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Abstract: The structures of isolated alkaline earth metal cationized amino acids are investigated using
infrared multiple photon dissociation (IRMPD) spectroscopy and theory. These results indicate that arginine,
glutamine, proline, serine, and valine all adopt zwitterionic structures when complexed with divalent barium.
The IRMPD spectra for these ions exhibit bands assigned to carboxylate stretching modes, spectral
signatures for zwitterionic amino acids, and lack bands attributable to the carbonyl stretch of a carboxylic
acid functional group. Structural and spectral assignments are strengthened through comparisons with
absorbance spectra calculated for low-energy structures and the IRMPD spectra of analogous ions containing
monovalent alkali metals. Many bands are significantly red-shifted from the corresponding bands for amino
acids complexed with monovalent metal ions, owing to increased charge transfer to divalent metal ions.
The IRMPD spectra of arginine complexed with divalent strontium and barium are very similar and indicate
that arginine adopts a zwitterionic form in both ions. Calculations indicate that nonzwitterionic forms of
arginine are lowest in free energy in complexes with smaller alkaline earth metal cations and that zwitterionic
forms are preferentially stabilized with increasing metal ion size. B3LYP and MP2 calculations indicate
that zwitterionic forms of arginine are lowest in free energy for M ) Ca, Sr, and Ba.

Introduction

Isolated amino acids are nonzwitterionic, but complexation
with metal ions can preferentially stabilize zwitterionic forms.
The structures of amino acids and the effects of metal ion
complexation have been widely investigated using a broad range
of experimental and computational methods. For example,
calculations indicate that the zwitterionic form of isolated proline
is not stable,1 but that this form of proline complexed with
monovalent sodium is 12–18 kJ/mol more stable than the
nonzwitterionic form.2,3 These results are consistent with a
variety of experimental studies of the isolated4,5 and sodiated3,6–9

forms of proline. Larger metal ions can preferentially stabilize
the zwitterionic forms of amino acids relative to the nonzwit-
terionic forms. Both calculations and experiments indicate that

lithiated arginine is nonzwitterionic, but that the zwitterionic
form of arginine is preferentially stabilized with increasing alkali
metal ion size.10–14 Infrared multiple photon dissociation
(IRMPD) spectra in both the hydrogen stretch13 and fingerprint14

regions indicate that sodiated arginine is predominately zwit-
terionic, but that a small population of ions with nonzwitterionic
structures is also present. Analogous trends with metal ion size
have been reported for alkali metal cationized lysine and ε-N-
methyllysine,15 although the opposite trend was reported for
sodiated and rubidiated complexes with glycine, alanine, and
analogues of these amino acids.16

Calculations indicate that metal ion charge can also affect
the relative stability of the zwitterionic forms of amino acids.
For example, the nonzwitterionic form of isolated glycine17 and
alkali metal cationized glycine are lowest in energy, but glycine
complexed with all but the smallest alkaline earth metal ion,† University of California, Berkeley.
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beryllium, is calculated to be zwitterionic.18–22 Nonzwitterionic
glycine is lowest in energy when complexed with monovalent
Co,23 Cu,24–27 Fe,28 Ni,29 and Zn19,30 ions, but the zwitterionic
form of glycine is lowest in energy when complexed with
divalent Co,23,31 Cu,22,25,31 Fe,28,31 Ni,22,31 and Zn22,30–32 ions.
The structure of cysteine complexed with divalent transition
metal ions is dependent on metal identity; nonzwitterionic
structures are calculated to be lowest in energy for Zn2+ and
Cd2+, whereas zwitterionic structures are lowest in energy for
Cu2+ and Hg2+.33

There have been very few experimental studies probing the
structures of the amino acids complexed with divalent metal
ions. Collisional activation of glycine complexed with divalent
calcium yields fragments consistent with reactions from zwit-
terionic glycine, although nonzwitterionic glycine may be
present or formed as an intermediate.34 Singly charged com-
plexes consisting of deprotonated amino acids complexed with
Zn2+ have been probed with collision activation35 and IRMPD
action spectroscopy.36 Very recently, Dunbar and Oomens
reported the IRMPD spectrum of divalent barium complexed
with tryptophan and concluded that tryptophan is zwitterionic
in this ion.37

Action spectroscopy has emerged as a powerful method to
directly probe gas-phase structures of cationized amino acids
and amino acid analogues,8,13–15,37–44 peptides,42,45–47 amino

acid complexes,48–51 and proteins.52,53 Action spectra of gas-
phase hydrogen–deuterium exchange54 and collisionally acti-
vated dissociation55 products have provided insights into the
mechanisms of these reactions. The majority of these action
spectra were acquired via IRMPD using light generated by
benchtop laser systems based on nonlinear frequency conversion
(typically 2.5–4 µm)13,40,49,52 or free electron lasers (typically
5–20 µm).8,14,15,37–39,42–46,50,51,53–55 Elegant doubly resonant
infrared and ultraviolet spectroscopy experiments by Rizzo and
co-workers recently yielded conformer-specific infrared spectra
of protonated biomolecules, demonstrating the tremendous
capability of this method for investigating the structures of
complex biomolecules.41,47 Here, IRMPD action spectroscopy
is used probe the structures of Arg•Sr2+, Arg•Ba2+, Gln•Ba2+,
Pro•Ba2+, Ser•Ba2+, and Val•Ba2+ and to determine the effects
of alkaline earth metal ion complexation and alkaline earth metal
size on zwitterion stability.

Methods

IR Action Spectroscopy. Experiments were performed using a
4.7 T Fourier-transform ion cyclotron resonance mass spectrometer
combined with a tunable free electron laser.56 The instrument and
general experimental methods are described elsewhere.36,57 Cat-
ionized amino acids were formed by electrospray ionization from
a solution of 1 mM amino acid and 1 mM alkaline earth metal
nitrate or hydroxide in 80:20 MeOH/H2O infused at a rate of 30
µL/min. For most IRMPD spectra, the photodissociation yield is
the sum of the intensities of the product ions divided by the sum
of the product and precursor ion intensities.14,42 Because precursor
ion intensities for Gln•Ba2+ and Val•Ba2+ were very low, product
ion intensities were also very low, resulting in spectra with poor
signal-to-noise ratio (S/N). For these ions, photodissociation yields
were instead determined from the precursor intensity after laser
irradiation at each frequency, [AA•Ba2+(ν)], using the equation
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results in spectra with improved S/N because noise associated with
low abundance fragment ions do no contribute to the spectra.

Computational Chemistry. Initial structures of AA•M2+, where
AA ) amino acid and M ) alkaline earth metal, were generated
by Monte Carlo conformational searching using the MMFFs (M
) Mg and Ca) and OPLS2005 (M ) Ba) force fields as
implemented in MacroModel v. 8.1 (Schrödinger, Inc., Portland,
OR). Additional structures were obtained by substituting metal ions
in these structures and those reported previously for alkali metal
cationized arginine.13 The resulting low-energy structures were
grouped into families with similar noncovalent interactions. Rep-
resentative structures from each family were energy-minimized
using hybrid method density functional calculations (B3LYP) as
implemented in Jaguar v. 6.5 (Schrödinger, Inc., Portland, OR) using
the LANL2DZ effective core potential for Ca, Sr, and Ba, and the
6-31G(p,d) basis set for all remaining elements.

The lowest-energy structure in each family was energy-
minimized, and vibrational frequencies were calculated using the
SRSC effective core potential (ECP) for Sr,58 the CRENBL ECP
for Ba,59 and the 6-31+G(p,d) basis set for all remaining elements
as implemented in Q-Chem v. 3.0.60 All frequencies were scaled
by 0.975 (vide infra) and broadened using 40 cm-1 fwhm Gaussian
distributions. Vibrational analysis of most structures yielded all
positive frequency vibrational modes. For the NO-NZ structure
of Val•Ba2+, the OAOC-ZW structure of Gln•Ba2+, and the OO-
coordinated structure of [Val - H + Ba]+, convergence to a
gradient of less than 1 × 10-6 (default gradient threshold for
geometry optimization ) 3 × 10-4) yielded one imaginary
frequency of magnitude e70 cm-1, indicative of a torsional mode
on a very flat region of the potential energy surface or artifacts in
the computational method. The imaginary vibrational frequency
modes were ignored in calculating thermochemical corrections, and
this approximation should contribute negligibly to the uncertainties
in these calculations. Relative free energies are reported from
B3LYP/6-311++G(2d,2p) and MP2/6-311++G(2d,2p) single point
energies using geometries and temperature corrections determined
at the B3LYP/6-31+G(d,p) level of theory and the ECPs identified
above.

Results and Discussion

IRMPD action spectra of Arg•Sr2+, Arg•Ba2+, Gln•Ba2+,
Pro•Ba2+, Ser•Ba2+, and Val•Ba2+ are shown in Figure 1.
Information about the structures of these complexes is inferred
from comparisons with IRMPD spectra of alkali metal cation-
ized amino acids, each other, and with calculated absorbance
spectra for candidate structures of these ions.

Structure of Pro•Ba2+. Barium can coordinate to either the
N-terminal amino group and an oxygen atom of the carboxylic
acid group of nonzwitterionic proline, NO-NZ, or to both
oxygen atoms of the carboxylate group of zwitterionic proline,
OO-ZW (Figure 2). Structures in which the metal ion
coordinates to both oxygen atoms of the carboxylic acid group
of nonzwitterionic proline, analogous to the lowest-energy
structure of many aliphatic amino acids complexed with larger
alkali metal ions,19,61 are not stable and energy minimize to
OO-ZW. Similar results have been reported for glycine
complexed with alkaline earth metal ions.18,19 Structures in
which the metal ion coordinates to a single oxygen atom of the
carboxylic acid group of nonzwitterionic proline were not
considered because these structures were found to be ∼100 kJ/

mol higher in energy than NO-NZ for glycine complexed with
the alkaline earth metal ions.18

The IRMPD spectrum of Pro•Ba2+ contains strong bands at
1320, 1420, and 1550 cm-1 that are similar in frequency to the
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Figure 1. IRMPD spectra of Arg•Sr2+, Arg•Ba2+, Gln•Ba2+, Pro•Ba2+,
Ser•Ba2+, and Val•Ba2+. The photodissociation intensities for Gln•Ba2+

and Val•Ba2+ are determined from depletion of the precursor ion, whereas
those for the remaining ions are determined from the relative abundance of
the precursor and product ions. The spectrum of Gln•Ba2+ has been
smoothed.

Figure 2. IRMPD spectrum and calculated absorbance spectra for two low-
energy structures of Pro•Ba2+. Relative B3LYP/6-311++G(2d,2p)//6-
31+G(d,p) and MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) free energies
at 298 K are reported for each conformer.
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bonded NH bend (1326 cm-1, also coupled with CH bending
modes), carboxylate symmetric stretch (1421 cm-1), and
carboxylate asymmetric stretch (1553 cm-1), respectively,
calculated for structure OO-ZW. In contrast, the most intense
bands in this region calculated for structure NO-NZ correspond
to the OH bend (1165 cm-1) and the symmetric (1444 cm-1)
and asymmetric (1638 cm-1) stretches of the carboxylic acid
group and thus provide very poor agreement with the experi-
mental spectrum. Therefore, the absence of additional bands
centered at frequencies greater than 1550 cm-1 and the absence
of measurable photodissociation at frequencies greater than 1640
cm-1 ostensibly limits the possibility that any nonzwitterionic
structures contribute to the observed IRMPD spectrum. Finally,
structure NO-NZ is calculated to be 77 to 79 kJ/mol higher in
energy than structure OO-ZW. Therefore, comparisons be-
tween the experimental action spectrum and the calculated
vibrational spectra and the calculated energies both provide
compelling evidence that proline is zwitterionic when complexed
with barium.

Calculations and a variety of experiments indicate that
Pro•Na+ adopts a structure analogous to OO-ZW for
Pro•Ba2+.2,3,7,8 In the IRMPD spectrum of Pro•Na+, the
carboxylate asymmetric stretch occurs at 1698 cm-1, whereas
the bonded NH bend (calculated to couple with CH bends and
occur between 1319 and 1384 cm-1) and carboxylate symmetric
stretch (calculated to occur near 1400 cm-1) are superimposed
and appear as a broad band ranging from 1306 to 1429 cm-1.8

The carboxylate asymmetric stretch for Pro•Ba2+ is red-shifted
by ∼150 cm-1 compared to that for Pro•Na+, consistent with
substantially greater charge transfer from the carboxylate group
to the doubly charged metal ion. Because the bonded NH bend
and carboxylate symmetric stretch were not resolved for
Pro•Na+,8 comparing the frequencies of these bands is chal-
lenging. However, these resolved bands for Pro•Ba2+ do occur
in the frequency region of the unresolved band for Pro•Na+,
suggesting that the frequency of these modes may be less
sensitive to the charge state of the ion than the carboxylate
asymmetric stretch.

The carboxylate asymmetric stretch for Pro•Ba2+ is centered
near 1550 cm-1, whereas the corresponding band for tryptophan
(Trp) complexed with barium is centered near 1600 cm-1.37

The relative position of this mode for Trp•Ba2+ is consistent
with cation-π interactions between barium and the tryptophan
side chain and decreased charge transfer from the carboxylate
group to the barium ion.

Structure of Val•Ba2+. The IRMPD spectrum for Val•Ba2+

contains a band near 1550 cm-1, identical to that assigned to
the carboxylate asymmetric stretch for Pro•Ba2+ and very close
in frequency to that calculated for this mode of structure
OO-ZW (1562 cm-1, Figure 3). An intense band near 1440
cm-1 is attributable to the carboxylate symmetric stretch (1428
cm-1) and the protonated amine umbrella bend (1488 cm-1).
Note that this band is close in frequency to the most intense
band in the IRMPD spectrum of Trp•Ba2+ (1450 cm-1), which
was assigned to the protonated amine umbrella bend of that
ion.37 The spectrum calculated for structure NO-NZ of
Val•Ba2+ is dominated by an intense band at 1628 cm-1

corresponding to the carbonyl stretch of the carboxylic acid
group of that ion. The IRMPD spectrum of Val•Ba2+ exhibits
very little photodissociation intensity at frequencies greater than
1600 cm-1. This indicates that the structure of Val•Ba2+ is most
consistent with OO-ZW, and it appears that the protonated

amine umbrella bend and carboxylate symmetric stretch are
superimposed in the experimental spectrum.

Structure of Ser•Ba2+. The IRMPD spectrum for Ser•Ba2+

measured over a limited frequency range is shown in Figure 4.
The absence of photodissociation at frequencies greater than
∼1620 cm-1, a spectral signature for a carboxylic acid
functional group, and the presence of an intense band near 1570
cm-1, essentially identical to the calculated frequency of the
asymmetric stretch of the carboxylate group of zwitterionic
Ser•Ba2+ (OO-ZW, 1568 cm-1), indicate that serine is
zwitterionic in this ion. The frequency of the carboxylate
asymmetric stretch of Ser•Ba2+ is slightly blue-shifted from
those exhibited by Pro•Ba2+ and Val•Ba2+, which may be

Figure 3. IRMPD spectrum and calculated absorbance spectra for two low-
energy structures of Val•Ba2+. Relative B3LYP/6-311++G(2d,2p)//6-
31+G(d,p) and MP2/6-311++G(2d,2p)// B3LYP/6-31+G(d,p) free energies
at 298 K are reported for each conformer.

Figure 4. IRMPD spectrum and calculated absorbance spectra for four
low-energy structures of Ser•Ba2+. Relative B3LYP/6-311++G(2d,2p)//
6-31+G(d,p) and MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) free ener-
gies at 298 K are reported for each conformer.
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attributable to less charge transfer from the carboxylate group
to the protonated amine group that is solvated by the side chain
hydroxyl group for Ser•Ba2+ or perhaps an inductive effect from
the side chain.

Interestingly, structures NO-NZ and OO-ZW of Ser•Ba2+

are calculated to be essentially isoenergetic. Compared to valine,
the nonzwitterionic structure is preferentially stabilized by the
short alcohol side chain of serine that solvates the metal ion in
the NO-NZ structure. Zwitterionic structures in which the metal
ion is solvated with the oxygen atoms of the alcohol and
carboxylate functional groups energy minimize to OO-ZW.
Furthermore, if the side chain of serine solvates barium in this
ion, the carboxylate asymmetric stretch would be expected to
be further blue-shifted from that calculated for structure
OO-ZW and be closer in frequency to that observed for
Trp•Ba2+ (1600 cm-1),37 in which the metal ion is solvated
by the tryptophan side chain. These results provide strong
evidence that serine is zwitterionic when complexed with barium
and that the side chain solvates the protonated amino group
rather than the divalent metal ion.

Structure of Gln•Ba2+. The IRMPD spectrum of Gln•Ba2+

is shown in Figure 5. The low S/N of the spectrum is attributable
to low precursor ion abundance, and averaging the precursor
depletion at each frequency with those of the nearest neighbors
makes bands near 1430, 1590, and 1650 cm-1 more readily
apparent. Data smoothing is applied to frequency ranges (7–15
cm-1) that are substantially less than the bandwidths exhibited
in these IRMPD spectra. Four candidate low-energy structures
were identified for Gln•Ba2+ and are shown in Figure 5. These
structures are a subset of those identified for alkali metal
cationized glutamine in which the divalent barium ion is most
solvated by a combination of the polarizable amino nitrogen
(N), the carbonyl oxygen of the amide side chain (OA), and
one (OC) or two (OOC) oxygen atoms of the carboxylic acid/
carboxylate functional group.62 The remaining structures identi-
fied for alkali metal cationized glutamine favor hydrogen bond
formation over charge solvation; these structures energy mini-
mize to the four structures discussed above or are significantly
higher in energy for alkaline earth metal cationized glutamine.

In addition to the bands discussed previously for Pro•Ba2+,
Ser•Ba2+, and Val•Ba2+, the high-frequency region of this
IRMPD spectrum also has bands originating from the amide
group of the glutamine side chain. For calculated structures in
which the amide group solvates the metal ion, the NH2 bend
and carbonyl stretch of the amide side chain are calculated to
occur from 1572 to 1580 cm-1 and 1647 to 1653 cm-1,
respectively. For OOC-ZW, in which the amide group solvates
the protonated amine group, these modes are calculated to occur
at 1593–1602 (a pair of coupled oscillators) and 1682 cm-1,
respectively. The blue shift of these bands for the latter structure
is attributable to reduced charge transfer from the amide group
to the protonated amine group. These calculations suggest that
the IRMPD bands at 1590 and 1650 cm-1 can be attributed to,
or contain contributions from, the NH2 bend and carbonyl stretch
of the amide side chain, respectively. Additionally, the low
frequency of the latter band indicates that the side chain solvates
the metal ion. The band position of the NH2 bend for the amide
group is observed at frequencies similar to those calculated for
all four candidate structures, and it is therefore difficult to draw
any additional structural conclusions from this band.

The carbonyl stretches of the carboxylic acid groups of
structures NOAOC-NZ and OAOOC-NZ of Gln•Ba2+ are
calculated to occur at 1684 and 1704 cm-1, respectively. These
calculated frequencies are substantially blue-shifted from
those calculated for the nonzwitterionic forms of Pro•Ba2+ and
Val•Ba2+, consistent with solvation of the divalent metal ion
by the glutamine side chain. The lack of IRMPD bands centered
at frequencies greater than 1650 cm-1 ostensibly limits the
possibility that structures with carboxylic acid groups are present
under the conditions of the experiment, that is, Gln•Ba2+ is
zwitterionic.

Three important types of oscillators calculated for structure
OAOOC-ZW, the carboxylate symmetric stretch (1398 cm-1),
protonated amine umbrella bends (pair of coupled oscillators
at 1451 and 1464 cm-1), and carboxylate asymmetric stretch
(pair of coupled oscillators at 1596 and 1629 cm-1), all occur
at frequencies consistent with the IRMPD spectrum of the ion.
The fit to structure OOC-ZW is significantly poorer due to
the positions of the amide carbonyl stretch (vide supra), the
frequency calculated for the carboxylate asymmetric stretch

(62) Lemoff, A. S.; Bush, M. F.; Wu, C. C.; Williams, E. R. J. Am. Chem.
Soc. 2005, 127, 10276–10286.

Figure 5. IRMPD spectrum and calculated absorbance spectra for four
low-energy structures of Gln•Ba2+. Calculated intensities for OOC-ZW
are expanded by a factor of 5 because the coupled bonded NH bending
and carboxylate symmetric stretching mode for this structure is ∼3 times
more intense than any other calculated oscillator in this study. Relative
B3LYP/6-311++G(2d,2p)//6-31+G(d,p) and MP2/6-311++G(2d,2p)//
B3LYP/6-31+G(d,p) free energies at 298 K are reported for each conformer.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 20, 2008 6467

Effects of Alkaline Earth Metal Complexation A R T I C L E S



(1537 cm-1, a frequency exhibiting little photodissociation), and
the large mismatch of relative oscillator intensities between the
bands above and below 1500 cm-1. Comparisons with the
absorbance spectra calculated for candidate structures indicate
that Gln•Ba2+ is zwitterionic and that the amide side chain
solvates the metal ion. These conclusions are consistent with
structure OAOOC-ZW, although other similar structures cannot
be discounted.

Low-Energy Structures of Arg•M2+. The low-energy non-
zwitterionic and zwitterionic structures identified for Arg•M2+

are similar for all M, where M ) alkaline earth metal, and those
for M ) Ba are shown in Figure 6 (for comparison, structures
for M ) Ca are shown in Supporting Information Figure 1).
The majority of these structures are a subset of those identified
for Arg•M+, M ) alkali metal, and are labeled according to
the designations reported previously.13,14 One new low-energy
zwitterionic structure was identified in which the N-terminal
amino group is protonated instead of the guanidino side chain
(BZW). For analogous ions containing alkali metal ions, this
structure energy minimizes to nonzwitterionic structure BNZ.
Zwitterionic forms in which the carboxylate group interacts with
both the guanidinium side chain and the metal ion (D, H, and
J) are unstable and energy minimize to structures in which the
guanidinium side chain does not interact with the carboxylate
group; the metal ion and the charged side chain are spatially
separated in all energy-minimized zwitterionic structures in-
vestigated. The geometries of these low-energy zwitterionic
structures (E-G and I) and nonzwitterionic structure A are
remarkably similar for both Arg•M+ and Arg•M2+. In contrast,
the geometries for structures BNZ and C differ for complexes
of the two charge states. For these structures of Arg•M+, the
nitrogen atoms in the guanidino side chains are trigonal planar,
whereas some of those for Arg•M2+ are significantly more

tetrahedral. This suggests that the guanidino group for Arg•M+

is conjugated, whereas the guanidino group for Arg•M2+

transfers significant electron density to the metal ion and is
partially deconjugated.

The relative free energies of these structures have a strong
dependence on metal ion size. These values calculated at two
different levels of theory are plotted as a function of metal ion
size in Figure 7 and are reported in Supporting Information
Table 1. The calculated results at both levels of theory clearly
indicate that zwitterionic forms of Arg•M2+ are increasingly
stable with increasing alkaline earth metal ion size, analogous
to trends established for alkali metal cationized arginine.10,12–14

At the B3LYP/6-311++G(2d,2p)//6-31+G(d,p) level of theory,
the lowest-energy forms of Arg•Be2+ and Arg•Mg2+ are
nonzwitterionic, whereas those of Arg•Sr2+ and Arg•Ba2+ are
zwitterionic. The nonzwitterionic and zwitterionic forms of
Arg•Ca2+ are close in energy at this level of theory. At the
MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) level of theory,
nonzwitterionic structures and zwitterionic structures with
protonated N-terminal amino groups (BZW) are preferentially
stabilized relative to the zwitterionic structures with protonated
side chains (E-G and I).

For all M, the two nonzwitterionic forms in which the metal
ion is solvated by the N-terminal amino group (NT), the carbonyl
oxygen, and the side chain (A and C) are close in relative free
energies, as are those of the two OO-coordinated zwitterions
(E and F) and those of the two NTO-coordinated zwitterions
(G and I). Structure BNZ is always at least 30 kJ/mol higher in
free energy than BZW. Structure C is the lowest-energy
nonzwitterionic structure for all M at the MP2/6-311++G(2d,2p)//
B3LYP/6-31+G(d,p) level of theory. With increasing alkaline
earth metal ion size, structure A is preferentially stabilized
relative to structure C and the former is lower in energy for
Arg•Ba2+ at the B3LYP/6-311++G(2d,2p)//6-31+G(d,p) level
of theory. Structure BZW is the lowest-energy zwitterionic
structure for M ) Be and Mg at the B3LYP/6-311++G(2d,2p)//
6-31+G(d,p) level of theory and M ) Be, Mg, Ca, and Sr at
the MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) level of theory,
but increasing metal ion size preferentially stabilizes the other
zwitterionic forms of the amino acid to a tremendous extent
and OO-coordinated zwitterions (E and F) are the lowest-energy
zwitterionic structures for all other ions.

Figure 6. Low-energy structures of Arg•Ba2+ optimized at the B3LYP/
6-31+G(d,p) level of theory. Low-energy structures of Arg•Ca2+ are shown
in Supporting Information Figure 1.

Figure 7. Relative B3LYP/6-311++G(2d,2p)//6-31+G(d,p) and MP2/6-
311++G(2d,2p)//B3LYP/6-31+G(d,p) free energies at 298 K for Arg•M2+,
M ) alkaline earth metal, conformers versus ionic radii.64
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Structures of Arg•Sr2+ and Arg•Ba2+. The IRMPD spectra
of Arg•Sr2+ and Arg•Ba2+ are nearly the same, indicating that
these ions have similar structures. The following discussion
focuses primarily on M ) Ba, but equivalent arguments can be
made for M ) Sr. Inspection of the calculated absorbance
spectra in Figure 8 reveals that interpretation of these IRMPD
spectra is more complicated than that for Gln•Ba2+, Pro•Ba2+,
Ser•Ba2+, and Val•Ba2+. For example, assigning the higher
frequency band centered near 1650 cm-1 is challenging due to
spectral congestion and because both nonzwitterionic and
zwitterionic structures are calculated to have bands in this region.
Although the IRMPD spectra of alkali metal cationized arginine
were also congested in this region, the structurally diagnostic
carboxylic acid carbonyl stretches for the nonzwitterionic
structures were both calculated and observed at higher frequen-
cies in an uncongested region of the spectrum.14 For nonzwit-
terionic structures A and C of Arg•Ba2+, this mode is calculated
to occur from 1674 to 1679 cm-1, which is on the blue edge of
the IRMPD band. For structure BNZ, this mode is calculated to
occur near the center of the observed band (1651 cm-1). In all
cases, multiple NH bending modes are also calculated to occur
in this region for both the nonzwitterionic and zwitterionic
structures, which greatly complicates establishing the presence
or absence of nonzwitterionic structures.

However, there are substantial differences between the
IRMPD spectrum and some of the calculated spectra. The
IRMPD spectrum exhibits intense, albeit broad, photodissocia-
tion in the region centered near 1450 cm-1, but structures A,
C, G, and I are calculated to only weakly absorb in this region.
The IRMPD spectrum exhibits very little photodissociation near
1550 cm-1, but structure A is calculated to have an intense
oscillator at 1558 cm-1 that corresponds to the CdNηH

stretching mode of the guanidino group. On the basis of visual
inspection, the spectra calculated for structures BNZ, BZW, E,
and F are generally consistent with the experimental spectrum.
For M ) Ba, structures E and F are calculated to be lowest in
free energy of all of the candidate structures and appear to be
the best matches to the experimental spectrum. Structure BZW

is 13–35 kJ/mol higher in freee energy than structures E and F
depending on the level of theory, and the calculated high-
frequency oscillators are roughly 50 cm-1 red-shifted from the
highest-frequency IRMPD band. Structure BNZ is calculated to
be 43–78 kJ/mol higher in free energy than structures E and F
depending on the level of theory, and the calculated absorbance
spectrum does not account for the structure and relative inensity
of the broad IRMPD band between 1350 and 1500 cm-1. On
the basis of the calculated free energies and comparisons
between the IRMPD spectrum and the calculated absorbance
spectra, the IRMPD spectrum of Arg•Ba2+ is most consistent
with structures E and F. In both of these structures, arginine is
zwitterionic and Ba2+ is solvated by both oxygen atoms of the
carboxylate groups.

Carboxylate symmetric and asymmetric stretch bands are key
spectroscopic signatures for the zwitterionic forms of AA•Ba2+,
AA ) Gln, Val, Pro, Ser, and Val. These modes for zwitterionic
structures E–G and I of Arg•Ba2+ are calculated to occur at
very different frequencies than those observed and calculated
for ions containing the other amino acids investigated in this
study. For structures E–F, the carboxylate symmetric and
asymmetric stretches are calculated to occur at 1407 and
1489–1490 cm-1, respectively, whereas those for G and I of
this ion are calculated to occur at 1278–1312 and 1687–1688
cm-1, respectively. The IRMPD spectra of Arg•Sr2+ and
Arg•Ba2+ contain intense, albeit poorly resolved, bands centered
near 1430 and 1470 cm-1 that are consistent with the symmetric
and asymmetric stretches of the OO-coordinated zwitterionic
structures (E and F). The spectra exhibit only minor photodis-
sociation below 1300 cm-1, indicating that NTO-coordinated
zwitterionic structures (G and I), which are calculated to have
carboxylate symmetric stretches in this region, are not predomi-
nant under the conditions of the experiment. However, the
observation of a weak band to the blue of the region (1360
cm-1) may be attributable to these modes and indicate the
presence of small populations of NTO-coordinated zwitterionic
structures.

The large differences in carboxylate symmetric and asym-
metric stretch frequencies for zwitterionic structures E–G and
I of Arg•Ba2+ versus the remaining AA•Ba2+ ions studied may
be attributable to differences in the sites of protonation. The
N-terminal amino group is the preferred site of protonation in
most zwitterionic amino acids, but the side chain is protonated
in zwitterionic structures E–G and I of Arg•Ba2+. Deprotonated
valine complexed with divalent barium, [Val - H + Ba]+,
which contains both a carboxylate group and a neutral N-
terminal amino group, provides an interesting comparison with
structures E–G and I of Arg•Ba2+ (Figures 8 and 9). Structure
OO of [Val - H + Ba]+, in which the metal ion is solvated by
both oxygen atoms of the carboxylate group, is likely a good
analogue for the OO-coordinated zwitterionic structures of
Arg•Ba2+ (E and F). The symmetric and asymmetric stretches
of the carboxylate group for this ion are calculated to occur at
1445 and 1458 cm-1, respectively, frequencies that are between
those calculated for the OO-coordinated zwitterionic structures
of Arg•Ba2+ (E and F). Structure NTO of [Val - H + Ba]+, in
which the metal ion is solvated by the N-terminal amino group

Figure 8. IRMPD spectrum and calculated absorbance spectra for eight
low-energy structures of Arg•Ba2+. Relative B3LYP/6-311++G(2d,2p)//
6-31+G(d,p) and MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) free ener-
gies at 298 K are reported for each conformer. Data for Arg•Sr2+ are shown
in Supporting Information Figure 2.
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and one oxygen atom of the carboxylate group, is likely a good
analogue for structures G and I of Arg•Ba2+. The symmetric
and asymmetric stretches of the carboxylate group are calculated
to occur at 1308 and 1724 cm-1, respectively. The former is
very similar to those calculated for structures G and I of
Arg•Ba2+, whereas the latter is moderately blue-shifted from
those calculated for structures G and I of Arg•Ba2+, but much
closer in frequency than those observed for the other amino
acids complexed with barium. These results indicate that the
carboxylate stretch frequencies are very sensitive to the site of
metal coordination and the identity and charge of other
functional groups in the ion.

The band centered near 1650 cm-1, which also has a width
of greater than 100 cm-1 for both spectra, is attributable to the
NH bending modes of a guanidinium group. The most intense
NH bending modes for structure E correspond to those of the
two NηH2 groups (1624 and 1657 cm-1) and that of the bonded
NηH group (1668 cm-1), whereas those for structure F cor-
respond to the free NεH group (1612 cm-1), the free NηH2 group
(1633 cm-1), and the bonded NηH2 group (1691 cm-1). Note
that the most intense IRMPD band of protonated arginine, which
also adopts a structure with a protonated side chain, is centered
near 1670 cm-1, is also quite broad, and is assigned to NH
bending modes.14

Effect of Metal Ion Size on Zwitterion Stability. Calculations
indicate that the zwitterionic form of arginine becomes progres-
sively more stable with increasing alkaline earth metal size,
consistent with these experiments that indicate that arginine
adopts a zwitterionic form when complexed with divalent
strontium or barium. It was recently reported that metal ion
binding energies are better correlated to relative zwitterionic
stability than metal ion size for alkali, alkaline earth, and
transition metal cationized tryptophan.37 We find this not to be
the case for arginine complexed with divalent alkaline earth
metal ions. Metal ion binding energies at 298 K were calculated
at the B3LYP/6-311++G(2d,2p)//6-31+G(d,p) level of theory
for each structure of Arg•M2+. The energy for isolated arginine
was determined by evaluating several low-energy structures
reported by Ling et al.63 and structure “c4” was lowest in free
energy at this level of theory.

For a given conformer of cationized arginine, the B3LYP/
6-311++G(2d,2p)//6-31+G(d,p) binding energy for a given
alkaline earth metal is found to be inversely proportional to
literature values for ionic radius;64 these data for structures BZW,
C, and E are shown in Figure 10. Linear regression statistics
for all eight structures are shown in Table 1 and all R2

correlation coefficients are g0.999. This relationship suggests
that, for a given structure, alkaline earth metal ion size primarily
affects electrostatic interactions between the amino acid and the
divalent metal ion. For comparison, plotting the binding energies
versus the square of the inverse radius, suggestive of charge
dipole interactions, yields R2 correlation coefficients ranging
from 0.975 to 0.990.

Although the binding energy to each structure is inversely
proportional to ionic radius, each class of structures designated
in Figure 6 has a characteristic slope and intercept. Differences
in these values account for the change in structures from
nonzwitterion to zwitterion with increasing alkaline earth metal
ion size. The beryllium and magnesium binding energies are
greatest for structure C, whereas calcium, strontium, and barium
binding energies are greatest for structure E (Figure 10). Relating
the differences in regression statistics to other physical quantities
is a topic of ongoing research and will likely provide additional
insights into the effects of metal ion coordination on biomo-
lecular structure.

General Comments on Level of Theory. A variety of basis
sets and effective core potentials (ECP) were evaluated to
determine their effect on the calculated spectra of amino acids
complexed with barium. The most important factor was the ECP.
The LANL2DZ ECP has 3s and 3p valence shell basis functions
for Ba.65 Frequencies for the carboxylate asymmetric stretch
for the aliphatic amino acids calculated with this ECP are ∼50

(63) Ling, S. L.; Yu, W. B.; Huang, Z. J.; Lin, Z. J.; Haranczyk, M.;
Gutowski, M. J. Phys. Chem. A 2006, 110, 12282–12291.

(64) Shannon, R. D. Acta Crystallogr. A 1976, 32, 751–767. (65) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299–310.

Figure 9. Calculated absorbance spectra for two low-energy structures of
[Val - H + Ba]+. Relative B3LYP/6-311++G(2d,2p)//6-31+G(d,p) and
MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) free energies at 298 K are
reported for each conformer.

Figure 10. B3LYP/6-311++G(2d,2p)//6-31+G(d,p) calculated binding
energies at 298 K versus inverse ionic radii.64

Table 1. Linear Regression Statistics for Binding Energies versus
Inverse Ionic Radius

structure slope (Å kJ mol-1) intercept (kJ mol-1) R 2

A 769 ( 9 -10 ( 12 0.9996
BNZ 736 ( 4 -14 ( 5 0.9999
C 778 ( 14 -12 ( 18 0.9991
BZW 725 ( 9 48 ( 12 0.9995
E 590 ( 8 179 ( 11 0.9994
F 592 ( 8 179 ( 10 0.9995
G 669 ( 12 86 ( 17 0.9990
I 675 ( 11 75 ( 15 0.9991
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cm-1 blue-shifted relative to the corresponding bands in the
IRMPD spectra when scaling factors that yield good fits to the
remaining bands are used. In contrast, good agreement was
achieved for ECPs that include d shells, namely, the CRENBL
ECP (5s,5p,4d valence)59 and SRSC-f, an ECP in which the f
valence shell is removed from the 3s,3p,2d,1f SRSC ECP.58

This indicates that d shell basis functions are important for
accurately calculating vibrational spectra of amino acids com-
plexed with Ba. Vibrational spectra calculated using the
6-31+G(d,p) and 6-31++G(d,p) basis sets on all remaining
atoms yielded nearly identical vibrational spectra, whereas
spectra calculated using the 6-311+G(d,p) basis set on all
remaining atoms yielded slightly poorer fits to the experimental
data. In general, a 0.975 scaling factor yielded the best match
for calculations with both the 6-31+G(d,p) and 6-31++G(d,p)
basis sets (excluding the carbonyl stretch when the LANL2DZ
ECP is used for Ba). For comparison, many studies have
reported scaling factors of 0.975 or 0.98 when comparing
B3LYP harmonic frequencies calculated using these basis sets
with IRMPD spectra of cationized amino acids and peptides.14,15,38

On the basis of these results, the SRSC ECP was used for Sr,
the CRENBL ECP was used for Ba, the 6-31+G(d,p) basis set
was used for all remaining atoms, and vibrational frequencies
were scaled by 0.975.

Note that there are attendant uncertainties in comparing
absorbance spectra calculated at 0 K using the double-harmonic
approximation with experimental action spectra obtained at finite
temperatures. These effects contribute to differences between
the experimental spectra and those calculated. However, the vast
majority of the IRMD bands can be assigned to modes for low-
energy candidate structures calculated with these uncertainties,
and the assignments are consistent with those made for other
amino acids complexed with monovalent or divalent metal ions.

Conclusions

The IRMPD spectra of Pro•Ba2+ and Val•Ba2+ indicate that
these amino acids adopt zwitterionic structures when complexed
with barium. Although the proton affinities of Val and Pro are
both relatively high for aliphatic amino acids, which has been
shown to result in the preferential stabilization of the zwitterionic
forms of alkali metal cationized aliphatic amino acids,16,66 the
relative energies of the OO-ZW and NO-NZ structures of
Val•Ba2+ are similar to those calculated for glycine, the amino
acid with the lowest proton affinity,67 complexed with barium.18

Therefore, we predict that all aliphatic amino acids will adopt
zwitterionic structures when complexed with barium.

The IRMPD spectrum of Ser•Ba2+ provides compelling
evidence that serine adopts a zwitterionic structure in this ion.
Calculations indicate that the zwitterionic form of this amino
acid is 1 and 2 kJ/mol lower in free energy than the nonzwit-
terionic form at the B3LYP/6-311++G(2d,2p)//6-31+G(d,p)
and MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) levels of
theory, respectively. This energy difference, which is signifi-
cantly smaller than those calculated for Pro•Ba2+ and Val•Ba2+,
is primarily attributable to the hydroxyl side chain of serine

that can solvate the metal ion in the nonzwitterionic form but
is too short to solvate the metal ion in the zwitterionic form.
These results, coupled with previously reported trends with metal
ion size for alkaline earth metal cationized glycine18,19 and alkali
metal cationized arginine10,13,14 and lysine,15 suggest that serine
may adopt a nonzwitterionic structure when complexed with
only a somewhat smaller alkaline earth metal ion. Therefore,
Ser•M2+ is a particularly promising candidate for studying the
effects of alkaline earth metal ion size on amino acid zwitterion
stability. Additionally, these results suggest that the nonzwit-
terionic form of Thr•Ba2+ may be lowest in energy because
the secondary alcohol in the Thr side chain may preferentially
stabilize the nonzwitterionic form relative to the zwitterionic
form as compared to Ser•Ba2+, the side chain of which contains
a primary alcohol. For comparison, Thr•Na+ and Ser•Na+ adopt
similar structures in which the metal ions are solvated by the
hydroxyl oxygen of the side chain and additional function
groups,43,44 but the sodium binding energy of Thr is about 5
kJ/mol greater than that of Ser.68

The IRMPD spectrum of Gln•Ba2+ indicates that this amino
acid adopts a zwitterionic structure in which divalent barium is
solvated by both oxygen atoms of the carboxylate group and
the amide side chain. This result is consistent with calculations,
which indicate that the nonzwitterionic form is 2 and 14 kJ/
mol higher in free energy at the B3LYP/6-311++G(2d,2p)//
6-31+G(d,p) and MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p)
levels of theory, respectively. The IRMPD spectra of Arg•Sr2+

and Arg•Ba2+ are similar and are most consistent with structures
in which the divalent metal ions coordinate to both oxygen
atoms of the carboxylate groups of zwitterionic arginine and
that the guanidinium group interacts with the N-terminal amino
group. These structures are similar to those reported previously
for arginine complexed with larger alkali metal ions10,13,14 but
lack any interactions between the guanidinium and carboxylate
groups. Experimental results for Arg•Ba2+ are consistent with
calculations at both the B3LYP/6-311++G(2d,2p)//6-31+G(d,p)
and MP2/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) levels of
theory. Experimental results for Arg•Sr2+ are consistent with
B3LYP/6-311++G(2d,2p)//6-31+G(d,p) calculations, but MP2/
6-311++G(2d,2p)//B3LYP/6-31+G(d,p) calculations indicate
that alternative nonzwitterionic and zwitterionic structures are
slightly lower in free energy.
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