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Binding to proteins and peptides in condensed phases, it is normal for alkali and alkaline earth metal ions
to interact preferentially with Lewis-basic oxygen, nitrogen and similar open chelation points, while late
transition metals like cobalt, nickel and copper characteristically deprotonate and bind to amide nitrogens
along the peptide chain. Parallel to these contrasting condensed-phase binding-mode alternatives, metal
ions in the gas phase can form complexes with small peptides in several complexation modes, among
them the charge-solvated (CS) and the Iminol patterns. Reported here is a computational study of the
factors determining the choice between these patterns in the gas phase for model ligands, dialanine and
trialanine, also including illustrative experimental spectroscopic results for Ag*(Ala); using the infrared
multiple photon dissociation (IRMPD) technique (which has also provided previous experimental results
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Peptide for many of the ions studied here). Across a survey of 29 metal ions in normal oxidation states (+1, +2
IRMPD ion spectroscopy and +3), unexpectedly strong correlations are found (for each charge state) between the preference for

FTICR CS versus Iminol binding and the overall binding energies of the ions. Ions of +1 charge invariably prefer
CS binding, while those with higher charge exhibit variable preferences. Within a given charge state,
Iminol binding is more favorable, and overall binding is stronger, for light metal ions and for metal ions
(“transition metals”) late in the periodic table. The tendency to go from CS to Iminol in the gas phase is
generally parallel to the tendency to bind deprotonated amide nitrogens in condensed-phase, but with
possible divergence between the differing environments at the point where the tendencies cross over
near Mg(Il). Hard/soft character of the metal ions correlates to some extent with the binding preferences,
but this correlation shows numerous discrepancies. For “main-group” metal ions, electrostatic charac-
ter of the binding is suggested by excellent scaling of binding energies with a scaling parameter q/R,
while a contribution of enhanced binding in addition to the electrostatic binding energy is indicated for
“transition” metals.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Gas-phase ion chemistry study of metal-ion-peptide complexes
can model and illuminate corresponding complexation in liquid
or crystal. However, the large differences in solvation, polarization
and related electrical forces between the bare gas-phase environ-
ment and the closely packed surroundings of the condensed-phase
complex induce crucial variations in the conformations of the
most favored structures. For example, the preference for ionized
(zwitterionic) acidic and basic end groups in aqueous solution
is in striking contrast with the general preference for canonical
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structures in gas phase [1-6]. Recently a notable parallel between
the gas phase and condensed phases has been recognized in the
choice between metal ion complexation via charge solvation by
ligand carbonyl groups (and other Lewis-basic chelation points)
and deprotonation of skeletal amide nitrogen atoms with formation
of metal-nitrogen bonds at the resulting anionic nitrogen sites [7].

Incorporation of metal ions into peptide and protein molecules
characteristically involves chelation of the metal ion at several
Lewis-basic sites drawn both from the amide linkages and the
amino acid side chains. In the extensive literature of gas-phase
metal-ion binding to mono-amino acids, a question drawing much
attention has been the transition from charge-solvated binding to
the formation of zwitterionic ground states [1,2,8-10]. For com-
plexation with small gas-phase peptides, this question has not
been as interesting, since zwitterion binding is generally not pre-
ferred on account of the larger number of basic charge-solvating
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Fig. 1. Low-energy conformations of the dialanine and trialanine complexes, showing the Ba* complexes for illustration. Green lines represent metal-ion interactions with
Lewis-basic sites, and red dashed lines represent clearly defined hydrogen bonds. (See text for explanation of structure labels.) (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

chelation points available in these systems. Of greater interest
for such peptides has been the transition from charge-solvated
metal-ion binding to binding via direct metal bonding to the amide
nitrogen(s). This is parallel to the well studied condensed phase
process of deprotonation of amide nitrogens with formation of
metal-nitrogen bonds. The difference between gas phase and con-
densed phase lies in the displaced proton remaining in the system
in the gas-phase case, migrating by Iminol tautomerization to the
amide carbonyl and forming the Iminol tautomer (as shown in
Fig. 1).Infrared spectroscopic observations in the fingerprint region
have proven to be an effective probe of this aspect of confor-
mational preferences in electrosprayed complexes [11]; infrared
multiple photon dissociation (IRMPD) experiments |[1,2] using the

free electron laser at the Free Electron Laser for Infrared eXperi-
ments (FELIX) have characterized the switch to the Iminol binding
mode for a few complexes of NiZ*, Co?* and Mg%* with di-, tri-
and tetra-peptides [7,12]. Here we describe further study of this
complexation question as a suitable tribute to Detlef Schréder’s
sustained and diverse interests in the conformations, properties
and reactivity of metal-ion complexes, exploring a wide variety
of metal ions and of mass spectrometric techniques, including
infrared spectroscopic approaches (for example, [13-17]).

In solution, the deprotonated amide mode of binding to pep-
tide chains was recognized already early on as a common theme
in transition-metal binding, and has been extensively studied and
reviewed [18-24]. This aspect of metal-peptide binding has been
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of recent interest in view of suspicions that Cu(Il) interaction with
prion proteins is central to Alzheimers and other prion diseases
[25,26].

It is of interest to make a broader survey of a wider variety of
metal ions, in the non-perturbing environment of the gas phase, in
order to map out the expectations of when the transition to Iminol
binding can be anticipated. The present study undertakes this task,
using the minimally complicated small peptides dialanine and tri-
alanine as trial ligands. The study is tightly focused on the question
of the relative favorability of CS versus Iminol binding to gas-phase
di- and tri-peptides without active side chains. The choice of which
metal ion species to include is somewhat arbitrary, but in gen-
eral we have aimed to include normal oxidation states of metals of
actual or possible interest in biological systems, along with some
more exotic species that are of interest for comparisons. Some
species (like Co(IIl)) that would have been interesting were found
to be computationally too troublesome for convincing results, and
were dropped. lons of charge greater than +3 give unreasonable and
uninterpretable results in gas-phase calculations, as well as being
unlikely as stable gas-phase species. Even +3 species were found
to be prone to complications like Coulomb explosion and skeletal
rearrangements, and the results obtained and shown below for +3
ions are rather scattered and clearly inferior to the +1 and +2 data
sets. The set of 29 species selected gives a sufficiently wide cover-
age of the periodic table for some interesting trends to be fleshed
out.

Fig. 1 displays the principal conformations of interest here. The
terminology of the conformations is intended to be self-evident.
“CS” designates charge-solvated complexes with unrearranged
amide linkages and the metal ion chelated by the indicated set of
0 and/or N atoms. “ZW” appended to CS labels indicates a com-
plex having retention of the metal ion in the charge-solvated form,
but having a zwitterion-type rearrangement of an amide proton
as explained below. An “SB” label designates a salt bridge zwitte-
rion with an -NH3* group and with the metal ion bound to the
ionic -COO~ group of deprotonated carboxyl. “Iminol” designates
the Iminol-rearranged tautomeric form, with the following “Im” or
“ImIm” notation indicating respectively one or two metal bonds to
Iminol-rearranged nitrogens.

The CS conformations generally follow the established observa-
tion that as many as possible of the available carbonyl oxygens tend
to coordinate the metal [27-29], although it has been found, and is
seen below, that the amino nitrogen may compete with oxygen (tri-
alanine structure CS NOO) if compensating hydrogen bonding of a
carbonyl is available. A contrast emerges between the present pep-
tide complexes and the metal-ion complexes of the mono-amino
acids, where it is frequently found that the best conformation is
the salt-bridging zwitterion in which the terminal carboxyl pro-
ton moves to the amino nitrogen (SB). This latter pattern is only
rarely found as the preferred conformation in the present survey,
and is not discussed here. However, with the trialanine ligand, it
is shown below that the CS OO0 conformation frequently transfers
an amide proton to the amino nitrogen giving structure CS 000 ZW
(see Fig. 1).

CS predominance for the Na* complexes of di- and tri-peptides
of Gly and Ala has been amply shown by the spectroscopy and com-
putations of the Paris group [27,28]. Corresponding polyglycine and
polyalanine peptides are expected to have similar complexation
behavior in most circumstances, so both polyglycine and polyala-
nine studies can provide relevant examples of metal-ion complex
conformations for binding to simple (i.e. without active side chains)
peptides. As referenced below, all of the spectra of dialanine and
trialanine metal ion complexes that have been acquired by the
FELIX group have been published, with the exception of Ag*(Ala)s.
Although the Iminol conformation of this last complex is definitely,
and not surprisingly, less stable by a substantial margin than CS

conformations, the spectrum is nevertheless exceptionally inter-
esting because computation indicates nearly equal energies for the
CS 000 and CS NOO conformations, and experiment is called on
to resolve the nature of the favored conformation. Accordingly, its
spectrum is shown here, and analyzed briefly.

2. Methods
2.1. Computation

All calculations were carried out using the Gaussian03 quantum
chemical package [30]. Starting structures for the optimizations
were assigned based on our previous experience with computa-
tional surveys of conformations giving low energies for a variety
of metal ions complexed with di- and tri-peptides. The default
computational level was the B3LYP density functional with the
6-31+g(d,p) basis set. For metals starting with Rb, the SDD basis
set with a relativistic effective core potential was used. For some
of the transition metal complexes, additional full-optimization cal-
culations were carried out using the MPW1PW91 functional. Use
of this latter functional made little difference except in the case
of Ni(II), for which the results from this functional are discussed
below. In making comparisons of the energies of low-lying iso-
mers, differences of less than 20 k] mol~! which were considered
important for the present purposes were checked by full optimiza-
tion with the larger 6-311 +g(d,p) basis. The two different basis
sets usually gave difference values between isomers in agreement
within a few k] mol~!, seldom disagreeing by as much as 5 k] mol !,
so the smaller basis set was considered to be large enough for reli-
able energy comparisons (to the extent of validity of B3LYP) within
the present universe of complexes. Energies are taken as the 0K
enthalpy, without thermal or vibrational zero-point corrections.
Binding energies were not corrected for basis set superposition
error, which is typically not found to be large for B3LYP calculations
at the level of precision needed in the present survey [31,32].

The Ag(I) complex was given special consideration, in light
of the experimental result described below, showing a CS 000
conformation for Ag*(Ala)s rather than the calculated CS NOO con-
formation (amino N bound to the metal), where the latter structure
was favored by 12 k] mol~! at the B3LYP/6-31 +g(d,p) level and by
7kJmol-! at the B3LYP/6-311 +g(d,p) level. Following the expe-
rience of the York group [33,34], we considered that the DZVP
basis set might give more accurate energy results. (The computed
infrared spectra are practically the same for all of these different
basis sets.) As will be seen below, comparison using the latter basis
set did indeed predict the correct (CS OOO0) lowest-energy con-
formation, with the CS 000 conformation preferred by 6 k] mol~!
compared with CS NOO, although these two conformations are not
predicted to be very far apart by any of these calculations. This last
value will be used in the following discussion.

Calculations were carried out at the LISA Linux cluster of the
SARA Supercomputer center in Amsterdam. For comparison of DFT
spectra to IRMPD spectra, the computed frequencies were scaled by
a factor of 0.976, which is known to be adequate at the current level
of theory [35]. Computed spectra were convoluted with a 20 cm™!
or 30cm~! FWHM Gaussian lineshape function for comparison to
experimental IR spectra.

2.2. IRMPD experimental

IR spectra of the gaseous metal ion-dipeptide complexes were
recorded employing a Fourier-transform ion cyclotron resonance
mass spectrometer (FT-ICR MS) coupled to the Free Electron
Laser for Infrared eXperiments (FELIX), as has been detailed else-
where [2,12,36]. Metal-ion-peptide complexes were generated
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Fig. 2. Experimental IRMPD spectrum of Ag*(Ala); (top, red) and the calculated
spectra of the three indicated conformations. The relative energies shown are from
the calculations using the DZVP basis, as discussed in the text. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

by electrospray ionization (ESI, Waters Z-Spray) from a solution
containing the peptide and metal salt in acetonitrile/H,O (~4:1).
Target ions were trapped and mass-selected in the FT-ICR cell and
were irradiated with the wavelength-tunable infrared light from
FELIX. Plotting the sum of all dissociation channels ratioed to the
total ion count as a function of laser frequency, an infrared action
spectrum was generated, and interpreted as a surrogate for the
linear IR spectrum of the complex. DFT-computed linear IR spectra
of candidate ion structures were compared with the observed spec-
tra, where the calculated relative energetics provided additional
guidance, to assign conformational and tautomeric structures.

3. Results
3.1. Spectroscopy of Ag*(Ala)z

Fig. 2 displays the IRMPD spectrum of the trialanine/silver(I)
complex, along with computed spectra for the two lowest-energy
CS structures (CS OO0 and CS NOO) and the Iminol ImIm complex.
The CS 00O structure provides a very acceptable match between
the major predicted absorption bands and the observed spectrum
in the fingerprint region. The carboxyl carbonyl stretching band
near 1715cm~! and the Amide II peak near 1500cm~"! are well
matched, while the Amide I peak seen at about 1670cm™! is pre-
dicted about 20 cm~! too low, which is not an unacceptable degree
of error. The predicted spectra for the alternative possibilities, CS
NOO and Iminol ImIm, are in poor agreement with the observed
spectrum. The spectroscopic conclusion is thus strong that the CS
000 conformation dominates this ion population.

3.2. Ground states of the complexes

The principal computed relative energies from the survey are
tabulated in Tables 1 and 2. For a small fraction of the complexes
studied here, a zwitterion salt-bridge (SB) complex having a pro-
ton transferred from the carboxyl group to the terminal amino
group was found to be competitive, or even favored, versus CS iso-
mers. This is not surprising for the BaZ* complex, since experience
with its complexes with monomeric amino acids has shown that
the zwitterion is typically the ground state for those complexes
[37-39], in contrast to most other alkali and alkaline earth metal-
ion complexes of the same ligands. It is thus not unexpected that the
zwitterion is competitive with CS structures for the dipeptide in this

Table 1

M™ AlaAla. Energies of selected isomers, relative to the most stable CS or Iminol iso-
mer, which is assigned as 0 k] mol~'. Binding energies to neutral ligand are defined
as the energy to detach the metal ion from the most stable complex. All values in
kJ mol-'. Last column indicates the structure assigned based on the experimental
spectrum in the given reference(s). Values for entries left blank were not calculated
or available in the literature.

mm™ CSNOO CSO00? Iminol SBY Binding  Spectrum
Li(I) 9 0 38 311 CS 00¢
Na(I) 8 0 49 224 CS NOO or CS 00¢
K(I) 12 0 72 58 161 CS 00¢ef
Rb() 13 0 78 135

Cs(I) 15 0 85 118 CS 00!
Mg(l) 0 74 0 905

Ca(ll) 0 36 40 20 603 CS Noo<ef
Sr(1I) 0 25 46 10 563 CS NOO“*
Ba(ll) O 17 53 0 484 CS NoO©-e.f
Sc(IIT) 0 26 -12 1877

Y(III) 0 34 27 1471

La(III) 0 48 -14 1269

Mn(ll) 10 0 924

Fe(I) 19 0 1035

Fe(l) 39 0 2413

Co(ll) 20 0 1097

Ni(ll)  35¢ on 1179

Pd(l) 127 0 1436

Pt(II) 157 0 1502

Cu(l) 0 34 29 393

Cu(ll) 84 94 0 1296

Ag(l)) 0O 1 32 282

Ag(ll) 58 0 1187

Au(l) O 36/ 51 370

Zn(Il) 45 120 0 95 1135

cdany 28 89 0 31 907

Hg(l) 31 0 996

AI(IIT) 68 0 185 2406

Ga(lll) 96 0 2525

2 CS 00 conformation with amino nitrogen hydrogen-bonded to amide proton.

b salt bridge zwitterion with -NH3 group and metal ion bound to -COO~ group.

¢ Ref. [40].

d Ref. [27]. Our calculation found CS NOO less stable than CS OO by 8 kjmol-!,
while Ref [27] reported it to be more stable by 2 k] mol~! using a slightly different
protocol. These structures cannot be distinguished with confidence based on the
spectrum in the mid-infrared, and we will not decide between them.

¢ Ref. [41].

f Ref.[12].

¢ Triplet state. Singlet is higher than triplet by 80 k] mol-'.

h Singlet and triplet states are equally stable by B3LYP. Using MPW1PW91 the
triplet was more stable than the singlet by 18 k] mol~'.

i B3LYP/DZVP.

I CS NO with amide proton hydrogen-bonded to carboxyl carbonyl.

case. SB zwitterionic structures were also competitive for the group
3 triply charged complexes of scandium(IIl) and lanthanum(III). In
the present analysis, however, the SB structures were ignored and
these exceptional complexes were subjected to the same assess-
ment as the rest of the data set, addressing in particular the question
of whether the lowest-energy CS conformation is favored over the
Iminol conformation or not.

Other aberrations of the triply charged complexes were cases
where the apparent DFT ground state formed a covalent bond
between the metal and a skeletal carbon. These conformations
were also ignored, but if formation of such triply charged peptide
complexes ever becomes experimentally feasible, extreme rear-
rangements like these will be of interest.

Uniquely among the diverse metal ions in the present data
set, several dialanine complexes with alkali cations have a two-
coordinate charge-solvated structure CS OO as their ground state,
rather than the usual ground-state CS NOO structure. Microsolva-
tion of the metal ion by only two Lewis-basic sites instead of three
definitely involves a substantial energetic sacrifice, but this is com-
pensated for by the presence of a strong hydrogen bond between
the free NH, group and the proton on the amide nitrogen. The
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Table 2

M™ (Ala)s. Energies of selected isomers, relative to the most stable isomer, which
is assigned as 0 k] mol~'. Binding energies to the neutral ligand are defined as the
energy to detach the metal ion from the most stable complex. All values in k] mol~'.
Last column indicates the structure assigned based on the experimental spectrum in
the given reference(s). Values for entries left blank were not calculated or available
in the literature.

Y CS 000 CSO00ZW  ImIm SB? Binding  Spectrum

Li(I) 0 b 102 363 CS 000¢

Na(I) 0 122 268 CS 000¢

K(I) 0 151 199 CS 000<¢

Rb(I) 0 153 165

Cs(I) 0 b 157 11 144 CS 000¢

Mg(l) 2 16 0 31 1050

Ca(ln) 0 33 80 42 790 CS 000¢¢

Sr(1I) 0 103 26 682 CS 000¢

Ba(Il) 0 36 118 25 594 CS 000¢!¢

Sc(IIT) 56 0 78 45 2215

Y(IIT) 41 0 79 34 1744

La(III) 34 0 129 25 1540

Mn(ll) 8 20 0 1051

Fe(II) 28 b 0 1183

Fe(III) 82 0 2731

Co(II) 51 0 1248

Ni(II) 1468 (T) 110(T) 0" (S) 1385 ImIm®

Pd(1I) 167 175 0 1611

Pt(Il) 234 0 1706

Cu(l) 0 b 68 429

Cu(Il) 98 106 0 1453

Ag(I) 0 6 74 285 CS 000

Ag(II) 14 0 1306

Au(l) 0 (CSD) 17 90 407

Zn(11) 57 62 0 1278

Cd(1r) 56 61 0 80 1031

Hg(IIl) 52 56 0 94 1115

AI(IIT) 160 91 0 134 2804

Ga(ll) 201 127 0 2900

a Salt bridge zwitterion with -NHs* group, and the metal ion bound to -COO~
group.

b Spontaneously rearranges to CS 000.

¢ Ref. [40].

d Ref. [27].

e Ref. [12].

f Ref[41].

¢ Triplet (more stable than singlet by 27 k] mol-1).
b Singlet (more stable than triplet by 58 k] mol-1).
i B3LYP/DZVP.

i CSNOO.

k Fig. 2.

energetic gain from this H-bond was assessed for the five alka-
lis by comparing the strain energy of the bare CS OO dipeptide
against the same bare CS OO dipeptide altered by having the termi-
nal -C(H)(CH3)(NH;) group rotated by 120° to take the amino group
out of contact with the amide proton. For the set of five alkali ion
complex geometries, the hydrogen bond was found by this test to
be worth about 37 k] mol~. This is sufficient in the alkali ion cases
to compensate for the loss of the nitrogen-metal bond in going from
CS NOO to CS 00, although it does not compensate for the loss of
the chelation site for any of the other metal ions.

As context for this hydrogen-bonding result, no literature com-
parison was found for the strengths of hydrogen bonds specifically
like this one with an amide NH donor and an amino nitrogen accep-
tor. Our result of 37kJmol~! for this hydrogen bond strength is
of the same magnitude as estimates for related donor-acceptor
pairs: amide NH donor and amide carbonyl oxygen acceptor
(~25-35k]mol~1) [42,43] or phenolic OH donor with a dimethy-
lamino nitrogen acceptor (~35 k] mol=1) [44].

For Ni(Il) with dialanine, the Iminol ground state was calcu-
lated to be equally stable in its singlet or triplet state, using B3LYP.
The MPW1PW91 functional has been considered to give more reli-
able energy results than B3LYP for transition metals [45,46], so a
variety of isomers of the dialanine and trialanine Ni(Il) complexes
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Fig. 3. Plot of the CS preference value (excess of the stabilization energy of the
best CS structure over the Iminol structure) for complexes of dialanine with all ions
studied. The points are coded as follows: Blackis +1 charge, red is +2 charge and blue
is +3 charge; (M) are “early” or “main-group” metal ions, (v) are “late” or “transition”
metal ions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

were re-optimized using this alternative functional. In accord
with the results reported for condensed-phase systems [23], we
found that the ground state of the Ni(Il)-dipeptide complex is the
triplet Iminol (18 k] mol~! more stable than the singlet), while the
ground state for the tripeptide is the singlet Iminol. The values
used below for the Ni(Il) complexes are those calculated at the
MPW1PW91/6-31 +G(d,p) level.

4. Discussion
4.1. Predicted conformational preferences

We can note that for those complexes where the IRMPD spectra
have been examined (as noted in the right-hand columns of the
tables), the computed lowest energy conformation is always the
one that is observed experimentally.

To sharpen the focus of the present study, these computed
results have been reduced to a characteristic number, designated as
the “CS preference,” which is the difference between the energies
of the most stable CS and Iminol structures found. In Figs. 3 and 4,
these values are plotted for the two ligands versus the binding
energy of the most stable complex (i.e. the energy required to
remove the metal from the most favorable complex in each case).
The signs are taken such that a positive CS preference value cor-
responds to an energy advantage in favor of CS versus Iminol. The
points on the plots are coded to distinguish between the three dif-
ferent charge states (colors); and between the “early” metal ions
lying in groups 1-4 and the “late” metal ions in groups 7-13. We
will make a point of the distinction between metals early in the
periodic table, also referred to as “main-group” metals, and those
late in the periodic table, which we will also call “transition” metals.

We can initially make several generalizations from the plots:

1 Singly charged complexes always favor CS.

2 Among doubly and triply charged complexes, “early” metal ions
favor CS, while “late” metal ions favor Iminol (with Mg(Il) and
Mn(II) lying close to the boundary).

3 Within each charge-state, there is a remarkably good, nearly (but
not quite) linear correlation between binding strengths and CS
preference values. Stronger ion binding correlates strongly with
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greater preference for Iminol conformation. These correlations
versus ion binding affinity are independent of whether the ion is
“early” or “late”.

4 Results for the dipeptide (Fig. 3) are nearly the same as for the
tripeptide (Fig. 4).

Looking at the plots in more detail, there are some surpris-
ing and interesting trends. For ions within a given charge state
group, the “late” ions have almost universally greater total bind-
ing strength as well as much greater Iminol preference than the
“early” ions. On the other hand, increasing the charge of the metal
ion while retaining the same character of “early” or “late” strongly
enhances the overall binding, but need not have an effect on the
CS preference. For instance, compare the series of dialanine com-
plexes with Li(I), Ca(Il) and Y(III), which have widely differing
binding strengths but similar CS preferences. But conversely, pass-
ing from “early” to “late” while concurrently decreasing the charge
can drastically increase the Iminol preference, while not chang-
ing the binding strength (compare Y(III) and Pd(II)). Other things
being equal, heavier metals tend toward Iminol more strongly than
lighter metals (compare the alkali metal series, for example). Thus
it is seen that there are three independently variable dimensions
affecting the CS preference values of the metal ions: (1) Charge
state; (2)“Early” or “late”; (3) Size. It may also be suggestive in terms
of differing bonding mechanisms that the “early” metal ions favor-
ing CS have outer s and p electrons, whereas the “late” ones favoring
Iminol (with the exception of AI3*) have d electrons as their outer,
exposed electrons, giving us the basis for our frequent designation
of the former metals as “main-group”, and the latter as “transition”.

We can compare the propensities for metal ion binding to the
amide nitrogen with corresponding trends observed in solution (for
example, Refs. [22,23,47]), although the ionic equilibria in solution
are complicated and pH sensitive, making quantitative conclusions
rather hard to pin down. In solution, the tendency for depronation
and metal binding of the peptide amide nitrogens by some of the
most heavily studied ions follows the order [22]

Pd** > Cu?t > Ni%* > Co?*

Tables 1 and 2 as well as Figs. 3 and 4 show that the calculated
gas-phase preferences are in this same order for both dialanine and

Table 3

Correlation of dialanine/metal-ion CS binding preference (listed in order of
decreasing CS preference) versus assignments of hard or soft character of the metal
ions.

Metal ion Dialanine Ahrland [48] Pearson [49] Klopman [51]
Cs(I) Cs Hard - -

Rb(I) CS Hard - -

K(1) CS Hard Hard -

Na(I) Cs Hard Hard Borderline
Au(l) (& Soft Soft Soft

Ba(II) (&) Hard - Hard
Sr(Il) Ccs Hard Hard Hard
Ca(In) Cs Hard Hard Hard
La(III) (&) Hard Hard Hard
Y(I11) (& Hard - -

Li(I) Cs Hard Hard Borderline
Ag(I) CS Soft Soft Soft

Cu(l) CS Soft Soft Soft
Sc(111) Ccs Hard - -

Mg(II) Borderline Hard Hard Hard
Mn(II) Borderline  Borderline Hard

Fe(I) Im Borderline Borderline Borderline
Co(II) Im Borderline Borderline -

Cd(In) Im Soft Soft Soft

Ni(II) Im Borderline Borderline Borderline
Fe(III) Im Hard Hard Hard
Hg(II) Im Soft Soft Soft

Zn(11) Im Hard/borderline Borderline -

Ag(Il) Im - - -

AI(IIT) Im Hard Hard Hard
Cu(Il) Im Borderline Borderline Soft
Ga(II) Im Hard Hard Hard
Pd(II) Im Soft Soft -

Pt(IT) Im Soft Soft -

trialanine, except for the slight reversal of the Cu2*/Ni2* order with
trialanine.

4.2. Nature of bonding and origin of the CS/Iminol preferences

The empirical trends and robust observational conclusions
described so far are suggestive of underlying regularities, but we
are not confident yet of understanding these at a fundamental
level. Questions to be addressed include: What is the nature of
the binding interaction between metal ions and peptides, and does
the nature of binding differ between CS and Iminol conformations,
or between main-group and transition metals? Can we identify a
specific aspect of the bonding which differs crucially between CS
and Iminol to explain the regular preference trends displayed in
Figs. 3 and 4? We present some further views of the data bearing
on these questions, but it should be recognized that these reflec-
tions are tentative and speculative, and deeper understanding is
still in the future.

4.2.1. Correlation with hard/soft character

A commonly invoked basis for two-way partitioning of metal ion
behavior is the hard/soft acid distinction popularized by Pearson,
and used with many variations by many authors. Table 3 correlates
the CS/Iminol behavior described here for our dialanine data set
with several assigments of metal-ion hardness/softness. The metal
ions are ordered according to their CS preference character. Three
hard/soft assignments are given in the last three columns of the
table: These are the early classification of Ahrland et al. [48] into
metal ions of classes A and B (and borderline) where A is equiva-
lent to “hard” and B to “soft; the classification adopted by Pearson
[49], which is essentially adopted in many more recent studies
and texts [50]; and the theoretically-derived classification devel-
oped by Klopman [51]. The table shows a general tendency for the
hard metal ions to favor CS conformations in our results, and the
soft metal ions to favor Iminol conformations. However, there are
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numerous discrepancies (7 wrong, and 4 indeterminate, out of 29)
with some hard ions giving Iminol binding, as well as some soft
ions giving CS binding. It appears that the hard/soft classification is
arough, unreliable and inaccurate basis for correlating the binding
behavior studied here.

4.2.2. Correlations of bond lengths

The strength of metal binding (and by extension the CS pref-
erence) is highly correlated with the length of the bonds between
metal and Lewis-basic chelation sites, in keeping with the usual
bond-length-bond-strength relationship. In considering CS com-
plex conformations, we will use the length of the carboxy carbonyl
metal-to-oxygen bond length (Rcs) as a uniform measure of the
effective CS chelation size of the metal ion. (The other metal-to-
atom bond lengths to amide carbonyl and amino nitrogen closely
follow Rcs). Similarly for Iminol structures, the length of the metal-
to-amide-nitrogen bond (R, ) will serve as a uniform measure of
the effective Iminol chelation size of the metal ion. These bond
lengths are shown in Table S1.

The first point is that Rcs and Ry, are well correlated with each
other, as demonstrated for dialanine in Fig. S1 (Supplementary
material) which displays the bond-length data tabulated in Table
S1. The linearity of this plot is good. The slope deviates a bit from
unity, such that the largest metals (notably the alkali metal ions)
tend to have longer bonds in the Iminol, possibly because there is
additional steric strain in the more crowded Iminol binding site.
Assuming that bond lengths and bond strengths vary together, this
deviation from unit slope in Fig. S1 is simply another way of show-
ing, just as do Figs. 3 and 4, that the weakly binding metal ions (long
bonds) favor CS, while the strongly binding metals (short bonds)
favor Iminol. This point of view is even more clearly displayed in
Fig. S2, plotting the Iminol binding energy against the CS bind-
ing energy, and showing the slight deviation from unit slope that
underlies the preferences displayed by Figs. 3 and 4. It is notable
that the span of CS/Iminol preferences is much smaller (basically
tens of kjmol~1) than the span of bond strengths across this data
set (hundreds and thousands of k] mol~1).

The fact that the length of the metal-oxygen bond to a CS
chelated atom and the length of the metal-nitrogen bond to the
deprotonated Iminol nitrogen are almost co-varying across this
wide range of metal ions suggests that there is nothing special
about the metal-deprotonated-nitrogen bond compared with the
metal-ion pair interactions with the carbonyl oxygens and the
amino nitrogen.

4.2.3. Electrostatic binding of main-group metal ions

There is quite a good correlation of bond energies and bond
lengths within each charge state (see Table S1 and Fig. S3)
although some transition metal ions are outliers, and the differ-
ent charge states have very different trends. A more revealing and
suggestive way to plot the same data, shown in Fig. 5, can be
based on a crude model of electrostatic interaction, having the
character of interaction of a point charge on the metal ion inter-
acting with fixed (negative) charge accumulations on the chelating
atoms. This electrostatic energy of interaction (Vcoyjomb) Would be
expected to follow to a first approximation the form of a Coulomb
charge-charge potential

Veoulomb & q/R

where q is the charge on the metalion and R is the distance from the
metal ion to the (assumed unvarying) effective charge at an atomic
chelation site. This model is too crude to afford even an approxima-
tion to the actual binding energies, but we can try out its prediction
that the binding energy will scale as g/R. Fig. 5(a) plots the data in
this way for the dialanine case. As in Fig. 3, the binding energy
for each metal ion is that for the best conformation (either CS or
Iminol). The bond length parameter q/Rges; is taken from the cor-
responding bond length for that conformation and the ion charge
g. Actually, it is found to be unimportant whether the plot is made
for the best conformations, or for the CS conformations, or for the
Iminol conformations. As is clearly seen from the alternative plots
using all CS, or all Iminol, (shown as Figs. S4 and S5 in the Supple-
mentary), the appearance and the essential features of the plot are
virtually identical and indistinguishable for these different choices
of data plotting.

The most striking and suggestive aspect of the Coulomb-based
plot of Fig. 5(a) is that it places the main-group elements (filled
square symbols) on an excellent smooth line encompassing all
three charge states and a wide range of metal ion sizes. This
smooth scaling of the main-group complexes according to the
Coulomb-based interaction parameter g/R suggests that an electro-
static binding model for the main-group metals is a good first-order
description. Also shown by the plot is that the transition elements
(empty triangle symbols) are consistently below the trend line of
the main-group metals, although these deviations vary substan-
tially in magnitude. These deviations can be interpreted to say that
a transition metal ion of the same size and charge will bind more
strongly than a corresponding main-group metal ion. Thus we sug-
gest that a dominant interaction underlying binding of the metal
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ions with dialanine is a Coulomb electrostatic potential energy, and
that in addition to this Coulomb interaction the transition metal
ions have a variable additional interaction. We can speculate that
the enhanced binding of the “transition” metal ions could arise by
an enhanced interaction of the exposed d electrons of the transition
metal ions with the chelating sites. Or it might be attributable more
directly to their late position in the periodic table with concomitant
contraction of the valence orbitals. The precise origin of this effect
can be left as a question for future elucidation.

A different perspective on this plot is shown as Fig. 5(b), where
the points have been re-labeled according to whether the complex
prefers CS (black) or Iminol (red) binding. This view shows that it
is the Iminol-binding ions that deviate from the Coulomb picture
of binding, and reinforces the speculation that Iminol binding is
promoted by an enhanced binding contribution from the valence d
electrons of the “transition” metal ions. The singly-charged ions do
not form Iminol complexes, which we would say reflects an insuf-
ficiently strong d-orbital contribution to tip the balance in favor of
Iminol binding.

Another major term in the interaction potential between an ion
and a ligand is the polarization potential, pictured in the simplest
model as the force arising from the charge-induced-dipole interac-
tion. In the simplest model, the polarization potential energy scales
as [52]

2 /p4
Vbolarization  q~/R".

We tested this alternative scaling prediction for our data set as
shown in Fig. S6. Although the figure indicates that this polarization
scaling is also somewhat successful in ordering the data, we see that
this plot yields nowhere near the same smooth regularity for the
main-group points, and seems much less satisfactory for sorting
out the main-group elements than the plot of Fig. 5. We conclude
from this failure, and from the excellent scaling shown in Fig. 5,
that the Coulomb electrostatic component of binding is dominant
at least for the main-group metals, and the polarization component
of binding is less important in these complexes.

5. Conclusions

With the discovery that IRMPD spectroscopy is a widely applica-
ble probe for conformational characterization of metal-ion peptide
complexes of small peptides, it has become interesting to explore
the transition from charge-solvated binding (CS) to binding involv-
ing a metal-amide-nitrogen bond (Iminol). A survey of almost
thirty ions of interesting metals in normal oxidation states was
undertaken to map out the energetic aspects of this choice of differ-
ent binding modes using two uncomplicated peptide ligands. The
experimental capabilities underlying our interest in this question
have been illustrated with the example of the previously unpub-
lished Ag* complex with trialanine, which clearly displays a CS
mode of binding in the CS OO0 conformation.

The computational energy survey quantifies the energetic pref-
erence for the best CS complex in each case, versus the Iminol
conformation. The principal general features which emerge are:

¢ Singly-charged systems are always CS.

e Among doubly and triply charged systems, “late” or “transition”
metal ions favor Iminol, while the “early” or “main-group” metal
ions favor CS, with Mg(II) and Mn(II) being the cases most nearly
approaching the cross-over values.

¢ There is an impressive extent of correlation between the CS pref-
erence energy values and the total binding energies of the best
complexes. The correlation trend lines are strongly dependent on
the charge states, but within a given charge state the correlation

trends are independent of whether the metal is early or late in
the periodic table or whether the ion is large or small.

e The results are very similar for the dipeptide ligand (dialanine)
and the tripeptide (trialanine) notwithstanding the different
numbers of Lewis-basic chelation points available in these dif-
ferent cases.

¢ The distinction of hard versus soft metal ions correlates to some
degree with the CS/Iminol binding preferences, but this correla-
tion has multiple discrepancies and does not seem helpful.
Binding energies of the “main-group” metal ions scale smoothly
with a Coulomb electrostatic scaling parameter q/R, while the
“transition” metal ion binding energies deviate from this scaling
by variable amounts in the direction of stronger chelation of the
“transition” metal ions for a given size and charge of the metal
ion. We conclude from this observation that a simple electrostatic
binding model gives a good first-order description of the binding
for the “early” or “main-group” metal ions, while additional con-
tributions to the binding of the “late” or “transition” metal ions
are important.

In summary, it is interesting and suggestive that a preference
for Iminol complexation goes along with the properties of strong
overall binding, an excess of binding energy beyond simple elec-
trostatic binding, “transition” or “late” character of the metal ion,
and exposed d electrons in the outermost occupied metal orbital.

Acknowledgements

This work was financially supported by the “Nederlandse
Organisatie voor Wetenschappelijk Onderzoek” (NWO). RCD
acknowledges support from the National Science Foundation, Grant
PIRE-0730072, and expresses gratitude to FOM for its continuing
welcome. The FELIX staff, and particularly Dr. Lex van der Meer and
Dr. Britta Redlich, are gratefully acknowledged for their assistance.
This work was sponsored by the NWO Physical Sciences Division
(EW) for the use of supercomputer facilities (LISA cluster at Surf-
Sara).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ijms.2013.07.017.

References

[1] J.R.Eyler, Infrared multiple photon dissociation spectroscopy of ions in penning
traps, Mass Spectrom. Rev. 28 (2009) 448-467.

[2] N.C.Polfer,]. Oomens, Vibrational spectroscopy of bare and solvated ionic com-
plexes of biological relevance, Mass Spectrom. Rev. 28 (2009) 468-494.

[3] M.N.Blom, I. Compagnon, N.C. Polfer, G. von Helden, G. Meijer, S. Suhai, B. Paizs,
J. Oomens, Stepwise solvation of an amino acid: the appearance of zwitterionic
structures, J. Phys. Chem. A 111 (2007) 7309-7316.

[4] T.Wyttenbach, M. Witt, M.T. Bowers, On the stability of amino acid zwitterions
in the gas phase: the influence of derivatization, proton affinity, and alkali ion
addition, . Am. Chem. Soc. 122 (2000) 3458-3464.

[5] C.Kapota, J. Lemaire, P. Maitre, G. Ohanessian, Vibrational signature of charge
solvation vs salt bridge isomers of sodiated amino acids in the gas phase, J. Am.
Chem. Soc. 126 (2004) 1836-1842.

[6] W.D. Price, R.A. Jockusch, E.R. Williams, Is arginine a zwitterion in the gas
phase? J. Am. Chem. Soc. 119 (1997) 11988-11989.

[7] R.C. Dunbar, J.D. Steill, N.C. Polfer, G. Berden, J. Oomens, Peptide bond tau-
tomerization induced by divalent metal ions: characterization of the Iminol
configuration, Angew. Chem. Int. Ed. 51 (2012) 4591-4593.

[8] M.K.Drayss, P.B. Armentrout, J. Oomens, M. Schaefer, IR spectroscopy of cation-
ized aliphatic amino acids: stability of charge-solvated structure increases with
metal cation size, Int. J. Mass Spectrom. 297 (2010) 18-27.

[9] RA. Jockusch, W.D. Price, E.R. Williams, Structure of cationized arginine
(Arg.M+, M=H, Li, Na, K, Rb and Cs) in the gas phase: further evidence for
zwitterionic arginine, ]. Phys. Chem. A 103 (1999) 9266.

[10] J.M. Talley, B.A. Cerda, G. Ohanessian, C. Wesdemiotis, Alkali metal ion binding
to amino acids versus their methyl esters: affinity trends and structural changes
in the gas phase, Chem. Eur. J. 8 (2002) 1377-1388.


http://dx.doi.org/10.1016/j.ijms.2013.07.017

364 R.C. Dunbar et al. / International Journal of Mass Spectrometry 354-355 (2013) 356-364

[11] M.E. Bush, J.T. O'Brien, J.S. Prell, RJ. Saykally, E.R. Williams, Infrared spec-
troscopy of cationized arginine in the gas phase: direct evidence for the
transition from nonzwitterionic to zwitterionic structure, J. Am. Chem. Soc.
129 (2007) 1612-1622.

[12] R.C. Dunbar, N.C. Polfer, G. Berden, ]. Oomens, Metal ion binding to peptides:
oxygen or nitrogen sites? Int. J. Mass Spectrom. 330-332 (2012) 71-77.

[13] A. Tsybizova, J. Tarabek, M. Buchta, P. Holy, D. Schroeder, Electrospray ion-
ization mass spectrometric investigations of the complexation behavior of
macrocyclic thiacrown ethers with bivalent transitional metals (Cu, Co, Ni and
Zn), Rapid Commun. Mass Spectrom. 26 (2012) 2287-2294.

[14] JJ. Dytrtova, M. Jakl, D. Schroder, E. Cadkova, M. Komarek, Complexation
between the fungicide tebuconazole and copper(ll) probed by electrospray
ionization mass spectrometry, Rapid Commun. Mass Spectrom. 25 (2011)
1037-1042.

[15] J. Paterova, J. Heyda, P. Jungwirth, CJ. Shaffer, A. Revesz, E.L. Zins, D. Schroder,
Microhydration of the magnesium(II) acetate cation in the gas phase, J. Phys.
Chem. A 115(2011) 6813-6819.

[16] L. Duchackova, J. Roithova, P. Milko, J. Zabka, N. Tslerkezos, D. Schroder,
Comparative study of mono- and dinuclear complexes of late 3d-metal chlo-
rides with N,N-dimethylformamide in the gas phase, Inorg. Chem. 50 (2011)
771-782.

[17] CJ. Shaffer, D. Schroder, Microhydrated cobalt-nitrate cations
[Co(NOs)(H,0)(n)](+) (n=2, 3) studied by infrared spectroscopy in the
gas phase, Int. ]. Mass Spectrom. 311 (2012) 17-23.

[18] R.B.Martin, in: A. Sigel, H. Sigel (Eds.), Metal lons in Biological Systems: Probing
of Proteins by Metal Ions and Their Low-Molecular-Weight Complexes, Marcel
Dekker, New York, 1984, pp. 1-49.

[19] R.B. Martin, in: A. Sigel, H. Sigel (Eds.), Metal lons in Biological Systems: Nickel
and Its Role in Biology, Marcel Dekker, New York, 1988, pp. 123-164.

[20] A.Sigel, H. Sigel (Eds.), Metal Ions in Biological Systems: Probing of proteins by
metal ions and their low-molecular-weight complexes, Marcel Dekker, New
York, 2001, pp. 1-23.

[21] R.B. Martin, M.R. Bruce Martin, M. Chamberlin, J.T. Edsall, The association of
nickel(Il) ion with peptides1, J. Am. Chem. Soc. 82 (1960) 495-498.

[22] H. Sigel, R.B. Martin, Coordinating properties of the amide bond: stability and
structure of metal ion complexes of peptides and related ligands, Chem. Rev.
82 (1982) 385-426.

[23] I Sovago, K. Osz, Metal ion selectivity of oligopeptides, Dalton Trans. (2006)
3841-3854.

[24] S. Timari, C. Kallay, K. Osz, I. Sovago, K. Varnagy, Transition metal complexes of
short multihistidine peptides, Dalton Trans. 2009 (2009) 1962-1971.

[25] D.R. Brown, H. Kozlowski, Biological inorganic and bioinorganic chemistry
of neurodegeneration based on prion and Alzheimer diseases, Dalton Trans.
(2004) 1907-1917.

[26] F. Guerrieri, V. Minicozzi, S. Morante, G. Rossi, S. Furlan, G.L. Penna, Modeling
the interplay of glycine protonation and multiple histidine binding of copper
in the prion protein octarepeat subdomains, J. Biol. Inorg. Chem. 14 (2009)
361-374.

[27] O.P. Balaj, C. Kapota, J. Lemaire, G. Ohanessian, Vibrational signatures of sodi-
ated oligopeptides (GG-Na*, GGG-Na*, AA-Na* and AAA-Na*) in the gas phase,
Int. J. Mass Spectrom. 269 (2008) 196-209.

[28] O.P. Balaj, D. Semrouni, V. Steinmetz, E. Nicol, C. Clavaguera, G. Ohanes-
sian, Structure of sodiated polyglycines, Chem. Eur. ]. 18 (2012)
4583-4592.

[29] R.C. Dunbar, ].D. Steill, N.C. Polfer, ]. Oomens, Metal cation binding to gas-phase
pentaalanine: divalent ions restructure the complex, J. Phys. Chem. A (2012),
Submitted.

[30] M. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheese-
man, J.J.A. Montgomery, KN.K.T. Vreven, ].C. Burant, ].M. Millam, S.S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Peters-
son, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, ]J.E. Knox,

H.P. Hratchian, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E.
Stratmann, O. Yazyev, AJ. Austin, R. Cammi, C. Pomelli, ] W. Ochterski, P.Y.
Ayala, K. Morokuma, G.A. Voth, P. Salvador, ].J. Dannenberg, V.G. Zakrzewski,
S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck,
K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L.
Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challa-
combe, P.M.W. Gill, B. Johnson, W. Chen, M.\W. Wong, C. Gonzalez, ]J.A. Pople,
Gaussian03, Gaussian, Inc, Wallingford CT, 2004.

[31] D.T. Moore, J. Oomens, J.R. Eyler, G. von Helden, G. Meijer, R.C. Dunbar, Infrared
spectroscopy of gas-phase Cr* coordination complexes: determination of bind-
ing sites and electronic states, J. Am. Chem. Soc. 127 (2005) 7243-7254.

[32] SJ.Ye,P.B. Armentrout, Absolute thermodynamic measurements of alkali metal
cation interactions with a simple dipeptide and tripeptide, J. Phys. Chem. A 112
(2008) 3587-3596.

[33] T. Shoeib, B.L. Sharp, A structural and free energy analysis of Ag* complexes to
five small peptides, Inorg. Chem. Acta 362 (2009) 1925-1934.

[34] T. Shoeib, KW.M. Siu, A.C. Hopkinson, Silver ion binding energies of amino
acids: use of theory to assess the validity of experimental silver ion basicities
obtained from the kinetic method, J. Phys. Chem. A 106 (2002) 6121-6128.

[35] N.C. Polfer, J. Oomens, R.C. Dunbar, Alkali metal complexes of the dipeptides
PheAla and AlaPhe: IRMPD spectroscopy, ChemPhysChem 9 (2008) 579-589.

[36] R.C. Dunbar, ].D. Steill, J. Oomens, Encapsulation of metal cations by the PhePhe
ligand: a cation-1r ion cage, ]. Am. Chem. Soc. 133 (2011) 9376-9386.

[37] M.F. Bush, ]. Oomens, R]. Saykally, E.R. Williams, Effects of alkaline earth metal
ion complexation on amino acid zwitterion stability: results from infrared
action spectroscopy, J. Am. Chem. Soc. 130 (2008) 6463-6471.

[38] R.C. Dunbar, N.C. Polfer, J. Oomens, Gas-phase zwitterion stabilization by a
metal dication, J. Am. Chem. Soc. 129 (2007) 14562-14563.

[39] E.F. Strittmatter, A.S. Lemoff, E.R. Williams, Structure of cationized glycine,
Gly.M?* (M=Be, Mg, Ca, Sr, Ba), in the gas phase: intrinsic effect of cation size
on zwitterion stability, J. Phys. Chem. A 104 (2000) 9793-9796.

[40] R.C. Dunbar, J.D. Steill, J. Oomens, Conformations and vibrational spectroscopy
of metal ion/polylalanine complexes, Int. J. Mass Spectrom. 297 (2010)
107-115.

[41] R.C. Dunbar, J. Steill, N.C. Polfer, ]. Oomens, Peptide length, steric effects and ion
solvation govern zwitterion stabilization in barium-chelated di- and tripep-
tides, J. Phys. Chem. B 113 (2009) 10552-10554.

[42] M.M. Deshmukh, S.R. Gadre, Estimation of N-H..O=C intramolecular hydrogen
bond energy in polypeptides, J. Phys. Chem. A 113 (2009) 7927-7932.

[43] D.A. Dixon, K.D. Dobbs, ]J. Valentini, Amide-water and Amide-amide
hydrogen-bond strengths, ]. Phys. Chem. 98 (1994) 13435-13439.

[44] P. Lipkowski, A. Koll, A. Karpfen, P. Wolschann, An approach to estimate the
energy of the intramolecular hydrogen bond, Chem. Phys. Lett. 360 (2002)
256-263.

[45] R.C. Dunbar, Metal cation binding to phenol: DFT comparison of the competing
sites, J. Phys. Chem. A 106 (2002) 7328-7337.

[46] ]J. Oomens, D.T. Moore, G. von Helden, G. Meijer, R.C. Dunbar, The site of Cr*
attachment to gas-phase aniline from infrared spectroscopy, J]. Am. Chem. Soc.
126 (2004) 724-725.

[47] 1. Sovago, in: K. Burger (Ed.), Ellis Horwood Series in Inorganic Chemistry: Bio-
coordination Chemistry: Coordination Equilibria in Biologically Active Systems,
Ellis Hornwood, New York, 1990, pp. 135-184.

[48] S.Ahrland, J. Chatt, N.R. Davies, The relative affinities of ligand atoms for accep-
tor molecules and ions, Quart. Rev. Chem. Soc. 12 (1958) 265-276.

[49] R.G. Pearson, Hard and soft acids and bases, HSAB. Part I, ]J. Chem. Educ. 45
(1968) 581-587.

[50] R. Chang, Physical Chemistry for the Biosciences, University Science Books,
Sausalito, CA, 2005.

[51] G. Klopman, Chemical reactivity and the concept of charge- and frontier-
controlled reactions, J. Am. Chem. Soc. 90 (1968) 223-234.

[52] E.W. McDaniel, Collision Phenomena in Ionized Gases, Wiley, New York, 1964.



	How does a small peptide choose how to bind a metal ion? IRMPD and computational survey of CS versus Iminol binding preferences
	1 Introduction
	2 Methods
	2.1 Computation
	2.2 IRMPD experimental

	3 Results
	3.1 Spectroscopy of Ag+(Ala)3
	3.2 Ground states of the complexes

	4 Discussion
	4.1 Predicted conformational preferences
	4.2 Nature of bonding and origin of the CS/Iminol preferences
	4.2.1 Correlation with hard/soft character
	4.2.2 Correlations of bond lengths
	4.2.3 Electrostatic binding of main-group metal ions


	5 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


