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a b s t r a c t

Three analog methanobactin (amb7) peptides containing the primary structure acetyl-Leu1-His2-Cys3-
Gly4-Ser5-Cys6-Tyr7-Pro8-His9-Cys10-Ser11-Cys12-Met13 but differing by the number of disulfide bridges,
have been studied for their reactivity with Fe(III), Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Ag(I), and Pb(II) using
electrospray ionization-ion mobility-mass spectrometry (ESI-IM-MS) and fluorescence quenching. The
Pb(II) bound only with the amb7-0 (0 disulfide bonds), Zn(II) only to amb7-0 and amb7-1 (1 disulfide
bond), Ni(II) only to amb7-1 and amb7-2 (2 disulfide bonds), and Cu(II) to amb7-2, concomitant with the
oxidation of amb7-0 and amb7-1. The reduction of Cu(II) to Cu(I) resulted with 1-4Cu(I) binding to amb7-1
and amb7-0, while Ag(I) also exhibited 1-6 Ag(I) ions binding through a mechanism indicative of labile
proton exchange. The binding of the oxidized Co(III/V) and Mn(III/V) were observed at pH 9 and 11, while
Fe(III) did not exhibit significant binding. The observed negatively charged complexes were consistent
with the deprotonation of the metal sites of Cys, His, carboxyl terminus and indicative of ion-ion in-
teractions with the metal at pH 7, 9, and 11. The positively charged complexes were indicative of ion-
dipole metal binding but at pH 9 and pH 11 gave results similar to those of the negative ion analyses.
Fluorescence quenching also qualitatively agreed with the ESI-IM-MS results providing evidence that
they revealed the solution-phase metal binding behavior of amb7.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Methanotrophs are differentiated from other microorganisms in
the characteristic feature of using methane as their only source of
carbon and energy. Methanotrophs synthesize the methanobactin
peptide [1e3] which plays an important role in acquiring copper, a
metal which is a cofactor of the enzyme methane monooxygenase,
which catalyzes the oxidation of methane to methanol the pre-
cursor of formaldehyde which is used to synthesize various
essential metabolites [4]. Methanobactins have the potential as
therapeutics in reducing copper toxicity as in Indian childhood
cirrhosis, Wilson's disease, and Menkes disease [5e8].

Themethanobactin fromMethylosinus trichosporium OB3b is the
most studied methanobactin (mb-OB3b) and has the structure 1-
(N-[mercapto-(5-oxo-2-(3-methylbutanoyl)-oxazol-(Z)-4-ylidene)
methyl]-Gly1-Ser2-Cys3-Tyr4)-pyrrolidin-2-yl-(mercapto-[5-oxo-oxa-
zol-(Z)-4-ylidene]methyl)-Ser5-Cys6-Met7 (Fig. 1). [9e18] In mb-
ry, Texas A&M University-
SA.
ngel).
OB3b's native form, amino acids and enethiol oxazolone functional
groups are present in its sequence and a disulfide bridge is formed
between the Cys3 and Cys6 residues [18]. Copper-bound meth-
anobactin has a pyramid-like shapewith the copper ion attached at
the base of the pyramid [19].

It has been postulated that mb-OB3b synthesis is driven by the
modification of the ribosomal synthesized peptide LCGSCYPCSCM
from theM. trichosporium OB3b genome by a series of deamination
and cyclization steps to form the final compound [20]. The current
study is with an alternative methanobactin peptide (amb7)
acLHCGSCYPHCSCM (Fig. 1) that has the similar amino acid
sequence as mb-OB3b, but has the two post translational modified
regions of the two enethiol oxazolone groups replaced with two
His-Cys groups. The primary structure of amb7 includes four Cys
and our study shows how the formation of disulfide bridges be-
tween the Cys affect the amb7metal binding. The new investigation
includes the comparative metal binding of Fe(III), Mn(II), Co(II),
Ni(II), Cu(II), Zn(II), Ag(I), and Pb(II) by amb7-0 (zero disulfide
bridges), amb7-1 (one disulfide bridge) and amb7-2 (two disulfide
bridges) using the positive and negative ion ESI-IM-MS analyses of
aqueous solutions prepared at pH 5, 7, 9, and 11. The results indicate
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Fig. 1. The primary structure of a) methanobactin fromMethylosinus trichosporium OB3b showing N-terminal blocking methyl butanol (green), the pyrrolidine ring (blue), the 2N2S
enethiol-oxazolone binding sites (brown), and the Tyr (yellow) and b) alternative methanobactin amb7-0 showing N-terminal blocking acetyl (green), the proline ring (blue), the
2His-2Cys binding sites (brown), and Tyr (yellow).
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that the negative ion analyses predominantly measures the in-
teractions with the metal binding via the Cys thiolates, His imid-
azoles or imidazolates, and the carboxylate terminus, while the
positive ion analyses measures ion-dipole binding through the
carbonyl oxygens or His imidazoles. These binding behaviors have
been indicated before and the results presented here are compared
to our previously published analyses of the metal binding selec-
tivity of mb-OB3b [21, 22] and amb1 to amb5 [23e31].
2. Experimental section

2.1. Chemical reagents and metal ions

Two amb7 samples were synthesized (neobiolab.com) the first
was designated amb7-2 (98% purity) which contained 2 disulfide
bonds between the 4Cys. The second sample amb7-0-1 contained
32% amb7-0, (0 disulfide bonds) and 65% amb7-1 (1 disulfide bond).
The MnCl2, CoCl2, NiCl2, CuCl2, Cu(NO3)2 (99.99% or higher trace
metal grade), and poly-DL-alanine were purchased from Sigma-
Aldrich (www.sigmaaldrich.com). FeCl3, AgNO3 and ZnCl2 (ACS
grade 98%þ) were purchased from Alfa Aesar (www.alfa.com/en).
PbCl2 (ACS grade) was purchased from Mallinckrodt (currently
Avantor) (www.avantormaterials.com). Solutions were prepared
using deionized (DI) water (>18.2 MU cm, MilliQ, Millipore).
NH4OH (trace metal grade) and CH3COOH (Optima grade) were
purchased from Fisher Scientific (http://www.Fishersci.com).
2.2. Stock solution preparation

The amb7-0-1 or amb7-2 samples were prepared at 12.5 mM in DI
H2O in 50 mL portions and frozen at �80 �C until use. Metal ion
stock solutions were prepared at 125 mM and acetic acid and
ammonium hydroxide solutions were prepared at 1.0M and diluted
further as needed for each experiment.
2.3. Metal binding and collision-induced dissociation experiments

The metal binding experiments were analyzed by mixing 1:1.5
molar equivalents of amb7:metal ion (amb7 8.75 mM) in dilute acetic
acid or ammonium hydroxide aqueous solutions prepared for the
desired pH of the sample. Each sample was incubated at room
temperature for 1 h before analyses and the final pH measured by a
calibrated Orion 98 micro pH electrode.
2

2.4. Waters Synapt High-Definition Mass Spectrometer (HDMS)

The samples were analyzed using the Waters Synapt High-
Definition Mass Spectrometer (G1) equipped with an electrospray
ionization (ESI) source in a quadrupole-ion mobility-orthogonal
time-of-flight configuration [32]. Before sample injection, the inlet
line was flushed with 10% NH4OH (in H2O, v/v) and 10% acetic acid
(in H2O, v/v) to remove any trace metal ion and counter-ion con-
taminates. Samples were directly injected via a syringe pump into
the ESI source with gentle ionization and transmission conditions
to maintain the populations and structures of the amb7 from the
solution phase. Details of the tuning conditions are in the sup-
porting information.

2.5. Data analysis of metal ion binding

The ESI-IM-MS analyses identified the arrival time and m/z for
each amb7 species, including any coincidental m/z species. Each
species, identified based on their m/z isotope patterns, had their
arrival time distributions (ATD) separated and extracted using
Driftscope 2.1. The MassLynx 4.1 software determined the centroid
of each ATD, for calculating the average collision cross sections, and
the area under the ATD curve to measure the proportions of the
various amb7 species. The summation of the integrated ATD for all
extracted species from each sample converted to the relative
percent intensity scale.

2.6. Collision-induced dissociation

To study the CID of the amb7 complexes, the isotope distribution
of the precursor complex ion were resolved by the linear quadru-
pole, and either dissociated in the trap T-wave cell or passed
through the trap and the IM cells, and dissociated in the transfer T-
wave cell using the lab-frame collision energy (CE) controlled by
the entrance lens [33]. The precursor and product ions were m/z
analyzed by the TOF and identified by matching their isotope pat-
terns to their theoretical isotope patterns from the MassLynx 4.1
software. The nomenclature and identity of the amb7 fragmenta-
tion are in the supporting information.

2.7. Collision cross-sections

Acalibrationmethoddetermined the collision cross sections (CCS)
of the amb7 complexes using published CCS measured in helium for
poly-DL-alanine ions measured in a radio-frequency confining drift
cell [34e36]. The trap T-wave was operated with 6.0 V entrance
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voltage and a pressure of 2.25� 10�2 mbar with an argon gas flow of
3.0 mL/min. The trap served as a storage cell for gating ions into the
ionmobility (IM) T-wave ion guide using a trap DC bias of 12.0 V. The
IM ionguidewasoperated at apressure of 0.516mbarwith aflowrate
of 20.0 mL min�1 N2 buffer gas with ramped T-wave heights of
18.3e24.0 V and ramped T-wave velocities of 900e1500m s�1 (þ) or
T-waveheights of 7.0e25.0V and200e500ms�1 (�) for every sweep
of the IM T-wave ion guide. Further details of the calibration pro-
cedure are in the supporting information.

2.8. Fluorescence quenching

The fluorescence quenching analyses were based on the rela-
tionship between the fluorescence intensity during the titration of
amb7-0-1 with the static quenching metal ion [37]. Briefly, Tyr7 of
amb7 was the fluorophore with lex ¼ 284 nm and lem ¼ 316 nm,
and the intensity of fluorescence was measured during the titration
of amb7 with the metal ion quencher. The binding constant K was
determined using the relationship between the fluorescence in-
tensity and the concentration of unbound amb7 [37]. Further details
are in the supporting information.

2.9. Computational methods

The semi-empirical method PM6, [38] with its capability for
modeling biomolecules and transition metals, was used to locate
geometry optimized, gas-phase conformations of the amb7 com-
plexes using Gaussian 09 [39]. Parametrization methods have
previously been used in the chemical dynamics studies of the
dissociation of the amb5-Zn(II) complex [40,41] and the accuracy of
these methods to describe molecules containing Zn(II) has been
reported by Truhlar et al. [42] To locate the lowest energy con-
formers, the starting structures for the geometry optimizations
tested various protonation states of the carboxyl terminus, His, Cys,
and Tyr substituent sites and the backbone amide nitrogens, which
combined with the metal ion gave the overall charge of the com-
plex. The CCS of these conformers were calculated using the ion
size scaled Lennard-Jones (L-J) method developed by the Bowers
group from the Department of Chemistry and Biochemistry at the
University of California - Santa Barbara [43]. The L-J method cal-
culates the CCS of the complex by projecting it onto a randomly
selected plane in space, and an L-J collision circle is drawn at the
position of each projected atom. Using a square of an area that
encloses the projected molecule, randomly chosen points are
counted as a collision if they are inside these L-J circles. The ratio of
collisions to the number of chosen points multiplied by the area
enclosing the complex is the CCS of that particular projection. The
process is repeated for many different randomly selected pro-
jections until a convergence of the CCS is found. Ten separate
measurements weremade of each conformer to determine the final
mean and standard deviation. The L-J method does not provide
absolute CCS for this size of the amb7 peptide (it is recommended
for peptides with 20e150 atoms). Therefore, to compare the L-J CCS
with the ESI-IM-MS measured CCS we used an additional scaling
factor of 0.90 which allowed direct comparison of the relative sizes
of the complexes that differ by their number of protons, the metal
ion, and number of disulfide bonds.

3. Results

3.1. Identification of the position of the disulfide bonds of amb7-1
and amb7-2

The CID of the positively charged amb7-0, with zero disulfide
bonds, produced a series of b and y ions readily identified based on
3

the fragmentation of the backbone as shown in Fig. 2a. From the
CID of amb7-1 containing one disulfide bond (Fig. 2b) the position of
the disulfide bond was identified from the b6-2 and b7-2 fragments
that differ by the mass of two hydrogen atoms from b6 and b7 of
amb7-0. These fragments show a disulfide bond existed between
Cys3-Cys6 in amb7-1. The appearance of y7-2 ion in Fig. 2b also
indicated some of the amb7-1 had the disulfide bond between
Cys10-Cys12. The CID of amb7-1 still produced a wide coverage of b
and y backbone cleavages indicating that there were not significant
populations of amb7-1 with disulfide bonds from the C-terminal
side to theN-terminal sides i.e., Cys3-Cys12 or Cys3-Cys10 that would
restrict the formation of these product ions. For amb7-2 containing
two disulfide bonds (Fig. 2c) the inclusion of the y5-2 and y6-2 ions
as well as the y7-2, b6-2 and b7-2 ions also showed that the two
disulfide bonds predominantly existed between the Cys3-Cys6 and
the Cys10-Cys12. Large fragments such as y11-4 that include all 4Cys
were also consistent with these two disulfide bonds.

3.2. Negatively charged amb7 complexes

The incubation of amb7 peptides with the selected metal ions
resulted in metal-amb7 complexes and metal-free amb7, apart from
with Fe(III) which did not form negatively charged complexes. Fig. 3
shows the percent formation of the metal complexes from each
metal from prepared solutions at pH 5, 7, 9, and 11. At pH 5 the
incubation of amb7-0-1 with the metal ion resulted with the metal-
free amb7 remaining as amb7-0 or amb7-1, apart from the solution
containing Cu(II) which had oxidized the amb7-0 and amb7-1 to
amb7-2. At pH 7, 9, and 11 the oxidation of the metal-free amb7-
0 and amb7-1 to amb7-2 was the case for all the amb7:metal samples
showing the 1-h incubation with pH � 7 increased the oxidation of
the thiol groups. The incubation of amb7-2 with the metal ions did
not change the oxidation state of amb7-2.

Fig. 3 shows at pH 5 the negative ion analyses displayed the
formation of amb7-0 complexes with Zn(II) and Pb(II) and amb7-2
complexes with Co(II), Cu(II) and Ag(I). At pH 7 there was a sig-
nificant increase in the formation of amb7-0 complexes with Pb(II)
and 2Zn(II), as well as new amb7-1 complexes with Zn(II), 1-2Ni(II)
and Co(III), and oxidized amb7-2 complexes with Cu(II). There was a
further increase in the formation of the amb7-0 complexes of Pb(II),
amb7-1 complexes of Zn(II), 1-2Ni(II) and amb7-2 complexes of 1-
2Cu(II) at pH 9, with additional complexes for amb7-0 ofMn(III/V) or
2-4Ag(I) and amb7-1 with Ag(I). At pH 11, the binding pattern was
similar to pH 9, but with a significant increase in Ag(I) and Co(III/V)
binding and a decrease in Zn(II) binding, whichmay be competition
from Zn(II) hydroxide formation.

3.3. Positively charged amb7 complexes

Fig. 4 shows the percent formation of the metal complexes at
each pH from the positive ion analyses. At pH 5 each of the metal
ions were associated with one of the amb7 species, even Fe(III)
formed 10% of the [amb7-2þFe(II)]2þ complex at pH 5 (data not
shown) but did not form complexes at pH 7, 9, or 11. In general the
metal binding at pH 5 seemed to exhibit non-specific binding
which was independent of the metal, because the metal ions of
Mn(II), Co(II), Ni(II) and Zn(II) exhibited comparable percent
binding to amb7-1 and amb7-2 and Cu(II) also exhibited comparable
binding with amb7-2. The redox activity of Cu(I/II) produced com-
plexes of 4Cu(I) with amb7-0 and 2-3Cu(I) with amb7-1, which
suggested an exchange mechanism for the labile protons of Cys or
His resulting in linear bridged Cu(I) binding [27,28,30]. The Pb(II)
formed complexes with amb7-0 and amb7-2 and Ag(I) formed
complexes of 2-6 Ag(I) with amb7-0 and 1-2Ag(I) with amb7-1 or
amb7-2.



Fig. 2. The products of the collision-induced dissociation of a) amb7-0 b) amb7-1 and c) amb7-2 using transfer collision energy 60 V, 60 V, and 65 V, respectively.
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At pH 7 Mn(II), Co(II), and Zn(II) again produced very similar
reactivity's for binding to amb7-1 and amb7-2 and Ni(II) also showed
similar binding to amb7-1. The Pb(II) bound only to amb7-0 and Cu(I/
II) bound with amb7-1 and amb7-2 but lower than at pH 5. At pH 9
and 11, the differences between the metal bindings became more
distinctive. Nickel (II) and Zn(II) were only chelated by amb7-1,
Cu(II) was only chelated by amb7-2, and 2-6Ag(I) were chelated by
amb7-0 or 1-2Ag(I) were chelated by amb7-1. The six Ag(I) ions
corresponded to the six total sites of the 4Cys and 2His, which
indicated that Ag(I) acts through proton exchange replacing the
labile protons on either His or Cys. The Pb(II) was only chelated by
amb7-0, and Co(III/V) and Mn(III/V) were also observed to bind to
amb7-1 and amb7-0, respectively.
4

3.4. Fluorescence quenching of amb7 by the selected metal ions

To evaluate whether the metal binding behavior of amb7 with
the metal ions observed by ESI-IM-MS was symptomatic of the
solution-phase chemistry, a fluorescence quenching study of the
amb7-0-1 with addition of the selected metal as a quencher was
conducted at pH 9. The fluorophore is Tyr7 and the p-metal cation
interaction is the proposed mechanism for fluorescence quenching
[44]. The fluorescence quenching by the metal ion addition (Fig. 5)
suggests that Ni(II), Cu(II), Ag(I), and Pb(II) exhibited a higher
reactivity with amb7-0-1 than Mn(II), Co(II), and Fe(III). This corre-
lates with the ESI-IM-MS results at pH 9 (Figs. 3 and 4), especially
that of the positive ion analyses, that showed Ni(II), Cu(II), Ag(I),



Fig. 3. The relative percent formation of amb7-0 (brown) and amb7-1 (orange) metal complexes from the amb7-0-1þmetal samples and the formation of amb7-2 metal complexes
(light green) from the amb7-2:metal samples from the negative ion analyses of solutions prepared at pH 5, 7, 9, and 11. The formation of Cu(II) amb7-2 complexes from the amb7-0-
1:metal sample is shown in dark green. Labels indicate whether there is multiple binding or change in the metal oxidation states.
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and Pb(II) exhibited significantly more binding to amb7-0-1 than
Co(III), Mn(V) or Fe(III). The fluorescence results of Zn(II) were not
included in Fig. 5 because the addition of Zn(II) resulted in a metal
cation-enhanced fluorescence [44].

From the fluorescence quenching data the binding constants for
the selected metal ions and amb7 were estimated using a fluores-
cence quenching model that was previously applied to mb-OB3b
[21], binding of TiO2 to DNA [37] and flavonoids to bovine serum
albumin [45]. The Cu(II) and Ag(I) exhibited the steepest initial
increases in fluorescence quenching (Fig. 6) resulting in the highest
binding constants K ¼ 5.07 � 107 and 1.36 � 105, respectively. The
Cu(II) fluorescence quenching exhibited the least linear behavior
and could only be fitted to the first 4 data points and was probably
affected by the disulfide bond formation that accompanied the
Cu(II) binding. For Cu(II) the average number of metal ions binding
to amb7 was n ¼ 1.76, which was the highest for any of the metal
ions studied (Fig. 6). For Ag(I) the number of metal ions binding was
the second highest, n ¼ 1.23, and indicative of the multiple Ag(I)
binding. The formation constants of Ni(II) and Pb(II), K ¼ 1.88 � 104

and 1.97 � 104 with n ¼ 0.96 and 0.98, respectively were the next
highest. The Mn(II), Co(II), and Fe(III) showed the lowest binding
constants of K ¼ 2.25 � 103, 42.6, and 7.67 � 103 (Fe(III) data not
shown), respectively.
5

3.5. Collision cross sections of amb7 complexes measured at pH 9

The comparison of the collision cross sections (CCS) of the amb7
complexes are in Fig. 7. The negative ion species were [amb7-
0�2H]2�, [amb7-1�2H]2�, [amb7-2�2H]2�, [amb7-0�7HþMn(V)]2�,
[amb7-1�5HþCo(III)]2�, [amb7-1�4HþNi(II)]2�, [amb7-
2�4HþCu(II)]2�, [amb7-1�4HþZn(II)]2�, [amb7-1�3HþAg(I)]2�, and
[amb7-0�4HþPb(II)]2�. The [amb7-0�2H]2� and [amb7-1�2H]2�
gave identical CCS, but the CCS of [amb7-2�2H]2� was 5 Å2 smaller
presumably because it was more folded by the two disulfide bonds.
All the negatively charged complexes exhibited CCS that were
smaller than the free amb7-0-1 and more similar to the CCS of
[amb7-2�2H]2� indicative that the negative ion complexes were
also more folded due to their interactions with the metal ions.
Nickel-bound amb7-1 exhibited the smallest average CCS suggest-
ing Ni(II) was the most tightly bound by amb7-1 and consistent to
the high formation of the Ni(II) complexes (Fig. 3).

The positive ion species [amb7-0þ2H]2þ, [amb7-1þ2H]2þ, [amb7-
2þ2H]2þ, [amb7-0�HþMn(III)]2þ, [amb7-1�HþCo(III)]2þ, [amb7-
1þNi(II)]2þ, [amb7-2þCu(II)]2þ, [amb7-1þZn(II)]2þ, [amb7-
1þHþAg(I)]2þ, and [amb7-0þPb(II)]2þ are also compared in Fig. 7.
The most striking observation is that their CCSs are 19e37 Å2 larger
than the CCS of [amb7-2þ2H]2þ, which was folded by the two



Fig. 4. The relative percent formation of amb7-0 (brown) and amb7-1 (orange) metal complexes from the amb7-0-1þmetal samples and the formation of amb7-2 metal complexes
(light green) from the amb7-2:metal samples from the positive ion analyses of solutions prepared at pH 5, 7, 9, and 11. The formation of Cu(II) amb7-2 complexes from the amb7-0-
1:metal sample is shown in dark green. Labels indicate whether there is multiple binding or change in oxidation states.

Fig. 5. The comparison of the fluorescence quenching by the titration of amb7-0-1 with selected metal ions at pH 9.
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Fig. 6. Fluorescence quenching plots for the formation of the amb7 complex with Ni(II), Pb(II), Ag(I), Cu(II), Mn(II) and Co(II) from solutions prepared at pH 9.
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disulfide bonds and also significantly larger than their counterpart
negative ions. These differences in CCS would correspond to the
weaker ion-dipole interactions between the metal ion and the di-
poles of His or carbonyl oxygens in the positive ion complexes
compared to the ion-ion interactions between the metal ion and
the thiolates, imidazolates and/or carboxylates in the negative ion
complexes. The largest change in CCS was for the Pb(II)þamb7-
0 complexes which shows that with no disulfide bonds the positive
ion complex unfolds more than the complexes with disulfide
bonds.

3.6. CID studies of metal complexes

The CID of negatively charged amb7 and its metal complexes
primarily produced the loss of H2S and 2H2S and information about
their primary structure or metal binding sites was absent. However,
the CID of the positively charged amb7 gave nearly a complete set of
b and y ions (Fig. 2) and the amb7metal complexes (Fig. 8) also gave
sequence related a, b, c, and y type ions, giving information about
their structure and how the metal ion binding affected their
dissociation.
7

Fig. 8 and Table 1 shows the spectra and the identities of the
product ions from the CID of the [amb7-2þCu(II)]2þ, [amb7-
0�HþMn(III)]2þ, [amb7-1þNi(II)]2þ, and [amb7-0þPb(II)]2þ com-
plexes. The Cu(II) binding was observed with amb7-2, where all the
Cys were oxidized, which is indicative that Cu(II) coordinates with
the imidazole rings of the 2His. The CID of the [amb7-
2þCu(II)]2þcomplex (Fig. 8a) is consistent with this because the
main products were the b9þCu(II), b10þCu(II), and b11þCu(II) ions,
which all included the potential His2 and His9 binding sites in their
sequence. The formation of these b ions were through the loss of
the C-terminus end of amb7-2, which included the Cys10-Cys12 di-
sulfide bond and the formation of b10þCu(II) and b11þCu(II) must
have been accompanied by the dissociation of this disulfide bond.
This suggests the Cu(II) binding to His2 and His9 and the disulfide
bond between Cys3 and Cys6, stabilized this section of amb7 and
made the Cys10-Cys12 disulfide bond and backbone between b9 to
b11 labile by CID.

The CID of the [amb7-0�HþMn(III)]2þ complex (Fig. 8b) gave the
formation of c10þMn(III) and c11þMn(III) ions which againwas loss
of the C-terminus end of the amb7-0 but adjacent to the amide
groups. Therewere no disulfide bonds but the labile C-terminal end



Fig. 7. The collision cross sections for amb7-0-1, amb7-2, and the selected metal bound
amb7 complexes from the negative and positive ion analyses measured from solutions
at pH 9.

Table 1
The monoisotopic m/z and identity of product ions from the collision-induced
dissociation of metal bound amb7 complexes of Mn(III), Pb(II), Ni(II) and Cu(II).

Metal amb7 complex Mn(III) Pb(II) Ni(II) Cu(II)

Precursor ion m/z 767.77 844.73 768.72 769.69
Identity of product ions and m/z
¡18 (H2O) 835.73 759.73
¡36 (2H2O) 826.72
¡66 (S2H2) 734.79

y12 þ Pb(II)/Ni(II) 767.19 691.18
c11 þ Mn(III) 649.73
b11 þ Cu(II) 645.68
c10 þ Mn(III) 606.21
b10 þ Cu(II)/Pb(II) 675.19 602.16
b9 þ Pb(II)/Ni(II)/Cu(II) 623.68 547.66 550.66
a9 þ Pb(II)/Ni(II) 609.69 533.68
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of amb7 suggested that Mn(III) was also binding to His2 and His9.
The CID of the [amb7-1þNi(II)]2þ and [amb7-0þPb(II)]2þ complexes
produced the y12þNi(II)/Pb(II) ion, which is the loss of the modified
N-terminal end of amb7 before His2. The complexes also dissociated
into the a9þNi(II)/Pb(II) and b9þNi(II)/Pb(II) product ions, which
formed by loss of the C-terminus arm after His9. These cleavages of
amb7 on either side of the His2 and His9 residues again indicate that
these were the binding sites for Ni(II) and Pb(II), as they were for
Cu(II) and Mn(III). The ion-dipole binding between the metal ion
and the two imidazoles of His2 and His9 is consistent with the
overall þ2 charge of the complexes and that for positively charged
complexes the free Cys and C-terminus remained protonated.
Fig. 8. The mass spectra of the collision induced dissociation of a) [amb7-2þCu(II)]2þ with tr
d) [amb7-0þPb(II)]2þ 35 V.
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However, for the negatively charged complexes the Cys were
deprotonated as evidenced by the overall charge and the pH
dependent metal binding behavior as the pH approaches the pKa of
Cys. The availability of 2Cys, His and carboxylate terminus for
binding the Ni(II) or Zn(II) in their negatively charged complexes
has been well established by our studies of the smaller amb1 and
amb5 peptides [24e26]. However, the thiolates in the negatively
charged complexes are reduced to hydrogen sulfide during CID and
the sequence information for determining their binding sites was
absent.
3.7. Molecular modeling of amb7 complexes

Guided by the experimental results, the geometry optimized
conformers of selected complexes were located using PM6 and the
results are shown in Fig. 9. The scaled L-J CCS of each conformer are
also shown to compare the relative sizes of the complexes that
differ by the number of protons, the metal ion, and number of di-
sulfide bonds, giving a relative measure of the sizes the
conformations.
ap collision energy 35 V, b) [amb7-0�HþMn(III)]2þ 30 V, c) [amb7-1þNi(II)]2þ 35 V, and



Fig. 9. PM6 geometry optimized conformers of amb7 complexes a) [amb7-0�4HþPb(II)]2�, b) [amb7-0þPb(II)]2þ, c) [amb7-1�4HþZn(II)]2�, d) [amb7-1þZn(II)]2þ, e) [amb7-
2�4HþCu(II)]2�, and f) [amb7-2þCu(II)]2þ. The scaled Lennard-Jones collision cross sections (CCS) for each complex are shown.
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The Pb(II) was only chelated by amb7-0 and Fig. 9a and b com-
pares the complexes of [amb7-0�4HþPb(II)]2� and [amb7-
0þPb(II)]2þ. The Pb(II) is chelated by 3Cys thiolate groups in a
trigonal pyrimadal geometry for [amb7-0�4HþPb(II)]2� with the
unbound carboxylate terminus the other deprotonated site. The
2His imidizoles and two carbonyl oxygens from the backbone of
His2 and the protonated C-terminus are the four ion-dipole in-
teractions for [amb7-0þPb(II)]2þ. The L-J CCS of the conformation of
[amb7-0�4HþPb(II)]2� shows it is 22 ± 13 Å2 smaller than the
conformation of [amb7-0þPb(II)]2þ complex, which is in agreement
with their experimental CCS shown in Fig. 7.

The Zn(II) complexes of [amb7-1�4HþZn(II)]2� and [amb7-
1þZn(II)]2þ are shown in Fig. 9c and d. The Zn(II) is chelated by four
ion-ion interactions via His2-Cys10-Cys12-Cterm for [amb7-
1�4HþZn(II)]2� and via four ion-dipole interactions via His2-His9
and two backbone carbonyl oxygens from His2 and Tyr7 for [amb7-
1þZn(II)]2þ. The comparison of their L-J CCS shows the conforma-
tion of [amb7-1�4HþZn(II)]2� is 7 ± 5 Å2 smaller than the [amb7-
1þZn(II)]2þ in qualitative agreement with the CCS in Fig. 7.

The [amb7-2�4HþCu(II)]2� and [amb7-2þCu(II)]2þ complexes
(Fig. 9e and f) show His2-His9 chelation of Cu(II) with the L-J CCS of
[amb7-2�4HþCu(II)]2�17± 8 Å2 smaller than the [amb7-2þCu(II)]2þ

complex, in agreement with experiment (Fig. 7). For [amb7-
2�4HþCu(II)]2� the His2-His9 were in their imidazolate form and
the two other deprotonated sites were the carboxylate terminus
and phenolate of Tyr7. For [amb7-2þCu(II)]2þ the His2-His9 were in
their neutral imidazole form along with all the other sites on amb7-
2. The alternative [amb7-2�4HþCu(II)]2� conformers where Cu(II)
was chelated via the imidizolate of His2 and the deprotonated
backbone amide nitrogens of Cys3 and Gly4 (Fig S3) were higher in
energy and resulted in extended conformers, 72 ± 11 Å2 larger than
the L-J CCS of the 9e conformer, which did not agree with the
relative ESI-IM-MS measured CCS in Fig. 7.
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4. Discussion

4.1. Comparison between negatively and positively charged
complexes of amb7

The greatest difference between the negatively and positively
charged results (Figs. 3 and 4) was at pH 5, where the positive ion
analyses showed that all the selected metal ions bound to amb7-2
and all but Pb(II) bound to amb7-1. This seems to be indicative of
non-specific, ion-dipole metal binding which was also observed at
pH 7 in the positive ion analyses for Mn(II), Co(II), Ni(II) and Zn(II).
The overall charge of these complexes suggests that the metal
binding is via neutral ligand sites such as the His imidazole or the
carbonyl groups along the peptide backbone. Similarities with a
previous study of Co(II) binding to a multi-histidine peptide which
determined that Co(II) bound to 3His and Glu in a similar way as
Mn(II) and Zn(II) [46], coincides with their comparable Co(II),
Mn(II), and Zn(II) behavior at pH 5 and 7 in Fig. 5.

The most comparable results of metal binding is between the
negatively charged complexes at pH 7, 9, and 11 and the positively
charged complexes at pH 9 and 11. The averages and standard de-
viations from these five data sets (Fig S4) shows the metal binding
of Co(III), Ni(II), and Zn(II) with amb7-1, Cu(II) with amb7-2, and
Pb(II) with amb7-0 are reasonably reproducible with standard de-
viations of 11e21%. The overall charge of the negatively charged
complexes suggests the metal binding includes negatively charged
ligands such as the Cys thiolates, His imidazolates and the
carboxylate terminus. The results also suggest a systematic metal
binding behavior for Pb(II), Zn(II), Ni(II), and Cu(II).
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4.2. Metal binding and chelation geometries

4.2.1. Lead(II)
The Pb(II) primarily formed complexes with amb7-0, showing

Pb(II) preference for the free Cys thiolate groups, with the main
observed negatively charged species being [amb7-0�4HþPb(II)]2�

with about 10% contribution of 2Pb(II) binding as [amb7-
0�6Hþ2Pb(II)]2�. Therefore, Pb(II) chelation by amb7-0, which has
the four free Cys substituent groups, is consistent with Pb(II)
chelated via 3Cys thiolates by a trigonal pyramidal coordination
[47], as shown in Fig. 9a, with the carboxylate terminus being the
other deprotonated site. For the positively charged ion [amb7-
0þPb(II)]2þ, the located PM6 conformer (Fig. 9b) was consistent
with the CID results that suggested Pb(II) was chelated via His2 and
His9 with two additional carbonyls making up four sites of a dis-
torted octahedron geometry.

4.2.2. Zinc(II)
The Zn(II) at pH 7, 9, and 11 was principally chelated by amb7-1

forming the negatively charged [amb7-1�4HþZn(II)]2� complex,
indicating Zn(II) was chelated most favorably by the available
deprotonated 2Cys thiolates, and either the 2His or one His and the
carboxylate terminus site as shown in Fig. 9c. This latter type of
chelation was also found to be the lowest energy conformer for the
amb1 and amb5 Zn(II) complexes [25,26], with the comparison of
the relative thermal free energies of the geometry-optimized
B3LYP/Def2SV conformers of [amb1�3HþZn(II)]� via either 2Cys-
His-Cterm, 2His-Cys-Cterm, and 2His-2Cys chelation of Zn(II)
shown in Fig S5. The deprotonation state of the [amb7-
1�4HþZn(II)]2� complex is accounted for by the 2Cys thiolates,
carboxylate terminus and His2 imidazolate chelating Zn(II) as
shown in Fig. 9c. The Zn(II) was also observed to be chelated by
amb7-0 and the dual preference for the Cys sites of amb7-0 by Pb(II)
and Zn(II) explains why the Pb(II) can disrupt the function of Zn(II)
enzymes.

4.2.3. Nickel(II)
The Ni(II) predominantly binds with amb7-1, but not amb7-0,

indicating Ni(II) has the preference for mixed 2His-2Cys-Cterm
coordination. The principal negatively charged Ni(II) amb7-1 com-
plexes included [amb7-1�4HþNi(II)]2�, [amb7-1�6Hþ2Ni(II)]2�,
[amb7-1�5HþNi(II)]3� and [amb7-1�7Hþ2Ni(II)]3�. For [amb7-
1�4HþNi(II)]2� this suggested a similar binding motif to Zn(II) and
the PM6modeling located the tetrahedral coordination of Ni(II) (Fig
S6) similar to that of Fig. 9c. However, the higher deprotonation
state of [amb7-1�5HþNi(II)]3� indicated 5-coordinate complex also
existed, but wewere unable to locate this complex using PM6, with
the binding of 2Ni(II) indicating that there were more alternative
binding sites than just the 2Cys, 2His, and C-terminus. Moreover, at
pH 11, Ni(II) also formed the negatively charged [amb7-
2�4HþNi(II)]2� complex, which had no free Cys, coinciding with
the reactivity of Cu(II) that also formed complexes with amb7-2.

4.2.4. Copper(II)
The principal complex for Cu(II) was the [amb7-2�4HþCu(II)]2�

complex and it formed from Cu(II) incubation with either amb7-0-1
or amb7-2 and indicated that Cu(II) catalyzed the oxidation of the
free Cys thiols to form disulfide bonds. With no free Cys groups,
Cu(II) chelation was either by the 2His, C-terminus and/or depro-
tonated amide groups as previously located for Cu(II) chelation by
amb4 and amb5 using B3LYP modeling [24,28]. However, the PM6
molecular modeling did not support nitrogen amides chelating
Cu(II) by amb7 because they formed extended structures (Fig S3)
with CCS much larger than the other metal complexes (Fig. 9)
which did not agree with experiment (Fig. 7). The PM6 modeling
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located Cu(II) complexes that had Cu(II) linearly chelated via the
2His (Fig. 9e and f). The redox activity of Cu(II) also produced
complexes of 4Cu(I) with amb7-0 and 2-3Cu(I) with amb7-1 mainly
at pH 5. This behavior was observed in our previous amb studies
[27,28,30] and B3LYP modeling located linearly bridged Cu(I) con-
formers, similar to the linear Cu(II) coordination by amb7-2 (Fig. 9e
and f).

4.2.5. Silver(I)
At pH 5, 9, and 11 the positively charged complexes, showed 2-

6Ag(I) ions were bound to amb7-0 indicating Ag(I) bound to the 6
substituent sites of the 4Cys and 2His through proton exchange of
these labile protons and there were also 1-2Ag(I) ions binding to
amb7-1 and amb7-2. However, at pH 7 therewas<1.0% Ag(I) binding.
This behavior is analogous to the Cu(I/II) binding observed here as
positive ions and in our previous amb4 study [28] which showed
Cu(I) bound most significantly at pH � 5 and Cu(I/II) over pH 8e11,
but there was only a small extent of binding at pH 7. The pH 7 is at
the midway point between the pKas of the weak base His (pKa z
6.0) and the weak acid Cys (pKa z 8.3) and our previous B3LYP
modeling of amb5 indicated proton transfers from the 2Cys to 2His
produced tertiary structures that were held together by four salt
bridges [26]. If these salt bridges form in amb7 they could make
amb7 less reactive towards the proton exchange by Ag(I) at pH 7.

4.2.6. Manganese(III/V) and Cobalt(III/V)
The formation of [amb7-0�5HþMn(III)]2�, [amb7-

0�7HþMn(V)]2�, [amb7-1�5HþCo(III)]2� and [amb7-
1�7HþCo(V)]2� complexes were observed at pH 7, 9, and 11, where
Mn(II) and Co(II) were oxidized to these higher oxidation states.
Manganese (III/V) formed complexes only with amb7-0 which had
the four available Cys sites which is consistent with our previous
research of the smaller amb1 that showed only trace Mn(III/V)
binding via its 2Cys-2His residues [31]. This indicates Mn(III/V)
binding required the 3-4Cys sites of amb7-0, like the Pb(II) in Fig. 9a.
The Co(III/V) formed complexes mainly with amb7-1, with the 2His-
2Cys-Cterm motif, and to a higher extent than previously observed
for the smaller amb1 and amb5 peptides that also contained these
sites [25,31]. Our attempts for finding structures for theMn(III/V) or
Co(III/V) complexes using PM6 were unsuccessful.

4.3. Comparison of amb7 metal binding selectivity with mb-OB3b,
amb1 and amb5

The previous ESI-IM-MS studies of mb-OB3b [21, 22] showed
that the free mb-OB3b was observed as three negatively charged
species: [mb-OB3beH]e, [mb-OB3be2H]2e, and [mb-OB3be3H]3e,
consistent with expected solution-phase behavior and deprotona-
tion of the two enethiol sites and the carboxyl terminus. Selected
metal ion titrations [21] showed that the apparent binding selec-
tivity of mb-OB3b at pH 7 followed the order of 1) Cu(I) and Ag(I);
2) Ni(II), Zn(II) and Co(II); and 3) Pb(II), Fe(II), and Mn(II) and this
order of binding selectivity was in general agreement with that
found by fluorescence quenching experiments [21] and isothermal
titration calorimetry [14]. From the negatively charged amb7 results
at pH 7 and the positive and negative ion results at pH 9 and 11, the
metal ion selectivity are as follows. The amb7-0 was selective for
Pb(II) and Zn(II) with Mn(III/V) and Ag(I) only binding at pH 9 and
11. The amb7-1 was selective for Ni(II) and Zn(II) and a lesser extent
Co(III). The amb7-2 was selective for Cu(II), where Cu(II) bound to
amb7-2 whether it was incubated with amb7-0-1 or amb7-2. The
Zn(II), Ni(II), and Cu(II) binding trends are consistent with those
exhibited by the series of amb1 and amb5 peptides [24e26]. These
previous studies showed Zn(II) preferred to bind to the amb pep-
tides with 2-4Cys sites, Ni(II) preferred the ambwith 2His, 2Cys and
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an amidated C-terminus, and Cu(II) preferred the amb with 2His
and only one Cys that oxidized to form an amb dimer that could
bind 1-4Cu(II) ions. Two distinctions between the studies are that
the amb5 with 2His and 2Cys predominantly bound Cu(I) at pH 7,
whereas amb7 binds Cu(II). The Ni(II) chelation by amb7-1 occurs at
pH 7, but for the smaller amb1 and amb5 peptides Ni(II) was only
significantly chelated at pH 9 and 10.

5. Conclusions

The results of selected metal binding by the amb7 peptide with
0, 1, or 2 disulfide bonds have been presented. The results indicated
that negative ion analyses, which provided complexes with an
overall charge that were reflective of ion-ion interactions between
amb7 and the metal ion, were more useful for studying the metal
binding than the positive ion analyses which from solutions at pH 5
and 7 were indicative of non-specific ion-dipole binding. However,
from the solutions at pH 9 and 11 there were meaningful agree-
ments for the metal binding from both the positive and negative
ion analyses. The CCS of the negatively charged complexes at pH 9
were significantly (24e40 Å2) smaller than those of the positively
charged counterparts, indicating that the negative ion conforma-
tions were more tightly folded than the positive ion conformations.
The positively charged complexes also readily dissociated into
recognizable a, b, c and y product ions, by loss of the terminal ends
of amb7, which indicated the interaction between themetal ion and
His2 and His9 restricted dissociation of the complex between these
two residues. The PM6 modeling supported the involvement of the
2His in binding Pb(II) (Fig. 9b), Zn(II) (Fig. 9d) and Cu(II) (Fig. 9f). For
the negatively charged complexes, the number of free Cys affected
their metal binding selectivity with amb7-0 chelating Pb(II) (Fig. 9a),
amb7-1 chelating Ni(II) and Zn(II) (Fig. 9c), and amb7-2 chelating
Cu(II) (Fig. 9e). This compared to mb-OB3b with its enethiol oxa-
zolone sites that was most selective for Cu(I) and Ag(I) [21].
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