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Abstract 

Energy-resolved threshold collision-induced dissociation (TCID) of negatively-charged [amb5-

H  +M(II)+NTA-2H  ] ternary complexes were studied for how they competitively dissociated into the 

products [amb5-3H+M(II)] + NTA or [NTA-3H+M(II)] + amb5, where M = Zn or Ni and NTA is 

nitrilotriacetic acid. The complexes contained one of the alternative metal binding-5 (amb5) 

heptapeptides with primary structures acetyl-Aa1-Aa2-Gly3-Pro4-Tyr5-Aa6-Aa7, where the amino acids 

Aa1,2,6,7 included the potential metal binding sites of Asp, His, and/or Cys. The study included 

heptahistidine which represents the His affinity tag commonly used in immobilized metal affinity 

chromatography (IMAC) separation of recombinant proteins. Molecular modeling using PM6 located 

low energy, geometry-optimized conformers of the ternary complexes and their products which had 

collision cross sections that agreed with those measured by ion mobility. Using the molecular 

parameters, including vibrational and rotational frequencies, of the reactant and products from the 

molecular modeling, the energy-dependent intensities of the two product channels were modeled using 

a competitive TCID method to determine their threshold energies which equated to the two product 

channels 0 K dissociation enthalpies (H0). Statistical mechanics thermal corrections provided the 298 

K enthalpies (H298) and Gibbs free energies (G298) for the association reactions [amb5-3H+M(II)] + 

NTA ↔ [amb5-H+M(II)+NTA-2H] and [NTA-3H+M(II)] + amb5 ↔ [amb5-H+M(II)+NTA-2H]. These 

results were compared to determine which amb5 were effective as alternative tags for IMAC 

purification of recombinant proteins and is a routine that can be generally applied to compare the 

thermochemistry of metal ion ternary complexes.
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1. Introduction 

For the purification of recombinant proteins,  the gene coding for a specific protein is spliced 

into a bacteria’s plasmid. The bacteria then produce the intended protein from the introduced gene vector,

but also continues to produce its their natural proteins. This creates a mixture of proteins in which the 

intended recombinant protein must be separated and purified using a His-tag through the immobilized 

metal ion affinity chromatography (IMAC) procedure.1 The IMAC method includes a metal stationary 

phase within a column derivatized with nitrilotriacetic acid (NTA), the utilized chelating agent that 

immobilizes the metal ions. As the protein mixture passes through the column, the intended recombinant 

proteins with the His-tag will bind to the metal sites and are captured within the column. Any untagged 

proteins that are not of interest will run through the column and wash out. The final collection of the 

retained His-tagged proteins requires the column to be washed with imidazole buffer or a pH gradient that

displaces the protein from the column.1-3

The results described here focus on seven heptapeptide sequences previously studied4 that 

showed the potential as alternative metal binding-5 (amb5) tags: A, H, I, J, N, O and P (Fig 1), where P is

the His-tag control to which the results of the electrospray - ion mobility - mass spectrometry (ESI-IM-

MS) study of the other six amb5 tags were compared. The tested [amb5-H+M(II)+NTA-2H] ternary 

complexes, where NTA = nitrilotriacetic acid and M = Zn(II) or Ni(II), represent the peptide-metal-ligand 

complex formed in an IMAC column. The intention of the study is to determine an amb5 tag that exhibits 

similar characteristics to the commercially used His-tag but overcomes the issues of stability, aggregation 

and stability toxicity exhibited in some His-tag applications..1,5,6 The amb5’s heterogeneous primary 

structures and their increased hydrophilicities over the His-tag may overcome these issues.

The pH-dependent behavior of  the m/z amb conformers can be examined by ESI-IM-MS as 

shown by our previous studies.4,7-14 The amb5 peptides have shown their Ni(II) and Zn(II) complexes form

at pH  7, an important attribute for their potential in applications as affinity tags, because pH can be used 

to control their metal affinity in the IMAC column.4,10,12,14 Their primary structure has a pair of metal 
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binding His, Cys, and/or Asp side groups at either terminal of the peptide (Fig 1) and three central 

residues that act as: (1) Gly3, a spacer, (2) Pro4, a hinge, and (3) Tyr5, a source of -metal cation and 

hydrogen bonding.

The results of the collision-induced dissociation (CID) of selected [amb5-H+M(II)+NTA-2H] 

ternary complexes are reported here. Early CID studies of peptides included that of Gross et al.15 who 

investigated the structure of the amino acid sequence of the toxin Helminthosporium carbonum using fast 

atom bombardment (FAB) to desorb the protonated cyclic peptide. The interpretation of the CID mass 

spectra of the protonated peptides formed by the FAB method were also discussed in a review by 

Papayannopoulos.16 Early CID experiments of ternary metal-peptide complexes included the study of 

Pd(II)-alanine complexes with His containing peptides,17 using ESI to generate the Pd(II) ternary complex

and quadrupole ion trap (QIT) mass spectrometry to observe their CID reactions. The results showed the 

primary binding site of the Pd(II) was the His imidazole ring and fragmentation first took place through 

the dissociation of the peptide bond on the C-terminal side of His. Another QIT CID study characterized 

the dissociation of cyclic peptides and their metal complexes.18 Suiu and coworkers19 studied the CID 

products of the ternary complexes [CuII(Ma)(Mb)]2·+, where Ma and Mb were di- or tri-peptides 

containing Trp or Tyr. The study showed radical formation was observed for peptide complexes including

only the Trp residue, because of the low ionization energy of the Trp and electron transfer (ET) to Cu(II). 

The fragmentation of Tyr-containing complexes were promoted by proton transfer (PT) reactions. 

Competition between the ET and PT reactions were further studied in the CID studies of MIII(salen)

−peptide complexes, where M = Co, Fe, or Mn and salen=N,N′-ethylene-bis(salicylideneiminato), by 

Laskin and coworkers.20-22

The threshold CID (TCID) method using guided ion beam tandem mass spectrometry techniques 

was developed by Armentrout, Ervin and Rodgers.23 The method includes analyses of the TCID results 

using a threshold law integrated over the internal energy distribution of the reactant,24 convolution over 

translational energy distributions between the reactant and collision gas target,25 statistical RRKM 
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correction of the kinetic shifts resulting from the limited time window for observation of the products,26 

and integration over the total rotational angular momentum J levels.27,28 The competitive TCID method 

allows for the simultaneous fitting of two competing product channels.29 These methods are incorporated 

into the CRUNCH program30 and they were used here to evaluate the dissociation of the ternary [amb5-

H+M(II)+NTA-2H] complexes into their two main product channels, which allowed for a 

thermochemical analyses of these reactions.

Figure 1. The alternative metal binding-5 peptides A, H, I, J, N, O, and P showing their primary 
structures with colors designating the residues modifiedchanged at positions 1, 2, 5, 6 and 7. 

2. Experimental section 

2.1 Reagents.

The amb5 heptapeptides A, H, I, J, N, O, and P were synthesized by PepmicCo (http://www.pep-

mic.com/). The Zn(II) nitrate hexahydrate (99%+ purity) and Ni(II) nitrate hexahydrate (99% purity) were
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acquired from Alfa Aesar (www.alfa.com/) and ACROS (https://www.acros.com/), respectively. Ammo-

nium acetate (ultrapure) and ammonium hydroxide (trace metal grade) were acquired from VWR 

(https://us.vwr.com/) and Fisher Scientific (http://www.Fishersci.com/), respectively. All stock and work-

ing solutions were made with deionized water >17.4 M cm (http://www.millipore.com).

2.2 Preparation of the ternary complexes and ESI-IM-MS analysis 

Ammonium hydroxide was added to 10.0 mM ammonium acetate to produce a pH 7.7 solution. 

The amb5+metal+NTA complexes were prepared by combining one of the metal ions with the NTA fol-

lowed by the addition a selected amb5 peptide and then the ammonium acetate-ammonium hydroxide so-

lution. The samples final concentrations were 25.0 µM for both the amb5 and metal ion and 50.0 µM for 

NTA with 8.0 mM buffer solution. The solutions were thoroughly mixed and left at room temperature for 

10 minutes. The solutions final pH were between pH 7.0-7.4. 

2.3 Collision-induced dissociation of the [amb5+M(II)+NTA] complexes

For the ESI-IM-MS and CID analyses were conducted using the Waters Synapt High-Definition 

Mass Spectrometer (G1)31 with a schematic (Fig S1) and operating conditions as given in the Supporting 

Information. The m/z isotope patterns of the negatively-charged [amb5+M(II)+NTA] complexes were m/z

selected by the transmission quadrupole in resolving mode, focused into the trap were they were collected

before injection into the IM traveling wave were they were drift time separated before dissociation in the 

transfer T-wave cell using a predetermined range of collision energies (CE).32 This method allows for 

background dissociation of the complex not occurring at the entrance of the transfer T-wave to be 

subtracted because only the precursor complex is ion mobility separated and products formed in the 

transfer T-wave cell have the same drift times, where ions formed from background CID at the entrance 

of the IM cell are separated and exhibit different drift times. The m/z of the ternary complex and its 

dissociation product were measured by the TOF operating in V-mode and these species were identified by

matching their drift times and their m/z isotope patterns with theoretical isotope patterns using the 
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Driftscope 2.0 and MassLynx 4.1 software. The area under each of the species arrival time distributions 

(ATDs) were integrated to determine their relative proportions and their relative abundances were 

calculated by normalizing their ATD area to the sum of areas of all species found at each CE. Each CID 

experiment were replicated 3-5 times to find the means and the standard deviations.  

2.4 Collision cross sections

Collision cross sections (CCS) of the [amb5-H+M(II)+NTA-2H] complexes were determined by 

a calibration procedure that gives CCS measured in He buffer gas (ΩHe) allowing the comparison of their 

ΩHe to the [amb5-H+M(II)+NTA-2H]   [amb5+M(II)+NTA] conformations located by the molecular 

modeling and their ΩHe calculated by the Sigma program.33 Details of the method are described in the 

supporting information.

2.5 Molecular Modeling of [amb5+M(II)+NTA] Conformers and Their Products

Geometry-optimized conformers of the negatively charged [amb5+M(II)+NTA] complexes and 

their products were located using the semi-empirical PM634 method with the Gaussian09 software.35 Start-

ing structures where built using our knowledge of our previously located B3LYP36 [amb5-3H+M(II)]‒ con-

formers,12,14 using trans configurations for all peptide bonds, including Pro4. The potential metal binding 

substituent groups and the carboxylate terminus were positioned close to the metal ion to compare how 

PM6 would optimize the position of these ligands to coordinate the singlet or triplet spin states of Zn(II) 

or Ni(II), respectively. The protonation state of the lowest energy form was found to be [amb5-H+M(II)

+NTA-2H].   The enthalpy changes for the dissociation reactions of [amb5-H+M(II)+NTA-2H] were also 

calculated using PM6. For each located PM6 conformer, their ΩHe was computed by the Lennard-Jones 

(L-J) ion size scaled technique,33 using ten repeated computational measurements to determine their over-

all mean ΩHe and standard deviation, which were used to compare to the ESI-IM-MS measured ΩHe.
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2.6 CRUNCH modeling

The lab-frame collision energy (Elab) applied to the transfer collision cell was converted to the 

center-of-mass energy (Ecm) scale using the average mass of the argon (mAr) collision gas and the average 

mass of the ternary complex (mcomplex) using: 

  Ecm = Elab (mAr/(mAr + mcomplex)) (1)

where Ecm represents the maximum energy from the collision with the argon gas which is converted into 

internal energy of the ternary complex.

The Ecm-dependent intensities of the two product channels [amb5-H  +M(II)+NTA-2H  ] ↔ [amb5-

3H+M(II)] + NTA and [amb5-H  +M(II)+NTA-2H  ] ↔ [NTA-3H+M(II)] + amb5, where M = Zn or Ni, 

were modeled using the PM6 vibrational and rotational frequencies for the reactant and products using 

the CRUNCH program. Polarizabilities and dipole moments for the neutral species were taken either 

from the NIST database or the PM6 calculations.

3. Results and Discussion

3.1 The threshold collision-induced dissociation of the [amb5+M(II)+NTA]   ternary complexes

The preliminary ESI-IM-MS analyses of the amb5+M(II)+NTA ternary complexes in positive and

negative ion modes showed they formed 2-, 1-, and 2+ charge states, with the 1- complex [amb5-H+M(II)

+NTA-2H] primarily dissociating to form either the [amb5-3H+M(II)] or [NTA-3H+M(II)] complexes 

(Fig 2a). The energy-resolved CID was conducted using the Synapt’s transfer T-wave cell (Fig S1) 

because this which has been shown to be more reproducible than using the trap T-wave12,32 because prior 

to dissociation the ions are thermalized by the collisions with the N2 in the ion mobility T-wave cell. The 

ion energy spread was determined using retarding potential analysis (RPA) by sweeping the trap CE 

through low voltages and monitoring the total ion current. The full width at half maximum of the 

derivative of the RPA curve gave a typical ion energy spread of 1.5 V lab-frame or 0.035 eV in the 
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center-of-mass frame. Also,The dissociation by the CE in the transfer cell can be separated from 

background dissociation that occurs from the initial collisions during injection of the ions into either in 

the electrospray source region or at the entrance of the ion mobility cell, which are both is prior to ion 

mobility separation and complex thermalization stages.  Fig 2b shows the drift time distributions for the 

CID of [amb5A-H+Zn(II)+NTA-2H] into the [amb5A-3H+Zn(II)] and [NTA-3H+Zn(II)] complexes. 

These drift times distributions are useful for subtracting any dissociation that occurs outside of the 

transfer T-wave cell because the products of the CID of [amb5AH+Zn(II)+NTA-2H] inside the transfer 

cell will have the same drift time as their precursor ion 8.5-11.5 ms (dashed lines shown in Fig 2b) and 

the formation of products before the transfer cell will have different drift time distributions (e.g., 4.5-8.0 

ms as shown in Fig 2b). These were primarily due to background dissociation of the precursor at the 

entrance to the ion mobility cell, but the products formed here were ion mobility separated from the 

precursor ion as they passed down the length of the IM cell. Therefore, only the areas of the individual 

drift times for the precursor and product ions that were distributed between 8.5-11.5 ms (dashed lines) 

were used for the determination of the precursor and product ions percent intensity. 
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Figure 2. The collision-induced dissociation (CID) of a) [amb5A-H+Zn(II)+NTA-2H  ] with 30 V transfer
collision energy produced [amb5A-3H+Ni(II)] and [NTA-3H+Zn(II)] with b) showing the resulting 
drift time distributions. c) The CID of [amb5A+Zn(II)+NTA]  2   using  5 V transfer collision energy 
resulted in the products of [NTA-3H+Zn(II)]   and   [amb5A-H]   with   d)   showing the resulting drift time 
distributions.   The dashed lines show the drift time range that were used for determining the relative 
percent intensity of the precursor and product ions that occurred from the energy-resolved CID inside 
the transfer collision cell. The other labeled drift times were the products formed at the  during the 
injection of the   ternary complex into the entrance   beginning   of the ion mobility cell.

The 2- complex [amb5+M(II)+NTA]2 primarily produced the charge separated [NTA-3H+M(II)]

and [amb5-H] products (Fig 2c) although some of the Ni(II) complexes also produced trace amounts 

(<1%) of the [amb5-3H+Ni(II)] and [NTA-H] products. The apparent dissociation of the 2- species 

[amb5A+Ni(II)+NTA]2 is greater than for the 1- species but again the drift times allowed for subtraction 
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of dissociation occurring before the transfer cell (2.2-3.0 ms and 7.5-9.5 ms) from that occurring inside 

the transfer cell (3.1-4.5 ms shown by the dashed lines in Fig 2d). Tests showed that it was the trap bias 

setting, that which controls the entrance injection voltage of the complex ion into the ion mobility cell, 

that which contributed primarily toto the  heating andthe background CID of the ternary complex. The 

upper limit, effective temperature of the leucine enkephalin dimer, that has a similar mass to the ternary 

complexes studied here, was determined in the G2 Synapt instrument at the entrance of the ion mobility 

cell to be 449 K.37 However, the temperature decreases as the ions pass through the IM cell resulting in 

Gaussian distributions in their arrival times at the TOF detector, indicating they are effectively 

thermalized by the low energy collisions with the N2 gas, before their entrance into the transfer cell (Fig 

S1). The trap bias setting was, therefore, set to 14 V for the 1- complexes which kept theis background 

dissociation to a minimum but did not overly affect the overall ion count signal. This article will focus on 

the analyses of the dissociation of the 1- complexes and in a future paper we will present the analyses of 

the 2- complexes.   

3.2 Energy-resolved collision-induced dissociation of the [amb5H+M(II)+NTA-2H  ] complexes

The energy-resolved CID of [amb5-H+M(II)+NTA-2H] complexes, where amb5 = A, H or I and 

M = Zn or Ni, (Fig 3) show competition for forming either [amb5-3H+M(II)] + NTA or [NTA-

3H+M(II)] + amb5 products, where either the amb5 or NTA dissociate bound to the metal forming a 

negative charged species. Two main trends can be observed in Fig 3. The first is that the [amb5-

3H+M(II)] channel becomes more dominant over the [NTA-3H+M(II)] as His1 and Cys2 are substituted

for Asp for binding to both Ni(II) and Zn(II). The second is that the Ni(II) ternary complex of A, H, and I 

required Ecm = 0.31 eV- 0.42 eV higher energy to reach the 50% dissociation than their Zn(II) equivalent, 

indicating the Ni(II) ternary complexes are more stable. The Ni(II) ternary complexes also exhibit more 

direct competition from both channels than the Zn(II) complexes because for Ni(II) the two channels rise 

from similar apparent threshold energies. 
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Figure 3. The energy-resolved (c.m./ eV) collision-induced dissociation of [amb5-H+M(II)+NTA-2H  ] 
for A, H, and I, where M =Zn or Ni, showing the products of [amb5-3H+M(II)], [NTA-3H+M(II)] and 
[amb5-3H-H2O+M(II)]. The energy (eV) values shown on the graphs are where there is 50% 
dissociation of the [amb5-H+M(II)+NTA-2H  ] complex. 

For J (Fig 4 a,b) the inclusion of another Asp, i.e., Asp7 for Cys7, results in similar behavior to I 

(Fig 3e,f) where both ternary complexes favor the dissociation into the [amb5-3H+M(II)] channel over 

the [NTA-3H+M(II)] channel. The comparison of I to J shows a small decrease in the 50% dissociation 

for I and a switching of the intensities of [NTA-3H+Ni(II)] and the minor channel [amb5-3H-

H2O+Ni(II)] which is the loss of H2O from the [amb5-3H+Ni(II)] main channel (Fig 3f and 4b). The 

change to the 4His motif of O (Fig 4c,d) results with the CID favoring the formation of [NTA-

3H+Ni(II)], with the Ni(II) ternary complex requiring Ecm =  a   0.18 eV higher collision energy to reach 

50% dissociation over the Zn complex. The 7xHis-tag, P, shows both product channels rising from an 

apparent similar threshold, with the [NTA-3H+M]‒ becoming the dominant product at higher collision 

energies. Again, as with the other ambs, the Ni(II) ternary complex requires higher collision energy 

(Ecm =   0.19 eV) to dissociate the complex 50%. The CID of the ternary complex of N (Fig S14) showed

a similar result to H (Fig 3c,d) for the two main product channels, explained because the only 

difference in their primary structures are the Phe5 or Tyr5, respectively.  However, the CID of the Zn(II) 
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ternary complex of N did not produce the minor [amb5-3H-H2O+Zn(II)] channel, indicating the loss of 

H2O from H was from the hydroxyl group of Tyr. Also, the CID of the Ni(II) ternary complex of N 

produced the minor [NTA-CO2] channel. The 50% dissociation energies for both Zn(II) and Ni(II) 

ternary complexes of N were Ecm =   0.04-0.05 eV less than for equivalent complexes for H.

Figure 4. The energy-resolved (c.m./ eV) collision-induced dissociation of [amb5-H+M(II)+NTA-2H  ] 
for J, O, and P, where M =   Zn or Ni, showing the products of [amb5-3H+M(II)], [NTA-3H+M(II)] and
[amb5-3H-H2O+M(II)]. The energy (eV) values shown on the graphs are where there is 50% 
dissociation of the [amb5-H+M(II)+NTA-2H  ] complex.

3.3 Conformers of [amb5-H+M(II)+NTA-2H] complexes and their collision cross sections

Our previous studies4,12,14 located geometry-optimized Zn(II) and Ni(II) complexes of the amb5 

peptides where the primary ligands were the substituent groups of Aa1-Aa2-Aa7 residues with the carboxyl

terminus. The conformer’s L-J CCSHe all agreed with the ESI-IM-MS measured CCSHe for that species. 

These structures formed the basis for the starting structures for locating the PM6 geometry-optimized 

ternary complexes with the NTA.
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Table 1. Collision cross sections (Å2) from PM6 theory and ESI-IM-MS experiments. 

amb5 [amb5-H+Zn(II)+NTA-2H] [amb5-H+Ni(II)+NTA-2H]

PM6 Exp.a PM6 Exp.a

A 214±2 214 219±2 218
H 211±5 216 212±3 215
I 216±4 217 216±3 212
J 212±4 217 211±3 212
N 211±3 222 211±3 220
O 243±4 230 246±4 230
P 262±5 240 261±6 241

a ESI-IM-MS CCSHe measurements have uncertainties of ±4 Å2. 

The overall charge of the amb5 ternary complexes are principally influenced by their His, Cys, 

Asp and carboxyl terminus groups and the 2+ charge of the metal ion. For example, Fig 5 shows two 

examples of the PM6 geometry-optimized conformations of [amb5H-H+Zn(II)+NTA-2H]− with Asp1-Cys7 

and carboxyl terminus chelation of Zn(II) and [amb5J-H+Ni(II)+NTA-2H]− ewith Asp1-Asp7 and carboxyl 

terminus chelation of Ni(II). The other conformers are shown in the supporting information Figs S3-S13. 

The Aa1-Aa7 and carboxyl terminus were the typical binding sites for the located ternary complexes for 

H, I, J and N and in all cases the NTA bound the metal via the amine nitrogen and two oxygens from two

carboxylate groups in a total of five or six coordinate complex. The conformers were similar and the 

overall charge of the ternary complexes were typically determined by the deprotonation of the Aa1-Aa7 

substituent groups and the protonation of the His6 imidazolium ring as shown in Fig 5. Table 1 compares 

the L-J CCSHe of the PM6 conformations with the experimentally measured CCSHe by ESI-IM-MS. Good 

agreement is exhibited by the ternary complexes of A, H, I, and J, and there is reasonable agreement for 

N. The O and P species with 4 and 7 His residues have L-J CCSHe that are greater than the ESI-IM-MS 

measured CCSHe. which This was related to the PM6 predicted steric hindrance of the bulky His 

imidazole groups, which resulted in conformers for O and P exhibiting only 1 or 2 His side groups 

binding to the metal ion, respectively, with some His forming hydrogen bonds but other His not 

contributing to intramolecular interactions,  by the PM6 geometry optimizationsresulting in more 

extended conformers especially for P..   
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Figure 5. The PM6 geometry-optimized ternary complexes of a) [amb5H-H+Zn(II)+NTA-2H]− exhibiting 
Asp1- Cys7 and carboxyl terminus coordination of Zn(II) from amb5H and amine (N1) and two 
carboxylates (C1 and C2) coordination from nitrilotriacetic acid (NTA), b) [amb5J-H+Ni(II)+NTA-2H]− 
exhibiting Asp1- Asp7 and carboxyl terminus coordination of Ni(II) from amb5J and amine (N1) and two 
carboxylates (C1 and C2) coordination from NTA. The L-J collision cross sections (CCSHe) for both 
conformers agree well to their experimentally IM-MS measured CCSHe.

Figure 5 shows the Asp1 and Cys7 or Asp7 substituent groups and the carboxyl terminus 

coordinate the metal ion along with the NTA also deprotonated at two carboxylate groups contributing to 

the overall charge of -1 of the ternary complex. The measured L-J CCSHe for both conformers are in good 

agreement with their experimentally measured IM-MS CCSHe, as shown in Figure 5, which give further 

support of the existence of these conformers. Table 2 compares the bond lengths for the coordination sites

in the H and J ternary complexes. For the Ni(II) ternary complex of J, each bond length is shorter than 

the equivalent bond length for the Zn(II) complex of H. The predicted tighter coordination of Ni(II) 

coincides with the higher collision energies required for 50% dissociation of the Ni(II) complexes over 

the Zn(II) complexes as shown in Figs 3 and 4.
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Table 2. Metal coordination bond lengths (Å) for the PM6 conformers of the [amb5H-H+Zn(II)+NTA-2H]
− and [amb5J-H+Ni(II)+NTA-2H]− ternary complexes.

Bonds [amb5H-H+Zn(II)+NTA-2H] [amb5J-H+Ni(II)+NTA-2H]

Asp1M(II) 2.192 2.100
Aa7M(II) 2.311 2.004

C-termM(II) 2.288 2.021
 NTA C1M(II) 2.101 1.976
NTA C2M(II) 2.047 2.000
 NTA N1M(II) 2.256 1.958

3.3 Energy-resolved collision-induced dissociation of the [amb5-H+M(II)+NTA-2H] complexes

The thermochemical analysis using the threshold CID values (Tables 3 and 4) were determined 

by modeling the energy-dependent intensities of the two product channels using the CRUNCH program.23

The method includes the internal energy distribution of the ternary complex,24 convolution over 

translational energy distributions between the ternary complex ion and the argon collision gas,25 statistical

RRKM correction of the kinetic shifts due to the 50 s time window from the collision cell to the TOF 

detector,26 integration over the total rotational angular momentum J levels,27,28  and the competitive shift 

from the two competing channels.29 The de-convoluted CRUNCH model relates the 0 K threshold energy 

(Figs 6 and 7) to the 0 K enthalpies of dissociation for the two reactions: 

[amb5-H+M(II)+NTA-2H] ↔ [amb5-3H+M(II)] + NTA (2)

[amb5-H+M(II)+NTA-2H] ↔ [NTA-3H+M(II)] + amb5 (3)

where M = Zn or Ni (Table 3).  For example, the dissociation of the Zn(II) ternary complex of A (Fig 6a), 

the formation of the [amb5A-3H+Zn(II)] product exhibited a 0 K threshold energy of 1.32 eV which 

equated to the dissociation enthalpy for reaction 2. The relative intensities of this channel rose to about 

58% intensity before the [NTA-3H+Zn(II)] channel became apparent, exhibiting a 0 K threshold energy 

of 1.54 eV for reaction 3. The dissociation of the analogous Ni(II) ternary complexes of A (Fig 6b), 

showed reactions 2 and 3 exhibited threshold energies of 1.52 eV and 1.54 eV, respectively, with the 

[NTA-3H+Ni(II)] intensities rising to 90% by 2.0 eV. The H0 for reaction 2, therefore, was 0.20 eV 
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higher for the Ni(II) complex over the Zn(II) complex explaining the higher 50% breakdown energy of 

the Ni(II) ternary complex shown in Fig 3a,b.   

Figure 6. The energy-resolved collision-induced dissociation of [amb5-H+M(II)+NTA-2H] for A, H, 
and I, where M =Zn or Ni, showing the products of [amb5-3H+M(II)] and [NTA-3H+M(II)] with the 
CRUNCH threshold fits. The energy (eV) values shown are the dissociation enthalpies (H0) at 0 K for 
the reactions [amb5-H+M(II)+NTA-2H] ↔ [amb5-3H+M(II)] + NTA and [amb5-H+M(II)+NTA-2H] 

↔ [NTA-3H+M(II)] + amb5. 

For the two ternary complexes of H (Fig 6c,d) the dissociation of the Zn(II) ternary complex 

exhibited 0 K threshold energies of 0.997 eV and 1.52 eV for reactions 2 and 3, respectively, both lower 

than the 1.30 eV and 1.67 eV for the analogous reactions from the Ni(II) ternary complex. For I, the 

dissociation of the Zn(II) ternary complex primarily produced the 0 K threshold energy of 1.11 eV for 

reaction 2 and at higher energies a weak signal for reaction 3 that could not be fitted satisfactorily. The 

analogous Ni(II) ternary complex of I exhibited a greater competition between the two channels; 1.16 eV 

and 1.64 eV for reactions 2 and 3, respectively.
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Figure 7. The energy-resolved collision-induced dissociation of [amb5-H+M(II)+NTA-2H] for J, O, 
and P, where M =Zn or Ni, showing the products of [amb5-3H+M(II)] and [NTA-3H+M(II)] with the 
CRUNCH threshold fits. The energy (eV) values shown are the dissociation enthalpies (H0) at 0 K for 
the reactions [amb5-H+M(II)+NTA-2H] ↔ [amb5-3H+M(II)] + NTA and [amb5-H+M(II)+NTA-2H] 

↔ [NTA-3H+M(II)] + amb5. 

The CRUNCH fitting of J, O, and P (Fig 7) shows for J (Fig 7a,b) the Zn(II) ternary complex 

exhibited 0 K threshold energy of 1.18 eV for reaction 2, while for the analogous Ni(II) ternary complex 

exhibited 1.34 eV and 2.02 eV for reactions 2 and 3, respectively. For O where the potential binding sites 

were 4His, reaction 3 became the principal product channel, with the Zn(II) complex exhibiting 0.888 eV 

and 1.33 eV for reactions 2 and 3 respectively, while the Ni(II) ternary complex exhibited 1.34 eV for 

only reaction 3. For P, the 7xHis-tag, the product channels were in competition; with the Zn(II) ternary 

complex exhibiting 1.32 eV for reaction 2 and 1.37 eV for reaction 3, while the Ni(II) complex exhibited 

1.21 eV and 1.67 eV for reactions 2 and 3, respectively. The threshold fits of the Zn(II) ternary complex 

of N (Fig S15), gave 0.953 eV for reaction 2 and 1.38 eV for reaction 3, while the Ni(II) complex gave 

1.16 eV and 1.76 eV for reactions 2 and 3, respectively.
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Table 3. Comparison of the energy-resolved CID modeled using the CRUNCH program and the PM6 
dissociation enthalpies (H0) at 0 K for the reactions [amb5-H+M(II)+NTA-2H] ↔ [amb5-3H+M(II)] + 
NTA and [amb5-H+M(II)+NTA-2H] ↔ [NTA-3H+M(II)] + amb5, where M = Zn or Ni. Values are in 
kJ/mol.

[amb5-H+Zn(II)+NTA-2H] [amb5-H+Ni(II)+NTA-2H]

[amb5-3H+Zn(II)] [NTA-3H+Zn(II)] [amb5-3H+Ni(II)] [NTA-3H+Ni(II)]

amb5 CID PM6 CID PM6 CID PM6 CID PM6
A 127 131 149 200 146 135 148 122
H 98.2 62.3 147 167 125 157 161 111
I 107 98.7 - 218 112 169 158 134
J 114 136 - 179 130 243 195 130
N 92.0 88.2 133 153 112 233 169 138
O 85.7 136 128 212 - 209 130 195
P 127 195 132 123 117 122 161 79.6

3.4 Enthalpies (H0) of dissociation from the CID threshold measurements and PM6 molecular modeling 

Table 3 compares the H0 for reactions 2 and 3 (converted to kJ/mol) from the threshold 

CRUNCH fitting and the electronic and zero point energies of the reactants and products located by the 

geometry-optimizations by PM6. For the dissociation of the Zn(II) ternary complex, PM6 agrees with the 

CID threshold measurements that reaction 2 has a lower H0 than reaction 3 for all the amb5 species apart

from P. The Zn(II) complexes of A, H, I, J, and N also exhibit the similar trends in H0 between CID and

PM6 for reaction 2. However, for the Ni(II) complexes PM6 predicts reaction 2 has the higher H0, 

whereas, the CID thresholds predict the higher H0 are for reaction 3. There are also no obvious 

similarities in the trends of H0 between CID and PM6. For the threshold CID, the individual H0 values 

may have relative uncertainties of between 10-50%,38 however, the uncertainties in the difference in H0 

between the two reactions 2 and 3 will not significantly change their order, indicating the PM6 results are 

in reasonable agreement with the CID for the Zn(II) complexes but systematically over estimates H0 for 

reaction 2 or under estimates reaction 3 for the Ni(II) complexes.

3.5 Thermochemical analysis of enthalpies (H298) and Gibbs free energies (G298) of association 

Considering the reverse directions of reactions 2 and 3 allows the enthalpies (H298) and Gibbs 

free energies (G298) of association to be determined (Table 4). These values are derived from the CID 
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H0 measurements from Table 3 with statistical mechanics thermal corrections using the PM6 rotational 

and vibrational frequencies for the reactants and products. The reverse of reaction 3 is of particular 

interest as it is the association of the amb tag with the NTA metal ion complex, a reaction that represents 

the tagged recombinant protein binding to the NTA immobilized metal ion inside the IMAC column. 

Table 4 shows the H298 for these reverse reactions are generally more exothermic for reaction 3 than 

reaction 2, apart for A whose H298 was greater for reaction 2 for the formation of the Ni(II) ternary 

complex. The amb5 H, I, J, and N exhibited the greatest exothermicities for the reverse of reaction 3 with 

Ni(II), but were disfavored more entropically than A, O, and P which exhibited the most spontaneous 

G298. These previous two groups are distinguished by having either one of more Asp in their primary 

structure, including Asp1, or multiple His, including His1. The G298 for the reverse reactions 2 and 3 are 

also greater in their magnitudes of spontaneity for the Ni(II) complexes over the equivalent Zn(II) 

complexes, apart from P for reaction 2 and H and N for reaction 3, indicating the amb5 peptides generally 

form the Ni(II) ternary complexes more spontaneously. 

Table 4. Thermochemical analysis of the energy-resolved CID used to calculate enthalpies (H298) of as-
sociation and Gibbs free energies (G298) of association at 298 K for the reactions [amb5-3H+M(II)] + 
NTA ↔ [amb5-H+M(II)+NTA-2H] and [NTA-3H+M(II)] + amb5 ↔ [amb5-H+M(II)+NTA-2H],  where 
M = Zn or Ni. Values are in kJ/mol. The -3H in the names in table are not shown. 

[amb5+Zn(II)]  + NTA [NTA+Zn(II)] + amb5 [amb5+Ni(II)] + NTA [NTA+Ni(II)] + amb5

amb5 H298 G298 H298 G298 H298 G298 H298 G298

A 127 34.0 182 21.8 171 45.7 154 53.1
H 99.5 28.3 170 44.7 140 47.0 216 31.1
I 128 12.0 - - 114 42.9 206 31.9
J 138 10.6 - - 134 49.2 251 37.1
N 93.1 22.5 136 51.1 113 43.9 221 13.1
O 86.8 20.8 138 47.6 - - 133 55.5
P 131 40.7 133 46.9 120 35.5 163 79.1

4. Conclusions

The energy-resolved CID of the ternary complexes [amb5-H+M(II)+NTA-2H]‒, where amb5 was 

one of the heptapeptides A, H, I, J, N, O, or P, produced the dissociation reactions [amb5-H+M(II)+NTA-

2H] ↔ [amb5-3H+M(II)] + NTA and [amb5-H+M(II)+NTA-2H] ↔ [NTA-3H+M(II)] + amb5. The reac-

tions exhibited competition between either the NTA or amb5 remaining complexed to the Zn(II) or Ni(II). 
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Molecular modeling with geometry-optimizations of the reactants and products of these two reactions al-

lowed for the thermochemical analysis of the reactions using explicit consideration of the energetics of 

the reactants, activated complexes, and products using the CRUNCH reaction dynamics program.23 The 

results showed that the Ni(II) ternary complexes generally exhibited higher dissociation threshold ener-

gies than their Zn(II) counterparts and the thermochemistry of the reverse reactions gave spontaneous 

G298 for the formation of the [amb5-H+Ni(II)+NTA-2H]  ternary complexes, especially those for A, O, 

and P, where P is the commonly used 7xHis-tag. The results indicate the amb5 peptides have potential as 

recombinant protein fusion tags for the Ni(II) IMAC method. The molecular modeling showed the amb5 

peptides H, I, J, and N principally coordinated the Zn(II) or Ni(II) via their Aa1, Aa7 and carboxyl termi-

nus sites, whereas the NTA bound to the metal ion via oxygens from two carboxylate groups and the ni-

trogen from the amine group in a total of a 6 coordinate conformation of the ternary complex. All the 

amb5 species that contained Asp also exhibited spontaneous G298 for the formation of Zn(II) and Ni(II) 

ternary complexes. However, the greater spontaneity for the formation of the [amb5-H+Ni(II)+NTA-2H] 

complex from [NTA-3H+Ni(II)] + amb5 by A and O suggests that binding via the Aa7 sites of Cys7 or 

His7 with the carboxyl terminus was entropically more favorable. The molecular modeling indicated that 

the Cys or Asp substituent sites could coordinate the metal ion most effectively with little steric hin-

drance, commonly forming 6 coordinate ternary complexes, whereas, the species O and P with multiple 

imidazoles of His were sterically hindered, resulting in 5 coordinate complexes which may have dynami-

cal implications for the formation of their ternary complexes.  
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	For the purification of recombinant proteins, the gene coding for a specific protein is spliced into a bacteria’s plasmid. The bacteria then produce the intended protein from the introduced gene vector, but also continues to produce its their natural proteins. This creates a mixture of proteins in which the intended recombinant protein must be separated and purified using a His-tag through the immobilized metal ion affinity chromatography (IMAC) procedure.��1� The IMAC method includes a metal stationary phase within a column derivatized with nitrilotriacetic acid (NTA), the utilized chelating agent that immobilizes the metal ions. As the protein mixture passes through the column, the intended recombinant proteins with the His-tag will bind to the metal sites and are captured within the column. Any untagged proteins that are not of interest will run through the column and wash out. The final collection of the retained His-tagged proteins requires the column to be washed with imidazole buffer or a pH gradient that displaces the protein from the column.�����1-3�
	The results described here focus on seven heptapeptide sequences previously studied��4� that showed the potential as alternative metal binding-5 (amb5) tags: A, H, I, J, N, O and P (Fig 1), where P is the His-tag control to which the results of the electrospray - ion mobility - mass spectrometry (ESI-IM-MS) study of the other six amb5 tags were compared. The tested [amb5-H+M(II)+NTA-2H] ternary complexes, where NTA = nitrilotriacetic acid and M = Zn(II) or Ni(II), represent the peptide-metal-ligand complex formed in an IMAC column. The intention of the study is to determine an amb5 tag that exhibits similar characteristics to the commercially used His-tag but overcomes the issues of stability, aggregation and stability toxicity exhibited in some His-tag applications..�����1,5,6� The amb5’s heterogeneous primary structures and their increased hydrophilicities over the His-tag may overcome these issues.

