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Presented here are the results of a study characterizing the selective metal chelating performance of the
alternative metal binding (amb) peptide: acetyl-His;-Cys,-Glys-Pros-Hiss-Cysg-OH, and eight ambs with
systematic modifications to His, Cys, and carboxyl C-terminus metal chelating sites. The results show that
from the divalent metal ions of zinc, nickel, cobalt, magnesium and calcium, the ambs most extensively
formed complexes with zinc and nickel. The ambs, which retained both Cys; and Cysg in their primary
structure, exhibited the greatest formation of zinc complexes. The replacement of His; and Hiss residues
with two additional Cys with the amidation of the C-terminus also increased the zinc chelation at pH 7.0.
Density functional theory indicated that these modifications might be disrupting the hydrogen bonding
between the His-Cys and carboxylate terminus making the 4Cys more available for chelation. Nickel
chelation was generally lower than zinc because of competition from the Cys to form disulfide bonds in
the presence of nickel. The two ambs that formed the highest number of nickel complexes both included
the amidated C-termini and either 4Cys or 2Cys-2His. Comparison with recent published results of six
heptapeptide ambs, which have the same primary structures, but with the inclusion of Tyrs before the
final two residues, indicates the inclusion of the Tyrs residue increases the zinc chelation at pH 7.0 from
25%, of total observed species, to 70%. These types of studies may pave the way to discoveries of new
therapeutics suitable as enzyme inhibitors or chelators for diseases associated with metal homeostasis
misbalances, or as new peptide tags for recombinant protein purification.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

complicated or misinterpreted when multiple species are present
in solution [4], and X-ray diffraction studies are scarce due to

Zing, nickel and cobalt ions are incorporated as cofactors into the
proteins of living cells and are involved with biochemical functions
such as metabolism, electron transport, oxidative protection, ATP
synthesis, and genome reading [1]. At the active site of the protein,
metal chelating groups such as imidazole of His, thiolate of Cys, and
carboxylate of Glu or Asp [2,3] bind these metals. An intriguing
question is how these ligands selectively incorporate different
metal ions to ensure correct functioning.

Investigating the secondary and tertiary structures of metal-
lopeptides by NMR spectroscopy or X-ray crystallography can
provide atomic resolution. However, the NMR interpretation is
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problems with the crystallization of metallopeptides [5]. An alter-
native technique that can overcome these problems is electrospray
ionization - ion mobility - mass spectrometry (ESI-IM-MS). Previ-
ous ESI-IM-MS studies of peptide or protein complexes of zinc,
nickel or cobalt include zinc finger peptides [6,7], His-rich glyco-
protein [8], lysozyme [9], polyalanines [10,11], angiotensin I [12],
insulin [13,14], AP1-40 peptide [15], and oxytocin [16,17].
Discrimination between specific and non-specific metal binding by
proteins or peptides, observed during ESI-MS, has also been a focus
of these studies [9,18—20]. Studies of alternative metal binding
(amb) peptides [21—28] and methanobactin [29,30] from Methyl-
osinus trichosporium (mb-OB3b) have shown that modulating the
pH of the electrosprayed solution results in a pH-dependent for-
mation of the metal complexes observed by ESI-IM-MS. The pri-
mary structures of the amb peptides include Pro as a hinge to
position the His and Cys substituent groups for coordinating the
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metal ion (Fig. 1). These studies have shown that ESI-IM-MS ana-
lyses correlate to the weak acid-base nature of the Cys and His
substituent groups because the metal coordination increases when
the pH of their two respective pKas has been reached. The
measured m/z and collision cross section in negative ion mode is
particularly informative because it exhibits a distinct pH depen-
dence for the metal binding and provides the protonation state of
the acidic and basic sites, the charge of the metal ion(s), the number
of disulfide bonds, separation of isobaric oligomers, and the size
and shape of the conformer.

Designing bioactive peptides is a key component for under-
standing peptide folding and metal ions preference for the primary
structure of oligopeptides. Metal-chelating agents have applica-
tions as therapeutics for diseases that originate from metal ion or
enzyme activity misbalances. For example, matrix metal-
loproteinases (MMP) contain the zinc(Il) cofactor to catalyze the
hydrolysis of structural proteins in the extracellular matrix [31],
and misbalance of MMP activity have been related to the dissem-
ination and metastasis of cancers [32]. As a result, MMP inhibitors
have been designed to bind to the active site and zinc(II) cofactor to
inhibit their hydrolysis function [31,33,34]. The zinc(Il) and
hydrogen bonding interactions of the ambs make them promising
MMP inhibitors [23,25,27]. The design of new heterogeneous
peptide tags for recombinant protein purification via immobilized
metal affinity chromatography (IMAC) is another application. Co-
balt, zinc and nickel are the most commonly used metal ions for
IMAC purification with the hexa-His tag. The lack of heterogeneity
in hexa-His tag however, leads to problems in toxicity, distribution
and solubility in the expression of the recombinant protein in the
bacterium cell [35]. To develop chelators with optimal capabilities
for binding selected metal ions, nine amb; hexapeptides (1A to 11,
Fig. 1) were designed and synthesized to investigate their effec-
tiveness using the His, Cys and C-terminus carboxylate for chelating
the metal (II) ions of zinc, nickel, cobalt, magnesium and calcium at
pH 6.7—9.4. Magnesium and calcium were included in the study
because of their high availability in biological fluids and to test
whether these ions would compete with the transition metal
binding. Our previous study of amb%}\, showed that it would bind
with Zn(II) and Ni(II) but not with Mn(lII), Fe(II) or Co(II). This cur-
rent study, also allows comparison with the results of a recent
metal-binding study of a series of ambs heptapeptides, 5A to 5F
[23,25,27], which were designed and synthesized with similar
amino acid sequences to 1A to 1F, but with the addition of the Tyrs
residue at position-5 in their primary structure (Fig. 1).

2. Experimental section
2.1. Reagents and working solutions

The alternative metal binding-1 (amb;) peptides 1A-1I were
synthesized by PepmicCo (http://www.pepmic.com/). Ammonium
acetate (ultra pure) was purchased from VWR (https://us.vwr.com/)
and nickel (II) nitrate hexahydrate (99% purity) was purchased from
ACROS (https://www.acros.com/). Ammonium hydroxide (trace
metal grade), calcium nitrate tetrahydrate (ACS grade), and mag-
nesium nitrate hexahydrate (ACS grade) were purchased from
Fisher Scientific (http://www.Fishersci.com/). Zinc nitrate hexahy-
drate (99%+ purity) was purchased from Alfa Aesar (www.alfa.com/
). Cobalt (II) acetate (99.99%) were purchased from Sigma-Aldrich
(www.sigmaaldrich.com/). All working solutions were prepared
with >17.8 MQ cm deionized (DI) water (http://www.millipore.
com).

2.2. Sample preparation and ion mobility — mass spectrometry
analysis

Individual samples were prepared containing one of the amb;
peptides, pH adjusted with ammonium acetate/ammonium hy-
droxide solution, before an equimolar amount of the metal ion
added and mixed aerobically at room temperature. The final solu-
tions for ESI-IM-MS analysis contained both the amb; and metal
ion at 12.5 uM and the ammonium acetate/ammonium hydroxide
to modify the pH. The total ionic strength of these solutions were
9.0 mM for pH 7.0, 13 mM for pH 8.3, and 60 mM at pH 9.4. Solu-
tions were left at room temp for 10 min before half of the sample
was electrosprayed into the Waters Synapt HDMS (G1) [36] and the
other half was used to measure the final pH. The tuned ESI and IM
conditions limit any structural rearrangement or dissociation of the
amb species, with the typical operating conditions described in
the supporting information.

2.3. Analysis of the metal:amb ESI-IM-MS data

All positively- and negatively-charged ions were identified by
their m/z isotope patterns and their arrival time distributions
(ATDs) extracted using Driftscope 2.0. The centroid and the area
under the ATD curve were determined using MassLynx 4.1. From
the centroid the collision cross section (CCSye) was determined
using a calibration method with drift-tube CCSye values of poly-
alanine standards measured in helium buffer gas [37] as described
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Fig. 1. The predicted structure of the neutral charged state of the alternative metal binding-1A (amb;,) peptide showing the potential binding sites of the 2His-2Cys substituent

groups (shaded in brown

), and the proline (shaded in blue @) which forms the tight turn. The comparison of the primary structure of (1A) amb;, with the other amb; peptides

studied here are shown (1B) amb;g (1C) amb;c (1D) ambsp (1E) ambsg (1F) ambsg (1G) amb;g (1H) amb;y and (1I) amby;. The primary structures of the previously studied

heptapeptides, ambsa_r, are also shown (5A-5F).
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in the supporting information. The area under each ATD curve
determined the relative intensity of each species in the pH adjusted
sample by normalizing their area to the sum of the areas of all amb;
species identified in that sample. The bar graphs showing the
contribution from both the positively- and negatively-charged
complexes were re-normalized to the percentage scale by halving
the contribution from each charge state. The relative percentage
scale was used to account for any bias in the ESI efficiency for
transferring the peptides into the gas-phase and by including both
positive and negative ion analyses, the propensity of the peptides
for forming either positive or negative ions was also taken into
account. The Zn(II) and Ni(II) binding experiments with 1A to 1I at
pH 7, 8, and 9 were repeated three times each and showed standard
deviations of between 2 and 15% for the relative percent intensity.

2.4. Computational methods

The Becke three parameter hybrid functionals with the Def2
split-valence basis set [38,39], B3LYP/Def2SV, from Gaussian 09,
[40] was used to locate the lowest energy, geometry optimized, gas-
phase conformers of the amb; Ni(II) or Zn(II) complexes containing
only trans-peptide bonds. The Def2 basis set is recommended for
DFT calculations on main group elements and first row transition
metals (H—Kr) and is more reliable than the older LanL2DZ or the
split-valence Pople basis sets. The study compared the different
binding site combinations and protonation states of the 2Cys, 2His,
and C-terminus groups, which combined with the charge of the
metal ion to give the overall charge of the [ambyap—3H + Ni(Il)]™
and [amb;4—3H + Zn(II)]” complexes. For comparison, the study
located the lowest energy conformers for the distorted tetrahedral
coordination of the metal via either 2Cys-2His, 2Cys-His-Cterm or
Cys-2His-Cterm. The final located conformers exhibited the same
deprotonation sites and binding geometries for both the Ni(II) and
the Zn(II) complexes. For each metal complex, the geometry opti-
mized conformers were all checked for O imaginary frequencies
and their predicted free energies were given relative to the lowest
energy conformer. The CCSy. of each of the B3LYP/Def2SV con-
formers were calculated using the ion size scaled Lennard-Jones (L-
]) method [41], using ten measurements to determine the mean
and standard deviation of the L-] CCSye.

3. Results and discussion
3.1. Metal(ll)-binding between pH 6.7 to 9.4

Using the ESI-IM-MS gas-phase analyses of both negatively- and
positively-charged ions, the selectivity for the amb; peptides for
binding the metal(ll) ions of cobalt, zinc, nickel, magnesium, and
calcium were tested over pH 6.7 to 9.4. Of these metal ions, only the
nickel and zinc resulted in the formation of amb; complexes >15%
which increased in a pH-dependent manner over pH 6.7 to 9.4. The
magnesium, calcium and cobalt exhibited <15% formation of amb;
complexes at the physiological pH 7.0 (Fig. S2), with only the higher
oxidation state of cobalt(IIl) identified to bind to species 1E and 1H
at pH 9.4 at > 15% (Fig. S3).

3.2. Formation of charged species from ambia; + Ni(Il) over pH 6.7
to 9.4

Comparison of how changes in the primary structure of ambia
affected Ni(Il) chelation was tested by both positive and negative
ESI-IM-MS analyses of species 1A to 11 as a function of pH over 6.7
to 9.4. Interestingly, both positive and negative ion analyses
showed a similar pH-dependence for the formation of the Ni(II)
complexes, although the behavior was typically more distinct in the

negatively-charged analyses. Singly-charged negative ions were
observed from the analyses of negative ions of 1A to 1I and both
singly- and doubly-charged positive ions were observed from the
positive ion analyses. In both cases, the overall charge was
conserved by the charge of the metal(Il) and by the loss or gain of
protons, e.g, for positive ions [amb;+H]t, [amb;+2H]*",
[amb;—H + Ni(I)]*, and [amb;+Ni(I)]** (Fig. S4), and for negative
ions [amb;—H]~, [amb;—3H + Ni(Il)]~. Samples of the negative ion
mass spectra for Ni(Il)-binding to ambyg are shown in Fig. 2. The
main observed species were the negatively-charged [ambg—H] ~,
[ambigox—H] ™, and [ambig—3H + Ni(Il)]~, where the ox subscript
signifies oxidation through the formation of a disulfide bond be-
tween the two sulfurs of 2Cys.

The formation of negatively-charged species from Ni(Il) and 1A
to 1I are shown in Fig. 3, and at pH 7, the main species was
[amb;—H]~ for all ambs. At pH 8, there was an increase in the
oxidation of the two Cys thiol groups resulting in the formation of a
disulfide bond as shown by [amb;ox—H]™ for 1A, 1B, 1C, and 1D.
The extent of the disulfide bond formation was dependent on the
presence of nickel, and has been previously observed and detailed
for copper with amb peptides [21,22,24]. The amb; peptides did not
form disulfide bonds in the pH range 7—9, without the addition of
the Ni(II). The oxidation after the addition of Ni(Il) indicates the
metal is catalyzing the formation of the disulfide bonds. The Cys
oxidation was greatest for species 1D, which does not contain
either of the His substituent groups. Previous B3LYP modelling [25]
of 5A predicted salt-bridges formed between the Cys thiolates and
His imidazolium groups, exhibiting a tertiary structure L-J CCSye
that agreed with the IM-MS measurement. However, for 1A the
lowest energy conformer located using B3LYP/Def2SV in this new
study exhibits 7 hydrogen bonds, with 4 of them involving the C-
terminus carboxylate, and a hydrogen bond between His; and Cysg
(Fig. S5). These His-Cys salt-bridges and hydrogen bond may lower
the reactivity of Cys for forming the disulfide bond. Species 1E also
formed a disulfide bond on the addition of Ni(Il) but because it
contained only one Cys in its primary structure it formed an
intermolecular disulfide bond resulting in an oxidized dimer.

The most apparently reactive species for forming Ni(Il) com-
plexes was 1B, which formed > 60% of [ambig—3H + Ni(Il)]~ at pH
8.2 to 9.4. This indicated that Ni(Il) chelation was associated with
the availability of the 2Cys thiolates, 2His imidazoles and the
amidated C-terminus. Evidence for the Ni(ll) preference for the
amidated C-terminus of 1B rather than the carboxyl C-terminus of
1A was observed by the lower 20% and 38% formation of
[ambia—3H + Ni(II)]~ at pH 8.3 and 9.4, respectively. The higher
formation of the Ni(Il) complex for 1B may be also influenced by the
increased pKa of the amidated C-terminus, lowering the efficiency
of the disulfide bond reaction. The removal of one or more of the
2His and 2Cys substituent in the structures of 1C, 1D, 1E, 1F, 1H, and
11, resulted in a decrease to <20% formation of the Ni(Il) complexes,
justifying the hypothesis that their substituent groups were
involved in Ni(II) chelation. However, when the 2His were replaced
with two more Cys and the C-terminus amidated, 1G, both singly-
and doubly-charged complexes were observed coordinating one
and two Ni(Il) ions, indicating the 4Cys and C-terminus amide
group could chelate up to 2Ni(lI).

The complex [amb;—3H + Ni(Il)]” has three sites that were
deprotonated, which for species 1A and 1B could either be the 2Cys
thiolates, the deprotonated C-terminus group, or the second
deprotonation of one of the His forming a negatively charged imi-
dazolate. Evidence for the Cys thiolates involvement in Ni(Il)
binding was further indicated because the oxidized species, with
the disulfide bond, was not able to bind the Ni(II). The comparison
of the negatively charged sites, discussed above, for Ni(Il) coordi-
nation was investigated using B3LYP/Def2SV molecular modelling.
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Fig. 2. The mass spectra showing the isotope patterns of the principal negatively-charged species observed from the equimolar solutions of Ni(Il) and amb; at pH 6.7, pH 8.3 and

pH 9.4.
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Fig. 3. The relative intensities of the principal species observed as negatively charged ions from the equimolar solutions of Ni(Il) and a) 1A, b) 1B, ¢) 1C, d) 1D, e) 1E, f) 1F, g) 1G, h)
1H and i) 11 over pH 6.7 to 9.4. The relative intensities have standard deviations of 2—15%.
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[amb,,-3H+Ni]~

a) His,-Cys,-Cysc-carboxyl

D
G =0.0kJ/mol
L-J CCSy, = 168 + 3 A2

b) His,-Cys,-Hiss-carboxyl

G=77.8kl/mol
L-J CCSyye = 1715 A2

c) His,-Cys,-Hiss-Cys,

G =119 kJ/mol
L-J CCSy = 174% 2 A2

Fig. 4. B3LYP/Def2SV lowest energy, geometry optimized conformers of Ni(Il) coordination by amb;, via a) imidazole of His;, thiolate groups of Cys, and Cyss and C-terminus
carboxylate group; b) imidazole of His;, thiolate of Cys,, imidazole of Hiss, and C-terminus carboxylate group; and c) imidazolate of His;, thiolate groups of Cys,, Cysg and imidazole
of Hiss. The thermal free energies (G) are shown normalized to the lowest energy Ni(Il) complex with the Lennard-Jones collision cross sections (L-] CCSye) for each coordination

motif.

Our investigations were directed by our extensive B3LYP modelling
of the analogous ambsaf (Fig. 1) [23,25,27]. These studies discov-
ered that if all the peptide bonds were conserved as trans, including
trans-Pro, the geometry optimized conformers were in much better
agreement with the IM-MS measured CCSye. The lowest energy
trans-Pro conformers of 5A, 5B and 5C all exhibited His{-Cysy-Cys7;
and C-terminus metal coordination [25,27]. The trans-Pro con-
formers were over 88 kJ/mol higher in free energy than their lowest
energy cis-Pro conformers [25], but because the amb; and ambs
peptides are synthesized with trans-peptide bonds, the energy
barrier for conversion to the cis-Pro must constrain its formation.
The Hisq-Cys,-Cys7 and C-terminus coordination was also consis-
tent to why 5A, 5B, and 5C were the most effective Zn(II) or Ni(II)
chelators because these chelating sites remained intact in these
peptides, whereas, with 5D, 5E, and 5F these sites were replaced
with Gly and the metal binding was adversely affected [25,27].

[amb,g-3H+Ni]~

a) His;-Cys,-Cysg-amide

)
G =0.0kJ/mol
L-J CCS,, = 168+ 3 A2

b) His,-Cys,-Hiss-Cysg

G =33.5k)/mol
L-J CCSye = 174 £ 2 A2

Therefore, for this study we focused on the trans-Pro of 1A and
1B because they exhibited the greatest formation of
[amb;—3H + Ni(II)]~, with 3 deprotonation sites relating to the
2His, 2Cys and either the carboxyl or amide C-terminus groups. For
a tetrahedral coordination, these sites can combine as either 2Cys-
2His, 2Cys-His-Cterm or Cys-2His-Cterm in binding the Ni(Il) and
so our study located the lowest energy conformer of each of these
binding motifs. The results of the B3LYP/Def2SV study predicted
that for 1A the lowest energy complex of Ni(Il) was the 2Cys-His-
Cterm chelation through the His;, Cysy, Cyss, and C-terminus
carboxyl group (Fig. 4a), with each Cys and the C-terminus carboxyl
deprotonated. The Cys-2His-Cterm chelation through Hisq, Cysa,
Hiss and the C-terminus carboxyl coordination of Ni(Il) was pre-
dicted to be 77.8 kJ/mol higher in energy (Fig. 4b), with each Cys
and the C-terminal carboxyl deprotonated. The 2Cys-2His coordi-
nation of Ni(Il) was 119 kJ/mol higher in energy (Fig. 4c) and was

c) His,-Cys,-Hiss-amide

G =82.4kJ/mol
L-J CCS,e = 1715 A2

Fig. 5. B3LYP/Def2SV lowest energy, geometry optimized conformers of Ni(Il) coordination by amb; via a) imidazole of His, thiolate groups of Cys, and Cysg and C-terminus amide
group; b) imidazolate of His;,, thiolate groups of Cys,, Cyss and imidazole of Hiss; and ¢) imidazole of His;, thiolate of Cys,, imidazole of Hiss, and C-terminus amide group. The
thermal free energies (G) are shown normalized to the lowest energy Ni(Il) complex with the Lennard-Jones collision cross sections (L-J] CCSye) for each coordination motif.
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Table 1

Singly negatively-charged experimental IM-MS collision cross sections for free amb;
1A-1I species and their Ni(Il) and Zn(II) complexes with absolute uncertainties of
4 A% [37).

Collision Cross Section, CCSpe (A?)
1A 1B 1C 1D 1E 1F 1G 1H 11

[amb-H] 170 173 158 142 165 156 157 145 149
[amb-3H + Ni(I)] 173* 175" 161 146 168 161 161 149 152
[amb-3H + Zn(Il)] 171* 174" 158 143 162 160 160 150 —

Species

2 The theoretical L-] CCSye of 1A and 1B via 2Cys-His-Cterm = 168 + 3 A2, Cys-
2His-Cterm = 171 + 5 A2, or 2Cys-2His = 174 + 2 A%,

through the imidazolate of Hisy, thiolates of 2Cys, and imidazole of
Hiss. Therefore, the B3LYP/Def2SV method predicted the same
result as for the ambs peptides that the lowest energy coordination
was via Hisy, Cysy, Cysg and C-terminus group. This was also true for
1B, where the B3LYP/Def2SV method found the lowest energy Ni(Il)
coordination was through His;, Cysy, Cysg and the C-terminus
amide (Fig. 5a). However, for 1B the 2Cys-2His coordination
(Fig. 5b) was predicted to be 33.5 kJ/mol higher in energy, whereas,
the Hisy, Cysy, Hiss and the C-terminus coordination (Fig. 5¢) was
82.4 kJ/mol higher in free energy. These results indicated that even
though the C-terminus was amidated it can deprotonate and
chelate the Ni(Il). Therefore, all the 1B conformers had the same
analogous chelation and deprotonation sites as the 1A complexes.

Table 1 shows the IM-MS measured CCSye for the singly
negatively-charged Ni(Il) complexes of ambja.;. Comparison of 1A
and 1B with the theoretical L-] CCSye for the B3LYP conformers of
[ambja—3H + Ni(II)] and [amb1g—3H + Ni(II)] (Figs. 4 and 5) shows

100 100

there is agreement between the IM-MS CCSye and L-] CCSye of all
three trans-Pro coordination types, within the associated un-
certainties of both measurements. For species 1C to 1I, there is an
observable trend in the changes of size of their conformations as
the substituent groups of the His or Cys are systematically removed
and replaced.

3.3. Formation of charged species from ambia.; + Zn(1l) over pH 6.7
to 9.4

The positive and negative ion analyses of ambqa; + Zn(Il)
showed pH-dependent formation of the Zn(Il) complexes, which
was more distinct in the negative ion analyses. The relative in-
tensities of the negatively charged species of amb,+Zn(Il) over pH
6.7 to 9.4 are shown in Fig. 6. Species 1A, 1B, 1C, and 1D, exhibited a
similar pattern for the formation of [amb;—3H + Zn(II)]” complex,
which indicates that the 2Cys were primarily responsible for their
higher percentage of coordination of Zn(Il) at pH 8.3—9.4. Unlike for
the Ni(II), the formation of a disulfide bond was not a major channel
for the amb;+Zn(II). In our previous studies [23] it was shown that
B3LYP predicted that the lowest energy cis-Pro conformation of
ambsa (5A, Fig. 1) coordinated the Zn(II) by a distorted tetrahedral
via S of Cys;, backbone carbonyl O of Cys;, S of Cys7 and O of the
carboxylate terminal group. However, the IM-MS measured CCS of
[ambsa—3H + Zn(Il)]~ agreed much better with the lowest energy
trans-Pro conformation of Zn(II), which was coordinated via the
substituent groups of His;, Cys,, Cys7 and the C-terminus carbox-
ylate [25].

Likewise, the results of the B3LYP/Def2SV calculations for ambia
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Fig. 6. The relative intensities of the principal species observed as negatively charged ions from the equimolar solutions of Zn(I) and a) 1A, b) 1B, ¢) 1C, d) 1D, e) 1E, f) 1F, g) 1G, h)
1H and i) 1I over pH 6.7 to 9.4. The relative intensities have standard deviations of 2—15%.
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predicted that the lowest energy trans-Pro Zn(II) coordination was
via the substituent groups of Hisq, Cysy, Cysg and the C-terminus
carboxylate (Fig. S6a), analogous to the Ni(Il) coordination shown in
Fig. 4a. This [ambja—3H + Zn(Il)]” complex also exhibited a L-]
CCShe of 168 + 3 A? in agreement with the IM-MS CCSye 171 + 4 A®
measured here and previously [21]. In comparison, the lowest en-
ergy conformer located for the alternate Hisj, Cysy, Hiss, and C-
terminus carboxylate coordination of Zn(II) was 91 kJ/mol higher in
energy (Fig. S6b) and the 2Cys-2His (Fig. S6¢), which was via the
imidazolate of Hiss, thiolates of Cys; and Cysg and the imidazole of
Hiss, was 132 kJ/mol higher in free energy. When the 2His-2Cys was
changed to 4Cys as for 1G the highest percent formation of the
[amb;—3H + Zn(II)]” complex was observed, showing the impor-
tance of Cys thiolates as chelating sites. If the Cys, side group was
removed, as in species 1E, the Zn(II) chelation decreased to <40%
and if both Cys side groups were removed (1F, 1H, and 1I) no Zn(II)
chelation was observed at pH 8.3 and 9.4.

3.4. Total percentage of positively- and negatively-charged Ni(Il)
and Zn(Il) complexes

The positive ion analyses of Ni(Il)- and Zn(II)-binding by 1A to 11

also exhibited a similar pH-dependent behavior as the negative ion
analyses, although it was not as apparent as that of the negative ion
analyses, probably because of excess protonation of the complexes
via the positive ion electrospray process [42]. However, the results
still indicated that Ni(Il) and Zn(II) chelation was dependent on the
weakly acidic Cys and basic His substituent groups because of the
dependence on the primary structures of 1A to 1I and the increased
chelation over pH 6.7 to 9.4.

Fig. 6 shows the contribution from both the positive and nega-
tive ion analyses on the relative percentage of formation of the
Ni(Il) and Zn(II) complexes. These results include all the amb;
monomers or dimers binding one or two metals. The results show
that Ni(II) was chelated most effectively by 1B and 1G at pH 8.3 and
pH 9.4; which both contained the amidated C-terminus and either
2Cys-2His or 4Cys substituent groups, indicating the thiolates were
most effective at chelating Ni(Il) when the C-terminus was ami-
dated. For 1G this included both the binding of a single Ni(Il) and
two Ni(Il). Species 1A and 1C were the next highest chelators of
Ni(II), at pH 8.3 and pH 9.4, and contained the His, Cys;, Cysg and C-
terminus carboxyl, providing experimental evidence of the His-
2Cys-Cterm coordination of Ni(Il) as shown in Fig. 4a. Species 1E
formed >20% Ni(Il) complexes at pH 8.3 due to the formation of an
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oxidized dimer binding Ni(Il), due to the formation of an inter-
molecular disulfide bond. Another possible Ni(II) chelation was via
the deprotonated nitrogens from the backbone amide groups, but
this type of coordination if it occurred was minor because 1D, 1F, 1TH
and 1I all exhibited < 20% formation of the Ni(ll) complex, even
though they had an anchoring site (His or Cys) and backbone amide
groups [2].

The positive and negative ion analyses for the formation of Zn(II)
complexes (Fig. 7) showed at pH 8.3 and 9.4, the Zn(II) was most
effectively chelated by 1A, 1B, 1C, 1D and 1G, which all exhibited
>60% formation of Zn(II) complexes. The higher complex formation
for these species indicated that the thiolates were the primary
binding sites for Zn(Il) chelation. Therefore, both Ni(Il) and Zn(II)
chelation by the amb peptides were dependent on the availability
of the Cys substituents groups. However, the higher formation of
Zn(Il) complexes over Ni(ll) complexes was because of the
competition for the Cys forming disulfide bonds due to the likely
redox activity and catalysis of Ni(II).

3.5. Formation of Ni(ll) and Zn(II) complexes by ambi4.r and
ambsa.g over pH 7.0 to 9.4

The formation of complexes for the alternative metal binding-5
(ambs) peptides (5A to 5F, Fig. 1) with Ni(Il) and Zn(Il) have been
recently published [25,27], and are compared to the formation of
complexes from the 1A to 1F in Fig. 8. The ambs 5A to 5F peptides
have analogous primary structures with the amb; 1A-1F, but
include the addition of Tyrs in their primary structure inserted after
the Prog4 and before the last two amino acid residues (Fig. 1); e.g. 5A
has the primary structure ac-His-Cys-Gly-Pro-Tyr-His-Cys-OH
(Fig. 1). The comparison in Fig. 8 shows the greatest selectivity for
Zn(Il) is from the ambs peptides, but only at pH 7.0. This indicates
the addition of Tyr to the C-terminal arm is providing the extra
flexibility for optimizing the positioning of the binding sites to
complex the Zn(II) ion. It also suggests that the presence of the Tyr
phenol group may be lowering the pKa of the 2Cys thiol groups and
making the thiolates available to bind the Zn(II) at pH 7.0. At the
higher pH 83 and pH 9.4, the formation of Zn(Il) complexes
increased further for both amb; and ambs; and they became more
equivalent in their formation. The Zn(Il) chelation is especially
significant for 1A, 1B, and 1C and the analogous ambs species of 5A,
5B, and 5C, which all contain the His;, 2Cys substituent groups and
the C-terminus site predicted by B3LYP to chelate the Zn(II).

The Ni(Il) binding by 5C was most notable at pH 7.0 and the
Ni(II) binding increased at pH 8.3 for 1B and the ambs species of 5B
and 5C. At pH 9.4, there was also increased Ni(ll) binding most
notably by the ambs species of 5A, 5B and 5C. The higher Ni(II)
binding by these ambs peptides is concomitant with a significantly
lower intensity for the oxidized ambsqy compared to ambox. This
indicates that the additional Tyr residue in their primary structure
restricts the competition from the disulfide bond formation.
However, at pH 9.4 there was the least distinction of selectivity for
amb; or ambs binding Ni(II) or Zn(II), especially for species A, B, and
C, although amb; chelation of Ni(Il) was relatively low (<38%) for
species 1A and 1C.

4. Conclusions

An ESI-IM-MS study of the Ni(Il), Zn(II), Co(II), Mg(Il) and Ca(II)
binding with a series of sequence related hexapeptides (amb; 1A-
1I) has been conducted and showed that only Ni(Il) and Zn(II) will
significantly bind to these peptides and in a pH-dependent manner.
The Ni(Il) and Zn(II) binding by amb; 1A-1I was also compared to
those of the analogous series of heptapeptides (ambs 5A-5F)
[25,27]. Both Ni(Il) and Zn(II) exhibited a similar preference for the

Cys thiolate sites of the amb; and ambs peptides. The lower for-
mation of Ni(Il) complexes by amb; was due to competition from
the reaction where the 2Cys sites formed a disulfide bond. Overall
the ambs peptides of 5A, 5B, and 5C exhibited the greatest selec-
tivity for the formation of Zn(Il) complexes at pH 7.0. At pH 8.3, the
formation of Zn(Il) complexes for 1A, 1B, 1C and 1D also increased.
Overall the chelation of Ni(Il) required a higher pH than the Zn(II)
binding and was most effective at pH 9.4 by the species 1B, 5A, 5B
and 5C. These ambs all contained the His1-Cys-Cysej7 and the C-

100

i Ni(ll)+amb, ssss= Zn(ll)+amb,
&0 | mmm Ni(ll)+amb, e=== Zn(ll)+amb, |
60 pH7.0 _

40

20

0
100

pH 8.3

Relative Intensity %

100

A B Cc D E F
amb species

Fig. 8. The normalized relative intensities of the negatively- and positively-charged
Ni(Il) or Zn(I) complexes observed from equimolar solutions of Ni(Il) or Zn(Il) with
amb; or ambs species A, B, C, D, E, and F at a) pH 7.0, b) 8.3 and c) 9.4. The relative
intensities have standard deviations of 10%.
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terminus group, which agreed with the lowest energy coordination
sites of Ni(Il) and Zn(II) located by the B3LYP modeling. There was
also general agreement here from solution-phase studies [2] that
show Zn(II) and Ni(II) will readily bind to the Cys thiolate groups
and available nitrogen sites in oligopeptides, whereas, Mg(II), Ca(Il)
and Co(Il) prefer His, Glu or Asp sites [43,44]. These results also
showed that the negatively-charged complexes, measured by ESI-
IM-MS, reproduced the pH-dependent chelation and protonation
states that were predictable from considerations of solution-phase
chemistry, suggesting that the Ni(Il) and Zn(II) complexes were not
significantly altered by the ESI desolvation process or by the gas-
phase properties of the amino acid residues. Further studies are
underway on ambs heptapeptides with new primary structures
that replace one or more of the His or Cys residues with Asp, or
replace the Tyr with Phe, to test their importance for selective
metal ions.
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