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a b s t r a c t

Infrared multiple-photon dissociation (IRMPD) spectroscopy was used to probe the conformations of gas-
phase metal-ion complexes between a series of five metal ions and six small peptide ligands. This report
is presented in recognition and tribute for the Armentrout group’s long and hugely productive interest in
metal-ion binding to gas-phase ligands. The metal ions (K+, Ba2+, Ca2+, Mg2+, Ni2+) span a range of ligand
binding strengths, and the ligands include several dipeptides and tripeptides, and one tetrapeptide. The
weaker metal ions generally form charge-solvated (CS) complexes binding amide carbonyl oxygen, while
the strongest metal ion, nickel, deprotonates the amide nitrogens, probably through iminol tautomer-
ization, and binds to the amide nitrogens. The Amide II vibrational mode (1500–1550 cm−1) is found to
be an excellent marker for the presence or absence of protons on amide nitrogens in a complex. The
tructure determination
RMPD spectroscopy
ourier transform mass spectrometry

magnesium ion marks a boundary between these two structural motifs, forming iminol complexes with
the dipeptides and switching to CS complexes for the tripeptides FGG and FGGF. Compared with solution-
phase behavior, the iminol binding mode shown by Mg2+ for the smallest peptides is surprising, since
this ion is considered as generally binding in a CS mode in solution. The present results for the larger
peptides reconcile this surprising difference, showing that larger peptide ligands revert to the expected
CS binding pattern for gas-phase Mg2+.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The conformational space of the ligands surrounding metal ions
ound by, or embedded in, peptides is of great importance in under-
tanding biological roles of metal ions. Amino acid side chains often
lay a role in the binding, but since each peptide residue in its own
ight offers both an oxygen and a nitrogen as potential backbone
inding sites, it is conceivable that some, if not all, of the enclos-

ng ligand sites around the metal ion are backbone amide sites.
mall model peptides allow a systematic characterization of the

trengths and conformational preferences of such chelating inter-
ctions using small model peptides in the gas phase.

∗ Corresponding author. Tel.: +1 216 368 3712; fax: +1 216 368 3006.
E-mail addresses: rcd@po.cwru.edu (R.C. Dunbar), J.Oomens@rijnhuizen.nl

J. Oomens).

387-3806/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijms.2012.10.006
Consideration of backbone binding preferences using model
peptides that lack strongly basic side chain ligation sites is a natural
starting point for a program of wider study of the details of metal-
ion/peptide complexation using tools of gas-phase spectroscopy
and mass spectrometry. Fundamental to considering binding to
the backbone amide-linkage sites is the choice the system makes
between ligating the metal ion through microsolvation by proxim-
ity to peptide carbonyl oxygen, or instead through deprotonation
of amide nitrogen and metal-nitrogen bond formation. Structures
1 and 2 illustrate these two contrasting motifs for a compact
conformation of Ba2+(Ala)5 characterized by extensive metal-
oxygen chelation [1], and for a typical conformation of Ni2+(Ala)4

dx.doi.org/10.1016/j.ijms.2012.10.006
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:rcd@po.cwru.edu
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xhibiting metal-nitrogen chelation [2].

Ni(II) is representative of strong-binding metal ions, typically
ransition metals, which form bonds to deprotonated backbone
mide nitrogen atoms. The normal Ni2+ binding pattern is a nitro-
en planar square, which may be capped by a more weakly-bound
fth ligand in a square pyramidal conformation [2,3]. For example,
he common metal-carrying protein human serum albumin has a
ell characterized binding pocket for transition metal ions (includ-

ng Ni2+) at the N-terminal sequence motif (NH2-Asp-Ala-His-). Its
quare-planar nitrogen framework is composed of the deproto-
ated amide nitrogens of the Asp and Ala residues, the terminal
mine nitrogen, a side chain nitrogen on His, with a carboxylate
xygen from Asp at the capping site [4,5]. Another example is the
inding site of oxytocin modeled by structure (1) for +2 transi-
ion metals at the N-terminus (1) formed from three deprotonated
mide nitrogens and the N-terminal amine [6]. In their review of
he solution chemistry of peptide complexes of metal ions, Sigel
nd Martin [7] highlight the role of side-chain anchoring groups in
tabilizing the deprotonated-amide complexes of strong-binding
ransition metal ions including nickel. They do not specifically dis-
uss the cation–� interaction with favorably situated aromatic side
hains as an anchoring chelation site, although previous results
rom our laboratory [8,9], as well as work by Hu et al. [10] have
hown the anchoring ability of such cation–� interactions in the
as phase.

The more weakly binding alkali and alkaline earth ions attach
o oxygen (usually carbonyl) sites [11–13]. Structure 2 shows a
ecently calculated example of the gas-phase structure of a charge
olvated (CS) complex (with pentaalanine) of an alkaline earth ion
Ba2+) [1]. The tendency to retain some hydration is pronounced
ith alkaline earths, especially Mg2+. For instance, the fourfold

xygen-bound Mg2+ ions characterized in the magnesium trans-
ort protein MgtE are at least partially, and perhaps fully, hydrated
14]. One environment involving direct contact of desolvated alkali
nd alkaline earth ions with backbone carbonyls is the interior of
on channel proteins and ion transporters. For example, potassium
15,16] and calcium transport proteins apparently strip off hydra-
ion water of the ion passing through the cavity; these binding sites
re apparently always oxygens. Similarly, Lunin et al. [17] consider
hat the Mg2+ ion is at least partially stripped of solvent waters
uring passage through the selective pore of the CorA protein, and
he X-ray results of Eshagi et al. [18] also support this picture. An
xample of bound calcium apparently stripped of water in a static
omplex using oxygen binding sites is the calcium binding protein
almodulin [19,20] where it is sevenfold coordinated, with just one
ater ligand.
One way to build up understanding of metal-ion binding pre-
erences in this context is through the structural characterization
f isolated gas-phase complexes of metal ions with peptides.
Rodgers and Armentrout [21] have explored the application of
thermochemical approaches to this task. The group of Lisy have
used infrared photodissociation spectroscopy in the 3 �m wave-
length region in numerous studies characterizing the interactions
of metal ions (usually Na+ and K+) with model ligands involving
for example amide-carbonyl oxygen [22], aromatic basic sites like
phenol [23], or bidentate chelation structures [24]. The recently
developed infrared-spectroscopic tool of infrared multiple photon
dissociation spectroscopy (IRMPD), based on the combination of
powerful tunable infrared light source with a mass spectrometer,
has the power to characterize the in situ structures of mass selected
gas-phase complexes [8,25–39]. Application of this approach in
the mid-infrared wavelength region has been found to be partic-
ularly good at distinguishing the two different binding modes of
interest here, and the free electron laser (FEL) laser light source
coupled to an FTICR mass spectrometer at the FELIX facility has
been brought to bear on study of gas-phase metal-ion peptide
complexes. The comparable facility at the CLIO FEL has engaged
in similar studies. Much has been learned about binding pat-
terns in dipeptides [9,26,28,33,34,40], as well as larger peptides
[1,8,26,31,35,37,41–44].

Here we report work extending up to a tetrapeptide ligand, and
present a more extensive and systematic account of trends in bind-
ing as a function of peptide size and metal identity than previously.
By systematic comparison across both a series of metal ions and a
series of peptide ligands, new insight emerges on how the metal
ion environment is affected by the increasing number of residues
in the chain. The magnesium ion turns out to be pivotal in the pro-
gression of increasingly strongly bound metal ions, showing a key
switch from small-peptide to large-peptide characteristics.

The amide-linkage binding sites of alkali ions have consistently
been found to be the carbonyl oxygens in the so-called charge
solvated (CS) binding mode. (The N-terminal amine nitrogen is
sometimes also implicated, as well as Lewis-basic side-chain bind-
ing sites when they are available.) In general the alkaline earth
divalent metal ions Ca2+, Sr2+ and Ba2+ have also preferred oxy-
gen binding. For dipeptides, where only a single backbone carbonyl
is available for oxygen chelation, binding of alkaline earth ions to
the C-terminal carboxyl end group in a zwitterion binding mode
is also possible if an additional anchor site is available to stabilize
the zwitterion [41]. Ba2+ often prefers the zwitterion binding mode,
while Sr2+ and Ca2+ have shown evidence of a mixture of zwitte-
rion and CS complexes [41]. More recently, it has been discovered
that strongly binding divalent metal ions, notably Mg2+, Ni2+ and

Co2+, displace the amide proton and bind to the amide nitrogen
in dipeptides, with the ligand undergoing an iminol tautomer-
ization [9,45]. A point of interest [9] was that this iminol binding
mode to the amide nitrogen was preferred for the magnesium
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on, in contrast to condensed-phase experience indicating a strong
reference for amide oxygen binding of this metal ion in larger pep-
ides. A goal of the present work was to determine whether this
ifference in behavior relates to the difference between gas phase
nd condensed phases, or whether it is instead a trend intrinsic
o the number of residues in the chain. Furthermore, Ca2+, while
howing a preference for oxygen binding to dialanine, also showed
vidence of a component of nitrogen-bound iminol ions in a popu-
ation of dipeptide complexes [9], and another goal of the present

ork was to further investigate the occurrence and conditions for
mide nitrogen binding of Ca2+.

. Experimental

The apparatus and general experimental procedures have been
escribed in detail previously [46]. Ions were generated by elec-
rospray ionization (ESI) from acetonitrile/water solutions of the
itrates or chlorides of the metals, usually at 1 mM concentration of
oth salt and ligand. Ions were thermalized for about 5 s in a linear
exapole trap, before introduction into the FT-ICR cell where they
ere mass-isolated and subsequently irradiated for about 2–6 s by

he infrared beam from FELIX. The IR spectrum was reconstructed
y summing and plotting the yields of all major fragment ions as
function of the photon energy of the radiation. A linear correc-

ion corresponding to the measured laser intensity as a function of
avelength was applied, and the laser wavelength was calibrated
sing a grating spectrometer two or three times a day, or following
change in laser parameters.

Several of the target ions did not emerge with useful abundance
rom the ESI source except solvated by one or two acetonitrile

olecules. It was often possible to desolvate these by a 0.1–1.5 s
ulse of irradiation from a 35-W continuous-wave CO2 laser, fol-

owed by isolation of the desired species from the laser-dissociation
ragments. Among those for which desolvation was successful were
a2+FG, Ca2+FGGF, Mg2+FG, Mg2+FF, Mg2+FGGF, Co2+FF, Ni2+FF, and
i2+AAA. Some interesting species, among them Cu2+FA and Ni2+FG
ould not be successfully desolvated without decomposition of the
esired parent ion.

. Results

The panel to the right in Fig. 1 displays the series of ligand vari-
tions for each of the five metal ions surveyed. Some of the spectra
ave been analyzed and published previously, providing a solid

nterpretive basis for correlating spectroscopic characteristics with
he different structure types of the complexes. A large number of
ew spectra are also reported, notably including all of the ones dis-
layed for the FGG and FGGF ligands. A regrouping of the spectra by

igand instead of by metal is also helpful in visualizing the trends,
nd such a regrouped set of spectra is displayed as the left column
n Fig. 1.

The principal point of the present report is that three different
inding modes can usually be distinguished based on characteristic
pectral features. Before discussing in detail the choice of spectro-
copic markers and their application to this set of ions, it may be
elpful to summarize our final structure assignments of the spectra
f Fig. 1. The complexes of K+ are all assigned as CS structures, as are
he Ba2+ and Ca2+ complexes of AAA, FA, FG, FF, FGG and FGGF. Also
S are the Mg2+ complexes of FGG and FGGF. The Ba2+ complex of
A is assigned as ZW, while the cluttered spectrum of the Ca2+ com-
lex of AA suggests a mixture of ZW and CS. The iminol assignments

re the Mg2+ complexes of FF, FA and FG, and the Ni2+ complexes of
AA, FA, FF, FGG and FGGF. Note that the Ca2+ complexes of FA and
G seem inconclusive, likely mixtures of structures with at least
ome CS. In the following, we detail the spectroscopic indicators
ss Spectrometry 330–332 (2012) 71–77 73

(and some computed thermochemical stabilities) forming the basis
for these assignments.

3.1. Charge solvated (CS)

The five K+ spectra are typical examples. The pattern of three
major peaks at 1750 cm−1 (metal-bound terminal carboxyl car-
bonyl stretch), Amide I at 1650 cm−1 and Amide II at 1520 cm−1 is
reproduced in many examples both here and in the literature. The
carboxyl stretch and the Amide II peak are subject to important
wavelength shifts as a function of metal ion identity, as has been
well characterized [8]. The Amide I region is not always a simple
sharp peak, apparently in part because of the inconsistent appear-
ance of the NH2 scissors mode in this same region. However, the
Amide II peak is highly predictable, strong and predictable for all
the complexes containing amide NH groups, and we take this fea-
ture as a useful marker of the presence of amide linkages in their
conventional tautomerization motif.

The CS pattern can be recognized in the spectra for most of the
complexes. The Ba2+ complexes except for dialanine appear as CS
structures, as is also the case for the Ca2+ complexes other than
dialanine. The Mg2+ complexes with FGG and FGGF give spectra
conforming very nicely to the CS pattern. Only the Ni2+ complexes
show no obvious examples of CS binding.

3.2. Zwitterion

For dipeptides, with only a single amide carbonyl to chelate the
metal ion, a zwitterion conformation of the ligand has been found
to be competitive with CS binding giving (for the AA ligand) partial
(Ca2+) or complete (Ba2+) complexation in this mode [41]. Indicat-
ing the presence of ZW binding, the Amide I peak around 1650 cm−1

signaling metal-coordinated amide carbonyl groups weakens or
disappears, as in the Ba2+AA spectrum in Fig. 1, and the carbox-
ylate asymmetric COO− stretch is calculated and observed near
1700 cm−1.

3.3. Iminol (enol tautomerized peptide bond)

In the iminol binding motif, the metal ion coordinates to the
deprotonated amide nitrogen, as described in Ref. [9]. The out-
standing signal of binding of the metal to the amide nitrogens is the
disappearance of the Amide II peak between 1500 and 1550 cm−1,
the observation of which is strongly indicative of the presence of
a proton bound to the amide nitrogen. The present survey does
not focus on computational comparisons, but it is important to
stress that a substantial body of computational results (many not
yet published) support the proposition that this Amide II feature
signaling the proton-bearing amide nitrogen is consistent across a
wide range of complexes, not being strongly affected by the nature
of the metal, length of the peptide chain, or variations in hydrogen
bonding motif. It would be useful in addition to identify a reliable
positive spectroscopic marker of the iminol conformation, but such
an effort is not very successful. The closest thing to such a marker
is the cluster of peaks at 1400–1450 cm−1, which calculations sug-
gest is due in part to a hydrogen bending motion of the iminol OH
proton, along with other hydrogen bending motions. This cluster is
observed with varying intensity in most of the spectra identified as
likely iminol conformations (strongly for Mg+2FA/Mg2+FG, Mg2+FF,
Ni2+FA and Ni2+FGGF, weakly for Ni2+FGG and Ca2+FF) and is weak
or absent in the CS cases, but its intensity, position and shape are too
erratic for this to serve as an unambiguous conformational marker

(probably because of variations in the hydrogen bonding nature of
the hydroxyl hydrogen of the iminol tautomer).

Most of the complexes of K+, Ba2+ and Ca2+ are clearly CS
conformations. Exceptionally, the dipeptide AA does not fit this
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Fig. 1. IRMPD spectra of five metal ions complexed to various peptide ligands. To the right, the spectra are grouped by metal ion, while to the left, the same spectra are
grouped by ligand. The gray shading indicates the approximate position of the amide NH bending mode (“Amide II mode”). The presence of this band indicates that the ligand
is in the ‘normal’ amide configuration, while absence of the band suggests a tautomerization to the iminol motif, in which the proton has moved from the amide nitrogen
to the amide oxygen atom. The c,z,i-letter code to the right of each spectrum indicates our assignment as charge-solvated, zwitterion or iminol, respectively. Note that the
spectra for the FG (PheGly) ligand have been superimposed on the FA spectra in a slightly darker color, and that the spectra of this pair of ligands are consistently very similar.
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pectroscopic pattern well for either Ba2+ or Ca2+. The Ba2+AA com-
lex was previously assigned as a ZW conformation [41]. A partial
ontribution from an iminol-type conformation (which was not
onsidered as a possibility in Ref. [41]) would also be consistent
ith the spectroscopic picture, accounting for the high intensity
ear 1400 cm−1, but this structure was calculated to be thermo-
hemically disfavored by a very large amount (at least 53 kJ mol−1).
he Ca2+AA spectrum was previously assigned as a mixture of ZW
nd CS structures [41], and may include other structures as well.
o compelling new spectroscopic or thermochemical arguments
ave emerged to require reevaluation of these two species, and
here seems no reason to change these previous conformational
ssignments for these two ions.

The Ni2+ complexes are all clearly iminol structures. (The AA
omplex would be of interest here as well, but could unfortunately
ot be produced for Ni2+ or Mg2+ in our instrument.) The most inter-
sting metal is Mg2+, whose FA, FG and FF complexes clearly lack
n Amide II band, but whose complexes with the FGG and FGGF
igands clearly show a strong Amide II band as part of clearly CS-
attern spectra. Thus the Mg2+ complexation shows a transition
rom deprotonated amide nitrogen coordination (presumably in
he iminol configuration) for the dipeptides to oxygen coordination
or the tri- and tetrapeptides. Furthermore, the CS spectra of the two
arger complexes show no sign of a peak in the 1400–1450 cm−1

egion, which we take as a further indication that all of the two (or
hree) amide groups are oxygen coordinated, and none of the pos-
ible amide nitrogens are metal-coordinated. On the other hand,
n the Ni2+ case, the FGG and FGGF complexes show no sign of an
mide II peak, which suggests that all of the (two or three) amide

inkages have the metal ion bound to the deprotonated nitrogen.

. Discussion

.1. Transition from oxygen to amide nitrogen coordination

The behavior observed for this series of complexes strengthens
he hope that useful parallels can be found between gas-phase and
ondensed-phase binding of metal ions to peptide frameworks. The
revious observation [9] that magnesium ions prefer iminol bind-

ng to at least one dipeptide in the gas phase was an interesting
nd surprising contrast to the general expectation from condensed-
hase experience of consistent oxygen binding for this metal ion in

arge peptides. The present results, showing that magnesium ions
evert to oxygen binding in the gas-phase complexes with a tripep-
ide and a tetrapeptide, reconcile these previous findings. The larger
eptide ligands are obviously more comparable to larger polypep-
ides that are of primary concern in condensed-phase binding, so it
s useful to find that the binding propensity in gas phase becomes
imilar to experience with larger peptides in condensed phase even
or a ligand as small as a tripeptide.

The evidence from the present results for FGG and FGGF com-
lexes is that either all of the amide linkages bind the metal to their
arbonyl oxygens, or all of them deprotonate at the nitrogens and
ind the metal there. Transitional cases with some but not all of the
mide nitrogens bound to metal would be a possibility for magne-
ium or nickel, but were not encountered. Ni2+ is well known for
he favorable formation of planar complexation structures with an
rray of bound nitrogens (including nitrogens from deprotonated
mide linkages as well as available nitrogens from the terminal
mino group and from side chains) surrounding the metal ion
Structure 1), most favorably in a square planar arrangement of the

our nitrogen atoms. Solution results provide support for the “all or
othing” nature of the amide deprotonation observed in the present
ases. In solution, the successive association constants for depro-
onation and attachment of the metal ion increase at successive
ss Spectrometry 330–332 (2012) 71–77 75

amide nitrogens in triglycine and tetraglycine [7], which suggests
that if conditions favor metal ion deprotonation and attachment at
one amide nitrogen, the second (and third) nitrogens will be even
more favorable for attachment. It is thus not surprising to see the
Ni2+ ion in the present complexes binding all of the amide link-
ages with metal-nitrogen coordination. It will be interesting with
further detailed study to assess whether the Ni2+FGGF complex is
truly planar and tetradentate with all four nitrogens, similar to the
well known behavior of this ion with tetrapeptides (like GGGG) in
solution [2,47].

The alkaline-earth complexes with the dipeptide AA appear to
be mixed populations [41], and do not fall easily into the patterns of
the other ligands. However, the anchoring effect of the N-terminal
phenyl group seems to stabilize the complexes of FA and FF into
more settled CS conformations for these relatively weak-binding
metal ions. The additional stability provided by this phenyl side
chain seemed necessary in our instrument for dipeptide complex
formation with the metal ions Mg2+ and Ni2+ (since no such com-
plexes were obtained using AA). AAA complex formation with Ni2+

was also difficult to observe, but the Ni2+AAA complex was briefly
obtained in sufficient abundance to give us the partial spectrum
shown in Fig. 1, which shows clearly the similarity of this com-
plex to the other Ni2+ complexes, and similarly shows the absence
of an Amide II peak between 1500 and 1550 cm−1. Thus for Ni2+

the propensity for iminol complexation is sufficiently strong that
the anchoring effect of an N-terminal phenyl side chain is not
necessary for gas-phase formation of the tripeptide complex with
AAA having both amide nitrogens cooperatively deprotonated and
metal-chelated. Martin [2] notes that this is the normal binding
mode of tripeptides to nickel ions under basic conditions in solu-
tion, whereas dipeptides (at least those without effective side-chain
anchors) form only hexacoordinate bis complexes. It is thus not sur-
prising that we were unable to form monomeric Ni2+ complexes
with AA in the gas phase.

Over the present set of complexes, comparisons with calcu-
lated thermochemistry (both published results as well as some
to be described in detail in subsequent publications) show that
the observed predominant structure resulting from electrospray as
inferred from the present spectroscopic results are in accord with
the lowest energy calculated structure (or one of the lowest struc-
tures when there are multiple structures within a few kJ mol−1 of
the lowest one). It is not safe to rely on such agreement in gen-
eral, since cases are already known where a higher energy structure
is kinetically trapped as the predominant species extracted to gas
phase by electrospray. (As an example, see the p-hydroxybenzoic
acid case recently worked out in an elegant study by the group of
the late Schröder [48].) Thus, for instance, the thermochemical jus-
tification above for discounting the possible presence of an Iminol
component in the population of Ba2+AA is a weak argument, and
it would be rash to take this as a firm conclusion in the absence of
further evidence from another source.

4.2. Size and binding strengths

The binding behavior of the different metal ions shows wide
differences. Two properties of the metal ion have been thought
about as possibly correlating with the binding patterns, namely
the metal-ion size and the binding strength. Size can be char-
acterized by the familiar ionic radii (rion), derived largely from
solid-state crystals (see Table 1). Perhaps more to the present point,
one can also characterize their chelation sizes (rch) using their typ-
ical bond distances from Lewis-basic chelating atoms (carbonyl

oxygen is most relevant here) which can be accurately calculated
with modern computations. A set of rch values is shown in Table 1
taken from our recent calculations of the metal ion distance to the
amide carbonyl oxygen in the FF complexes [28], which provide a
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Table 1
Radii and binding strengths of ions for the FF ligand. The rion values are standard ionic
radii. The rch values are derived from the calculated metal–oxygen bonds in the FF
complexes. Although the ground state of the nickel complex is an iminol complex
with no oxygen ligand, for comparability with the other metal ions the values given
here are for the computationally accessible CS binding mode.

K+ Ba2+ Ca2+ Mg2+ Ni2+

rion (Å) 1.33 1.34 0.99 0.66 0.69
rch

a (Å) 1.91 1.84 1.61 1.28 1.27
DFF (kJ mol−1)b 183 597 746 1062 1314
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a DFT value of metal/amide carbonyl distance in Mn+FF after subtraction of an
xygen radius of 0.66 Å. (Geometries from Ref. [28] and present calculations.)
b DFT values from Ref. [28].

onvenient series of chelated complexes whose conformations are
uite confidently known.

The chelation binding strength of a metal ion obviously varies
epending on the ligand, but a useful comparative set of values can
e given for the different metals referenced to the same ligand. We
ive in Table 1 the binding strength values DFF calculated for the
resent series of metal ions bound to FF.

Using these data, we can ask whether it is more useful to look
t the size or the binding energy in predicting whether two metal
ons will show similar or different binding patterns. One possible
omparison within this data set is K+ and Ba2+, which have nearly
he same size but very different binding energies. They show very
ifferent binding patterns for the AA complex (see Fig. 1), but for
he other complexes with more extensively chelating ligands the
inding appears to be CS for both metals. However, it is not very
eaningful to compare their binding behavior, since the difference

n charge is obviously a major confounding factor. Further com-
licating this particular comparison is the fact that Ba2+, uniquely
mong the metal ions in this set, may have a propensity for salt-
ridge formation with dipeptides in a zwitterion binding pattern
8,41]. Mg2+ and Ni2+ are the same size, and have the same charge,
o a comparison is more meaningful. Their binding behavior to FGG
nd FGGF is quite different. This contrast is easily reconciled if we
onsider the binding strength to be a more informative predictive
ariable than size, since Ni is a much more strongly binding metal
han Mg.

. Conclusions

The present spectroscopic survey of a range of ligands and metal
ons gives a more comprehensive overall view than previous more
ocused studies of the possible binding modes and propensities for

etal ions with small peptides. It is not surprising to find, parallel
o solution phase, that the more weakly binding metal ions favor
inding to the amide carbonyls, while the much stronger-binding
ickel ion is able to deprotonate the amide nitrogens (via the iminol
automerism) and bind in metal-nitrogen-coordinated conforma-
ions. An interesting feature is the transitional behavior found for
he magnesium ion, which switches from its (surprising) gas-phase
ehavior as an iminol-binding metal for dipeptides, to its oxygen-
inding behavior, as expected by analogy to its binding behavior
ith peptides in solution.

The Amide II feature was found, as in previous work, to be a clear
nd unambiguous marker of the presence of one or more amide
–H moieties, showing small and predictable wavelength shifts
pon complexation, and is thus an exceptionally useful probe for
etal-ion binding to the amide nitrogen atoms.
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