
This is a repository copy of Gas-phase complexes of Ni2+ and Ca2+ with deprotonated 
histidylhistidine (HisHis): A model case for polyhistidyl-metal binding motifs.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/109951/

Version: Accepted Version

Article:

Peckelsen, K., Martens, J., Berden, G. et al. (4 more authors) (2017) Gas-phase 
complexes of Ni2+ and Ca2+ with deprotonated histidylhistidine (HisHis): A model case for
polyhistidyl-metal binding motifs. Journal of Molecular Spectroscopy, 332. pp. 38-44. ISSN 
0022-2852 

https://doi.org/10.1016/j.jms.2016.10.008

Article available under the terms of the CC-BY-NC-ND licence 
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


Gas-Phase Complexes of Ni
2+

 and Ca
2+

 with  

Deprotonated Histidylhistidine (HisHis):  

A Model Case for Polyhistidyl-Metal Binding Motifs 

 
Katrin Peckelsen

1
, Jonathan Martens

2
, Giel Berden

2
, Jos Oomens

2,3
,  

Robert C. Dunbar
4
, Anthony J. H. M. Meijer

5
* and Mathias Schäfer

1
* 

 

1Department of Chemistry, Institute of Organic Chemistry, University of Cologne,  
Greinstraße 4, 50939 Cologne, Germany. 
2Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Toernooiveld 7c, 
6525ED Nijmegen, The Netherlands. 
3University of Amsterdam, Science Park 904, 1098XH Amsterdam, The Netherlands. 
4Chemistry Department, Case Western Reserve University, Cleveland, Ohio 44106, USA. 
5Department of Chemistry, University of Sheffield, Sheffield S3 7HF, UK. 
*Correspondence to: mathias.schaefer@uni-koeln.de; a.meijer@sheffield.ac.uk 

 

Abstract 

In the complex formed between the calcium cation (Ca2+) and a deprotonated HisHis 
dipeptide, the complex adopts a charge solvation (CS) structure. Ca2+, a weak binding main 
group metal cation, interacts with the oxygens of the peptide carbonyl moiety and the 
deprotonated C-ƚĞƌŵŝŶƵƐ͛ In contrast, the much stronger binding Ni2+ cation deprotonates 
the peptide nitrogen and induces an iminolate (Im) ligand structure in the [Ni(HisHis-H)]+ 
complex ion. The combination of infrared multiple-photon dissociation (IRMPD) 
spectroscopy and quantum chemistry evidence these two representative binding motifs. The 
iminolate coordination pattern identified and characterized in the [Ni(HisHis-H)]+ complex 
serves as a model case for nickel complexes of poly-histidyl-domains and is thereby also of 
interest to better understand the fundamentals of immobilized metal ion affinity 
chromatography as well as of Ni co-factor chemistry in enzymology.  
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1. Introduction 

Proteins with consecutive histidine residues are frequently found in nature e.g. in bacterial 
chaperones, prion proteins, intrinsically unstructured proteins [1,2], snake venoms and also 
in nuclear speckles of human cells [3]. The biological function of such His-rich proteins (Hrp) 
in the latter cell compartments is completely unknown. However, it is certain that His 
residues in Hrps are excellent binding sites for transition metals, like Cu2+ and Ni2+, making 
Hrps often responsible for metal ion transport and homeostasis [3,4]. The strong metal 
affinity of histidine is also the origin for the elevated sensitivity of histidine residues towards 
metal-catalyzed oxidation, which leads to the formation of 2-oxo-His residues [5,6]. 
Furthermore, Ni2+ serves as an enzymatic co-factor by inducing Hrps to adopt defined metal-
complex conformations, which are apparently important for the function of these 
extensively investigated Hrps [1-4]. Nevertheless, many aspects of transition metal binding 
to Hrps are yet not understood. To study the fundamental coordination motifs of 
polyhistidine-metal complexes, we selected two exemplary cationic complexes of calcium 
and nickel with a deprotonated histidylhistidine ligand as simplified model analytes [3,4].  
Nickel in the oxidation state II has an electronic configuration of [Ar]3d84s0 with outer d 
electrons making it a ƚǇƉŝĐĂů ͚ůĂƚĞ͚ transition metal with a relatively small ion radius (0.69 Å). 
In fact, Ni2+ cations exhibit a high chelation binding strength to Lewis basic ligand atoms, 
preferentially to nitrogen, if available [7-9]. Strong interactions of Ni2+ with histidine residues 
are therefore typical if the side-chain imidazole nitrogen is not protonated (pKa imidazole 
6.9), which is the case at physiological pH (7.4) [3,10], explaining the relevance of Hrps for 
specific protein purification and fractionation by immobilized metal ion affinity 
chromatography (IMAC) [3,11]. For IMAC, Hrps or proteins intentionally decorated with 
hexa-His tags (H6) can be selectively addressed as they bind strongly to immobilized nickel 
cations that are fixed to a stationary solid support [12]. Elution of the Hrps from the column 
is simply achieved by lowering the pH to values of about 4.0, inducing protonation of the 
imidazole nitrogen-metal binding site and the release of the Ni2+ from the protein-metal 
complex, highlighting the pH-dependence of the Ni2+ polyhistidyl-complex stability [11].  
Besides the important role of the imidazole side chain moiety of His for transition metal 
binding, Lewis acidic metal cations also coordinate to peptide backbone nitrogens as 
experimental evidence by x-ray crystallography [13], NMR spectroscopy [10], ion mobility 
spectrometry [14] and IRMPD spectroscopy [8,15,16] proves. In fact, divalent metal ions like 
Cu2+ and Ni2+ induce the deprotonation of peptide backbone amide nitrogens and leave the 
acidic C-terminus in the condensed phase untouched. The dissociation of a backbone amide 
nitrogen proton facilitates an anionic binding site in an iminolate peptide ligand for the 
complexation of a metal cation. The proton is easily transferred to the polar condensed 
phase, whereas in the gas phase the proton rearranges and an iminol ligand structure is 
formed [15]. The remarkable iminol gas-phase binding pattern introduced and investigated 
by Dunbar and co-workers is a direct consequence of the effective desolvation, which leaves 
metal-peptide complexes in the vacuum of an MS-instrument without a solvation shell, 
making the elimination of the proton to the surrounding vacuum energetically impossible 
and eventually enforcing the formation of the iminol tautomer [7,8,13,15-17]. Here, we 
chose to study singly-charged complex ions of divalent metal cations with a deprotonated 
histidylhistidine ligand with the aim to mimic solution phase conditions as closely as 
possible.  
On the other hand, we want to probe whether the nature of the metal cation can trigger a 
different binding motif in the HisHis ligand. Therefore, the analogous calcium complex 
[Ca(HisHis-H)]+ was also included in this investigation as a characteristic comparison.  



Calcium was chosen because this alkaline-earth metal cation is much larger than Ni2+ (0.99 
Å), more polarizable, and therefore binds substantially weaker to peptide ligands. Moreover, 
peptide-Ca2+ complexes typically feature a C-terminally deprotonated peptide ligand 
[8,15,18]. 
To analyze the structure of the selected pair of complex ions, infrared multiple-photon 
dissociation (IRMPD) spectroscopy experiments were conducted on a modified 3D- 
quadrupole ion trap (QIT) mass spectrometer equipped with an electrospray (ESI) ionization 
source [19]. Wavelength tunable infrared light from the FELIX free electron laser was used 
for IRMPD as has been described elsewhere [19]. The singly charged metal-HisHis complexes 
[M (HisHis-H)]+ with M =  Ni2+ and Ca2+ were synthesized according to a standard protocol 
[20] and the respective precursor ions were trapped, mass selected and irradiated in the QIT. 
The extremely low density of ions in any tandem MS precludes measurement of gas-phase IR 
spectra in transmission and therefore IRMPD spectra are acquired by monitoring the extent 
of precursor ion depletion and product ion formation as the frequency of the IR radiation 
used for activation is tuned between 5-ϮϬ ʅŵ. Hence, IRMPD spectroscopy is a true action 
spectroscopy method [21-23]. The IRMPD spectra are compared to calculated IR spectra of 
candidate structures identified by density functional theory (DFT: B3LYP-GD3BJ functional / 
cc-pVTZ basis set)[24-30], making a reliable assignment of individual isomers, tautomers and 
conformers possible. Although straightforward, this approach is limited to analytes with a 
manageable number of IR active chromophores to avoid spectral congestion. We considered 
these important prerequisites for successful IRMPD spectroscopy and selected the relatively 
short histidylhistidine ligand, which serves as a simplified model for His-rich protein domains 
and also for the hexa-His tags used in IMAC, as they allow one to study the fundamentals of 
the Ni(II)-protein coordination through the His side-chain imidazoles as well as the potential 
involvement of peptide bond nitrogens. 
 

2. Experiment 

Materials: Dipeptide HisHis Synthesis  

The HisHis-dipeptide ligand was synthesized by André Reinhardt MSc in the working group of 
Professor Ines Neundorf, University Cologne. The synthesis of HisHis was performed on solid 
support according to the following standard protocol. 4-Benzyloxybenzyl alcohol polystyrene 
(Wang resin) beads (resin loading: 1.1 mmol/g; mesh size: 200 - 400 mesh; 0.024 mmol 
scale) were used in an automated peptide synthesizer Syro I from MultiSynTech. The peptide 
coupling was performed as double coupling steps using DIC (N,N-diisopropyl-carbodiimide ) 
and Oxyma pure (Novabiochem and IRIS Biotech). Peptides were cleaved from the resin 
using triflouroacetic acid (TFA) / triisopropylsilane (TIS) and water (95:2.5:2.5 v/v/v) for 3 h 
and precipitated in ice-cold n-hexane/diethyl ether (1:3, v/v). Peptides were washed five 
times with 10 ml ice-cold n-hexane/diethyl ether (1:3, v/v) and lyophilized from water with 
tert-butyl alcohol (Fluka) (3:1, v/v). 
 
 
Mass Spectrometry 

The [M (HisHis-H)]+ complexes of (a) Ni2+ and (b) Ca2+ were freshly prepared for this study 
[20] and characterized by positive ion mode electrospray ionization (+ESI) mass 
spectrometry (MS). Both complexes were prepared in H2O/ethanol and this solution was 
diluted with methanol to a concentration of about 10оϱ M for (+)ESI-MS. All (+)ESI-MS and 
MS2 experiments, as well as accurate mass measurements, were conducted on a 
ThermoFisher LTQ-Orbitrap XL instrument (ThermoFisher, Bremen Germany, see Supporting 



Information Table S1). Accurate ion masses were determined in the orbitrap analyzer with a 
resolution of ϯϬϬϬϬ FWHM ǁŝƚŚ ĞǆƚĞƌŶĂů ĐĂůŝďƌĂƚŝŽŶ ;ȴŵ ф ϯ ppm) or with addition of 
ŝŶƚĞƌŶĂů ƐƚĂŶĚĂƌĚƐ ;ȴŵ ф Ϯ ppm, see Supporting Information Table S2). Typical (+)ESI-MS 
conditions were: Flow rate 5 µL minоϭ; Capillary Voltage 3.20 kV; Sheath gas 4.99 [arb. units]; 
Aux gas 2.00 [arb. units]. 
 
Infrared Multiphoton-Dissociation Spectroscopy 

A modified quadrupole ion trap mass spectrometer (Bruker, Amazon Speed ETD) was used 
for the IRMPD spectroscopy experiments and has been described in detail elsewhere [19]. 
Tunable radiation for the photo-dissociation experiments was generated by the Free 
Electron Laser for Infrared eXperiments (FELIX) in the 500 ʹ 1800 cmоϭ range. Pulse energies 
were approximately 20 ʹ 50 mJ per macropulse for the FEL. The full width at half maximum 
(fwhm) bandwidth of the FEL is approximately 0.5% of the central wavelength. Precursor 
ions for IRMPD experiments ([Ni(HisHis-H)]+ at m/z 349 and [Ca(HisHis-H)]+ at m/z 331) were 
formed by (+)ESI from solutions of 0.5 µM in CH3OH:H2O at a flow rate of 120 ʅL hоϭ for each 
of the respective analytes. All ions were irradiated for 1 s, corresponding to interaction with 
2 macropulses of FELIX. The IRMPD spectra were recorded by monitoring the intensity of the 
product ions (see Supporting Information Table S1) and the depletion of the respective 
precursor ion as a function of IR frequency. The IRMPD yield was determined from the 
precursor intensity (IPͿ ĂŶĚ ƚŚĞ ŝŶƚĞŶƐŝƚǇ ŽĨ ƚŚĞ ĨƌĂŐŵĞŶƚ ŝŽŶƐ ;ɇ Ifragment ions) after laser 
irradiation at each frequency [19,22-23]. 

 
[Eq. (1)]: I‘MPD YŝĞůĚ с ɇ Ifragment ions / (IP н ɇ Ifragment ions) 

 
Yields are linearly corrected for frequency-dependent variations in laser power.  
 

 

3. Theory 

Density functional theory (DFT) calculations were performed using Gaussian09, version D.01 
[24]. Gaussian was compiled with Gaussian-supplied versions of BLAS and ATLAS [25,26]. The 
B3LYP functional was used throughout with the GD3-BJ correction to account for dispersion 
interactions, whereby it is noted that in this case this correction did not change results 
significantly compared to the bare B3LYP functional [27,28]. The cc-pVTZ basis set was used 
throughout with the ultrafine setting for the integrals [29,30]. This computational procedure 
was found to give good correlation with experiment in previous work [31]. All the 
calculations performed on these systems were done in vacuo. Frequencies were scaled by 
0.97 to account for anharmonicity and convoluted with a Gaussian lineshape function with a 
FWHM of 12 cm-1 to facilitate comparison with experiment [21-23]. Energy differences 
quoted throughout the paper are based on Gibbs free energies (298K, 1bar). In all cases, the 
lowest-energy Ni(II) complexes were found to have a triplet spin state, whereas for Ca(II) 
complexes a singlet spin state was consistently lowest in energy.Ion structures identified by 
theory are denoted in a straightforward way as illustrated in Scheme 1. The initial two letters 
indicate the tautomer type of the ligand, being either iminolate (Im) with a deprotonated 
amide nitrogen (Scheme 1 structure a), charge solvated (CS) with a deprotonated C-terminus 
(Scheme 1 structure b) or iminol (Il) with an iminol motif of the peptide linkage and a 
deprotonated C-terminus (Scheme 1 structure c). The following capital letters in brackets 
refer to the heteroatom coordination sites of the metal ion in the complex, e.g. Im[NNNNO]. 



In the Im[NNNN]OH  case, the OH index denotes the additional hydrogen bond present in this 
complex ion.  
 

 
Scheme 1. Notation of the deprotonated HisHis ligand tautomers: a) iminolate (Im), b) 
charge solvated (CS) and c) iminol (Il). 
 

 

4. Results 

 
 

Figure 1. Comparison of IRMPD spectra of (a) the [Ni(HisHis-H)]+ complex and (b) the  
[Ca(HisHis-H)]+ complex molecular ion. 
 
The IRMPD-spectra of the [M(HisHis-H)]+ complex molecular ions with M = Ni2+ (a) and M = 
Ca2+ (b) are presented in Figure 1. A direct comparison of the two spectra identifies the 
absorption bands that are most relevant for both complex ions. These vibrational modes are 
found at 580 cm-1, 1080 cm-1 and at 1430 cm-1 and can be attributed to vibrational modes of 
the histidine imidazole side chain heterocycle. In addition to spectral similarities, Figure 1 
also reveals at least two clearly distinctive wavenumber regions, which are also important 
for the analysis. Firstly, major differences are found in the 1100 ʹ 1400 cm-1 wavenumber 
range in which C-OH stretching and CO-H bending modes are resonant. The absence of any 



absorption in this region in the IRMPD-spectrum of the [Ca(HisHis-H)]+ complex molecular 
ion (Figure 1, b) clearly indicates the deprotonation of the C-terminus, whereas the strong 
bands found in that region in the spectrum of the [Ni(HisHis-H)]+ complex ion point towards 
a different deprotonation site in the HisHis ligand in the nickel complex. Secondly, the 
IRMPD-spectrum of the [Ca(HisHis-H)]+ complex (Figure 1, b) exhibits two bands near 760 
and 820 cm-1 with medium intensity, which are not observed in the spectrum of the 
analogous nickel complex ion (Figure 1, a). These absorptions correspond to vibrations of the 
amide proton and the carboxylate moiety (RCOO- scissoring mode of the deprotonated C-
terminus) in the [Ca(HisHis-H)]+ case. (see Tables S3 and S4 in the SI for band origins and 
assignments).  
In line with this qualitative evaluation of the IRMPD-spectra are the ground state structures 
of the two complex ions that were identified by theory as Figure 2 illustrates. The structure 
of the [Ni(HisHis-H)]+ complex (Figure 2, structure a) exhibits a pyramidal coordination 
sphere around the Ni2+ ion, where the ligand adopts the iminolate tautomeric form  
Im[NNNNO] [8]. Interestingly, for this ion a triplet spin state is lower in energy than any 
singlet spin state. Coordination occurs through the [NNNNO] heteroatoms in this structure, 
corresponding to the deprotonated amide nitrogen, the N-terminal amine nitrogen, the His-
side-chain imidazole nitrogens and the C-terminal carbonyl oxygen. The ion shown in Figure 
2b is the ground state structure of the [Ca(HisHis-H)]+ complex with typical CS binding 
pattern. In this CS[NNOO] ion, the Ca2+ ion interacts predominantly with the His-side-chain 
imidazole nitrogens, the amide carbonyl oxygen and the deprotonated C-terminal 
carboxylate group [8,15,18]. 
 

 
Figure 2. Most stable [M (HisHis-H)]+ complex structures of (a) Ni2+ and (b) Ca2+ proposed by 
theory. (a) Im[NNNNO] ion structure of the [Ni(HisHis-H)]+ complex and  (b) CS[NNOO] ion 
structure of [Ca(HisHis-H)]+. Coordinative metal-ligand interactions are highlighted with 
green lines; Color coding for atoms: C gray, H white, O red, N blue, Ni2+ grey-blue, Ca2+ 
yellow. 
 

In Figure 3 the computed IR spectra of three competitive iminolate conformers (Gibbs 
energies within 3.4 kJmol-1 of each other) of [Ni(HisHis-H)]+ are compared to the 
experimental spectrum of the molecular ion at m/z 349 (black trace). The structures 
presented in panels a-c have the characteristic iminolate (Im) binding motif in common and 
are similarly stable according to the DFT calculations (see SI for details). The structure 
Im[NNNN]O-H (3.4 kJ mol-1) has an additional hydrogen bond interaction between the peptide 
bond iminolate oxygen and the C-terminal carboxyl proton giving rise to a diagnostic band 
near 1400 cm-1, where the CO-H bending and the C-OH stretching modes are resonant. Both 
the Im[NNNN] structure (Panel b) and the Im[NNNNO] structure (Panel c) exhibit this  band 



having combined C-OH stretching / CO-H bending character shifted to the red near  
1150 cm-1. In the Im[NNNN] structure (Panel b) where the Ni2+ ion interacts primarily with 
four nitrogens, the asymmetric carbonyl stretching modes vC=O of the peptide bond and of 
the C-terminus are found around 1660 and 1750 cm-1, respectively. These two modes are 
characteristically shifted in the IR spectra of the other two conformers providing diagnostic 
insights into the nature of these individual complex structures. For the Im[NNNNO] structure 
(Panel c), the C-terminal carbonyl stretching band is strongly red shifted due to the 
interaction with the Lewis acidic Ni2+ ion and merges with the peptide carbonyl stretch in a 
strong band at 1670 cm-1.  On the other hand, the computed spectrum of the Im[NNNN]O-H 

structure (Panel a) exhibits a red-shifted peptide carbonyl stretching mode vC=O (1620 cm-1), 

which matches the shoulder in the IRMPD-spectrum of [Ni(HisHis-H)]+ ion, and a blue-shifted 
C-terminus vC=O band (1770 cm-1), both reflecting the influence of the hydrogen bond 
interaction on the position of the carbonyl vibrations. However, the strong absorption band 
at 1570 cm-1 is missing in the computed IR spectra of the iminolate ion structures discussed 
above. The band at 1570 cm-1 could be explained by a scissoring mode of the free and non-
coordinated N-terminal amine group of another Im[NNNO] ion structure of the [Ni(HisHis-
H)]+ complex (see Panel d, Figure 1), although this isomer is clearly disfavored by energy 
(49.7 kJmol-1). 
In total, the IRMPD-spectrum of [Ni(HisHis-H)]+ shows many significant features which are in 
good agreement with the computed linear IR-spectra of a set of iso-energetic iminolate ion 
structures identified by DFT computations, suggestive of their simultaneous presence (see 
also Figure S1, SI for a comparison of a Boltzmann weighted composite spectrum vs the 
IRMPD-spectrum of [Ni(HisHis-H)]+).  

 
Figure 3. Calculated IR spectra of three low-energy iminolate conformers of [Ni(HisHis-H)]+ 
(a) Im[NNNN]OH (3.4 kJmol-1); (b) Im[NNNN] (3.1 kJmol-1); (c) Im[NNNNO] (0.0 kJmol-1) and an 
energetically disfavored analogue in panel (d) Im[NNNO] (49.7 kJmol-1). Also included in this 
comparison is an iminol structure Il[NNNO]OH (25.6 kJmol-1) in panel (e) as well as a charge 
solvation structure CS[NNOO] (f) (analogous to the respective [Ca(HisHis-H)]+  structure; 25.6 



kJmol-1; see Fig. 4). All computed spectra are compared to the IRMPD spectrum of the 
molecular ion of [Ni(HisHis-H)]+ at m/z 349 (black trace) [8,15,18]. All band origins of 
computed isomers of [Ni(HisHis-H)]+ are presented in Table S3 in the Supporting 
Information.  
 
Another unique complex structure of the [Ni(HisHis-H)]+ ion is identified by theory in the 
extended stability range but the IR-spectrum of the Il[NNNO]OH structure is substantially 
differing from the IRMPD-spectrum (Figure 3e). This structure exhibits a deprotonated C-
terminus and an iminol motif of the peptide backbone, where the amide nitrogen interacts 
with the nickel cation (compare Scheme 1, structure c)[16]. Additionally, this Il[NNNO]OH 
structure (25.6 kJmol-1) possesses a hydrogen bond interaction between the free amino 
nitrogen and the iminol OH. Combined modes of the N-terminal amine N-H and the 
respective O-H͙N hydrogen bond are found near 790 and 830 cm-1 in the computed IR-
spectrum of the Il[NNNO]OH ion structure. Both bands are absent in the IRMPD spectrum in 
Figure 3e. We also note a weak band in the computed spectrum of the iminolate ion 
structure Im[NNNN]OH found around 820 cm-1 in Panel 3a, which comes from the twisting 
mode of the hydrogen bond COO-H͙O between the carboxylic hydrogen and the iminolate 
oxygen. Similarly, a weak band at 820 cm-1 is found in Panel 3d in the IR-spectrum of the 
Im[NNNO] structure corresponding to out of plane modes of the imidazole hydrogens. While 
absorptions in this wavenumber range correspond to combined vibrations of the carboxylate 
moiety (RCOO- scissoring mode of the deprotonated C-terminus) and the amide proton in 
CS[NNOO] charge solvation complex structures (see Panel 3f and Figure 1), the examples 
above show that the absence of these bands in the IRMPD spectrum of the nickel complex is 
less significant than initially believed (see discussion of Figure 1). Finally, an energetically 
disfavored charge solvation structure CS[NNOO] of the nickel complex (25.6 kJmol-1) is also 
compared with the IRMPD-spectrum of [Ni(HisHis-H)]+ in Panel f. Especially the mismatch of 
the computed carbonyl bands as well as the absence of the C-OH stretching and CO-H 
bending vibrations makes the presence of this this alternative structure unlikely.  
 



 
Figure 4. The IRMPD-spectrum of [Ca(HisHis-H)]+ at m/z 331 (black trace) is compared to 

computed IR-spectra of ion structures identified by theory [16,18]. (a) IR-spectrum of the 
charge solvation structure CS[NNOO] (0.0 kJmol-1). (b) IR-spectrum of iminolate isomer 
Im[NNNNO] (22.0 kJmol-1). (c)  IR-spectrum of iminolate isomer Im[NNNN] (58.9 kJmol-1). (d) 
IR-spectrum of iminolate isomer Im[NNNN]OH (53.6 kJmol-1). All band origins of the 
computed isomers of [Ca(HisHis-H)]+ are presented in Table S4 in the Supporting 
information.  
 
In Figure 4, the IRMPD spectrum (black trace) of [Ca(HisHis-H)]+ is compared with the 
computed IR-spectrum of the energetically favored charge solvation structure CS[NNOO] 
(0.0 kJ mol-1). The overlay presentation in panel a documents a good match in the significant 
regions of the spectrum (700-900 cm-1 and 1000-1400 cm-1) as pointed out above. More 
importantly, the major band at 1538 cm-1, which corresponds to the amide N-H bending 
mode, engaged in a hydrogen-bond interaction with the N-terminal amine nitrogen, and the 
strong absorption at 1608 cm-1 (amide carbonyl stretching mode) match the absorptions in 
the IRMPD-spectrum very well. However, the computed C-terminal carbonyl stretching 
vibration that is expected to appear at 1720 cm-1 is actually found red shifted at 1702 cm-1 in 
the IRMPD-spectrum. Moreover, the measured IRMPD-yield and the band intensity 
predicted by theory differ substantially, which may be due to a reduced laser intensity in this 
frequency range in combination with a strongly non-linear power dependence, and/or due 
to a mistake in the computations [32,33].  
The comparison of the two computed IR-spectra in panels a and b of Figure 4 reveals 
remarkable band positions of the C-terminal carbonyl stretch vibration in the two isomeric 
ion structures. In the CS[NNOO] ion structure (Panel a), this mode of the deprotonated C- 
terminal carboxylate functionality is substantially blue-shifted relative to the analogous 
mode of the free carboxylic acid moiety RCOOH in the Im[NNNNO] structure of [Ca(HisHis-



H)]+ that appears at about 1670 cm-1 in panel b. The observed blue-shifted carbonyl vibration 
indicates a substantial strengthening of the C=O bond of the carboxylate moiety in the 
CS[NNOO] structure, which is the result of the coordination to the Lewis acidic Ca2+ metal 
cation. This phenomenon was already described and observed in IRMPD spectra of metal 
cationized histidine [M(His-H)]+ complexes of zinc and cadmium [24].  
In Figure 4 b-d, the iminolate ion structures are presented with their computed IR-spectra 
for evaluation. The mismatch of the computed IR-spectrum of the energetically disfavored 
iminolate isomer Im[NNNNO] (22.0 kJ mol-1) with the IRMPD-spectrum of [Ca(HisHis-H)]+  
especially in the region from 1000 to 1400 cm-1 of the diagnostic C-OH and CO-H modes 
leads us to exclude this complex structure [8,15,18]. The theoretical IR-spectrum of the 
iminolate complex Im[NNNNO] (58.9 kJ mol-1), which is substantially unstable in the calcium 
case, is also found to be unlikely for similar reasons (Figure 4c). This assumption is further 
supported by the inspection of the C-terminal carbonyl stretching mode at 1740 cm-1, which 
is found to be substantially blue shifted compared to the respective mode in the IRMPD-
spectrum. Finally, the IR-spectrum of the Im[NNNN]OH ion structure (Panel d), which is also 
disfavored for energetic reasons (53.6 kJmol-1), is found to be an unlikely candidate due to 
the clear disagreement of its carbonyl modes in the 1500-1800 cm-1 region with the IRMPD-
spectrum. Detailed information on all ion structures of the [Ca(HisHis-H)]+ complex ion is 
provided in the Supporting Information and in Table S4. 
 

5. Conclusions 

The data set presented above provides initial spectroscopic evidence that the nature of the 
metal cation governs the binding motif in [M(HisHis-H)]+ complex ions with a deprotonated 
histidylhistidine ligand.  
The combination of IRMPD spectroscopy and quantum-chemical calculations identifies an 
iminolate structure in [Ni(HisHis-H)]+ and a charge solvation (CS) structure in the [Ca(HisHis-
H)]+ complex, which also documents the detailed information on the coordination sphere of 
the metal and the complex geometry that is provided by this approach [8,15,18]. In 
[Ni(HisHis-H)]+ the strongly binding nickel(II) cation prefers to deprotonate the peptide-bond 
nitrogen over the C-terminus and induces tautomerization of the amide bond resulting in an 
iminolate (Im) ion structure of the HisHis-ligand. This remarkable behavior highlights the 
pronounced preference of the nickel(II) cation for stabilization by peptidic Lewis-basic 
nitrogen atoms over oxygen atoms. This experimental finding qualitatively explains why 
complex ions of nickel(II) with a deprotonated histidine amino acid molecule are not 
sufficiently stable for (+)ESI-MS characterization [32], whereas complex ions with two 
histidine amino acids i.e. [Ni(His)(His-H)]+ are. The latter complexes are currently being 
investigated computationally and experimentally by IRMPD spectroscopy [34].  
The iminolate binding pattern is shown to be optimal for metal ion coordination in the 
[Ni(HisHis-H)]+ complex and it can serve as a model example to better understand the 
fundamentals of IMAC, as well as the nature of Hrp-Ni2+ interactions co-factor chemistry. 
However, to clarify the binding mode of nickel(II) cations to e.g. His-tags with 6 consecutive 
histidine residues as used in IMAC, further investigations will be necessary.  
In this regard it will be important to also study whether the amide backbone interaction of 
the metal cation remains relevant even with longerand more flexible peptidic ligands with 
more than 2 imidazole side-chain moieties, e.g. in [Ni(HisHisHis-H)]+ complex ions. At 
present, the binding pattern in polyHis-protein domains to nickel(II) ions remains unclear 
and the relation of thermodynamic stability of respective metal complexes with the number 
of histidine residues in the coordinating fragment is not fully understood [3,4].  
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