Article 25fa pilot End User Agreement
This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet) with
explicit consent by the author. Dutch law entitles the maker of a short scientific work funded either wholly or
partially by Dutch public funds to make that work publicly available for no consideration following a reasonable
period of time after the work was first published, provided that clear reference is made to the source of the first
publication of the work.
This publication is distributed under The Association of Universities in the Netherlands (VSNU) ‘Article 25fa
implementation’ pilot project. In this pilot research outputs of researchers employed by Dutch Universities
that comply with the legal requirements of Article 25fa of the Dutch Copyright Act are distributed online and
free of cost or other barriers in institutional repositories. Research outputs are distributed six months after
their first online publication in the original published version and with proper attribution to the source of the
original publication.
You are permitted to download and use the publication for personal purposes. Please note that you are not
allowed to share this article on other platforms, but can link to it. All rights remain with the author(s) and/or
copyrights owner(s) of this work. Any use of the publication or parts of it other than authorised under this licence
or copyright law is prohibited. Neither Radboud University nor the authors of this publication are liable for any
damage resulting from your (re)use of this publication.
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the ma terial
inaccessible and/or remove it from the website. Please contact the Library through email: copyright@ubn.ru.nl,
or send a letter to:
University Library
Radboud University
Copyright Information Point
PO Box 9100
6500 HA Nijmegen

You will be contacted as soon as possible.

Letter
pubs.acs.org/JPCL

Water Microsolvation Can Switch the Binding Mode of Ni(II) with
Small Peptides
Robert C. Dunbar,*,† Jonathan Martens,*,‡ Giel Berden,‡ and Jos Oomens*,‡,§
†

Chemistry Department, Case Western Reserve University, Cleveland, Ohio 44106, United States
Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Toernooiveld 7c, 6525ED Nijmegen, The
Netherlands
§
University of Amsterdam, Science Park 904, 1098XH Amsterdam, The Netherlands
Downloaded via RADBOUD UNIV NIJMEGEN on April 9, 2019 at 06:25:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

‡

S Supporting Information
*

ABSTRACT: Ni(II) ions can be caged by surrounding peptide ligands in two basic
binding patterns: the “iminol” (IM) binding pattern, where chelation occurs by
deprotonated amide nitrogens, or the charge-solvated (CS) binding pattern, where
chelation occurs by amide carbonyl oxygens. Gas-phase observation may clarify the factors
aﬀecting this choice in solution and in peptide and protein matrices. Infrared
spectroscopic determination of gas-phase structures shows here how microsolvation by
just one water molecule switches the balance of this choice from IM to CS for the
Ni2+Gly3 complex, in contrast with the always-CS structure of the Ni2+Gly4 complex.
Quantum-chemical calculations indicate that CS complexation is even more favored in the
aqueous limit. Considering gas-phase conditions as comparable to low-pH solutions can
reconcile this prediction with the common observation of IM-type binding in solutions at
higher pH. This is likely the ﬁrst gas-phase observation of solvation-induced IM-to-CS
transition in oligopeptide complexes with doubly charged transition-metal ions.

A

complexes. For gas-phase complexes of the metal ion with the
neutral peptide (that is, not explicitly deprotonated in their gasphase form), the structures chelating the metal ion by
deprotonated amide nitrogens can be accessed through iminol
tautomerization of the initially canonical amide backbone
residues.5 We designate as “charge solvated” (CS) the form of
the complex having the metal chelated by amide carbonyl
oxygens and as “iminol” (IM) the form of the complex resulting
from iminol rearrangements to chelate the metal ion with
deprotonated amide nitrogens. In solution-phase peptide
complexes of transition metals like Ni(II) and Cu(II), a
transition from CS- to IM-type binding is observed with
increasing pH. For polyglycine complexes of Ni(II), in
particular, octahedral high-spin CS-type coordination converts
to square-planar IM-type complexation with explicit deprotonation of the ligand near pH 8 or 9.4,6 In the gas phase, IM
complexation has also frequently been reported for these
metals,3,7,8 but CS complexation is favored in some cases.9 The
choice between IM and CS complexation patterns has been of
recent interest to our research group,7−10 and the inﬂuence of
the ﬁrst solvating water molecule on this choice is the subject of
the present report.
As background for the present study, numerous computational and experimental studies have reported the eﬀect of
water on the CS-to-SB switch through water microsolvation,

n intriguing aspect of the chemistry of complexes of metal
ions with amino acids and small peptides is the frequent
change in conformation of the peptide ligand upon drying out
the aqueous-phase complex and introducing it into the gas
phase. It is interesting to consider the determinative role of the
surroundings of the complex, whether it be gas-phase vacuum,
aqueous solvation, or inclusion in the interior of a protein or
enzyme. The emergence in the last decades of powerful tools
for determination of the structures of gas-phase complexes has
stimulated consideration of the gas-phase environment. One
approach to such understanding addresses cases where the
passage from the bare complex to the aqueous solvated
complex through progressive attachment of water molecules
can be pivotal in the choice of structure.
One common structure transition that has received much
attention in recent gas-phase studies is charge-solvation (CS)
binding (involving the canonical form of the ligand) versus
zwitterionic structures (salt-bridge-stabilized (SB) binding,
leading to the ammonium zwitterion form of the ligand).1−3
Examined in the present study is another class of structural
alternatives possibly transiting between solution and the gas
phase: the choice of metal-ion chelation by a cage of Lewisbasic sites, predominantly amide backbone carbonyl oxygens
(Chart 1, structures 1 and 2), versus a square-planar cage
involving metal−nitrogen bonds derived from deprotonated
amide backbone NH groups (Chart 1, structure 3).
Although much studied in solution with transition-metal
ions,4 the latter complexation pattern through deprotonation of
amide nitrogens has not been so widely examined for gas-phase
© 2017 American Chemical Society
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Chart 1. Illustrative Structures of Complexes

particularly for amino acids,1,11−15 including a few involving
metal-ion complexes.16−20 The present report may be the ﬁrst
to characterize the CS-to-IM switch in small gas-phase metalion−peptide complexes.
Figure 1 displays the infrared multiple-photon dissociation
(IRMPD) spectra of the Gly3 and Gly4 complexes with Ni2+,

Figure 2. Observed (top panel) and computed (lower panels) spectra
for the Ni2+Gly3 complex. Spectra for bare (black) and monohydrated
(red) complexes are superimposed. Structures shown are for the
monohydrates. The structure of the bare complex in all cases is close
to the structure shown, minus the water molecule, but see the
Supporting Information for larger pictures and coordinates of all six
species. The notation [XYZ] indicates atoms bound to the metal; see
ref 9 for notation details. Energies for bare and for monohydrated
complexes relative to the most stable isomer are shown individually (kJ
mol−1), predicting the switch from IM singlet to CS triplet ground
state upon the addition of one H2O. Values in parentheses are freeenergy-corrected (rigid-rotor harmonic-oscillator approximation at 298
K). Note that the two IM structures displayed are essentially the same
except for the position of the water molecule and the nickel spin. The
energies reported for the corresponding “bare” complexes diﬀer
because of the promotion energy from singlet to triplet nickel.

Figure 1. IRMPD spectra of the bare (black) and singly hydrated
(red) complexes of Ni2+Gly3 and Ni2+Gly4.

with and without a single water molecule attached. For the Gly3
case, it is clear that water attachment induces a substantial
structure change, looking, in particular, at the diagnostic region
of the Amide I and Amide II modes between 1500 and 1650
cm−1. Similar results were found for the corresponding Ala3
system (Supporting Information, Figures S1 and S2). In the
following, the spectra will be analyzed in detail, which will show
that the attachment of the water molecule induces IM to CS
rearrangement of the peptide. In contrast, the spectra of the
Gly4 complex with and without H2O, shown in the lower panel
of Figure 1, are virtually identical, indicating that the water
attachment does not induce a substantial change in the
structure of the complex.
It remains to conﬁrm, via comparison of the observed spectra
with simulated spectra and strengthened by computed relative
energies, that the structures of the Gly4 complexes are both CS,
while the spectral shifts shown by the Gly3 complex are indeed
due to a transition from IM to CS complexation.
Figure 2 shows the calculated structures and spectra for the
most likely Gly3 structures, both bare and hydrated. Figure 3
shows similar results for the Gly4 complex. See the Supporting
Information, Figure S3, for an additional spectrum of Ni2+Gly4·
H2O in the 3000−3800 cm−1 spectral range, further conﬁrming
the CS structure of this monohydrate.

In Figures 2 and 3, structures are drawn for the
monohydrates. Note that the four-coordinate, singlet IM
complexes hydrate on the exterior, while the triplet CS
conformations hydrate directly on the nickel ion. Breaking up
the favorable low-spin square planar cage of the IM nickel ion
upon attachment of a water molecule always incurs a large
energy cost, but this cost can be compensated for by the
increased number of metal−ligand bonds possible for the CS
binding mode accompanied by a switch from singlet to triplet
nickel. Because a limit of six coordination points is not
exceeded for any of the triplet CS conformations considered
here, there is an energetic advantage to adding a water molecule
onto the metal center to approach octahedral CS coordination.
All of the observed and calculated CS complexes have in
common the predicted strong vibrational bands due to an
antisymmetric COO stretch of the C-terminus at 1650−1700
cm−1, a group of mostly Amide I type vibrations around 1600
cm−1, and strong Amide II vibrations near 1550 cm−1.
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ﬁeld) approach. Table 1 summarizes the energy trends from the
bare complex to the monohydrate to full solvation. Two IM
reference calculations are presented for the Gly4 case: The
Ni2+(Gly4) IMCS result refers to the most stable IM-type
conformation, which is the mixed IMCS [NNON] structure.
However, using IMCS as a reference for comparison with
solution phase may be misleading because the strong hydrogen
bond remote from the metal site in the gas-phase IMCS
complex (see Figure 3) probably does not provide similar
stabilization in solution. Accordingly, the structure IM
[NNNN] having three dehydrated amide nitrogens binding
the metal is also shown as an example of a possibly more
realistic reference for comparison with solution phase.
For Gly3, monohydration substantially increases the relative
stability of CS, and inﬁnite hydration (SCRF) even more so.
This progressive increase in CS stability with hydration may
come from relieving the coordinative unsaturation of the lessthan-octahedral metal ion in triplet CS versus the coordinative
saturation in the square-planar singlet IM complex. Similarly,
monohydration of Gly4 gives an increase in relative CS stability,
and inﬁnite hydration appears to give at least some CS
stabilization. Thus the CS conformations are predicted to be
favored in solution as well as in gas phase, but these would
probably only be observed at low pH, where in practice other
solution chemistry such as dimerization is found to intervene.
The monomeric IM-type complexes are well known in solution
but only at high pH.4,6 We can take the point of view that the
gas-phase conditions correspond to low-pH condensed-phase
environments, where outright deprotonation of the system is
not favored but rather displacement of the amide proton could
occur in the iminol rearrangement comparable to the gas-phase
situation.
In conclusion, the switch of conformation from IM (squareplanar singlet) to CS (pyramidal triplet) upon monohydration
of the Gly3 complex is strongly conﬁrmed by IRMPD
spectroscopy, and the reversal in stability of the two structures
upon monohydration is further aﬃrmed by the B3LYP
thermochemical calculations. The Gly4 complex oﬀers a direct
contrast in that the structure of the Gly4 complex is conﬁrmed
by the spectroscopy to be CS for both the bare complex
(pyramidal) and the monohydrate (octahedral).
A simple qualitative argument can account for these results,
similar to the ligand-counting argument in ref 9. It can be
postulated that low-spin, square-planar four-coordination with
IM metal−nitrogen bonds is better than high-spin fourcoordination with CS metal−oxygen bonds but worse than
ﬁve-fold or higher CS coordination. Then, Ni2+Gly3, having at
most four-coordination, prefers IM, but Ni2+Gly3·H2O with
ﬁve-coordination prefers CS. Similarly, Ni2+Gly4 and Ni2+Gly4·
H2O, with ﬁve- and six-coordination, respectively, both prefer
the CS pattern.

Figure 3. Observed and calculated spectra for the Ni2+Gly4 complex.
Bare (black) and monohydrated (red) are superimposed. Structures
shown are for the monohydrates; the structure of the bare complex is
close to the structure shown, minus the water molecule, except IM
[NNNON]. See the Supporting Information for larger pictures and
coordinates of all ten species. The bare complexes of IM [NNNN] and
IM [NNNON] are actually the same structure because they both
dehydrate to give the same species. Relative calculated energies in kJ
mol−1 with free energies at 298 K are given in parentheses.

The IM structures ([NNON] for Gly3; [NNNO],
[NNNON], [NNNN], and IMCS for Gly4) are all built upon
the square-planar coordination pattern. The low-spin (singlet)
state is normally favored over the triplet for a given IM
conformation, although in some cases the square-pyramidal
triplet is accessible at a reasonable energy cost. In the 1600−
1750 cm−1 range the IM-type structures exhibit a strong
carboxyl mode and two or three C−N stretching-dominated
modes derived from the amide linkages as well as clusters of
CH bending modes at 1400−1450 and 1300−1350 cm−1. The
most useful for structure characterization is the presence (CS)
or absence (IM) of Amide II intensity near 1550 cm−1. The
calculated spectra give very acceptable agreement with the
assigned structures for both the bare and the hydrated
complexes.
It is interesting to consider the trend of energies as hydration
is increased beyond monohydration and especially in the limit
of fully hydrated (that is, aqueous) complexes. Experimental
examination of these complexes in the solution phase is not
foreseen, but theoretical computation for full water solvation
may be approximated using the SCRF (self-consistent reaction

Table 1. Energy Advantage of CS Complexation (Best CS Structure) Relative to the IM Structure Speciﬁed in the Left-Hand
Column in kJ mol−1a
Ni(II) (Gly3) IM [NNON]
Ni(II) (Gly4) IMCS [NNON]
Ni(II) (Gly4) IM [NNNN]

bare

monohydrate

SCRF (no H2O)

SCRF (one H2O)

−50 (−34)
+6 (−9)
+43 (+35)

+4 (−5)
+43 (+22)
+82 (+69)

+31 (+12)
+13 (−3)
+54 (+44)

+40 (+24)
+23 (−7)
+76 (+49)

a

Values in parentheses are free-energy-corrected in the rigid-rotor harmonic-oscillator approximation at 298 K. Positive values indicate that CS is
more stable than IM.
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■

METHODS
Computational. All calculations were carried out using the
Gaussian09 quantum chemical package.21 Density functional
theory (DFT) calculations at the B3LYP/6-31+G(d,p) level
served as the default computational methodology. Energies
reported are corrected for vibrational zero-point energy, and
values corrected to free energies at 298 K are also reported.
Important energy comparisons were checked using the larger 6311++G(d,p) basis set, which was also used for all values in
Table 1. Calculated IR spectra were found to not depend
strongly on basis set size; therefore, we have primarily used the
smaller basis set for the spectra.
For comparison with IRMPD spectra, the computed
harmonic frequencies were scaled by a factor of 0.965 (0.975
for the larger basis set, 0.955 in the H-stretching region),
consistent with recent work on small peptide systems at these
levels of theory.9,22 Computed spectra were convoluted with a
20 cm−1 fwhm Gaussian line shape function. Solvation
calculations used the SCRF method and a dielectric constant
of 78.
Experimental IRMPD Spectroscopy. IR spectra of the gaseous
metal ion−peptide complexes were recorded employing a
modiﬁed quadrupole ion trap mass spectrometer (Bruker,
Amazon Speed ETD) coupled to the Free Electron Laser for
Infrared eXperiments (FELIX), as has been detailed elsewhere.23,24 Metal-ion peptide complexes were generated by
electrospray ionization from solutions containing the peptide
and metal salt (1 μM of each) in acetonitrile/H2O (∼1:1).
Target ions were trapped, mass-selected, and irradiated with the
wavelength-tunable infrared light from FELIX. DFT-computed
linear absorption IR spectra of candidate ion structures were
compared with the observed spectra for structure assignment,
with additional guidance from the computed thermochemistry.
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