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The interaction of metal ions with aspartic (Asp) and glutamic (Glu) acid and the role of gas-phase acidity
on zwitterionic stability were investigated using infrared photodissociation spectroscopy in the spectral range
950-1900 cm-1 and by hybrid density functional theory. Lithium ions interact with both carbonyl oxygen
atoms and the amine nitrogen for both amino acids, whereas cesium interacts with both of the oxygen atoms
of the C-terminus and the carbonyl oxygen of the side chain for Asp. For Glu, this structure is competitive,
but a structure in which the cesium ion interacts with just the carbonyl oxygen atoms is favored and the
calculated spectrum for this structure is more consistent with the experimentally measured spectrum. In
complexes with either of these metal ions, both amino acids are non-zwitterionic. In contrast, Glu•Ca2+ and
Glu•Ba2+ both adopt structures in which Glu is zwitterionic and the metal ion interacts with both oxygens of
the C-terminal carboxylate and the carbonyl oxygen in the side chain. Assignment of the zwitterionic form
of Glu is strengthened by comparisons to the spectrum of the protonated form, which indicate spectral features
associated with a protonated amino nitrogen. Comparisons with results for glutamine, which adopts nearly
the same structures with these metal ions, indicate that the lower ∆Hacid of Asp and Glu relative to other
amino acids does not result in greater relative stability of the zwitterionic form, a result that is directly attributed
to effects of the metal ions which disrupt the strong interaction between the carboxylic acid groups in the
isolated, deprotonated forms of these amino acids.

Introduction

Metal ions and solvent molecules play important roles in the
structure and reactivity of biomolecules.1,2 Many proteins require
metal ions to fold and become active. Ion-protein interactions
are involved in ion transport through cell membranes and in
enzymatic catalysis of red-ox reactions. Competitive effects of
solvent influence the interactions of metal ions with biomol-
ecules. In the late 1800s, it was recognized that ions varied in
their effects on fundamental properties of ionic solutions, such
as their ability to denature proteins. Hofmeister ordered ions in
their tendency to precipitate proteins or denature proteins,2 and
even today, the origin of this Hofmeister effect is still de-
bated.3-5

With mass spectrometry, it is possible to isolate and in-
vestigate the structures of cationized biomolecules6-50 and
investigate how ions and water molecules competitively interact
with biomolecules.18,22,47-49 Such experiments make possible a
detailed understanding of competitive effects of ion and solvent
interactions with biomolecules. Of particular interest to many
groups has been the interaction of metal ions with amino acids
and the effects of metal ions on the stability of the zwitterionic
form of the amino acid.10-32,35,46-56 In isolation, all naturally
occurring amino acids are non-zwitterionic, even the most basic
amino acid, arginine, for which the zwitterionic structure is only
12-16 kJ/mol higher in energy.57-59 The zwitterionic form of
an amino acid can be stabilized when a metal ion is
attached.11-32,50-56 The zwitterionic form of arginine, in which

the side-chain guanidinium group is protonated and the C-
terminus is deprotonated, is most stable when complexed to
sodium and the larger alkali metal ions,11,17,50 and the zwitte-
rionic forms of other amino acids have been reported for both
mono-19,27 and dications.14,16,32,53-56

Either increasing the proton affinity of the proton accepting
site23-25,28,46,60,61 or increasing the acidity of the proton-donating
group60 can potentially stabilize the zwitterionic form of a
molecule. For example, the stabilities of the zwitterionic forms
of amino acids with aliphatic side chains when complexed with
sodium ions are directly related to the proton affinity of the
amino acid.23,24 For amino acids that have one or more
heteroatoms in their side chain, such as basic or acidic amino
acids, the relation can be much less direct.11-13,17,28,30,58,59 For
example, the charge-solvated forms of lithiated arginine11,17 and
lithiated glycine52,53 in which the amino acids are non-
zwitterionic are both ∼16 kJ/mol more stable than the corre-
sponding zwitterionic forms despite the fact that the proton
affinity of arginine is 160 kJ/mol higher than that of glycine.62

Heteroatoms in the side chain can result in significant stabiliza-
tion of the charge-solvated structures.11-13,17,28,30,58,59 The roles
of metal ion size, charge state, and amino acid basicity on the
propensity for zwitterion formation have been extensively
studied.11-32,46,52-56 In contrast, the role of gas-phase acidity
on amino acid zwitterionic stability is less well known.

The gas-phase acidities (∆Hacid) of the 20 naturally occurring
R-amino acids range from ∼1435 kJ/mol for glycine to ∼1350
kJ/mol for aspartic (Asp) and glutamic (Glu) acid (Scheme 1),
the two most acidic amino acids that have side-chain carboxylic
acid groups.63,64By comparison, the gas-phase acidity of pro-
panoic acid (CH3CH2COOH) is ∼1454 kJ/mol.65 This indicates
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that the intrinsic acidity of the C-terminus is higher than that
of the side-chain carboxylic acid group, consistent with calcula-
tions which indicate that the C-terminus is preferentially
deprotonated in the isolated amino acid.63,64 The high acidity
of Asp and Glu can be attributed to the high stability of the
deprotonated forms of these amino acids in which the hydrogen
atom of the side-chain carboxylic acid interacts with the
C-terminal carboxylate.63,64

IR action spectroscopy can provide significant information
about the structure of gas-phase ions and has been recently
used to elucidate the structures of many cationized amino
acids11-19,28-31,39 and amino acid complexes.34,35,40-45 Here,
the results of IR action spectroscopy in the frequency range
950-1900 cm-1 and density functional theory calculations
on Asp•M+, Glu•M+ (M ) H, Li, and Cs), Glu•Ca2+, and
Glu•Ba2+ are presented. From these results, information about
the effects of mono- and divalent cations on the structures
of Asp and Glu and the role of gas-phase acidity on zwitterion
stability is obtained.

Experimental Section

IR Photodissociation Spectroscopy. All experiments were
performed on a 4.7 T Fourier-transform ion cyclotron resonance
mass spectrometer. The instrument66 and experimental methods31

are described in detail elsewhere. In brief, cationized Asp and
Glu were formed by electrospray ionization from a 60/40 water/
methanol solution of 2 mM amino acid and 2 mM metal chloride
salt infused at a rate of 15-20 µL/min. Precursor ions were
mass-selected using stored waveform inverse Fourier transforms
and subsequently irradiated for 2.5 to 4.5 s using tunable
irradiation from the Free-Electron Laser for Infrared eXperi-
ments (FELIX).67 The same irradiation time was used for each
ion and was selected based on the ion stability as indicated by
photodissociation yield.

Computations. Low-energy structures of cationized Asp and
Glu were generated using Monte Carlo conformational searching
and the MMFFs force field as implemented in Macromodel 9.1
(Schrödinger, Inc. Portland, OR). In the initial searches, no
constraints were placed on the geometry, and 5000 conformers
were generated for both non-zwitterionic and zwitterionic forms
of Asp•Li+, Glu•Li+, Glu•Ca2+, and Glu•Ba2+. The resulting
low-energy structures were sorted into different groups with
similar metal coordination. Structures for cesiated complexes
were generated by metal ion subsititution into lithiated structures
prior to geometry optimization. Representative structures from
each group were geometry optimized in Q-Chem V. 3.068 using
hybrid method density functional calculations (B3LYP) with
the CRENBL69 effective core potential for Cs, Ca, and Ba and
the 6-31++G** basis set for all other atoms. Vibrational
frequencies and intensities were calculated using the double
harmonic approximation and the analytical Hessian of the
energy-minimized structures using Q-Chem V. 3.0.68 Most
structures yielded all positive frequency vibrations, but two of
structures for the cesiated species of non-zwitterionic (NZ) Asp
and Glu each had two imaginary frequencies <80 cm-1

indicative of torsional modes on a very flat region of the

potential energy surface or computational artifacts. In one of
these structures, the cesium ion coordinates to the two carbonyl
oxygen atoms (NZ OSOC; where S indicates the side-chain
carbonyl oxygen atom and C indicates the C-terminal carbonyl
oxygen atom). The other structure, NZ NOSOC, which results
in imaginary frequencies is similar, except that the nitrogen of
the N-terminus also solvates the cesium ion. Gibbs free energies
including zero point energy corrections were determined at 0
and 298 K. All frequencies were scaled by 0.975. This scaling
factor has been used previously in other IR studies in this region
to compare experimental photodissociation spectra to spectra
calculated at similar levels of theory as used in this study.13,14,28,29

The frequencies were convolved with a 40 cm-1 fwhm Lorent-
zian distribution, which provides a good fit to the observed peak
shapes.

Results and Discussion

Photodissociation of protonated and metal cationized Asp
and Glu results in dissociation by several different pathways
that depend on the cation (Table 1). Rearrangement reactions
resulting in loss of water or formic acid commonly occur.
For both Asp•Cs+ and Glu•Cs+, bare cesium ion is the only
product observed, consistent with a low binding energy for
this large cation. For Glu•Ca2+ and Glu•Ba2+, both loss of
formic acid and MOH+ are observed. Photodissociation action
spectra are obtained from the sum of the photodissociation
product ion intensities divided by the total ion intensity
measured as a function of photon energy. The laser power is
relatively flat from 625 to 1250 cm-1 but decreases by ∼3×
between 1250 and 1900 cm-1. To roughly account for this
change in power, the action spectra are linearly power-
corrected.31 The IR action spectra of Asp•H+, Asp•Li+,
Asp•Cs+, Glu•H+, Glu•Li+, Glu•Cs+, Glu•Ca2+, and
Glu•Ba2+ are shown in Figure 1. Information about the
structure of these ions is obtained from comparison among
the spectra reported here, comparison to previously reported
IR action spectra of cationized amino acids,12-14,16,19,28-31

and comparison to calculated spectra of candidate low-energy
structures. The relative Gibbs free energies of these low-
energy structures at 0 and 298 K calculated at the B3LYP/
CRENBL level of theory for Cs+, Ba2+, and Ca2+ and
B3LYP/6-31++G** for all other atoms are reported in
Table 2.

There are a number of factors that can contribute to
differences between IR photodissociation spectra and calculated
absorption spectra. Band intensities are calculated using a double

SCHEME 1 TABLE 1: Photodissociation Products of Protonated and
Cationized Aspartic and Glutamic Acid

aspartic acid glutamic acid

cation products (m/z) cation products (m/z)

H+ sH2O (116) H+ sH2O (130)
sformic acid (88) sformic acid (102)
sacetic acid (74) sH2O, formic acid (84)

Li+ H2CCHNH2•Li+ (50) Li+ sH2O (136)
H2NCH2CHCO•Li+ (78) sformic acid (108)
sformic acid (94) sH2O, formic acid (90)

Cs+ Cs+ (133) Cs+ Cs+ (133)
Ca+ sformic acid (70.5)

CaOH+ (57)
H2NCO+ (44)

Ba+ BaOH+ (155)
sH2O (133.5)
sformic acid (119.5)
sBaOH+, formic acid (84)

10824 J. Phys. Chem. A, Vol. 112, No. 43, 2008 O’Brien et al.



harmonic approximation which results in attendant uncertainties
in comparing with measured spectra. IR photodissociation
spectroscopy is a multiple photon process under these condi-
tions.70 The IR photodissociation spectrum of naphthalene cation
is similar to the measured single-photon linear absorption
spectrum.71 However, several factors can contribute to differ-
ences in spectra measured by the two methods. A more complete
discussion of the dynamics of IRMPD in these experiments,
and their effects on the resulting spectra are reviewed else-
where.70

Asp•H+ and Glu•H+. The IR action spectra of protonated
Asp and Glu have many common features, including bands
centered near 1790, 1710, 1600, 1450, 1300, and 1150 cm-1

(Figure 2). In addition, the Glu•H+ spectrum contains two bands
at 1250 and ∼1000 cm-1 that are not observed for Asp•H+.
These additional bands are consistent with CH bending modes
and C-C stretches associated with the additional CH2 group in

the Glu side chain. The broad photodissociation intensity
between 1375 and 1550 cm-1 for Glu•H+ consists of two or
more poorly resolved bands, whereas the feature for Asp•H+ is
narrower, indicating closer spacing of these bands.

The bands in these spectra can be assigned to vibrational
modes based on comparison to the previously reported spectra
of protonated and metal cationized amino acids12-14,28-30 and
to the calculated spectra of the lowest-energy structures for both
Asp•H+ and Glu•H+ (Figure 2). These assignments are given
in Table 3. The two peaks between 1700 and 1800 cm-1 are
consistent with carbonyl stretches. Carbonyl stretches of car-
boxylic acid groups have been reported previously in this
spectral region for protonated arginine17 and lysine,28 as well
as for many metal-cationized amino acids.12,14,17,19,29-31

Protonation at the N-terminus is at least 40 kJ/mol lower in
energy than protonation at the carbonyl oxygen of the C-
terminus (structures DI and DII, Figure 2). In all the low-energy
structures, the protonated nitrogen donates one hydrogen bond
to each of the carbonyl oxygen atoms. The H-bond distance to
the side-chain and C-terminal carbonyl oxygens is ∼1.5-1.6
Å and 2.1-2.2 Å, respectively, for these structures, consistent
with a stronger hydrogen bond between the protonated N-
terminus and the side-chain carbonyl oxygen. This strong
hydrogen bond causes a significant red-shift in the carbonyl
stretch of the side chain compared to that of the C-terminus.
This red-shift is greater for Glu•H+ because the longer side chain
provides greater flexibility, which enables formation of an even
stronger ionic hydrogen bond between the protonated N-
terminus and the carbonyl oxygen of the side chain.

The broad feature between 1375 and 1500 cm-1 in the spectra
of both Asp•H+ and Glu•H+ is consistent with previous assign-
ments of hydrogen-bonded NH bends and CH bends.12-14,28-30Below
1300 cm-1, the most prominent feature in both IR action spectra
is a peak centered around 1150 cm-1. A similar band is observed
for Gln•Li+, Lys•Li+, Ser•Li+, and Thr•Li+ and is assigned to
the in-plane OH bend of the free hydrogen atom in a carboxylic
acid group.12,13,28,30 For Asp•H+ and Glu•H+, both carboxylic
acid groups contribute to this feature.

Calculated structures A and B are nearly identical except that,
in structure A, the hydroxyl oxygen, instead of the carbonyl
oxygen, of the C-terminal carboxylic acid group accepts the
hydrogen bond. This interaction is less favorable, and structure
A is 10 and 14 kJ/mol less stable than structure B for Asp•H+

and Glu•H+, respectively. The spacing between carbonyl oxygen
stretches in the measured spectra is more consistent with
structures B and C. Structures B and C are also very similar
and have energies within 3 kJ/mol of each other. Their calculated
IR spectra are consistent with the measured IR action spectra.
Because these structures are nearly isoenergetic and almost
certainly have very low barriers for interconversion, it is likely
that both structures are populated and both contribute to the
observed IR action spectra. The experimental spectra of Asp•H+

and Glu•H+ provide a model for spectroscopic features associ-
ated with a protonated N-terminus of Asp and Glu and can be
used to identify expected spectral features in possible zwitte-
rionic structures for metal-cationized Asp and Glu.

Asp•Li+ and Glu•Li+. The IR action spectra of Asp•Li+ and
Glu•Li+ are also very similar to each other, but the relative
intensities of some bands differ (Figure 3). The bands at ∼1000
and ∼1600 cm-1 are substantially more intense in the Glu•Li+

spectrum, although these features are certainly present in the
Asp•Li+ spectrum. Instead of two distinct bands corresponding
to the two carbonyl stretches in the spectra of the protonated
species, there is only a single band in the carbonyl stretch region

Figure 1. IRMPD action spectra of Asp•M+, Glu•M+, (M ) H, Li,
and Cs), Glu•Ca2+, and Glu•Ba2+.

TABLE 2: Relative Gibbs Free Energies at 0/298 K in
kJ/mol Calculated with B3LYP Using CRENBL Effective
Core Potential for Cs, Ba, and Ca and 6-31++G** for All
Other Atoms

structure Asp•H+ Glu•H+

A 11/10 13/14
B 1/2 2/3
C 0/0 0/0
D 42/45 58/60

structure Asp•Li+ Glu•Li+ Asp•Cs+ Glu•Cs+ Glu•Ca2+ Glu•Ba2+

NZ OSOOC 0/0 9/12
NZ NOSOC 0/0 0/0 7/10 13/12 1/1 17/17
NZ OSOC 31/31 27/28 11/18 1/4 51/50 43/38
ZW OOC 46/43 34/32 11/14 0/0 37/39 14/12
NZ OOS 2/2 10/11
ZW OSOOC 0/0 0/0
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of the lithiated species, indicating that the ionic hydrogen bonds
that occur for the protonated amino acids are not present in the
lithiated forms. A zwitterionic structure for the amino acid in
the metal cationized species should have two distinguishable
carbonyl stretch vibrations owing to the presence of both a
carboxylate and a carboxylic acid, and can be ruled out based
on the single, albeit broad, band in this region.

Three structural families were identified from conformational
searching of the lithiated amino acids: a non-zwitterionic (NZ)
structure where one oxygen from each of the carboxylic acid
groups and the N-terminal nitrogen all coordinate to the metal
ion (NZ NOSOC; where S indicates the side-chain carbonyl
oxygen atom and C indicates the C-terminal carbonyl oxygen
atom); an NZ OSOC coordinated structure in which the N-
terminal nitrogen accepts a hydrogen bond donated by the
backbone carboxylic acid group; and the lowest-energy zwit-
terionic (ZW) structure for both species, ZW OOC, where the
metal ion coordinates to both the oxygen atoms of the
deprotonated C-terminus and the protonated N-terminus donates
a hydrogen bond to an oxygen atom of the carboxylic acid and
carboxylate groups. A similar ZW OOC structure which instead
has a deprotonated side chain was calculated to be ∼6 kJ/mol
less stable. This is consistent with the lower ∆Hacid of the
C-terminus compared with that of the side chain for both amino
acids.63,64

The band observed in the experimental spectra at ∼1600 cm-1

is consistent with an NH2 scissoring mode in both the NZ

NOSOC and NZ OSOC calculated spectra. The calculated
intensity of this vibration is similar for both lithiated species,
whereas this band is clearly more intense in the measured
spectrum of Glu•Li+. The band at ∼1000 cm-1 is consistent
with the out-of-plane wag of the NH2 group in the NZ NOSOC

calculated spectrum. This vibration for the NZ OSOC structure
is calculated to occur at a substantially lower frequency, ∼850
cm-1. The relative Gibbs free energies at 298 K of the three
calculated structures indicate that the NZ NOSOC structure is
lowest in energy for both Asp•Li+ and Glu•Li+; the NZ OSOC

structure is higher by 31 and 28 kJ/mol, respectively, and the
zwitterionic structures are even higher. The relative intensities
of the ∼1000 cm-1 band, the overall excellent agreement
between the measured and calculated spectra, and the calculated
relative energies all indicate that both Asp•Li+ and Glu•Li+

adopt an NZ NOSOC coordinated structure similar to the lowest-
energy structures reported for lithiated glutamine,13 serine,12 and
threonine,30 which also have oxygen atom containing side
chains.

Asp•Cs+ and Glu•Cs+. The IR action spectra of Asp•Cs+

and Glu•Cs+ are very similar to each other and consist of three
distinct, broad bands centered at ∼1760, 1400, and 1150 cm-1

(Figure 4). These similar spectra indicate that the difference in
the length of the side chain plays little role in the structure
adopted by each amino acid when complexed with cesium.
However, the calculated energies and spectra of candidate low-
energy structures indicate that Asp•Cs+ and Glu•Cs+ adopt
different structures, although the difference is very subtle. As
was the case for lithium, the carbonyl stretches are not resolved,
resulting in a relatively broad band at ∼1760 cm-1. This band
is blue-shifted from the corresponding band in the lithiated
spectra by ∼20 cm-1. A similar shift has been observed between
the lithiated and cesiated IR action spectra of glutamine,13

tryptophan,29 serine,12 and threonine,30 consistent with less
transfer of electron density for the larger cation. As for the
lithiated species, zwitterionic forms of the cesiated species
should have two different carbonyl stretch features due to the
presence of both a carboxylic acid and a carboxylate group and
can be ruled out by the position of the single broad band in this

Figure 2. IRMPD action spectra of Asp•H+ (left) and Glu•H+ (right) obtained with 2.5 s laser irradiation and B3LYP/6-31++G** calculated
spectra of candidate low-energy structures (frequencies scaled by 0.975). Energies are Gibbs free energies at 0 K/298 K in kJ/mol.

TABLE 3: IRMPD Band Assigments for Asp•H+

IRMPD freq. (cm-1) assignment
structure CI calc.

freq. (cm-1)

1789 COOHC asym. stretch 1783
1744 COOHS asym. stretch 1722
1593 NH3 scissor 1627
1370-1500 NH3 umbrella 1439

NH3 umbrella/OHS bend 1409
OHC bend/CH wag 1392

1050-1250 OHS bend 1172
OHC bend 1149
CH2 twist/OHC/S bends 1122
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region. In addition, the NH bending modes around 1400 cm-1

in the spectra of the cesiated species do not match the features
observed for the protonated species indicating that the N-
terminus is not protonated and hence the cesiated amino acids
are not zwitterionic.

The most apparent difference between the cesiated and
lithiated IR action spectra is the absence of distinct bands at
1000 and 1600 cm-1 in the spectra of the cesiated species,
whereas these features are clearly present in the spectra of the
lithiated species. These bands are consistent with NH bends of
an amine coordinating with a metal ion (vide supra). The

absence of these bands in the Cs+ spectra indicates that the
nitrogen is not coordinating directly to the cesium ion.

The same structural families identified for the lithiated species
were also calculated to be stable for Cs+, but two additional
conformational families were identified: an NZ OSOOC structure
in which the cesium coordinates to both oxygens of the
C-terminal carboxylic acid group and the side-chain carbonyl
oxygen and an NZ OOS structure in which the metal ion
coordinates to both oxygens of the side-chain carboxylic acid
that also donates a hydrogen bond to the N-terminus. The NZ
OSOOC structure is calculated to be unstable for the lithiated

Figure 3. IRMPD action spectra of Asp•Li+ (left) and Glu•Li+ (right) obtained with 4.5 s laser irradiation and B3LYP/6-31++G** calculated
spectra of candidate low-energy structures (frequencies scaled by 0.975). Calculated frequencies have been scaled by 0.975. Energies are Gibbs free
energies at 0 K/298 K in kJ/mol.

Figure 4. IRMPD action spectra of Asp•Cs+ (left) and Glu•Cs+ (right) obtained with 2.5 s laser irradiation and B3LYP/6-31++G** calculated
spectra of candidate low-energy structures; the CRENBL effective core potential was used for Cs+ (frequencies scaled by 0.975). Energies are
Gibbs free energies at 0 K/298 K in kJ/mol.
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species and isomerizes during energy minimization to an NZ
OSOC coordinated structure. The NZ OSOOC structure is lowest
in energy for Asp•Cs+, whereas the ZW OOC structure is
calculated to be the most stable form of Glu•Cs+. However,
the IR action spectrum shows no significant photodissociation
indicative of the carbonyl stretch associated with a carboxylate
group at 1675 cm-1, and the experimental features below 1500
cm-1 do not match the calculated spectrum of the zwitterionic
structure (Figure 4). For both Asp and Glu, a zwitterionic
structure with a deprotonated side chain spontaneously trans-
ferred a proton from the protonated N-terminus to the side chain
upon geometry optimization, resulting in a non-zwitterionic side-
chain coordinated structure NZ OOS. The OH bend of the
hydrogen-bonded side-chain carboxylic acid is calculated to
occur at ∼1540 cm-1 with significant intensity. These NZ OOS

structures can be ruled out by the absence of this feature in the
IR action spectra and the absence of a strong band at ∼1400
cm-1 in the calculated spectra.

The NZ OSOOC structure of Asp•Cs+ is calculated to have
an intense band corresponding to the OH bend of the side-chain
carboxylic acid at ∼1150 cm-1, whereas this feature is much
weaker in the calculated spectrum of the NZ OSOC structure.
The intensity of the experimentally observed dissociation at 1150
cm-1 is substantial and indicates the presence of NZ OSOOC or
NZ NOSOC structures for Asp. The absence of a distinct band
at 1000 cm-1, observed in the lithiated spectra and calculated
NZ NOSOC structure, indicates that this structure is absent or
contributes only minimally to the spectrum of Asp•Cs+. The
calculated spectra contain an NH2 scissoring mode at ∼1600
cm-1 for all three non-zwitterion structures, suggesting that the
out-of-plane NH2 wag at 1000 cm-1 is more sensitive to metal
ion coordination with the nitrogen. On the basis of these
comparisons, the IR action spectrum is most consistent with an
NZ OSOOC structure, although contribution from NZ OSOC or
NZ NOSOC structures cannot be ruled out.

For Glu•Cs+, the IR action spectrum is most consistent with
the calculated spectrum of an NZ OSOC structure (Figure 4),
which has three distinct bands centered at ∼1760, 1385, and

1140 cm-1 that match very well with the observed bands.
However, other structures may also be present. The NZ OSOC

and NZ OSOOC forms of Glu•Cs+ differ only by a small
displacement of the large cesium cation and almost certainly
have a low barrier to interconversion. Thus, both of these
structures are likely present. The calculated spectrum of the NZ
OSOOC structure lacks a distinct peak at ∼1140 cm-1 because
the OH bend which occurs at that frequency in the NZ NOSOC

and NZ OSOC structures instead couples with CH and NH twists,
resulting in a distribution of weak bands. The calculated NZ
NOSOC spectrum matches two of the experimental features but
lacks a strong band at ∼1400 cm-1. The photodissociation
intensity at ∼1000 cm-1 is consistent with a population of NZ
OSOOC, and NZ NOSOC structures may also be present and
contribute to photodissociation in this region. All three of these
structures, NZ OSOC, NZ OSOOC, and NZ NOSOC, have similar
calculated spectra and likely contribute to the observed spectrum.

Glu•Ba2+ and Glu•Ca2+. In the IR action spectra of both
Glu•Ba2+ and Glu•Ca2+ (Figure 5), two bands are observed in
the carbonyl stretch region centered at ∼1600 and 1660 cm-1

and are attributed to the carbonyl stretches of a carboxylate and
a carboxylic acid, respectively. The carboxylic acid carbonyl
stretch is red-shifted from the corresponding band observed for
H+, Li+, and Cs+, and this shift can be attributed to greater
transfer of electron density to the divalent cation compared to
the monovalent ions. The remaining features of the spectra are
very similar to those observed in the IR action spectrum of
Glu•H+: a broad band centered at ∼1440 cm-1 and three smaller
bands at ∼1290, 1340, and 1160 cm-1. The experimental band
at ∼1440 cm-1, corresponding to NH bends, is both higher in
frequency and substantially broader than similar features
observed in the IR action spectra of the lithiated and cesiated
complexes. However, the width and frequency of this feature
are similar to those observed in the protonated complexes,
consistent with structures for both Glu•Ba2+ and Glu•Ca2+ that
have a protonated N-terminus, providing additional evidence
of zwitterionic structures.

Figure 5. IRMPD action spectra of Glu•Ca2+ (left) and Glu•Ba2+ (right) obtained with 3.5 s laser irradiation and B3LYP/6-31++G** calculated
spectra of candidate low-energy structures, the CRENBL effective core potential was used for Ba2+ (frequencies scaled by 0.975). Energies are
Gibbs free energies at 0 K/298 K in kJ/mol.
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A ZW OSOOC structure is calculated to be the most stable
for both Glu•Ba2+ and Glu•Ca2+ (Table 2). Geometry optimiza-
tion calculations were performed on a similar structure with a
deprotonated side chain. However, no local minimum on the
potential energy surface was found for this structure. The
calculated spectra of the ZW OSOOC, NZ NOSOC, and NZ OSOC

structures are all similar, but the measured frequencies of the
two carbonyl bands are closest to those calculated for the ZW
OSOOC structures. For Glu•Ca2+, the NZ NOSOC structure is
calculated to be nearly isoenergetic with ZW OSOOC. However,
both the frequencies of the carbonyl stretches and width of the
NH bending bands near 1450 cm-1 in the experimental spectrum
are more consistent with the calculated spectrum of the ZW
OSOOC structure. The NZ OSOC and ZW OOC structures are at
least 39 kJ/mol higher in energy than the ZW OSOOC structure
for Glu•Ca2+ and at least 12 kJ/mol higher for Glu•Ba2+. The
poor agreement with the measured spectra and these energies
suggest that there is no significant contribution from ZW OOC

or NZ OSOC structures to the ion population.
Interestingly, the NZ OSOOC structure is not stable for these

complexes. For Glu•Ca2+, this structure isomerizes to the
similar, but zwitterionic, structure ZW OSOOC (Figure 5), during
geometry optimization. For Glu•Ba2+, the ZW OSOOC structure
does not converge nor does it isomerize during energy mini-
mization, indicating the potential energy surface is very flat in
this region.

Comparing Glu to Gln. The IR action spectra of Gln•M+

(M ) Li, Cs), and Gln•Ba2+ were recently reported,13,14 and
the structures of these complexes have essentially the same metal
ion interactions with the amino acid as those determined for
Glu. The spectra of the monocationized Gln complexes have
two distinct carbonyl stretches separated by ∼60 cm-1. By
comparison, FTIR absorption spectra of gas-phase acetic acid,
acetamide, pentanoic acid, and pentanamide indicate that the
intrinsic frequency of an amide carbonyl stretch is about 40-50
cm-1 lower than the carbonyl stretch of the corresponding
carboxylic acid.72 The carbonyl stretch of isolated alanine is at
1785 cm-1,73 ∼10 cm-1 higher than the corresponding band
for propanoic acid.60 These molecules should provide an
indication of the intrinsic difference in carbonyl stretches of
the C-terminus and side-chain carboxylic acid groups, respec-
tively, in Glu. These results are consistent with the single, wide
band in the IR action spectra of monocationized Glu. For
Gln•Ba2+, bands at 1430, 1590, and 1650 cm-1 are very similar
in frequency and shape to those observed for Glu•Ba2+ and
Glu•Ca2+, consistent with a similar structure for all three
species.13

Glu is ∼40 kJ/mol more acidic than Gln, and because they
adopts similar structures in metal cationized complexes,13,63,64

the effects of gas-phase acidity on the stabilities of their
zwitterionic structures can be directly compared. For Li+, the
lowest-energy zwitterionic form is 32 and 33 kJ/mol higher in
energy than the lowest-energy non-zwitterionic form for Glu
and Gln, respectively. For Cs+, the zwitterionic form is
calculated to be 4 kJ/mol more stable for both. Thus, the lower
∆Hacid of Glu compared to Gln has virtually no effect on the
relative zwitterionic stabilities for these monocation complexes.
The reason for this is that the metal cations prevent the side
chain of Glu from interacting with the C-terminus and disrupt
the interaction that is responsible for the high acidity of Glu.

In all the lowest-energy non-zwitterionic structures, the
carbonyl oxygen of the side chain interacts directly with the
metal ion. Results from Armentrout and co-workers show that
the binding affinity of Na+ to Gln is 14 ( 1 kJ/mol higher than

to Glu.20 For K+, this difference is 9 ( 1 kJ/mol.21 These results
indicate that an amide group is more effective at stabilizing
charge than a carboxylic acid group. This effect does not appear
to be significant in preferentially stabilizing the non-zwitterionic
form of Gln compared to Glu with either Li+ or Cs+.

For Ba2+, the lowest-energy zwitterionic structure is 17 and
2 kJ/mol more stable than the lowest-energy non-zwitterionic
structure for Glu and Gln, respectively. In contrast to the results
for the monovalent ions, the zwitterionic form is preferentially
stabilized for Glu. The difference in the charge solvating ability
of the amide vs the carboxylic acid should be greater for a
dication than for a monocation due to greater transfer of electron
density to the dication. For Li+ and Cs+, the lowest-energy
zwitterionic structure is ZW OOC, but for Ba2+, the ZW OSOOC

in which the side chain coordinates directly to the divalent metal
ion is most stable. Thus, the side-chain carbonyl oxygen interacts
with Ba2+ in both the lowest-energy zwitterionic and non-
zwitterionic forms of both Glu and Gln. The greater zwitterionic
stability of Glu•Ba2+ compared to Gln•Ba2+ can be attributed
to a greater relative stabilization of the non-zwitterionic structure
of Gln•Ba2+ owing to effects of improved charge solvation by
the amide vs the acid, rather than effects of intrinsic gas-phase
acidity of the deprotonation site. This charge solvation effect
may be lower for the zwitterionic form because there is transfer
of electron density from the negatively charged carboxylate
group to the metal dication, lowering the effective charge state
of the metal ion.

Conclusions

Infrared photodissociation spectroscopy of mono- and divalent
cations coordinated to Asp and Glu provides detailed structural
information about the metal binding interaction to these two
acidic amino acids. For the protonated, lithiated, and cesiated
species, both amino acids are non-zwitterionic, whereas with
Ca2+ and Ba2+, Glu is zwitterionic. On the basis of these results,
Asp cationized with Ca2+ and Ba2+ is expected to be zwitterionic
as well. The IR action spectra of the protonated species indicate
spectral features associated with a protonated N-terminus and
are useful for identifying potential zwitterionic structures for
metal cationized species. The experimental spectra of both
lithiated species are most consistent with an NZ NOSOC

structure, whereas for the cesiated species, an NZ OSOOC and
an NZ OSOC structure is adopted by Asp and Glu, respectively.
The IR action spectra of Asp•M+ and Glu•M+ for each M
investigated are very similar to each other, indicating that the
longer side chain of Glu has only subtle effects on structure.

Cationized Gln has nearly the same metal ion interactions as
does Glu and the relative stabilities of the non-zwitterionic and
zwitterionic forms are nearly the same for both Li+ and Cs+,
despite Glu being ∼40 kJ/mol more acidic.63,64 For Glu•Ba2+,
the relative stability of the zwitterionic form is 15 kJ/mol greater
than that for Gln•Ba2+, due to the greater charge stabilization
of the non-zwitterionic form by an amide vs a carboxylic acid
group. These results indicate that the relative zwitterionic
stability is not directly related to gas-phase acidity for these
cationized amino acids.
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