures.*® *°* Following 14 h of incubation at 37 °C at 220 rpm, cells
were harvested by centrifugation and stored at -80 °C. Cell pellet from 1 L culture, was
thawed on ice and re-suspend in 70 ml buffer A (25 mM HEPES pH 7.5 with 0.5 M
NaCl, 10% glycerol for all proteins except for M10A: 25 mM HEPES pH 7.5 with 0.5 M
NaCl, 20% glycerol, 0.5% zwittergent 3-14) supplemented with protease inhibitor
cocktail 1:200, 1 mM PMSF, 50 pg/ml Dnase I, and 0.2 mg/ml lysozyme. All procedures
were performed at 4 °C. Cells were lysed using a Micro-fluidizer (model M-110 EHIS;
Microfluidics Corp., Newton, MA) at 21,000 psi. Insoluble cell debris was removed from

the cell lysate by centrifugation at 4 °C for 15 min (15,000%g); the clear lysate was



filtered through a GF/D filter and followed by filtration using 0.45 um filter. The filtrate
supernatant was applied to a 4 ml Ni-Sepharose FF column (GE-Healthcare) in an AKTA
Explorer system (GE-Healthcare) at 4 °C, and protein was eluted with a step gradient of
imidazole in buffer A.

The fractions were analyzed on PAGE-SDS gel and OD280/260 profile, and fractions
containing high concentration of eluted protein were pooled and treated with Sumo
protease (2 pg-mL™) for 16 h at 4 °C to cleave off the His-Sumo fusion protein. Finally,
protein was precipitated with 90% ammonium sulphate (in order to concentrate the
protein and eliminate electrostatic interactions between SUMO and Atox1 after cleavage)
for 1 hr at 4 °C, spin 15min 13,000 rpm at 4 °C, pellet dissolved in minimal buffer, and
loaded on a 200 ml Superose 30 preparative column 100x1.6 cm (GE-Healthcare)
equilibrated in buffer containing 20 mM ammonium acetate pH 7.4 and 250 mM NacCl, at
4 °C. Eluted protein was pooled based on PAGE-SDS and OD280/260 profile.* Proteins
purities were confirmed by ESI-MS* after dialysis for 24 h (GeBA Ltd, cutoff 1kDa)
versus 20 mM ammonium acetate pH 7.4. In addition, inductively coupled plasma mass
spectrometry (ICP-MS) showed the presence of only trace amounts of copper in the
sample of Atox1 (<1%).

2.5. Cu(1)-DTT Complex Preparation

The Cu(1)-DTT complex was prepared as previously described,™ from Cu(OAc), (25 WL,
0.1 M) and DTT (75 uL, 0.1 M), diluted with 4 mL of the appropriate ammonium acetate
buffer (pH 7.4 or 8.5, measured by GLP21 CRISON pH meter; final concentration of the
complex is 0.61 mM).

2.6. Affinity Determination

Peptides: Each peptide was dissolved in the Cu(l)-DTT buffer solution (pH 7.4 or 8.5) to
achieve a final concentration of 0.62 mM of the complex. Finally, the solution was
diluted with buffer solution to a concentration of 0.16 mM. Proteins: After gel filtration,
proteins concentrations were determined by UV spectrometer at 280 nm OD (10-50 puM)

in 20 mM ammonium acetate buffer, pH 7.4. Half of each protein solution was adjusted



to pH 8.5 with diluted ammonium hydroxide. The solutions were diluted to a final
concentration of 10 uM and 1eq of freshly prepared Cu(l)-DTT solution was added.

The solutions were injected into electrospray ion source of an API2000 instrument
(Applied Biosystems) by a syringe pump at 10 pL-min™. The spectra were recorded for 5
min at the m/z range of 500-1800 Da with the following instrument parameters: ion spray
voltage 5500 V; curtain gas 10 L-min™’; declustering potential 40 V; focusing potential
350 V. First all solutions were tested in the absence of free DTT in order to determine the
complexation percentage. Increasing concentrations of free DTT were then added
separately and the solutions were incubated for 2 min at RT. Each sample was analyzed
by ESI-MS (see parameters above) and the intensities of the apo and holo peaks were

measured.

2.7. K4 Calculation - assuming 1:1 metal-DTT complexation (to verify reproducibility of
results)*®

Free metal concentration was calculated for each sample according to the known
procedure. In addition, for each sample Y, the fractional content of the complex was

calculated according to Eq. 1:

" v - Intensity 01
Intes Ity (holot+apo)

Free metal concentration was plotted against Y and fitted to a hyperbolic curve using
OriginPro8. The Ky value of a monomeric complexation mode equals the free metal

concentration where Y = 0.5.

2.8. K4 Calculation - considering oligomeric products of metal-DTT

In order to quantify dissociation constants of Cu(l)—protein complexes, the general
reaction model was used, which takes into account different protonation states of DTT
and all possible complexes of Cu(l) and DTT. DTT can be found in three protonation
states, characterized by two protonation reactions (reactions 2-3) and Cu(l) and DTT can
form the following complexes (reactions 4-7):*°

(2) HDTT == DTT +H"



(3) H2DTT == DTT? +2H"

(4 Cu'+DTT? == CuDTT

(55 Cu"+2DTT® == CuDTT,”>
(6) 2Cu*+3DTT? == Cu,DTTs"
(7) 3Cu*+4DTT* == CusDTT,

The strict 1:1 Cu(l)/P (P is protein or peptide) stoichiometry was assumed for all ligands
studied, as supported by ESI-MS (reaction 8):

(8) Cu+P == Cu-P
The dissociation constant was calculated applying the Levenberg — Marquardt
algorithm®®>’ to nonlinear curve fitting, implemented in the Mathematica 9 environment.

During this iterative procedure at every step the concentrations of all reagents were
calculated and the minimized function was y2 error of fitting predicted concentration of
Cu-protein concentration to fractional content of the complex, calculated from
experimental data, where intensities were obtained from mass spectrometry experiments.

49) 55
)

The cumulative stability constants (log [ values which characterize reactions 1-6

were used for calculations.

2.9. Kinetic Measurements

Peptide or protein (5 pmol) was dissolved in 2 mL TDW (2.5 mM) and reacted with 1 eq.
of Cu(l)-DTT complex under inert N, environment, using a glove box (M Brown). The
sample was analyzed by ESI-MS (API12000 Applied Biosystems) to confirm full
complexation in 1:1 Cu(l)/(peptide/protein) complexation mode. UV-Vis spectrum
(Genesys 10S, Thermo Scientific; VISIONIite program) was then recorded (220 — 700
nm), and 120 pL of H,O, 30% was added (0.5 M). Spectra were collected every two
minutes for 3-15 hours, and the absorbance at A = 298 nm, or 320 nm to vs. time was
analyzed using Origin Pro8. Control measurements were conducted similarly with no

metal, revealing no absorbance change.



2.10. pK, Determination of Cys6

pK, values were determined by spectrophotometric monitoring of SH deprotonation,
using a known procedure.*® ***° Stock solutions of Ala mutants C3A of the peptides
MTC and MHC were prepared at concentrations of 300 mM with sodium phosphate
buffer pH 6.0. Sodium borohydride was then added in excess in order to reduce the thiol
group of Cys6. After dialysis into the same buffer the samples were diluted to a final
concentration of 150 mM. 2 mL from these samples were monitored separately by UV
spectroscopy (25 °C, Genesys 10S, Thermo Scientific; VISIONIite program) at the range
of 230 — 300 nm during titration with 1 M NaOH. Simultaneously, the pH was
determined by applying the exact same conditions on a second identical sample for each
peptide. The absorbance at 240 nm vs. pH was analyzed using Origin Pro8 and the pK,
values were calculated from the fitted curve. All measurements were performed twice, on

different days, with separate experimental setups.*

3. Results

3.1. Structure determination of the MHC model peptide

A head-to-tail cyclic model peptide with the sequence MHCSGCSRPG (hereby referred
to as MHC) was analyzed as an exact analogue of the previously studied system, but with
His rather than Thr at position Il (binding sequence of Atx1, hereby referred to as
MTC).3" #3 The peptide was first examined in 10% D,O in TDW at pH ~3.0, 298 K
with and without the addition of one equivalent of CuCl under an inert environment. The
structures were determined by NMR as previously described. 33 ¢

Comparing the TOCSY spectra of the apo and holo samples*® revealed that upon addition
of Cu(l), a single new species formed, evident by the significantly extended range of
amide chemical shifts in the presence of Cu(l). The amide protons in the up-field region
were Cys3 at 7.1 ppm and Cys6 at 7.5 ppm, which had shifted by 0.7 and 0.8 ppm upon
binding, respectively. Spectral analysis using Sparky® and structure determination by
standard methodology®* using Xplor,* were initially performed on COSY, TOCSY and
NOESY experiments, taken under identical conditions. Importantly, analysis and

structure determination initially did not involve any metal-binding constraints to



determine which atoms were positioned at distances appropriate for metal coordination in
an unbiased manner, without forcing a particular coordination mode.°

A total of 34 of 50 structures obtained had no violations and the low-energy ensemble
chosen for analysis included ten low-energy structures with backbone and heavy atom
RMSD values of 0.01 and 0.58 A, respectively (Figure 2).

The structures showed an average distance of 3.17 + 0.02 A between the sulfur atoms of
Cys3 and Cys6. In contrast, unlike previously observed for the analogous model MTC,*
the average distances between the sulfur atom of Metl and the sulfur atoms of the
cysteine residues were both above 6 A, as were the distances between both N atoms of
His2 and all S atoms (Table 1). These distances are significantly longer than those
indicative of binding, suggesting that, unlike the case of the MTC peptide,® Met1 did not
bind the copper ion, and neither did the His2; only the sulfur atoms of Cys3 and Cys6
were in positions suitable for metal coordination, as reported for the natural systems.**>
1718, 2021 Arg8 was positioned near the metal center with the average distances between
its N and the sulfur atoms of Cys3 and Cys6 being 5.0 £ 0.2 and 3.6 = 0.1 A,
respectively (Table 1). This distance enables it to participate as a counter ion, neutralizing
the anionic charge on the ligated metal center, as reported for Lys65 in the native Atx1.%
ESI-MS results supported mononuclear complexation.

After establishing that Cys3 and Cys6 are the coordinating residues, the calculation was
repeated including bonds to Cu(l). The Cu(l)-Cys bonds were set to 2.20 + 0.05 A and
the Cys—Cu(l)-Cys angle was 170° + 5°.%

A low energy ensemble of ten structures was found among the 25 non-violated of 50 total
conformers (Figure 3), with backbone and heavy atom RMSD values of 0.12 and 0.50 A,
respectively. The average distances between the Cu(l) and the sulphur atom of Metl and
the nitrogen atoms of His2 were again too long to support binding (Table 1). The average
distance between Nn of Arg8 and the Cu(l) was 4.7 + 0.3 A, supporting, again, the
participation of arginine as a counter ion, especially as the corresponding distance
between the Cu(l) and Lys60 in the ensemble analyzed for the natural protein Atox1 was
4.6 + 0.3 A (PDB accession code 1TL4)?! (for Atox1 analogous distance to Lys65: 3.8 +
0.5 A; PDB accession code 1DD8).”® Additional stabilizing interactions occurred

between the side-chain oxygen of Cys3 and the amide protons of Cys6 and Gly5 in 40%

10



of the conformers (2.360 + 0.001 and 1.654 + 0.001 A, respectively). It was noticeable
that the bulky His ligand was positioned somewhere between the metal center and the
non-binding Met ligand.

The NMR spectra of the peptide with Cu(l) acquired in an environment of around neutral
pH (~6.7 and ~7.4) indicated formation of an identical new complex as that obtained
under acidic conditions, although the spectra of the apo species were different. Increasing
the pH to ~8.3 led to lack of spectral information due to rapid exchange of backbone
protons with deuterium, precluding structure determination. Thus, no pH dependence was
clearly identified for the coordination of this Cys-Cu(l)-Cys peptide, and as basic
conditions enhances deprotonation of the Cys residues, it is unlikely that a coordination
change would take place at higher pH.

The structure obtained thus presents the first Cys-Cu(l)-Cys model peptide obtained
under neutral conditions, with coordination similar to that reported for related natural
systems.*1> 1718 2021 ypjike for CopZ,* the N atoms of the His residues did not
participate in binding; nevertheless, position Il impacted the binding mode to give a Cys-
Cu(l)-Cys rather than Cys-Cu(l)-Met as observed under neutral conditions for the
analogous MTC peptide, even without participating itself in binding; its influence may be

attributed to steric effects.

3.2. Affinity and oxidative kinetic studies with Thr vs. His peptides

Affinity to Cu(l) was measured to the head-to-tail cyclic peptides MTC and MHC, in
comparison to that of Atox1.?? The Cu(l) complexes of the peptides were obtained by
reacting the purified peptide with 1 eq. of freshly prepared Cu(l)-dithiothreitol (DTT)
complex, and confirmed by ESI-MS to include a 1:1 Cu(l)/(peptide/protein) monomeric
species.’® Atoxl was cloned in pET-based N-terminal Sumo vector, expressed in
Escherichia coli C41 strain, and Nickel purified according to manufacturer's procedures,
as established based on PAGE-SDS gel, 0D280/260 profile and ESI-MS spectra.*® 535
The protein was reacted with 1 eqg. of Cu-DTT complex to assure full Cu(l)
complexation. The affinity of the peptides and protein to Cu(l) was measured according
to a known well-established procedure based on mass spectrometry, analyzing binding

competition between the peptides and DTT (Table 2; Figure 4*°), 1% 6163
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The experiments were performed at pH 7.4 and 8.5, using 20 mM ammonium acetate
buffer adjusted to the desired pH with diluted ammonium hydroxide. Herein, after
verifying reproducibility of results for Atox1 applying the method exactly as previously
described,™ a modified numerical model was employed to account for the major species
at pH 7.4 and 8.5: Cu,DTT3 and CuDTTS, respectively.>® ® The results are summarized
in Table 2 (Figure 4).

When comparing the affinity of the model peptides to that of the native protein, rather
similar affinities were observed for the models under basic conditions and mildly
decreased ones under neutral conditions; comparing species with the same residue at
position Il of the binding sequence at neutral conditions, namely, Atox1 and MTC, a 6.3
fold drop in affinity resulted from eliminating the protein folding. When comparing the
dissociation constants of the MTC and MHC peptides, the affinity of the MHC to Cu(l)
was higher than that of MTC (Figure 4) under neutral conditions, a variation which did
not exist under basic conditions. The difference between the affinity of MTC and MHC
under neutral conditions is in good agreement with the determined structures: whereas
MTC exhibited Met-Cu-Cys binding under these conditions (Figure 1), MHC exhibited
Cys-Cu-Cys binding (Figure 3); the added covalent nature to the metal bonds may
explain the stronger binding in MHC.

A further support to the effect of position Il and the different S-binding residues on the
peptide reactivity was obtained from comparative kinetic studies of the oxidation of the
peptide-Cu(l) complexes. The peptide complexes were separately reacted with at least
200 eq. of hydrogen peroxide under pseudo-first-order Haber Weiss conditions (Eg. 1)
and the UV-Vis spectra were recorded every 2 minutes for 3-15 hours. The absorbance at
A =298 nm for peptides or A = 320 nm for Atox1 was plotted vs. time to give ty;; values
for metal oxidation as summarized in Table 2.* Notably, no change in absorbance was
obtained for any of the apo-species upon addition of H,O,, ruling out thiolato oxidation
as the source of absorbance change, thus supporting the metal center as the redox-active
site. According to the kinetic results, as expected, steric bulk introduced by the protein
folding contributed to the inhibition of metal oxidation. Comparing the t;, values of the
two peptides reveals again the impact of position Il. The anionic charge of the metal

center of the MHC peptide may serve as an explanation to metal oxidation occurring

12



more readily. Although possible participation in charge neutralization by Arg8 (Figure 3)
was deduced for the MHC peptide, the analogous effect of Lys60 in Atox1 is surely more
pronounced.?* These results overall support the structural determination of the MHC and
MTC peptides, the former includes two Cu(l)-Cys bonds, while the latter only a single
Cu()-Cys bond and the less expected Cu(l)-Met bond.

3.3. pKj determination of Cys6 side chain of Thr vs. His peptides

In order to shed more light on the role of His vs. Thr on peptide reactivity, and on the
possible reasons for the reduced involvement of Cys6 in metal binding, the pK, values of
the thiol group of Cys6 were determined for Thr and His peptides. To avoid
complications from the presence of another thiol group, Ala-scan mutants of C3A were
employed. Whereas the His peptide exhibited a reduced pK, compared with that of free
cysteine (8.30 £ 0.01 vs. 8.37 respectively), the Thr peptide featured a markedly higher
pK, value (8.93 + 0.08).* These findings may imply that His activates Cys6 and
consequently lowers its pKa, for instance, by forming H-bonding.®* Altogether these
results are consistent with binding of Cys6 under neutral conditions only for the His
peptide, whereas the for the Thr peptide, Cys binding may occur only under basic

conditions.

3.4. Whole-protein studies

To gain more information on participation of different residues in the binding sequence
on protein structure and reactivity, three Ala-scan mutants of Atox1 with substitutions of
S residues suspected in metal binding M10A, C12A, C15A, were expressed and purified
similarly to Atox1 as described above. The Cu(l) complexes were prepared similarly and
the affinity and the kinetic features of the mutants were also measured as described above
and compared to those of Atox1 (Table 3).

As expected, the highest metal affinity was measured for the native protein Atoxl.
Moreover, mutating particular residues in the binding sequence of the whole proteins
impacted the affinity much more drastically than did eliminating the protein fold (Tables
2, 3); up to three orders of magnitude differences were recorded. This implies

participation on the mutated residues in metal binding.
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Inspecting the particular Ky values calculated, it is evident that the dissociation constants
for all proteins measured are between two to four orders of magnitude lower under basic
conditions, supporting a possible role of pH in controlling metal affinity. Notably,
replacing M10 at the conserved binding sequence with Ala decreased the affinity to Cu(l)
at pH 7.4 significantly, by ca. 100-fold (Table 3).%® Moreover, under basic conditions, the
affinity of M10A was similar to that of the wild-type protein (Table 3), questioning
folding alteration as a sole source for affinity drop under neutral conditions, while
suggesting a possible pH-dependent change in coordination. Interestingly, precluding
C12 from binding Cu(l) in the C12A mutant drastically reduced the affinity under both
neutral and basic conditions by two to three orders of magnitude, whereas replacing the
second Cys (C15) with Ala impacted the affinity only mildly (Table 3).*® This
emphasizes the non- equivalency of the two Cys residues.®® a plausible explanation may
relate to different participation in metal binding;* if C12 binds the metal under both pH
conditions as observed for model peptides,® it is reasonable that its replacement with A
will markedly impair the metal affinity under both conditions; similarly, if C15 indeed
binds only under basic conditions, it is logical that its substitution induces a milder effect
under neutral conditions. Notably, the different impact of the two Cys residues on affinity
cannot be attributed to differences in pK, values, as an opposite trend would be expected
if any, based on the values previously reported with lower pK, for C15.%” Unfortunately,
the affinity of the C15A mutant under basic conditions could not be determined due to
low complexation in the presence of DTT. These findings overall agree with greater
contribution of Met10 to the protein function than that of Cys15.

Further support to the effect of the different residues was obtained from kinetic oxidation
studies (Table 3). The protein complexes were separately reacted with hydrogen peroxide
as described above, and the UV-Vis spectra were recorded every 2 minutes for several
hours. Stronger impact on ty;, values was recorded for M10 and C12, relative to C15.
Again, no change in absorbance was obtained for any of the apo-proteins upon addition
of H,Oy, ruling out thiolato oxidation as the source of absorbance change. It is thus again
evident that under neutral conditions, the contributions of Met and Cys12 to the complex

reactivity are greater than that of Cys15.
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4. Discussion

This paper describes the impact of position 1l in the binding sequence of
metallochaperones, whether Thr or His, on metal binding and reactivity. The analyses
were based on small peptide models, as well as whole proteins, at different pH
conditions. When inspecting the behaviors of the MTC and MHC model peptides under
different pH conditions, a correlation was observed between their binding modes as
analyzed by NMR® and their affinities. Under neutral conditions the MHC peptide bound
Cu(l) more tightly than its analogue, whereas under basic conditions the affinities of both
were similar. In agreement, the NMR structures at neutral pH showed that the MHC
bound the ion via two covalent bonds to Cys groups, while MTC bound it via only one
covalent Cys and one coordinative Met, expected to be weaker.*" At higher pH promoting
Cys deprotonation, however, similar Cys-Cu(l)-Cys binding mode is consistent with
similarly high affinity. Thus, a pH-dependent binding mode was detected for one of the
models.*%*

As previous peptides with different residues at position 1l showed different

coordinations, 33

this position is obviously crucial in determining the metal binding
mode, and accordingly, the reactivity. Actually, His at position Il changed the binding
mode in MHC relative to MTC without participating itself in metal binding. The possible
effect of position Il on protein reactivity is particularly intriguing considering the
differences in the Menkes and Wilson’s metal binding domains: MTCXXC versus
MHCXXC. It is plausible that the His residue sterically prevents the binding of Met
observed in the MTC peptide, as is also supported by a recent study that described the
dislocation of Met by His at the third metal binding domain of Menkes ATPase.”’ It is
noteworthy though, that the sequences analyzed herein include the Atox1 binding
sequence and not that of Menkes/Wilson proteins, where different X residues may also
induce various effects. An alternative explanation is offered by the titration results, where
H-bonding between His and Cys may lower the pK,,** thus promoting deprotonation and
metal binding.

The affinity studies on whole proteins pointed to markedly enhanced effect of particular
residues in the binding sequence than that of the protein fold. This implies that binding

affinity is mostly dominated by the metal binding site and its immediate surroundings for
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this family of proteins. Nevertheless, the mild yet evident drop of affinity for the MTC
peptide points to some role of the entire protein sequence in accommodating metal
binding, which is surely achieved through both steric and electronic influences.
Interestingly, the affinity studies conducted with the Ala protein mutants raise the
possibility of Met binding also for the native system with Thr2, as observed with the
peptide models. Although Met contribution to other factors essential for protein stability
and reactivity is certainly reasonable, the clear effect of Met and only one of the Cys on
affinity, different than that of the second Cys, only at lower pH, and stronger than that
observed for eliminating protein fold, imply that Met may have bound the Cu(l) in the
Atox1 protein under the experimental conditions. These findings are thus in good
agreement with the results obtained with the peptide analogue, pointing to Met ability to
participate in binding under particular settings.**** Therefore, although some structures
of the natural protein obtained upon particular Cys-Cu constraints presented Met at

positions non-suitable for metal binding,® ** 2 22 2729

its potential coordination should
not be ignored in future structural analyses that include metal-ligand binding constraints,
especially as no relevant X-ray structure of a monomeric protein-Cu(l) complex has been
published.

The dissociation constants measured for Atox1 and its three mutants suggest a dynamic
binding mode to Cu(l) ions, where pH impacts metal affinity also in whole proteins. It is
reasonable that under a proton-rich environment, Cys protonation should increase its
dissociation constant, as supported by the peptide results. This is generally consistent
with the hypothesis previously raised on possible pH-dependent transport mechanism.3"
3237 s the natural environment is different than that studied under laboratory setting, it
is not unlikely that coordination variations might occur at different pH ranges, potentially
promoting Met binding at particular more acidic intracellular locations. We thus may
hypothesize that fine pH variations that alter the coordination modes along with the
binding constants among different proteins/domains may dictate the delivery chain and
release of the metal at its target location.

To conclude, the peptide with His at position Il is the first fully characterized structural
model for copper metallochaperone binding sites presenting the Cys-Cu(l)-Cys

coordination mode, obtained under biologically relevant conditions. Importantly, based
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on various similarities among model peptides and whole proteins, position Il is proposed
to play an important role in the copper transport in the metallochaperones, which also
explains its relatively conserved nature. Additional studies are required to fully elucidate
the sources of its influences and their direct impact on cellular reactivity.

5. Table of Abbreviations

Ala Alanine

Arg Arginine

Asp Aspartate

Atox1 Human antioxidant protein 1

ATP7A  P-Type ATPase, Menkes’ protein
ATP7B  P-Type ATPase, Wilson’s disease protein
Atx1 Yeast antioxidant protein 1

Copz Copper transport protein

COSsYy Correlation spectroscopy

Cys Cysteine

DTT Dithiothreitol

ESI-MS  Electrospray ionization mass spectroscopy
His Histidine

Lys Lysine

MBD Metal binding domain

Met Methionine

MHC MHCSGCSRPG peptide

MTC MTCSGCSRPG peptide

NOESY  Nuclear Overhauser effect spectroscopy
ROS Reactive oxygen species

Thr Threonine

TOCSY  Total correlation spectroscopy

ZntA Zinc transport ATPase protein
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Table 1. Average distances between the nitrogen and sulfur atoms of Cys, Met, His,
and Arg residues of the peptide complex as calculated without metal binding
constraints and between these atoms and the Cu(l) as calculated with metal binding
constraints "'

Peptide complex without binding constraints

Heteroatoms* distance (A) (STD)"
Smi1**Scs 7.53(0.01)
Smi1-**Sce 6.10 (0.00)
Scs - Scs 3.17 (0.02)
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Ny +-Ses 6.5 (0.6)

Sce*Nnrs 3.6(0.1)

Peptide complex with metal binding constraints
metal-heteroatom?* distance (A) (STD)
Cu---Sus 6.71 (0.05)

Cu-S¢3 =2.22

Cu—Scs =222

Cu---Np, 5.6 (0.2)
Cu---Ngg'" 4.7 (0.3)

* Distances indicative of metal binding are italicized

+ Set distances are prefixed with an equivalence sign (=) and italicized

1 Single letter abbreviation of amino acids

# Where more than a single donor atom exists, the value represents the shortest distance obtained

T Nn

Table 2. Cu(l) dissociation constants (Ky)" and ty, values of Cu(l) complex oxidation
with H,O, for Atox1 and the model peptides MTC and MHC'

Atox1 MTC MHC
Kd(@M) PpH7.4 48+14 30.2¢8.7  7.613
(R%* (0.98) (0.98) (0.98)
PH85 0.07+0.01  0.14+0.07  0.09+0.02
(0.88) (0.96) (0.97)
ty, (min)* 270 100 10

* Based on the modified method taking into consideration oligomeric species of Cu-DTT* %€

+ Conditions: 20 mM ammonium acetate, adjusted to desired pH with diluted ammonium hydroxide, 25 °C.
1 R? describes the quality of the fit to the hyperbolic equation (Mathematica).

# 200 eq. H,O,, A =298 or 320 nm

Table 3: Cu(l) dissociation constants (Kg)~ and ty, values for Atox1 and its Ala-scan
mutants’

Atox1 M10A CI12A C15A
Kd(aM) pH7.4 48+1.4 370150 350041700 65+27
(R%? (0.98) (0.95) (0.96) (0.94)
pH 8.5 0.07+0.01 (0.88) 0.09+0.06 (0.88) 5.4+3.9 - T
(0.86)
ty, (min)* 270 33 25 113

* Based on the modified method taking into consideration oligomeric species of Cu-DTT>
+ Conditions: 20 mM ammonium acetate, adjusted to desired pH with diluted ammonium hydroxide, 25 °C.
1 R? describes the quality of the fit to the hyperbolic equation (Mathematica).
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# 200 eqg. H,0,, A =320 nm
++ Low complexation (below 30%), therefore no calculations could be performed.

Fig. 1 Lowest energy structures of the head-to-tail cyclic peptide MTCSGCSRPG reacted
with Cu(l) under (a) pH 3.0 and 6.7 including Met,Cys copper binding; (b) pH 8.5
including Cys,Cys copper binding (calculated using Xplor®, analyzed and presented with

Chimera

40) 31
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Fig. 2 (a) Superposition of ten low-energy NMR-derived structures of the MHC peptide,
without Cu(l) constraints; (b) lowest energy structure showing distances between sulfur
atoms of Cys residues and nitrogen N atom of Arg (calculated using Xplor,*® analyzed
and presented with Chimera®). 2.5 umol of peptide were dissolved and reacted with
stock solution of CuCl in TDW (45 pL, 56 mM) (final peptide and CuCl concentrations:
5 mM each)

Fig. 3 (a) Superposition of ten low-energy NMR-derived structures of the MHC peptide,
with Cu(l) constraints; (b) lowest energy structure (calculated using Xplor,*® analyzed
and presented with Chimera®). 2.5 umol of peptide were dissolved and reacted with
stock solution of CuCl in TDW (45 pL, 56 mM) (final peptide and CuCl concentrations:
5 mM each)
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Fig. 4 Kq of Cu(I)MTC at pH 7.4, 25 °C — representative example.*® ESI-MS spectra of
Cu(l)MTC in the presence of 0.94 mM - 0.93 M DTT (z=5) (right); and fractional content
of Cu(l)MTC dependence on concentration of free Cu(l) ions as calculated based on the

consideration of oligomeric products of Cu-DTT (left).

25



Graphical abstract

Position 1l in metallochaperone model peptides, whether Thr or His, affects binding
mode, Cu affinity, and oxidation rate. Met binding for the Thr peptide under neutral-
acidic conditions agrees with lower affinity, and together with affinity drop in a Met-
mutated mettalochaperone proteins, imply that Met binding is possible under particular
conditions.
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Highlights

e Metallochaperone model peptide with His at position 11 shows Cys-Cu-Cys
binding.

e Lower affinity for the Thr peptide reflects weaker binding of Cys,Met.

e Mutants of antioxidant 1 (Atox1) protein show higher impact of Met vs. Cys6 on
affinity.

e pH plays a role in determining binding mode and reactivity.
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