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A B S T R A C T   

The Ni(II) affinity of the polyhistidine tag is used in the purification of recombinant proteins by immobilized 
metal affinity chromatography. Here we measured the relative gas-phase Ni(II) affinities of four alternative metal 
binding (amb) peptides and the 7xHis tag using the competitive threshold collision-induced dissociation (TCID) 
technique. The general primary structure of the four amb peptides was acetyl-Aa1-Aa2-Gly3-Pro4-Aa5-Gly6-Cys7, 
designed to test whether the His1-Cys2 or Asp1-His2 would exhibit the higher Ni(II) affinity and whether the Tyr5 
with its ability of forming long-range π-nickel interaction and hydrogen bonding would contribute to the Ni(II) 
affinity. The Cys7 is retained in all the amb sequences because previous research has shown that both the thiolate 
side group and carboxylate terminus simultaneously coordinate the metal ion. The Ni(II) affinity was measured 
using the dissociation of the [amb + Ni(II) + NTA]− complex, where NTA = nitrilotriacetic acid, which is a 
commonly used ligand for Ni(II) inside the IMAC column. The dissociation of [amb + Ni(II) + NTA]− produced 
two main product channels; [amb + Ni(II)]− + NTA and [NTA + Ni(II)]− + amb, whose competition was 
modeled by TCID to extract the relative gas-phase Ni(II) affinities. Extensive molecular modeling using PM6 
located the low-energy structures whose molecular parameters were used in the TCID analyses if their collision 
cross sections agreed with those measured by traveling-wave ion mobility mass spectrometry and they were 
compatible with a concerted reaction. We compare the final results by conducting the TCID analyses using 
alternative PM6 parameters and by making the ternary complexes in acidic and basic solutions.   

1. Introduction 

Nickel(II) is the most common metal used in immobilized metal af
finity chromatography (IMAC) in conjunction with the polyhistidine tag. 
However, the homogeneity of the polyhistidine tag can result in issues in 
the expressed recombinant protein’s solubility and distribution in the 
host cell [1]. Moreover, the polyhistidine tag can affect the stability of 
the recombinant protein’s conformation and disrupt its enzymatic or 
ligand binding activity [2]. A more diverse primary sequence of the 
peptide tag may be beneficial to the expression and stability of the re
combinant protein. Here we present the results of a study of four hep
tapeptides (Fig. 1) with alternative metal binding (amb) sites and the 
7xHis tag to determine their relative gas-phase Ni(II) affinities. These Ni 
(II) affinities were measured using competitive threshold 
collision-induced dissociation (TCID) and the study includes an evalu
ation of whether the TCID method can provide reliable measurements 
for these relatively large systems. 

The competitive TCID technique was developed by Armentrout, 

Ervin and Rodgers [3–5] to measure the thermochemistry of competing 
reactions from the collisional activation and unimolecular dissociation 
of a complex and applied using the CRUNCH program [6]. The TCID 
technique was originally developed with guided ion beam tandem mass 
spectrometry instruments [7,8], but modified triple quadrupole in
struments [9,10] have also been used. Recently, our group developed 
the TCID technique with the traveling-wave ion mobility-mass spec
trometry (TWIMMS) instrument [11–13]. In the research presented 
here, the TCID technique is applied to derive Ni(II) affinities for the amb 
peptides (Fig. 1) and includes a revised analysis of the 7xHis peptide. 
The four amb peptides, HCY, HCG, DHY and DHG have the general 
primary structure acetyl-Aa1-Aa2-Gly3-Pro4-Aa5-Gly6-Cys7, which tests 
how the His1-Cys2 or Asp1-His2 and Tyr5 substituent groups effect the Ni 
(II) affinities. The Zn(II) affinities of HCG and DHG have been measured 
recently and showed that Zn(II) favored the His1-Cys2 [11]. Previous 
TWIMMS research has also monitored the “solution-phase” 
pH-dependent metal binding reactions of a wide variety of amb peptides 
[14–23], which showed for Zn(II) the preference for the amb His-2Cys 
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sites while Ni(II) preferred 2Asp-His [14]. The research here examines 
whether the gas-phase competitive TCID analyses of Ni(II) affinities will 
be in-line with these previous “solution-phase” studies. Moreover, the 
TCID analyses will test whether the tyrosyl, with its potential for 
forming π-nickel and hydrogen bonds, has an influence on the Ni(II) 
affinities. All the amb peptides (Fig. 1) have Cys7 because our previous 
work showed its thiolate side group and carboxylate terminus can 
simultaneously coordinate the metal ion [11–13,19]. The effect of pH on 
the formation of the ternary complex was also tested to understand 
whether it influenced the competitive TCID analyses. The single 
negatively-charged [amb + Ni(II) + NTA]− complex, where NTA =

nitrilotriacetic acid, has different possible binding sites for the Ni(II) 
from Asp, His, Cys, and carboxylate sites. Does the pH and pKas’ of these 
amb sites influence the formation of the ternary complex and the TCID 
analyses? Does a single conformer or ensemble of conformers exist in 
solution and retain their influence on the gas-phase TCID measurement? 
To try to answer these questions the ternary complex were made in 
acidic (pH 3) and basic solutions (pH 10) and using the TCID analyses 
the results were compared. 

The TCID method required molecular parameters including rovi
brational frequencies for the RRKM modeling of the dissociation of the 
activated complex through the orbiting transition states to the products 
[4]. A new molecular modeling technique was recently developed that 
used PM6 and DFTB/3OB_D4 geometry-optimizations and molecular 
dynamics simulations for locating these structures [11]. However, the 
full application of this method to triplet spin state Ni(II) complexes is 
unfeasible and here we used an extensive survey using semi-empirical 
PM6 to locate a series of low-energy conformers which also had colli
sion cross sections (ΩHe), measured using the trajectory method with 
Lennard-Jones potentials (TMLJ), that agreed with the experimentally 
TWIMMS measured ΩHe. The overall negative charge of the [amb + Ni 
(II) + NTA]−, [amb + Ni(II)]−, and [NTA + Ni(II)]− complexes are due 
to the charge of Ni(II) and the loss of 3 protons from the neutral amb or 
NTA. The ‘−3H’ is omitted from the formulas in the following manu
script, although we do discuss the protonation states of various com
plexes located by the PM6 method. 

2. Experimental and computational methods 

2.1. Reagents and sample preparation 

The custom synthesis of the amb peptides HCY, HCG, DHY, and DHG 
was done by PepmicCo (http://www.pepmic.com/). Nickel(II) nitrate 
hexahydrate (99 % purity) was purchased from ACROS (https://www. 
acros.com/). Only deionized (DI) water 18 MΩ cm (http://www.mill 
ipore.com) and HPLC grade methanol (http://www.Fishersci.com/) 
solvents were used. Aqueous solutions of nickel(II) nitrate hexahydrate, 
NTA and amb were combined with dilution with DI water and HPLC 
methanol to final concentrations of 25:25:50 μM amb:Ni(II):NTA in a 
final 10 % methanol aqueous solution. The final pH of these solutions 
were pH 3 because of the acidic NTA. The same ratio of amb:Ni(II):NTA 
solutions were made at pH 10 by modifying the pH of the DI water using 
9.4 mM ammonium acetate (ultrapure) and raising the pH using 
ammonium hydroxide (trace metal grade) (http://www.Fishersci.com/ 
). All solutions were thoroughly mixed and left at room temperature 
for 10 min before TWIMMS analyses. 

2.2. TWIMMS analyses 

The Waters Synapt G1 instrument [24] (Fig. S1) was used for the 
analyses of the samples using the operating conditions described in the 
SI. The transmission quadrupole resolved the isotopic m/z peaks of the 
negatively-charged [amb + Ni(II) + NTA]− complex, which was focused 
into the trap cell and gated, via 200 μs voltage switch on the last lens of 
the trap, into the traveling-wave ion mobility (TW-IM) cell. The in
strument uses argon gas in the trap and transfer cells and nitrogen in the 
TW-IM cell. In the TW-IM cell, the ternary complex underwent about 10, 
000 collisions with the N2 buffer gas at 298 K, which thermalized the 
complex. The dissociation of [amb + Ni(II) + NTA]− was conducted in 
the transfer TW cell using predetermined collision energies (CE) that 
covered 0–100 % dissociation of the ternary complex and gave a series of 
energy-dependent product ions that were measured by the TOF m/z 
analyzer. The [amb + Ni(II) + NTA]− and the product ions were iden
tified by their m/z isotope patterns and their arrival time distribution 
(ATD) alignment [11,12]. The ATD for each species were separated 
using Driftscope 2.0 and exported to MassLynx 4.1, where their areas 
were integrated to determine the relative intensities of each reactant and 
product at each collision energy. These procedures were repeated using 
three transfer argon gas pressures that covered the range 2–7 × 10−2 

mbar, allowing the pressure dependence on multiple collisions to be 
extrapolated. 

2.3. Collision cross sections 

The TWIMMS ΩHe of [amb + Ni(II) + NTA]− and [amb + Ni(II)]−

were measured using the quadrupole in non-resolving mode and the 
calibrants D-L polyalanine (PA). Although N2 was used in the TW-IM 
cell, the calibration procedure used collision cross sections measured 
in helium (ΩHe) for the negatively-charged PA calibrants [25] to deter
mine the ΩHe of the [amb + Ni(II) + NTA]− and [amb + Ni(II)]− com
plexes. The method is described in detail in the SI. The TWIMMS ΩHe 
allowed the selection of [amb + Ni(II) + NTA]− and [amb + Ni(II)]−

conformers from the PM6 geometry-optimizations that had ΩHe 
measured using the trajectory method with Lennard-Jones (TMLJ) po
tentials from the IMOS program, that agreed with the TWIMMS ΩHe 
measurement [26]. 

2.4. PM6 molecular modeling 

The study for locating low-energy, geometry-optimized structures of 
the [amb + Ni(II) + NTA]−, [amb + Ni(II)]− and amb was accomplished 
using gas-phase structures with the semi-empirical PM6 [27] from the 
Gaussian09 program [28]. All initial structures contained only 

Fig. 1. The primary structures of the alternative metal binding (amb) peptides 
HCY, HCG, DHY, and DHG with the potential Ni(II) binding substituent sites in 
the first, second, fifth and last positions shown in green, blue, purple and red. 
The structure of the 7xHis tag is also shown. 
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trans-peptide bonds and their Asp, His, or Cys side groups and carboxyl 
groups were systematically arranged using GaussView 5 to test which 
final Ni(II) coordinations gave the lowest-energy structures. About 
20–50 conformers of each species were located and their structures, 
electronic energies and TMLJ ΩHe were compiled and compared to the 
ΩHe measured by TWIMMS (Tables S1–S3). 

2.5. Competitive threshold collision induced dissociation analyses 

The voltages applied to the transfer cell were used directly as the lab- 
frame collision energies (Elab) because ion current signal only decreased 
by 50 % when the transfer voltage was set to zero volts. For the TCID 
analyses, the Elab were converted to center-of-mass collision energies 
(Ecm) using average masses of the argon (mAr) collision gas and the [amb 
+ Ni(II) + NTA]− complex (mC) as shown in equation S4. The Ecm is the 
maximum energy available for transfer to internal energy of the complex 
from a single collision between the complex and argon. The Ecm- 
dependent intensities of the product ions were converted to reaction 
cross sections using Beer’s law as described previously [8,11]. 

The CRUNCH program [6] was used to model the Ecm-dependent 
reaction cross sections using the competitive threshold collision-induced 
dissociation (TCID) method. Competitive TCID [3–5] uses statistical 
RRKM theory to model the probability of the dissociation of the ternary 
complex through the excitation of its density of states and dissociation 
through the sum of states of the orbiting transition state (OTS) leading to 
products via their threshold energies. The total internal energy of the 
ternary complex E* is described by its initial thermal energy plus the 
energy transferred upon collision with Ar, using the empirical deposi
tion function shown in equation S5. The density and sum of states were 
calculated using the PM6 rovibrational frequencies from our selected 
conformers. No hindered rotors were used. The PM6 vibrational fre
quencies were scaled by the NIST recommended 1.062 scaling factor. In 
addition, for the OTS for the entropically favored [NTA + Ni(II)]−

dissociation channel the vibrational frequencies <900 cm−1 where 
scaled by 0.70. Corrections are included for the kinetic shifts due to the 
limited time window that the complex must dissociate within so the 
products can be detected. For the TWIMMS the time window is 50 μs and 
is the average time ions take to pass from the transfer cell to the TOF 
mass analyzer [12]. The convoluted TCID modelling that fits the 
experimental data includes the 298 K temperature which effects the 
internal energy distribution of the [amb + Ni(II) + NTA]− complex [29], 
the distribution of translational energies of the Ar collision gas [7], and 
the integration over the total rotational angular momentum of the 
energized [amb + Ni(II) + NTA]− complex and the OTSs leading to 
products [30,31]. The OTSs are described by an ion-induced-dipole 
interaction of the dissociating products using dipole moments and po
larizabilities from the PM6 calculations or NIST database for NTA. 

The processes discussed above are included in equation (1) where the 
probability of dissociation and detection of the energized [amb + Ni(II) 
+ NTA]− with total energy E* into the product channel j is given by 
RRKM unimolecular reaction kinetics. 

PD, j(E∗, J) = kj(E∗, J)
/

ktot.(E∗, J) [1 - exp(-ktot.(E∗, J) )τ ] (1)  

Here ktot. = Σkj is the total unimolecular dissociation rate constant of the 
channel j and τ is the 50 μs time window. J is the rotational angular 
momentum of the energized complex and the OTS for product channel j. 
The unconvoluted TCID model predicts the dissociation enthalpies of the 
ternary complex into the two product channels at 0 K and allows for the 
relative gas-phase Ni(II) affinities to be determined. 

3. Results and discussion 

3.1. The products reaction cross sections and transfer cell Ar gas pressure 
dependence 

The reaction cross sections of the products from the dissociation of 
[HCY þ Ni(II) + NTA]− and [HCG þ Ni(II) + NTA]− are shown in Fig. 2. 
The [amb + Ni(II)]−and [NTA þ Ni(II)]− exhibited the lowest apparent 
threshold energies with [NTA-CO2þNi(II)]−, which is the sequential loss 
of CO2 from NTA, observed at higher energies. The difference in the 
apparent thresholds of [amb + Ni(II)]− and [NTA þ Ni(II)]− is slightly 
greater from the dissociation of [HCY þ Ni(II) + NTA]−, which may 
indicate there is a significant effect from the inclusion of the tyrosyl 
group. The data was taken at three argon gas pressures to extrapolate the 
effect of multiple collisions and shows as the pressure increased from 
~0.02 to 0.07 mbar the reaction cross sections exhibit a small decrease 
for all products observed. This behavior is consistent with multiple 
collisions removing some of internal excitation energy from the initial 
collision and partly deactivating the ternary complex. 

The reaction cross sections of the products from the dissociation of 
[DHY þ Ni(II) + NTA]− and [DHG þ Ni(II) + NTA]− are shown in 
Fig. 3. The products [amb + Ni(II)]− and [NTA þ Ni(II)]− exhibited the 
lowest apparent threshold energies but at higher energies the products 
[amb-H2O + Ni(II)]−, [NTA-CO2þNi(II)]−, [amb-CO2+Ni(II)]−, and 
[amb-C3H8O2NS + Ni(II)]− were also observed. The loss of H2O or CO2 
from [amb + Ni(II)]− originate from the Asp1, a source of the oxygens 
and absent from the dissociation of HCY or HCG (Fig. 2). The loss of CO2 
and C3H8O2NS, the latter being the loss of the Cys7 residue, were not 
observed in our previous TCID studies of [amb + Zn(II) + NTA]−

complexes of HCG and DHG [11–13]. 

3.2. PM6 modeling for locating conformers of [amb + Ni(II) + NTA]−

and its dissociation products 

The PM6 modeling results located a wide range of conformers of the 
[amb + Ni(II) + NTA]− and [amb + Ni(II)]− complexes (Tables S1 and 
S2). The [amb + Ni(II) + NTA]− conformers with the lowest electronic 
energies and whose TMLJ ΩHe agreed with the ΩHe measured by 
TWIMMS were selected to use in the TCID modeling (Table S3). For 
[amb + Ni(II)]−, an extra criteria was that its conformation and Ni(II) 
binding coordination was compatible with a concerted dissociation of 
the selected [amb + Ni(II) + NTA]− conformer. Table 1 summarizes the 
TMLJ ΩHe of the final selected [amb + Ni(II) + NTA]− and [amb + Ni 
(II)]− conformers and compares them with the ΩHe measured by 
TWIMMS. The TCID analyses also required parameters for NTA, [NTA +
Ni(II)]− and amb, whose TWIMMS ΩHe could not be measured, and the 
lowest-energy PM6 conformer from our work here or conformers we 
located in our previous studies were used [11–13]. The final selected 
conformers for the TCID modeling for HCY, HCG, DHY, DHG and 7xHis 
are shown in Fig. 4, S2, S3, S4 and S5, respectively. 

The PM6 conformer [HCY + Ni(II) + NTA]− exhibits octahedral 
coordination of the Ni(II) via the Cys2, Cys7 and the C-terminus, with 
two carboxylates (C1 and C2) and nitrogen (N) from NTA (Fig. 4). The 
three negatively charged sites of three carboxylates and the 2+ charge of 
Ni(II) gives the ternary complex its overall −1 charge. For [HCY + Ni 
(II)]−, the Ni(II) is coordinated via His1, Cys2, Cys7 and C-terminus. The 
conformer for [HCY + Ni]− was selected not only because of its PM6 
energy and ΩHe but also because it maintains the same Ni(II) binding 
sites as the ternary complex and is compatible with a concerted reaction 
mechanism described by an OTS. These structures also indicated that the 
dissociation mechanism proceeds via two proton transfers from the two 
Cys to the two carboxylates of NTA, and with the His1 they displaced the 
NTA from coordinating Ni(II). 

The ternary [amb + Ni(II) + NTA]− complexes of HCG, DHY, and 
DHG also exhibited Ni(II) coordination by two carboxylates and nitro
gen from NTA and either Cys, Asp or C-terminus sites. The [amb + Ni 
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(II)]− complex typically exhibited Ni(II) coordination via His, Cys, Asp 
and C-terminus sites (Figs. S2, S3, S4). The PM6 sum of electronic and 
zero-point energies (HF) of the selected conformers with the predicted 
PM6 enthalpy changes, ΔH0, for the two dissociation reactions are 
shown in Table S3. 

3.3. Threshold collision-induced dissociation analyses 

The Ecm-dependent, reaction cross sections recorded at the three 
pressures (Figs. 2 and 3) were converted by a linear extrapolation to a 
zero Ar gas pressure to obtain reaction cross sections at a single collision 
limit. The comparison of the resulting reaction cross sections for the two 
main dissociation channels from HCY and HCG are shown in Fig. S6 and 
for DHY and DHG in Fig. S7. The competitive TCID analyses used the 
PM6 rovibrational frequencies to describe the energized [amb + Ni(II) 
+ NTA]− complex and the PM6 rovibrational frequencies, dipole mo
ments and polarizabilities to describe the two loose orbiting transition 
states using those of [amb + Ni(II)]− + NTA or [NTA + Ni(II)] + amb 
products. The exception was NTA whose dipole moment and polariz
ability was taken from NIST. This reaction model implied two competing 
concerted reactions without activation barriers in excess to the energy of 
the products, where the 0 K threshold energies, E1 and E2, are equal to 
the reaction dissociation enthalpies of reactions 2 and 3. 

[amb + Ni(II) + NTA]
- → [amb + Ni(II)]

-
+ NTA (2)  

[amb + Ni(II) + NTA]
- → [NTA + Ni(II)]

-
+ amb (3) 

A comparison of the located TCID fits that were used to measure the 
relative gas-phase Ni(II) affinities with the fitting parameters N and 
σ0 from the energy deposition function (eq S5), and entropies of acti
vation ΔS0 at 1000 K for reactions (2) or (3) are shown in Table S4. 

Fig. 5 shows a selection of results where the solid lines are the 
competitive TCID fits that reproduced the experimental reaction cross 
sections and included the convolution over the translational or internal 
energy distributions available at 298 K. The unconvoluted TCID cross 
sections (not shown) predicted the 0 K dissociation enthalpies, ΔH0, for 
reactions 2 and 3 and are shown in Fig. 5. The difference in the ΔH0 for 
reactions 2 and 3, i.e., δΔNiH0 = ΔH0(2) − ΔH0(3) = ΔNiH0(amb) −

ΔNiH0(NTA), provides the relative gas-phase Ni(II) affinities for the four 
amb species. 

Table 2 (middle column) shows the mean and 95 % confidence in
terval of the relative Ni(II) affinities derived from multiple fits to the 
reaction cross sections and includes the reevaluated competitive TCID 
analyses of 7xHis (Fig. S8). The previous TCID analysis of 7xHis used 
separate threshold fits of the two products, whereas, here the competi
tive TCID method that includes explicit treatment of the competitive 
shifts inherent in multiple channels is used with new parameters from 
the conformers [7xHis + Ni(II) + NTA]−, [7xHis + Ni(II)]−and 7xHis 
shown in Fig. S5. The first derived Ni(II) affinity shown for each species 
in Table 2 are those obtained using the parameters from the conformers 
shown in Fig. 4, S2, S3, S4, and S5 with the details of the individual fits 
shown in Table S4. Table 2 also includes Ni(II) affinities derived from 
using parameters from alternative conformers of [amb + Ni(II) + NTA]−

selected from Tables S5 and S6 and shown in Figs. S9 and S10. The Ni(II) 

Fig. 2. The reaction cross sections of the products [amb + Ni(II)]−, [NTA þ Ni(II)]− and [NTA-CO2þNi(II)]− from the dissociation of [HCY þ Ni(II) + NTA]− (left 
panel) and [HCG þ Ni(II) + NTA]− (right panel) using three argon gas pressures between 0.02 and 0.07 mbar. 
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affinities shown in Table 2 in the last row in italics are derived from the 
mean and 95 % confidence interval of multiple fits using two sets of 
parameters for the [amb + Ni(II) + NTA]− complex. 

Overall the results in Table 2 suggest Ni(II) affinities are in the order 
DHG > 7xHis ≥ DHY > HCY > HCG indicating the preference of Ni(II) 
for the Asp1-His2 substituent groups over His1-Cys2. The greater Ni(II) 
affinity of DHG over DHY, indicates the tyrosyl does not contribute to 
the Ni(II) affinity, which is consistent with the PM6 conformer of [DHY 
+ Ni(II)]− (Fig. S3), whose tyrosyl is displaced from the rest of the 
molecule. However in contrast, the greater Ni(II) affinity of HCY over 
HCG does indicate a tyrosyl contribution with the [HCY + Ni(II)]−

conformer in Fig. 4 showing the out-of-plane π-orbitals of the tyrosyl 

ring approximately orientated towards the Ni(II) and a hydrogen bond 
from the hydroxyl to the sulfur of Cys7. However, the evaluation of the 
choice of conformers to use in the TCID analyses in the following sec
tions shows that this outcome is sensitive to the choice of conformers. 

3.4. pH-dependence on the threshold collision-induced dissociation 
analyses 

Previous research of the amb peptides has shown that using elec
trospray of different pH solutions allowed the pH-dependent metal 
binding behaviors to be monitored by TWIMMS, which was especially 
useful for negative ions as they reproduced the solution-phase charge 
states and the expected solution-phase reactivity based on the pKas’ of 
His and Cys [15–23]. The TCID results discussed above were all derived 
from the ternary complexes made in pH 3 solutions because of the acidic 
NTA. To check whether pH could influence the formation of different 
conformers of the ternary complexes and whether the TCID method 
could detect this, the ternary complexes of HCG and DHG were made 
again but in solutions of pH 10 and the resulting reaction cross sections 
are compared to those measured from the pH 3 solutions in Figs. S11 and 
S12, respectively. The located TCID fits that were used to measure the 
relative gas-phase Ni(II) affinities of the ternary complexes made at pH 
10, with the fitting parameters N and σ0 from eq S5, and entropies of 
activation ΔS0, are shown in Table S7. Typical examples of the TCID fits 
that reproduced the reaction cross sections of the products from the 
ternary complexes made at pH 10 are shown in Fig. 6. 

Fig. 3. The reaction cross sections of the products [amb + Ni(II)]−, [NTA þ Ni(II)]−, [amb-H2O + Ni(II)]−, [NTA-CO2þNi(II)]−, [amb-CO2+Ni(II)]−, and [amb- 
C3H8O2NS + Ni(II)]− from the dissociation of [DHY þ Ni(II) + NTA]− (left panel) and [DHG þ Ni(II) + NTA]− (right panel) using three argon gas pressures between 
0.02 and 0.07 mbar. 

Table 1 
Comparison of the TMLJ ΩHe (Å2) of the lowest-energy stationary states located 
by PM6 geometry-optimizations that agreed with those measured by TWIMMS 
ΩHe and compatible with a concerted reaction mechanism. The PM6 conformers 
are shown in Fig. 4, S2, S3, S4 and S5.  

amb [amb + Ni(II) + NTA]− [amb + Ni(II)]−

PM6 TMLJa TWIMMSa PM6 TMLJ TWIMMS 

HCY 211 211 187 188 
HCG 200 195 175 173 
DHY 208 206 189 188 
DHG 201 192 172 172 
7xHis 239 241 224 219  

a The ΩHe measurements have approximate relative uncertainties of 2 %. 
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3.5. Using different [HCG + Ni(II) + NTA]− conformers for the TCID 
analyses of pH 3 and pH 10 

Table 2 (column 3) shows the Ni(II) affinities from the fits of the pH 
10 data with different [HCG + Ni(II) + NTA]−. Using the molecular 
parameters from the conformers shown in Fig. S2, the selection of TCID 
fits that reproduced the reaction cross sections gave δΔNiH0 = −0.417 ±
0.022 eV, which is not significantly different from the Ni(II) affinity 
−0.361 ± 0.036 at pH 3 because of the overlapping error bars. However, 

the ternary complexes were made at different pH, which could relate to 
the TCID of two different conformers of the ternary complex. Consid
ering the pKas of NTA and HCG (Table S8), the three most likely 
negatively charged sites are the two carboxylates from NTA and the C- 
terminus from HCG, with His deprotonated and neutral, giving the 
overall −1 charge state of the [HCG + Ni(II) + NTA]− conformer shown 
in Fig. S2. The electronic energies and TMLJ ΩHe of the PM6 conformers 
located for [HCG + Ni(II) + NTA]− are shown in Table S5 with the 
values in bold indicating the selected conformers used in the TCID 

Fig. 4. The PM6 molecular structures of the [HCY + Ni(II) + NTA]− ternary complex and its products [HCY + Ni(II)]− + NTA (right) and [NTA + Ni(II)]− + HCY 
(left). Their PM6 rovibrational frequencies were used to calculate the density of states of the [HCY + Ni(II) + NTA]− complex and the sum of states of the orbiting 
transition states as illustrated in the representative potential energy surface. The [HCY + Ni(II) + NTA]− was chosen based on its PM6 electronic energy predicting it 
was the most stable conformer that also had a TMLJ collision cross sections (ΩHe) that agreed with the experimentally measured TWIMMS ΩHe (Table 1). The [HCY +
Ni(II)]− complex was selected based on it being the most stable PM6 conformer that retained the Cys2, Cys7 and C-terminus Ni(II) binding sites as the ternary complex 
and also included His1 binding site that replaced the NTA. 

Fig. 5. The convoluted TCID fits (black lines) to the experimental reaction cross sections of [amb + Ni(II)]− (brown circles) and [NTA + Ni(II)]− (green triangles) 
from a) [HCY + Ni(II) + NTA]−, b) [HCG + Ni(II) + NTA]−, c) [DHY + Ni(II) + NTA]− and d) [DHG + Ni(II) + NTA]− made in pH 3 solutions. The values are the 0 
K dissociation enthalpies, ΔH0, of reactions 2 and 3 and δΔNiH0 provides the relative gas-phase Ni(II) affinities as described in the text. 
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analyses. The first value shown in bold are for the conformer shown in 
Fig. S2. Table S5 also shows a 22 kJ/mol higher energy conformer with 
same Ni(II) binding sites: Cys2H, Cys7H, COO−, N, 2 COO−, but with a 
more compact structure (TMLJ ΩHe = 196 Å2), which agrees more 
precisely with the TWIMMS measured ΩHe = 195 Å2 (Table 1). This 
conformer, shown in Fig S9a, is also compatible with the concerted re
action using the two OTS (Fig. S2) and resulted the TCID analysis of the 
pH 10 data giving δΔNiH0 = −0.403 ± 0.021 eV (Table 2), which is not 
significantly different from the result of the pH 3 data. However, 
conformer S9a was also used as an alternative complex in modeling the 
pH 3 data, resulting with δΔNiH0 = −0.370 ± 0.011 eV (Table 2), which 
because of the smaller error bars was significantly different from the 
−0.417 ± 0.022 eV for the pH 10 data measured using only the con
formers shown in Fig. S2. 

One more [HCG + Ni(II) + NTA]− conformer was selected from 
Table S5 based on it having four negatively-charged Ni(II) binding sites; 
Cys2

−, Cys7H, COO−, N, 2 COO−, with His1 protonated as imidazolium 

(Fig. S9b), and its TMLJ ΩHe agreeing with TWIMMS. However, using 
this S9b conformer with the two OTS used previously with the TCID 
model for the pH 10 data gave δΔNiH0 = −0.384 ± 0.028 eV (Table 2), 
which was not significantly different from the pH 3 results. Therefore, 
only by using the conformers shown in Fig. S2 for pH 10, but for pH 3 
replacing the ternary complex with the more compact conformer S9a, 
were the Ni(II) affinities significantly different. Deriving the Ni(II) af
finities from the mean and 95 % confidence interval using energy fits of 
all the [HCG + Ni(II) + NTA]− conformers used in either the analyses of 
pH 3 or pH 10 data (Tables 2, S4 and S7) also resulted in significantly 
different Ni(II) affinities of −0.355 ± 0.016 eV (pH 3) and −0.398 ±
0.014 eV (pH 10). 

3.6. Using different [HCG + Ni(II)]− conformers for the TCID analyses 
of pH 3 and pH 10 

The [HCG + Ni(II)]− conformer used for the OTS, shown in Fig. S2, 
has Ni(II) binding sites of Cys2

−, Cys7
−, and COO− terminus and was 

selected based on its TMLJ ΩHe = 175 Å2 that agreed with the TWIMMS 
= 173 Å2 as shown in bold in Table S9. However, a lower energy 
conformer with His1, Cys2

−, Cys7
−, and COO− terminus coordination of Ni 

(II) (Table S9, Fig. S13a) was also located, but with a smaller TMLJ ΩHe 
= 163 Å2. Including S13a in the TCID analyses of the pH 10 data to 
describe the OTS of reaction 2 with the parameters from the other 4 
conformers shown in Fig. S2, resulted in an increased Ni(II) affinity, 
−0.580 ± 0.010 eV, of HCG (Table 3). This higher Ni(II) affinity is 
related to the smaller entropy of activation for reaction 2 (Tables 3 and 
S7) because of the more ordered structure of S13a over the original 
[HCG + Ni(II)]− conformer used from Fig. S2. 

The analyses above shows the choice of the [HCG + Ni(II)]−

conformer used for the TCID analyses significantly affects the final Ni(II) 
affinity. For the Ni(II) affinities shown in Table 2, all the [amb + Ni(II)]−

complexes apart from HCG had four Ni(II) binding sites. For consistency, 
the analyses of the pH 3 data for HCG was conducted again using the 
conformers shown in Fig. S2 but with the [HCG + Ni(II) + NTA]−

conformer replaced with the conformer shown in Fig. S9a and the [HCG 
+ Ni(II)]− conformer replaced for the conformer shown in Fig. S13a. The 
results in Table 4 show using these conformers gave a significantly 
higher −0.553 ± 0.010 eV Ni(II) affinity for HCG, although still 
significantly lower than the Ni(II) affinity from the reevaluation of HCG 
at pH 10 (Table 3), but higher than the Ni(II) affinity of HCY at pH 3 
(Table 2). 

3.7. Using different [DHG + Ni(II) + NTA]− conformers for the TCID 
analyses of pH 3 and pH 10 

For DHG, consideration of the pKas’ (Table S8) showed the most 
likely negatively charged sites are the two carboxylates of NTA and the 

Table 2 
Comparison of the relative gas-phase Ni(II) affinities determined from the TCID 
method. Ni(II) affinities in bold are from selected [DHG + Ni(II) + NTA]− or 
[HCG + Ni(II) + NTA]−conformers that resulted in Ni(II) affinities that were 
significantly different at the 95 % confidence level between the pH 3 and pH 10 
measurements. Details of the individual fits are shown in Tables S4 and S7.  

Primary structure pH 3, δΔNiH0 (eV) pH 10, δΔNiH0 (eV) 

acAsp-His-Gly-Pro-Gly-Gly-Cys ¡0.726 ± 0.018 a 

– 
¡0.687 ± 0.034 b 

−0.703 ± 0.027 c (8) 

¡0.631 ± 0.012 a 

−0.681 ± 0.028 b 

−0.708 ± 0.028 b 

−0.672 ± 0.030 c (12) 
acHis-His-His-His-His-His-His −0.633 ± 0.019 a 

−0.626 ± 0.018 c (6) 
– 
– 

acAsp-His-Gly-Pro-Tyr-Gly-Cys −0.599 ± 0.040 a 

−0.598 ± 0.009 c (6) 
– 
– 

acHis-Cys-Gly-Pro-Tyr-Gly-Cys −0.489 ± 0.033 a 

−0.485 ± 0.012 c (6) 
– 
– 

acHis-Cys-Gly-Pro-Gly-Gly-Cys −0.361 ± 0.036 a 

¡0.370 ± 0.011 b 

– 
−0.355 ± 0.016 c (8) 

¡0.417 ± 0.022 a 

−0.403 ± 0.021 b 

−0.384 ± 0.028 b 

−0.398 ± 0.014 c (12)  

a The mean and 95 % confidence interval of δΔNiH0 derived from four fits 
using different energy ranges that reproduced the reaction cross sections using 
the PM6 molecular parameters from structures in Fig. 4, S2, S3, S4 and S5 and 
two fits obtained after changing the vibrational frequencies of the energized 
complex and the two orbiting transition states by ±10 %. 

b Same as in footnote 1 but with the [amb + Ni(II) + NTA]− replaced with an 
alternative conformer selected from Table S5 or S6 and shown in Fig. S9 or 
Fig. S10. 

c The mean and 95 % confidence intervals of δΔNiH0 derived from the multiple 
fits using different energy ranges and changing the PM6 parameters of different 
conformers of [amb + Ni(II) + NTA]− as discussed in the text. In brackets the 
number of TCID fits used to calculate the mean and standard deviation. 

Fig. 6. The convoluted TCID fits (black lines) to the experimental reaction cross sections of [amb + Ni(II)]− (brown circles) and [NTA + Ni(II)]− (green triangles) 
from a) [HCG + Ni(II) + NTA]− and b) [DHG + Ni(II) + NTA]− made in pH 10 solutions. The values are the 0 K dissociation enthalpies, ΔH0, of reactions 2 and 3 and 
δΔNiH0 provides the relative gas-phase Ni(II) affinities as described in the text. 
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Asp1 carboxylate side group and the C-terminus, with the His side group 
protonated as imidazolium. This was the charge state of the [DHG + Ni 
(II) + NTA]− conformer used in the original TCID analyses of the com
plex made at pH 3 (Table 2, Fig. S4). Using the conformers shown in 
Fig. S4 for the TCID fitting of the pH 10 data gave δΔNiH0 = −0.631 ±
0.012 eV (Table 2), which is significantly smaller than the TCID result at 
pH 3 using the same conformers. The electronic energies and TMLJ ΩHe 
of the PM6 conformers located for [DHG + Ni(II) + NTA]− (Table S6) 
shows that all the conformers located had larger TMLJ ΩHe than those 
measured by TWIMMS ΩHe = 192 Å2. The lowest energy conformer used 
in the first TCID analyses had one of the smallest TMLJ ΩHe = 201 Å2 

(Fig. S4). The second conformer selected in bold (Table S6) was 37 kJ/ 
mol higher in energy and had Ni(II) binding sites of Asp1H, Cys7H, COO−

term, N, 2COO− and exhibited TMLJ ΩHe = 200 Å2. This conformer 
(Fig. S10a) was compatible with the same two OTS used previously and 
gave δΔNiH0 = −0.681 ± 0.028 eV (Table 2), with overlapping error 
bars with the −0.726 ± 0.018 eV result at pH 3. One other conformer 
with TMLJ ΩHe = 196 Å2 was used (Table S6) because it was in the best 
agreement with the TWIMMS ΩHe = 192 Å2. This conformer had Ni(II) 
binding sites of Asp1

−, Cys7
−, N, 2COO− (Fig. S10b) and gave δΔNiH0 =

−0.708 ± 0.028 eV for the pH 10 data, and −0.687 ± 0.034 eV for the 
pH 3 data (Table 2). These results are not significantly different from 
each other or with the other Ni(II) affinity measurements for DHG 
shown in Table 2, apart from the pH 10 δΔNiH0 = −0.631 ± 0.012 eV 
measurement. Deriving the Ni(II) affinities from the fits using all the 
different [DHG + Ni(II) + NTA]− conformers for the pH 3 or pH 10 data 
(Tables 2, S4 and S7) were also not significantly different. Therefore, 
only the competitive TCID analyses using the conformers in Fig. S4 or 
Fig. S10b resulted in the pH 3 and pH 10 data giving Ni(II) affinities that 
were significantly different and predicted the Ni(II) affinity of DHG was 
greater at pH 3 than at pH 10. 

3.8. Using different [DHG + Ni(II)]− conformers for the TCID analyses 
of pH 3 and pH 10 

To check how the choice of parameters for the OTS of reaction 2 
affected the Ni(II) affinity of DHG, a different [DHG + Ni(II)]−

conformer was selected from Table S10 for the pH 3 analyses that 
exhibited Asp1

−, Cys7
−, COO− terminus Ni(II) binding sites and shown in 

Fig. S13b. This conformer replaced the [DHG + Ni(II)]− conformer 
shown in Fig. S4 and its parameters were used in the TCID analyses with 
those of the other conformers of Fig. S4. The results in Table 5, shows the 
Ni(II) affinity of DHG significantly decreased when compared to those 
derived previously (Table 2), which is related to the increase in the 
entropy of activation (Tables 5 and S4) for reaction 2 because the [DHG 
+ Ni(II)]− conformer has one less Ni(II) binding site and is more 
disordered than the conformer from Fig. S4. 

3.9. Comparison of Ni(II) and Zn(II) binding modes in peptides 

The overall results from this study show that the highest Ni(II) af
finities were determined when the [amb + Ni(II)]− complex had 4 Ni(II) 
coordination sites, which were the His1, Cys2

−, Cys7
−, COO− term for HCY 

and HCG and Asp1
−, His2, Cys7

−, COO− term for DHY and DHG. If the 
[amb + Ni(II)]− complex with these 4 coordination sites were included 
in the TCID analyses the inclusion of tyrosyl ring decreased the Ni(II) 
affinity, so the Ni(II) affinities followed the order DHG > 7xHis ≥ DHY 
≥ HCG > HCY. The analyses shows the two amb peptides with the 
substituent sites of Asp1-His2-Cys7 and the 7xHis tag had the greatest Ni 
(II) affinities. This compared with our previous competitive TCID 
research which investigated the Zn(II) affinities of HCG and DHG and 
showed the His1-Cys2-Cys7 sequence had the higher Zn(II) affinity [11]. 

Table 3 
The located TCID fits that were used to measure the relative gas-phase Ni(II) 
affinity of HCG at pH 10 with the new conformer S13a, with the fitting pa
rameters N and σ0 from equation S(5), and entropies of activation ΔS0 (J/(mol 
K)) at 1000 K for reactions (2) or (3).  

Primary structure pH 10, 
δΔNiH0 (eV) 

N σ0 (Å2) ΔS0(2) ΔS0(3) 

acHis-Cys-Gly-Pro-Gly-Gly- 
Cys 

¡0.580  
± 0.010a 

– – 137 580 

Ni(II) sites: Cys2H, Cys7H, 
COO− term N, 2COO−

TMLJ = 200 Å2 

−0.592 0.82 55.7   

Ni(II) sites: His1, Cys2
−, 

Cys7
−, COO− term 

TMLJ = 163 Å2 

−0.578 1.27 59.2   

Varied parameters ±10 % −0.574 1.42 62.0    
−0.578 1.38 59.4    
−0.592 1.02 65.1    
−0.568 1.64 65.6    

a The mean and 95 % confidence interval of δΔNiH0 derived from six fits that 
reproduced the reaction cross sections using the PM6 molecular parameters from 
structures in Fig. S2, but with the [amb + Ni(II)]− replaced with the alternative 
conformer selected from Table S9, and shown in Fig. S13a. 

Table 4 
The located TCID fits that were used to measure the relative gas-phase Ni(II) 
affinity of HCG at pH 3 with the conformers S9a and S13a, with the fitting 
parameters N and σ0 from equation S(5), and entropies of activation ΔS0 (J/(mol 
K)) at 1000 K for reactions (2) or (3).  

Primary structure pH 3, 
δΔNiH0 

(eV) 

N σ0 (Å2) ΔS0(2) ΔS0(3) 

acHis-Cys-Gly-Pro-Gly-Gly- 
Cys 

¡0.553  
± 0.010a 

– – 162 605 

Ni(II) sites: Cys2H, Cys7H, 
COO− term N, 2COO−

TMLJ = 196 Å2 

−0.565 0.91 30.7   

Ni(II) sites: His1, Cys2
−, Cys7

−, 
COO− term 
TMLJ = 163 Å2 

−0.564 0.92 30.8   

Varied parameters ±10 % −0.562 1.00 32.6    
−0.560 1.10 36.1    
−0.502 1.42 29.8    
−0.567 1.01 28.9    

a The mean and 95 % confidence interval of δΔNiH0 derived from six fits that 
reproduced the reaction cross sections using the PM6 molecular parameters from 
structures in Fig. S2, but with [HCG + Ni(II) + NTA]− replaced with the 
conformer S9 and [amb + Ni(II)]− replaced with the conformer S13a. Table 5 

The located TCID fits that were used to measure the relative gas-phase Ni(II) 
affinity of DHG at pH 3 using the [DHG + Ni(II)]− conformer S13b, with the 
fitting parameters N and σ0 from equation S(5), and entropies of activation ΔS0 
(J/(mol K)) at 1000 K for reactions (2) or (3).  

Primary structure pH 3, δΔNiH0 

(eV) 
N σ0 (Å2) ΔS0(2) ΔS0(3) 

acAsp-His-Gly-Pro-Gly- 
Gly-Cys 

0.535 ± 0.046a – – 214 632 

Ni(II) sites: Asp1
−, 

Cys7H, COO− term, 
N, 2COO−

TMLJ = 201 Å2 

−0.519 1.65 30.5   

Ni(II) sites: Asp1
−, Cys7

−, 
COO−

−0.517 1.61 29.6   

TMLJ = 176 Å2 −0.522 1.64 29.7   
Varied parameters by 

±10 % 
−0.518 1.69 31.8    

−0.511 1.60 34.1    
−0.625 0.78 65.7    

a The mean and 95 % confidence interval of δΔNiH0 derived from six fits that 
reproduced the reaction cross sections using the PM6 molecular parameters from 
structures in Fig. S4 but with the [amb + Ni(II)]− replaced with the alternative 
conformer selected from Table S10, and shown in Fig. S13b. 
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Overall these findings agreed with our previous TWIMMS pH-dependent 
“solution-phase” research that showed Zn(II) had the preference of 
forming complexes with amb peptides that contained at least 2 Cys sites, 
whereas, Ni(II) had the preference of forming ternary complexes with 
those with 2–3 Asp sites [14]. Nickel(II) and Zn(II) binding studies re
ported by other groups include multi-histidine peptides [32–34], Cys 
containing peptides [35,36], and mixed Asp and Cys hexapeptides [37, 
38]. However, these peptides, which are based on sequences found in 
proteins, typically result in Ni(II) binding modes that are principally 
affected by the square planar chelation via multiple deprotonated amine 
groups from the peptide backbone and not affected by multiple binding 
by the Asp, His or Cys side groups. For example, the study of the His 
containing peptide fragments of the human prion protein indicated 
different Ni(II) binding preferences at the various His sites but in all 
cases the Ni(II) was coordinated via His and 3 deprotonated backbone 
amine groups [39]. For the amb peptides studied here with His in the 
first or second position, the His and 3 backbone amine coordination is 
disrupted by the central Pro4 residue and Ni(II) and Zn(II) are typically 
coordinated via the available side groups of His, Cys or Asp and the 
C-terminus, which are suitably positioned to interact simultaneously 
with the metal ion [14,16,17]. An earlier study of Zn(II) chelation by 
terminally blocked tripeptides containing Cys and/or His side groups at 
both termini with a central Pro residue predicted chelation was via the 
two side groups [40]. The article reported stability constants (log β) for 
the 2His variety of 3.29 that increased for Cys/His to 5.61 and again for 
2Cys to 9.31, showing that the Cys thiolate binding of Zn(II) was higher 
than that of His imidazole. These results are in agreement with our 
research comparing Zn(II) and Ni(II) binding by the amb peptides [14]. 

4. Conclusions 

This research investigated the dissociation reactions of ternary 
complexes of the type [amb + Ni(II) + NTA]−, where the amb peptides 
had the general primary structure acetyl-Aa1-Aa2-Gly3-Pro4-Aa5-Gly6- 
Cys7 (Fig. 1) and used alternative Ni(II) interaction sites in the first, 
second and fifth positions. Using the competitive TCID analyses from the 
CRUNCH reaction dynamics program [6] the relative gas-phase Ni(II) 
affinities for the four amb peptides were measured. Overall the results 
from this study showed the Ni(II) affinities follow the order DHG > 
7xHis ≥ DHY ≥ HCG > HCY, if the [amb + Ni(II)]− conformer used in 
the TCID analyses had Ni(II) binding sites of His1, Cys2

−, Cys7
−, COO−

term for HCY and HCG and Asp1
−, His2, Cys7

−, COO− term for DHY and 
DHG. 

The differences of the TCID measurements of the Ni(II) affinities of 
HCG and DHG from the ternary complexes made in either acidic and 
basic solutions, where only significantly different when specific con
formers of the [amb + Ni(II) + NTA]− ternary complex or [amb + Ni 
(II)]− were used. For HCG the selection of conformers of [HCG + Ni(II) 
+ NTA]− and [HCG + Ni(II)]− gave significantly different Ni(II) affin
ities of −0.580 ± 0.010 eV (pH 10, Table 3) and −0.553 ± 0.010 eV (pH 
3, Table 4), with the greater Ni(II) affinity at pH 10 for HCG. This can be 
attributable to the pKas’ of His1-Cys2 making them more efficient at 
binding Ni(II) at higher pH. 

For DHG there was also a significant difference in the TCID measured 
Ni(II) affinities when the same conformers were used in both analyses 
−0.726 ± 0.018 eV (pH 3, Table 2) and −0.631 ± 0.012 eV (pH 10, 
Table 2), which gave a higher Ni(II) affinity for pH 3. This may be 
attributable to the inclusion of Asp1 whose relatively low pKa allows it to 
efficiently bind Ni(II) and out compete other potential sites at lower pH. 
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containing histidyl residues, Coord. Chem. Rev. 327–328 (2016) 43–54. 

[34] V. Joszai, I. Turi, C. Kallay, G. Pappalardo, G. Di Natale, E. Rizzarelli, I. Sovago, 
Mixed metal copper(II)-nickel(II) and copper(II)-zinc(II) complexes of 
multihistidine peptide fragments of human prion protein, J. Inorg. Biochem. 112 
(2012) 17–24. 

[35] H. Kozlowski, B. Decock-Le Reverend, D. Ficheux, C. Loucheux, I. Sovago, Nickel 
(II) complexes with sulfhydryl containing peptides. Potentiometric and 
spectroscopic studies, J. Inorg. Biochem. 29 (1987) 187–197. 

[36] M. Lukacs, D. Csilla Palinkas, G. Szunyog, K. Varnagy, Metal binding ability of 
small peptides containing cysteine residues, ChemistryOpen 10 (2021) 451–463. 

[37] N. Lihi, M. Lukacs, D. Szucs, K. Varnagy, I. Sovago, Nickel(II), zinc(II) and 
cadmium(II) complexes of peptides containing separate aspartyl and cysteinyl 
residues, Polyhedron 133 (2017) 364–373. 

[38] M. Raics, N. Lihi, A. Laskai, C. Kallay, K. Varnagy, I. Sovago, Nickel(II), zinc(II) and 
cadmium(II) complexes of hexapeptides containing separate histidyl and cysteinyl 
binding sites, New J. Chem. 40 (2016) 5420–5427. 

[39] G. Csire, I. Turi, I. Sovago, E. Karpati, C. Kallay, Complex formation processes and 
metal ion catalyzed oxidation of model peptides related to the metal binding site of 
the human prion protein, J. Inorg. Biochem. 203 (2020) 110927. 

[40] P. Gockel, M. Gelinsky, R. Vogler, H. Vahrenkamp, Solution behaviour and zinc 
complexation of tripeptides with cysteine and/or histidine at both termini, Inorg. 
Chim. Acta. 272 (1998) 115–124. 

P. Asare et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1387-3806(23)00179-3/sref16
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref16
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref16
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref17
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref17
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref17
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref18
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref18
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref18
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref18
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref19
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref19
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref19
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref19
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref20
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref20
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref20
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref20
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref20
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref21
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref21
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref21
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref22
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref22
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref22
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref23
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref23
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref23
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref24
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref24
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref24
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref24
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref25
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref25
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref25
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref26
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref26
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref26
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref27
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref27
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref27
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref28
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref29
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref29
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref29
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref29
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref30
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref30
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref30
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref31
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref31
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref31
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref32
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref32
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref32
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref33
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref33
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref34
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref34
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref34
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref34
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref35
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref35
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref35
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref36
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref36
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref37
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref37
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref37
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref38
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref38
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref38
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref39
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref39
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref39
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref40
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref40
http://refhub.elsevier.com/S1387-3806(23)00179-3/sref40

	Gas-phase Ni(II) affinities of alternative metal binding peptides from competitive threshold collision-induced dissociation
	1 Introduction
	2 Experimental and computational methods
	2.1 Reagents and sample preparation
	2.2 TWIMMS analyses
	2.3 Collision cross sections
	2.4 PM6 molecular modeling
	2.5 Competitive threshold collision induced dissociation analyses

	3 Results and discussion
	3.1 The products reaction cross sections and transfer cell Ar gas pressure dependence
	3.2 PM6 modeling for locating conformers of [amb ​+ ​Ni(II) ​+ ​NTA]− and its dissociation products
	3.3 Threshold collision-induced dissociation analyses
	3.4 pH-dependence on the threshold collision-induced dissociation analyses
	3.5 Using different [HCG ​+ ​Ni(II) ​+ ​NTA]− conformers for the TCID analyses of pH 3 and pH 10
	3.6 Using different [HCG ​+ ​Ni(II)]− conformers for the TCID analyses of pH 3 and pH 10
	3.7 Using different [DHG ​+ ​Ni(II) ​+ ​NTA]− conformers for the TCID analyses of pH 3 and pH 10
	3.8 Using different [DHG ​+ ​Ni(II)]− conformers for the TCID analyses of pH 3 and pH 10
	3.9 Comparison of Ni(II) and Zn(II) binding modes in peptides

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


